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12.1 INTRODUCTION

One of the major objectives of the STARFIRE study is to develop a reactor

design with favorable safety and environmental features. Neutron-induced

activation in the component materials and tritium in the DT fuel are the pri-

mary source terms for environmental impact assessments. The most serious

concern with regard to the activation is the production of radioisotopes with

very long half-lives ( > 50 - 100 year) in relatively large volumes of

materials as this has two consequences of: (1) permanent storage requirements

and (2) depletion of some resource-limited materials. Although Che activation

level of fusion reacLcrs is expected to be substantially lower than fission

reactors because of the absence of fission products and actinides, riinimizina

the long-lived radioactive products from future fusion reactors remains an

important design criterion.

With regard to the material resource problem, it should be emphasized

Chat in a mature fusion power economy, the continued use of materials without

the ability to recycle would result in the serious depletion of some reactor

construction materials. Based on the study shown in Appendix C and also the

study of the UWMAK-III design, one of the key areas associated with the

resource limitation is the large material inventory requirement for a broad

class of important elements such as niobium, chromium, tungsten, etc. (see

Table 12-1). For example, the STARFIRE design requires approximately 100

metric tons (MT) of niobium for the superconducting magnets, resulting in a

resource requirement of ^ 8 x 10^ MT for 105 MWe fusion economy (equivalent to

"v 83 STARFIRE reactors). This figure is compared to an identified niobium

resource in the United States of ^ 1.4 x 105 MT and worldwide resource of

^ 1.5 x 107 MT indicating that 'v 5.7% of the total U. S. resource would

be required. Another example is the chromium resource of which the identified

chromite ore in the U. S. is estimated to be a. 5.6 x 106 MT and the chromium

metal resource in the U. S. is only ^ 4.1 x 105 MT. Under the same condition

of 105 MWe fusion economy, approximately 1.1 x 105 metric tons of

chromium which is ^ 28% of the U. S. resource will be needed. If the primary

shield material of Fe-14Mn-2Ni-2Cr (Fel422) is replaced by more conventional

iron-base alloys such as tvpe 304 stainless steel (304 SS) and type 316 stain-

less steel (316 SS) the chromium requirement will be raised to "u 2.8 x 105 MT
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Table 12-1. Material Inventories of Major Components in the STARFIRE Reactor

Material

PCA

Zr5Pb3

LiA102

C

Fel422

W

Bi+C

Ti6A14v

TiH2

3O4SS

Nb3Sn

NbTi

Cu

G-10

Fiberglass

Liquid-helium

Be

Ta-5W

Total

Concrete

Volumea (m3)

57

37

178

102

1697

44

355

33

422

564

6.4

14

245

227

50

331

0.6

1.9

4,365

9,370

Massa (MT)

450

329

605

163

13475

840

887

147

1646

4441

51

90

2188

426

90

42

1.2

31

25,902

21,500

a - Relation between the weight and mass may not be consistent because of
independent rounding.

12-2



which is -Xi 69% of the total U. S. resource. In fact, this is one of the rea-

sons that Fel422 has been selected as the primary shield structural material,

instead of 304 SS. in the STARFIRE design.

An important strategy for fusion reactor development, therefore, is to

avoid generating any large inventories of high-level, long-term activation so

that a majority of the reactor construction materials could be recycled on a

reasonably short time-scale, e.g., within a human generation of ^ 30 yr after

component replacement or reactor decommissioning. Our analysis shows that more

than 98% of the total radioactivity inventory in the STARFIRE design is con-

fined to the first wall/blanket region which is less than 10% of the total

reactor component volume (excluding reactor building). More than 90% of the

total volume of the radioactive material inventory in STARFIRE, and in tokamak re-

actors in general, is therefoie present in reactor components external to the

first walj and blanket such as the bulk and penetration shields, toroidal and

poloidal magnets and auxiliary plasma heating system. This large volume contains

"^ 2% of the total activation whose specific radioactivity concentration is still

high enough to be accounted for in the design consideration. This observation

clearly indicates the importance of the shielding design in minimizing the

total long-lived radioactive products in the system. The STARFIRE shield

design has, in fact, evolved from a comprehensive optimization study prior to

the final design selection. As shown in Chapter 11 the shield optimization

criteria include the minimization of long-term activation products, in addition

to providing for adequate protection for all reactor components.

One of the primary objectives of this section is to identify key radio-

active isotopes along with their inventories in each reactor-component. Im-

portance of the major radioisotopes will be examined in terms of radioactivity

and radioactivity-related parameters such as biological hazard potentials.

The analysis focuses on the following categories: (1) component activation,

(2) material recyclability, (3) decay afterheat and (4) reactor room atmos-

pheric activation. The activation analysis aas been carried out using a
(4)

radioactivity calculation code, RACC along with the associated activation

data libraries of RACCXLIB and RACCDLIBV .

12-3



12.2 COMPONENT ACTIVATION

The system dimensions and material compositions used in the analysis are

presented in Tables 11-1, 11-2, 11-7 and 11-8 of the radiation shielding chapter.

For the purpose of the radioactivity calculations, the reactor is assumed to be

in operation f' five full years at a neutron wall load of 3.6 MW/m2, i.e.,

18 MW-yr/m2 integral wall load prior to reactor shutdown. Figure 12-1 shows

the radioactivity concentration during reactor operation in the first wall,the

nRL Ton multiplier and the second wall, as a function of time after startup.

Due to the constant production of the 55Fe isotope, the radioactivity concen-

trations in the PCA steel walls exhibit continual increases with irradiation

time. This is in contrast to the multiplier activation that reaches equilibrium

shortly after startup. For most of the operational durations of interest (e.g.,

4 - 5 yr), however, the variation of the concentration seems quite trivial. It

is noted that the radioactivity level in the first wall builds up to <\J 50% its

maximum value in only ^ 1 month.

Tables 12-2 through 12-4 summarize specific radioactivity, biological haz-

ard potential of air (BHP-air) and biological hazard potential of water (BHP-

water), respectively. Their respective volume-integrated values are given in

Tables 12-5 through 12-7. The BHP values are defined as the air/water dillution

required for the radioactivity concentrations to decrease to their maximum

permissible concentrations (MPCs)" defined in the NRC regulations . These

parameters provide some measure of the biological impact upon inhalation and in-

gestion if the radioactive products were dispersed into the environment. It

shoi .d be pointed out, however, rhat radioactive products in fusion systems are

generally rather non-vulnerable (i,e., non-mobile) particularly when solid

breeding materials are used for the tritium fuel generation as in the present

design. The major exceptions in which fusion systems may potentially impact

the environment through the more vulnerable radioactive inventories, and hence,

where such biological hazard measures as BHPs represent the essential importance,

associated with tritium as fuel and radioactive corrosion products in the

water-coolant system. The potential release of such tritium and corrosion pro-

ducts is addressed in Chapter 21.

MPCs are given for air and water according to whether (a) the isotope is in a
soluble or insoluble form, and (b) the exposure i a restricted area (40 hr/
week - 13 week/calendar quarter exposure) is for general individuals or for
minors under 18 years of age. To assure an unambiguous comparison, all MPCs
used herein apply to exposure to minors in restricted areas and the minimum
between soluble and insoluble.
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Figure 12-1. Time-dependence of component radioactivity
concentration during reactor operation.

Nevertheless, the BHP values are useful for comparing activation levels

of different reactor components. As an example, both of the BHP-air and BHP-

water for the Zr5Pb3 neutron multiplier are -\- 95% of the total BHPs for the re-

actor because of a significant production of isotope 89Zr (decay half-life of

78.4 hr, EC/B +/Y). ( 7^ On the other hand, the relative importance of the Zr5Pb3

component in units of Curies is less and its contribution to the total

radioactivity is only about 38% ( ̂  2.3 x 103 MCi) at reactor shutdown. The

implication is that one needs a reliable biological protection against disper-

sion of the multiplier. However, as shown in Chapter 12, no accident that could

potentially melt, vaporize and release the multiplier outside the reactor build-

ing could be identified for STARFIRE.

Over the span of 0 to 1000 yr after shutdown the first wall, the neutron

multiplier, the breeding blanket and the reflector contain almost 99% of the

total radioactivity inventory by all three measures studied. This clearly in-

dicates the importance of these four components from the activation standpoint

while at the same time, it shows that most of the high-level long-term activation

12-5



Table 12-2. Radioactivity Concentration in Reactor Components
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is confined to a small reactor volume or weight. The average annual radwaste

removed from the STARFIRE reactor is estimated to be <\. 250 MT ( ̂ 62 m3 in

volume) based on a blanket sector replacement interval of 6 yr. Note that % 40%

of the radwaste weight ( i> 48% in volume) comes from the LiAlC>2 breeder which

has a fairly low radioactivity concentration of only about 1 Ci/m3. This con-

centration is almost constant over a period of 1 <v 1000 yr after shutdown.

About 11% of the waste ( a. 28% in volume) comes from the graphite reflector

which also has a very low concentration of a. 20 mCi/m3. The activity of the

2r5Pb3 decays in several years to an order of 1 kCi/m3 which can be considered

as a medium level waste. As a result, the most important radwaste depository

requirement for high-level long-term activation in STARFIRE is dictated by the

PCA structural material waste whose average annual discharge rate is only about

75 MT ( "V" 9.5 m3 in volume) . A simple superposition of the accumulated radwastef.

(without taking into account the radioactivity decay), therefore, results in

^ 2250 MT ( ̂  286 m3 in volume) at the end of plant life. Baser! on Ref. (8),

a typical annual high-level radwaste from a 1200 MWe LMFBR system is estimated

to be ̂ 12 m3. The waste primarily consists of a liquid waste that has been

concentrated and solidified by vitrifiration and a solid waste of cladding

hulls. It is assumed in the estimate that the uranium and plutonium fuels of

^ 29 MT have been reprocessed for reuse and the fission products/activities of

% 1 MT have been also separated out of the total waste of ̂ 30 MT annually

discharged. It should also be pointed out that the degree of biological hazard

potential associated with fusion systems is substantially low compared to that

in fission systems. For example, the BHP-air of the STARFIRE design varies as

air volumes of 57 km3, 0.03 km3 and 0.0004 km3 per kl.'th reactor power at post-

shutdown times of 1 yr, 100 yr and 1000 yr, respectively, compared to the
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Table 12-3. BHP-Air Concentration in Reactor Components
(km3 of Air/in3 of Material)
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1.19H-04
4.WE-C5
7.95E-05
4.24E-12
4.23E-07
4.63E-C6
8.42E-07
5.r?E-06
1.67E-13
2.24E-09
5.43E-03
2.33E-03
1.9-VE-15
1.99E-15
1.54E-12
5.24E-11
3.59E-11
2.16E-1S
2.49E-11

1.51E 04
O.C
7.64E 01
5.6SE 03
0.0
5.99E 02
2.37E 01
0.0
3.7CE 02
1.45E 01
0.0
1.09E 03
2 2ic-C4
o!o
1.59E 02
7.S',E 02
9.51E 02
0.0
5.39E 00
2 O^E y i
2i?r.-02
S.27E-03
0.0
3.13E-03
2.01E-03
0.0
2.19E-03
0.0
1.02E-02
0.0
2.07E-05
1.53E-05
0.0
3.S1E-07
2.01E-04
1.c"r- 16
2.2JE-04
2.11E-07
2.13E-03
1.E4E-06
4.6HE-03
1.31E-03
3.90E-03
2.79E-10
1.S6E-05
6.6CE-C6
2.76E-05

7.30E-07
1.JiE-07
1.R6E-06
1.62E-13
3.35E-10
S.4SE-09
1.07E-0S
1.c?E-15
1.93E-15
2.29E-13
8.24E-12
1.77E-11
2.10C-18
1.71E-12

4.35E 03
0.0
6.«9E 01
1.S7E 03
0.0
J.'tOE 02
2.3:>E 01
0.0
2.i5E 02
1.46E 01
0.0
2.50? 02
2.13E-C4
0.0
1.05E 02
1.77E C?
2.13E 02
0.0
1.81E 00
6.27E 00
1.C'iE-C2
7.1 . :E-03
0.0
1.1SE-03
2.01E-03
0.0
1.45E-03
0.0
1.02E-02
0.0
7.C-'iE-CS
1.53E-C5
0.0
9.33E-05
6.63E-05
I.S'E-16
6.50E-05
4.73E-03
7.r,0E-04
5.11E-07
1.C3E-03
3.47E-04
3.S7E-03
2.72E-10
4.5-.E-06

2!74E-C5
4.02E-1P.
1.7Cf-C3
1.£-.1.-07
2.7CE-0S
1.f5E-0j
1.53E-13
7.4CE-11
2.COE-09
1.C6E-C3
1.84E-15
i.eiE-15
5.07E-14
2.CSE-12
1.76E-11
2.03E-13
1.71E-12

1
0
6
6
0

0
1
1
0
1
2
0
t
7
7
0
8
•>
5

.05E 03

.0

.'."E 01
-12E 02
.0
.OOE 02
.3-:H 01

n

'.ZiZ C2
.46E Cl
.0
. 4 : E o;
. p i c -34
!b".64E 01
.f3E T3
.05 : 03
.0
-23E-C1
-0CE-01
.13E-C3

5.C5E-C3
D
6

.0

.14E-04
2.C1E-03
0
1
0
1
0
3
1.
0.
1.

.D

.21E-03

.0

.02E-02

.0

.13E-C5

.53E-05

.G

.35E-C3
2.t9E-0=
1
1
1
3.
1.
2,
6
3
2
4.
3.

z.

.72E-:

.93E-0i

.£iE-09

.03E-C4

.65E-C7

.37E-05

.13E-05

.F1E-C3

.E5E-10

.7SE-07

.37E-C3

.69E-05

.70E-12
2.32E-C9
2..47E-CS
6.4IE-10
1.S1E-05
1.
1.
1 .
1 .
1 .
1 .
1 .
2 .
1 .
1 .
1 .

.4CE-13

67E-10
CiE-C3
73E-15
77E-15
17E-15
&9E-13
77.E-11
93S-1S
71E-12
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Table 12-4. BHP-Water Concentration in Reactor Components
(km3 of Water/m3 of Material)

TIME AFTLR REACT03 SHUTDOWN

REACfOR COMPONENT 1YR 5YR 10VR 20VR 30VR 50VR 100VR 500VR 1000VR

1ST HALL

I1U1.TIPLR
2ND MALL

IBUMKET

03LANKET

REFLECTS

GBLK-JKT
HEADER

ISLD-JK1
OSLD-JXT
ISHIELD1

ISHIELD2

0SHIELD1

0SHIELD2

O5MIELD3
ISL0-JK2
AIR
IMAG-OiiR
OliAS-DHR
IKAG-HET
OHAO-HET
1HAGHET1

IMAGHET2

IMAG-HE2
OKAGHET1

OHAGHET2

SUPT-CYL
OM/EF

BLDSMAIL

PCA
H2O
r;;5?P3 -
PCA
H20
rcA
LK.LO2 -
H20
PCA
LIALO2 -
H2O
PCA
G3AFHITE-
H2O
PCA
PCA
PCA
H20
FE1422 -
FEK22 -
FE1'i22 -
•JUSJGSTEN-
H2O
FE1422 -
C'lC
H20
TI6AL1V -
TIH2
B1C
H20
FE1022 -
MC
H20
FE K.22 -
FE1422 -
CO2
FEK22 -
FIK22 -
304SS -
30453
COF-FER -
30'lSS -
KB3SN
G-10
301SS
COPPER -
HGTI
G-10
3045S -
30'lSS -
COPIER -
H33SU -
G-10
COPPER -
3045S -
KBTI
G-10
G-10
COPPER -
301SS -
K3TI
G-10
CONCRETE-

2.96E 03
0.0
1.4SE 04
1.12E 03
0.0
3.27E 02
1.26E 02
0.0
2.0CE 02
8.CCE 01
0.0
2.20E 01
2.9Ph-0S
0.0
6.05E 01
1.25E 01
1.18E 01
0.0
7.7SE 01
1.59E 01
3.95E-01
3.«E CO
0.0
4.0SF.-02
6.71E-03
0.0
1.32E-01
1.11E-01
3.39r-07
O.u
2.25:-01
5.1K-10
0.0
3.7S?-C6
?. 0^-03
2.44E-20
2.09E-03
1.sir-os
4.62E-04
1.631-07

y.zai-t't
8.21I-C5
3.02E-03
3.6IE-14
7.45F-07
7.75E-C6
6.13E-G7
5.33E-16
3.97E-09
3.39E-0:;
3.84E-0?
1.30E-04
L.1CE-17
3.17E-C9
3.03E-10
3.55E-11
2.<i'iE-19
2.5CE-19
9.19E-12
7.77E-13
3.8<iE-Vi
2.72E-22
2.93E-09

5.20E 02
CO
6.93E 00
l.££E 02
0.0
5.50E 01
7.83E-0<i
0.0
3.<i5E 01

oT"
2.1EE 00
2.9PE-03
CD
S.{-2E 00
1.;.':E 00
1.:iE 00
CO
6.JSE 00
3.25E-01
<t.3:E-02
6.9CE-02
0.0
5.25E-03
6.71E-03
0.0
9.3<fE-03
8.2'tE-03
3.35E-07
CO
2.54E-05
5.UE-10
O.C
8.77E-08
2.3?.E-0t
2.«E-20
1.5!=-04
3.79E-09
5.17F.-C5

6!27E-06
5.79E-C6
5.23E-04

9.03E-09
2.A9E-CS
5.33E-15
9.77E-11
1.07E-09
1.63E-10
2.90E-07
2.KE-17
'i.iSE-13
1.KE-11
8.71E-12
2.'i1E-19
2.5:?-19
3.50E-16
1.13E-N
1.<HE-Ti
2.72E-22
4.17E-10

1.6CE 02
0.0
1.70H CO
5.S5E 01
0.0
1.61E 01
l.tiH-O't
0.0
1.03E 01
4.ESE-M
0.0
l .1?t 00
2.V0E-C3
0.0
2.59E 00
7.13C-01
7.99E-01
0.0
9.29E-01
8.TiE-C2
5.80E-03
3.09E-05
0.0
6.93E-04
6.71E-0S
0.0
2.90E-05
1.60E-05
3.39C-07
0.0
2.91E-06
5.11E-10
0.0
1.05E-CS
2.90E-05
2.ME-20
1.91L-05
7.27E-10
1.35E-05
1.95E-09
1.SPC-06
2.1'.E-Cli
1.82E-0'i
3.6 IE-11

2.37r-0S
5.33E-16
6.30E-11
6.0^11:-10
1.26T-10
1.0:>::-07
2.10E-17
3.«E-13
7.16E-12
8.13E-12

2.'50:-19
2.S2E-16

i !37r-H
2.72E-D2
1/.1E-10

7.03E 01
0.0
1.5'tE 00
2 . M E 01
CO
7 . H E 00
7.8SE-M
0.0
*t .«5-SC 0 0

o!o"
S.17E-01
2.90E-03
0.0
1.19E CO
5.17E-01
6.3^E-01
0.0
2.37E-01

i!A3E-03
1.77E-03
0.0
1.76E-04
6.71E-03
CO
1.62E-06
7.57E-C9
3.39E-C7
0.0
7.20E-07
5.11E-10
0.0
2.7'iE-09
7.29E-06

2.76E-1C
6.10E-CS
1.19E-09
3.77E-C6
1.31E-36
5.31E-05
3.61E-T*
1.35E-CS
5.10E-09
2.2X-Q&
5.33:-16
"H.93E-H
5.33E-10
9.99E-11

2.10E-17
2.70E-13
5.83E-12
8.15E-12
2.1<1E-19
2.S0E-19
1.9SE-16
5.S9E-15
1.33E-T*
2.72E-22
3.73E-11

2. i iE 01
0.0
1.2CE 00
9.17E CO
0.0
2.16E 00
7.SSE-04
CO
l.ZiE 03
4.ESE-01
0.0
6.15E-01
2.S9E-0S
0.0
4.41E-01

sisii-oi
0.0
3.13r-02
1.6SE-02
1.93E-0''i

o!o
2.30E-05
6.71E-CS
0.0
9.1SE-C7
1.7CE-15
3 39E-07
0.0
1.03E-07
5.11E-10
O.C
5.25E-10
1.00E-05
2.43E-20
7.C5E-07
1.31E-10
2.6'tE-OS
1.23E-09
2.8K-0S
9. P.E-07
7.55E-05
3.6CE-1*
1.12F-0S

2.'i3E-03
5.32E-15

A.52E-10
7.40E-11
3.5.'.E-09
2.0';E-17
2.CK-13
'I.S7E-12 £b.5TE-12
7.76E-12 7.33E-12

1.30E 01
0.0
9.36E-01
5.3HE 00
0.0
1.CSE 00
7.S3E-04
0.0
6.S1E-01
">.CSE-0<i
0.0
5.79E-01
2.89E-0S
0.0
2.77E-01
1.09E-01
<4.S 1E-01
0.0
7.75E-C3
1.15E-C2
4.61E-05
1.51E-C5
0.0
5.33E-06
6.71E-03
0.0
7.70E-07
3.82E-22
3.35E-O7
0.0
2.77E-03
5.1 It-10
0.0
2.51E-10
2.61E-07
2.43E-20
2.19E-07
1.13E-10
1.92E-05
1.15E-09
2.«5E-C6
3.0UE-07
3.29E-06
3.60E-Kt
1.03E-03
3.«E-C9
2.00E-C3
5.31E-1&
3.2SE-11
4.18E-10
6.6 IE-11
1.51E-09
2.0JE-17
1.76E-13

b.DiE-15
1.2JE-14
2.71E-22
2.59E-12

2.19E-19
1.22E-16
4.67E-15

2!71E-r?
1.80E-13

8.S9E 00
0.0
5.71E-01
3.8'tE 00
CO
7.17E-01
7.CSE-0<i
0.0
1.53E-01
i.tSE-O*
0.0
4.96E-01
2.S3E-03
CO
2.C0E-01
3.51E-01
4.21E-01
0.0
2.:.3t-03
1.23E-02
1.29E-05
1.^7E-05
0.0
1.33E-05
6.71E-08
0.C
6.6"iE-07
1.93E-35
3.39E-07
0.0
9.10E-09
5.11E-10
0.0
1.67E-10
8.75E-03
2.'i2E-20
9.95E-03
9.26E-11
1.59E-06
1.ME-09
2.C5E-06
6.93E-07
2.76E-C6
3.59E-11
9.C0E-09
2.-;2E-09
1.91E-C3
5.50E-16
3.HGE-11
3.67E-10
5.5'iE-11
1.C2E-09
2.09C-17
1.S7E-13
3.99E-12
7.30E-12
2.13E-19
2.12E-19
1.01E-16
'i.09E-15
1.21E-11
2.70E-22
9.26E-16

3.17E 00
0.0
2.S3E-03
1.72E 00
0.0
4.97E-01
7.J^E-0^
CO
3.13E-01
1.S3E-01
0.0
9.C?E-02
2.£Cr-0S
0.0
1.66E-01
5.92C-02
6.67E-02
O.O
3.35E-04
l.caC-03
1.31E-06
1 23E-05
CO
1.90E-07
6.71E-08
0.0
2.73E-07
0.0
3.39E-07
CO
1.30E-0?
5.11E-10
0.0
2 51E-11
1.25E-08
2.35E-20
1.'i6E-C3
1.^1E-11
8.27:-07
1.S7E-10
3.1CE-07
2.13E-07
2.60E-06
3 . ' I . " : - V I
2.12E-09
<».11E-13
1.S4E-03
5.1<ir-'.6
9.11E-12
9.76E-11
8.39E-12
1.21E-09
2.02E-17
2.23E-14
8.AL-E-13
7.11E-12
2.36E-19
2.<HC-19
1.53E-17
1.C5C-15
LISE-W
2.62C-22
5.7<iE-17

2.1SE 00
CO
1.67E-03
1.29E CO
0.0
1.21E-O1
7.C-3E-C4
0.0
2.6oE-01
4.SCE-M
0.0
3.25E-02
2.73E-0S
0.0
1.12E-01
1.79E-C2
1.71E-02
0.0
9.65E-05
«.16E-04
5.35E-07
1.07E-05
0.0
5.S6E-03
6.71E-CS
0.0
2.07E-07
0..'
3..-9E-97
0.0
3.72E-10
5.11E-10
CO
5.95E-12
3.55E-09
2.3CE-?0
3.7CE-C?
3.16E-12
6.<i5E-07
3.6CE-10
6.£5E-3S
1.33E-07
2.53E-05
3.40E-H
1.07E-09
9.76E-11
I.SJ-E-OS
5.C2E-16
S.15E-12
i.49E-1l
1.S5E--.2
1.23E-09
1.9EE-17
4.9AE-15
3.72F-13
7.06E-12
2.3:E-19
2.35E-19
3.32E-K:
5.77E-15
1.17E-1H
2.55E-22
5.7<iE-17

1.40E 00
0.0
1.65E-03
8.67E-01
0.0
2.95E-C1
7.&3E-04
0.0
1.S7E-01
1.SSE-M
CO
1.22E-C2
2.57E-CS
D.O
1.00E-01
<i.£2E-03
2.E6E-C3
CO
3.C2E-05
WiZB-Cj
1.S7E-07
7.5JE-05
0.0
2.22E-CS
6.71E-CS
0.0
1-«E-07
0.0
3.39E-C7
0.0
1.15E-10
5.11E-10
O.C
6.25E-13
1.Cit-C9
2.'.SE-20
7.6IE-I0
1.J2E-13
4.39E-07
2.41E-10
1.JSE-09

5.7-;E-ID
2.25E-12

2.95E-12
3.13E-11
4.27E-1*
1.21E-G9

6.9'sE-12
2.16E--9
2.21E-19
7.7SE-20
3.22E-16
1.15E-H
2.41E-22
5.73E-17
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Table 12-5. Radioactivity Inventory in Reactor Components

(MCi)

REACTOR COMPONENT VOU»SE(h3) KEICHTIHT)

TI I IE AFTER P.CACTCn SHUT0013)

1YR 10YR 30YR 50YR 100YR 500YR 1000YR

1ST KALI.

N'ATIPLR
2;;a HALL

IBLAI»:ET

COLAKKET

REFLECTS

IEIK-JKT
C'JLk-JKT
HEADER

ISLD-JK1

IEKIELD1

IDHIELD2

0SIIIELD1

03MIEL02

0SHIELD3
ISLD-JK2
I!i.'G-C;.'
c:iV5-o;:s
lli»'iG"HET
CNAG-HET
31 lAtiliE T1

IHAGKET2

(MAGNET 1

011ASHET2

SUPT-CYL
C:I/EF

BLDGIIALL

TOTAL

TCA
ICO
ZP5ri?3
rcA
HZ'J
rcA
L1.M.02 - -
ICO

r:.\
U.M02 - -
li2O
re A
GRAPHITE—
I-'ZO
FZ A
rcA
FCA

i:ro
ITi'.'C •-
r:r.i2
rzv.zz --
7U:-" 'JTEN--
V.ZO
FEK.22 - -
E;AC
VZO
TK-AL4V —
T1H2
L r iC
1:20
FE1422 - -
K C
1120
FE1422 - -
FE1422 - -
FF1422 —
FE1422 - -

33.-5S - -

corrtR --
304SS
H33SII
G-10
304SS
COPPER - -
KJTI
G-10
3CCJS

CCFTER - -
h'33C'l
G-1C
CC-fEB - -
3C40S - -
I-STI
G-10
G-10

304SS - -
USTI
G-10
CC;::RETE--

( » / O REACTOR BLDG)

3.64F.
1.971'
s.r.r.E
2.(-CF
1 .Z j '
2!sin
2.OK
1.27E
1.97E
1.5;:
i .err
5.C"
1 "2E
5! c r E
3.47E

4.C7E
2 . 9 : :
3 . < • • • ; • :
1 ,9-E

iszl
4.3;=
7.92E
4 " t r

3^52E
4.£CE
2 . '-"•::
3 . 3 J E

7.75F
7.71E
3.14E
6.73F
6.73L
4.16E
3.6'iE
S.tOE
1.23E

1.C3E
6.55=
5.65=
6.S3E

00
CO
01
CO
CO
c:
01
00
01

Oi
CO
C2
CO

c
Gl
CO
Cl
CO
01
CO
01
CO
C'"!
01
CO
Cl
p?
01
01
02
01
01
C2
CO
CO
cz

02
00
00

•01

6.26E-01
2.54E
1.24E

01
01

9.37E-C1
2.S2E
4.76E
5.53E
5.76E
5.27E
LC'ic
2.14E
7.90E
2.3T,E
1.4" =
1.22E
3.2CE
1.26E
1.12E
9.37E

2.94E

co
01
01
CO
00
02
G2
CO
01
T2
01
01
oo
01
03

03

2.8SE
1.97C
Z.ZC-Z
2.05E
1.,:-',E
1.97E
6 .w:-E
1.27E
1 5^E
S'.3C£
1.C0E
4.47C
1.641
.r '.?"E
2.7JE
1.21E
3.LCE
2. r , iE
2.77:1
1.57E
6.27 =
8.40c
7.9T.E
3.C1E
S.Ci"
4 . s o :
i.i7:
1.31C
1.9iE
7.75F.
2.47E
1.6CE
6.73 :
3.30E
2.C9E
6.95E

1.PCE
5.C-6E
4.45E
5.41!T
1.1SE
2.00E
1.11E
6 O'tE
5i31E
3.75E
4.9'iE
4.5<>E
9.91S
9.33H
1.69E
5. 'CZ
4.4"H
2.81E
1.O9E
2.5OE
S.1CE
2.10E
2.15E

1.75E

01
00
02
01
CO
01
01
00
02
02
01
01
02
CO
01
02
01
01
01
02
PI
02
CO
Cl
01
CO
02
03
02
01
03
02
01
03
01
01
02

03
01
01
CO
00
02
02
00
CO
C2
02
01
00
0.?
03
01
01
02
02
02
00
01
04

04

1.39E 03
2.::s: oi
? . 3 K 03
3.71C 02
5. U'E 00
1.0LT 02
r. I:E 02
I.KC 00
5.CE 02
i . ro : 03
7.7:: co
1.9:: ci
2.37C-C5
1.2''C-0 1
2.i.'.t 01
Z.Z',Z 01
S.S:E co
1.92F-01
3.3.:E 01
3.H:E OI
4 .0 iE-01
I.:;;E OI
6.T.-E-C3
2.6 ^ L-C 2
7.S7E-03
5.12E-M
1.17E-01
1.0JF 00
7.S7L-02
3.5EE-C2
t .S /E -03
9.;':.E-O5
3.09F-05
1.6 )T-C4
9!.r>'_'E-C4
2. 17E-03
1.97E-05

2.'..-.:-C6
9 . 9 * r - C 4
6.5C:-05
3.C5E-C5
1.74E-08
2.63E-06
2.0;-E-C5
2.76E-07
i .15:- io
2.nrr 07
4.47e-06
1.41jr-07
3.21J-12
7.15E-0S
9 . j — E - 0 9
s!9IE- 10
4.307- 14
2.93E-17
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Table 12-6. Biological Hazard Potential of Air for
Reactor Components (km3 of Air)

TIME AFTER REACTOR SHUTDOWN

REACTOR COMPONENT VCLlr.EIM3) KEIGMT(MT) 1YR 10YR 30YR 50YR 100YR 500YR 1000YP.

1ST HALL

HULTIPLR
2N0 KAIL

IBLAIKET

OBLAN-'.ET

REFLECTR

IBLK-JKV
OSLK-JKT
HEADER

ISLD-JK1
OSLD-JKT
ISHIELD1

1SHIELD2

OSHIELD1

0SHIELD2

OSHIELD3
1SLD-JK2
IIIAG-CU''^
CHAG-DKR
IMAG-HET
CHAS-HET
IHAGNET1

IHAGHET2

OMAGNET1

0HAGNET2

SUPT-CYL
Oil 'EF

BLDGKALL

TOTAL

PCA
H2O
ZP.5FB3 —
PCA
H2O
FCA
LIAL02 - -
H2O
FCA
LIAL02 - -
H2O
PCA
GP.'.FHITE--
H2O
PCA
PCA
FCA
H2O
FF1122 —
FE1122 —
FE1122 - -
TU;::-5TEN—
H20
FE1122 —

H2O
TIM.L1V - -
TIH2
B1C
H2O
FE1122 - -
B1C
H2O
Ft 1122 —
FE1122 —
FE11C2 —
FE1122 —
301SS —
30133
COPPER —
3015S - -
NB3SH —
C-10
5015S
COFFER —
1GTI
G-10
301SS
COPPER - -
K33SH —
G-10
CCFiER ~
301E5 - -
HC-11
G-10
G-10
CPPPEH ~
3C1SS —
N3T1
G-10
COI-ICPETE--

IH/O REACTOR BLOG)

3
1
3
2
1
2
2
1
1
1
1

.61E

.97E

. f?E
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0 1p
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5.6JE
1

3
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7
1
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61* -
.1 /E
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. ' /•E
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3.
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7.
7.
3
6.
6.

3.
8.
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1.
6.
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6.
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65E

00
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00
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00
01
02
01
00
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01
02
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.26E-01
2.51E
1.
9.
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1 .
5.
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7.
2.
1.
1.
3.
1.
1.
9.

2 .

76E
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26 E
12E
37 E

91E
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01

•01
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01
00
00
C2
02
00
01
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01
01
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01
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2 . £ ' J E
1.97E
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2.C0C
1.C5E
1.97C
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1.53E
5.33E
1.00E

1.61E
5 C"^
2.'73E
1. ?"T
3.T ' F
2.Vi£
2.75E
1.57E
6.29E

7^92E
3.S1E
S.tCE
1.ECE
1.17E
1.31E

7!75E
2.19E
1.63E
6.7.V:
3.30E
2.K9E
6.99E
9.71E
1.19E
1.00E
5.66E
1.**5':

5.11E
1. 1SE
2.00E
1.11E
6.01E
5.3IE
3.75F.
1.91E
1 . KoF
9.92E
9.33E
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1.71E
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I.31E-03
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2.79E-C6
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1.29E-GS
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2!i?E-17
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2.2SE 03

1.£6E 07
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5.71E 05
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2.32E 03
CO
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0.0
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1.8IE 03
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0.0
3.C7E O'l
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1.t)E 01
0.0
1.03= 01
7.C9E-02
CO
1.69E CO
2.27E-02
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CO
1.15E 01
1.03E-03
0.0
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1.23E CJ
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9.LCE-01
5.16E 00
3.61E-03
9.3CE-01
2.31E-01
7.21E-C2
1.S1C-10
6. 17T-03
2.5<*E-03
3.9C-E-0'i
1.20E-11
1.21E-C1
2.01E-01
1.61E-01
S.S5E-13
1.P6E-C5
2.01E-C5
C.17E-07
1.6SE-11
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1.97E-10
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3.28E 07

1.59E 06
0.0
3.1'iE 05
1.12E 05
0.0
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1.77E 02
0.0
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0.0
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0.0
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0.0
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6.11E-02
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3.21E-07
1.37E-05
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S.53E-11
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3.12E 06

1.17E 05
0.0
2.11E 05
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0.0
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0.0
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0.0
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0.0
2.93E 03
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0.0
2.23E 02
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0.0
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0.0
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0.0
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Table 12-7. Biological Hazard Potential of Water for

Reactor Components (km3 of Water)

TIME AFTER REACTOR SHUTDOUH

REACTOR CO.'IPONcHT VOLUME (1131 WEIGHT! HT) 10YR 30YR 50YR 100YR SCCYR 1000YR

1ST KALL

KULTIPLR
2ND HALL

1DLANKET

CBLANKET

REFLECTR

IBIK-JKT
OLiLK-JKT
HEADER

IGLD-JiCl
OSLD-JI;T
ISHIELU1

ISHIELO2

OSH1ELD1

0SKIEL02

OSHIELD3
I3LD-JK2
IIIAG-DKR
CilAG-nilR
1IWG-IIET
CNAG-HEI
IKAGXET 1

IHAGNET2

OMAGHET1

OHAGNET2

SUPT-CYL
OH/EF

ELOGHAIL

TOTAL

rcA
H2O
£r'brU3
F'CA

H20
(CA
LIALO2 - -
U2O

LIALC2 —
H2O
[CA
GflAPiHTE--
II2O
FCA
PCA
I'CA
H2O

FE142.? —
FEI',22 —
TIKSSICH--
IJ2O
FE1*22
B4C " —

TI6AL4V —
T1M2
t/'C
M2O
1 E 1 H 2 2 -
B1C
H2O
r 11122 -

FE1122 - -
FE1422 - -
30'iSS
304CS
corrtR
3O'iS3 —
KD3SM
G-10
30<;ss -
COrFER —
M3TI
G-10
304SS —
COF'PtR - -
K33CN —
G-10
CCPrER —
304SS —
K3TI
G-10
G-10
COFFER - -
304SS
H3TI
G-10
CONCRETE—

(H/O REACTOR DLDG)

3.64E
1.97E
3.60E
2.60E
I.TuE
Z.bK
2.01E
1.27E
1.V7E
i.-3r
I!CCE
5.«f.E
1.C2E
5.6KE
5.47E
1.55E
^ . o9r
2!?5E
3.<S;E
1.93E
7.92E
4.35E
7.92E
4.80E

4.80E
2. ME
3.36E
7.75E
7.7!iC
3.14E
6.73L
6.731
4.16L
3.61::
3.SC-.
1.23E
1.51E
1.2S:
6. r^ : '
5.65E

00
00
01
00
00
00
01
00
01
02
01
oa
02
00
CO
01
CO
01
CO
01
D3
01
CO
00
01
CO
01
C2
01
01
02
01
01
02
00
00
02
01
02
00
00

6.S5C-01
6.26E-01
2. ML
1.24 c

01
01

9.37.-01
2.S2E
4.7SE
5.53E
5.76E
5.27E
1.04E
2. HE
7.90E
2.33E
1.49E
1.22E
3.2SE
1.26E
1.12E
9.37E

2.94E

CO
01
01
CO
00
02
02

oa
01
02
01
01
00
01
03

03

2.ESE
1.97E
3.2CE
2.OSE
1.26E
1.97E
6.S5E
1.27E
1.55E
5.3CE
1 OCE
4>.7E
1.64E
b.O.EE
2.73E
1.22E
3.2CE
2.9DE
2.7SF
1.S7E
6.29E
S.40E
7.92L
3.81E
S.S3E
4.S0E
1.17E
1.31E
1 . 9 ^
y'.Tx

1.65E
6.73:
3.30E
2.C9E
6.99E
9.7'ic
1.19E
1.00E
5.CSE
4 45E
SAK
1.1SE
2.00E
1.11E
6.0-'iE
5.31E
3.75E
1.94E
4.5SE
9.92E
9.33E
1.69E
5.10E
4.43E
2!81C
1.C9E
2.53E
C.10E
2.10E
2.15E

1.73E

01
00
02
01
00
01
01
00
0"

C1
01
02
00
01
02
01
01
01
02
01
02
00
01
01
00
02
C3
02
01
03
D2
01
03
01
01
02
02
03
01
01
00
00
02
02
CO
CO
02
02
01
00
02
03
01
01
02
02
02
CO
01
01

04

1
0
5
2
0

s
p
f

1
0
1
2
0

1

0
2
3
3
1
0
1
2
0
3
3
0

0
7
3
0

.OSE 04

.0

.4'.E 05

.92E 03

.0

.22E 02

.iX 03
0

.07E 03

.27E 04

.0

.25E 02

.97E-06

.0

. 10E 02

.95E 02

. M E 01

.0

.69E 02

. 1'iE 02

.13C 00

.49E 02

.0

.96E-01

.36E-0S

.0

.',2E 00

.71E 01

.63E-05

.0

.03--02

.44E-03

.0
1.57E-03
y .14E-03
1.S1E-C2
1.95E-04
6.99I-03
2
4
rt
2.
2
1
9
5
1

i2
7
1.

.03E-05

.77E-C3

.64E-C1

.C6E-03

.2i?.-14

.S9E-05

.59E-05

.75E-07

.51E-15

.61E-06

.12C-05

.<56E-G6

.11E-16
3.31E-07
6.
2,

.50E-03

.CCE-10
5!32E-13
3.
1.
2,
4,
3.
2.

5.

.73E-17
, 12E-10
•53E-11
.S3E-14
,0'.E-21
.74E-05

.79E 05

1.89E 03
0
2
4
0
1
1
0
6
7
0
1

.0

.55E 02

.93E 02

.0

.2SE 02

.59E-02

.0

.COE 02

.73E-O2

.0

.Z<;E 01
2.97E-CS
0

1
5
0
2
6

.0

.99E 01

.93E 01

.22E 00

.0

.33E 01

.42E 00
3.42E-01
3
0
2
2
0
2
O

2

.00E 00

.0

.52E-C2

.36E-05

.0

.41E-01

.77E 00

.63E-05
0.0
7.97E-03
3.4'.E-D3
0
3

l!
4
7

4
3.
3.
2
7
1.
2.
1.
5,
8̂
1.
1.
4.
2.
6.
5.
3.
4.
3.
1.
3.
3.

3.

.0

.64E-05
C| 3 E - 0 ̂ (

!33E-03
.45E-07
.S2C-04
.37E-07
.11E-05
.27t-05
.5/E-O«
.26E-14
.75E-07
. 12E-07
•33E-C3
,51E-15
,12E-0S
.99E-09
,67E-05
.11E-16
.67E-11
41E-09

ifiOE-11
.S2E-1S
73E-17
27E-15
70E-13
77E-14
ME -21
9CE-06

S6E 03

2
0
5
6
0
1
1

.5SE 02

.0

.65E 01

.S6E 01

.0

.7SE 01

.59E-02
0.0
8
7
0

.79E 01

.73E-02

.0
4.64E 00
2
0
4
3
2
0
8
6
1

.96C-05

.0

.12E 00
46E CO

.55E 00

.0

.20E-01

.T-aE-01

. 17F.-02
7.63E-04
0.0

z.
0

2
0

0!

3,
0!
1.
2.
4.

4™E-04
!36E-C6
.0
.235-05
.5'tE-06
.63E-0S
.0
.26E-04

.0

.WE-ce

.65E-05

. 26E-0!:
3.39E-03
9.
1.
2.

.23E-05
90E-07

.17E-05
7.42E-C6
3.62E-05
2.
3.

.26E-14
43E-07

6.6SE-CS
2.
1.
2.
5.
1.
1.
2.
1.
6 .
5.
3.
2.
1.

11E-C3
50E-15
5'iE-03
52E-09
69E-07
11E-16
S2E-11
25E-09
44E-11
S1E-13
73E-17
'.2E-15
93;-13

1.67E-14
3.
3.

5.

ME-21
49E-07

10E 02

4.74E 01
0.0
3
1
0
2
1
0
1
7
0
3
•>
0
9
6
2
0

. H E 01

.39E 01

.0

.71E 00

.59E-02

.0

.34E 01

.73E-D2

.0

.29E 00

.96E-06

.0

.50E-01

.33E 00

.01E 00

.0
2.6CE-02
2.E1E-01
3.65E-C4

0
2
2
0
1.
1
2
0.
S.
3
0.
1.
9.
1,
1.
2,
1,
1.
4,
2.
2.
O

4]
1.
1.
1.
3.
8.
1.
1.
9.
5.
5.
3.
1.
1.

-5SE-04
.0
S3E-05

.36E-C6

.0

.95E-0S

.29E-'9

.65E-C5

.0

.7CE-CS

.f/iE-03

.0

.04E-07

.51E-07

.93E-0S

.35E-CS

.91E-C5

.46E-07

.61E-05
, ; " E - C 6
24E-CS

.25E-14
,63E-07
.31E-03
.87E-0S
50E-15
99E-0S
65E-09

•70E-09
10E-1&
84E- 11
83E-10
95E-11
oOE-IS
72E-17
ir,E-15
53E-13

1.BSE-14
3
1!

1.

03E-21
6SE-09

25E 02

3
0

-23E 01
.0

2.10E 01
9
0
1
1
0
8
7
0
2

.97E 00

.0

.£0E 00

.59E-02

.0

.94E 00

.73E-02

.0

.S2E 00
2.95E-06
0
7
5
1
0
S
2
1
6
0
6.
2
0.
1.
6.
2.
0.
2,
3.
0.
6.
3.
G.
1.
2.
1.

.0

.62E-01

.43E 00

.72E 00

.0

.22E-03

.43E-01

.P2E-04

.39E-04

.0

.63E-06

.36L-06

.0

.72E-05

. W E - 3 3
•63E-05
.0
.S6E-C6
,4' :E-08
.0
.92E-0S
. 19E-07
.75E-07
14E-CS
41E-05
33E-07

1.34E-05
3.
1.
2.

92E-C6
3SE-06
25E-14

2.2SE-07
3.
1.
1.
1.

61E-08
79E-C3
50E-15
75E-03

3.06E-09
7.39E-09
1.
1,
8 .
5.
5.
3.
1.

1]

10E-16
54E-11
54E-10
77E-11
7SE-1S
71E-17
23E-15
34F-13
52E-14

3.02E-21
8.67E-12

S.51E 01

1
0
1
4
0
1
1
0
6
7
0

.15E 01

.0

.C4E-01

.47E 00

.0

.23E 00

.59E-02
.0
.20E 00
.73E-02
.0

5.16E-01
2 .£f-E-06
0.0
5.75E-01
9
2
0
1
3
1
5
0
9
2
0
7
0
2
0
4
3
0
1.

. 16E-01

.73E-01

.0

.16E-03

.69E-02

.43E-05

.35E-04

.0

. 11E-07

.35E-06

.0

.19E-06

.0

.63E-05

.0

.OSE-07

.44E-08

.0

.04E-03

.55E-03
i!?.9E-07
1.
1.
6.
2.
1.
1.
2.
5.
5.
1.
1.
4.
4.
7.

2.
1.
5.

.73E-09

.25E-05

.22E-C3

.03E-06

.2CE-06

.77E-06

.15E-14

.33E-0S
,«E-09
.72E-C3
.45E-15
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.13E-09
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1.S6E-16
3.
\
2.
b.

2.
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4
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0
2
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1.76E-C6
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7.
1.
5.
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5.
5.
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2
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corresponding BHP-air values of >\» 550 km3, a. 100 km3 and 80 km3 in the LMFBR

system . These LMFBR BHP values are based on the case for a post-fuel re-

processing at 1 yr after discharge, and are dominated by a series of actinide

isotopes such as Np, Am and Cm.

We now turn our attention to the decay characteristics of the key radio-

active isotopes in each major reactor component. As discussed earlier, the

highest activation level in the STARFIRE design is associated with the PCA-

steel structures in the first wall/blanket. Based on the result of Fig- 12-2,

the PCA activation can be characterized by three major groups of radioactive

products. Namely, the activation is determined largely by 55Fe (2.7 yr, EC/no-y)

up to 30 yr after shutdown, by 63Ni (100 yr. B~/no-y) from 30 yr to 500 yr and

by 93Mo (3500 yr, EC/no-y) beyond 1000 yr. Isotope 93Mo decays to 9?mNb

(13.6 yr, IT) with the branching ratio of ̂  0.9. The contribution of 93"iNb

to the long-term activation shown in Fig. 12-2, in spite of its relatively

short half-life, is caused by an equilibrium decay state of 93mNb with the

precursor isotope 93Mo which has a very long half-life.

X* \ ^

0.000000
1 10 100

TIME AFTER REACTOR SHUTDOWN (yr)

Figure 12-2. Isotopic radioactivity contribution of
the PCA f i r s t wall.

1000
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For this reason the 93TnNb activation concentration increases rather than

decreases after shutdown as indicated in Fig. 12-2.

It should be pointed out that 93mNb is the only major gamma emitter after

isotope 60Co(5.3 yr, 3~/y) decays out, and that decay gamma emission is far

more important than 3~decay as far as the long-term radwaste shielding is con-

cerned. As shown in Fig. 12-3, the molybdenum isotope 93Mo is generated by

neutron reaction with the Mo element itself, which is one of the primary con-

stituents of PCA ( ̂  2% in weight). Specifically, two stable isotopes 92Mo

(14.8% in the natural abundance) and 94Mo (9.3%) cause more than 99% of the

total 93Mo activation through the 92Mo(n,y) and 91*Mo(n,2n) reactions. In

other words, the two Mo isotopes which are only ^ 0.5% of the PCA structural

material in the first wall/blanket, are contributing the most significant part

of the whole long-term radwaste associated with the STARFIRE blanket design.

This observation suggests strong incentives for a possible PCA material

processing concerning the minimization of long-term radwaste storage require-

ment. The first possibility is that the two stable isotopes of 92Mo and 91fMo be

CJ

zzo
o

u
o
Q

0.01

0.001

00001

O.OOOOli

0.000000
1 1001U 1UU

TIME AFTER REACTOR SHUTDOWN (yr)
1000

Figure 12-3. Elemental contribution to the PCA first
wall radioactivity.
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(9)

eliminated from the Mo element, or as suggested by R. Conn et al., the Mo

element be tailored to 100% 97Mo (9.6% in • natural abundance) since this

isotope is least likely to pose the activation problem among a series of

stable Mo isotopes. The second possibility is that isotope 93Mo (or all stable/

radioactive Mo isotopes) >e separated isotopically (or chemically) after the

PCA components are discharged from the reactor. The former method of isotope

manupulation can completely eliminate the 93Mo activation but questions

regarding the economics and technological feasibilities relevant to such

isotopic separation remain yet to be answered.

With regard to the total activation including both y and g decays, '^Ni

is one of the most important isotopes at times of interest. Isotopes 62Ni

(3.59% in abundance) and 6LfNi (0.91%) give rise to the activation, and

R. Conn et at., have also suggested a Ni elemer"- tailoring to 100% 61-Ni

for a tyoe 316 stainless steel structural material. When both 97Mo and 61Ni

isotope selections are employed in ensemble, the long-term activation of the

STARFIRE design will be drastically reduced. However, it should be mentioned

that the ultimate activation level will be governed by the ^ C (5730 yr, 6~/no-y)

activation of 'v 20 kCi/m3 (still classified as a medium-level waste). produced

from a trace element of nitrogen via the llfN(n,p) reaction. The imp. L ation

is that in order to fully exploit the isotopic tailoring technique, one would

need a carefu] control of impurity contents in the structural matt.ial.

According to Fig. 12-4, many of the radioactive products in the

neutron multiplier rapidly decay to stable isotopes in a few years after shut-

down. The remaining activation in this multiplier is determined by relatively

short-lived isotopes of •̂ '•Tl (3.8 yr, 0~/EC/no-y rays observed between 0.1

and 2.5 MeV), 90Sr(28.8 yr, er/no-y) and 90Y(64 hr, 6~/y) and by two extremely

long-lived isotopes, 93Zr(1.53 x 106 yr, g-/no-Y) and 205Pb(1.4 x 107 yr,

EC/no-y). The continual presence of short-lived 90Y isotope up to a few

hundred years is due to the two-step decay chain of 90Sr £ 90Y •* 90Zr. It

should be noted that the very toxic 90Sr (the MPC-water values are 3 x 10~7

Ci/m3 and 4 x 10~5 Ci/m3 for soluble and insoluble forms, respectively) is

generated in significant amounts (order of 1 kCi/m3 up to 100 yr). In

comparison, the tritium MPC-water is given as 3 x 10"3 Ci/m3. An average

annual discharge of 90Sr in replaced blanket sectors yields i> 3 kCi up

to ^ 50 years. This discharge rate is compared to a typical 90Sr fis-

sion produce of ^ 1.3 MCi/GWe-yr discharged from an LMFBR reactor.
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Figure: 12-4. Isotopic radioactivity contribution
of the Zrr,Pb3 neutron multiplier.
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Isotope 90Sr is induced by the (n,n'a) neutron reaction with 3!tZr which is

^ 17.4% in the naturally occuring abundance. This 9ltZr isotope is also the

major source for 1 he long-term activation of 93Zr generated via the 94Zr(n,2n)

reaction. Therefore, any isotopic tailoring of Zr leading to a complete

elimination of 94Zr can be expected to result in a Zr5Pb3 activation level of

only ^ 5 Ci/m3 being contributed solely by the Pb activation within -\» 50 yr

after shutdown. This observation should be emphasized not only from the stand-

point of reducing the absolute activation level but from a consideration for

the substantial production curtailment of toxic radioactive wastes such as
90Sr and 93Zr.

At times shortly aftei shutdown, the LiAlO2 breeder material contains many

short-lived isotopes such as 6He(0.8s, S~/no-y), 8Li(0.84s, S~/a), 16N(7.1s,

B"/a/Y), 24Na(15 hr, fr/Y),
 27Mg(9.5m, 3~/Y) and 28Al(2.2m, 3~/y). Among

those, 24Na is the most important isotope. Beyond a few weeks after shutdown

the LiAlO2 activati.on is determined solely by 26A1(7.2 x 105 yr, B+/EC/y) as
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shown in Fig. 12-5. Note that there are two branches associated with the

27Al(n,2n) reaction, i.e., 27Al(n,2n) 26Al and 27Al(n,2n)26n»Al. Unlike the

normal internal transition decay of meta-stable isotopes, 26mAl(6.3s, 8+/no-Y>

decays to stable isotope 26Mg with emission of g+. Therefore, the production

rate of 26A1, and hence, the LiA102 activation level strongly depends upon the

reaction branching ratio leading to this particular isotope generation. Un-

fortunately, the reaction branching ratio is not well known ' at present and

somewhat arbitrary values are assumed in the literatures. An equal pro-

bability for both reaction paths (26Al and 26mAl production paths) is assumed

in the present analysis. When the calculated value of the 27Al(n,2n) 25A1

reaction cross section given in Ref. (10) is used, the 26A1 activation shown

below would be increased by a factor of two.
/

The LiA10£ activation level of ^ 2 Ci/m3 is somewhat too high to be

classified as a low-level waste (LLW) and might impact the lithium resource

unless the aluminum isotope is separated from the irradiated breeding material.

The lithium inventory in the blanket is estimated to be ^ 64 MT based on the

«= 10

10 100
TIME AFTER REACTOR SHUTDOWN (yr)

1000

Figure 12-5. Isotopic radioactivity contribution
of the LiAlO2 breeder,
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Figure 12-6. Isotopic radioactivity contribution
of the Ti6Al4V shield.

natural lithium composition. Enrichment of the 6Li concentration to 60%,

raises the natural Li resource requirement to -v 510 MT per reactor load, and to

-v 2550 Ml over a 30-yr plant life. Of course, ihese resource requirements

include unnecessary 7Li of ^ 53%, which could be utilized in other applica-

tions (e.g., battery program). According to the UWMAK-III estimate, the

lithium resource which is considered available in the United States at up to

3X present (1976) price is ^ 107 MT. More precise evaluation of the LiAl02

activation, which is currently somewhat uncertain due to the uncertainty in

the 27Al(n,2n) reaction branching is desirable. Recycling of LiAlO2 appears

to be technically and economically feasible but needs to be addressed in

future studies in detail.

Figures 12-6 and 12-7 show radioactivity contributions in the primary

structural materials of T16A14V and Fel422 in the high flux shield (HFS)

and the medium flux shield (MF3) regions, respectively. The activation in

the Ti6Al4V shield structure steeply decreases in 10 yr after shutdown due
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primarily to the fast decays of 21*Na, 45Ca (165d, 3~/Y) , 't6Sc(84d, g-/y) and

48Sc(44hr, ?~/y). After 10 yr, the radioactivity in this material is dictated

by the impurity activation products such as 63Ni, 93mNb, 93Mo and 1 4C. It

should be noted that by virtue of the comprehensive shield optimization, the

Ti6A14V - structured HFS shield exhibits an activation level of 0.1 Ci/m3 or

less ( ̂  2 Ci in total) within 10 yr after shutdown in spite of the fact

that the shield is exposed to a relatively high neutron-fluence of 1J 1016 m~2s~1

during reactor operation. The radioactivity concentration of 0.1 Ci/m3 is

normally classified as the upper limit of LLW. As discussed earlier for the

PCA structure, some more elaboration on the impurity level control for

Ti6A14V, particularly on Ni and N impurity control would substantially reduce

the long-term activation level in this shield after the short-lived primary

activation has decayed.

As is the case with most of the iron-base alloys, the Fel422 activation

does not significantly decrease up to a, 10 yr after shutdown, due to the large

55Fe-production. Another feature characterizing the Fel422 activation is the

10 100
TIME AFTER REACTOR SHUTDOWN (yr )

Figure 12-7. Isotopic radioactivity contribution
of the Fel4Mn2Ni2Cr shield.
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excitation of a series of radioactive manganese isotopes such as
53Mn(3.7 x 10p- yr, EC/no-y), 54Mn(312d, EC/Y) and 56Mn (2.6 hr, B"7Y) • From

the long-term activation standpoint, the 53Mn isotope is the most important, al-

though the associated activation level is not more than that of llfC caused

by the nitrogen impurity, as shown in Fig. 12-7. The rapid decrease in act-

ivation to < 3 x 10~3 Ci/m3 ( ̂  0.8 Ci in total) within <v 30 yr after shut-

down in this primary shield structure provides a great potential for material

recycling of the shield material which is large in volume ( ̂  320 m3 in MFS

only, for instance).

The radioactivity decay of the TF-magnet superconductors, Nb3Sn and

NbTi is shown in Figs. 12-8 and 12-9, respectively. The variation of both

conductor radioactivities is more or less identical and is characterized

primarily by the two radioactive isotopes 93mNb and 91*Nb (2.0 x 101* yr, g~/y) •

The unique features which distinguish one from the other are fouid in the re-

latively short-lived isotopes such as 123Sn(129d, 0~/y) and 125Sb(2.7 yr, B~/Y)

" IOOOO

6 IOOO

8
25
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Figure 12-8. Isotopic radioactivity contribution
of the Nb3Sn superconductor.
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produced from Sn in NbsSn, and I*5Ca and 1*5Sc produced from Ti in NbTi. The

fact that both conductor activation levels are below the LLW limit even at

reactor shutdown is very promising for the recycling possibility of these

resource-limited materials.

Despite the fact that 93Nb is the only naturally abundant niobium element,

the radioactivity analysis regarding this element is troublesome primarily be-

cause of the large uncertainties in the associated activation cross sections.

In addition, the fact that there are many metastable niobium isotopes such

as 92mNb, 93mNb, skmNb, 95mNb, etc. makes the analysis more difficult. In

particular, the reaction branching ratios for a sequence of the
93Nb(n,Y)9'fNb/9'*lnNb(n,Y)95Nb/95inNb reactions and for the 93Nb(n,2n) 92Nb/92mNb

(1 9—1 ?t~\

reactions are the central issues in this regard.^ Fortunately, in the

STARFIRE design, niobium is used only as the superconducting materials that

are located in a low radiation field. Therefore, it is likely that the impact

of these cross section uncertainties is small since the absolute magnitude of

radioactivity is quite low from a practical standpoint. The only exception in

which a more refined analysis would be required is related to the inboard

section of the superconducting magnet which is exposed to a non-trival neutron

fluence.
^ 1000*

§
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Figure 12-9. Isotopic radioactivity contribution
of the NbTi superconductor.
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Another important aspect of the reactor component activation analysis is

related to penetration system components and their shield materials. In

general, the direct radiation streaming in neutral beam ports, vacuum pumping

ports, divertors, etc. in previous tokamak designs is one of the primary

sources of the design complexities and consequent high radioactive shield

inventories. In the STARFIRE design, a serious effort has been devoted to

minimizing possible design difficulties as well as activation associated

with major penetrations at itf early phases of the conceptual design. A key

feature of STARFIRE relevant to the vacuum pumping system is the elimination

of any direct radiation streaming path from the plasma to the cryopumps. The

STARFIRE design also features the selection of lower hybrid rf system over

neutral beam heating systems and limiter impurity control concept over

divertors. These design features have brought about overall shielding design

simplicity as well as substantial reduction in the high-level long-term

activation inventory regarding the major penetration shields.

Tables 12-8 through 12-10 summarize results of the radioactivity analysis

for the three penetration subsystems of the limiter, rf-duct and vacuum pumping

designs. The analysis was carried out at several key locations of each sub-

system based on the results of the multi-dimensional shielding calculations

(see Sec. 11»3). Because of the low activation characteristics inherent in

both candidate limiter structural materials of Ta-5W and V-20Ti, none of the

limiter system components exhibit any appreciable residual radioactivity be-

yond 30 yr after shutdown. An interesting feature associated with the Ta-5W

structural material is the high burn-up or transmutation rate of 181Ta

( ^ 99.99% in the natural abundance). Most of the 181Ta burn-up yields
182Ta(115d, B~/y) leading to a production of 182W (26.3% in the abundance)

via the B~-decay. At 6 yr after reactor start-up for instance, the 181Ta

burn-up rate reaches ^ 20% and the 182W content reaches ^ 500% of its

initial value. This high transmutation rate from tantalum to tungsten would

eventually result in a different structure composition. Such a composition

change is, however, expected not to appreciably impact the material integ-
(19)

rity or chemical stability. (See Chapter 8).

12-22



r-o

Table 12-8. Radioactivity Analysis for the Limiter System
(MCi/m3)

Time After Shutdown (yr)
10 30 50

(a)

100 500
(A) Ta-5W

A ( b ) 4.15(2)

B ( c ) 4.21(2)

C ( d ) 6.93(1)

D(e) 8.13(0)

(B) V-20Ti

A ( b ) 6.61(1)

B ( c ) 7.23(1)

C ( d ) 1.00(1)

D(e) 9.05(0)

4.66(1)

4.68(1)

7.65(0)

1.61(0)

2.86(0)

8.73(-l)

4.22(-2)

1.91(0)

6.46(-7)

3.29(-7)

4.14(-8)

2.75(-3)

8.01(-4)

3.72<-5)

1.08(-22)

4.31(-23)

4.5K-24)

1.80(-3)

5.98(-10)

9.9K-4) 6.75(-4) 3.89(-5)

8.09(-12)

2.0K-3) 1.07(-3) 7.26(-4) 4.19(-5)

(a) Based on a two-dimensional discrete-ordinate transport calculation; neutron wall load -
3.6 MW/m2; integral neutron wall load - 18 MW-yr/m2 before shutdown; Zone average radio-
activity concentration.

(b) 62% (Ta-5W/V-20Ti) + 38% H20.

(c) 84% (Ta-5W/V-20Ti) + 16% H20.

(d) 10% (Ta-5W/V-20Ti) + 15% H20.

(e) 100% Fel422.

1000

6.68(-6)

7.20(-6)



Detector A<b>

B U J

CldJ

E l e'

x(e)

2(e)

Table

0

5.73(1)

3.05(0)

4.3K-3)

2.33(-5)

8.93(-9)

5.47(-2)

5.61(-11)

12-9. Radioactivity Analysis for the rf-waveguide System^"'
(MCi/m3)

1

2.30(1)

1.25(0)

1.68(-3)

8.05(-6)

4.12(-9)

2.49(-2)

2.37(-ll)

Time After Shutdown (yr)
10

2.02(0)

1.10(0)

1.47(-4)

6.90(-7)

2.89(-10)

1.75(-3)

1.56(-12)

30

3.16(-2)

1.75(-3)

2.38(-6)

1.14(-8)

1.75(-12)

1.06(-5)

9.37(-15)

50

6.79(-3)

4.03(-4)

5.55(-7)

2.75(-9)

1.17(-13)

6.93(-7)

7.64(-16)

100

4.15(-3)

2.59(-4)

3.55(-7)

1.72(-9)

6.28(-14)

3.7O(-7)

4.44(-16)

500

1.00(-3)

7.83(-5)

1.04(-7)

3.82(-10)

3.78(-15)

3.49(-8)

2.68(-17)

1000

6.12(-4)

5.00(-5)

6.59(-8)

2.28(-10)

7.89(-16)

1.72(-8)

5.63(-18)

•p-

(a) Based on a Monte-Carlo run with 20,000 neutron histories; neutron wall load - 3.6 MW/m2;
neutron wall load - 18 MW-yr/m2 before shutdown.

(b) 22% PCA + 87c H20.

(c) 58% PCA + 8% H20.

(d) 15% PCA + 11% H20.

(e) 100% Fel422.

integral

rf-WAVEGUIDE

CENTERUNE



Detector

Table 12-10. Radioactivity Analysis for the Vacuum Pumping System
(MCi/m3)

Time After Shutdown (yr)

(a)

10 30 50 100 500

A (b>

B(C>

C l c >

D ^

Z^>

F(C>

6.53(-5)

7.38(-8)

2.03(-9)

3.47(-6)

4.48(-6)

3.1O(-9)

2.57(-12)

2.18(-6)

3.2K-8)

9.05(-10)

1.54(-6)

1.56(-7)

1.40(-9)

1.16(-12)

l.32(-m)

2.2K-9)

6.3K-11)

1.07(-7)

9.9K-10)

9.78(-ll)

8.15(-14)

1.24(-11)

1.35(-11)

3.83(-13)

6.5K-10)

7.74(-13)

5.93C-13)

4.94(-16)

9 .

9 .

2 .

4 .

5 .

3 .

3 .

56(-12)

49(-13)

6O(-13)

45(-ll)

80(-13)

97(-14)

29(-17)

7.52(-12)

5.17(-13)

1.40(-14)

2.40(-ll)

4.58(-13)

2.13(-14)

1.76(-17)

3 .

3 .

8 .

1 .

2 .

1 .

1 .

37(-12)

38(-13)

56(-16)

47(-12)

1K-13)

30(-15)

07(-18)

1000

3.03(-12)

3.28(-13)

2.86(-16)

2.34(-19)

N3
I (a) Based on a Monte-Carlo run with 20,000 neutron histories; neutron wall load - 3.6 MW/m2; integral

neutron wall load - 18 MW-yr/m2 before shutdown.

(b) 5% Ti6Al4V + 65% TiH2 + 15% B^C + 15% H20.

(c) 70% Fel422 + 14% B4C + 15% H20.
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Due to the fact that the grill structure of rf-waveguides is made of PCA

steel, the residual radioactivity in this system shows a high activation level

over a long time period after shutdown. Actually, the rf-waveguide activation

is the largest long-term radwaste among the penetration subsystems. In parti-

cular, the waveguide portions embedded in the first wall/blanket region exhibit

an activation level almost comparable to that of the PCA wall/bisiket structure.

Fortunately, however, the material volume of such portions to be exposed to

high neutron fluence is quite small ( <\* 2.7 m3) in STARFIRE because of the

nature of the grill structure design. The radioactivity concentration of the

rf-ducts beyond the vacuum plenum region is either comparable to or only

slightly higher than that in the outboard bulk shield region which is not

affected by the presence of the rf-penetration.

The post-shutdown activation in the shields around the vacuum pumping

ports is low. This stems from the following:

1. there is no direct neutron streaming path between the plasma
and the vacuum system;

2. the vacuum pumping ports possess multiple duct bends; and

3. the region exposed to a relatively high neutron fluence consists
of intrinsically low-activation shield materials such as Ti6A14V
and TiH2.

Although the iron-base shield, Fel422 is used in a large quantity as the

primary shielding medium, it does not appear to pose any long-term

activation problem largely because of its location in a relatively low

neutron-fluence region. It should be noted that the total shielding volume

for the torus evacuation system is estimated to be ^ 1200 m which is compared

to ^ 1450 m3 of the total bulk shield volume. This clearly indicates the im-

portance of the vacuum system shielding not only from the activation stand-

point but from the material inventory consideration. By virtue of adequate

selection of the shielding materials in the present design and the basic

design feature preventing the direct radiation flow into the vacuum ducts and

pumps as already mentioned, the majority of the vacuum system shields appear to

be promising for recycling on a reasonably short time-scale. This will be

examined in more detail shortly.
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12.3 MATERIAL RECYCLING

As shown in the previous section it is conceivable that material require-

ments for construction of a very large number of reactors would eventually

pose resource availability and radwaste problems unless a capability of

material recycling is established. Economic and technological considerations

will ultimately determine the practicality of such material recycling. De-

cision on material recyclability for each piece of reactor components involves

extremely difficult problems because of its dependence on many factors such

as gemoetry of material, duration of cool-down, method of material handling,

etc. There is presently no information on the "back-end" of the fusion

material cycle that shows the relative economic, safety and technological merit

of one material versus the other in respect to waste disposal and recycling.

This lack of information forces the designer to use some judgment in material

selection. In STARFIRE, a general guideline, based on the activation level

after shutdown as discussed below, was adopted as one of the primary criteria

for material selection. The assumption here is that the lower the activation

level of a material after shutdown is, the higher is its potential for economic

recycling.

In general, radioactive waste can be defined by different waste categories,

and various categories have been proposed. As a general qualitative classifi-

cation of radwaste, Ref (8) cites the following:

High-level waste (HLW): requires cooling by forced convection,
and heavy shielding during transportation

Medium-level waste (MLW): shielding during transportation and
handling is necessary but no cooling
by forced convection. (the dose rate
at the surface of drums used for
disposal is greater than 200 mrem/hr)

Low-level waste (LLW): no shielding, the dose rate is less

than 200 mrem/hr.

Another definition for the waste categorization is given by D. Richter

and W. Korner (20) ̂ and is also cited in Ref. (8) based on an evaluation of

radwastes from fission nuclear povar plants. The definition is presented in

terms of both weight-base and volume-base radioactivity concentrations, i.e.,

According to Ref. (20), the radioactivity concentration between lO"4 and
10~S C±/5 (or Ci/kg) is not categorized. In the present analysis, this
concentration interval is classified as LLW.
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HLW: > 10 Ci/A (or Ci/kg)

MLW: 10"4 •- 10 Ci/S, (or Ci/kg)

LLW: < lO"" Ci/A (or Ci/kg)

This classification seems useful for application to the material recycling

potential. From the recycling considerations, the LLW category offers the

best potential. This classification is simple and useful as it is based

on the curie level as the measuiti of radioactivity. However, there seem

to be several difficulties in utilizing this categorization as the criterion

for the recyclability potential because of the facts that:

1. it cannot distinguish the qualitative differences in radioactive
wastes, e.g., differences in decay modes such as y- and 3-decays.

2. even among those of the same kind of decay mode, the decay energy
dependence is not taken into account; and

3. the weight- and volume-base criteria sometimes result in incon-
sistent classifications.

The first two aspects described above are important because decay gamma rays

are much more interactive with human bodies than are beta particles. In

addition, the degree of the interaction strongly depends upon its energy as

well as its intensity. Therefore, considerations of material recycling and

biological effects caused by direct contact with radioactive wastes to be

recycled, suggest a need for an explicit measure that can account for differ-

ences in decay mode, decay energy, intensity, etc. with a particular emphasis

on decay gamma emitters.

In NRC Title 10/Chapter I/Part 20, two guidelines are given regarding

the radiation exposure limits in restricted and unrestricted areas. In the

case of the unrestricted (uncontrolled) area exposure, the guideline shows

the maximum permissible levels of:

1. accumulated exposure of 0.5 Rem/yr;

2. continuous exposure of 2 mrem/hr; and

3. continuous exposure of 100 mrem/7 days;

resulting in the most restrictive permissible level of i< 0.057 mrem/hr (from

item (1) above) as an acceptable exposure rate for the general public. Note

12-28



that the dose level of 0.5 Rem/yr or continuous dose of 0.057 tnrem/hr is just
( 21}five times a dose rate from the natural background of 0.1 Rem/yr^ '. In the

case of the restricted (controlled) area exposure, the NRC guideline of 1.25

Rem/calendar-quarter leads to a maximum allowable dose rate of 2.5 mrem/hr

based on an occupational work of 40 hr/week and 50 week/yr. Therefore, a

reasonable criterion to be used for the material recycling seems to be:

1. a dose limit of 0.05 mrem/hr for recycling to the general public;
and

2. a dose limit of 2.5 mrem/hr for recycling for a limited use such
as recycling to fusion reactor construction.

A comparison of the waste-level classification criterion defined earlier and

the dose criterion shown here will be made shortly.

Prior to the recycliability analysis, an investigation was performed with

regard to the sensitivity of biological dose rates to the source volume size.

Figure 12-10 examines the surface dose dependence as a function of source

size based on a one-dimensional spherical model. The source of 1 photon/

cm3/s is assumed to be uniformly distributed over the spherical volume.

Examples shown are the case for the PCA stainless steel as a representative

radwaste of heavy materials and the case for the LiA10? breeder as a counter-

part of lighter materials. The decay gamma energy ranges examined are those

typical at times beyond 1 yr after shutdown. It is seen that both PCA and

LiAlC>2 exhibit a more or less identical trend on the surface dose variation,

showing a quick dose saturation with test-piece volume. In fact, the

contact biological dose for the soft gamma-ray source does not show any

appreciable variation with the test-piece size in both cases of heavy and

light materials. Clearly, such a trend toward small variation with volume

stems from the well-known characteristics of the self-shielding of gamma-rays

by the source materials themselves. The self-shielding effect is particularly

strong in heavy (high Z-number) materials as shown in Fig. 12-11. The results

presented in Figs. 12-10 and 12-11 indicate that the biological surface dose

is not overly sensitive to the size of the piece to be handled. In addition,

the fact that the dose level tends to saturate for a reasonably large volume

suggests a possibility of deriving an upper bound dose estimate without going

into details of the geometeries of pieces to be handled in the recycling

processes. Although this conclusion is not quite precise since the dose

dependence on geometrical shapes has not been examined yet, it is very
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Figure 12-10. Effect of decay gamma source volume
upon the surface contact biological dose.

unlikely that the shape effect would override the saturation dose level for

such a large-volume piece. This observation is, again, based on the strong

self-shielding effect which is not overly sensivive to the shapes of attenua-

ting media. The material volume for the dose calculation relevant to

material recycling analysis hereafter is, therefore, assumed to be a 1 m —

diameter sphere.

Table 12-11 classifies all reactor components according to the HLW, MLW

and LLW categorizations defined earlier. The data base for Table 12-11 is

obtained from Table 12-2. It is noticed that most of the first wall/blanket

components belong to either HLW or MLW at times of interest for recycling.

A majority of the shield components can be categorized to LLW within 30 yr -

50 yr after shutdown and many of components external to the bulk shield appear

to be recyclable at shutdown or in 1 yr at most. The only exception for such

short-time recycling among those outside the shield is the inboard section

of the TF-magnet, in particular, the high-field superconductors of Nb3Sn.

This is simply because of the relatively thin inboard bulk shield. Because
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Figure 12-11. Spatial dependence of contact biological dose
in a sphere with a uniform source distribution.

of the. fact that the reactor power is highly sensitive to the distance between

the plasma center and the maximum field point in the inboard section of the

magnets, the determination of the shield thickness as well as its composition

can not be driven merely by activation considerations. It should be noted,

however, that the volume of the high-field inboard magnet section is about

38 m3 (excluding liquid helium) which is only 'v 5% of the total TF-magnet

volume. Consequently, from the material recycling consideration, the out-

board section of the TF-magnets is of much more importance because of their

large volume. It is remarkable that all activation levels of the outboard

shield components where the largest shield volume is present ( ̂  93% of 1500 m 3 ) ,

decrease below the LLW limit within 20 yr at most. This was brought about

by the shield optimization described in Sec. 11.2.2.

Table 12-12 summarizes the contact decay gamma doses converted from the

decay gamma source strengths based on the conversion method described earlier.

The decay source strength is taken from an average value in each component.

It is noticed that most of the light non-structural materials such as water-
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Table 12-11. Material Recyclability Classification Based on
Component Radioactivity Concentrations kCi/m3.

H : HIGH LEVEL I.'.'STE :
II : IILDIUM 1.EVTL IJ-.3TE :
L : LOW LEVEL HASTE :

1.0E«01 KCI/H««3
1.0!>Ci - 1.0E<01 KCI^i:«*3
1.0E-0<l

Tit le AFTER REACT03 SilUTDCXN

REACTOR CCirOtJEKT 1YR 5YR 10VR 20YR 30YR 50YR 100YR 500YR 1CGSYR

1ST l.'ALL PCA
ICO

213 HALL rCA
vca

IBLANKET FCA
LIALC2 —
ICO

C3LAHXET PCA
LI/.LO2 - -
HHD

REFLECTR rCA
G~.'.raiTE —
1120

IPLK-JKT PCA
C'JLK-Jia FCA
IIEAiJER FCA

1120
ISLD-JK1 FEK)32 ~
OSLD-J:-:T FE1122 —
ISIUELD1 FfcVS —

TL'liJoTEN--
H20

ISHIELD2 n I'i22 -
B'iC
1120

0SHIELD1 T I 6 A L W - -
TIH2
B1C
H?0

0SHIELD2 FEKi22 —
D'IC
1120

0SKIELD3 FEKi22 ~
ISLD-JK2 FE1122 —
AIR CC2
IHAG-DIS FEI ' l22 —
C\'.>\G-01IR F E K 2 2 - -
II:AS-HET 30'<SS
0HA3-HET 3C-SS
IKAGUET1 COFFER - -

3KGS - -
K33SU ~
G-10

IHAGHET2 30'.OS —
COPPER ~
N3TI
G-10

IMAG-HE2 3MSS —
O;:AGNETI jC^rs

COPPER - -
H333N
G-",0

0MAGUET2 COPPER —

t:srr
G-10

SUPT-CYL G-10
OH/EF COPPER —

30^55 —
M3TI
G-10

BLDG'.IALL CCi;CRETE—

H
H
H
K
H
II
H
I!
H
II
II
K
L
II
II
H
II
tl
II
11
H
H
|{

M
H
H
II
H
M
H
H
H
H
fl
H
L
II
H
M
L
H
M
H
L
H
M
H
L
L
L
L
L
L
L

L
LL
L
L
L
L
L
L

H
L
H
H
L
H
H
L
H
H
L
H

L
H
II
fl
L
H
11
H
H
L
H
L
L
H
tl
L
L
tl
L
L
L
H

H
L
H

H
H
H

L
L
L

H

II
H

H
H

II
It

II

H
H
II

H
II
H
H

H

II
II

M

H

K

M

H
H
H

H

H
H

H
H

H
H

H

II
H
11

11
H
M
tl

II

L
L

H

H

H

H

H
H
M

H

II
H

H
H

H
H

H

H
H
II

H
tl
H
11

M

L

H

H

H

L
L
H

II

11
II

H
H

H
tl

H

H
II
H

It
II
M
L

M

L

L

L

H

H

H
II

H
H

It
H

H

H
H
II

H
H
H

L

L

H

H
H

11 •
H

H
H

H

H
H
H

H
II
L

H

H
M

H
H

I)
11

H

H
H
H

1!
H

H

VI
H

H
H

II
H

II

t i
H
H

II
11
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Table 12-12. Contact Biological Dose of Reactor
Components Dose
(Rem/hr)

TIME AFTER REACTOR SHUTOCviN

REACTOR COMPONENT 1YR SYR 10YR 20YR 30YR 50YR 100YR 500YR 1000YR

1ST HALL

tl'JLTIPLR
2l,'D HALL

IBLAUKET

03LAN1CET

REFLECTR

IBLK-JKT
C3LK-JKT
HEADER

ISL0-JK1
OSLD-JKT
ISHIELD1

ISHIFLD2

OSHICLD1

0SHIELD2

OS!!IELu3
ISL0-JK2
AIR
II1AG-DWR
OHAG-DH3
IMAG-HET
O!1AG-HET
I!1AG!!ET1

IHAGNET2

IKAG-HE2
OtIAGIlETI

CHAGNET2

SUPT-CYL
O1I/EF

BLDGWAIL

PCA
l!20
ZK5FB3 - -
PCA
K20
FCA
L1AL02 - -
H20

FCA
LI/.LO2 - -
1(20
PCA
GRAPHITE—
1120
FCA
PCA
PCA
H20
FE1422 —
FE1422 —
FE1422 —
TU:;ESTEN~
H20
FE1422 - -
D4C
H20
TI6AL4V - -
TIH2
B4C
HZO
PC 1422 - -
B4C
1120
FE1422 —
FET.22 —
C02
FE1422 —
FEK22 - -
304SS —
3C45S —
COPPER - -
3C4SS —
N33SN —
G-10
3045S
COPPER —
NBTI
G-10
304SS - -
30'iES —
COPPER —
K33SN
C-10
COPPER —
304SS —
U3TI
G-10
G-10
COPPER —
304SS - -
N3TI
G-10
COHCRETE—

4
1
5
1
i.

5

.77E 07

.27E 07

.50E CS

.835 07

. 5 « 06

.2/E 06
7.27E OS
i

3

£
5
0
2
1
2
2
7
2
4
9
1

1,
0.
1,
2
2.
0,
5,
5.
0.

.37E 05

.3'nE CS

.6 IE CS

.60E 05

.DIE 05

.0

.65E 04

.07E CS

.94E 05

.73E 05

.21E C3

.01E CS

.44E 05

.94E 03

.11E 01

.61E 02

.COE 03

.0

.ICE 02

.67E 03

.04E 03

.0

.CSt 02
65E 00
0

t , .5«-01
1.
5.
1.
5.
4.
1.
4 .
5.
1.
1.
3.
1.

7.
1.
4 .
1.
8 .
1.
5.
6.
3.
7.
1 .
2 .
0.

06F-01
11E 01

.20F-07
,52F 01
56C-02
.01E 01
21E-03
O1E-02
99E 00
SCE-01
l<iE-02
91E-02
2SE-05
6CE-C4
59E-05
C5E-04
7SE-C4
25E-0S
07E-0S
S5E-07
5SE-09
£'iE-C6
07E-03
03E-09
0

3.10E-12
2.
1.
1 .

10E-03
25E-11
83E-12

6.81E-04

3.9SE 06
0.0
2.42E 04
1.4CE 06
0.0
4.47E 05
2 . : iE 00
0.0
Z.C.?E 05
1.77C 00
CO
9.S2E 03
0.0
0.0
7.15E 04
3.C:E 03
2.54E 03
0.0
6 . « E 04
2.00E 03
4.3:.£ 02
3.5'iE-01
CO
5.39E 01
0.0
0.0
2.60E 01
2.59c 01
0.0
0.0
2.S0C-01
0.0
0.0
9.51E-04
2/.EE 00
0.0
1.59E 00
3.13E-05
3.72C-01
1.23E-05
4.39E-02
3.12E-02
1.83E-03
0.0
5.?0E-05
6.KE-05
9.6CC-0S
CO
9.53E-0S
1.19E-06
1.09E-0S
8.93E-07
0.0
3.12E-09
4.J3E-09
3.72E-09
CO
0.0
2.71E-12
6.21E-12
6.17E-12
CO
1.83E-07

1.3SE 06
0.0
5
5
0
1
2
0
9
1
0
2
0
0

.01E-03

.06E 05

.0

. « E 05

.8JE 00

.0

.35= 04

.77E 00

.0

.7SE 03

.0

.0
2.2SE 04
1
7
0
4
1
2
2
0
3
0
0
3
1
0
0
1.
0.
0.

.13= 03

.49E 02

.0

.10E 03

. HE 02

.57E 01

.55E-02
.0
. 15E 00
.0
.0
.Z^Z-O?
.75E-04
.0
.0
.5SE-C2
.0
.0

5.25E-C5
1.
0
9
1.
9.

.39E-01

.0

.C4E-C2

.7SE-CS

.05E-02
4.2CE-CS
2.59E-02
7.
1.

.SSE-03
•S3E-03

0.0
1.
3.

.53E-C5
76C-05

9.61E-06
0.
3.
4 .

0
22E-0S
37E-07

6.45E-07
3.95E-07
0.
1.

0
S'HE-09

2.01E-09
3.
0.
0.
1.
2 .
6.
0.

72E-09
0
0
60E-12
35E-12
17C-12
0

1.74E-09

6
0

2
0
7

0

1
0
1
0
0
1
5

.S5E 05

.0
44E-11

!S:E 05
.0
.39E 04
.ZSE 00
.0
.63E 04
.77E 00
.0
.36E 03
.0
.0
.12E 01
.53E 02

3.67E 02
0
9
2

s"
1
0
7
0
0
1
6
0
0
-
t.
D.
1.
3.

.0

.76E 02

.tZc 01

.CSC 00

.25E-02

.0

.44E-01

.0

.0

.31E-02

.02E-11

.0

.0

.',SE-03

.0
,0
. 1SE-05
,17E-02

0.0
2
3.
4,
2.
1.
3,

.05E-02

.S2E-07

.31E-C2

.C9E-06

.34E-C2

.7CE-C3
1.S3E-03
0.
7.
1.

.0
/:7E-0S
9''.E-05

9.S1E-C6
0.
1.
2.

0
93E-CS
19E-07

3.33C-07
S.93E-07
0.
9.
1.
3.
0.
0.
6 .
V.
6.
0.
2 .

0
f;3E-10
01E-09
72E-09
0
0
25E-13
45E-12
17E-12
0
53E-11

1
0
1
6
0
1
2
0
1

1
0

.83E 05

.0

.13E-35

.7CE 04

.0

.97F. 04

.tu oo

.0

. 2 3 ; 04

.77E 00

.0
3.62C C2
0
0

.0

.0
2.97E C3
1
9
0
2
6
1

0,
1
0
0
3
7
0
0
8.
0.
0.
2.
8,
0
5.
9
i !
5.
3.
1.
1.
0.
1.
5.
9.
0.
5.

.'.Cl C2

.7c: oi

.0

.51E 02

. ; : • - oo

.SiE 00

.41E-03

.0
-91E-01
.0
.0
.KE-03
. T.E-24
.0
.0
.90E-04
.0
.0
.94L-C6
.13E-C3
.0
.26E-03
.S41-CS
151-02

.51-F.-C7

.S6E-03

.CCE-03
S5E-03
0
99E-0S
17E-06
61E-0S
0
13E-09

S.£':E-P3

s.
a.
0.
2.
2 .

E7E-C3
9-U-C7
0
52E-10
7CE-10

3.71E-09
0.
0.
2.

0
0
20E-13

3.S7E-13
6.
0.
1 .

17C-12
0
KE-13

4
0
2
1
C
5
2
G
3
1
0
9
0
0
7
3
2
0
6

.SSE 04

.0

.29E-E4

.7SE 04

.0

.2<E 03

.€-:>E CO

. 0

.?ZT. 03

.77E CO

.0

.65E 01

.0

.0

.92E C2

.9-iE 01

.61E 01

.0

.U?L 01
1.S3E CO
4
9
0
5
0
0
1
S
0
0
2
0

. 17E-01

.26C-G4

.0

.09F-02

.0

.0

.01E-03

.47E-37

.0

.0

.37E-04

.0
0.0
7.C2E-07
2
0

. 17E-D3

.0
1.40E-03
2.62E-05
3
1
9
2
1
0
5,
1.
9,
0,
1.
1.
2.
8.
0.
6.
7.
3.
0.
0.
5.
1.
6 .
0.
1 .

.05E-03

.4SF.-07

.4SE-04

.C-SE-C1

.foE-03

.0

.29E-07

.33C-C5

.61E-0S

.0

.37E-09

.55E-0S

.36E-CS

.94E-O7
0
73E-11
20E-11
71E-09
0
0
S6E-14
03E-13
17E-12
0
53E-13

3
0
0
1
0
3
2
0

1
0
6
0
0
5

1
0
4
1
2
7
0
3
0
0
1
1
0
0
1.
0.
0.
5.
1.
0.
9.
1.

A&E 03
.0
.0
.27E 03
.0
.72E 02
.CSE 00
.0
. 3'iE 02
.77E 00
.0
.97E 00
.0
.0
.64E 01
.87E 00
.95E 00
.0
.75E 00
.30E-01
.9iE-02
!73E-05
.0
.62E-03
.0
.0
.71E-04
. 19E-62
.0
.0
.63E-05
.0
,0
.55E-0S
.54E-C4
.0
.9SE-05
.S6E-09

2.17E-04
1.
6.
1.

.03E-OS

.73H-05

.90E-C5
1.S7E-03
0.
3.
9.
9.
0.
9.
1.

.0
76E-0S
7SE-0S
60E-DS
0
70E-11
10E-09

1.63E-C9
8.
0.
4 .
5.
3.
0.
0.
4 .
7.
6 .
0.
1.

93E-07
0
7SE-12
HE-12
71E-09
0
0
16E-15
33E-15
1SE-12
0
53E-13

3
0
0
2

.77E 00

.0

.0

.COS 00
0.0
6.C3E-01
2 .Sic co
0.0
H

1
0
1
0

. t .1 ; u 1

.7/E 00

.0

.27E-01

.0
0.0
2
3
9
0
'£
5
1
1
0
1
0
0
1
0
0
0
7
0
0
2
6
0
4
S
4
1
2.
3.
1.
0.
5.
4.
9.
0.
7.

.11C-01

.3SE-C2

.63E-02

.0

.C7E-14

.65E-1S

.J7C-16

.25E-05

.0

. 53E-17

!o
.0
.07E-04
.0
.0
.0
.35E-20
.0
.0
.42E-22
.72E-19
.0
.35E-19
.ICE-24
.49E-03
.CSE-12
.94E-19
•75E-09
.SSE-C3
.0
.69E-12
,27r:-22
.52E-0S
.0
39E-15

9.67E-14
7.
8 .
0.
2
3_
3!
0.
0.
1.
4 .
6 .
0.
1 .

53E-24
CCE-07
0
OE-26
4 1E-16
6SE-09
0
0
S2E-29
34E-19
11E-12
0
52E-13

3.74E 00
0.0
0.0
1.9SE 00
0.0
6.63E-01
C.CoE CO
0.0

1.77E 00
0.0
1.CSE-01
0.0
0.0
2.10E-01
3.3JE-02
9 . 5 ; . L - D 2
0.0
6.74E-2S
1.S5E-27
4.2DE-C3
1.23E-05
0.0
5.13E-29
0.0
CO
1.C7E-04
CO
CO
CO
2.39E-31
0.0
0.0
7.C3E-34
2.1SE-30
CO
1.41E-30
2.S1E-35
4.4SE-03
1.05C-12
9.5SE-31
3.73E-09
1.S5E-03
0.0
5.65E-12
1.35E-33
9.45E-0S
0.0

9!saE-14
2.3SE-35
S.79E-07
CO
6.73E-3S
3.39E-16
3.65E-09
0.0
0.0
5.90E-41
4.31E-19
6.07E-12
0.0
1.52E-13

3.63E 03
CO
0.0
1.93E CO
CG
6.f-2E-01
C.C-E 03
o!o"

1.77E OC
CO
1.24E-01
CO
0.0
2.CSF-01
G . l i E - C t
9.39E-02
0.0
1.19E-5-,
3 . " " E - - S
S.03E-57
1.21E-C5
CO
9.79E-5S
0.0
0.0
1.07E-C4
CO
0.0
0.0
4.SSE-6C
o.r'
0.?-
1.T3E-62
4.16E-59
0.0
2.69E-59
5.C-iE-64
4.3:-E-cr,
1.G3E-12
1.S2E-59
3.6SE-C9
1.C1E-03
CO
5.5SE-12
2.65E-62
9.2?E-C6
o!o
7.21E-15
9.41E-14

s!t4E-07
CO
1.29E-6S
3.33E-1S
3.KE-09
0.0
0.0
CO
4.24E-19
5.5SE-12
0.0
1.52E-13
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coolant, graphite reflector, boron-carbide shield and G-10 insulation show a

a rapid dose decrease shortly after shutdown. This reflects the fact that

these materials contain mostly (3-decay products and/or substantially short-

lived y-emission decay products. The reactor building wall consisting of

ordinary concrete with 5 v/o Fe-reinforcement has an average dose rate of

0.7 mrem/hr at shutdown and exhibits a significant decay in a year after

shutdown. Again, it is seen that the major high-level long-term activation

is confined mostly to the first wall/blanket region.

Using the results of this dose analyses, a material recycling-potential

classification based on the 2.5 mrem/hr limit criterion is shown in Table 12-13.

Interestingly enough, the result based on this criterion is very consistent

with that in Table 12-11 derived from the LLW limit criterion. Some

differences between the two classifications exist, of course, because of the

differences in the activation characteristics such as decay mode, decay energy

spectrum, self-shielding effect, etc. Note that the analysis shown in

Tables 12-11 and 12-13 does not include the 3-decay dose, leading inevitably

to an underestimate of the contact biological dose. Although it is very

likely that most of the beta-particle emission yields only a skin dose for

human bodies, and hence, shielding against the S-radiation is of less im-

portance from the material handling standpoint, a complete

material recycling and radwaste management analysis should include the 3-dose

effect. A large difference in the classifications found in the ZrsPb3 waste,

which is dominated by the g-decay products, is obviously brought about by the

lack of such B-component in the biological dose evaluations.

In the present analysis, the two results of Tables 12-11 and 12-13 are

combined for the recycling-potential classifications, taking whichever the

more restrictive. According to this classification, all major reactor com-

ponents (excluding the water-coolant and the graphite reflector) in the first

wall/blanket (total volume of ^ 300 m3) are non-recyclable without remote

chemical/isotopic material treatments. Of this 300 m^, about 180 m^ is

occupied by LiA102- There are strong incentives to recycle L1AIO2 or its

lithium content. The biological dose rate in L1AIO2 decays to <v 2 - 3 rem/hr

within a few months after shutdown and remains nearly constant for a very long

time. Therefore, all processes performed in recycling LiA102 will have to
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Table 12-13. Material Recyclability Classification Based on
Component Surface Biological ^ a b )

TIME AFTER REACTOS SHUTDOWN

REACTOR COMPONENT 1YR 5YR 10YR 20VR 30 YR 50YR 100YR 500YR 1000YR

1ST WALL PCA
K20

KULTIPLP. ZR5F33 - -
2ND IJUL FCA

1120
IDLANKET PCA

IIAL02 ~
1120

(BLANKET IXA
IIAL02 - -
H20

REFLECTS FCA
C-2APHITE--
H20

IBLK-JKT FCA
COLK-JKT FCA
HEADER PCA

H20
ISLD-JK1 FEK22 - -
OSLD-JKT TZV<2Z —
ISHIEL01 TE1<>22 - -

TUN35TEH--
H20

ISHIELD2 FE1422 - -
B1C
H20

0SHIEL01 TI6AL1V —
TIH2
CAC
K20

0SHIELD2 FE1422 - -
B-5C
H?g

0SHIEL03 FE1422 —
ISLD-JK2 FE1422 —
AIR C02
IIIAG-Bi.'R FE1422 —
OMAG-D:;* FE 1^22 —
I I : A 5 - I I L T 304SS —
OKAG-ilCT 30^SS
IHAGiiETl CCrCER —

I133SN
G-10

IHAGHET2 3MSS —
COPPER —
HBTI
G-10

IHAG-KE2 30<(5S —
0MA0NET1 304SS —

COPPER —
NB3SH —
G-10

0MAGNET2 COFFER —

NSTI
G-10

SUPT-CYL O-10
O!I/EF COrpER —

N3TI
G-10

BLDGHALL CONCRETE—

II
II
II
H
N
N
tl
II
tl
II
t;
ti
R
N
M
H
tl
N
N
II
14
II
H
I!
R
N
II
N
P.
II
II
R
II
N
II
P.
II
14
H
N
11
M
H
14
N
R
R
R
R
R
R
R
R
R
R
P.
R
P.
R

R
RR
R

N
R
N
II
R
II
14
R
H
N
R
11

R
N
II
II
R
II
14
II
H
P.
H

R
N
14

R
II

R
R
N

H
R
H
R
11
N
R
R
R

N

H
tl

N
N

N
N

11

14
14
14

II
t l
N
II

N

N
K

N

H

N

N

H
II

l i

R
tl

N
11

11
14

11

II
N
14

N
N
14
14

N

II

N

tl

II

N

14
14

N

14

tl
II

14
tl

tl

H
N
II

tl
tl
U
N

U

N

R

H

11

tl

H
R

H

N

N
N

N
N

tl

N
N
N

H
II
H
R

II

R

R

R

N

R

II

11

tl
tl

H
N

M

tl
14
N

tl
tl
t l

II

R

tl

ft

H
II

II
N

14

N
N
N

R
R
R

R

N

H

N
tl

n
t i

ti

t i
H
N

N

tl

N
H

U
n
N

tl
11
K

RHThe contact biological dose rate at the surface of 1 m-diameter sphere is
below 2.5 mrem/hr; the potential for recycling is high.

N EThe biological dose rate is greater than 2.5 mrem/hr; the potential for
recycling is low.
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adapt the known radiation protection measures. Notice that the long-term

radioactivity in L1AIO2 comes only from aluminum-26. All bulk shield com-

ponents and components external to the shield can be recycled within 30 yr

after the component replacement or reactor decommissioning. Many of the com-

ponents would be recyclable even to the general public. Exceptions for such

short-time recycling include the Fel422 structure in the inboard bulk shield,

taking ^ 100 yr, the inboard magnet helium vessel made of 304 SS and the Nb3Sn

superconductors both taking a. 50 yr before decaying to 2.5 mrem/hr. Note

that the total volume of components that can be recycled within 30 yr is

-v 2400 m3 (excluding the water-coolant, the reactor building and the pen-

etration subsystem components) and the volume of the three non-recyclable

components mentioned above (taking more than 30 yr for recycling) is only

^ 29 m3.

As shown in Table 12-14, all of the limiter components and vacuum pumping

shields can be recycled in 30 yr at most after they are removed from the re-

actor. A high-level long-term activation is found only in the PCA grill com-

ponents of the rf-wave launcher, particularly in those components near the

first wall. While these PCA structure materials will take 1000 yr or more

before they decay to 2.5 mrem/hr their volume is only a, 2.7 m3 ( ̂  21 MT in

weight). The Fel422 shield around the rf-waveguides in between the blanket

and shield, i.e., in the plenum region is also highly activated and needs

oi 200 yr to decay to 2.5 mrem/hr. The most outstanding feature regarding the

major penetration system activation in STARFIRE can be seen in a significantly

short-time requirement for the vacuum pumping shield material recycling. The

highest activation induced in the Fel422-base shield around the pump chamber

will take only ^ 20 yr prior to its recyclable classification. Excluding the

water coolant in the vacuum system shield, a radwaste of ro 1000 m3 ( ̂  6500 MT)

has a potential for recycling within 20 yr after reactor decommis'" iw.iing.

In summary, the STARFIRE reactor yields ^ 1400 m3 ( ̂  7300 MT) of low

recycling-potential ( > 2.5 mrem/hr after 30 yr) and <v 4500 m3 ( -v. 25000 MT)

of recyclable materials at the end of its 30 yr plant life, based on the

blanket sector replacement interval of 6 yr. The water coolant and the re-

actor building are eliminated from this evaluation. Again, it should be noted

that more than 60% of the 1400 m3 low recycling-potential inventory consists
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(a)
Table 12-14. Time Requirement for Material Recycling of Limiter,

rf and Vacuum Systems

Component

(A) Limiter System

LIMA/Ta-5W

LIMB/Ta-5W

LIMC/Ta-5W

(B) rf System(d)

RFA/PCA

RFB/PCA

RFC/PCA

RFD/PCA

Shield 1/Fel422

Shield 2/Fel422

(e)
(C) Vacuum System

Duct Shield l/Ti6A14V

TiH2

Bi+C

Duct Shield 2/Fel422

B4C

Pump Chamber Shield/Fel422

B̂ C

Pump Shield/Fel422

BkC

Volume (m3)

0.6

1.0

0.3

0.1

2.1

0-5

7.3

2.3

3.1

6.6

86.0

19.9

134.2

28.8

244.1

52.3

344.1

73.7

Weight (MT)

10

16

5

1.1

16.3

3.8

57.4

18.0

24.0

30

334

50

1065

72

1938

131

2732

184

Time (yr)

20 (30) (<

20 (30)

10 (20)

> 1000

> 1000

1000

30

200

0

10

10

1

5

0

20

0

20

0

la) Based on the limit criteria of 10~4 kCi/m3 and 2.5 mrem/hr.

(b) See Section 11.3.2

(c) V-20Ti structure case.

(d) See Section 11.3.3

(e) See Section 11.3.1
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of the medium level waste (order of ^ 1 Ci/m3) of LiAlO2 containing only a

single activation product of 26A1. Approximately one third of the rest of

the radwaste volume ( ̂  40% in weight) is the Zr5Pb3 neutron multiplier having

medium activation level of 100 Ci/m3 beyond 50 yr after its decommissioning.

The ultimate non-recycling high level radwaste discharged from the STARFIRE

reactor over the 30 yr operation is ^ 290 m3 ( -v 2300 MT) contributed solely

by the PCA steel structures.

12.4 DECAY AFTERHEAT

So far the analysis has been focused more or less on the long-term re-

actor activation. Another important aspect of the reactor activation involves

the radioactive decay shortly after reactor shutdown. The short-term activa-

tion has two major design impacts upon:

1. post-shutdown decay heat removal under normal and off-normal
conditions; and

2. reactor accessibility after a short reactor cool-down period.

Although the STARFIRE plans call for fully remote maintenance, a shielding

design effort has been devoted to realization of a reactor room dose of

^ 1 mrem/hr within 24 hr after shutdown. Such a dose level allows personnel

access into the reactor building with all shielding in place. A degree of

confidence in improving the plant availability factor by allowing some

maintenance tasks to be carried out in contact or semi-remote mode provides

a good incentive for enhancing reactor accessibility.

As the reactor accessibility has been studied in detail in connection to

the shielding optimization (Sec. 11.2.2), the analysis in this section is

centered on the decay afterheat problem. Since the decay heat in each reactor

component must be designed for, each component has its own importance.

In addition, long-term radwaste storage requires knowledge of the magnitude of

decay heat for each component. However, the analysis in this section is

focused on the decay-heat evaluation for key components in the first wall/

blanket where the magnitude of the decay heat is generally the highest.
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Figure 12-12 shows the variation of the decay heating rate with time for

the reference STARFIRE blanket design. The reactor is assumed to have been in

operation for five full year at a neutron wall load of 3.6 MW/m2 (18 MW-yr/m2

integral wall loading). The heating rates shown are those averaged over the

individual component volumes from both 8- and y-decays with the •y-ray transport

taken into account. The ZrgPb3 multiplier generates higher heating rate than

the PCA first wall, maintaining a heating rate of ^ 1 MW/m3 over 24 hr

after shutdown. This reflects the decay of 89Zr (half-life of 78 hr) emitting

a single g-ray of 0.90 MeV, a major y-ray of 0.91 MeV (intensity 99%) and four

minor-intensity y-rays of 1.62 MeV, 1.66 MeV, 1.71 MeV and 1.74 MeV. Because

of the relatively large atomic numbers of Zr and Pb most of the gamma rays as

well as the g-particles are absorbed in the multiplier region itself. In the

PCA first-wall and second-wall, the most dominant isotope contributing to

the heating during the first day after shutdown, is 56Mn (2.6 hr) emitting

g-rays of 2.84 MeV (47%), 1.03 MeV (34%), 0.72 MeV (18%) and 0.3 MeV ( ̂  1%)

along with major y-rays of 0.85 MeV (99%) and 2.5 MeV ( ^ 1 % ) . The substantial

decrease of the decay heating in the wall within a few hours after shutdown

reflects the rapid decay of 56Mn. As the decay g-spectrum of 5SMn is relatively

hard, the B-heating contribution to the total is almost equilivant to or

slightly higher than the y-contribution up to T- 6 hr after shutdown.

The LiA102 breeder decay heating comes primarily from: (1) 2i*Na (15 hr)

with emission of 1.39 MeV g-ray and two major y-rays of 1.37 MeV (100%) and

2.75 MeV (100%); (2) 27Mg (9.5 r.i) decay accompanied by two 6-rays of 1.75 MeV

(58%) and 1.59 MeV (42%) and by two major gamma rays of 0.84 MeV (intensity

73%) and 1.01 MeV (relative intensity 40%*); and (3) 29A1 (2.2 m) which decays

with 2.87 MeV B- (100%) and 1.78 MeV y-rays. The sizable heating decrease

observed between shutdown and 1 min after shutdown in LiAlO2 is due mainly

to the 16N (7.1 s) decay which is accompanied by the 10.4 MeV (26%) and 4.3 MeV

(68%) g-rays as well as the two major y-rays of 6.1 MeV (68.8%) and 7.1 MeV

(relative intensity 6.9%). In the LiAlO2 breeder zone, therefore, one can see

a sizable g-heat contribution by ^ N up to ^ 1 min after shutdown. After

the decay of lbN, the breeder heating is contributed mostly by the decay-y

interactions with this material.

Relative to the major y-intensity.
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Figure 12-12. Time dependence of decay heating in
the Zr5Pb3 multiplier system.

During the course of the STARFIRE blanket design study, a blanket concept

based on a neutron multiplication by beryllium was investigated. Figure 12-13

shows the variation of the decay heat with time in such a beryllium-multiplier

blanket design. The Be zone heating shows a vivid contrast to the ZrsPb3

case indicated in Fig. 12-12. The difference is attributable solely to the

fact that the Be multiplier does not produce any significant activation except

for an extremely low concentration of 10Be (1.6 x 10s yr, 0.55 MeV-S/no-y)

induced by the 9Be(n,y) reaction and for the very short-lived pure 3-emitting

isotope of 6He(0.8s). The associated $-energy of 6He is ̂  3-5 MeV. Because

of such a short-term activation, the Be decay heat decreases to a trivial

level in a few seconds after shutdown. Beyond that time period, the Be mul-

tiplier decay-heating is determined by Y~ravs flowing in from the neighboring

regions. Since the PCA walls surrounding the multiplier have large y~ray

absorption cross sections, the resultant heating profile exhibits a deep-well

shape in the multiplier zone within a minute after shutdown.
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Figure 12-13. Time dependence of decay heating in
the beryllium multiplier system.

Figure 12-14 shows the total decay-heat load in the system as a function

of the post-shutdown time. Also shown in the figure is the Be-multiplier

case. The total decay-heat in the ZrsPb3 system is ̂  88 MW at shutdown

which is ^ 2.2% of the total reactor thermal power. This decay-heat is re-

duced to ^ 40 MW within 24 hr, followed by a steep attenuation beyond that

time period, reflecting the 89Zr decay. Many of the earlier work relevant

to decay-heat analysis for fusion reactors have shown a maximum decay heat

load of about 1% of the operational reactor power- In the STARFIRE reference

design, approximately half of the decay-power comes solely from the

decay. The 2.2% decay power fraction is still significantly lower than a
( 22)

typical PWR core case in which the decay power reaches several percents

of the total power. The impact of such a high decay power associated with

the Zr5Pb3 multiplier design has been carefully addressed in the first wall/

blanket design (see Chapter 10). Figure 12-15 and Table 12-15 summarize the

results of the decay heat analysis on a longer time-scale. These results

provide a useful information base for designing the heat removal systems

supplied during maintenance operations and in the waste storage facility.
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Figure 12-14. A comparison of the system decay heat for the
Zr5Pb3 and Be neutron multiplier system designs.
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Figure 12-15. Time dependence of the system decay heat.
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Table 12-15. Decay Afterheating Rate of Reactor Components

(MW/m3)

TJI'.E AFTER REACTOR SHUTDOWN

REACTOR CONF'OKEHT 1YR 5YR 10YR 20YR 30YR 50YR 100YR 500YR 10C0VH

1ST HALL

irjLTIPLR
2IO WALL

IBLAtKET

OBLAUKET

REFLECTR

IBLK-JKT
C3LK-JKT
HEADER

ISLD-JK1
OGLD-J;:T
ISHIELDI

ISHIELD2

OSHIELD1

OSHIELD2

OSHIELD3
ISL0-JK2
AIR
IHAG-C'.R
OMAG-D1.:?.
IHAG-HET
CMAG-IIET
IHAGIJET1

IHAGHET2

IHAG-KE2
OliAGHETI

0KAGNET2

SUPT-CYL
OH/EF

BLDGHAIL

TCA
1120 _ —

PCS
H20
rcA
LIAL02 —
H20

LIAL02 —
H20
PCA
6"APHITE —
H20
FCA
rcA
iCA
H20
FEKi22 - -
FE1422 —
rEK:2 --
TU;:33TEN—
H20
FEI',22 —

H20
TI.6ALW —

TIH2 —

H2o
FE1422 -
BK
H20
FEH22 - -
FEV(22 —
C02
FEK22 —
FETi22 —
30'ii'S ~
304CS —

30<iSS —
US35!) —
G-10
30'HSS - -

COPPER - -
tiCTI
G-10
303SS —
SC'SS —
COPPER —
N335:)
G-10
COPPER —
3C<iSS —
HETI
G-10
G-10
COPPER - -
3tf'tS3 - -
liBTI
G-TO
CONCRETE—

8.11E-01
2.5CE-01

.6 r iE-C I
3 . l i C - C i
8
9
1

.9CE-02

.01E-C2

.11E-G 1
2.71E-02
5
7

"•"'1

-71E-C2
.01E-02
.70E-02

1.01E-02
2
5
1
6
5
{

9
2
2
1

3
2
2

1
1
1
1
2
1
2
1
2
1.
9
1.

.S9E-12

.2'.E-C4

.92E-C2

.C«E-C3

.CCE-03

. 43E-Cft
!C:E-C2
.25E-03
.003-04
.21E-0V
.93E-C5
.Q2L-05
.33E-C6
.33E-0S
.E2E-01)

. 5 7 t - 0 5

.53E-05

. 0 0 L - C 5

. 1 r; E -G7

.C7E-C3

.29S.-0S

.19E-09

.03I-CS

.97E-15

. 13E-06

.50E-10

.97E-07
8.7GE-11
1

S.
6.
3.
1.
3.
8.
2.
1.
6.
1.
,,

.21E-07

.CCE-CS
1SE-09
09E-10
96E-10
37E-09
COE-11
91E-13
17E-12
S2E-11
16E-11
96E-12
33E-11

5.75E-13
1 .

3!

63E-13

95E-17
2.23E-23
•] t

< ^

1.
3.
5.

^OE-15
3^E- VJ
S5E-17
56E-20
79E-12

7
0
9

.2SE-02

.0

.37E-04
2.C-5E-02
0
7

.0

.96E-03
1.S6E-C3
0
5
1
0.
2
2
0
1.
1.
9.
0,
1.

7
1!
0.
9.
S.
0.
2.
1 .
0'.

6.
0.
1.
<t.

2.
6 .
6.
3.
6.

.0

.01E-03

.15E-03

.0

.20E-04

.E3E-12

.0

.25E-03

.09E-C4

.57E-05

.0

.22E-03

.95E-03

.63E-CS

.S3E-CJ

.0
31E-07
6CE-1'!

.0

.15E-07

.93E-07

'.a'
.6GE-09
55E-16
0

.5SE-11
V.E-03
17E-24
7CE-CS
25E-13
C9E-09
C:E-13
.1SE-10

6.7CE-10
3.
3.

c!
2.

7'.
7.
i _
1.
1.
<i.
7.
9.
2 .
2 .
3.
7.
1 .
2

77E-11
22E-1S
16E-12
99E-13
52E-13
75H-20
03E-15
S7E-14
5'iE-T>
70E-1't
S7E-21
39E-17
S7E-16
50E-17
iSE-23
2JE-23
S2E-20
7 IE-19
57E-19
<i2E-25
55E-14

2.<i2E-02
0.0
1.C3E-C5
S.&C2-B3
0.0
2.56E-03
1.£SE-03
0.0
1.6rE-03
1.15E-CS
0.0
6.7«-05
2.KE-12
0.0
3.S7E-M
3.',2E-03
3.11E-05
o.n
1.39E-04
9.01E-0S
C.7CE-07
9.SCE-10
0.0
1.CfiE-07

o!o"
2.2CE-10

<i.3'rE-13
0.0
4 r-"E-10
6."55E-16
0.0
1 r :^c-12
1.39E-09
2. 17r-2't
2.E3E-09
S.6^E-1't
l .SK-09
l.C-iE-13
3.66E-10
1.?-3E-10
3.67E-11
3.22E-1S
S.12E-13
5.325-13
2.^>E-13
4 ~ r t :-20
2'.5"ii-15
2.76E-11*
9.13E-15
1.60E-14
1.C7E-21
2.6O17
2.7'5E-16
9.12E-17
2.13E-23
2.23E-23
2.2iE-20
2.7"r-19
1. Z'JI- 19
2.«E-26
1.G3E-14

LO'iE-02
0.0
1.1TE-C6
3.SSE-03
0.0
1.11E-r

1.c:\E~0o

o!o
6.93E-0')
1.15E-CS
0.0
2.62E-05
2.53E-12
0.0
1.67E-0I}
1.27E-05
1.C9E-05
0.0
3/IC-E-05
2.33E-05
2.11E-07
% 7^E~13
o!o
2.53E-CS
8.6OE-T1
0.0
1.11E- 10

4.3'(C- 13
0.0
1.07E 10
6 .r:jE-1S
0.0
3.76E-13
1.07E-09
t.i/E-C'i
7.C0E-1O
2.16E-T*
7.16E-10
'i.O'iE-1'f
1.91E-10
7.13E-11
3.6CE-11
3.22E-1S
2.6-E-13
2.77E-13
2.«E-13
'1.75E-20
8.17E-16
9.0IE-15
t, .76E-15
l!fi5E-14
1.87E-21
1.3[:E-17

9 S',r-\7
2;iSE-23
2 2Pr-">3
1. ^'--TO
8.71E-20
1.5TE-19
2.'i2E-25
^.95E-15

2.<i2E-03
0.0
1.00E-05
S.f.'^E-C')
O.o'
2.5"E-0't
1.E6E-03
0.0
1.63E-0*
1.15E-CS
0.0
5.97E-06
2.5GE-12
0.0
3.92E-C5
2.E2E-C3
2.35E-C6
0.0
<*.72E-C6
2.16E-0?
2.QfE-C3
1.25E-10
0.0
3.5SE-C9
8.6CE-Ti
0.0
2.89E-11
7 ~ 'i - 91C. . w \ " C. \

0 . 0 '
1.56E-11
6.55E-16
0.0
5.3'iE-14
1 . ̂  9 E - '> 0
2.17E-2'<
9.73E-11
2.57E-15
1.57E-10
8.97E-15
5.3' iE- 11
1.51E-11
3 . / T 9 E - 1 1
3.21E-1S
5.0'it-T-.

2/ (
;. i ;- i3

'..7>'E-20
1.33E-15
1.69E-15
1.3' iE-15
1.62E- Y\
1.S7E-21
5.79E-13
1 . <H.': E - 17
9 . 2 3 E - 1 7

2. TE-23
2.22C-23
3.C5E-21
1.5;c-20
1.53E-19
2.42E-25
3.1'iE-16

6.29E-04
0.0
7.6"E-07
2.3IE-04
0.0
6.69E-05
1.J6E-C3
0.3
4.T9E-05
1.13E-JS
0.0
2.0SE-05
2.D3E-12
0.0
1.01E-05
1.1CL-C0
1 C'E-CS
0.0
9.57E-07
5.3:-E-CS
5.96E-C9
3.6 IE-I t
0.0
7.2CE-10
8.60E-1^
0.0
S.SiE-12
D. f.-i t t o

o!o
3.32E-12
C.55E-16
0.0
1.13E-14
3.C"E-11
2.17E-24
2.00E-11
5.70E-16
«i.0'tE-11
2.97E-15
1.65E-11
4.39E-12
3.42E-11
3.21E-1S
2.C9E-14
2 ^ 1E-14
2!jr.E-i3
4 7;iI:^20
6is:-E-17
7.SCC-16
4.22E-16
1.6CE- 1't
1 . J , ' L - 2 1

1.13E-1S
7.02E-1S
9.16E-17
2.17E-23
2.22C-23
9.r.V.-22
7.57E-21
1,T'2c- 39
2 4"E-2:S
2.3-;:-17

5.27E-05
0.0
1.62E-07
1.93E-05
0.0
4.59E-CS
1 .SSE-t'S
0.0
3.13E-CS
1. T-'-'CS
O . o " "
7.77E-07
2.57E-12
0.0
7.CSE-07
5.3':E-07
6.29E-07
0.0
6.3SE-03
1.97E-C3
3.9"' :-11
6.<17E-12
0.0
<t.79E-11
S.6CE-14
0.0
2.17C-12

'i.'j-ir-iJ
o!o
2.27E-13
6.55E-16
0.0
9.S5E-16
2.CCE-12
2.1iE-24
1X1E-12
1.6 IF-16
3.97E-12
1.C5E-15
3.J!tjr-12
1.05E-12
3.35E-11
3.2CE-1S
1.22E-1i
5.51E-15
2.::r-i3
4.73E-20
'I.35E-17
4.72T-16
1.02E-16
1.S9E-14
1.C5E-21
2.75E-19
5.43E-13
9.09E-17
2.16E-23
2.21E-23
2.01E-Z2
5..-3E-21
1.51E-19
2.<i1E-26
1.16E-19

2.0-1E-06
0.0
3.55E-09
8.62E-07
0.0
1.52E-07
1.ESE-0S
0.0
9.60E-CS
1.15E-C3
0.0
1.2P:-07
2.VJE-12
0.0
•5.63C-0S
S.5'iE-03
1.03E-07
0.0
7.CSE-1O
3.16E-09
<\ 25E-12
3.60E-12
0.0
"i.^SE-IS
S.6CE-14
0.0
1.16E-12
0.0

O . o '

2.71E-15
6.52E-16
0.0
5.19E-17
2 77E-11
2.1CE-24
3.0'iE-14
2.35E-17
3.I-2E-13
2.53C-16
•H. ' ,1E-13
1.6fiE-13
3.2;~>E-11
3.10E-13
2.17E-15
6.23E-16
2.32E-13

s!o?E-'i3
S.75E-17
1.19E-17
I.EaE-i'i
1.SCE-21
3.17E-20
9.67E-19
8.97E-17
2.KE-23
2.15E-23
2.17E-23
9.C2E-22
l."5?E-i9
2.3'iE-26
S.90E-22

9.t3 r-U7
0.0
2.61E-C9
'(.7CE-07
0.0
1.17E-07
1.E6E-GS
0.0
7.J5E-C3
1. 1>E-C3
0.0"
^.C'JE-C3
2.c~*~-\2
0.0
3.7SE-PS
2.76E-CS
3.2 : ; r-C3
0.0"
••'i.21H-10
1.-.CE-C7
2.'.2E-12
5.C2E-12
0.0
2.H3E-13
S.60E-14
0.0
1.C3E-12
0.0

a'.li''
1.33E-15
6.iiE-16
O.C
2.<i3E-17
1. <". C E -14
2.0SE-24
1.47E-14
9.92E-1S
2.T3E-13
1.27E-1S
9.77E-14
7.0 iE-14
3.T5E-11
3.C3E-13
S.I IE-16
1.3SE-16
2.31E-13

sia'ci-is
2.6sE-13
1 5""-1^*
i!?iE-2i
7.CCE-2J
3.^6E-19
S.91E-17

2 1^r-23

o!".3E-22

2!2:t-26
S.G9:-22

5.55E-C7
0.0
2.6CE-C9
2.90E-C7
0.0
S.27E-CS
1.CiE-C3
0.0
5.2'(E-C3
1. 1SE-C3
0.0
1.70E-:S
2.29E-12
0.0
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12-5 REACTOR ROOM ATMftSPHF.RTC ACTIVATION

In order to inert the reactor building for protection against possible

fire hazards, several candidate gases have been considered in STARFIRE. This

section examines the impact of the inert gas selection upon the reactor room

activation. Three different gases of air, nitrogen and carbon-dioxide (each

at one atmosphere; 14.7 psia at 70°F) are studied based on the 1.2 m-thick out-

board bulk shield design^ ' described in Sec. 11.2.2. Shown in Fig. 12-16 is

the activation increase after reactor startup at a neutron wall load of

3.6 MW/m2 and its decay after shutdown following five full year operation.

The primary C02 radioactivity is due to the
 16O(n,p)16N reaction. As the 16N

isotope has a short half-life of 7.1 s, its radioactivity decays very quickly

(in about 10 minutes). Beyond this time period, the C02 activation is deter-

mined by the 14C radioactivity ( ̂  10~ Ci/m3) induced by the 13C(n,y) re-

action. The isotope lltC is also produced in both air and nitrogen via the (n,p)

reaction with 1I+N, which is the largest naturally abundant isotope (99.76%) of

nitrogen. Unfortunately, 14C has a 5730 yr half-life and this is, in fact, the

reason for the long residual activity in air and nitrogen. The current maximum

permissible concentrations (MFCs) on air dillution are also plotted in Fig. 12-16.

The lesidual radioactivity for both air and N2 atmospheres is only a factor of

A - 5 lower (a factor of ^ 2 higher in the case of the 1.1 m-thick shield design)

than the ll(C MPC. In addition, the activation of argon in the air makes a

large contribution during reactor operation and for a short time after shutdown.

The half-life of 41Ar is 1.8 hr and hence, it is negligible for times greater

than -v 1 day after shutdown. Perhaps the C in CO2 could be routinely re-

moved from the building atmosphere by using activated charcoal filters or by

chemical reactions, for example. Furthermore, in the case of N2, the equili-

brium llfC activation level associated with such a routine removal would be sub-

stantially lower than that shown in Fig. 12-16 (as the case for a stagnant gas

Note that the reference outboard shield thickness has been selected as 1.1 m.
Changing the thickness from 1.2 m to 1.1 m will increase the activation
shown here by a factor of •x. 10.

12-44



io12

io1 3

id1 4

10

-11

-18
10

-20

1 I I 1 I I I I I I I

CO.

I \ \ MPC FOR C-14
I VMPC FOR Ar-4I

MPC FOR N-16

-/
(
I
I

V co2

Vm-H-
UN I IHR I I0Y I IYR

I0 3 WO 6M0 IYR / 0 IMIN I IHR I I0Y I IYR
5Yfl IOM1N 6HR IWK 5YR

TIME AFTER TIME AFTER SHUTDOWN
STARTUP

Figure 12-16. Activation of the candidate inert
gases in the reactor building.

irradiation over 5 full power years). However, the amount of material which

would have to be disposed because of the routine removal, would add to the

long-term activated material inventory. Another potential problem concerning
1L>C activation is, similar to tritium, adsorbing onto surfaces of reactor

components and walls, and diffusing into them.

Based on the results shown here, it appears that the decision to inert

the reactor building with CO2 is justified from activatic a and fire prevention

viewpoints.
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13.1 INTRODUCTION AND SUMMARY

13.1.1 System Functions and Design Criteria

The thermal energy deposited in the blanket, first wall and limiter is

converted to electricity in the steam power conversion system. The primary

function of the heat transport system is to remove this thermal energy from

the reactor and deliver it to the power conversion system at a sufficiently

high temperature that reasonable efficiencies may be attained. This trans-

port of energy is to be accomplished while maintaining the temperature of the

first wall, blanket and limiter within specified limits. In addition, this

system must remove the low level of residual heat generation in the blanket

when the reactor is shut down. And finally, the heat transport system must

be capable of heating the blanket, first wall and limiter as well as its own

components to operating temperature in a prescribed manner during reactor

startup.

In order to maximize the net electric power produced, the criterion for

heat transport system parasitic power was set at <1% of the thermal power.

Safety considerations received major emphasis in establishing system con-

figurations. For example, because the heat transport system working fluids

are potentially contaminated with tritium and activated particulates, it was

decided to locate system components inside the confines of the lined,

pressure-containing reactor building.

13.1.2 General System Description

Separate heat removal systems operating at different pressure and

temperature levels are utilized for the first wall/blanket and the limiter.

Dual parallel primary coolant loops cool the twenty-four first-wall/blanket

sectors. The power deposited in the limiter, approximately 5% of the total

thermal power, is removed by the limiter/feedwater loop and is used for

feedwater heating in the steam power conversion system. Systems studies have

indicated that recovery and conversion of the limiter themal energy is

economically attractive, even though it is at a lower temperature than the

primary loop. Thermal energy removed from other reactor components (e.g.,

shield, rf waveguides, structure) is at such low temperature that its utili-

zation in the power conversion system is not feasible. For STARFIRE, water
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is the preferred coolant (see Chap. 5) and is utilized in both the first

wall/blanket and limiter cooling circuits.

13.2 FIRST WALL/BLANKET PRIMARY LOOPS

13.2.1 Primary Loop Configuration

Both single and dual loop configurations were considered for the first

wall/blanket cooling system. A comparison of the two options is shown in

Table 13-1.

Table 13-1. Comparison of One- and Two-loop Configurations

Consideration

Potential maximum building

overpressure

Reactor operating power

with one of 4 steam

generators out of service

Pipe, valve sizes

One Loop

System cost

Protection of first/wall

blanket system

0.193 MPa (28 psi)

Two Loops

Larger than commonly

used now; likely avail-

able in STARFIRE time

frame

Major rupture of ring

manifold or piping

could result in rapid

system depressurization

and possible loss of

coolant.

0.096 MPa (14 psi)

•^50%

Typical of current

power plants

slightly higher

because of additional

(though smaller)

components

Complete loss of

coolant extremely

unlikely; one of two

loops always capable

of afterheat removal

via primary circuit

or residual heat

removal system.
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The one and two loop options actually refer to the number of independent

circuits through the blanket and first wall. The two independent circuits

are dual and not redundant for normal operation. Each circuit provides ^ 50%

of the heat removal capability for each of the individual modules which

comprise each blanket sector. Independent circuits imply independent ring

manifolds and therefore independent piping systems to the steam generators.

(Because of size considerations, there are four steam generators and one can

consider four separate piping systems between the steam generators and the

ring manifolds which feed the blanket. This is, however, only a secondary

consideration with minor overall implications and was not considered a key

part of the loop configuration question.)

As seen in the table, the primary advantages of the one loop system are

an anticipated slightly lower cost (probably less than 0.1% of the total

reactor plant cost) and the capability to run at a higher part-load power

level in the event of shutdown and isolation of a steam generator. The pri-

mary benefit of the dual independent blanket loops is the additional pro-

tection of the blanket sectors against overheating and possible damage

following loss of coolant events. Afterheat in the blankets can be easily

removed by the residual heat removal system provided continuous coolant flow

can be maintained. A complete and unbroken piping circuit, while not essen-

tial if sumps are provided, is highly desireable to simplify operations.

For a single loop system, a major rupture could result in rapid depressuri-

zation, flashing of water into steam, and subsequent loss of coolant. Rein-

troduction of coolant flow in the hot blanket could be difficult because of

the need to locate the leak and make the necessary valving adjustments (pos-

sibly reversing the direction of flow if the break is on the inlet side of

the blanket) to assure that coolant flows through the blanket before passing

out of the break. For blankets with the reference Zr5Pb3 neutron multiplier,

afterheat in the uncooled blankets would cause a temperature rise to ̂  700°C

in less than 10 minutes. This is considered to result in partial annealing

of the 20% cold worked austenitic stainless steel first wall, second wall

and header coolant tubing; the accompanying reduction in mechanical properties

would make the components unfit for further reactor operation. Moreover, with

a single loop, continued cooling with a leaking blanket or ruptured manifold

would require continuous spillage into the shield cavity or into a sump

beneath the reactor from which coolant could be re-circulated through the
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residual heat removal system and back into the blanket. While this is

probably feasible, it is undesirable, especially in the event of a tube

rupture inside the blanket. In this case, activated or tritium-containing

breeder or multiplier material could become entrained in the coolant flow and

be dispersed throughout the system. The use of dual loops in the reference

blanket described in Chap. 10 permits the residual heat removal coolant to be

circulated through either of the two loops as desired, so that a faulted or

ruptured circuit can be bypassed completely to adequately cool all regions of

the module in all sectors. The dual loop configuration also permits a more

orderly (longer) plasma shutdown to be accomplished (i.e., without a major

disruption) in the case of loss of coolant flow in a single circuit since at

least partial cooling capability will still be present in the blanket to

remove the additional surface and neutronic heating experienced during the

longer shutdown.

A secondary benefit of the dual loop configuration is the lower reactor

building over-pressure which would occur as a consequence of certain loss of

coolant events. The reduction in maximum overpressure of ̂  0.1 MPa (14 psig)

could be expected to result in reactor building cost savings, for the but-

tressed reactor building approach in which the basic wall thickness is fixed

by shield requirements which would remain unchanged; however, the size and

the cost of the buttresses would vary with the building design pressure.

A simplified schematic of the primary coolant system which consists of

piping and valves, pumps, pressurizers, and steam generators is shown in

Fig. 13-1. Details of the supporting systems, such as the water makeup and

conditioning system and instrumentation and controls are not shown. While

these systems are necessary and important, it is anticipated that they will

have little if any impact on other reactor systems and therefore, a detailed

definition of their characteristics was not developed in this study. Two

independent circuits provide water coolant to each blanket sector through

dual inlet and outlet headers (or ring manifolds). From the outlet header

the hot coolant passes through two parallel steam generators and then to the

pumps from which it is returned to the inlet ring manifold. The pressuri-

zers, one for each loop, are connected directly to the inlet manifolds. The

residual heat removal loop, which is described below, is shown in this figure

also and connects across the inlet and outlet manifolds.
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Figure 13-1. Primary coolant loops with residual heat removal loop.

Because STARFIRE operates steady-state rather than in a pulsed mode, a

thermal energy storage system is not required. Moreover, it is believed

feasible to keep the tritium concentration in the primary coolant low enough

such that an intermediate loop is not needed.

13.2.2 System Performance

Major primary loop design and performance parameters are shown in Table

13-2. Primary coolant leaves the blanket at 32O°C and is returned at 280°C.

This 40°C AT, which is comparable to that in pressurized water fission

reactors, was selected to be compatible both with an adequately high feed-

water temperature into the steam generator and with blanket thermal design

considerations. Initially it was desired to operate with a larger water AT,

possibly as high as 100°C, the incentive of course being the reduction of

coolant flow rate in order to achieve some combination of reduced pumping

power and smaller pipe size both inside and outside the blanket. Increasing

the maximum coolant temperature did not appear practical because of the

corresponding steep increase in saturation pressure. Decreasing the blanket
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coolant inlet temperature therefore, is the only feasible means of increasing

system AT. Unfortunately, a reduction in blanket inlet temperature (steam

generator outlet temperature) must be accompanied by a reduction in steam

generator feedwater inlet temperature in order to avoid pinch point problems.

Because this leads to a reduced cycle efficiency, higher coolant ATs were not

utilized and the more "PWR-like" temperatures were adopted. The pressure

throughout the primary loop is maintained in the 14.2-15.2 MPa (2050-2200

psi) range.

The pressure drop through the system is about 1.0 MPa (150 psi).

Approximately half of this occurs through the main piping, through valves,

and in the ring manifolds. About 10% occurs in the steam generator, with the

remaining 40% being consumed in the blanket and in the piping and valves

between the ring manifolds and the blanket. The maximum velocity in the main

piping system is 15 m/s which yields a pipe inside diameter of about 1.0 m.

A slightly higher velocity of 20 m/s was utilized in the removeable lines

between the ring manifolds and the blanket in order to keep those lines as

small as feasible where they penetrate the shield door. These water veloci-

ties are comparable to those in current power reactors. The electric power

required to pump the primary coolant is about 30 MW or about 3/4 of one

percent of the thermal power.

The volume of coolant in the primary loop is of interest because the

overpressure resulting from a loss of coolant event increases as the coolant

volume increases. The total volume of water is slightly over 500 m3 with

half in each of the two loops. About 1/3 of the coolant is in the steam

generators, about half is in the piping and manifolding, with the remainder

distributed in the blanket, pressurizers, and other system components.

The plant startup scenario is described in Chap. 19. Desired heat-up

rates which are estimated to be compatible with allowable thermal stresses

have been proposed. The thermal capacity of the primary loop is about 5 x

109 J/"K, of which about 50Z is the water itself, and 30% is the blanket.

During startup, approximately 30 MW of pump heat is available as is about

2 MW from the pressurizer heaters. In addition, during all startups except

the initial one, approximately 6 MW of afterheat will be available (assuming

a 30 day shutdown) from the blanket sectors which are still in operation.
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With this 35-40 MW of heating, the system heat-up rate is about 25°C/hr, a

rate compatible with the desired plant startup scenario. During the initial

plant startup when there is no blanket afterheat, the system will come to

temperature at a slightly slower rate.

Table 13-2. Primary Loop Parameters

Coolant Water

Heat Load 3800 MW

Blanket Outlet Temperature 320°C

Blanket Inlet Temperature 280°C

Operating Pressure 15.2 MPa (2200 psi)

Number of Independent Loops 2

Maximum Pipe Size 0.99 m I.D.

Maximum Velocity 20 m/s

Pumping Power 30 MW

Coolant Volume ^ 500 m3

Number of steam generators 4

Number of pumps 2 per loop

Pump Capacity 50% of total required capacity

13.2.3 Primary Loop Components

The primary loop components, because they are potentially contaminated

with tritium or activated particulates, are located inside the shielded,

lined, pressure-containing reactor building for safety considerations.

Moreover, in line with the maintenance philosophy adopted for STARFIRE, these

components are modularized to the extent practical and remotely maintained.

The piping system which interconnects the primary loop components is

constructed of stainless steel or carbon steel with internal stainless steel

cladding. The main pipes which are sized to keep velocities and pumping

power requirements within acceptable limits are 0.99 m I.D. (39 in.). The

pipe run from the reactor to the steam generators and back is about 75 m

and is located beneath the reactor building floor but inside the pressure

boundary. Ring manifolds of the same maximum diameter as the primary piping

are recessed into the floor beneath the vacuum pumps as shown in Fig. 2—3.
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Ninety-six inlet and ninety-six outlet lines, approximately 18 cm in dia-

meter, connect the ring manifolds to the blanket sectors. Each of these

lines incorporates a valve near where it branches from the manifold in order

that individual blanket sectors may be isolated. In addition, appropriate

fittings are provided so that portable residual heat removal equipment may be

connected when blanket segments are being replaced. While design details

have not been developed, it is envisioned that valving will be incorporated

into the system so that an entire loop, a steam generator, or a pump can be

isolated from the rest of the system for inspection or repairs.

Each loop incorporates two vertical, straight-tube-and-shell steam

generators connected in parallel. These units, rated at 950 MW each are

shown in Fig. 13-2. The four units provide 7.3 x 106 kg/h of slightly

superheated steam at 299°C and 6.3 MPa (800°F and 910 psi) to the turbines.

The steam generators are approximately 24 m in height and 2.7 m in diameter

with a mass of about 300,000 kg each. Major design data are shown in Table

13-3.
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Figure 13-2. Typical support system module - primary coolant loop.
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Reactor coolant enters the top of the steam generator, flows downward

through the tubes and out at the bottom where it passes to the primary pumps.

On the secondary side, feedwater enters at the side of the shell, passes

downward through an annulus just inside the shell, and flows upward on the

outside of the tubes where it is converted to steam and superheated- The

hemispherical heads, the tubesheets and the tubes are all exposed to the

high pressure primary coolant.

The steam generators, like all components inside the reactor building,

are maintained remotely. They will be designed with access provisions such

that automated inspection equipment and repair machines can, for example, be

inserted inside the hemispherical head where tube leak checking and repair

activities can be performed.

Table 13-3. Steam Generator Design Data

Number and Type

Heat Transferred

Primary Coolant Inlet Temp.

Primary Coolant Outlet Temp.

Steam Flow Rate

Steam Outlet Temp

Steam Outlet Pressure

Feedwater Temperature

Height

Diameter

Tube O.D.

Tube Wall

Tube material

Shell Material

Dry Mass

4 vertical straight-tube-

and shell steam generators

950 MW each

320°C

280°C

7.3 x 106 kg/h total

299°C (800°F)

6.3 MPa (910 psi)

235°C (455°F)

22 m

2.7 m

1.59 cm (.625 in.)

0.9 mm (.034 in.)

Inconel 600

Low Carbon Steel

300,000 kg

Each of the two loops contains a pair of vertical, single-stage shaft

seal pumps which circulate approximately 60 x 106 kg/h of primary coolant,

developing a head of about 105 m. The pumps, which take suction from a

13-9



common manifold just beyond the steam generator outlet, are driven by elec-

tric motors. These 7.5 MW (10,000 hp) units are comparable in size to those

utilized in current water-cooled fission reactors.

The pump itself and the support system into which it is assembled (Fig.

13-2), are designed such that the complete motor-pump assembly can be lifted

out of the casing for inspection or repair without separating the casing from

the piping. This permits rapid replacement of those components which are

most likely to fail. In the event one of the 50% capacity pumps in a given

loop must be removed from service, this unit can be valved out of the system

while the reactor operates at ̂  50% of maximum power. Remote maintenance can

then be performed without shutting down the plant. Some consideration was

given to incorporating a third 50% capacity pump into each loop so that

full power operation could continue during repair of a single pump. A pre-

liminary assessment indicated pump reliability is probably high enough so

that redundancy is not warranted and a third pump was not incorporated; how-

ever a subsequent more detailed availabilty assessment (Sec. 19.3.5.2)

indicated three pumps may be desireable and future studies will investigate

the question in greater depth.

Pressurizers, similar to those utilized in current pressurized water

fission reactors, are used to maintain the proper primary coolant pressure.

Electric immersion heaters located in the lower section of the tank are

utilized to heat the pressurizer water inventory and increase the pressure,

while water sprays in the upper part of the vessel are used to condense steam

and decrease the pressure. The STAK.F1RE pressurizers, one for each loop, are

connected directly to the inlet ring manifolds. This allows for pressure

control of the coolant in the blanket even when that loop has been isolated.

The pressurizer can therefore provide pressure control when the residual heat

removal system is operating.

The pressurizers are shown in a possible mounting arrangement in Fig.

13-2. The flanged covers near the bottom of these units are the locations

through which the heaters may be removed for replacement. This may be

accomplished as a total remote operation while the reactor is shut down and

the pressurizer has been isolated and drained.
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The primary coolant circuit will be serviced by a water makeup and

conditioning system which will maintain the proper water purity and chem-

istry, provide the appropriate water inventory, and will be the source from

which primary coolant is directed to the tritium facility for tritium removal.

While design of this support system depends upon primary loop definition

which is beyond the scope of the present effort, some preliminary estimates

of components and their sizes were made by scaling from similar PWR systems

in order to approximate building space requirements. It was assumed that

such a system would incorporate (for each loop) a pair of regenerative heat

exchangers, a nonregenerative heat exchanger (letdown cooler), a letdown

orifice and valve, a demineralizer bed, coolant filters, a makeup surge tank,

a chemical mixing tank, two charger pumps and interconnecting piping. A

first cut evaluation indicated that these components would fit within about

2/3 of a 4.& x 4.6 x 21.5 m standard support system module inside the reactor

building with sufficient room for maintenance and component replacement. It

is emphasized that coolant purity requirements, impurity sources, makeup

requirements, etc., have not been firmly established, and therefore the

system cited here should be interpreted as the type of modularized support

system which will be incorporated rather than the definition of a specific

system for STARFIRE.

13.3 LIMITER FEEDWATER LOOP

13.3.1 System Configuration

As discussed above, the thermal energy deposited in the limiter is

utilized for feedwater heating in the power conversion system. This energy is

transported by the limiter feedwater loop. Unlike che dual blanket/first wall

primary loops, a single water loop is utilized in this system. The considera-

tions which were dominant factors in the selection of two primary loops are

not significant for the limiter cooling circuit. The water inventory is an

order of magnitude less and the pressure is ̂  25% that of the primary loops so

that building overpressurization is a minor factor. Moreover, the use of two

separate coolant circuits in the limiter to alleviate problems arising from

loss of coolant events is probably of minor benefit for two reasons. First,

because the limiter is constructed of a refractory material it is more toler-

ant to large temperature excursions. And second, with the relatively high
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heat load which the limiter experiences, the local temperature excursion of a

passage which has lost coolant or coolant flow is likely to be relatively-

insensitive to whether or not cooling is maintained in the adjacent passage,

at least over the time it takes to shut down the plasma in an orderly manner

(i.e., without a major disruption). Therefore, since there appear to be no

major incentives for a dual limiter loop configuration, a single water

circuit was adopted for the limiter feedwater system.

The system is shown in a simplified schematic in Fig. 13-3 and incor-

porates piping and valves, pumps, a pressurizer, feedwater heaters, a water

conditioning system and the appropriate controls and instrumentation. From

the outlet header, the water coolant is transported through the piping system

to the three feedwater heaters, from which it passes to the pumps to be

returned to the limiters through the inlet ring manifold. The pressurizer is

connected to the hot leg of the loop. For reasons similar to those for the

primary loop, an intermediate loop is not required.

OUTLET HEADER

PUMPS

Figure 13-3. Limiter feedwater loop.

13.3.2 System Performance and Component Description

System design data is shown in Table 13-4. With a system AT of 30°C,

the flowrate in the single loop is 1550 kg/sec. The coolant velocity in the
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piping is limited to a maximum of 10 m/s in order to keep the pressure drop

to a reasonable 1.3 MPa (190 psi). Inlet and outlet ring manifolds of 0.47 m

inner diameter are located below the reactor, and 10 cm feed lines which

penetrate the shield doors connect the ring manifolds to the limiters.

Piping from the ring manifolds runs beneath the reactor floor to the system

components which, like the primary loop components, are mounted in standard

modules in the other end of the reactor building. This modularity approach

is consistent with the total remote, remove-and-replace maintenance philo-

sophy for those systems which are potentially contaminated with tritium or

activated particulates. The hot coolant is directed through the three

parallel feedwater heaters. These units, rated at "v» 70 MW each, are described

in more detail in Chap. 20. Two 1.4 MW coolant pumps take suction from the

feedwater heater outlet manifold and return the coolant to the inlet ring

manifold via the return piping. Valves are provided such that if one feed-

water heater or one pump becomes unavailable, they can be isolated from the

system (and replaced or repaired remotely) and reactor operation continued

at partial load.

Table 13-4. Liraiter Feedwater Loop Parameters

Coolant Water

Heat Load 200 MW

Limiter Outlet Temperature 145°C

Limiter Inlet Temperature 115°C

Maximum Coolant Pressure 4.11 MPa (600 psi)

Number of Loops One

Maximum Pipe Size 0.47 m ID

Maximum Velocity 10 m/s

Pumping Power 2.8 MW

No. of Feedwater Heaters Three

No. of Pumps Two
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13.4 RESIDUAL HEAT REMOVAL LOOP

When the reactor is shut down, the afterheat generation rate in the

blanket is sufficiently large to require active cooling. Initially, this

function is performed by one of the primary loops, however, as the heat load

decreases and the coolant temperature drops, the residual heat removal system

assumes this task. The system, which consists of pumps, a heat exchanger, a

reservoir, plus associated piping, valves and controls, is shown schemati-

cally in Fig. 13-1 along with the primary loops.

The scenario for shutting down the reactor to a cold condition such as

prior to the regular scheduled annual maintenance is given in Chap. 19. As

indicated in that description, heat rejection during the initial phases is

via one of the primary loops. When the appropriate pressure and temperature

levels have been reached (approximately 2.8 MPa and 175°C), the residual heat

removal loop is activated and becomes the heat sink during the remainder of

the cooldown period.

As indicated in Fig. 13-1, the system is plumbed into both primary loops

at the inlet and outlet ring manifolds (headers). Valving with appropriate

interlocks prevents circulating residual heat removal coolant through both

loops simultaneously. This is to prevent the possibility of loss of all

coolant in case of a rupture of one of the loops. During operation the

coolant enters the primary coolant inlet manifold, flows through the blanket

sectors, is collected in the outlet manifold, passes to the pump, and finally

through the heat exchanger where the thermal energy is dissipated.

Major system parameters are given in Table 13-5. The system is sized

for a maximum heatload of 60 MW, the blanket and first wall afterheat genera-

tion rate approximately 12 h after shutdown and the earliest time at which

blanket sector removal would begin.

Table 13-5. Residual Heat Removal Loop Major Parameters

Design Heat Load 60 MW

Maximum AT 40°C

Flow Rate 360 Kg/s

Pumping Power ^0.6 MW(e)

Number of Pumps 2 @ 100% each, in parallel
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14. INTRODUCTION

14.1 Introduction

The primary goal in the design of the tritium handling systems for the

STARFIRE fusion plant is to produce a completely integrated tritium fuel

cycle, independent of any off-site tritium sources when the plant is opera-

tional. The following objectives are also adopted: (1) a minimum tritium

inventory is maintained in the entire plant, (2) the tritium impact on the

environment is minimized, (3) worker exposure is reduced to levels as low as

practical, (4) tritiated waste generation is minimized, (5) the tritium

systems are operated in areas free of gamma or neutron radiation, where

possible, and (6) the tritium systems are designed to have maximum reliability

and availability. To implement these objectives, information accumulated in

(1-4)
previous studies and being developed at Tritium Systems Test Assembly

(TSTA) has been incorporated into the STARFIRE design.

The comp]ete tritium fuel cycle scenario is shown in Fig. 14-1. The

tritium handling systems perform the following functions: (1) reprocess tritium

for fueling; (2) process tritium produced in the blanket; (3) control the

amount and location of tritium in the plant; and (4) process tritiated wastes.

The first function includes units which chemically purify and isotopically

enrich the fuel. The tritium generated in the blanket as T20(HT0) is electro-

lyzed and then passed to the main fuel cycle to be processed. The location of

tritium in the plant is handled by a storage and disposition system. Several

treatment systems maintain low tritium levels in the secondary enclosures (con-

trolled-atmosphere glove boxes and double-walled pipes) and in the coolant

systems. The atmospheric tritium recove~y systems are designed to scrub the

atmosphere of a tritium handling area in the event of a tritium release. The

tritiated wastes (solids, liquids, gases) which accrue as by-products from

various tritium handling systems are detritiated and/or consolidated by several

different units. Greater detail on these systems, most of which are based on

prototypes at TSTA, will be provided in subsequent sections.

14.2 Parametric Analysis

To minimize the tritium inventory for the STARFIRE fusion reactor design,

sensitivity studies were performed to determine the dependence of the tritium

inventory on several of the plasma design parameters. The two most important
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REACTOR BUILDING TRITIUM FACILITY BUILOING

1.
2.
3.
4.
5.
6,7.
8.
9.
10.
11.
12.
13.

14.

Plasma Chamber
Limiter Plates
Debris Separator
D-T Cryocondensation Pump
Helium Pump
Regeneration Pumps
Metal Bellows Pumps
Breeder Blanket
Electrolysis Unit
Fuel Cleanup Unit
Tertiary Enclosures
Atmospheric Tritium Recovery
System
Secondary Enclosures, Purge
Streams

15.
16.
17.
18.

19.

20.
21.
22.
23.
24.
25.
26.
27.

Tritiated Waste Treatment
Tritiated Water Recovery Unit
Helium (tritium-free)
Tritiated Waste — Liquids
and Solids
Detritiated Gases: N2, 02»
CO2, Ar
Isotopic Separation Unit
D2 Supply
D2 Storage
DT and T2 Storage
T2 Shipment/Receiving
Fuel Blender
Gas Fueling
Pellet Fueler

Figure 14-1. Fuel Cycle Scenario for STARFIRE.
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parameters are the tritium confinement time, T , which is the average time

that a tritium ion remains in the plasma and the tritium reflection co-

efficient, R , which is the probability that a tritium particle will return

to the plasma after it escapes the plasma edge.

In Fig. 14-2, both the fractional burnup and the tritium exhaust per day

are plotted as functions of the tritium reflection coefficient IL, with

T T = 1.8 s; in Fig. 14-3, the pump tritium inventory and the total tritium

inventory are plotted. The fractional burnup is proportional to R while the

tritium exhaust per day, the pump tritium inventory and the total tritium in-

ventory are proportional to 1/R. Therefore, to minimize the tritium inventory

in the plant, a large R,̂  is required which means a maximum fractional burnup.

As noted in Sec. 8.5, the use of a limiter results in a R of 0.9 with an

associated fractional burnup of 0.42 ana a tritium inventory of 60 g in the

pumps. Since the total tritium inventory includes 10 kg held in the breeder

0.2 0.4 0.6 0.8
TRITIUM REFLECTION COEFFICIENT

Figure 14-2. Dependence of the fractional burnup and the tritium ex-
haust per day on the tritium reflection coefficient.
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blanket and 1 kg held in storage (a 2 d burn requirement), both of which are

unaffected by changes in the reactor design parameters, the total tritium in-

ventory increases only slightly as R decreases. Most of the increase however

occurs in the pump tritium inventory, which is considered more subject to

accidental release, i.e., relatively "vulnerable" (see Sec. 14-7). With

RT = 0.9, ^ 15% of the "vulnerable" inventory is located in the compound

cryopumps while with R̂ , = 0.2, ̂  40% is in the pumps. Because the pump

tritium inventory is directly proportional to the pump residence time, a

minimum pump regeneration time is desirable. However, a regeneration cycle

time of 2 h is required to assure reasonable valve reliability (Sec. 8.5.3).

Doubling the regeneration time to 4 h would double the pump inventory; in the

event of a pump failure, a larger tritium release would occur.

16

0.2 0.4 0.6 0.8

TRITIUM REFLECTION COEFFICIENT
1.0

Figure 14-3. Dependence of the total tritium inventory and the pump
tritium inventory on the tritium reflection coefficient.
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In Fig. 14-4, the fractional burnup and the tritium exhaust per day are

plotted as functions of the tritium confinement time T with ^ = 0.9; in

Fig. 14-5, the pump tritium inventory and the total tritium inventory are

plotted. The fractional burnup increases with T while both the tritium ex-

haust per day and the pump tritium inventory decrease with increasing

T . The total tritium inventory is constant until T < 3 s because of the

large amount of tritium held in the blanket (10 kg) and in storage (1 kg);

thereafter, it is inversely proportional to T . If BL, is < 0.9, varying x

would have a much more dramatic effect on all tritium parameters.

The effect of varying the ratio of the deuterium ion density n to the

tritium ion density n for a fixed power reactor (STARFIRE design) is shown

in Fig. 14-6. For a "lean tritium" burn scenario, i.e., n /n > 1, a sub-

stantial reduction in the tritium throughput rate occurs because while the

fusion power is proportional to n • n the tritium exhaust rate, T is pro-
D ex

portional to n (1 - n e) , e being the fractional burnup. (T -, is n~/n

where n is the tritium density if nn/
nm = 1)•

2 4 6 8

TRITIUM CONFINEMENT TIME , S

Figure 14-4. Dependence of the fractional burnup and tritium exhaust
per day on the tritium confinement time.
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14.3 Fuel Processing

The main fuel pathway as shown in Fig. 14-1 begins at the plasma chamber,

proceeds to the compound cryopumps and thence to the fuel cleanup unit (FCU).

The purified fuel is passed to the isotopic separation system (ISS) after which

the D2 and the T2 fuel streams are either stored until needed or are passed

directly to the fuel blenders (FBU). There the needea fuel mixtures are pre-

pared for use in the reactor fueling devices. A tritium feed stream from

the breeder blanket joins the main stream at the fuel cleanup unit. A

smaller tritium feed stream from the tritiated waste treatment system (TWT)

also joins the main stream at the fuel cleanup unit. The TWT processes tritium

from various waste streams including small amounts which accrue from secondary

enclosures, the coolant, and atmospheric processing systems. Within the main

fuel feedstream, the transfer of fuel between different components as well as

the maintenance of uniform flow is handled by transfer pump units (TPU) which

are composed of surge tanks, bellows pumps and appropriate valving systems.

2 3 1 5 6 7 8
TRITIUM CONFINEMENT TIME, s

Figure 14-5. Dependence of the total inventory and pump inventory
on the tritium confinement time.
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10
D/T RATIO

Figure 14-6. Dependence of the tritium throughput rate for a fixed
fusion power on the ratio of the deuterium/tritium
ion density.

These are presently designed as separate units but could be incorporated into

the larger systems. The advantage of having a separate TPU system is that

since most component failures will occur in these units they are easily

accessible and easily removable for maintenance and repair.

The removal of condensible impurities, molecules containing I, N, 0, C, etc,

from the unburned fuel (DT) and the helium is the first operation performed

at the fuel cleanup unit. The helium is then removed from the DT by means of

a cryogenic stripping column. To minimize tritiated waste, the condensible

impurities are processed. (The technology for this step is still under develop-

ment. TSTA will incorporate getter beds into their design. The presence of

iodine in the process stream may create problems which will be dealt with by

modification of the FCU).
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The basis of the isotopic separation system is cryogenic distillation.

To fulfill STARFIRE requirements ( > 90% D2, ? 90% T2; < 1% H 2 in either

stream), the system consists of five distillation columns and two equilibrators.

The three product streams consist of a 97% pure T2 stream (3% D 2 ) , 91% pure D2

stream (9% T2) and a waste protium/deuterium stream (57% H2) containing a

residual amount of tritium (0.2%).

Tritium is removed from the blanket as T20 by means of a helium purge

stream and recovered by collection on molecular sieves. The T 20is passed

through ion exchange columns to remove radioactive species other than tritium

and then electrolyzed. The T2/H2 is passed through a palladium/silver

diffuser in the hot cell before joining the main tritium processing stream at

the fuel cleanup unit in the tritium facility.

14.4 Tritium in the Coolants

Tritium can potentially migrate into the primary coolant from the plasma

through the first wall or from the blanket through coolant tubes, or it can

be produced in the water from neutron reactions. Tritium can pass from the

primary coolant to the secondary coolant by permeation or leakage. Because

of "blow-downs", tritium in the secondary coolant is considered not recoverable

and is assumed to be lost to the environment. Tritium transport in coolant

circuits is discussed below.

The permeation of hydrogen isotopes through structural materials has

been extensively studied at Argonne National Laboratory, Oak Ridge

National Laboratory, ' and elsewhere. At a given temperature, the

permeation rate per unit area is proportional to the square root of pressure

and inversely proportional to the wall thickness. Also, permeation is ex-

pected to be inversely proportional to the square root of the atomic mass.

Thus, the permeation rate, <(>, of T2 through a membrane of area A, thickness t

is given by

I A \/2 P (i)

where Px = upstream pressure, and P2 = downstream pressure. In general, the

units of K are given as standard cc's of H2 per unit time, per unit length,
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per square root of pressure, e.g., cc(STP)/m«S'(kPa)1/'2. For fusion

application it is convenient to use units of Ci/d-m'(Pa)1/'2. The conversion

factor from cc(STP)/m-s-(kPa)1/'2 for H2 to Ci/d«m«(Pa)
1/2 for T 2 is 4056.

Selected data for structural materials of interest are shown using the

more convenient units in Fig. 14-7. Permeation rates into the primary coolant

were calculated and are listed in Table 14-1. It was found that anticipated

permeation rates are very small; all are less than 10 Ci/d.

For the first wall, another loss mechanism i.e., "insertion" may be more

important than permeation for producing tritium migration into the coolant.

700
TEMPERATURE / °C

600 500

1.5

Figure 14-7. Tritium permeability of several materials as a function
of temperature.
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Table 14-1 Tritium Permeation Calculations

Source

First Wall

Limiter

Limiter

Blanket

Steam

Material

Bea

Be

Tab

316-SS

Inconel

Temperature
(K)

773

573

573

773

573

Pressure
(Pa)

1.3 x 10"3

1.3 x 10"1

1.3 x 10-2

1.3 x 10~7

1.3 x 10"12

Area, A
(m2)

780

100

100

5760

5000

Thickness, '.
(mm)

1.0

1.0

2.0

1.5

2.0

Barrier

none

none

1000-X

150-X

150-X

Permeation
(Ci/d)

0.3

0.035

5.5

0.09

< lO"4 !

3e = beryllium, Ta = tantalum

Table 14-2 Tritium "Insertion" Calculations for Beryllium

Source

First wall

Limiter

Triton Flux
(Ci/m2-d)

1.3 x 10 5

7.2 x 105

Area, A
(m2)

780

100

Penetration,
Depth, 6 (u)

0.027

0.050

Thickness, t
(mm)

1.0

1.0

Barrier

500-X

500-X

Permeation, <f>
(Ci/d)

5.6

7.2



Tritons striking the first wall implant to a certain depth. Assuming that

permeation in any direction is inversely proportional to thickness, the fraction

of tritons that enter the coolant is directly dependent on the depth of penetra-

tion via "insertion". Two important factors may reduce the "insertion" effect.

First, the outer surface is likely to be highly damaged and therefore will have

a high porosity. Thus, inserted tritons are more likely to return to the plasma.

Second, the inside surface of the coolant tubes will be covered by an oxide film

which acts as a permeation barrier, thus reducing the permeation typically

by at least two orders of magnitude. The "barrier effectiveness" for STARFIRE

is therefore assumed to be 500. Experimental results are required to verify

the mitigating effect of both of these factors. The insertion calculations

are summarized in Table 14-2. A minor source of tritium in the primary

coolant ( a, 1 Ci/d) is the lithium activation of the lithium hydroxide (LiOH)

present as a corrosion inhibitor. The total tritium accumulation in the primary

coolant is estimated at i< 10 Ci/d. Steady-state levels after 18 years of

operation are ^0.3 Ci/JJ. The main tritium loss mechanism between the primary

and secondary coolant is not permeation ( < 10"1* Ci/d - Table 14-1) but

rather leakage across the steam generator. At tritium levels of a. 0.3 Ci/il

in the primary coolant, leakage rates < 30 Jl/d are required to minimize the

tritium released to the environment to < 10 Ci/d.

To ensure that tritium levels in the primary coolant are maintained at

< 1 Ci/£, a tritiated water recovery unit (TWRU) based on combined electrolysis/

catalytic exchange (CECE) has been included in the reference STARFIRE tritium

system design. Approximately 1% of the primary coolant, from which activated

materials have been removed by means of ion-exchange units, is directed to

the main tritium processing area (the tritium facility, see Sec. 14-6). There

the HTO is converted to HT in the TWRU. The gas stream is then routed to the

main fuel stream via the fuel cleanup unit.

14.5 Atmospheric Tritium Recovery (ATR) Scenarios

To minimize the effects of tritium upon the environment, the STARFIRE

design has attempted to contain all tritium releases, whether due to normal

leakage or to accidental releases within the confines of the plant. Several

tools have been utilized to accomplish this goal. The outer walls of
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potential tritium containing areas are lined with a tritium barrier (stainless

steel or aluminum). The materials and equipment used in a tritium area are

selected to minimize surface adsorption. Tritium areas are operated at re-

duced atmospheric pressure to minimize tritium out-leakage. The atmospheric

tritium level (HTO) in all areas is maintained at < 5 pCi/m3. Tritium systems

utilize triple containment where reasonable and practical; double containment

is used throughout. The number and length of lines used to transport tritium

between different buildings are minimized. The impact of a tritium release

from the coolant system is minimized by: (1) maintaining the tritium inventory

in the coolant at < 1 Ci/&; (2) minimizing leaks in the primary coolant

system; and (3) recovering all tritiated water and recycling it into the main

fuel stream. Timely decontamination of potential tritium spills within con-

tainment is provided by: (1) dedicating an appropriately sized atmospheric

tritium recovery unit (ATR) to each tritium containing area; and (2) inter-

facing" the HVAC systems with the ATR systems to prevent a tritium release to

the outside environment. Multiple, discrete flow paths between units are used

to partition the tritium inventory and thus reduce the magnitude of a tritium

release. The tritium waste generated is minimized by (1) processing tri-

tiated water, (2) minimizing use of organics, (3) minimizing the contamina-

tion of organics where they are functionally necessary, (4) using all metal

seals in valves, pumps, etc., and (5) reprocessing tritiated waste. Any waste

generated within the plant is packaged in as small a volume as possible.

The tritium inventory in the plant is classified as either "vulnerable"

or "non-vulnerable." (see Sec. 14-7) Before analyzing the effect of a possible

tritium release, the magnitude of such a release has to be determined. This is

done by postulating the failure of a component of any of the "vulnerable"

systems. The following scenarios were identified: 1) the blanket purge stream

ruptures and flows undetected for 10 minutes releasing 2 g of tritium; 2) mal-

function of one of the 24 blanket recovery units would release ^ 12 g of

tritium; 3) a pump fails releasing all of its inventory (2.6 g); 4) failure of

one of the fuelers would release 13 g of tritium. In the first two cases, the

tritium is in the form T2O; in the latter two, it is present as DT. Thus, the

maximum release in the reactor hall or the hot cell is ̂  10 g (y 105 Ci) of

tritium in the form of T20. Both of these facilities are run under remote
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operation, therefore, there is not a worker hazard during reactor operation in

the event of a tritium release. However, the atmosphere after a release will

be detritiated to ensure that the tritium does not enter the environment and

that the tritium adsorption on exposed surfaces is minimized in these areas.

To effect this, atmospheric tritium recovery systems based on a prototype at

TSTA (Tritium Systems Test Assembly) are installed in both areas. The basic

operation consists of the processing of the atmosphere by catalytic oxidation

of tritium gas to T2O followed by its absorption on molecular sieves. (The

presence of a CO2 environment will require a slight increase in the number of

sieves used).

To study the effect of tritium "soaking" on the cleanup time, a para-

metric analysis was performed using the computer code TS0AK-M1 to determine

the dependence of the cleanup time required after a tritium release on the

following variables: 1) the rate of formation of HTO from T2 or HT (RR); 2)

the ratio between the rate of release of HTO from the surfaces within a

building to the rate of adsorption onto the surfaces (REL/ADS); 3) the relative

flow rate (F = percent of building volume per minute); 4) the building volume

(V) and 5) the total surface area (.S' or S) taken as two or four times the

surface area of volume V. Reported values for the rate of formation of HTO

from T2 or HT varies from 10~
5 to 10~15 m3/yCi-s >

16"18 in Fig. 14-8, the re-

sidual tritium concentration (yCi/m3) is plotted as a function of the time

after the tritium release for different values of RR; all other variables are

fixed. If RR is <10~ 1 3 m3/yCi's, the time required to scrub the tritium from

the building (i.e., to attain tritium levels £10 yCi/m3) is identical to that

for the ideal case (< 4 d when F = 0.2 Vol %/min and REL/ADS = 1 ) . If RR

is > 10~9 m3/yCi«s, the cleanup time increases to > 15 d due to the adsorption

of HTO on the surfaces of the building. Thus, it is advantageous to design

all tritium handling areas to minimize the rate of formation of HTO, i.e., to

ensure small values of RR. However, additional experiments are needed to de-

fine the values of RR for materials which might be exposed to tritium in the

fusion environment.

In the evtsnt of a tritium release involving HTO, the most important

variable is the ratio between the rate of release and the rate of ad-

sorption of HTO on the surfaces. The dependence of the residual tritium

concentration on this ratio is shown in Fig. 14-9. When the ratio is < 1,

the atmospheric tritium level remains elevated due to the large amount of
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Figure 14-8. Dependence of tritium concentration after
release on reaction rate of forming HTO.

tritium adsorbed on the surfaces as HTO. Even when REL/ADS = 1, the time

required to attain levels < 10 pCi/m3 may be excessive. In Fig. 14-10, the

effect of different HTO release rates for a fixed REL/ADS ratio of one is

shown. At very low release rates, the surfaces become a permanent sink for

the adsorbed Lritium. To ensure the removal of tritium with the atmospheric

recovery system, the tritium handling areas are designed with REL/ADS > 1 and

REL 2 10"^ m/s. This is achieved by using materials and equipment designed to

minimize surface adsorption.

The effect of volume on the required cleanup time (Fig. 14-11) is minimal.

Doubling the surface area (S' ->-S) has a minimal impact on the tritium concen-

tration after a release as is demonstrated in Figs. 14-12 and 14-13. A more
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Figure 14-9. Dependence of tritium concentration after release on ratio
between the rate of releasing HTO from surfaces and the
rate of adsorbing HTO.

important parameter is the process flow rate (F) as shown in Figs. 14-21 and

14-13. With F = 0.5 Vol %/min; tritium levels are reduced below 100 yCi/m3

in ^ 1 d; 3 - 5 d are required if F = 0.2 Vol %/min; and 10 d if F = 0.1

Vol %/min. For areas where personnel access is not required (reactor building,

hot cell), process flow rates can be less than those where access is required

(tritium facility). For STARFIRE, the ATR systems for the hot cell and the

reactor building are designed with F = 0.2 Vol %/min; in the tritium facility

the ATR is designed with F = 0.5 Vol %/min. In the latter area, workers

wearing bubble suits can enter immediately after a tritium release.

The tritium released to the environment during the release scenarios

postulated is minimal ( < 12 Ci) because the cleanup is handled within the
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containment buildings. The C02 environment in the reactor building and in

the hot cell eliminates most fire and explosion hazards. In the event of a

simultaneous loss of coolant (LOCA) in one of the primary loops and a rupture

of a tritium processing line in the reactor building, the following procedure

will be followed to prevent swamping of the ATR units: 1) shutdown of the

ventilation system; 2) collection of the condensed coolant in a floor tank:

and 3) startup of the ATR ^ 1 hour after the tritium release.

To minimize worker contact with tritium in the tritium facility, which

is designed for contact maintenance, the following procedures are followed.

Atmospheric levels are maintained at < 5 pCi/m3. Permeation barriers are
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Figure 14 11. Dependence of tritium concentration after release
on building volume.

utilized. Multilayer bubble suits with independent ventilation (permeation

rate of 1.2 x 10"1* m3/h) are provided in case contact with uncontained tri-

tium is required. A minimum tritium inventory is maintained in all systems,

each of which has two levels of containment, with the building liner being the

third. The tritium within these systems is considered to be relatively "non-

vulnerable" (Sec. 14-7). However, an ATR with a flow rate of 0.5 Vol %/min

(ideally capable of a 48 h cleanup) is dedicated to the tritium facility to

ensure worker safety, minimize tritium leakage to the environment, and minimize

tritium adsorption on internal surfaces. The operation of the ATR is as pre-

viously described except for the elimination of the 1 h delay in startup.

Normal hydrogen fire prevention practices are exercised throughout the

tritium facility.
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The maximum tritium release in a single failure of a "non-vulnerable"

component is the 50 g in the ISS unit. Because the tritium is in the unoxidized

form (a factor of 40 less toxic than the oxidized form) and because no worker

is permitted in the vicinity of the operating ISS units without a bubble suit,

the average dose received in the tritium facility (2 x 101* m3- building volume)

by an unsuited worker would be 1.9 rem/min after a 50 g release to T2. With

a suit, the dose would be 0.008 rem/h. Thus, with prompt response to tritium

release alarms, no worker will be subjected to an excessive radiation dose

(the present recommended yearly dose is 5 rem). The fire hazard from a 50 g

release (0.2 m3 at STP) is minimal; conversion to HTO under non-fire conditions

will require more than an hour.
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Figure 14-13. Dependence of adsorbed tritium concentration after
release on processing rates and surface areas exposed.

The design goal for tritium release from the plant is less than 5000

Curies per year in all forms, (gas, liquid and solid waste) averaged over

operating, standing and maintenance phases and including in-plant releases.

The tritium loss due to building leakage will be < 1 Ci/d assuming a leakage

rate of 3 x 10~5 Vol %/d and a tritium concentration of 5 pCi/m3 in the

4 x 105 tn3 of tritium containing volume. The packaged solid waste is assumed to

contribute <\< 1 Ci/d. Coolant losses through the steam generator will account for

<\< 10 Ci/d (Sec. 14.4). Five atmospheric turnovers per day in the tritium facil-

ity (2 x 101* m3) expelled through an -v 100 m stack will account for < 1 Ci/d.

The total release rate is ̂  13 Ci/d. To reduce these releases, two routes

are possible. The most productive is to reduce leakage across the steam
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generators to the secondary coolant which will result in a reduction from

10 Ci/d to 1 - 3 Ci/d. The second is to minimize the number of atmospheric

turnovers in the tritium facility.

Routine replacement of the blanket modules will release some tritium into

the reactor building which will be processed by the ATR units. An estimate

of the magnitude of this release was obtained using the permeation data in

Sec. 14-4. At an average temperature of 673 K (arising from the afterheat) ,

< 10 Ci/d will be lost from the beryllium surfaces and < 30 Ci/d from the

stainless steel surfaces to the reactor building atmosphere.

14.6 Tritium Facility

The tritium facility is a completely separate bu:.. ding from the reactor

building but is located nearby to minimize the length of the tritium feed-

lines and thus to reduce the tritium accident potential. The building is

designed for contact maintenance, having an air environment and being free of

gamma and neutron radiation. All tritium handling units are under remote,

independent (hard-wire) computer control; the computer is equipped with an

uninterruptible power supply to ensure that all tritium systems can be shut-

down in the event of a power failure. The tri.'lum storage area is located in

the tritium facility. It consists of a shielded barricaded vault in which an

inert cover gas is used for fire protection. Because of space and safety

benefits, the majority of the tritium is stored as UTV; but some low-pressure

gaseous storage in tanks is also provided. The tritium processing units are

based on prototypes being tested at TSTA, and they are of modular design to

facilitate replacement. Multiple units are provided and full redunancy is

built into the tritium facility to ensure maximum reliability and availability.

The primary containment systems are metal (no elastomers). An inerted, dry

atmosphere glove box is the secondary containment for most components.

Double wall piping is used between units. The dimensions of •'ndividual

components are found in Table 14-3.

The layout of the two levels of the tritium facility is shown in

Fig. 14-14 and 14-15. The building is divided into two main sections. The

tritium processing section is 30 m x 40 m; within it a slightly negative
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pressure is maintained by a self-contained HVAC system interfaced to the

ATR system to minimize tritium out-leakage. The first level in this section

is 6 m high, the second level is 12 m high (6m of which is dedicated to

crane operation.) The control section is 30 m x 10 m x <v 8 m high; a slightly

positive pressure is maintained by a separate HVAC system to prevent tritium

in-leakage. Within this latter section are found the tritium facility control

Table 5. Tritium Facility Components

Component

Atmospheric Tritium
Recovery Unit

Isotope Separation
System

Fuel Cleanup Unit

Tritium Waste
Treatment

Solid Waste
Disposal

Transfer Pump Unit

Tritium Storage

Tritiated Water
Recovery Unit

Fuel Blender
Unit

Abbreviation

ATR

ISS

FCU

TWT

SWD

TPU

TWRU

FBU

Dimens ions (m)

6.25 x 8 x 5
(1 unit)

3 x 3 x 12

6 x 2 x 2

5 x 5 x 5

5 x 5 x 4

4 x 1 x 2

8 x 4 x 2

6 x 9 x 3
3 x 4 x 3

4 x 1 x 2

Volume (m3)

2500
(10 units)

108

24

125

100

8

64

162
36

8
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Figure 14-14. First level of tritium facility.

room, offices for the supervisory personnel, the locker/shower area, the

radiation safety office, tritium bubble suits not yet in use and the main

entrance to the building. The control room contains the control units for

all tritium processing systems and the tritium monitor readouts for the

tritium facility, the reactor building and the hot cell. The latter are used

to detect small leaks in any of the tritium systems. There are several per-

sonnel airlocks into the tritium processing section; the one designed for

routine use connects the locker/shower area and the tritium section. The

others are intended for emergency use. Within the tritium processing area,

25% of the available volume is occupied by the ATR and the interfaced HVAC

system. The placement of all units is designed to provide good accessibility

with a remotely operated crane. The TWRU, TWT and SWD units which generate
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and/or process tritiated waste are located near the dock to provide easy

waste removal. The dock itself is located outside the building to ensure that

the tritium liner within the tritium facility is completely sealed. Four ISS

and four FCU units are provided for redundancy, only two sets are on-steam

at any one time. The ISS units are 6 m high; the 6 m high vacuum shell around

each unit is removed vertically. (Space on the second level is provided). The

TPU units which regulate the gas flow through the tritium facility are stacked

in two tiers per level. Piping joining all units is not shown. Storage space

is provided for non-tritiated gaseous deuterium and hydrogen as well as helium

and nitrogen. Within the tritium area are three service areas. The first is

an analytical laboratory for doing routine analyses on cataly.-ts, molecular

sieves, etc; the second is an electronics laboratory in which non-activated

tritium monitors are serviced and tested; the third is a maintenance area

where tritium units are repaired. A storage/cleaning area for used bubble

suits is also provided.
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14.7 Tritium Reference Parameters

The reference STARFIRE tritium parameters are listed in Table 14-4 and

the tritium inventory in Table 14-5. The designation "vulnerable" or "non-

vulaarable" refers to the degree of control which can be enforced on the

associated system. The ^ 10 kg of tritium sited in the blanket is relatively

immobile since it is in the oxide form and tenaciously retained by the solid

breeding material. The tritium in storage, ̂  1 kg, in the form of small

units of UT (each containing ^ 12 g of tritium), is located in a barricaded

vault with an inert cover gas for fire protectipn; thus making it relatively

"non-vulnerable" to accident. The fuel processing systems in the tritium

facility contain * 154 g of tritium in the unoxidized form (T2. DT, HT) dis-

tributed as follows: 50 g in each of two ISS units, 15 g in each of two FCU

units and <\» 3 g in four different surge tanks used to ensure uniform flow

throughout the plant. Each tritium processing unit is doubly contained and

under monitor control to ensure maximum accident protection. Vacuum or an

inert cover gas is present to reduce the fire hazard. The ISS units which

contain the highest tritium inventory ( <v 50 g as T2 ) have high reliability

with no vessel failure being experienced in prototype units. The tritium in

the fuel handling systems (vacuum pumps, fueling units, breeder tritium re-

covery unit) in the reactor building is considered to be "vulnerable" since

the reactor area is subjected to severe thermal, magnetic and radiation loads

which may interfere with a unit's function or may accelerate its aging.

At initial plant startup, •>» 10 kg of tritium will be supplied from off-

site. This tritium will later be recovered from the breeder blanket.

14.8 Conclusions

The tritium systems have been designed to achieve a minimum inventory

in the plant, minimum tritium release to the environment, minimum worker

exposure, minimum solid waste, and maximum availability and reliability. The

STARFIRE tritium facility based on TSTA prototypes is a full-scale processing

plant with high reliability. The effects of a tritium release have been

modeled and indicate the importance of different parameters, the most signi-
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Table 14-4. Reference STARFIRE Tritium Parameters

Plasma Parameters

Plant Availability

Thermal Power (MW)

Energy Per Fusion (pj)

Ion Density (ions/m3)

Plasma Volume (m3)

Particle Confinement Time (s)

Reflection Coefficient

Fractional Burnup

Tritium Mass Flow Rates (g/d)

Tritium Burnup

Tritium Fueled

Tritium Exhausted

Tritium Bred

Deuterium Mass Flow Rates (g/d)

Deuterium Burned

Deuterium Fueled

Impurity Mass Flow Rates (g/d)

Helium Exhaust

Iodine Exhaust

Protium Exhaust

Carbon Exhaust

Nitrogen Exhaust

Oxygen Exhaust

0.75

4000

3.22

8.06 x 10 1 9

783

1.8

0.9

0.42

536

1296

760

562

360

865

712

-v 50

* 10

i, 10

-\. 10

'v- 10

ficant being the flow velocity and the ratio of the rate of HTO adsorption to

the rate of its release. The coolant is the primary source of release of

tritium from the plant.
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Table 14-5 STARFIRE Tritium Inventory

Tritium System

Solid Breeder Blanket

Blanket Purge Stream

Blanket Tritium Recovery

Vacuum Pumps

Fueling

Fuel Processing

Storage

Total

"Vulnerable" (g)

—

0.2

281

63

54

—

—

398

"Non-vulnerable" (g)

^ 10,000

—

—

—

—

154

1071

% 11,225
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15.1 INTRODUCTION AND GENERAL SEQUENCE OF OPERATION

The choice of a steady state mode of operation has substantially impacted

the characteristics and reduced the cost of the electrical storage systems

and power supplies for STARFIRE. The power system equipment for STARFIRE is,

in general,.within the present state of the art of technology or the technol-

ogy currently being developed (such as the Gyrotrons for the radio-frequency

systems). The energy for the operation of the STARFIRE power system is

derived directly from the local power grid - that is, there is no inter-

mediate mechanical energy storage system. There is, however, some capacitive

and possibly some inductive (superconducting coil) energy storage that would

be used in conjunction with the power supply for the correction field (CF)

coils.

The general sequence of operation of the power system is as follows:

1. Approximately 12 h before plasma startup, the superconducting

toroidal field (TF) coils are energized by a constant 100 volt power

supply and the toroidal field current starts increasing to its

maximum value of 24 kiloamperes.

2. Approximately 20 min. prior to plasma startup, the super-conducting

ohmic heating (OH) coils are energized by a constant 12 volt power

supply and the ohmic heating coil current increases to its maximum

value of 200 kiloamperes. (100 kiloamperes in each of two parallel

circuits).

3. Approximately ten min. prior to plasma startup, the storage device

for the correction field coils is charged to 20 megajoules, about

1/2 of its .storage capability. This is probably a capacitor bank in

order to maximize the rate of energy exchange between the coils and

the storage device; however, it could be a combination of capacitive

and inductive energy storage to minimize the total volume, or

possibly a superconducting coil with a solid state dc-ac-dc converter

system.

4. At t = 0, the power supply charging the ohmic heating coils is

inverted, and the current is transferred to the diode-variable
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resistor leg connected in parallel with the ohraic heating coils.

The voltage across the ohmic heating coils is maintained at 815

volts by varying the resistance value from 4 milliohms to 85 milli-

ohras as the current decays.

5. At t * 0, the electron-cyclotron resonance heating (ECRH) system,

the equilibrium field coils and the correction field coils are all

energized according to the plasma requirements.

6. At t • 5 sec, plasma heating is transferred from the electron

cyclotron resonance heating system to the lower hybrid radio

frequency heating (LHRF) system.

15.2 TOROIDAL FIELD COIL POWER SYSTEM

The toroidal field coils consist of twelve superconducting coils inter-

connected with normal temperature bus. In series with each of the twelve

superconducting coils is a "Dump Resistor" which is shorted with a "Dump

Switch". The function of the toroidal field coil power supply is to charge

the toroidal field coils and to compensate for the power losses in the normal

temperature, current conducting devices which make up the interconnections

between superconducting coils.

The load and power system requirements are shown in Table 15-1.

Table 15-1. Load and Power System Requirements for TF Power System

Coil Inductance

Coil Current

Coil Stored Energy

Current Regulation

Charging Voltage

Charging Time

Input Power

Primary Voltage

Power Supply Dimensions

Dump Resistance (Each)

Dump Resistor Volume (Each)

174 H

24 kA

50 x 109 J

1%

100 V

12 h

3.2 MVA

13.8 kV

3 m x 6 m x 2.5 m High

0.1 ohm

2.5 m x 2.5 m x 2.5 m
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The power supply has a free-wheeling diode connected across the output.

Fig. 15-1 illustrates the TF power system.

DUMP RESISTOR (12)

(WATER IMMERSED), DUMP SWITCH (12)
(NORMALLY CLOSED-
OPENS ON VOLTAGE

SIGNAL)

TF-COIL (12)
L«14.5 HENRIES

24 kA

POWER SUPPLY
100 VOLTS
P 2.4 MW

Figure 15-1. TF-magnet operating/protection circuit.

The power supply, the buswork between the power supply and the toroidal

field coils, and the fre -wheeling diode are all water cooled.

Normal protection is provided for the power supply and includes over-

current, loss of phase, shorted thyristors, etc. In the event of a fault

condition in a superconducting coil, the dump switches are opened and the

coil energy is dissipated in the dump resistors with a L/R time of 45 sec.

The dc switches open against a voltage of 2.4 kV.

15.3 CORRECTION FIELD COIL POWER SYSTEM

The correction field coils correct displacements of the plasma. The CF

coils are normal temperature coils shown in Fig. 9-30 and can be considered

as four separate coil-power supply systems:
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Coils #8, above and below the midplane require 20 kiloamperes each and

each has an inductance of 2.2 millihenry. Coils #9 require 40 kilo-

amperes each and each has an inductance of 5.6 millihenry. The charging

time of :be coils is less than 50 milliseconds.

The requirement of varying the current in the CF coils can be accom-

plished in several ways. One approach woulJ be to use a four quadrant

converter; however this method would imply transferring large blocks of power

between the power grid and the coils.

The method proposed for STARFIRE is the utilization of a common elec-

trical energy storage system using capacitors. Energy would be transferred

between each CF coil and the common energy storage device, via a dc-ac-dc

converter system. It may be possible to minimize the volume of the storage

capacitor by providing some superconducting coil (inductive) energy storage.

Figure 15-2 shows a typical CF coil power system.

3 MVA
POWER
SUPPLY
5 KV

ENERGY;
STORAGE'

.2.4 F
5 KV

FORCE
COMMUTATED
CHOPPER
SWITCH

ENERGY TO COIL

RECTIFIER
TRANS-
FORMER

FORCE
COMMU-
TATED

INVERTER

E-F TRIM
COIL

ENERGY FROM COIL

Figure 15-2. Typical CF coil power supply.
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A power supply provides the energy lost in the normal temperature coils,

the bus work, the thyristors, etc.

The load and power system requirements are shown in Table 15-2.

Table 15-2. Load and Power System Requirements for CF Power System

Coil Inductance - #8 (Each)

Coil Inductance - #9 (Each)

Coil Current - #8

Coil Current - #9

Coil Charging Time (all coils)

Coil Stored Energy - #8 (Each)

Coil Stored Energy - #9 (Each)

Total Coil Stored Energy

Assumed Coil Resistance - #8 (Each)

Assumed Coil Resistance - #9 (Each)

Assume Bus Resistance

Energy Storage Capacity

Converter - Inverter Capacity - #8 Total

Power Supply

Power Supply Voltage

Primary Voltage

Volume - Converter-Invertor - #8 (Each)

Volume - Converter-Invertor - #9 (Each)

Volume - Energy Storage Device

Volume - Power Supply

2.2 mH

5.6 mH

20 kA

40 kA

300 ms

0.44 MJ

4.48 MJ

9.84 MJ

0.5 raohra

0.25 mohm

Equal to Coil

Resistance

10 MJ

33 MW

3 MVA

833 V

13.8 kV

3 m x 6 m x 3 m

1 2 m x 6 m x 3 m

6 m x 6 j n x 6 r n

3 m x 3 m x 3 m

Normal protection is provided for the power supply, the converter-inverters,

and the energy storage capacitor bank. This includes protection from over-

current, shorted thyristors, fused capacitors, etc. If a supplementary

superconducting coil is used, a dump circuit will be provided as protection

in the event of coil failure.
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The power requirements for the CF power system are based on a blanket

L/R time constant of 300 milliseconds. If this time constant were only

50 milliseconds, the power requirements of the Converter-Inverter would be

increased by a factor of six. The costs for these systems would also be

increased by a factor of six.

15.4 EQUILIBRIUM FIELD COIL POWER SYSTEMS

The equilibrium field coils are a system of superconducting coils with

an inductance of 0.5 henry. These 200 kiloamp coils have a di/dt requirement

of 2834 amperes per second, which dictates a power supply voltage of 1417 volts.

Current and voltage profiles during startup are given in Chapter 6.

In the event of an emergency shut-down, the energy will be removed from

the equilibrium field coils in about 2.5 sec. A modified Dump Circuit is

proposed, so as to limit the voltage across the coil to 85 kV. As the current

drops, the dump resistance is increased from 0 ohm to 0.8 ohms, reducing the

current in the equilibrium field coils in the desired manner, to control the

plasma during shutdown. A form of liquid rheostat is proposed to provide the

variable resistance and to absorb the energy stored in the coil. The dump

switch, which now must open against 85 kV (compared to 2.4 kV for the toroidal

field circuit) will now require a commutating circuit to generate a current

zero. With current development of thyristor switches, it is expected that the

dump switch would be a thyristor (solid state) switch.

The power supply has a free-wheeling diode connected across the power

supply output terminals.

The load and power system requirements are shown in Table 15-3.
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Table 15-3. Load and Power System Requirements For EF coils.

Coil Inductance 0.5 H

Coil Current 200 kA

Required Max Coil di/dt 2834 A/s

Coil Stored Energy 10 x 109 J

Power Supply Voltage 1417 V

Input Power 100 MW

Power Supply Capability 290 MVA

Input Voltage 13.8 kV

Dump Resistance 0.0 to 0.8 ohms

Commutated Dump Switch 6 m x l 2 m x 3 m

Power Supply Volume 18 m x 36 m x 6 m

Dump Resistor 5 n x 2.5 in x 2.5 B

Standard protection schemes are used for the power supply equipment.

The use of a commutated, 85 kV thyristor switch implies additional circuitry

to insure that the switch is in a "charged" or ready condition. The power

supply will have the normal complement of protection for safe operation, and

includes loss of phase protection, failed-thyristor protection, over current

protection, etc.

15.5 OHMIC HEATING COIL POWER SYSTEM

The ohmic heating coils are utilized only during the start-up phase of

operation. These are a system of superconducting coils with an inductance of

55 millihenries and a rated current of 200 kiloamperes. In parallel with the

superconducting coil is a series combination of a diode and an adjustable

resistor. The diode is connected so as to block current during the charging

period of the coil. A 12 volt power supply, with series blocking diodes in

the bus from the power supply, is connected across the ohmic heating coils.

Figure 15-3 illustrates the proposed ohmic heating coil system.
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12 V
200 KA

•i*

L=55 mH
200 KA

-Kh

o
4 TO 85 m£2

Figure 15-3. Ohraic heating coil power system.

The adjustable resistor consists of several servo driven liquid rheo-

stats, capable of a total resistance change from 4 milliohms to 85 milliohms

in approximately 10 sec. The liquid rheostats are capable of absorbing the

full 1.1 x 10 joules stored in the ohmic heating coil.

The use of blocking diodes in series with the 12 volt, 200 kiloamperes

power supply protects the 100 volt power supply from the coil reverse voltage

and eliminates the necessity of mechanical switches to perform this function.

Considering the rate at which the cost of solid state devices is being

reduced, this seems to be the most cost effective design option.

The adjustable resistor and the series diode would also provide protec-

tion in the event of a coil fault.

The adjustable resistor (liquid rheostat) is controlled by a closed loop

servo system and adjusted to maintain a constant 815 volts across the ohmic

heating coils as the coil current decays.

The load and power system requirements are the following:

Coil Inductance

Coil Current

Coil Stored Energy

Charging Voltage

Input Power

Primary Voltage

Power Supply Dimensions

55 mH

200 kA

1.1 x 109 J

12 V

3 .2 MVA

13.8 kV

3 m x 6 m x 2.5 m
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Liquid Rheostat Resistance 4 to 85 mohm

Liquid Rheostat Travel Time 10 s

Liquid Rheostat Dimensions 1.5 m x 1.5 m x 1.5m

Standard protection practices are used to protect the power supply

and the superconducting coils. The adjustable resistor, in the minimum

resistance configuration, protects the system against coil faults. The power

supply has a standard protection for over-current, failed thyristor, loss of

phase, etc.

15.6 ELECTRON-CYCLOTRON-RESONANCE-HEATING SYSTEM

Electron-cyclotron-resonance-heating (ECRH) is used for five sec. during

the initial phase of plasma startup. This high-frequency heating, at 160

GHz, requires a beam supply of approximately 14.4 MW of 100 kV dc power and

approximately 2 MW of power for the heaters magnet supplies, gun supplies,

etc', for a total of 16.4 MW.

At the end of the five sec. ECRH period, the lower hybrid radio-

frequency heating system is engaged.

Standard protection techniques are used for the gyrotrons; these include

over-current protection and fast crowbar systems.

The requirements for the ECRH system are:

Input Power at 13.8 Kilovolts 15 MW

Input Power at 480 Volts 2 MW

Outdoor Substation for High Voltage 20 ra x 30 m

Power Supply

Indoor Volume for rf System 30 m x 30 m x 3 m

15.7 LOWER HYBRID RADIO-FREQUENCY HEATING POWER SYSTEM

The lower hybrid radio-frequency heating system operates at 1.67 GHz.

This system provides the basic plasma heating for STARFIRE. The linear-beam

tubes used in this application can be constructed to be 0% efficient - that is,

the output power can be reduced to zero with no change in input power. The
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tube cooling system will be designed to accommodate this feature. This quick

shutdown (less than 1/2 sec.) would be utilized in the event of a plasma

disruption when it is desired to resume plasma heating in a short period, with-

out a power grid perturbation that might result in line "flicker".

The following are the basic power requirements for the rf System:

Power Required 152.7 MW

Primary Voltage 13.8 kV

Substation Area 250 m 2

rf System Volume 1600 tn3

(power supply, tubes,
circulators, phase
shifters, waveguide;
exclusive of access area)
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16.1 INTRC'I'TiCTION AVK

The support structure syster for a toVarcak power reactor is ar important

element of the overall reactor c'esifrn. Although it is r.ot actively involved

in performing an" of the reactor's functions, tbe support structure must be

designed as a complete system <mrl integrated into the overall reactor config-

uration, to permit the design of structurally efficient load-carrying compo-

nents which meet the requirements of other subsystems without adding unduly

to maintenance complexity and time.

The design of the support structure syste$ for STARFIRE was strongly

influenced by the very large magnitude of the out-of-plane magnetic forces

acting on the toroidal field (TF) coils, which result from the requirement

that all superconducting equilibrium field (EF) coils be located outside the

TF coils. This requirenent, which precludes "interlocking" of superconduct-

ing coils, was considered fundamental for the reactor design so that replace-

ment of a failed superconducting TF or EF coil could be accomplished within

an acceptable downtime.

The method selected to react the large out-of-plane TF coil forces

was to rigidly connect the outer legs of the room-temperature vacuum tanks

of the TF coils through thick vertical steel panels, as shown in Fig. 16-1.

The forces are carried from the superconductor to the helium vessel, then

transmitted from the vessel to the surrounding vacuum tank through a sys-

tem of struts fabricated from G-10 CR, a high strength fiberglass with low

thermal conductivity. The vacuum tank in turn acts as a beam to transmit

the loads to the pinned joints which attach the panel corners to the

vacuum tank. Since ideally the loads for each coil are equal in mag-

nitude and opposite in direction on either side of the midplane, the

loads in each panel are balanced by attaching its vertical sides to the

surfaces of adjacent vacuum tanks to effect a shear tie along the sides.

The lower leg of each TF coil vacuum tank is attached to the reactor

building floor to react unsymmetric load conditions and to stabilize the

complete system.

Other major components of the systerr- arp the centerpost and its support-

ing thermal isolation struts, blanket/shield support pedestals, upper and

lower vacuum pump support assemblies, and OH and EF coil r'evars and supports.

16-1



UPPER S/C EF COI L SUPPORT
UPPER VACUUM PUMP SUPPORT ASSY

COMMON DEWAR^ I |aSLl_CENTERPOST

TFCOIL
VACUUM TANK'

ATTACH POINT
,TO TFCOIL

^ANTI-TORQUE
'PANEL

THERMAL
ISOLATION
STRUTS

; BLANKET
BEARING PAD

13-3311A
SUPPORT LOWER VACUUM

PUMP SUPPORT

Figure 16-1. STARFIRE reactor support structure system.



The centerpost, constructed of G-10 CR fiberglass laminate, reacts the

centering (radial) forces from all twelve TF coils, and reacts a small

fraction of the TF coil out-of-plane forces as two torques acting in opposite

directions on the centerpost top and bottom. The centerpost loads are

reacted to the building floor through a set of thermal isolation struts,

made from G-10 CR, which are attached to the bottom of the cylindrical

portion of the centerpost. The major strut loads are vertical dead-weight

loads since most of the torque due to TF coil out-of-plane forces is reacted

to the building floor through the TF coil vacuum tanks.

The blanket/shield support pedestals are beam-and-web structures which

attach to the bottom of each TF coil vacuum tank and which react loads from

the blanket and shield sectors to the building floor. The upper vacuum pump

support assembly is a structural channel assembly connecting all twelve upper

vacuum pump shield pods, which reacts the large bending moment which

otherwise would be applied to the penetration duct shield assembly resulting

from the weight of the pod and pump assembly. The two large-diameter super-

conducting EF coils are supported from the TF coil vacuum tanks through

tripod-shaped beam assemblies.

The preceding components, in add'tion to the TF coil vacuum tanks and

anti-torque panels, are constructed of Nonmagne 30, a nonmagnetic austenitic

manganese steel with low nickel and chrome content, selected to reduce

activation of the structure to minimal levels and to reduce resource require-

ments for nickel and chrome. Nonmagne 30 is readily welded to itself

and to other steels.

A finite element structural analysis was performed to determine the

support structure system load distribution which results from the TF coil

out-of-plane forces. Maximum deflection of the helium vessel was calculated

to be 5.08 cm, which was judged to be acceptable for TF coil operation.

Stresses in the helium vessel and vacuum tank were determined to meet ASME

Code Section III (Nuclear) primary limits. The struts connecting vessel and

tanV were sized and located in accordance with the out-of-plane load distri-

bution to keep stress levels at or below 276 N!a (40 ksi), equivalent to ^

the ultimate strength of G-10 CR at cryogenic temperature.

This chapter presents a discussion of the rationale for the design of

the reactor support structure system design (Sec. 16.2). The major design
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constraints and guidelines are also discussed. The geometry, material,

fabrication and assembly of each of the major system components are presented

in Sec. 16.3, together with a description of each component's function

in reacting the major applied loads. The finite element analysis of the

support structure system is discussed in detail in Sec. 16.4. In addition,

off-nominal and worst-case accident situations are briefly discussed, and the

seismic analysis presented in Appendix D, is briefly discussed in terms of

changes to design details necessary to accomodate seismic loads.

16.2 DESIGN CONSIDERATIONS

16.2.1 Design Philosophy and Approach

The reactor support structure system must safely react all loads acting

on reactor components resulting from magnetic, thermal, pressure, gravity and

seismic forces. It must perform this task efficiently, to minimize the required

amount of structural material and thus minimize capital costs related to

material quantity and fabrication. The system must not make maintenance tasks

more complex than necessary, in order to minimize reactor downtime and

maximize availability. It should also be designed for life-of-plant, if

possible.

In order to achieve these objectives, it is mandatory that the reactor

support structure be considered and designed as a system, not as individual

pieces each designed to perform specific tasks. Further, the design of the

system must be integrated with the reactor design from its inception. This

is necessary to ensure that the most efficient "load paths" — planes or axes

along which the forces are reacted — are used for the components of the

support structure system, consistent with the requirements of other reactor .

systems and the selected maintenance approach. The structure must not be

considered as an "add-on" to the reactor design after completion of the basic

designs for the other subsystems. That approach can result in grossly

oversize and costly structure, simply because the remaining permissible load

paiths require the use of less efficient methods of reacting loads, e.g. shear

and bending combined instead of direct shear.

The use of efficient load paths is particularly important for the

STARFIRE reactor design because of the large out-of-plane magnetic forces
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acting on the TF coils during operation (Chap. 9). Ideally those forces

would be reacted most efficiently by forming a complete torus connecting all

the TF coils; the torus surface would be that formed by rotating a coil 360*

about the reactor centerline. Such an ideal torus is impractical for a power

reactor design. Evaluation of candidate support structure approaches (Sec.

16.3) indicated that, for STARFIRE, the best structual approach overall is

one which accommodates necessary protrusions (e.g., vacuum pump ducts) and

which conforms to the selected maintenance approach (removal/replacement of

large blanket sectors through the opening between TF coil outer legs) while

approximating structurally the rest of the torus.

The basic STARFIRE design approach uses the latter concept. A large part

of the torus is approximated by shear panels between adjacent TF coils, which

are removable for blanket maintenance. The specific design of the support

structure system and its components were developed in conjunction with the

reactor design so that requirements for operation and maintenance of the

other reactor systems were best satisfied.

16.2.2 Design Requirements and Constraints

The primary design requirements, guidelines, and constraints for the

support structure system are presented in Table 16-1 and discussed below.

Table 16-1. Primary Design Requirements, Guidelines
And Constraints For The Reactor Support
Structure System

DESIGN REQUIREMENTS DESIGN GUIDELINES DESIGN CONSTRAINTS

NORMAL OPERATION AND OFF-
NOMINAL CONDITIONS:
REACT ALL LOADS WITHOUT
COMPROMISING SUBSEQUENT
OPERATION

MAJOR ACCIDENT CONDITIONS:
REACT ALL LOADS WITHOUT
PERMITTING LARGE-SCALE
UNCONTROLLED MOTION OF
COMPONENTS

o USE EFFICIENT LOAD FATHS

o DESIGN LIFE J> LIFE-OF-PLANT

o THERMAL AND VACUUM ISOLATION
OF:
- TF AND EF COIL HELIUM VESSELS
- CENTERPOST AND OH/EF COILS

o MINIMIZE ACTIVATION OF STRUCTURE

o MINIMIZE RESOURCE-LIMITED MATERIALS

o MINIMIZE IMPACT ON ROUTINE
REACTOR MAINTENANCE TASKS

o DESIGN TO PERMIT FEASIBLE
REPLACEMENT METHOD FOR ALL
LONG-LIFE REACTOR COMPONENTS

o USE WELDED VACUUM JOINTS WHERE
POSSIBLE

o VACUUM PUMP DUCTS PENETRATE
BETWEEN TF COILS AT TOP AND
BOTTOM

O CIRCUMFERENTIAL DIELECTRIC
BREAK. REQUIRED IN CLNTERFOST
AND INTERCOIL STRUCTURE

O BLANKET COOLANT LINES AND
RF DUCT EXTEND OUTWARD
HORIZONTALLY BETWEEN TF
COILS

O BLANKET SECTORS TO BE
REMOVED THROUGli SHIELD
BETWEEN ADJACENT TF COIL
OUTER LEGS

o SUPERCONDUCTING EF COILS
LOCATED 1 M OUTSIDE TF COILS
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The system is required to safely react all loads acting on the reactor

components during normal operation and all off-nominal conditions (e.g.,

seismic events) other than major accident conditions, without experiencing

permanent deformation to the extent that subsequent operation or maintenance

of the reactor would be compromised. The primary concern in satisfying this

requirement are the large out-of-plane forces acting on the TF coils. The

forces vary poloidally around the TF coil but are equal and opposite in

direction on either side of the reactor midplane, so that although net

resultant force is zero, a large out-of-plane couple or moment is created

which tends to overturn the TF coil. Magnitude of the force is b5 MN (14.6 x

106 lb). Centering forces and in-plane forces acting outward on the TF coil

around its perimeter must also be reacted.

The worst-case accident situation considered, in terms of the effect

on structure, was that resulting from one faulted TF coil (Sec. 9.5.2). In

this situation large out-of-plane forces act on each of the two TF coils

adjacent to the faulted coil, tending to push them away from the faulted coil

(which experiences no forces since it carries no current). The forces are

distributed nonuniformly around the perimeter of these coils; net force on

each coil is 400 MN (90 x 106 lb). (Loads on coils further away are

greatly reduced, and are not significant for an accident case). For this

situation the structure was required only to restrain the coils so that total

collapse of the coil system would not occur. Gross permanent deformation of

some structure was permitted and subsequent major repairs to the reactor were

assumed allowable (and perhaps necessary for a reasonable design), since as

a minimum the faulted TF coil would have to be replaced anyway and other

concurrent repairs would not unduly increase total downtime.

The most important guideline related to maintenance was to not signifi-

cantly increase the time for or complexity of the most common scheduled and

unscheduled reactor maintenance tasks, which involve costly reactor downtime.

However, the design was also required to provide for feasible methods of

removal and replacement of long-life components, such as the TF coils.

The TF and EF coil helium vessels are required to be thermally isolated

from adjacent components to minimize cryogenic system cooling requirements,

which means for practical designs that the vessels must also be surrounded by
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multi-layer insulation in a high vacuum region. Because the TF coil inner

legs and the OH/EF coils inside the centerpost are in close proximity, it was

decided that the centerpost should also be within the vacuum region.

In line with overall project guidelines, emphasis was also placed on

minimizing the amount of activated structure material, its degree of activa-

tion, and the use of limited or foreign controlled resources.

Numerous design constraints forced a compromise between structural

efficiency and the design requirements for other reactor systems. The most

important constraints were the locations determined to be necessary for

vacuum ducts, RF ducts and blanket coolant lines, and accommodation of the

selected maintenance approacl for the blankets. The vacMurc ducts which

connect thp vacuum >->lenum inside the bulk shield to the vacuum pump pod are

^1 m2 in cross section and are surrounded by 0.5 to 0.6 m thick shielding.

The ducts are located at the top and bottom of the shield between adjacent TF

coils to permit the vacuum system to remain intact during maintenance and to

minimize heating of pump cryosorption panels due to neutron streaming. The

ducts are inclined at 40° from the vertical to utilize the wider opening

available at that point between TF coils. The duct and its shield occupy a

large part of the area in this region which would otherwise be available for

structure between adjacent TF coils.

The requirement that the blanket sectors be removed between adjacent TF

coil outer legs dictated that any major structure in that region had to be

relatively easy to remove and replace using remotely operated maintenance

equipment. This meant that welded structural joints would not be practical

and that less efficient nonpermanent mechanical connections were required to

connect structural components. The protrusions of the blanket sector coolant

lines and rf duct between coil outer legs also had to be accommodated by the

structure without forcing extensive rerouting or other modifications of the

lines and duct.

16.3 SUPPORT STRUCTURE REFERENCE DESIGN

The major elements of the reactor structure support are the twelve TF

coil vacuum tanks, the twelve vertical anti-torque panels between the

outer legs of adjacent TF coils, and the centerpost (see Fig. 16-1). These
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elements in combination were determined to be the best means of reacting the

out-of-plane magnetic forces on the TF coils, the dominant operational load

experienced by the structure. This configuration was confirmed, through

finite element structural analysis, to be satisfactory for operational loads,

and was judged to best fulfill STARFIRE design requirements and to best

satisfy the design guidelines of Table 16-1.

Other types of support structure systems were examined before deciding

on the vacuum tank/panel approach. Two of these are illustrated in Fig.

16-2. The frame approach has typically been used on existing experimental

tokamaks, and was also used in the Argonne TEPR design. The resulting

structure is very rigid and can be easily made of common structural steel

shapes. However, the tramework Limits accessibility and accommodates protru-

sions such as the vacuum duct only with difficulty. More importantly,

reaction of the torque in the upper support frame requires either tension

ties to the building (as shown), or an X-shaped vertical frame assembly

linking adjacent TF coil outer legs. Tension ties to the building were

judged undesirable because they would interfere with overhead crane operation,

and would force the use of wheeled or tracked maintenance devices traveling

on the building floor unless all tension ties were first removed. The

framework also interferes with any vertical removal of components from the

reactor by the crane. Although the X-frame would serve the same function as

a shear or anti-torque panel, it constrains the locations available for the

blanket coolant line and rf duct protrusions. A variation of this concept

was briefly examined which used an X-frame hinged at the bottom to fold down

to a horizontal position during maintenance. This concept was rejected

because it would interfere with the monorail.

A second alternate concept, examined only briefly, places the plasma

chamber vacuum boundary outside the envelope of the TF and EF coils. The

boundary also functions as a single vacuum tank for all coils, so that

individual tanks are not required. To react adjacent out-of-plane forces,

TF coil helium vessels are connected with a framework structure above the

top and bottom of the outer leg. Resultant torques in the top and bottom

frames about the reactor centerline are self-reacting through the (approxi-

mately) vertical parts of the helium vessels in the coil outer legs.

Although this arrangement provides clear access to the reactor above and
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REWINDING SPOOL

13-4063
(a) Approach using torque frame.

TF COIL
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VESSELS

STRUCTURE BETWEEN
TF COILS

STRUCTURE -
BETWEEN
TF COILS

(b) Approach with torques self-reacting
through helium vessels.

Figure 16-2. Alternate support structure system concepts.
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belovj the midplane between adjacent TF coils, it constrains the size and

location of any vertical protrusions from the reactor, such as vacuum pump

ducts. The large resultant torques for the STARFIRE reactor design would

produce large bending moments in the helium vessel vertical legs. Since

the inside dimensions of the vessels are set by coil total area and field

requirements, the vessels must be made quite thick to react the loads. Sig-

nificant problems of high local stresses would probably be encountered in the

joint between the frame and vessel, which is the location of maximum rate of

change of the deflection angle of the vessel. Bending stresses and deflec-

tions for the coil cables in this region would also be a significant concern.

Total deflection of the upper portion of the TF coils would also likely be

large unless the helium vessel walls are made very thick to obtain a suffi-

ciently large second moment of inertia.

Based on qualitative evaluation and conparison of the three concepts,

the vacuum tank/panel approach was determined to be overall the most satis-

factory for the STARFIRE reactor design.

The following paragraphs contain discussions of each significant compo-

nent of the reactor support structure system. The selected materials and

configurations are described together with the fabrication and assembly

method. Major load sources for each component are given, together with the

rationale for the selected configuration. Figure 16-1 illustrates the geo-

metry of each component and their interrelationship. Components materials

and weights are summarized in Table 16-2; material structural properties are
(2 3)

summarized in Table 16-3. '

16.3.1 TF Coil Vacuum Tank

The vacuum tank for the outer leg of each of the 12 TF coils is provided

by a steel plate structure of rectangular cross section (Fig. 16-3). The

tank acts as a major element of the support structure system by reacting

magnetic, gravity and seismic loads from the helium vessel and coil. Loads

are transmitted from the helium vessel to the vacuum tank through a network

of thermal isolation struts made of 6-10 CR fiberglass. The vacuum tank and

vessel in combination act to beam the out-of-plane forces radially inward to

the centerpost and radially outward to the anti-torque panel. (The struts,

helium vessel and TF coil are described in detail in Sec. 9.2.7.)
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Table 16-2. Component Materials and Weights

COMPONENT

TF COIL
ROOM TEMPERATURE
DEWAR

ANTI-TORQUE
STRUCTURE

CENTERPOST

CENTERPOST
SUPPORT STRUT

THERMAL
ISOLATION
STRUTS

BLANKET/SHIELD
SUPPORT PEDESTAL

COMMON
DEWAR

VACUUM PUMP
SUPPORT STRUCTURE

EF-COIL
SUPPORT STRUCTURE

EF/OH
SUPPORT STRUCTURE

MATERIAL

NONMAGNE 3 0

NONMAGNE 3 0

G - 1 0 CR

G - 1 0 CR

G - 1 0 CR

NONMAGNE 3 0

NONMAGNE 3 0

NONMAGNE 3 0

NONMAGNE 3 0

G - 1 0 CR

DENSITY
(kg/m3)

7940

7940

1900

1900

1900

7940

7940

7940

7940

]900

VOLUME
0»3)

10.23/COIL
122.76 TOTAL

11.03/COIL
132.4 TOTAL

147.0

.125 STRUT

.084/COIL

4.39/COIL
52.7 TOTAL

8.80

3.11

.0784/COIL

.941 TOTAL

1.935

MASS
(kg)

81,226
974,714

87,574
1,050,888

279,300

238
1,425

160
1,920

34,856
418,438

69,872

24,693

622
7,472

3,676

2,727,804

Table 16-3. Structural Properties of Materials in Support
Structure System (Refs. 2,3)

PARAMETER

YIELD STRENGTH

TENSILE STRENGTH

MODULUS OF
ELASTICITY

POISSOK'S RATIO

NONMAGNE 30

21*C

362 HPa
(52.5 ksl)

797 HPa
(115.6 ksl)

199.3 x 103 HPa
(28.9 x 106 psl)

.26

-13O'C

613 HPa
(88.9 ksl)

817 HPa
(113.5 ksl)

199.3 x 103 HPab

(28.9 x 106 psi)

.26

G-10 CR

2O'C

N/A

414 HPa
(60 ksl)

28.3 x 103 HPa
(4.1 x 106. ps i j

.15

-269»C

N/A

863 MFa
(125 ks l )

3S.8 x 103 HPa
(5.2 x 106 ps l )

.211

GRAPHITE EPOXY*

2O'C

N/A

241 HPa
(35 ksl)

69.6 x 103 MPa
(10.1 x 10b psi)

.38

-55*C

N/A

241 HPab

(35 ksi)

67.6 x 103 MPa
(9.8 x 106 p»i)

.37

FIBER DIRECTION:
45X IN + 45" DIRECTION

22.5* IN 0* DIRECTION
22.5* IN 90' DIRECTION

° ESTIMATED.
c NA - NOT APPLICABLE
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Figure 16-3. TF coil structural configuration.



The helium vessel and vacuum tank do not act as an ideal composite beam,

one within the other, which would require that the inner and outer parts be

deflected equally at any given CTOSS section. These deflections are only

approximately equal, the difference being due to the tensile strain induced

in the fiberglass struts which have a modulus of elasticity only ̂ -1/5 that of

the steel in the vacuum tank and vessel. To preclude overloading of the

struts and to minimize the rate of change of deflection in the helium vessel,

strut spacing along the tank axis was varied together with strut depth as

necessary to keep stress levels in all struts at or below 276 MPa (40 ksi),

^1/3 the ultimate strength of the fiberglass at cryogenic temperature. In

the regions of greatest out-of-plane forces, adjacent struts are separated

only by narrow gaps, and a strut depth of 7.5 cm (3 in.) is required. This

area requires further development; if the attachments for these larger struts

resulted in locally high moments, solutions such as substituting steel for

fiberglass as the strut material in the regions of maximum load would be

examined.

The vacuum tank is attached to the anti-torque panel through tension and

shear ties. The corners of the panels on either side of the tank are fastened

to it through a pin which joins mating lugs on the tank and panel. Keys, or

"teeth," transmit a shear load (which results from panel deflection) along

the vertical sides of the anti-torque panel to mating teeth in the sides of

the tank and in a fixed vertical shear plate located slightly inward radially

from the inner surface of the outer leg tank. The fixed plate, called the

carry-through, balances the shear load from one panel with an equal but

opposite shear load from the panel attached to the other side of the tank.

The plane of the plate is parallel to the vacuum tank inner surface at the

midplane. "Kick" loads resulting from the 30° difference in angle between

the planes of adjacent anti-torque panels are reacted through the pinned

joints at the anti-torque panel corners into the tank.

A second strut system also connects the helium vessel and vacuum tank.

These struts lie in vertical planes, and react gravity loads and vertical

forces during seismic events. This strut system was not analyzed since the

loads involved are less than 1/10 those from the out-of-plane magnetic

forces.
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Reaction of forces on the TF coils for the worst-case accident, one

faulted coil, involves load paths considerably different from those for

normal operating loads. No forces act on the faulted coil; he/ever, forces

totalling 400 MN (90 x 10s lb) act on each of the adjacent TF coils, tending

to push them away from the faulted coil. Limited structural damage can be

accepted for this condition, the primary objective being to prevent total

collapse of the TF coil system (i.e., azimuthal breakaway). To prevent

large-scale movement of the helium vessel within the vacuum tank for the

coils adjacent to the faulted coil, caused either by overloading or by load

reversal on the struts, flat pads or "bumpers" are added at regular intervals

to the inside surfaces of the tank sides. The surfaces of these pads are

less than 1 cm away from the helium vessel surface during normal loading

conditions. Thus under the large accident case forces the helium vessel is

pushed against the pads and the forces are transmitted in bearing directly to

the tank. The faulted coil case is discussed further in Sec. 16.4.2.

The vacuum tank is constructed of Nonmagne 30 steel (see Sec. 16.1) in

modular fashion around the helium vessel. Each module consists of steel

plates 1/2 to 1 m in length, with the exact length being determined by

manufacturing considerations. After the struts for the module are connected

to the helium vessel, the plates are welded to each other along mating edges

and to the adjacent module previously completed.

16.3.2 Anti-Torque Panel

The twelve anti-torque panels are located between adjacent TF coil outer

legs, just outward of the shield doors. Each panel lies in a vertical plane

which is perpendicular to a ray from the reactor centerline equidistant

between coil centers.

Each panel is approximately 28 cm thick on the average, with the middle

portion closest to the shield door being somewhat thicker to function

neutronically as added shielding. Rectangular-shaped cutouts in the panel

permit coolant line and rf duct bundles from the blanket sector to pass

through. A boron compound several millimeters thick is applied to the

outward-facing surface of the panel, to minimize radiation (specifically,

thermal neutrons) from the steel in the panel which becomes activated during

reactor operation.
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The panels are attached at their corners to the sides of adjacent TF

coil vacuum tanks through pinned joints, and along their vertical sides to

the tanks and carry-through structure through a series of machined keys and

slots. A dielectric break poloidally is required in the anti-torque panel

assembly to preclude any current path between adjacent TF coil vacuum tanks.

The panels' structural function was described in the previous section.

An alternative concept to the panel, a steel brace frame, was studied

and subjected to a preliminary stress analysis. The concept is shown in Fig.

16-4. In this concept the solid shear panel is replaced with a system of

three braces, the ends of which are attached to flat frames. Serrations on

the outside of the frames mate those in a plate which is either bonded to the

vacuum tank or fastened with bolts installed in blind tapped holes in the

tank. Intersection points of the brace centerlines and the tank sides are

selected to minimize the bending moment in t̂ a tank/vessel combined beam

between any two attach points. The assembly is removed by unsplicing the

joint in the center leg, and the single joint in each vertical frame which is

located at the point of minimum load.

SECTION 7.5 Cm X I ! SHEA'S ON ."=ACE
8.3 M»a

SECTION
TiXISOcm

WEIGHT: 37 TONNES
12 REQUIRED
304N STEEL PLATES

Figure 16-4. Steel brace frame concept.
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As conceptually designed the steel brace frame is far lighter than the

anti-torque panel, 37 tonnes vs 87 tonnes. However, it was considered that

the braces and possibly the frames would have to be considerably heavier and

of a much larger cross section to provide adequate margin against column

buckling for the very high compression loads being carried. Also, the 30"

included angle between the planes of the two frames connected by the braces

is expected to result in a component of the friction force at the interface

of mating serrations whic*1 would tend to force the assembly outward and thus

disengage the serrations. Thus the frames would have to be positively

attached (e.g., bolts) to the vacuum tank sides, or the serrations on the two

frames would have to be cut with a zero included angle (in the horizontal

plane), making alignment of the small (̂ 1/2 cm) serrations much more diffi-

cult during removal or reinstallation. Although the concept has large open

areas for access to the reactor, the required locations for the three braces

constrain the possible locations for the blanket coolant line and rf duct

bundles. In addition, the frame assembly could not serve as shielding.

Therefore, it was judged that overall the anti-torque panel concept was more

efficient for use in the reactor support structure system.

Two aspects of the panel which require further design development are

the dielectric break and the panel-to-tank attachment method. Both are

considered to require only improvements in design rather than technology

breakthroughs.

The dielectric break can be located either at one or both vertical sides

of the panel, or in the central region along a convenient vertical section.

An epoxy bond between the vacuum tank and a vertical frame member with

machined slots would act as a dielectric break and would also provide some

adjustment capability during initial fit-up of the panel to the tank. The

average shear load is 53.8 MPa (7800 psi) which would require a bonding agent

of higher shear strength than available today. Insulation of the pin at each

panel corner could be accomplished through use of a non-metallic insert in

the lug holes. On the other hand, placing the dielectric break in the

central region of the panel would required a double splice plate arrangement

with insulators between each plate and the panel and around each shear

transfer pin.
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The pin at each panel corner transfers a load of 9.8 MN (2.2 x 106

lb) in shear through a lug set, which requires a high-strength steel pin

of approximately 8-12 cm diameter. The requirement for removal and replace-

ment of the panel will necessitate further design effort to determine the

values of pin-to-lug and key-to-slot clearances which will facilitate the

maintenance operations while minimizing panel motion during initial load

application.

The panels are made of Nonmagne 30 steel. Fabrication is straightfor-

ward, using state-of-art machining and tooling methods. The required close-

tolerance gaps between each key and its mating slots is verified using

slightly oversize check tooling, the reverse of which is used to verify

the mating edge of the tank and carry-through.

16.3.3 Centerpost

The centerpost for the STARFIRE reference reactor design performs a

number of important structural functions, by reacting:

o centering (radial) loads from the TF coils;

o a fraction of the torque resulting from out-of-plane TF coil forces;

o all OH/EF coil forces; and

o TF coil inner leg gravity loads.

The centering loads from the twelve TF coils are self-reacting. All other

loads are transmitted from the centerpost to the building floor through the

support strut assembly (see Sec. 16.3.5).

The relatively small out-of-plane magnetic forces in the TF coil vertical

inner leg are transmitted in bearing from a key (raised rib) along the helium

vessel centerline to a mating slot in the centerpost. The much larger forces

from the TF coil at the top and bottom away from the inner leg are reacted in

part by large bosses on the outside of the flared regions at the top and

bottom of the centerpost. The raised surfaces on the flares fit closely

between adjacent helium vessels and pick up out-of-plane coil loads as the

vessels deflect. The loads from the 12 coils result in a torque, having

equal magnitudes but opposite directions at the top and bottom of the center

post. The flares and bosses extend outward between vessels for only a

relatively short distance, since the reduction of stiffness with radial
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distance from the cylindical portion of the centerpost rapidly reduces the

flares' effectiveness.

The OH/EF coils are contained in two sleeves set one atop the other

within the centerpost. The coils have no individual vacuum tanks since the

center post is within a vacuum region; thus the helium vessel of each of the

eight coils is rigidly connected directly to the sleeve structure. In the

event coil replacement is necessary the sleeves are removed vertically

through the top of the centerpost.

The weight of the TF coil inner leg is reacted by the centerpost through

a ledge formed in the lower centerpost cylindrical outer surface, which mates

a step in the TF coil helium vessel.

The centerpost is fabricated of G-10 CR fiberglass laminate. This

material was selected primarily because it is a dielectric with relatively

good structural properties. A metallic centerpost was not selected for

STARFIRE because of the many difficulties involved in constructing reliable

electrically insulated mechanical joints in the structure. Further manu-

facturing development effort is required to find the best method of incor-

porating the slots for the helium vessel keyways into the fiberglass

centerpost.

16.3.4 Common Dewar

Most of the vacuum boundary for the centerpost region and the TF coil

inner leg helium vessels Is formed by the common dewar, a body of revolution

made of steel 1 cm thick, which extends from the building floor to the outer

edge of the conical frustum atop the centerpost (see Fig. 16-1).

The common dewar is welded from cylindrical and conical subassemblies of

Nonmagne 30 steel. The bottom edge of the dewar is welded to the steel liner

of the building floor and the top edge is welded to the conical frustum which

is a part of the upper vacuum pump support system (Sec. 16.3.5). The common

dewar is welded to the perimeter of each of the 12 TF coil vacuum tanks at

the point where the helium vessels penetrate the common dewar near its top

and bottom. Thus, all 12 TF coil helium vessels and all eight inboard OH/EF

coil helium vessels are contained within one common vacuum region.
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The common dewar, in addition to providing a vacuum boundary, was

originally intended to react a major part of the torques resulting from TF

coil out-of-plane loads. However, it was found that for the required steel

thicknesses (%7-8 cm) the two normal-conducting copper field coils nearest

the common dewar could not adequately control the plasma because of the

strong "mirror effect" of the thick metal on the coil fields. A reliable

electrically insulated vacuum-tight mechanical joint in the common dewar was

not considered feasible. Nonmetallic materials for the dewar structure were

rejected because of similar reliability concerns for vacuum-tight bonds

between a nonmetallic compound and the metallic components interfacing with

the dewar. Therefore, it was decided to reduce the dewar thickness to 1 cm

and to modify the centerpost to accept part of the TF coil torque load (Sec.

16.3.3). Stiffening ribs can easily be added to the dewar where necessary to

preclude buckling from the M atm pressure differential.

16.3.5 Thermal Isolation Struts

The bottom part of the centerpost is connected to the building floor

through an assembly of thermal isolation struts (Fig. 16-1). The two primary

requirements for the struts are (1) to minimize heat conduction from the

building floor to the centerpost which is at 4.2°K, and (2) to react lateral,

vertical and torque loads from the centerpost to the floor. These require-

ments were determined to be best satisfied for the STARFIRE reactor by a set

of twelve struts fabricated from G-10 CR fiberglass. The struts are connec-

ted in pairs to the floor through machined lugs, with each strut pair forming

a V-shape in the vertical plane with a 60° included angle between struts.

The struts are similarly connected to the bottom of the cylindrical portion

of the centerpost. The machined lugs are attached to the fiberglass center-

post with bolts fastened to inserts embedded in the laminate.

Each strut is 2.4 m long and 36 cm in diameter, which provides adequate

safety margin for operational loads. However, increased strut thickness or a

change to a stiffer strut material would be necessary to accommodate vertical

loads during seismic events, as discussed in Sec. 16.4.3. This is a rela-

tively simple design change which could be accomplished during a future

reactor design iteration.
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16.3.6 Upper and Lower Vacuum Pump Support Assemblies

The 24 shield pods which contain the 48 vacuum pumps are each connected

to the bulk shield surrounding the blankets through the penetration duct

shields, which are approximately 5 n in length and at a 40° angle from the

vertical. As a result, supporting the large mass of each pod/pump combina-

tion (276 tonnes) requires considerable attention. The cantilever beam

effect due to the dead weight acting on each duct should be minimized or

preferably avoided, otherwise massive structure for the duct shielding would

be required.

Two structural assemblies were designed for the 12 upper and 12 lower

pod/pump combinations respectively (Fig. 16-1). These assemblies provide

restraint against pod motion in the horizontal direction, and thus react the

moment due to the pod/pump gravity (or seismic) vertical load acting on the

horizontal moment arm along the duct. This results in duct shield loads

being mostly compressive, with minimal bending since the strut angle is close

to 45° which makes the horizontal reaction nearly equal to the vertical

load.

For the upper pod/pump combinations the resulting horizontal loads are

selt-reacting through a welded framework fabricated from standard structural

steel shapes. The central region of the assembly above the centerpost is

welded to a cylindical extension of the common dewar. A central flat

disk completes the dewar vacuum boundary. Horizontal loads are transmitted

from the pump support assembly to the flat disk in shear through the cylin-

drical dewar. The resultant bending moments in the dewar are accommodated

by stiffening ribs; smaller ribs on the flat disk prevent buckling due to the

"W atm differential pressure.

Although maximum structural efficiency in the upper support assembly

would be achieved by completing the welded framework across the reactor in a

single horizontal plane, it was considered better for the overall reactor

design to use the cylinder/disk combination. The plane of the disk is

lowered and made the same as the vacuum tank outer surface at the top of the

TF coil. This reduces the volume of the central vacuum region, which reduces

pumping requirements. It also increases out-of-plane bending stiffness of

the TF coil vacuum tanks in the region between the common dewar and the
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penetration ducts, which reduces TF coil helium vessel out-of-plane deflec-

tions. The center disk, is bolted to a permanent perimeter disk which is

welded to the cylindrical dewar. Access to the OH/EF coil support sleeves is

obtained by removing the bolts and cutting the seal weld around the outside

of the center disk. The sleeve/coil assemblies can then be removed and

replaced using only the overhead crane, without requiring the removal of any

additional structure.

The lower pod/pump combinations are each restrained from motion in the

horizontal plane through individual support brackets which connect the

vertical inner wall of the pod to the building floor. These brackets and

the entire upper support assembly are fabricated from Nonmagne 30 steel.

Fabrication and assembly are straightforward, using present-day machining

and welding processes.

16.3.7 Blanket/Shield Support Pedestals

The blanket/shield support pedestals are large welded beam-and-web

structural assemblies of Nonmagne 30 steel which are integral with

the bottom part of each TF coil vacuum tank. They provide the only struc-

tural connection between the reactor and the building floor, other than

the centerpost support struts. (The contribution of the common dewar, by

comparison, is not significant). Thus the pedestals are required to react

virtually all loads from reactor components other than the centerpost, OH/EF

coils and sleeves, and TF coil inner legs.

The cross section of each pedestal assembly resembles an inverted

flat-bottomed U, as indicated in Figs. 16-1 and 16-3. A stiffened hori-

zontal plate connects the legs of the U. The plate takes vertical loads from

the shield assembly and the blanket sectors, and the vertical sides of the

pedestal transmit these loads to the building floor.

Each small shield sector is directly supported by the pedestal beneath

it. The sides of each large shield sector rest on the edges of adjacent ped-

estals, which efficiently react the large shield sector weight while permit-

ting the penetration ducts and shields to be located between pedestals.The

large blanket sectors are located within the small shield sectors, so that

large blanket sector loads are transmitted directly through the shield to the
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pedestals. The small blanket sector is located within the large shield sec-

tor, and its vertical loads are transmitted through the shield to the sides

of adjacent pedestals. Steel bearing pads are located between each blanket/

shield sector pair which permits insertion and operation of air bearing pads

during maintenance for blanket sector removal and replacement. Blanket weight

is transmitted to the pod through the large sector support frames at the

sides of each sector (see Chap.10).

The pedestal also functions as the TF coil vacuum tank between the

bottom of the outer leg and the common dewar. (The steel liner of the

building floor serves as the bottom-most wall of the vacuum boundary.) The

pedestal is fastened to the building floor and can thereby react loads in all

directions. In particular, most of the resultant torque from out-of-plane

magnetic forces in the lower part of the TF coil are reacted by the pedestals,

instead of being transmitted through the TF vacuum tank/helium vessel

combined beam to the centerpost.

The gravity load reacted by each pedestal is approximately 1300 tonnes.

Higher vertical loads occurring during seismic events can be easily accommo-

dated by increasing structural thicknesses of the pedestal components as

necessary.

16.3.8 EF Coil Vacuum Tanks and Supporting Structure

Each of the four superconducting EF coils outside the centerpost (Fig.

16-1) requires an individual vacuum tank and a means of reacting gravity,

seismic and out-of-plane magnetic loads. Restraint in the horizontal plane

for the helium vessels must also be provided. Primary constraints on possi-

ble design options were (1) the need to permit coil replacement in a rela-

tively short period of time (at least by comparison to TF coil replacement

time), (2) the need to adapt the support structure individually for each coil

to existing nearby structure and equipment, and (3) the requirement that EF

coil centerline locations meet plasma confinement requirements.

The vacuum tank for each EF coil is constructed of Nonmagne 30 steel

panels which are connected to the helium vessels through thermal isolation

struts of G-10 CR fiberglass in assemblies similar to those within the TF

coil.
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The upper and lower small-diameter EF coils are each supported at 12

points around the outside circumference of the dewar by gusseted steel plates

Which are welded to vertical extensions of the common dewar. The upper and

lower large-diameter EF coils are each supported from each of the 12 TF coil

vacuum tanks by tripod-shaped support assemblies constructed of welded

structural channel shapes. The lower assemblies are fixed, but the upper

assemblies are hinged to swing up and out of the way during coil replacement.

(See Chap. 20 for EF coil replacement scenarios.) Although EF coil vacuum

tanks and support assemblies were not analyzed and sized for out-of-plane

(vertical) forces, simple calculations (Sec. 9.3.3) indicate that these forces

can be accomodated with acceptable out-of-plane coil deflections using EF

coil vacuum tanks of ̂ 3 cm thickness or less. Thus design of the EF coil

vacuum tanks and support assemblies is not considered to be a problem. The

support assemblies for all four EF coils are constructed of standard struc-

tural shapes made from Nonmagne 30 steel using present-day fabrication and

assembly techniques.

16.4 STRUCTURAL ANALYSES

The STARFIRE reactor support structure system conceptual design was

derived largely through the qualitative comparison of the relative advantages

and disadvantages of various design options in terms of the benefits to the

overall reactor design. First-order-approximation strength analysis was

performed as required to support these comparisons, which in most cases was

sufficient and appropriate for a conceptual design such as STARFIRE.

However, because of the large magnitude of the out-of-plane TF coil

magnetic forces and the numerous possible load paths for distributing those

forces through the structure, it was decided that the structural adequacy of

the selected TF coil vacuum tank/anti-torque panel approach should be checked

using more sophisticated analytical techniques. Accordingly, a NASTRAN^ '

finite element model of the major STARFIRE structural components was con-

structed to determine the load distribution and deflections resulting from TF

coil out-of-plane forces. This analysis is discussed in Sec. 16.4.1. The

results confirmed the structural adequacy of the selected approach and

indicated areas for design detail improvements.
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The worst-case accident condition, that of a single faulted coil, was

examined qualitively to determine whether additional structure was necessary

to ensure the restraint of the TF coil system against collapse. This evalua-

tion is discussed in Sec. 16.4.2.

A seismic analysis of the STARFIRE design was also performed. For the

Zone 2 conditions assumed, the results indicated that the frequencies of the

major reactor components are not closely coupled, so that lateral and vertical

deflections can be held within desired limits without major structural

changes being required. Increased stiffness of the centerpost support struts

and the addition of overtravel bumpers were shown to be desirable. The

analysis is discussed in detail in Appendix 0 and the results are summarized

and discussed in Sec. 16.4.3.

16.4.1 TF Coil Structural Analysis

A NASTRAN finite element model of the STARFIRE design was constructed

to calculate the internal load distribution and resulting deflections from

the out-of-plane loads acting on the TF coil. A 30° toroidal section of

the reactor was modeled, with one TF coil and vacuum tank at the model

centerline, as shown in Fig. 16-5. The model consists of 414 bending plate

elements and 235 bar elements. Bending plate elements were used to model the

vacuum tanks, common dewar, centerpost, and anti-torque panels. Bar elements

were used to model the TF coil helium vessel, centerpost support struts, and

struts connecting the TF coil to the vacuum tank. No credit was taken for

the stiffness of the coils within the helium vessel.

The support struts connecting the TF coil to the vacuum tank were

sized to limit applied stress to a maximum of 276 MPa (40 ksi), •*•' '3 of

ultimate strength for G-10 fiberglass at cryogenic temperature, based on the

grid size chosen for the TF coil vacuum tank, more than one support strut was

often located in the area between the grid points. Therefore, the cross-

sectional areas of the modeled struts were increased proportionately to

represent the cross-sectional area of the actual number of struts in the

reactor.

The reactor structure is required to react both a symmetric loading and

an unsymmetric loading from the TF coils. The symmetric loading condition is
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Figure 16-5. Finite element model of STARFIRE structure.

BASE

a radial 69 MPa (10 ksi) magnetic centering pressure acting on the centerpost

and a M atm external pressure acting on the comnon dewar. The unsymmetric

loading condition (Chap. 9) is a 65 MN (14.6 x 10G 1b) out-of-plane load

couple acting on the top and bottom of each TF coil. This load couple acts

on each TF coil in a clockwise direction (looking down) in the upper half of

the reactor and in a counterclockwise direction in the lower half of the

reactor.

With only a 30° sector of the reactor modeled, a separate subcase

(solution) was required for each loading condition due to different edge

constraints being required for the two loadings. By applying the correct

edge constraints to the 30° model for each loading condition, a complete 360°

torus was represented (a feature of the NASTRAN code). A NASTRAN case

combination option that provides the capability to linearly combine results
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fron different loading conditions was used to calculate overall deflections

and stresses of the structure.

The resulting deflected shape for the total loading on the structure is

shown in Figs. 16-6 and 16-7. The out-of-plane loading on the TF coil causes

a twisting of the structure about the horizontal centerline of the reactor,

as shown in Fig. 16-6. Bending of the vacuum tank occurs between the connec-

tion with the common dewar and the anti-torque panel, as shown in Fig. 16-7.

TF coil helium vessel out-of-plane deflection increases sharply in the region

where heliur vessel support transitions from the centerpost to the support

struts that connect the helium vessel to the vacuum tank. This increase in

deflection is due to sharply reduced stiffness in the unsupported length of

helium vessel (the only stiffness being that of the vessel itself) combined

with the relatively high loads in this region.

Deflections of the TF coil and helium vessel vacuum tank versus poloidal

position are shown in Fig. 16-8. The maximum helium vessel out—of—plane

deflection is 5.08 cm (2.0 inches) which occurs in the upper half of the

reactor in the region between the centerpost and anti-torque panel. In the

lower half of the reactor, TF coil out-of-plane deflection is less, 3.74 cm

(1.55 inches), due to the additional restraint provided by the blanket/

shield support pedestal. Maximum out-of-plane deflection of the vacuum tank

is 4.19 cm (1.65 inches) and occurs at the same location as the helium vessel

maximum deflection. The difference between the helium vessel and vacuum tank

deflections is the amount the support struts deflect in tension.

Out-of-plane deflection can be reduced by increasing the stiffness of

the support struts, or by increasing the stiffness of both the helium vessel

and vacuum tank to reduce the bending taking place in the composite beam

between the centerpost and anti-torque panel. To help reduce the rapid

change in TF coil helium vessel deflection at the point where the centerpost

ends and the vacuum tank begins, stiffening plates can be added in this

region that connect the radially inward and outward surfaces of adjacent

vacuum tanks (Fig.,16-9). These stiffening plates would force all twelve

tanks to act as a unit, thereby greatly increasing the torsional stiffness

of the structure. The addition of stiffening plates would also reduce the

amount of bending taking place in the helium vessel by reducing the free span

between supports. (It should be noted that the reactor design analyzed did
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Figure 16-7. Structure deflections about vertical centerline.
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Figure 16-9. Conceptual design of optional stiffening plates.

not incorporate the permanent horizontal structural disk attached to the

inside of the common dewar as described in Sec. 16.3.6. This disk is located

in the plane of the upper TF coil vacuum tank outer surface and is expected

to increase the effective bending stiffness of the vacuum tanks, particularly

if the stiffening plates previously mentioned were added to the design.)

Stresses in the TF coil vdo.'iim tank are the highest in the vertical

sides of the tank. The distribution of stresses around the tank are shown in

Fig. 16-10, for one side; stresses in the other side are of equal magnitude

but have the opposite sign. The yield strength of Nonmagne 30 is 362 MPa

(52.5 ksi) at 25°C. Stresses in the tank as analyzed slightly exceed the

yield strength locally at the intersection of the common dewar and the TF

coil vacuum tank in the upper half of the reactor; at this location the

maximum stress level is 379 MPa (55 ksi). The peak stress in the tank in the
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lower half of the reactor is 345 MPa (50 Ksi) and occurs at the location of

the blanket/shield support pedestal. These stress levels could be reduced by

incorporating the same options previously discussed for reducing deflections.

The G-10 CR support struts were sized and spaced around the TF coil to

maintain a stress level of approximately 276 MPa (40 ksi) in all struts. The

room temperature tensile strength of G-10 CR is 415 MPa (60.2 ksi). In the

region of maximum out-of-plane loading the struts will have to be nearly

continuous (shoulder-to-shoulder) and nave a thickness of 7.62 cm (3.0

inches). The stress level in these struts is 300 MPa (43.5 ksi). Further

iterations of the design would include analysis of possible bending moment

problems resulting from increased strut thickness, and alleviation of the

higher-than-desired stresses by locally changing strut material to either

titanium (which has high strength coupled with low conductivity) or a higher-

strength nonmetallic.

(It should be noted that the type of model constructed did not permit

the analysis of the steel brace frame option (Sec. 16.3.2) because of its

noneymmetry at the 0° and 30° planes of the model. Construction of a 30°

model using the TF coil centerlines as the end planes would also not suffice

because of the resultant nonsymrnetry of the struts in the model between the

helium vessel and tank. A full 360° model would be required; however, this

model was not considered for the present study because of the high computing

costs required for its analysis.)

16.4.2 Worst-Case Magnet Accident Evaluation

Of all possible off-nominal or accident situations for STARFIRE which

are caused by and/or which affect the magnets, the case involving a single TF

coil with no current was judged to be potentially the most destructive and

the most difficult to contain.

For this case, the support structure system is required to keep the TF

coils from undergoing large-scale uncontrolled toroidal motions which could

result as energy from the coil is released during its discharge. Gross

permanent deformations of the structure are considered acceptable if neces-

sary. Although the faulted coil itself has low magnetic loads acting on it,

the adjacent TF coils to either side experience a magnetic force distributed
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unsymmetrically around the coll. Net force on each of these coils is 400 MN

(90 x 106 lb); coils further away experience much lower loads.

The forces are equal above and below the midplane of the affected coils,

and are concentrated primarily along the inner leg from the coil top and

bottom to the midplane (Fig. 16-11). Forces along the vertical part of the

inner leg would be reacted through the slot in the centerpost which holds the

raised keyway on the helium vessel. To accommodate the loads, the keyway

bearing surface area would perhaps have to be increased and a U-shaped steel

section installed in the slot to take higher bearing stresses. The most Impor-

tant objective would be to ensure that the centerpost and/or its support struts

were not damaged, since their replacement would require roughly the equiva-

lent of disassembling and reassembling the entire reactor.

The forces acting on the coil from the ends of the centerpost slot

to the top or bottom of the coil would be reacted primarily as equal and

opposite torques on the centerpost flared extensions and through the beaming

of loads by the vacuum tank/helium vessel combination to the anti-torque

panel attach points. To avoid centerpost damage its thickness might have to

be increased locally in the flared regions. The best solution is likely to

1 o NET FORCE - 45 X 106 LB
OVER TOP HALF OF COIL

o + - FORCE PUSHING MAGNET
AWAY FROM FAULTED COIL

4 0 / 60 80 100 120 140 160 180

6, ANGLE AROUND TF COIL, DEGREES

-5 L

-40
13-4064

Figure 16-11. Out-of-plane forces on TF coils adjacent to faulted coil.

16-32



be the addition of the stiffening plates (Fig. 16-9) connecting adjacent

vacuum tanks at the reactor top and bottom between the common dewar and the

vacuum duct shield.

The out-of-plane forces on the eleven non-faulted coils in combination

will produce a large lateral load, which results from vector summation of

those components of the out-of-plane forces acting on the eleven coils which

are parallel to the centerline of the faulted coil. This lateral load is

balanced by the removal of the centering force of the faulted coil from the

centerpost, so that the net lateral load on the reactor is zero.

A realistic evaluation of the structural response during a faulted-coil

condition probably would require a complete 360° finite element model of the

reactor support structure system, which would preferably incorporate elastic-

plastic strains of structural elements. Such a model would not be signifi-

cantly more difficult to construct than the 30° model used herein to elasti-

cally analyze the normal operating out-of-plane loads. The model would also

enable investigations of the steel brace frame option as a possible replace-

ment for the anti-torque panels. The principal drawback would be the rela-

tively high cost of the computer time required for analyses with the model,

particularly if elastic-plastic analyses were performed.

16.4.3 Seismic Analysis

Appendix D presents detailed results of a seismic evaluation of the

STARF1RE reactor design. The evaluation was limited in scope to establish-

ment of criteria and procedures required prior to design, and to seismic

analysis of one particular subsystem, the TF coil cryogenic structure.

Parametric study results indicated that maximum horizontal displacement

of the coil for Zone 2 requirements was +7.95 cm relative to the building

floor. This is considered excessive since the accompanying stresses in the

thermal isolation struts would probably exceed the assumed allowable of

276 MPa (40 ksi), 1/3 of ultimate strength at cryogenic temperature. In

addition, axial dynamic response forces in the centerpost support struts

exceed the critical buckling load capability, 42.7 MN (9.6 x 10G lb) compared

to P of 35.6 MN (8.0 x 106 lb).
cr
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The high loads in the thermal isolation struts can be accommodated

through local design detail changes. Options include increased strut thick-

ness or a change to higher-strength materials, or the addition of pads or

"bumpers" to the inside surfaces of the vacuum tank (similar to those

described in Sec. 16.3.1) to transmit helium vessel loads in bearing directly

to the vacuum tank whenever vessel deflections significantly exceed those

encountered in normal operation. Similarly, a parametric study indicated the

centerpost support strut response can be adequately reduced by design detail

changes to cross sectional area or by changing material. It should be noted

that the support structure system analyzed had not previously been optimized

with regard to seismic loads.
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17.1 INTRODUCTION AND SUMMARY

The cryogenic system for STARFIRE is a single central system which

supplies the required quantities of liquid helium and liquid nitrogen to the

user locations near the reactor and in the fueling facility. By far the

largest cryogenic requirement is for the superconducting toroidal field coils

with lesser requirements for the superconducting portion of the EF/OH coils,

the fueling and tritium processing system, and the vacuum system cryopumps.

The cryogenic system is a relatively straightforward system requiring no new

technology, but should benefit from probable future improvements in reliabil-

ity, economy and operating efficiency.

Cryogenic refrigeration is supplied at two temperature levels. Vapori-

zation of liquid nitrogen at 80 K is used for thermal shielding of the liquid

helium cooled components and precooling of warm helium gas in the helium

refrigerator-liquifier. This liquid nitrogen is supplied to the user systems

from a central pressurized storage dewar. The nitrogen gas is returned to

the closed cycle nitrogen liquification plant where it is condensed and

returned to the supply dewar. The nominal liquifaction capability of the

nitrogen plant is 1,500 Z/h and is allocated as shown in Table 17-1.

Refrigeration at 4.2 K is supplied to the users by pumping liquid helium

from the central LHe storage dewar through LN2 shielded vacuum jacketed

transfer lines to the location of the component requiring cryogenic refriger-

ation. The liquid helium is vaporized and returned to the central helium

refrigerator-liquifier as either cold or warm gas depending on the user

requirements. The return helium gas is liquified and returned to the central

supply dewar. The nominal liquifaction capability of the liquid helium

system is 26.5 k!£/h and is allocated as shown in Table 17-2. A large medium

pressure helium gas storage facility supplies make up gas to the system and

is used to store the helium when the cryogenic system is warmed up.

A schematic diagram of the STARFIRE cryogenic system is shown in Fig.

17-1. The major system parameters are listed in Table 17-3 for the liquid

helium system and Table 17-4 for the liquid nitrogen system. The physical

location of the major components is shown on the plant layout drawings in

Chap. 20.
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17.2 CRYOGENIC REQUIREMENTS

Refrigeration requirements for the 4.2 K liquid helium system and

the 80 K liquid nitrogen system were determined by the individual system

designers. The following requirements were used to size the cryogenic system

described in the next section.

Table 17-1. Liquid Nitrogen Requirements

Helium Liquifier - Refrigerator

TF Coils

EF/OH Coils

Fuel Processing

Vacuum System

Transfer and Storage Losses*

Margin (10%)

Total 1,500 SL/h

•Includes losses associated with shielding the liquid helium

transfer lines.

Table 17-2. Liquid Helium Requirements

TF Coils 15,000 l/h

EF/OH Coils 6,600 H/h

Fuel Processing 1,500 l/h

Vacuum System 400 H/h

Transfer and Storage Losses 600 H/h

Margin (10%) 2,400

26,500

Most (>90%) of the return helium gas will be returned to the liquifier

refrigerator near liquid helium temperature.
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17.3 CRYOGENIC SYSTEM DESCRIPTION

The major components of the STARFIRE cryogenic system are shown sche-

matically on Fig. 17-1. The design of the system is generally based on

present day technology. Some improvements in reliability and efficiency are

likely before the time that STARFIRE is anticipated to be built. The liquid

helium system shown on Fig. 17-1 with the parameters listed in Table 17-3

has the following major components:

Helium Compressors — Several large helium compressors with aftercoolers

and oil removal equipment are required for the helium liquifier. Total

required power for the compressors will be about 6 MW based on 20 kW of

refrigeration with a coefficient of performance of 0.00333 overall. The

anticipated compressor package would consist of several rotary screw com-

pressors arranged in both parallel and series flow to provide helium gas at

about twenty atmospheres. These compressors would also be used to fill the

gaseous helium storage tanks when the helium system is warmed up.

Helium Gas Storage System — Because of the value of the helium inven-

tory in the cryogenic system a means of storing the helium in gaseous form is

necessary. The helium gas storage system is sized to store 70,000 std m3

of helium which is equivalent to 100,000 liters of liquid inventory. A

maximum gas storage pressure of 20 atmospheres is chosen so the refrigerator

compressors will be capable of filling the system. The cost of this large,

expensive system will be easily recovered by saving the system inventory of

helium.

Helium Refrigerator-Liquifier Cold Components — The heat exchangers,

expansion engines, helium purifiers, and other components of the helium

liquifier-refrigerator which operate below ambient temperature will be

mounted in insulated vacuum jacket vessels. Although shown as a single block

in the schematic, it is likely to consist of several separate vessels for

economic and improved maintenance reasons. Up to 900 t/h of liquid nitrogen

will be used to cool the helium from 300 K to 80 K in the liquifaction

cycle.
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Table 17-3. Liquid Helium System Parameters

PARAMETER VALUE

Design LHe Supply Rate

Refrigeration at 4.2 K

LHe Storage

Helium Gas Storage

Power Required:

a. Helium Compressors

b. Controls and Instrumentation

Compressor Cooling Water:

a. Cooling Load

b. Flow Rate

c. Inlet Temperature

d. Inlet Pressure

Liquid Nitrogen Requirements for LHe System:

a. Nominal Flow Rate

b. Inlet Pressure

c. Outlet Temperature

Liquid Helium Storage Dewar — A 100 k& dewar is used to allow for

supply and demand differences in the liquid helium system. This would allow

about four hours of liquid helium supply in the event of zero output from the

liquifier. With cold box components designed with several elements in

parallel, the liquifier could operate at reduced output while a part is being

repaired or replaced and the storage dewar could make up the difference for a

much longer period of time. The helium storage dewar will operate at a

pressure of one atmosphere absolute.

Liquid Helium Transfer System — Liquid helium will be supplied to users

by pumps with the helium sub-cooled to 4.2 K after pumping in a heat exhanger

inside the storage dewar. Separate transfer lines to each superconducting

coil will probably be required so that a transient in one coil will not

affect the others. The separate lines, including the cold helium return
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lines, can be installed in a common vacuum jacketed liquid nitrogen shielded

transfer pipe.

A packaged nitrogen Tiquification system with the parameters listed in

Table 17-4 can be used for the 80 K refrigeration requirements. A 40 kilo-

liter storage dewar will supply LN2 for over 24 hours with the liquifier not

operating. The initial nitrogen fill as well as make up nitrogen will be

supplied as LN2 to the storage dewar. A dewar pressure of 0.3 MPa is used to

transfer LN2 to the user's systems.

Table 17-4. Liquid Nitrogen System Parameters

PARAMETER VALUE

Design LN2 Supply Rate

LN2 Storage Dewar:

a. Capacity

b. Operating Pressure

Power Required:

a. Nitrogen Compressors

b. Controls and Instrumentation

Compressor Cooling Water:

a. Cooling load

b. Flow Rate

c. Inlet Temperature

d. Inlet Pressure

1,500 i/h

40,

1,

1,

1,

000

0,

000

10

000

500

liters

.3 MPa

kW

kW

kW

A/min.

25 *C

0.4 MPa
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18.1 INTRODUCTION AND SCOPE

It is particularly difficult to specify exact details of the STARFIRE

Instrumentation and Control System. For one thing, the I&C System is criti-

cally dependent upon the detailed requirements and capabilities of the other

STARFIRE systems which it controls and with which it must interact. Further,

it is extremely difficult to forecast in detail, from the limited vantage

point of 1980, the capabilities of the I&C technology available to the system

implementer in the year 2020. The technologies which contribute to instru-

mentation and control capabilities — computers, electronics, display,

control theory, artificial intelligence — are among the most rapidly evolving

in our society. The literature of computers or electronics, for example, is

littered with the wreckage of learned predictions on the shape of things to

come over a mere decade or less, not to mention the better part of a half-

century.

In light of these difficulties, it therefore seems more appropriate to

concentrate upon the broad outlines of the I&C System. Despite the obvious

pitfalls, some attempt is made to predict the trend, if not the details, of

future I&C technology as it relates to the requirements of STARFIRE. And,

although it is obviously fruitless to attempt to list transducers and sensors

system by system, wire by wire, it is instructive to list the types of

measurements and control to be encountered. Comparison of the tools predicted

to be available with the general problem to be solved finally produces an

opportunity to examine any obvious I&C problems or shortcomings which will

require attention in the intervening years in order to have the required

solutions available when needed.

18.2 TECHNOLOGY PROJECTION

18.2.1 Basic Assumptions

The underlying assumptions used in projecting the I&C design for STAR-

FIRE are as follows:
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1. Technology will continue to develop along the lines of "Hard"
or "High" Technology.

2. Government and commercial forces will continue to exert their
present forces upon technology.

3. STARFIRE represents a truly mature fusion technology and engineering
design.

18.2.2 Contributing Technologies -- 1940/1980/2020

As noted above, the STARFIRE I&C system is expected to be developed

from contributing technologies which are considerably advanced from their

present state, and which exist at that time in response to needs and forces

much stronger and more pervasive than merely those of the fusion energy

program. In order to form some idea of the choices available to the I&C

System designers, it is necessary to project developments in some of these

technologies up to 40 years into the future.

To do this, it is necessary to gain some notion of the distance these

related technologies will travel, and the direction they will take. To gain

the required feel for distance, some historical perspective will be invoked;

a look backward 30-40 years will give some notion of the distance which can

be travelled in such a time. Consideration of recent trends will be used to

attempt to discern the direction a particular technology is headed.

The term "Process Control" is used to refer to the ability to perform

control centrally over a complex process, with the implication of a consid-

erable extent of automation. It may be something as simple as control of the

temperature of a room or furnace, but in the case to be considered here the

processes of interest are more complex. Many requirements are similar:

sense one or more parameters, display some or all of their values in engineer-

ing units to a human operator, accept operator commands, and take action to

maintain the parameter(s) at some commanded value. In addition, many systems

maintain historical records, present and record alarms, and provide varying

degrees of automatic control.

Looking back to the 1940's, this technology was largely based upon

mechanical and pneumatic systems. Instruments were largely pneumatically

driven chart recorders, many with clockwork chart drives; control involved
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setting mechanical dials or knobs, which transmitted their settings mech-

anically or pneumatically to feedback controllers capable of controlling

a single loop or value. Control room size was dictated by the amount of

panel space required for the charts and knobs and handles and dials.

Records were produced by crews which noted meter readings, dial settings,

and manual summaries of status, together with rolls of chart paper collected

periodically.

Any computation necessary for control was performed by analog elements,

most of them mechanical in nature. Electrical quantities were indicated on

iron vane or D'Arsonval meters, or in cases where great sensitivity was

required, on galvanometers. Electronic instruments were available, using

vacuum tubes, but were relatively expensive, required frequent adjustment

to compensate for drift, and prone to failure. Because extensive human

interpretation and interaction were required to integrate the operation of

all subsystems in a large plant, the size and complexity of the process which

could be controlled were critically limited by the amount of information

which the operating crew could absorb and act upon. Operating crews were

large, trained for many years on the equipment they operated, and extremely

limited in their ability to operate other plants, even those with a similar

function. Control systems with several hundred input and output parameters

were considered complex, and a plant with 20 or so automatic control loops,

with a few of these loops interconnected, was considered highly automated.

In 1980, the technology of process control has become largely elec-

tronic, with centralized digital computers performing monitoring, logging,

normal and exception reporting, complex performance calculations, and in some

cases direct digital control, and in other cases supervisory setpoint control,

of plant parameters. The most advanced systems perform small perturbations

of various plant parameters, using the results to learn how to optimize

plant performance. Loop controllers are all electronic, the majority digi-

tal, some with their own built-in microcomputers; all with provisions for

computer setpoint control. Information is displayed to plant operators

electrically or electronically increasingly in digital form, with an acceler-

ating trend toward graphic aids such as bar charts or diagrams. Fixed plant
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diagrams with lights and meters, covering whole walls, are now being replaced

by cathode ray tube (CRT) displays, increasingly in color, which bring a

diagram of the process or plant directly in front of a seated operator, with

ability to "zoom in" on any desired level of detail.

A typical power plant now has several thousand signals monitored

and controlled, and several hundred automatically controlled loops when

various auxilliary systems are considered. Costs of electronics is tending

to hold steady or even drop, particularly relative to inflation, because of

increasing use of integrated circuits, and replacement of circuit functions

with micro-computer programs. However, this tendency is largely offset by a

tendency to provide measurements of greater accuracy or sophistication. And

the tendency for the cost per measurement to drop is offset by the rising

number of signals measured and parameters controlled.

While hardware costs in general decline, one component of measurement

and control tends to assume increasing importance, and that is the cost of

labor to install I&C hardware. If wires are carried all the way between

transducer and control room, with several intermediate terminal boxes, and

in the case of a containment building, wiring penetrations, costs can now

approach $1000 per signal. With signal interface costs in the $100-200

range, it is clear that installation is the element of cost requiring greatest

attention. This is presently being done with the introduction of electronic

digital signal multiplexing systems, which digitally encode signals near

their source or destination in the plant, and transmit many hundreds or

thousands over a few pairs of wires to the control room.

18.2.2.1 Electronics

Some of the aspects of electronics touching upon the I&C technological

environment for STARFIRE have already been mentioned, for the subject is

pervasive. The present era is sometimes described as "The Electronic

Age," and of all the applicable technologies it is perhaps the one most

difficult to project into the future.
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The reason for this may be easily comprehended by recalling the state of

electronic technology in 1940. At that time, the principal electronic

element was the vacuum tube, with its requirement for a heated cathode and

anode voltage of a hundred volts or more. It was mechanically fragile,

bulky, hot, a waster of power, subject to steady change in characteristics

over its operating life, and with an expected life of a few thousand hours at

most. Instruments built of these components would inevitably be bulky,

fragile, prone to drift, and unreliable.

The transistor was born in the early 50s and the Integrated circuit

became available in quantities first in the middle '60s. This has in turn

produced a revolution in the type of electronic instrumentation available, in

terms of sophistication, accuracy, reliability, and cost. So sophisticated

has the integrated circuit technology become, that, with the exception of

digital computers and memories, IC manufacturers are now having trouble

identifying markets capable of utilizing the combination of sophistication

and volume which they can now produce. In such an environment, it is likely

that future developments will be evolutionary, with new capabilities generat-

ing new markets, which then require further sophistication.

This does not preclude development of some entirely new electronic

phenomena. Few in 1940 could have foreseen the transistor, much less

large scale integrated circuits. Some new family of devices may remain

to be developed and provide similar revolutionary capabilities. In this

category, perhaps, are superconduction devices, either room temperature or

cryogenic, with unheard of speeds, reduction in scale, or other capabilities.

One cloud lurks on the horizon. The old vacuum tube, for all of its

faults, was relatively immune to ionizing radiation. The same cannot be said

of semiconductors. The recent emphasis on reduction in size and increase in

sophistication of integrated circuits has brought the size of the internal

elements down to the size where the number of minority carriers in a single

active element is comparable to that generated by the incidence of an ioniz-

ing particle. Such particles exist, of course, in cosmic rays and even, as it

turns out, as decay products of common trace isotopes in the plastic cases

used to encapsulate ICs. Such events in analog circuits merely produce

noise spikes and are gone. But in digital elements, such as a memory,
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information may be permanently altered, resulting in truly mysterious

and unreproducable behavior. The villain in this piece is the shrinking size

of the active elements in the ICs: the more functions packed onto a chip,

the smaller the individual elements and the more susceptible to radiation it

becomes.

18.2.2.2 Computers

It is easy to summarize the state of computer developments in the year

1940 — there weren't any! Considering the present-day ubiquity of the

computer, it is sometimes hard to remember that the modern general purpose

stored program digital computer was not invented until the late 1940s, and

was not commonly available even to members of the academic community until

the middle 1950s. In 1980, by contrast, it is possible to buy roughly

equivalent computing power to a large 1950s computer at your neighborhood

computer store for $1000 or so.

Today's high-performance computers are, very roughly, three orders

of magnitude more powerful, in terms of speed and quantity of information

accessible on-line, than those first commercially available at prices
(2)

which are, again very roughly, comparable to those of the "50s. Alter-

natively, the same level of performance is available at prices roughly three

orders of magnitude less. It is this lower portion of the computing spectrum

which is now the cutting edge of the "Computer Revolution," placing program-

mable intelligence behind the front panel of increasing numbers of otherwise

ordinary instruments and human interfaces, from signal generators to sewing

machines.

This same computer technology, which has been able to improve computer

performance by three orders of magnitude in three decades at the same price,

has been able to take the four-function desk calculator, a mechanical marvel

of the '40s and '50s then selling for a thousand dollars, and reduce it to

the pocket calculator available in a blisterpack at the supermarket for $7.95

or less. The only difference is that the $7.95 model is smaller, lighter,

more easily portable, more reliable, and produces its answers (particularly

for division) much faster.
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In the middle of this spectrum, between the super-computers and the

micro-computer8, are the so-called minicomputers. This class has always

been a mainstay of process control technology. With input/output speeds

comparable to a large computer, but with reduced computing speed and arch-

itectural sophistication, they are ideally suited to monitoring and con-

trolling large numbers of signals in a modern process such as an electrical

power plant. While they tend to lag several years behind the large computers

in capability, they in effect sell a more mature technology at a large

discount, traditionally in the $10,000 to $100,000 range, with more machines

and higher performance tending to slip steadily toward the bottom of this

price range.

It will be difficult to maintain the trend of an order of magnitude

increase per decade in performance for high-performance computers over

the next three or four decades. Whereas heretofore the primary limitation

on speed has been the switching speed of the electronic circuit elements used

the next order of magnitude increase in speed will encounter limitations in

signal transmission times along interconnecting wires. Raw circuit speed

will no longer suffice to increase computing power and more fundamental
(4)

changes will be necessary. Possibly some new technology will emerge,

such as superconducting elements and/or entirely novel and smaller physical

packaging. Equally likely, however, will be new computer architectures

based upon a high degree of parallelism.

Parallelism has been tried already, in such processors as ILLIAC IV

and STAR, with only modest success. The reason is that problems tend to

arrange themselves so that it is necessary to begin at the beginning and

proceed sequentially to the end, the so-called "Marching Problem." In

fact, this may not be any characterisitic of the real world at all, but

merely the way in which the human mind organizes it. In any event, the

knowledge required to utilize a computer capable of proceeding on a thousand

parallel approaches to a calculation is only now being painfully acquired.

Interestingly enough, one area of obvious application for parallel

processing is process control. Here, thousands of signals require the same

repetitive operations performed upon their values, and data bases represent

the same multi-thousandfold symmetry. This may imply that early approaches
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to ut i l izing a new computing architecture may come from the field of process

control, and be readily applicable to some aspects of processes such as

STARFIRE.

18.2.2.3 Display and Control

While present-day computers are able to organize plant information

and use it to perform increasingly sophisticated control functions, few are

suggesting that control rooms will function at any time in the future without

human supervision. However, as a result of the more sophisticated control

being exercised, more sophisticated information must be exchanged with human

operators to allow them to properly exercise judgement concerning any process.

The interface with the human is thus assuming increasing importance.

Four decades ago, the control room required a light, dial, or meter for

every signal monitored, and a knob, button, or lever for every parameter

controlled. The human eye and ear were the only means of output. Under

those circumstances, as process variables passed the dozens and headed for

the hundreds, it became essential to group information meaningfully, into

rows of dials, lights, meters, and controls, and to draw attention to the

most important by means of flashing lights or audible signals. Probably the

first people to confront this were aircraft cockpit designers; certainly they

were among the first to use the term "Human Engineering" to refer to logical

placement and grouping of instruments and controls, to permit information to

be assimilated as rapidly as possible and controls to be actuated with

minimum chance of error, with due regard to normal human reach, range of

vision, and response* times. In a plant control room, increasing complexity

brought problems of assimilating essential information and taking necessary

action as related pieces of information were separated by tens of feet

and buried among similar pieces of information over hundreds of square feet

of panel space.

The present emphasis in display/control technology is to bring to

a comfortably seated plant operating crew, information in compact summarized

form, with provisions for inquiry to any depth of detail. Present technology

makes extensive use of graphic and/or colored diagrams and pictures, with use

of numerical information kept to a minimum unless requested by an operator.
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Controls make use of these same CRT screens, with information manipulated by

means of touching the screens directly or through the use of natural hand/eye

tools such as joysticks or trackballs. Use of this technology depends

heavily upon underlying computer intelligence to select and summarize informa-

tion, determine normal and abnormal signal readings for various plant operat-

ing modes, and correctly separate cause from effect in abnormal situations

and quickly present these conclusions.

Present problems in this approach are not involved so much with the

display technology, but in the underlying intelligence required of the

control system and its designers. The necessary programming determination,

state analysis, and presentations graded by importance, do not presently

exist to allow this to be done in real time, and analysis techniques to

perform this in advance of need are hit-or-miss.

Future development in display control technology will be directed

toward making the man/machine interface more natural. Recent developments in

speech generation and recognition should in the next decade make possible
(8)

meaningful spoken dialog between operator and control system. This

should serve to make the transfer of commands from operator to control system

faster and, in the final analysis, simpler and less prone to error. Display

technology itself is moving toward larger and higher resolution displays,

while the computing power to generate more meaningful displays grows more

common. In particular, flat television-like displays of arbitrarily large

size appear possible within the next decade or so, which will make possible

complete replacement of fixed wall-size displays with computer generated and

updated ones.

The obvious trends, which will form the background for display/control

technology by the time of STARFIRE, virtually guarantee that the control room

form dictated by the needs of the hardware will be replaced by one whose form

is dictated by the needs of the piant/operators and supervisors. Acceptance

of this type of control is growing since there is no acceptable alternative

to strengthening the man/machine interface to achieve proper control.
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18.2.2.4 Remote Handling

Remote handling technology has grown simultaneously with nuclear

research and particularly with nuclear fission power plants. Up until this

time, however, much of this technology has consisted merely of mechanical

and electro-mechanical slave equipment, more suitably described as remote

manipulators.

A somewhat different technology has developed in recent years, oriented

toward industrial production rather than operation in hostile environments.

This equipment is generally known as industrial robots, and features computer-

control led servoraechanisms, in many cases capable of being "taught" by

unskilled operators to perform repetitive operations, such as spray painting

or picking objects up from one conveyer belt and transfering them to another.

This capability is now being combined with sophisticated image processing

techniques to allow such machines to "see" what they are doing, to recognize

parts of differing sizes and shapes in various orientations, and to "feel"

through feedback sensors when they encounter resistance in grasping or

lifting.(9)

This development is taking place in response to pressures from the

commercial market. The automobile industry is interested in such machines,

for example, because they can be retrained to assemble various auto models

and reprogrammed for requirements of new model years, without loss of invest-

ment. A logical extension of this capability, moreover, during the next four

decades could easily produce a family of machines capable of performing

complex tasks in a hostile environment such as the STARFIRE Reactor Building.

18.2.2.5 Control Theory

Control theory in the 1940s and '50s was concerned with the establish-

ment of stability criterion for individual servomechanism loops, using

mechanical and electrical/electronic components, and analysis tools largely

suited to linear systems. As better tools for stability analysis were

developed, it became possible to optimize loops for speed of response or

accuracy, and to take better account of the effects of nonlinear elements.

As better components, particularly electronic ones became available, more
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elaborate methods of performance optimization and better accuracy became

possible.

The advent of digital components and computing elements introduced the

possibility of "intelligent" modes of control, and also required development

of techniques for analysis of systems where data flow, instead of being

analog and continuous, became quantized, and available only at discrete time

periods. The components of such sampled data systems, along with their

digital nature, became more reliable and less prone to drift and noise.

The largest change, however, has been in the possibility for intelligent

or "adaptive" control. In individual control loops, intelligent computing

elements could periodically measure response values of various loop compo-

nents and change loop computing parameters to compensate for effects of aging

or wear of these components. On a larger scale, the performance of large

subsystems or entire processes could be measured, automatic "experiments"

made to vary individual settings and observe the effects on the entire

process, and incorporate various intelligent strategies based either upon

measured inputs or human direction. This type of adaptive control work

continues, some of it of considerable theoretical complexity, and requiring

large amounts of computing power to implement.

Another area of continuing evolution has been in loop control elements

themselves. The basic three-mode loop controller, incroporating settable

gains for linear, differential, and integral feedback of the controlled

variable in analog circuitry, has evolved over the last two decades from a

free-standing device with knob or screwdri\er setting of the various gains

and meter display of the controlled variable, to a digital module, frequently

incorporating a microprocessor, with computer controllable setpoints,

delivering its measurements in digital form to the same computer, and possi-

bly containing its own complex optimization program internally. In some

cases, this controller is starting to migrate from the control room to the

vicinity of the measured variable itself, so that only summary information

needs to be returned to the control room.

This process of intelligent individual loop control is driven by the

declining cost of digital versus analog integrated circuitry, and by the
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plummeting cost of small microprocessors. It is coupled to the increasing

sophistication of analysis and optimization tools, which are now suited

particularly to computer and microcomputer control, and it is logical to

expect this trend to continue.

18.2.2.6 Plasma Diagnostics

The development of plasma diagnostics has been a fairly recent tech-

nological phenomenon. At the present time, techniques are in a rapid state

of development and improvement, and only a few general statements can be made

which would be relevant to the expected state of the technology in 40 years.

Many of the techniques involved with measurement of plasma temperature

and/or density involve the use of laser and microwave equipment. This

equipment generally is in a state of rapid improvement as regards reliability,

performance, and convenience of installation and use, as better components

and systems become available. Microwave equipment particularly is benefiting

from emphasis in commercial design from attempts to expand communications

bands into less crowded portions of the electromagnetic spectrum.

Plasma diagnostics are also beccming more dependent upon computer

analysis of data. The data from many, if not most, is impossible to inter-

pret, even qualitatively, without extensive computation. The tendency is for

this computation to be performed by small mini- or microcomputer systems

dedicated to each diagnostic instrument or measurement, displayed graphically,

and forwarded to a larger system for storage and possible later analysis.

This trend is accelerating as more capable minis and micros appear at low

cost, and even small specialized processors, such as array processors,

become available.

18.2.2.7 Summary

To summarize, the design of the Instrumentation and Control System for

STARFIRE makes the following assumptions about the applicable technology

available for incorporation:

1. Computers wi l l be available with roughly three orders of magnitude
greater power, in a spectrum of s izes and at prices comparable to
those of 1980.
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2. Process measurement technology will use light or microwave tech-
nology for transmission from instrument to local data concentrators,
and large scale multiplexing for communication with a central site.

3. Electronic circuits will have as much or more susceptibility to
electromagnetic and ionizing radiation than comparable present-day
modules.

4. Display technology will be reduced in size to the point where
control room design will be dictated by human factors, such as
visual resolution and vision angles.

5. Voice response systems will largely eliminate the requirement
for hand-activated controls.

6. Commercial remote handling equipment with substantial self-contained
intelligence will be available.

7. Control and optimization techniques for complex processes will
be in common use.

18.3 STARFIRE REQUIREMENTS

I&C requirements for STARFIRE may be conveniently grouped into two

categories; those which may be considered more or less conventional process

and balance of plant instrumentation, such as temperatures, pressures, flows,

valve positions, power settings, et:.; and measurements made upon the fusion

plasma and requiring highly specialized instruments, such as plasma position,

shape, internal structure, temperature, etc.

18.3.1 Process Instrumentation

The types of measurements needed for each subsystem are listed in Table

18-1. As may be noted, individual sensor quantities are not estimated, in

keeping with the conceptual nature of this design. A total number of 50,000

signals has been assumed, based upon an increase of the number of signals in

a modern electric power plant by an order of magnitude.

This factor is based upon the tendency on the part of operating personnel

to have additional plant information, balanced by the design and construction

costs associated with supplying them. As signal measuring and control

hardware becomes cheaper, it becomes economically justifiable to supply the

increased instrumentation. In addition, in order to enhance maintainability

of systems located in the reactor building, redundancy on the order of a
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Table 16-1. Process I&C Control Requirements

Subsystem Major Component Measurement Type Problems

1. Plasma Heating Gyrotron Cooling

Gyrotron Magnet Cooling

Transmission Line

RF Power

Temperature
Water - Pressure

- Flow
- Temperature

Temperature
Cryogenic - Pressure

- Flow
- Temperature

Temperature
Nitrogen - Pressure
SF6 - Flow

- Temperature
Wave Guide - Power

- Exit Phase
Power - Input

- Output
- Absorbed Access to plasma

2. Impurity Control Limiter Cooling Temperature
Water - Pressure

- Flow
- Temperature

Radiation damage-

sensors

3. Fueling/Tritium

Processing
Components

Cleanup
Leak Detection
Liquids

Gasses

Fueling

Inventory - Calculated
- Measured Mass Flow
- Residual Heat

Remote Handling
Radiation

Pressure
Temperature

Flow

Valves
Pumps

Pressure

Temperature

Flow
Valves
Pumps
Injector Cryo control
Quality
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Table 18-1. Process I&C Control Requirements (Continued)

Subsystem Major Component Measurement Type Problems

4. First Wall/Blanket Wall

Blanket

Cooling Water - Pressure
- Flow
- Temperature

Integrated Flux - Measured

- Calculated
Temperature Radiation damage-

sensors
Structural Loading Radiation damage-

sensors
Water Coolant - Pressure

- Temperature

- Flow

- Calorimetry
Breeding - Inventory

- Ratio
Temperature Radiation damage-

sensors
Decay Heat
Leakage

5. Vacuum Pumps

Valves

Impurities

Flow
Pressure
Coolant
Saturation (Cryo)
Regenerator Control
Position
Control
Residual Gas Analysis
Leakage

Calibration

6. Shield Shield Radiation

Temperature

Leakage

Radiation damage-
sensors

7. Radiation Waste/ Radiation Monitoring
Disposal

Fluid Leak Detection

Area Monitoring
Influent Levels
Effluent Levels
Mass Flows - Calculated
Chemical Detection - Areas

- Fluid Samples
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Table 18-1. Process ISC Control Requirements (Continued)

Subsystem Major Component Measurement Type Problems

8. TF Coils Coolant

Coils

Power Supplies

Cryo - Level
- Pressure
- Flow
- Temperature

Temperature
Voltage
Current
Structural Loads
Startup/Shutdown
Quench Detection

9. OH Coils Cojlant

Coils

Power Supplies

Pressure

Flow
Temperature
Temperature
Voltage

Current
Structural Loads
Startup

10. EF Cells (Same as OH)

11. Electrical Breakers/Transformers

Supplies

Open/Close
Voltages - Waveforms
Currents - Waveforms
Trim Plasma Shape/Position Measure/Compute

Loop Speed

12. Support Structure Stress
Position
Temperature

Electrical Noise

13. Cryogenic Cryo Fluid

Nitrogen

Water

Pressure
Flow
Temperature
Calorimetry
(Same)
(Same)
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Table 18-1. Process I&C Control Requirements (Continued)

Subsystem Major Component Measurement Type Problems

14. Heat Transport Water

Steam Generator

Limiter

First Wall/Blanket
Auxiliary

Pressure

Flow
Temperature
Heat Balance
Leak Detection
Caloriroetry

Temperature
Temperature
Calorimetry

Radiation damage-
sensors

15. Instrumentation/ System Status

Control

Sensor Status

Power - Primary
- Standby

Temperature
Hardware Availability
Reaaonability/

Redundancy Thnnk
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factor of four is assumed, and these redundant signals must be continually

monitored to assure their availability. These considerations together lead

to the assumed number of signals.

18.3.2 Plasma Instrumentation

Plasma measurements required, along with possible techniques for each,

are listed in Table 18-2,.

Table 18-2. Plasma Instrumentation Requirements

Measurement

1.

2.

3.

4.

5.

Average Electron
Temperature - T

Average Ion
Temperature - T.

Average. Density - N

Plasma Current - I
n

Plasma Position

Technique

Radiometer

Radiometer

Interferometer

Magnetic Loops

Magnetic Loops
Visible Light

Problems

Plasma Access
Radiation

Plasma Access
Radiation

Plasma Access

RF Noise

RF Noise
Plasma Access

6. Impurity Density

Electron Density
Distribution - N (r)

Electron Temperature
Distribution - T (e)

e

Thomson Scattering

Thomson Scattering
Plasma Access
Radiation Damage

18.4 STARFIRE I&C CONCEPTUAL DESIGN

Rather than attempt to describe specific details, given the uncertainties

of both exac ..•equirements and existing technology, it is probably more

practical to concentrate upon the broad outlines of the STARFIRE Instrumenta-

tion and Control System, particularly those which are likely to have a

noticeable effect upon other portions of the plant design. The features of

the I&C System are summarized in Fig. 18-1 and discussed in somewhat greater

detail below.
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18.4.1 System Performance Requirements

In order to accomodate performance compatible with both electro-

mechanical components and plasma control requirements, a basic system

update rate of once per millisecond has been established. Together with the

number of signals, assumed at 50,000, this produces an overall system band-

width of 50 million signals processed per second. Although this is well

beyond the capabilities of any present-day process control system, it should

be comfortably within the capabilities of the technology of 2020. However,

both the assumed form of that technology, and some other considerations as

well, dictate that this performance will not be achieved by some single

monolithic block of hardware. Instead, the most likely form of I&C system

will be a distributed network, as shown in Fig. 18-1.

18.4.2 Network Architecture

The I&C System is designed as a network, with functions decentralized

and performed at an appropriate hierarchial level, but with centralized

control of data and communications. This allows maximum advantage to be

taken of the spectrum of digital processors assumed to be available, part-

icularly the 21st century equivalent of today's microprocessors. Centraliza-

tion of data and communications, on the other hand, permits effective central

control and monitoring of the entire plant along with record keeping and

human interfacing.

18.4.2.1 Local Controllers

Reference to Fig. 18-1 shows the lowest level of control at the STARFIRE

subsystems. This allows for modular design of individual subsystems and

major components, and reduces perturbations throughout the rest of the I&C

System from changes in individual subsystems or components elsewhere in the

system. Such differences may be accomodated mainly in instrumentation and

computer program changes to individual controllers, and remain transparent to

higher levels of the system. These local controllers would be located near

the sensors and controls to which they are attached, distributed throughout

the facility, and would number, as a rough approximation, about 100.
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Individual subsystems may incorporate intelligence at an even lower

level, as required for equipment interlocking control, or personnel safety.

This local intelligence is assumed to be part of the design of individual

components and subsystems, and is not shown as part of the I&C system. At

this level, also, are incorporated any local controls needed for component or

subsystem checkout and maintenance, and interlocks to protect against hazard-

ous or erroneous commands from the central control.

It will probably be desirable to maintain some uniformity among these

controllers in terms of their size and the number of signals they handle. If

they are limited to about 500 signals, and handle an average of half of that,

or 250, this means that there are about 200 of them throughout the facility.

They would require a maximum bandwidth of 500 K transfers per second for

communicating with their attached signals, a capability of performing about

1000 instructions on each of 500 signals every millisecond, or 500 million

instructions per second. This would require an instruction time o£ 20 nano-

seconds, which should be well within the technology of the time for micropro-

cessors. Assuming that 1% on the average, of all signals at any given time

generate message requirements for the supervisory level, that would result in

a supervisory message rate from each local controller of an average of 2,500

per second. Assuming each message has a length of 1000 bits, a communication

bandwidth of 2.5 MHz would be required.

18.4.2.2 Communication Concentrators

At the next level are communication concentration systems. They

concentrate and multiplex the messages for several of the local control-

lers, and are grouped throughout the facility, wherever a cluster of local

controllers exists. They serve two functions: to concentrate communications

from the relatively low bandwidth of the channels from local controllers to

higher bandwidth channels from the supervisory systems, and to distribute

required information from one local controller to another as they require in

order to perform their individual functions.

There will be some need for certain groups of local controllers to

have significant processing or control capability. Examples of these

may be some of the diagnostic instruments, or the plasma control function.
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In the former case, a great deal of concentration is possible as well, were

several hundred measurements may be reduced to a few points in a plasma

temperature or density profile. These functions may be performed most

efficiently by detached processors of considerable power. They should be

capable, for example, of computing a Thomson Scattering profile of several

points, which is presently possible with much precompiling in about ten

seconds, within a millisecond, which will require careful design even

assuming a thousand-fold improvement in minicomputing power.

The number of local controllers handled by one concentrator will

vary considerably, depending on the way in which local controllers group

geographically in the facility. If a maximum of 20 local controllers per

concentrator is assumed, however, and a message length of 1000 bits per

signal transaction is further postulated, then the frequency bandwidth

required of the links to the next highest level is an average of 50 MHz.

If the further assumption is made that each concentrator serves an average

of ten local controllers, then there will be approximately 20 of these

communication concentrators in the I&C System.

18.4.2.3 Communication Control

Messages to and from the communication concentrators, distributed

remotely throughout the facility, will be concentrated and controlled in the

vicinity of the control room by a communications control subsystem. Since it

must handle the equivalent of 20 links, each operating at a 50 MHz rate, it

will be a system considerably beyond the present-day technology, which

operates such links routinely only in the 50-200 kHz bit range. However,

invoking again the thousand-fold improvement in technology, this should be

within the range of 2020 technology.

18.4.2.4 Supervisory Systems

At the supervisory level, several subsystems with various functions

exchange information with each other and with a centralized data base. By

centralizing the functions of data base maintenance and network communica-

tion, it should prove possible to maintain data synchronization with all the

various elements of the system. The network communication function will be
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in a position to recognize information flowing through it which should result

in a data base update, and should further be able to recognize other sub-

systems in the network which may require notification of these changes as

well.

The assumed rate of processing results in the generation of 50,000 data

base transactions per second. It is reasonable to assume some increase in

traffic as well, because of the need to propogate these changes to other

subsystems in the network. If an additional order of magnitude increase is

assumed because of this, then the data base and network communication is

handling about 500,000 transactions per second. This may be compared to

comparable functions in present-day process control systems, which handle

on the order of 1,000 transactions per second in a highly structured environ-

ment, or random transaction processing systems, whose capability is another

order of magnitude down from this. Assuming again a thousand-fold improve-

ment in computing technology, it appears that the required rate should be

within the grasp of 2020 technology. It is reasonable to assume that each of

the 50,000 signals in the I&C System requires about 1000 bytes of information

in random access storage, and 10,000 bytes of information available in

on-line archive storage, corresponding to the functions presently performed by

computer main memory and disc in present-day technology. This suggests a

random access main memory storage capability of about 50 million bytes, and

an on-line archive of about 500 million bytes, somewhat larger than would be

convenient presently, but presumably comfortably within practical range of

2020 technology.

The alarm monitoring subsystem receives reports of data base changes

and uses them to monitor critical variables and combinations of variables

within the plant, and call the attention of operating personnel to any

undesirable conditions as they develop. Because of the overall processing

rate of the' system, it is also capable of producing sequence-of-event logs as

well, with one millisecond time resolution. In order to perform this, it

must be capable of sorting messages which arrive out of sequence, order them,

and apply knowledge of plant systems to establish cause/effect relationships.
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The displays/controls subsystem operates the human interfaces in the

plant control room, responds to operator requests, and generates the informa-

tion to provide both routine status monitoring and responses to specific

detailed information requests.

The sequencing subsystem performs the operations necessary to auto-

matically start up the plant, respond to output change commands, and shut the

plant down. The logic necessary to respond to unusual or upset conditions

would also be associated with this subsystem, except for that specifically

distributed to safety-related subsystems. The remote access subsystem

provides the capability for access to I&C System information from persons

located remote from the plant control room. These may include other auto-

matic systems, such as those performing generating and dispatch functions for

the utility or grid, as well as management or accounting systems seeking

management information. In addition, future regulatory agencies such as the

NEC or stats utility commissions may require some form of access to plant ISC

Systems. The remote access subsystem would perform the necessary security

functions, including access validation and encryption/decryption, as well as

generating any required data summaries.

18.4.2.5 Plant Simulation

At the highest level of network hierarchy is a computer system capable

of simulating operation of the entire power plant. It is desirable that

this system be capable of generating projections at about 100 times real

time, so that a projection of the consequences of a particular operating

decision some two hours into the future would be available within about a

minute of elapsed time. This is a formidable requirement, and well beyond

even a thousand-fold improvement in existing hardware. What is expected is

that improvement in theoretical understanding of plasma behavior will lead to

far better mathematical models, and produce an additional three orders of

magnitude improvement in computing speed. Even at this, it is not clear

whether the plant simulation subsystem would be located in each plant of the

STARFIRE design, or whether it can be shared by a number of similar plants

and accessed remotely. The latter assumption has been made in this design,
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for this would almost certainly represent the most advanced computing tech-

nology available in 2020, much as today's MFE network computers do for 1980.

18.4.3 Integrated Safety System

The subsystem designed to protect the safety of plant personnel and

protect equipment from improper operation and protect the public from radia-

tion or other hazards, has been integrated into the design of the I&C System.

This is largely contrary to contemporary nuclear power practice, which has

until now segregated safety functions in a rigidly separate subsystem. This

has been done for two reasons: first, to apply more stringent design and

material quality standards, and second, to prevent failures in nonsafety

related equipment from propagating into the safety subsystem.

The experience in 1979 at Three Mile Island has led to a reexamination

of this segregation philosophy. The TMI incident was initiated by failure of

components not defined as safety related which nonetheless produced a situa-

tion where cooling was lost to the reactor core. This condition was not

immediately recognized because of missing, conflicting, and extraneous

indications presented to plant operators, a situation which appears at this

time will lead to much greater integration of safety related equipment into

the overall plant I&C system for future fission power plants.

This integration will be assisted by modern electro-optical technology,

which greatly simplifies the design of electronic interfaces which do not

propagate electrical faults across them, and by falling prices for electronic

hardware, which provides greater economic incentive for the design of redun-

dant, fault-tolerant electronic and sensor configurations. As a result,

it is anticipated in this design that by 2020 much, if not all, of the I&C

System will incorporate design and component quality to allow for the perform-

ance of safety related functions.

18.4.4 Redundant Elements

Each of the blocks shown in Fig. 18-1 are made up of multiple redundant

elements. This will be possible through the increasing complexity of inte-

grated circuit elements, which will be utilized to incorporate fault-tolerant
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redundancy as well as increased functions, and through improved hardware and

software architecture to utilize these circuits.

It is expected that this redundancy will be exter'ed all through the I&C

System down to the sensor and actuator level, in order to improve the reli-

ability of components within areas requiring remote maintenance and/or

blanket nodule replacement for repair. This redundancy is also extended to

the plasma instrumentation: lasers, microwave systems, magnetic pickups,

etc. Plasma instrumentation in particular is intended to be redundant to the

extent that each annual set of blanket module replacements will replace a

complete set of plasma diagnostics, which means six-fold redundancy for such

instrumentation.

18.4.5 Modular Instrumentation

In order to both enhance capability and reduce requirements for remote

maintenance, as much iasLruniencation as possible is intended to be designed

directly into the components being instrumented. This is particularly true

of instrumentation associated with blanket, shield, magnets, and other

reactor subsystems. This will allow for two advantages: installation,

alignment (where required), calibration, and testing may be performed at

the time of installation of r ictor components; and repair or replacement

may be performed during annual blanket module replacement.

Considerable effort must be taken in the design of blanket modules to

include a complete set of plasma instrumentation in each set of annually

replaced segments; in other words, six complete sets of plasma instrumenta-

tion modules. Plasma instrumentation, for example, which must look through

chords of the plasma volume, must have their source, such as lasers, and

their detectors, mounted into the blanket modules with sufficient precision

so as to require no alignment once the modules are installed. Alternatively,

the alignment systems must be designed into the blanket modules and capable

of remote activation, for such things as mirror or lens alignment.

Such remote alignment systems need not be designed to survive the reac-

tor operating environment, however. Once the new blanket modules have been

installed, the alignment systems need survive only the residual radioactivity
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and heat associated with the nonoperating environment. Some operation

producing minimal radiation, such as with only a hydrogen plasma, may be

desireable at startup and following each annual blanket replacement, to

permit instrument alignment and calibration before the nonhardened alignment

components become radiation damaged and inoperable.

18.4.6 Wireless Data Links

The environment of the reactor and the requirements of remote main-

tenance are both inhospitable to cable transmission of data. A far more

fruitful concept is the use of wireless links from modules mounted on the

reactor or other subsystems to communication concentrators, and the trans-

mission from these concentrators, by means of wide bandwidth, nonconducting

data links. These may be either microwave or light. In addition to ease of

communication, they will also provide fault isolation and electrical insula-

tion fxoa ths various subsystem.!.

Use of these links should also greatly reduce the number and size of

wiring penetrations required through the reactor hall walls. This may be

accomplished by mounting the concentrators at the walls, with their wide

bandwidth links penetrating the containment.

18.4.7 Remote Maintenance

Remote maintenance functions are intended to be performed by subsystems

connected to the I&C system and controlled either centrally from the plant

control room, or at remote locations convenient to the locations where the

maintenance is being performed, such as a hot cell. It includes specialized

control console positions, with television and sound connections to various

plant areas as well as through the remote handling equipment.

All of the plant subsystems which require remote maintenance must be

designed to incorporate necessary service features, such as conveniently

mounted and aligned equipment, disconnects for water, electricity, instru-

mentation, and other facilities, and any necessary provisions for sensors to

assist with this task.
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18.5 PROBLEM AREAS

Natural developments in a number of technological areas are expected

to provide solutions to what would otherwise be troublesome areas in the

STARFIRE ICC System design. These include the demands of speed, quantity,

and diversity of the information handled and processed by the system, and

the needs for reliability and modularity, which are expected to be provided

by natural evolution in the electronics, computer, and communications tech-

nologies. A relatively few problems remain, but their solution may be

expected to be crucial to.the ability to produce a STARFIRE, or indeed for

the evolutionary projects leading to it.

18.5.1 Radiation Environment

The STARFIRE I&C system design stresses the removal of as many compo-

nents as possible behind the shield, and use of wireless communications to

carry information from the reactor to communication concentrators located at

the inside walls of the reactor hall. This has been done to enhance maintain-

ability, but will also help in reducing the use of conductors, with the

problem of radiation damage to insulation, or fiber optic cables, with

radiation darkening of the optical fibers. The communication concentrator

subsystems located inside the radiation hall are amenable to shielding,

and can be integral with their wall penetrations, so that their wide band-

width links to the control room can be entirely outside of the radiation

environment.

However, considerable electronics must be mounted just outside the

shield, in approximately the same radiation environment as the superconduct-

ing magnet subsystems. It may be possible to use some of the coil and

mounting structures to provide some shielding, but the problem of communicat-

ing with sensors in the blanket modules, wall, and limiters remains. For

these, sensors and wiring must be developed capable of withstanding the

STARFIRE radiation environment.

The plasma instrumentation is also of concern. Properly designed micro-

wave plumbing should oe compatible with the radiation environment, but lasers

and detectors imply either lasers and detectors capable of withstanding the
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radiation, or lens and mirrors or other optical components which can lead

light' to and from the plasma. These all suffer from problems with darkening

or sputtering.

One mitigating factor may be observed, and that is the modularity

required for maintainability. Virtually all of the components which must

survive the radiation environment must "ride" with the individual^blanket

sectors, and so need be capable of surviving only for six years instead of

the entire life of STARFIRE.

18.5.2 Plasma Access

In the design of operating tokaihak reactors, this problem of access to

the plasma is compounded by the radiation environment and need for remote

maintenance. Modularity of instrumentation with individual blanket sectors

must be enforced to allow for maintainability, which complicates access for

devices which need to look directly into the plasma. For those desiring

vertical access, clearance is limited on the top and bottom of the blanket

sectors. This means that for optical devices, the optics must be folded

outward at top and bottom by 90 degrees, but that an entire set of instru-

mentation, both radiation source and detector, may be mounted on the same

blanket sector.

For devices requiring access in a tangential direction to the plasma,

not only must the optical path be folded, but alignment must be maintained

between blanket sectors separated by several other sectors. This in turn

implies either precise alignment of each sector with respect to all others,

or remote alignment systems.

For either vertical or tangential systems, the folding of optical path

requires the use of mirrors, lenses, or both. Materials able to do this and

survive the radiation and plasma wall environment are presently lacking.

The choice is to either give up all optical instrumentation, relying solely

upon microwave and magnetic information, or to develop the needed optical

components.
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18.5.3 Plasma Instrumentation

The development of "fully engineered" plasma instrumentation will be

required for reliable fusion reactors. At the present, plasma measurements

are commonly referred to as "Diagnostic Experiments," and contain a large

amount of custom-developed, state-of-the-art design, components, and data

acquisition equipment. A deliberate program for the development of standard

plasma measurement systems is required.
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This chapter describes the operation and maintenance of the STARFIRE

reactor and its major systems. Included are: (1) the planned operational

cycle including startup, normal operation, shutdown, load follow, full load

rejection and reduced power operation after component failures; (2) the

rationale for selection of the maintenance approach, including design of the

reactor, reactor building, hot cell and maintenance equipment; and (3)

evaluation of times required to perform maintenance operations with resulting

subsystem reliability requirements for achieving a 75% plant availability.

The STARFIRE reactor operation and maintenance approaches are presented

to provide an initial basis for assessing the requirements of a commercial

tokamak. Further iterations are required to clarify the approach in some

areas and to provide complete consistency. The information presented should

provide significant insight regarding the issues that require development in

more near term reactors such as the ETF and the DEMO.

19.1 SUMMARY

The reactor has been designed to be as compatible as possible with cur-

rent utility operation and maintenance practice. Power is drawn from the

grid for reactor startup. The blanket and heat transport systems are brought

up to hot operating conditions prior to plasma initiation and che reactor

power is brought up slowly to minimize the thermal stress effects on the

blanket and steam generators. Once operating, the reactor has the ability to

load-follow at a rate of 5% of rated power increase or decrease per minute,

although the reactor is designed as a base load unit. The plant will norm-

ally operate continuously with one scheduled shutdown per year for mainten-

ance and it is anticipated that one to three other shutdowns per year will

occur as a result of component failures. Once the reactor is shut down, it

can be restarted to full power in approximately 30 min.; however, approxi-

mately 12 hours will be required for a restart if the TF coils are discharged

for maintenance or if the vacuum chamber has been briefly breached. After

major vacuum chamber breaches, 36 hours is required for restart.

The STARFIRE reactor and maintenance facility designs have been developed

to provide sufficient definition of overall reactor maintenance operation to

19-1



permit a cost and availability assessment to be made. The design is based on

the assumption that a mature fusion economy exists and that all facets of the

design have been demonstrated in previous power plants. The premise that a

fully understood technical basis exists for STARFIRE leads to the assumption

that periodic component replacement can prevent unscheduled failures from

dominating the maintenance needs. The plant availability goal is 75% and

the system reliability requirements have been established accordingly based

on the projected time for replacement of system components.

For the STARFIRE design of the reactor, systems and facility, it is

projected that scheduled maintenance activities can best be accomplished

using a preprogrammed automatic remote maintenance system. The major benefit

is that this approach minimizes radiation exposure to maintenance workers. A

total remote maintenance facility has been designed for all equipment located

within the reactor building and hot cell.

The reactor facility was developed to assure that radioactive products

are confined to the reactor building and hot cell where total remote mainten-

ance is provided. Solid and liquid waste processing and waste storage

systems are provided in the hot cell. These systems provide for segregation

of materials, compacting and packaging for storage and subsequent shipping to

recycle centers. A reactor service building is provided for repair of

decontaminated parts and for pretesting of new parts before transport into

the hot cell.

The reactor building layout has been developed so that only those

subsystems which are potentially contaminated with significant radioactive

contamination are located within the reactor building. Most noteably this

includes the steam generators and other primary heat transport components

and the atmospheric tritium cleanup system. A modular approach is used for

all subsystems and emphasis is placed on removal and replacement maintenance

operations instead of insitu repair. A monorail track is provided throughout

the hot cell and reactor building to provide for transportation of subsystem

components and to provide accurate maintenance equipment positioning.

Contact maintenance is then possible on all nonactivated subsystems located

in other buildings.
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19.2 PLAMT OPERATION

Plant operations required for startup, normal, shutdown and reduced

power operation with some failed components are discussed in this section.

19.2.1 Plant Startup

After plant construction, an extensive series of tests will be performed

to assure that the reactor and all systems are operating properly. During

subsequent reactor operation all systems will be monitored continuously to

detect and locate failures and to identify any necessary corrective action.

After a component failure causes reactor shutdown, subsequent repair will

require that several tests be performed to reverify the system. These

failure specific tests and actions are assumed to have been completed prior

to the startup/ shutdown scenario discussed here. A basic assumption is that

the superconducting magnets are kept in the cold state at all times unless a

specific maintenance action requires a magnet warm up. Approximately thirty

days is required for magnet cooldown.

The operations required for reactor startup after a scheduled mainten-

ance period are presented sequentially below. A summary of these operations

is presented in Fig. 19-1. Some of the information presented is taken

directly from Ref. 1.

Reactor startup time is dominated by magnet charging, primary coolant

system warm up and vacuum system pumpdown. The limiting operation depends on

whether the reactor is started up after a major or minor maintenance opera-

tion or after reactor shutdown for minor system or BOP repair. The three

startup scenarios are: (1) cold, (2) hot, and (3) rapid.

A cold startup occurs after the reactor has been shutdown for a lengthy

maintenance. The primary coolant system has been cooled down and the TF, EF

and OH coils discharged. The vacuum boundary is also assumed to have been

breached to permit blanket sector replacement. A 36 hour bakeout period is

planned after a blanket sector has been replaced to clean the chamber. The

primary coolant is brought up to temperature using the heat incurred by

operating the coolant pumps. The ECRH system is turned on while the vacuum

pumps operate to outgas the chamber.
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Figure 19-1. Plant startup sequence.

A hot startup occurs after the reactor has been shut down for a short

duration and the TF magnets discharged. The vacuum boundary may have been

breached for a few hours. The dominating constraint in reactor startup is

expected to be TF coil charging.

A rapid startup occurs when all reactor systems have been left intact,

such as in the case of a turbine trip. The OH coil system must be recharged

and the plasma initiated.

The sequence of events required to warm the primary coolant system,

charge the magnets and pump down the plasma chamber will be discussed separ-

ately; however, depending on the machine status, all these steps may be

required for a reactor startup. The magnet charging operation simply in-

volves drawing power from the grid for 12 h. Auxiliary plant systems startup

is similar to the PWR procedure of reference 1.
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19.2.1.1 Primary Loop

Startup, as described here, applies to routine plant operational

startup, and can be from either the hot or cold condition. Startup from

a cold condition is initiated following a shutdown that requires the reactor

coolant system to be cooled down and depressurized, such as during scheduled

maintenance. Startup from a hot condition refers to return to power opera-

tion following a shutdown not requiring depressurization, such as restart

following a turbine trip. Values of major parameters for hot and cold

startup are presented in Table 19-1.

Table 19-1. Inital Conditions for Startup

Parameter

Reactor coolant temperature, °C

Reactor coolant pressure, MPa (psi)

Pressurizer level, % full

Pressurizer temperature, °C

Estimates of times required for typical startups from both of these

above initial conditions are presented in Table 19-2.

Table 19-2. Estimated Startup Times

Operation Hot, Cold,

Hours Hours

1. Raise primary system pressure to 2.7 MPa - 6.5

(400 psig) and raise pressurizer temperature

to saturation at 2.7 MPa.

2. Drain pressurizer to no-load operating - 2.0

level, maintaining system pressure at

2.7 MPa.

3. Raise reactor coolant system to no-load 0.5 4.0

conditions (T - 295°C (560°F), system

pressure 15.2 MPa (2200 psia))

4. Raise the plasma output to full power

(5 percent per minute) (K5 0.5

Total 1.0 13.0
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In developing Table 19-2, It Is anticipated that the turbine Is in

rolling standby before the reactor coolant system reaches the no-load

condition.

Cold startup is described first because the steps involved in the

advanced stages of both types of startup are similar. In performing a cold

startup, the initial step is to check out the electrical and fluid systems.

Checks are made to assure that electrical power is available to all compon-

ents and systems required to operate during startup and normal plant opera-

tion, that all Instrumentation and control systems are functioning properly,

and that the fluid systems are valved in as required. The reactor coolant

system and pressurizer are completely filled with water and the system

pressure is maintained at 2.7 MPa. The auxiliary cooling water systems are

in service, supplying cooling water to support systems and components.

The pressurizer heaters are energized to start the heatup of the pres-

surizer necessary to form the steam bubble. The residual heat removal

equipment, if in service, is shutdown. The pressurizer heaters may be

energized before the establishment of all prerequisite conditions for startup

to minimize overall startup time. With the water chemistry within allowable

limits, the reactor coolant pumps are started sequentially and pump heat is

used to raise the reactor coolant system temperature.

Pressurizer liquid temperature is raised to a level where the pressure

is adequate for reactor coolant pump net positive suction head and seal

requirements. The charging pump flow and low pressure letdown valve are

controlled to obtain the desired pressurizer water level. Excess water

inventory removed from the primary system is stored in the volume control

tank.

When the reactor coolant temperature reaches about 100°C (210-220°F),

the steam line vents are closed and the secondary side of each steam genera-

tor is drained to the normal operating range.

When the pressurizer temperature reaches saturation, flow in the primary

loop cleanup line is increased to compensate for the steam bubble formation.

The primary loop makeup pump speed is reduced ti the minimum allowable value
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necessary for reactor coolant pump seal injection water. The reactor coolant

system pressure is maintained at 2.7 MPa (400 psig) by adjustment of the

pressurizer heaters and/or pressurizer spray.

The secondary loop is warmed up in parallel with the primary loop.

Conventional condensate and feedwater systems startup procedures are followed

to develop a vacuum in the main condensers, and roll the turbines.

The heatup and pressurization continues until a zero load coolant

temperature of approximately 288°C (550°F) and a pressure of 15.2 MPa (2200

psig) are reached. At this point, the plant is in the hot condition for which

the following operations apply.

The turbine generator is brought up to synchronization speed and paral-

leled to the main grid. After determining that all systems are functioning

properly, fusion plasma initiation begins. Power is increased at a rate not

to exceed 5% of full power per minute by varying the relative amount of

tritium in the plasma from 4% to 50%. At about 15% of full power the plant

auxiliaries are transferred to the main generator output and the power level

increased to full power.

19.2.1.2 Vacuum Pumpdown

Evacuation of the plasma chamber starts with operating the roughing pump
_3

system until the pressure has dropped to 10 torr (̂  1 h). At this point

the cryopumps are cooled (^2 h) and the chamber pumpdown begins.

Heat from the primary cooling loop provides baking of the chamber during

the pump down cycle. Approximately 8.5 h is required to achieve 230°C first

wall temperatures and an additional 3.5 h is required to reach 300°C The

blanket temperature is then held at 300°C for 36 h while pump down and clean-

ing progresses until a 10 torr pressure is achieved. The Electron Cyclo-

tron Resonant Heating (ECRH) system is also operated continously for 48 h for

discharge cleaning.

19.2.1.3 Plasma Initiation

Plasma initiation is discussed in Chap. 6.0 in detail. Initiation

begins with vacuum pumpdown and with OH coil charging which requires ̂ 30 ain.
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Next, the fuel Is Injected into the chamber by gas puffing and the ECRH sys-

tem Ionizes the fuel. ECRH breakdown requires 0.01 s. Simultaneously, OH

col.l discharge and rf system heating are started. The OH colls discharge

requires 13.5 s. Two hundred sixty seconds are required before fusion

begins. At 420 s and 500 MW of fusion power, a stable plasma has been

attained. From this point, the plasma can be ramped to full power at varying

rates. A rate of 5% of full power per min Is used to limit thermal stresses

In the steam generator. Full power Is attained 1020 s later.

19.2.2 Normal Operation

Normal operation of the heat transport system and reactor are discussed

below.

19.2.2.1 Primary Loop

Normal operation involves power generation at normal operating tempera-

ture and pressure. During all phases of normal operation, operating pressure

is maintained by the pressure control equipment, and pressurizer water level

Is controlled by the primary coolant makeup flow control.

When the reactor is generating heat, system temperature is controlled by

the reactor control and protection system. When the reactor power is below a

predetermined percentage of full power the reactor may be controlled manually.

Above this level, the reactor control and protection system automatically

maintains the required coolant temperature.

19.2.2.2 Reactor

During normal plant operation, the reactor operates with all systems

at steady-state. D-T fuel is constantly injected into the plasma and impuri-

ties are removed through the vacuum system. The compound cryogenic vacuum

pumps absorb the impurities. Every two hours a set of 24 parallel units is

switched in while the impurities that have been pumped by the first set of

units are discharged to the tritium facility for processing.

The EF and TF coil magnets maintain a constant field and the CF coils

are continuously pulsed to control plasma position. The OH coils are com-

pletely discharged.
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The blanket and limiter are continuously cooled by the primary coolant

loop and the feed water heating loop, respectively. Waste heat is extracted

from the shield, rf system and other reactor subsystems.

The reactor building atmosphere is continuously recycled to remove any

traces of tritium and the building pressure is maintained at slightly less

than atmospheric to prevent outleakage.

Reactor and subsystem operation is continuously monitored by the control

room and the reactor power output throttled as necessary to match load

demands. When a component malfunction is noted, a redundant unit, as avail-

able, is automatically switched into full operation to prevent shutdown.

Some failed components, located in the process module area of the reactor

building, can be repaired during reactor operation. Others, however require

complete reactor shutdown or operation at reduced power.

19.2.3 Shutdown

Three different types of reactor shutdown are anticipated. These are

normal, rapid and abrupt as described in Table 19-3. A further discussion of

shutdowns is given in Chap. 6. A scheduled shutdown (normal) will utilize

the reverse process and timing of plasma startup. This mode will be utilized

when possible to minimize thermal stresses and reduce the possibility of

plasma disruption. In the event of an impending failure (i.e., small leak,

etc.) where continued operation of 1450 s required for normal shutdown could

have a deterimental effect on the reactor, the plasma is shut down in about

three seconds (rapid). Abrupt shutdown results from an intentional or uncon-

trolled plasma disruption. In any of the above shutdowns the primary coolant

is shutdown in the same manner. Approximately 3.5 h are required to stabil-

ize the primary coolant loop in the hot standby mode and an additional 8.5 h

are required for a cold shutdown. A description of the primary coolant

shutdown follows.
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Table 19-3. Design Basis Reactor Shutdowns

MODE

Normal

Rapid

Abrupt

Primary

DURATION

1450 s

NUMBER ANTICIPATED

PER YEAR

1

^3 s Linear <\<1

100 ms

Loop

< \ , 1

TYPICAL USE

Scheduled Maintenance

Impending Failure

Plasma Disruption

This subsection describes the plant operations necessary to take the

plant from power operation to either of the cold or hot shutdown conditions

previously described.

Assuming the plant is operating at a power level in excess of 15 Z of

full power, the initial shutdown step is to unload the turbine generator. In

doing so, control systems are monitored to assure that the plant average

temperature is reduced automatically in accordance with the programmed

changes, and the steam generator levels are automatically maintained in the

proper range.

At approximately 15 % of reactor power level, station auxiliary elec-

trical loads are transferred from the turbine generator output back to the

grid. The turbine generator is then completely unloaded, disconnected, taken

to hot standby and removed from service in accordance with the turbine

generator instructions.

If the plant is to be kept in a hot standby condition, the power level

is reduced and the primary and secondary systems are placed in a hot standby

condition. Steam dump to the condenser is used as required initially to

remove residual heat. Reactor coolant pumps are taken out of service as

required to maintain the desired loop temperature.

When the plant is to be taken to the cold shutdown condition, steam

dump is utilized to start cooldown. All pressurizer heaters are turned off

and the spray valves cool the pressurizer to maintain the system pressure

within the applicable pressure-temperature limits. Makeup water is added to

compensate for the reactor coolant contraction in maintaining the no-load

pressurizer level.
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As steam generator steam pressure decreases during the cooldown, the

steam dump may be re-adjusted to maintain the desired cooldown rate. When

reactor coolant system temperature and pressure are less than 175°C (350°F)

and approximately 2.7 MPa (400 psl), respectively, the residual heat removal

system Is placed In operation to maintain the desired cooldown rate.

As the steam generator steam pressure approaches zero pslg, the steam

dump valves are closed. When the reactor coolant reaches 93°C (200°F), the

secondary side of the steam generators Is filled with water and chemicals are

added as required for wet layup.

When the reactor coolant shutdown temperature is reached, operating

equipment of the residual heat removal and secondary cooling water systems is

reduced to the minimum required to maintain temperature.

When the minimum pressure for tractor coolant pump operation is reached,

primary loop makeup is increased and the pressurizer level is raised to keep

system pressure above the minimum required. Spray is continued throughout the

operation until the steam bubble no longer exists in the pressurizer.

Makeup is then reduced to maintain a constant pressure, and all reactor

coolant pumps are stopped. Pump seal water and makeup are discontinued, and

the system is completely depressurized. The time required for plant cooldown

is approximately 20 hours (based on 100°F maximum cooling \< ter to the

residual heat exchangers).

19.2.3.2 Reactor

Reactor shutdown will involve a controlled shutdown of the plasma as

discussed in Chap.6.0. In addition reactor systems will be either held in a

ready mode or shutdown further for repair. For reactor repairs, the TF coils

will be discharged. Repair of the blanket will require the blanket tempera-

ture to be reduced and all tritium systems to be stabilized.

19.2.4 Load Follow

Load changes are initially made on the turbine generator. The reactor

control system then adjusts reactor power level by appropriately changing the

tritium concentration of the plasma to follow the power demand of the turbine.
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19.2.5 Full Load Rejection

The heat transport system can be provided with the capability to sustain

sudden large load decreases up to and Including full load loss down to plant

auxiliary loads, concurrent with the loss of external power. This is accom-

plished by controlled dumping of turbine throttle steam either directly to

the main condenser, or to the main condenser and atmosphere.

This steam dump serves as a short-terra artificial load which allows the

reactor to automatically cut back power without tripping. Normally, the

reactor control system Itself cannot react rapidly enough to follow a sudden

complete loss of load without allowing certain reactor plant variables,

(e.g., pressure and temperature) to exceed allowable operating limits.

Therefore, unless a sufficiently large controlled steam dump capable of

simulating an external load on the reactor is used, the reactor will trip

and shut down the plant. The incorporation of an adequately sized controlled

steam dump permits rapid automatic reduction of power without reactor trip

and enables the plant to continue operation and carry its own auxiliaries.

Steam dump is controlled by sensing reactor coolant average temperature,

and is reduced as rapidly as the reactor control system can reduce plasma

power. With this system, therefore, the total quantity of steam dumped is

minimized.

The capacity of the steam dump initially required is equal to the total

full load steam flow, less the percent load change for which the reactor

control system is designed, less the steam required by the turbine to carry

auxiliary loads. This results in a maximum steam bypass flow requirement of

approximately 85 to 90% of rated steam generator flow. The integrated flow

is equivalent to approximately 8 to 10 min at full power.

19.2.6 Reduced Power Operation

Two important aspects in attaining a high availability in STARFIRE are

the use of full redundancy in some subsystems with partial redundancy in

others, and the ability of STARFIRE to be operated at varying power levels.

In the event of a component failure, either the redundant unit permits

continued operation, power is reduced to permit operation at a reauced power

level, or the reactor is shut down for repair.
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Major subsystems that include redundancy to permit continued operation

are discussed below.

19.2.6.1 Vacuum System

The roughing pump system is fully redundant and can be maintained during

reactor operation. The 48 compound cryogenic pumps can not be fully redun-

dant because of space limitations, however, some redundancy is inherent in

design by oversizing of the pumps. Twenty-four of these pumps are operated

for two hours while the other 24 are being regenerated.

The reactor can operate at full power with two pump failures. A third

and fourth pump failure can be tolerated without power reduction if the

failed pumps are in or switched into the opposite set of 24 pumps. Five pump

failures would result in operation at reduced power until a scheduled main-

tenance period. Similarly the isolation valves to the vacuum chamber can

also be operated with up to four failures because they are in series with

the vacuum pumps. In addition, further failures can be tolerated because

two valves are located in series. A gate valve and a right angle valve are

provided. The gate valve has a life of 2000 cycles while the right angle

valve has an 8000 cycle life (2 years of operation at 2 h/cycle). The gate

valve lasts for the plant design life since it is only used after failure of

or during maintenance of the right angle valve. Maintenance of the right

angle valve is expected to require seal replacement. This is accomplished by

removing and replacing the actuator, valve stem and seal as an assembly. The

seal is then replaced in the hot cell and the refurbished assembly reused in

a later maintenance changeout.

Replacement of the vacuum pumps or the right angle isolation valve

during reactor operation would require design of a remote raainpulator that

can maneuver in the magnetic field environment. Further evaluation of this

manipulator requirement should be undertaken and should include: (1) induced

forces, (2) induced current arcing, (3) need for non-electrical controls, and

(4) neutron streaming during valve or pump removal.

All vacuum chamber seals are redundant. In event of failure of a single

seal, monitoring of the pressure change between seals identifies the failed

seal for later maintenance and the second seal permits continued operation at

full power.
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19.2.6.2 RF System

Twelve rf ducts are provided in the system; each duct has 4 identical

grill sets. In event of failure of an amplifier or some other part of the

system l/48th of the system can be shut down and the plasma power adjusted

accordingly. A coolant leak from an rf grill into the plasma chamber would

result in reactor shutdown.

19.2.6.3 Tritium Facility

The tritium facility is fully redundant and located in a separate

building away from the reactor building. The system can be repaired while

the reactor continues to operate at full power.

19.2.6.4 Tritium Cleanup

The tritium cleanup system consists of a number of individual units, 24

in the reactor building and five in the hot cell. Normally only three units

operate in the reactor building and one unit is operating in the hot cell.

This permits continued reactor operation while repairing a failed unit. Under

tritium accident conditions all units would be operated. Failure of a single

unit would increase cleanup time.

19.2.6.5 Heat Transport System

Two steam generators are used in each of the dual loops. A single steam

generator failure requires isolating the failed unit and adjusting the other

loop for operation at 50% power while repairs are made.

Two primary coolant pumps, each rated at 50% of full loop flowrate, are

used in each loop, so that a single primary coolant pump failure requires the

reactor to be operated at 50% power while repairs are made. The auxiliary

coolant loop includes two 100% pumps, but no backup heat exchangers.

19.3 MAINTENANCE

The reactor and maintenance facility designs selected for STARFIRE are

presented in this section. A total remote facility has been developed to

minimize radiation exposure to workers. All known or foreseen maintenance
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operations are planned for remote operation; however, flexibility has been

provided by design of the reactor shielding to permit access by properly

shielded and suited personnel within 24 h after reactor shutdown.

19.3.1 Approach and Philosophy

The STARFIRE reactor and maintenance facility design has been develo-

ped to enhance plant availability. Because of lack of substantiating data

for actual subsystem reliability, emphasis was placed on designing the

reactor to permit rapid replacement of those components which are expected to

require frequent reactor shutdown for scheduled maintenance and replacement.

We have chosen to define all major features of the design, develop a mainten-

ance scenario, define equipment, estimate the times for maintenance opera-

tions, and allocate subsystem reliability goals so that a 75% plant avail-

ability can be achieved. These goals will provide guidance for subsequent

subsystem development efforts that will necessarily include a reliability

assessment of each subsystem and inclusion of appropriate redundancies.

Following the assessment, a re-evaluation of the goals will be required.

A 75% availability goal is considered reasonable based on past experi-

ence with nuclear fission power plants. The average nuclear industry plant

availability factors were 68.6%, 72.2% and 73.5% for 1974, 1975 and 1976
(2 3)

respectively ' . Average availability of commercial nuclear plants

in 1979 was 69%. Individual power plants have attained plant availabilities

as high as 85% (Commonwealth Edison) and a commonly used goal for PWR cal-

culations is ^ ;

The complexities of a fusion system will reduce the achievable avail-

ability as compared with LWR/PWR'S if the same technology is assumed.

However, advances in automated maintenance technology and simultaneous

development of the maintenance system and reactor designs should make a

75% availability goal achievable. The maintenance system must receive as

much attention from the outset of the design as any other major system in

order to achieve this goal.

The STARFIRE reactor design was developed based on the assumption that

it was the tenth unit constructed from a standarized design. This led to the
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assumption of a highly predictable machine that has resulted from an exten-

sive R&O program and operating experience from earlier plants. This back-

ground was assumed to have provided information on subsystem reliability and

maintenance needs and to have resulted in the use of redundant components

where cost effective. The net result of the assumption that the frequency

with which maintenance is performed and the types of repairs needed are

understood, is that the maintenance system can be automated for remote

operation.

The reactor maintenance schedule was developed to fit within the balance-

of-plant maintenance scenario recommended by the Utility Advisory Group (see

Appendix A). It includes an annual shutdown for four weeks (28 days) to

perform maintenance and inspection, and a four-month (120 days) shutdown

every ten years for overhaul of the turbine-generator. During this period

the TF coil system is also annealed. Thus an average annual scheduled outage

of 37 days is predicted.

In addition, current experience indicates that approximately 20 days

downtime per year is caused by failures in the balance-of-plant (BOP). As a

result of these constraints, the following downtime allocations were made as

listed in Table 19-4.

Table 19-4. Downtime Allocations

Balance-of-Plant

Scheduled

37 days

Unscheduled

20 days

Reactor

Scheduled

37 days

Unscheduled

34 days

The 37 days of reactor scheduled maintenance assumes that the reactor

will be maintained simultaneously with the BOP on a noninterference basis.

The total of 57 days outage required for BOP maintenance leaves 34 days for

reactor unscheduled maintenance if the 75% availability (91 days outage/

year) is to be achieved.
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Maximum availability is achieved by developing the reactor design to be

capable of maintenance oa a noninterference basis with the balance-of-plant.

We have chosen to replace a fraction of the blanket sectors on an annual

basis for the reference design. However, in light of the predicted 10 day

replacement time for two sectors, it may also be desirable to replace 8

sectors every other year on a noninterference basis. This option is a

utility choice which will depend on the desire for levelized annual costs,

flow of equipment around the reactor and the utility's decision on how to use

blankets removed prior to their end-of-life. No assessment was made of this

option, however, the choice would likely be clear by the tenth plant.

The design was developed to permit fully remote maintenance equipment to

perform all operations inside the reactor building and hot cell. However

the reactor shielding has been designed to permit personnel access to the

reactor building within 24 hours after shutdown. The carbon dioxide environ-

ment, possible tritium contamination of the building and activatod particu-

late matter would require personnel to wear special clothing and breathing

apparatus. The more effective shielding provided to permit personnel access

within 24 hours after shutdown also reduces the activation level of the

reactor and building components and permits recycling of a larger portion of

the spent materials.

The major reasons for selecting the fully remote maintenance approach

are; (1) the total radiation exposure to maintenance workers can be reduced

significantly through use of fully automated equipment, (2) with proper

design a reactor can be maintained more rapidly by automated equipment than

by radiation protected personnel, (3) some remote capability is required for

accident conditions, (4) shielding requirements ace minimized for subsystem

modules, (5) decommissioning is simplified, (6) some repair during reactor

operation is possible and, (7) machines require minimal shield protection.

Remote maintenance equipment permits maintenance operations to start

immediately after reactor shutdown or in many instances during reactor

operation. Maintenance on the reactor itself, however, is likely to be

constrained by the effects of the magnetic field on maintenance equip-

ment controls and motions in areas close to the reactor. This phenomenon

needs further evaluation to determine the severity of this constraint.
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Many factories are currently being automated to improve cost effective-

ness. For example, the fully automatic Datsun plant in Japan can produce

1300 cars per day with 67 plant personnel due to the large degree of auto-

mation. A General Motors Plant in this country with a similar capacity

requires 1200 plant personnel . It is believed that as further develop-

ment of automation processes evolves, cost benefits will accrue for

smaller production runs which will permit its application to reactor auto-

mated maintenance. However, even if costs are higher with an automated

system it may still be desirable because it would further reduce the expo-

sure of plant workers to the radiation environment of a reactor.

As contrasted to remote maintenance, current day practices for hands-

on maintenance in high radiation areas restrict workers to strict control

procedures and require supporting activities and equipment. These practices

require that each task be planned as a no-risk activity where a job does not

start until the equipment and procedures necessary to solve all existing and

potential problems are available. Complete surveys of the extent and loca-

tion of radiation fields and contaminated areas are made and corresponding

restrictions placed on where the workers may work, how much time they can

spend in a particular location and what protection they must have, such as

protective clothing and portable shielding. These preparations are costly

and time consuming. The limits on worker radiation exposure require large

numbers of maintenance personnel to prevent over-exposure to individuals.

In addition the radiation limits for personnel have steadily declined to the

point at which available annual manhours per person are so low that machines

are now more cost effective.

Maintenance operations are simplified by modularization. Instead of

providing the time, manpower and equipment for in-sltu testing and repair

during a maintenance outage, on-hand pre-tested units are exchanged for

failed or end-of-life units and reactor operation resumed. The removed units

are transferred to the repair area where the time necessary for repair can be

used without extending the reactor downtime.

The modular design approach also minimizes the complexity of remote

maintenance by reducing the number of different kinds of maintenance opera-

tions required, and by permitting standardization of the connections so that
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designs using simple push, pull or twist actions can be used. Fault isola-

tion must be provided to the smallest replaceable module level so that when

a failure occurs, the failed module is identified for replacement.

The reactor and its subsystems have been developed on the basis that

STARFIRE is a well-understood, predictable machine which permits rapid

replacement of those components where frequent maintenance is anticipated.

Where necesary, this leads to sacrifices in ease of replacement of components

that require infrequent maintenance. Items which will require periodic

replacement and items which are expected to be life-of-plant have been

identified. The life-of-plant components are expected to require occasional

repair maintenance, but the frequency of occurrence combined with the time

required for solving the problem are not expected to dominate the outages.

The reactor components and their appropriate categories are listed in Table

19-5.

Table 19-5. Expected Maintenance Needs

Life-of Plant Periodic Replacement

TF Coils Blanket

EF Coils Limiter

CF Coils rf Duct

Shield Shield door seals

Structure Cryogenic System Components

rf Window

Vacuum Isolation Valves

Power Supplies

Crossed Field Amplifiers

Compound Cryogenic Vacuum Pumps

Misc. Pumps, Valves and Instrumentation

Most reactor subsystems will require some periodic repair or replace-

ment. These operations, in general, are expected to be performed on a non-

interference basis either during a scheduled shutdown or during reactor

operation. As an example, the steam generators will likely develop some

leakage over the plant life. If the leak approaches the tritium release

limit (10 Curies/day) prior to a scheduled maintenance period, a shutdown or

operation at 50% power will be required while tube plugging is performed.
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The components requiring periodic replacement are modularized to

simplify and speed the maintenance operations. The operations required for

removal of modules are simplified by using'a standardized drive unit which

consists of a mechanism that is actuated by a turning motion. The concept

for the unit is shown in Fig. 19-2. It will speed maintenance by minimizing

the number of different motions required in any maintenance operation thereby

reducing the complexity of the maintenance equipment. Guide pins are used

for alignment and to minimize the loads reflected into the maintenance

equipment. For light duty lifting operations, a latching system is provided

to permit component lifting and removal. Heavier components will have

built-in hoisting lugs for the remote maintenance equipment to use for

lifting.

Mechanical seals are used for all equipment having scheduled maintenance

operations. Their use eliminates welding or machining during maintenance.

The primary and auxiliary coolant line disconnects are located outside the

vacuum boundary so that less than perfect seals can be tolerated. This will

reduce the need for repair of joints and should speed maintenance operations

since extensive inspection during installation will not be required. The

shield has been designed so that elastomer O-rings can be used at all sealing

surfaces that are routinely separated during maintenance operations. These

seals are located such that the radiation dose limit during the time between

scheduled maintenance (e.g., six years for seals at the shield door) is not

exceeded. These seals are accessable for maintenance and can repeatedly

provide a high quality vacuum seal. The seals are replaced each time the

door is removed. Single plane welded seals are used inside the shield where

elastomer Reals can not be used because of higher radiation levels and where

no scheduled maintenance is planned. Reliable seals can be made at these

joints and they can be cut off and be remade several times using a standard

tracked welder. Dual seals are provided at all joints so that leaks can be

detected by monitoring the pressure between seals.

19.3.2 Reactor and Subsystem Design Features

The reactor design has been developed to simplify maintenance to the greatest

extent feasible. The design permits replacement of all components in a time

consistent with its expected need for replacement. The exploded view of
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Figure 19-3 illustrates the removal of major components. Further illustra-

tions of the assembly sequence are also illustrated in Sec. 23.5. The major .

components in order of expected increasing replacement needs are: center

post, support structures, TF coil, EF/OH coils, CF coils, shield, blanket and

vacuum pump and isolation valve assembly. As indicated, blanket replacement

requires removal of cooling lines, anti-torque panel and the shield door.

The cooling lines and shield door will be replaced each time they are removed

and refurbished for the next replacement sequence. The vacuum pump isolation

valves, vacuum pump molecular sieve surfaces and first wall/blanket modules

TYPICAL
MANIPULATOR
HEAD

Figure 19-2. Standard automated latch system concept.

(Including limiters and duct) are the only reactor components that require

scheduled, routine maintenance. Ease of replacement of these items has

therefore been emphasized in this study. Since reactor scheduled maintenance

does not dominate the annual downtime, several scheduled operations can be

added without affecting reactor availability. Failure of life-of-plant items

such as the TF coil or shield can be permitted to result in longer outages

since they will be very infrequent.

The weights of individual components were used to size the overhead

crane, to establish the maintenance procedures and to determine the building
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Figure 19-3. Starfire reference design - exploded view.



foundation load requirements. A summary is given in Table 19-6. The heavi-

est component that must be handled during scheduled maintenance is the shield

door which weighs ^156 tonnes. The 583 tonne TF coil which must be moved

during construction or unscheduled maintenance established the requirement for

the 600 tonne overhead crane.

Following is a discussion of reactor design maintenance features that

have been defined.

Blanket sectors — Blanket sectors are expected to have a 16 MW-yr/m2

design life which translates to six years of reactor operation at 75% avail-

ability prior to their scheduled replacement. This relatively long life led

to developing a blanket design where large, easily replaced modules are

used. The concept adopted is similar in nature to the Culham design

and follows the recommendations of the Fusion Reactor Remote Maintenance
(4)

Study and the study Developing Maintainability for Tokamak Power

Systems . The objective was to minimize the amount of in-reactor

maintenance for replacement of a failed part so reactor operation could

resume while repairs are performed in a hot cell where more time and

tools are available.

The blanket is divided into 24 toroidal sectors. Two different sector

sizes are used to permit removal of blanket sectors through the shield door

opening while providing clearance for cooling lines. (See Chap. 10 for fur-

ther details.) Twenty-four sectors are used instead of twelve to permit the

size of the TF and EF coils to be minimized with a resultant savings in capi-

tal cost and energy storage requirements. (See Chap. 5 for a more detailed

discussion.)

The couplings for all blanket cooling lines are located outside the

shield door. This eliminates the need for high quality vacuum tight con-

nectors in the 15.2 MPa coolant lines and permits some leakage to be tol-

erated so that mechanical quick disconnects can be used. The penetration of

the coolant line through the shield requires a low pressure vacuum seal at

the shield door. This connection is discussed in Chap. 11.

The reactor coolant lines and rf ducts utilize groupings to minimize the

number of operations required for removal during maintenance. The grouping
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Table 19-6. Summary of Reactor Component Weights

Unit Total

(Metric Tonnes) Required (Metric Tonnes)

Center Post

(Segmented Into 4 Farts) 280. 1 280.

TF Coil 583. 12 6,996.

EF/OH Coil

EF (Center post) 45.

OH (Center post) 39.

EF/OH (Upper and Lower) 155.

EF (Outer) 450.

Inner CF 17.

Outer CF 53.

Blanket

Large (16.3°) sector

Small (13.7°) sector

Shield Sector (W/0 Door)

Undercoil Shield Sector

Vacuum Duct

Pump Pod

Shield Door

*f Duct

Support Structure

Pumps, Valves, Misc.

65.

60.

179.

226.

116.

160.

156.

6.2

87.6

1.

4

4

2

2

2

2

180

102

310

900

34

106

12

12

12

12

24

24

12

12

12

150

780.

720.

2148.

2712.

2793.

3840.

1872.

74.

1,052.

150.

25,049.
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is identified in Table 19-7. Five separate bundles are used for each pair

of blanket sectors. Four of the bundles are identical (Bundle A ) . The fifth,

Bundle B, includes the rf, ECRH, shield door and fueling connections. The

connector for each of the five bundles uses a turning motion (torque) to pro-

vide the simultaneous seal closure/opening operation for all lines in the

bundle. (See Fig. 11-26.) The connector is designed with guide pins so that

only proximity location is required to engage latches. The manipulator then

turns the drive mechanism to pull the joint together and effects the metal

seal. All five coolant bundle penetrations through the shield vacuum boun-

dary use redundant mechanical seals that are sealed using the same type of

manipulator operation as for the high pressure coolant bundle couplings.

Table 19-7. Coolant Line Bundle Grouping

Bundle A Number of Lines Required

Primary Coolant Inlet

Primary Coolant Outlet

Limiter Coolant Inlet

Limiter Coolant Outlet

Tritium Purge Inlet

Tritium Purge Outlet

Reflector/Multiplier Vent

Seal Leak Monitor

Instrumentation

4

4

1

1

1

1

1

1

As Required

Bundle B

rf Duct Slots

rf Coolant Inlet

rf Coolant Outlet

ECRH Duct

ECRH Coolant Inlet

ECRH Coolant Outlet

Shield Door Coolant Inlet

Shield Door Coolant Outlet

Seal Leak Monitors

Instrumentation

36

1

1

2

1

1

1

1

2

As Required
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All sectors include a limiter and the 12 sectors that are located

between TF colls also include an rf duct grill and ECRH duct. These compon-

ents can be removed and replaced in the hot cell.

The blanket sectors are moved on gas bearing pads that make the unit

easy to move (approximately 1 kg lateral force per 2000 kg weight). The

removal path of the sector is guided by the automated rail mounted manipula-

tor which attaches to the blanket sector. Blanket removal operations are

discussed in detail in Sec.19.3.3.

Vacuum Pump System — The cryopump and isolation valve systems are shown

in Fig. 19-4. The isolation valves have design lives that are United to

2000 cycles for the gate valve and 8000 cycles for the right angle valve.

Provisions have been made in the shielding design to permit quick access to

the entire pump and valve assembly by removing the shield cover. The stan-

dardized latch drive (Fig. 19-2) is incorporated for ease of cover

removal.

The gate valve, located in series with the right angle valve, is included

to permit the vacuum system to remain sealed when a right angle vacuum seal

is replaced and to provide redundancy in event of isolation valve failure.

The right angle valve is normally cycled every two hours for pump rejuvenation

and therefore will require replacement every two years. A small plug is

incorporated into the shield design to permit access to the right angle valve

stem for replacement of the seals without disturbing the rest of the vacuum

system. The valve stem is designed so that a standardized latching drive can

release or reattach the valve stem and the actuator controls.

The vacuum pumps use a molecular sieve material that is expected to

deteriorate with vacuum pump operation. Currently vacuum pump manufacturers

recommend that these components be replaced annually; however, it is expected

that pump operation can be continued for two years in STARFIRE since opera-

tion in a clean environment is planned. The pump and valve will normally be

removed as a unit; however, in event of an unscheduled shutdown for valve

failure, -he small shield plug is removed for valve seal replacement.
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Figure 19-4. Vacuum pump isolation valve.

Shield — The shield is designed for life-of-plant; however, it has been

designed to accomodate infrequent replacement of a failed sector. The shield

is divided into 24 toroidal sectors to permit installation between TF coils.

Joints between shield sectors are flange welded on the inner surface at

installation. Attachments in the shield are provided so that a track can be

installed and a remotely operated welder/cutter can be used to cut and later

reweld the seal. A mechanical seal is provided behind the weld to permit

sequential injection of tracer gas for detection of a leaking seal weld.

Replacement of a shield sector requires use of the overhead crane for

hoisting the sector from the machine. The vacuum ducts are a permanent part

of the large shield sector to simplify sector installation and removal

operations.

The shield door is the only part requiring scheduled maintenance. It

incorporates standardized latches and dual elastomer seals. It is removed
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each time the blanket sector Is replaced. Two replacement units are provided

so that seal replacement can be acccompllshed in the hot cell.

EF and OH Colls — The EF and OH colls can be replaced with minor

reactor dlssassembly. The complications associated with replacement of the

EF/OH coll trapped beneath the reactor lead to Inclusion of a spare coll. A

failed coll can be cut and removed and the spare moved Into place and con-

nected without disturbing the surrounding components. The upper EF/OH coil

requires removal of the upper structural grid frame to provide access for

replacement. The large outer EF coils can be replaced by the overhead crane

after the upper vacuum pumps are removed. The centerpost EF-OH coils are

contained in two separate modules of four coils each to permit their removal

while minimizing building height. Their removal requires warm up of the TF

coils and EF/OH coils in the center post. The vacuum boundary is opened at

the top of the center post by cutting a welded seal. The electrical and cryo

leads are then accessable for each module. Subsequent cutting of electrical

and cryo leads permits the overhead crane to hoist the coil modules out to

permit replacement of the module with the failed coil.

TF Coils — The TF coils are designed as twelve individual units that

include the room temperature vacuum tank. Heat leak and design complexity

considerations required use of a welded common dewar at the center post.

Coil removal requires removal of the nearby blanket and shield sectors, CF

and EF coils, and represents a major reactor repair. The common dewar is cut

and rewelded by mounting a welder/cutter track to the center post. The

mechanical attachment to the center post is removed through the top of the

center post vacuum opening.

Leak Detection — Leak location is a key element in minimizing system

downtimes. A system has been incorporated into the blanket and shield

designs that permits rapid detection and location. The Instrument and

Control (I&C) section of this report (Chap. 17.0) describes how monitoring

systems will be continuously scanned to provide data on the reactor status.

This paragraph discusses the features that have been incorporated into the

design to monitor leakage and provide inputs to the I&C system.
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A Residual Gas Analyzer (RGA) is located at each vacuum duct to contin-

uously monitor impurities in the plasma exhaust. Changes from the norm are

expected in event of leaks. Ref. 8 has shown that location of leaks to

within a 90° sector of the torus is possible by comparing the differences in

impurity concentration at each RGA. This will reduce the area that must be

searched for leaks. Searchs for leaks will be made primarily by injection of

tracer gases or by changes in impurity concentration due to changes in

differential pressures across leaks.

The two types of anticipated leaks in the shield are those through seals

and structural leaks. Provisions for location of leakage through seals has

been provided by using the two types of seal designs shown in Fig. 19-4. The

redundant seal is used in areas where frequent component removal is required,

whereas the welded seal is used only where infrequent removal is required.

Redundant sealing is used at the shield door seals, vacuum pump and valve

seals and at the dielectric break in the shield. Details of the design are

discussed in Chap. 11. Seal materials are selected on the basis of the

radiation fluence limits. Elastomer seals are used at the outer surface of

the shield, metal seals are used at the vacuum pumps and valves and a per-

manently bonded polyimide seal is used at the dielectric break.

Detection of leaks through the redundant seals is provided by monitoring

the pressure between the seals. During operation, the pressure between seals

will be reduced to approx-t.mately one torr. In the event of leakage between

either the atmospheric pressure side or the vacuum side, the increase or

decrease in pressure will indicate which seal is faulty. Operation can then

continue using the good seal until replacement is convenient.

The permanently welded seal joint is used in high radiation fluence

areas because of its inherent reliability, especially in the sizes required

for poloidal shield seals. The design shown in Fig. 19-5 was selected

because of the limited access and the need for the capability of remotely

making and breaking the seal. It incorporates a welded seal and a spring

clip. The spring clip provides a cavity to help contain tracer gas for leak

detection. Leak detection for the welded joint is incorporated in the

following manner. First, in-leakage from the reactor building will be

detected in the plasma chamber by continuously processing the output of the

19-29



vacuum system. When the carbon dioxide concentration changes significantly a

leak is present. Monitoring of the redundant seals will indicate if a

failure has occurred in these areas, if not, a seal weld is assumed to have

failed. Sequential injection of isotopic tracer gas in each of the seal

cavities will indicate the leaking joint. The leak rate will determine when

machine shutdown is necessary.

Leakage through the structural walls of the shield is considered less

likely to occur because of the design margins that are incorporated into the

design; however, leak detection capability is provided. The shield incor-

porates vented structural canisters that are cooled by water in coolant

tubes. Each canister can be pressurized sequentially by tracer gas to

determine if a leak exists. Water leaks will be detected external of the

shield by water leakage out of the vents.

Leaks in the blanket must be isolated to one of the 24 individual

sectors so it can be replaced. Possible leaks are from the coolant, the

multiplier and reflector cavity and the tritium purge system. Each blanket

sector coolant system is manifolded separately to permit isolation for leak

detection. Coolant leaks would be detected by residual gas analyzers

REDUNDANT
SEAL

WELDED SEAL

MECHANICAL
SEALS

WELDED SEAL

INJECTION

UiSE-
• StffislUU DOOR SEALS
* V/fcaWUJHiPUMP AND VALVE INTERFACES

USE:
• SHIELD SECTOR TO SECTOR INTERFACE
• VACUUM DUCT TO SHIELD SECTOR INTERFACE

Figure 19-5. Seal design.
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in the vacuum system. When a leak is detected, each sector will be isolated

sequentially and the coolant pressure decreased. Changes in the leak rate

will indicate a faulty module. The tritium purge system and the vent line to

the reflector and multiplier cavities are leak detected in a similar manner.

Further discussion of blanket leak detection is given in Chap. 10.

Vacuum Wall Cleaning — Vacuum chamber cleaning of the STARFIRE reactor

will be critical to proper operation. The purpose of the cleaning is to

remove adsorbed gases from the vacuum surfaces. These gases are desorbed

during attempted plasma operation causing contamination of the plasma

which may prevent obtaining proper plasma burn conditions. Two scenarios

are discussed. The first case involves the cleaning of STARFIRE during

installation and in preparation for the first burn; the second case concerns

the cleaning required after major vacuum system openings for scheduled and

unscheduled maintenance. In order to maximize reactor availability it is

imperative that the cleaning time be minimized after maintenance is completed.

During the design phase of the STARFIRE reactor, precautions must be

taken to select proper materials and fabrication methods to minimize outgas-

sing and virtual leaks. Each component exposed to the vacuum environment

will be chemically cleaned prior to installation, the particular cleaning

method for the various components will depend on the materials of construc-

tion. When construction is complete and the vacuum vessel is verified to be

leak tight, the vacuum system will be pumped to below 1 x 10 torr and

in-situ cleaning will be initiated. The coolant for the first wall/blanket

will be heated externally and circulated to raise the temperature of the

first wall and blanket to 320°C, providing a vacuum bakeout. It is antici-

pated that the temperature of the shield will reach -vlOCC during this

bakeout.

Concurrent with the bakeout of the entire vacuum vessel, glow discharge

cleaning will be performed. The purpose of the glow discharge cleaning is to

accelerate the removal of adsorbed gases from the first wall and limiter.

The limiter slot, the backside of the blanket and the shield need not be glow

discharge cleaned because energetic ions and neutrals will not be incident on
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these surfaces during normal operation. A low power Taylor Discharge Clean-

ing (TDC) (Ref• 9) method will be employed. The vessel will be backfilled
—4

with hydrogen to approximately 1 x 10 torr with Jie high vacuum cryopumps

operating; a continuous purge will be maintained. The ECRH heating system will

then be pulsed at a rate of approximately 5 pulses per second at a power

level sufficient to produce a wall loading of 0.05 watts/cm . The pulse

duration will be 0.04 s. For initial cleaning after installation, approxi-

mately 105 to 106 pulses will produce a clean system with a Z near 2.0.

This entire vacuum bakeout and glow discharge cleaning process will be

accomplished in 3 to 5 days. The pulse length, power level and number of

cycles were calculated using the methods recommeded in Ref. 9. The

STARFIRE configuration, with a single belt limiter, will provide a highly

exposed first wall which is conducive to effective glow discharge cleaning.

Another cleaning scenario is that required after a major vacuum system

opening for maintenance. The amount of time required for cleaning becomes

quite critical, as it affects the reactor availability. After the completion

of maintenance and the vessel is verified to be leak tight, it will be pumped

to below 1 x 10 torr and the vacuum bakeout and glow discharge cleaning

will be performed. The approach will be exactly as described above, except

that the number of pulses can probably be reduced by a decade, since pre-

cautions will be taken to maintain a known gaseous environment throughout the

maintenance period. Presently, carbon dioxide is the backfill gas during

maintenance; however its effect on cleaning time has not been fully investi-

gated. Discharge cleaning with 10 to 10 TDC pulses, and a choice of the

proper backfill gas, is expected to result in a total cleaning time of

approximately 1.5 days.

19.3.3 Maintenance Facilities

The maintenance facilities consist of the reactor building, the hot

cell, the support building service area and the reactor building remote

maintenance control room. Remote maintenance developments in major nuclear

facilities, Table 19-8, have been reviewed and utilized in developing the

STARFIRE maintenance approach and design. A goal of 500 millirem/year has

been established as the personnel limit.
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The maintenance approach developed for the Hot Experimental Facility

(HEF) fuel reprocessing plant at ORNL has provided much remote main-

tenance technology which can be utilized for STARFIRE. The STARFIRE

maintenance approach has benefited from the development of the following

HEF concepts:

o Total remote maintenance technology,

o Monorail system for remote vehicles.

o Universal monorail maintenance vehicle with force-reflecting servo-

manipulators.

o Replaceable process modules,

o Replaceable components within process module assemblies.

Most maintenance tasks which are performed by remote maintenance equip-

ment can be programmed to speed up operations, to reduce operator fatigue

and to minimize errors. Since machine control signals will be handled

through dedicated central processor units (CPU), program information can

be inserted to automate the operation and to perform other functions such

as ensuring safe operating loads and defining operation envelope work space.

Individual dedicated CPU's can be interfaced with a supervisory CPU to

ensure coordination of maintenance activities and to avoid interference

of one vehicle with another. Intermediate checkpoints will be programmed

into operational sequences to stop equipment for verifying position and for

performing inspections.

19.3.3.1 Reactor Building

Several reactor building shapes were considered for STARFIRE. These

include dome, horizontal, cylindrical, vertical cylindrical and rectan-

gular shapes. A rectangular building shape shown in Fig. 19-6 was selected

as the reference design based OH the following criteria:

o Best space utilization

o Good crane coverage

o Minimizes crane span

o Relatively easy to fabricate

o Acceptable cost

o Acceptable overpressure capacity

o Compatible with a remote maintenance monorail scheme
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Table 19-8. Nuclear Facilities Employing Total Remote Operations

1. Hot Fuel Examination Facility - North -

(HFEF/N) ANL-IDA

2. Hot Fuel Examination Facility - South -

(HFEF/S) ANL-IDA

*3. Fuels and Materials Examination Facility -

(FMEF) W Hanford

4. Engine Maintenance/Assembly/Disassembly Bldg -

(E-MAD) W NRDS

*5. Fermi National Accelerator Laboratory -

(NAL) Batavia, ILL

*6. Hot Experimental Facility -

(HEF) ORNL

7. Tokaimura Reprocessing Plant -

(TRP) Japan

*8. Cern Proton Synchrotron -

(CPS) Switzerland

* Utilize Servo Force-Reflecting Manipulators

The STARFIRE reactor building is a reinforced concrete structure charac-

terized by externally ribbed buttressed walls and roof. The overall internal

dimensions are 120 m x 50 m x 42.5 m high. All inner surfaces of the build-

ing are flat and free of protrusions which could complicate the arrangement

of the reactor or reactor support equipment. A steel liner is provided as an

absolute environmental barrier. A carbon dioxide atmosphere is used at a

negative 2.54 cm water gage pressure.

The reactor building contains the reactor, selected support system mod-

ules, and required maintenance equipment. As shown in Fig. 19-6 the reactor

is located at one end of the building. The support system modules are

organized within the central area. The other end of the building contains

the crane bay maintenance area, the personnel airlock to the crane bay

maintenance area, the equipment airlock between the hot cell and the main

floor of the reactor building, laydown space for the support system modules,

and parking space for the reactor building maintenance machines. The reactor
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Figure 19-6. Reactor building and maintenance facility
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1 TOKAMAK FUSION REACTOR SUPPORT PEDESTAL

2 TF COIL SUPPORT PEDESTALS

3 RF DUCTS

4 MONORAIL TRACK

5 MONORAIL SWITCHING SEGMENTS

6 SHIELD WALL

7 SLIDING SHIELD DOORS

8 SUPPLY AIR DUCT SHAFT

9 ACCESS HATCH TO PIPE CHASE

10 SUPPLY AIR DUCT

11 HVAC MODULE
12 STEAM GENERATORS* PRIMARY LOOP MODULE

13 LIMITER FEEDWATER LOOP MODULE
14 VACUUM PUMP/BLANKET PURGE MODULE

15 PRIMARY LOOP MODULE
16 RF SYSTEM COOLING MODULE
17 ATMOSPHERIC TRITIUM PROCESSING SYSTEM
18 LAY-DOWN SPACE
19 ELEVATOR PIT (ABOVE)
20 PIPE SHAFT
21 DUCT SHAFT
22 TUNNEL TO STACK .
23 AREAWAYS TO LOWER LEVEL
24 MAIN STEAM PIPE LINES
25 SEGMENTED REMOVABLE PANEL 32m HIGH
26 EMERGENCY STAIR

27 EMERGENCY EXIT

28 ACCESS MATCH TO SUB-GRADE LEVEL

29 not used
30 not used

HOT CELL
31 SLIDING PRESSURE RESISTANT DOORS
32 CENTER CORRIDOR
33 MONORAIL TRACK TURNTABLE
34 MONORAIL TRACK
35 BLANKET MODULE & SOLID WASTE PROCESSING
36 BLANKET MODULE HOLDING AREA
37 SLIDING SHIELD DOORS
38 INSPECTION, DISASSEMBLY & SEGREGATION AREA
39 TREATING & CUTTING AREA
40 BAKING &OUTGASSING AREA
41 CLEAN ING, COMPACTING, PACKAGING
42 DRY STORAGE CUBICLES
43 WET STORAGE TAN KS
44 REMOTE MAINTENANCE & REPAIR SHOP
45 REMOTE MACHINE SHOP TOOLS
46 DISASSEMBLY & DIAGNOSTIC AREA
47 ATMOSPHERIC TRITIUM PROCESSING SYSTEM
48 LARGE EQUIPMENT ITEMS AREA
49 SMALL EQUIPMENT ITEMS AREA
50 LIQUID WAST£ PROCESSING

51 RECEIVING & STORAGE VESSELS AREA
52 CHEMICAL TREATMENT AREA
53 PHYSICAL TREATMENT AREA
54 DRUMMING. DECONTAMINATION, TESTING

& INSPECTION AREA

55 STORAGE
56 DECONTAMINATION CHAMBER
57 DECONTAMINATION EQUIPMENT & CONTROL
58 AIR LOCK
59 HOT CELL CONTROL ROOM
60 not used

67 MACHINE SHOP

REACTOR SERVICE BUILDING
74 PREPARATION & MAINTENANCE AREA
75 PARTS STORAGE

76 NEW BLANKET STORAGE

88 RAILROAD SPUR



and the support system modules are maintained with (1) equipment that is

mounted on a monorail system; (2) overhead cranes; and (3) bridge-mounted

electro-mechanical manipulators. All viewing is by means of remote Closed

Circuit Television (CCTV). Building area lighting and special lighting in

maintenance areas is required. Heating and ventilation is designed to

provide desired plant equipment service conditions.

The rectangular shape of the reactor building improves the maintainabil-

ity of plant equipment compared to a circular building design. A pipe chase

located under the reactor contains the sealed penetrations for all ducts,

piping, and electrical conduits.

Interconnecting plant piping, electrical conduits, cable trays, and

ventilation ducts are all routed through the pipe chase to keep the main

floor of the reactor building relatively free of obstructions. Maintenance

of piping, valves, electrical connections, HVAC equipment, instrument lines,

and diagnostic monitoring equipment transmitters is anticipated in the pipe

chase area. Hatches are provided between the main floor of the reactor build-

ing and the pipe chase. A mobile manipulator system will be required to pro-

vide inspection surveillance and repair capability in the pipe chase area.

Utilities and provisions for emergency personnel access will be provided

in the reactor building and basement areas in the event of an unanticipated

failure of the maintenance equipment or problem for which special attention

is desired. These provisions may include special shielding, access ladders

and platforms, breathing air connections, high pressure air, demineralized

water, electrical outlets, inert gas, and possible ventilation hookups.

These provisions will be of value primarily during plant construction and

initial startup and trouble-shooting operations.

A control station area for the operation of the reactor building main-

tenance equipment is included in the main control room in the administration

building. Approximately 180 m2 of floor area is required.

A bi-parting sealed sliding door is located at the reactor building

air lock. Door seals will be replaceable from the hot cell side of the

airlock.
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The hot cell is connected to the reactor building via an air lock system

to minimize the volume of the reactor building. General functions of the

hot cell include wet and dry storage, decontamination of non-activated

components, monitoring and packaging of components to be handled in the

reactor service area (contact maintenance area), and containment of tritiated

components and other contaminants which may become airborne or waterborne.

Service Conditions — Following are special considerations for equipment

in the fusion reactor environment.

The reactor building environmental control equipment is designed to

maintain the following ambient conditions:

Pressure: -2.54 cm Water Gage

Temperature: 32-35°C

Humidity: 50-60% RH (operating)

40-50% RH (shutdown)

Inert Chemistry: Carbon dioxide

Nonmagnetic materials must be used for any equipment which is designed

to operate near the reactor during operation. Magnetic materials such as

motor cores must be shielded or otherwise protected.

Support System Modules — Only support system modules that are poten-

tially activated or contaiminated are located in the reactor building.

The support system modules located in the reactor building are:

o Tritium processing and recovery

o Reactor building HVAC

o Residual Heat Removal Loop

o Steam generators

o Primary loop components

.o Limiter feedwater loop components

o Vacuum pumps

All of the support system modules, with the exception of the tritium

cleanup units, are 4.6 m x 4.6 m x 21.5 m high. The tritium cleanup units

are 8.5 m x 8.5 m x 21.5 m high. The modules are designed for total remote
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maintenance using monorail-mounted maintenance machines and the overhead

cranes and electromechanical manipulators. The modules are positioned within

the reactor building to provide adequate access for the remote maintenance

machines. Maintenance of the support system modules is accomplished by

removing and replacing a whole module or by removing and replacing a failed

subcomponent within a module. The failed module or subcomponent is trans-

ported to the hot cell, on the monorail, for further repair or disposal.

The primary coolant system, shown in Fig. 19-7, illustrates the approach used

to achieve a space efficient, remotely maintainable modularized installation.

All of the utilities for the support system modules are routed through

the reactor building pipe chase. These utilities include piping, HVAC ducts,

electrical, diagnostics, and instrumentation. Disconnects suitable for

remote applications are provided on all of the support system module's

utilities. Access to the reactor building pipe chase is provided by several

hatches through the reactor building main floor. The reactor building

basement is serviced by a mobile manipulator vehicle. Personnel access

is possible when the reactor is shut down and radiation levels permit.

A 1-1/2 meter-thick shield wall isolates the reactor from the process

modules and permits remote maintenance of process modules while the reactor

0 5 1 0

SCALE METERS

STEAM GENERATOR (TYP)

ACCESS HOLE

PRIMARY COOLANT
INLET LINE

FEEDWATER
INLET

STEAM LINE
OUTLET

Figure 19-7. Typical support system module - primary coolant loop.
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is operating. This wall serves as a neutron shield for the process modules

and as a missile shield for the reactor. Two electric motor-driven sliding

doors provide ingress and egress for the monorail system. The need for

overhead shielding to attenuate radiation streaming and reflection over the

primary shield wall will be evaluated. Additional suitable shielding such as

labyrinth sections in the ceiling or doors will be provided if necessary.

Crane Maintenance Bay — Two overhead bridge cranes and two overhead

electromechanical manipulators supplement the monorail mounted maintenance

equipment. The reactor is maintained by a 600-tonne capacity bridge crane

and a bridge mounted 227 Kg capacity electro-mechanical (EM) manipulator.

The service support modules are serviced by an additional 60-tonne bridge

crane and a second 227 Kg (500-pound) electro-mechanical manipulator. The

SO-Tonne service support module crane and EM manipulator are located at a

lower elevation than the reactor crane.

The reactor building crane bay is situated to provide a maintenance area

for the overhead bridge mounted units as well as a shielded parking area for

the reactor overhead bridge units. Hands-on maintenance in the crane bay is

possible when the reactor is shut down. A personnel airlock connects the

shielded crane bay maintenance area with the reactor service building.

Remote maintenance will be possible during plant operation. To facilitate

remote maintenance, a pair of bilateral force-reflecting manipulators,

together with overhead lifting equipment, lighting, and closed circuit

television (CCTV) is provided within the crane bay.

The crane bay entrance incorporates a series of segmented steel pivoted

shield doors as shown in Fig. 19-8. These doors protect suited personnel

that perform maintenance tasks in the crane bay and provide additional

shielding for stowed bridge-mounted units. The doors are hinged from

the ceiling structure at the entrance to the crane bay. A redundant cable

system is used to pivot each door segment up against the ceiling. Cable

winches are electric motor-driven. All mechanical equipment is fully acces-

sible for maintenance.
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Figure 19-8. Crane maintenance bay.

Monorail System - A single monorail system provides maintenance access

to the reactor and to the support system modules, and allows for equipment

and material movement in the reactor building and the hot cell. The monorail

track is 3 m wide and 1 m high. The large monorail track provides stability

for the maintenance machine as well as the required load carrying capacity.

While a maintenance machine is in position to perform a given task, addi-

tional stability is obtained by locking the machine to the monorail. Power

and control for the maintenance machines are supplied by busbars on the

monorail. Control of the maintenance machines is preprogrammed with manual

override. The monorail system allows precise position location and good

repeatability for maintenance machines to perform programmed tasks.

The monorail system accommodates electrical self- propelled equipment

transfer carts, manipulator platforms, dedicated maintenance machines, and

reactor component handling tools. All vehicles traveling over the monorail

system are capable of retrieval should they malfunction. Except for minor

repair and adjustment, monorail mounted devices will be remotely maintained

in the reactor service building after decontamination.
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Two sliding switch assemblies communicate the circular reactor service

track with the serpentine support system module track. A third sliding

switch assembly ties the support system module track into the reactor service

building track which connects the reactor building and the reactor service

building hot cell through the equipment airlock (see Fig. 19-5).

Monorail switches have the following features:

o Switches operate with only one degree of freedom

o Switches translate along the plane of the floor a minimal distance of
approximately 0.8 meter

o Switch design maximizes safe passage of monorail-mounted vehicles.

o There are two sliding monorail elements at each switch location - one
rail element for each of the two intersection tracks

o Switch is not operated under loads.

Figure 19-9 depicts the general arrangement of a typical switch. With

this switch concept, it is not necessary to have the vehicle parked on the

RAMP SWITCH

FOR RAMPING ONTO OR OFF OF A CIRCULAR TRACK

13-4101

FOR CIRCULAR TRAFFIC

Figure 19-9. Monorail switching system.

switch when the switch is actuated. The articulating elements are supported

on stationary guide rails. Bearing assemblies are integral to the articula-

ting elements. The bearing assemblies are readily accessible for servicing
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and adjustment without removal of the rail element. Rail elements at".

translated by redundant pairs of electric motor-powered rack and pinion

drives. Each rail segment is automatically latched in the engaged position

to preclude movement under vehicle load.

19.3.3.2 Hot Cell Facility

The hot cell is located adjacent to tha reactor building in the turbine

and support building. Locating the hot cell outside of the reactor building

minimizes reactor building size, minimizes the volume contaminated by tritium

in an accidental release, and provides less potential for contamination of

hot cell equipment. The equipment air lock connects the reactor building to

the hot cell. Communication between the hot cell and the reactor building is

via a monorail system. The equipment airlock and hot cell are sized to

handle all reactor building components except the large EF coils and TF

coils. Shield sector removal is possible with both airlock doors open.

The hot cell is shown in Fig. 19-6 and consists of a central corridor

containing the monorail with working and storage areas on either side . At

one end of the corridor is the air lock entrance to the reactor building. At

the opposite end of the corridor is a decontamination chamber. The decon-

tamination chamber is connected to the reactor support building by another

air lock. All processing, handling and storage within the hot cell is done

on either side of the monorail corridor. Shield doors isolate the monorail

corridor from the cells. Turntable switches connect the monorail with these

cells.

Specific tasks to be performed in the hot cell are:

o Blanket disposal

o Solid waste packaging

o Holdup treatment of nontritiated liquid and gaseous wastes

o Remote maintenance of activated components

o Decontamination of non-activiated components for out-of-cell handling

o Atmospheric tritium recovery

o Storage of activated components
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The blanket disposal area consists of a blanket cooldown area, disassem-

bly area, cutting area, baking area and compacting and packaging area. Prior

to any processing or maintenance, blanket segments are connected to a closed

loop, forced convection, water cooling system. The blanket segments are

cooled for 30 days until the afterheat can be readily handled by the hot cell

HVAC system. Up to six blankets can be cooled at one time. After cooling,

spent blankets are disassembled and cut up to reduce the size of pieces for

handling. Tritium is driven out of the cut up blanket segments in a baking

operation. Off gas from the bake-out oven is routed to the tritium proces-

sing system. The baked blanket segments are compacted and packaged for

storage and disposal. Other solid waste consisting of filters, process

containers and used parts are handled in a similar manner.

Holdup treatment of nontritiated liquid and gaseous wastes consists of

chemical treatment, including ion exchange and physical treatment. The

physical treatment may include absorption, adsorbtion, filtration, evapora-

tion, drying, incineration, compaction, solidification, and encapsulation.

Maintenance and repair of activated components takes place in the hot

cell remote maintenance and repair shop. All maintenance and repair work is

done using servo-manipulators, overhead bridge cranes and bridge mounted

electro-mechanical (EM) manipulators. Typical maintenance operations include

reactor shield door seal renewal, reactor shield door latch repair, rf duct

repair, limiter replacement, blanket repair, fuel system repair, vacuum pump

isolation valve repair, support system module and subcomponent repair, and

maintenance equipment repair. Once repaired, testing and check-out of the

*efurbished components takes place. Some repair work on nonactivated compon-

ents may be carried out in the hot cell. A case-by-case evaluation will be

necessary to determine if decontamination is more expedient than remote

maintenance.

Decontamination of non-activated components takes place in the decontam-

ination chamber. The decontamination consists of washdown, monitoring and

bagging or packaging. From the decontamination chamber the components can

enter the reactor service area through an air lock.
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Activated components that have been repaired are stored in the hot cell

facility. These components might include fuel injectors, vacuum pump isola-

tion valves, shield door latches and support system module subcomponents.

All remote equipment for the hot cell is controlled from the hot cell

control room. Included in the control room are CCTV viewing, audio, manipu-

lator masters, control consoles and central processing units (CPUs).

19.3.3.3 Reactor Service Area

The reactor service area, located in the turbine and support building,

provides hands-on repair and testing of decontaminated, non-activiated,

components. Included in the reactor service area is a maintenance shop, a

contact machine shop, equipment test and check out facility and storage areas

for repaired and new equipment.

19.3.3.4 Reactor Building Maintenance Equipment Control Area

The control area for the reactor building maintenance equipment is

located in the main reactor control room in the administration building. All

maintenance equipment, including the overhead cranes, electro-mechanical

manipulators, servo-manipulators, monorail mounted maintenance machines,

audio and viewing equipment are controlled from this one area. Overall

maintenance coordination and equipment flow between the hot cell and the air

locks is also controlled from the reactor building maintenance control

area.

Each piece of remote maintenance equipment will have its own control

station. A typical control station will have CCTV viewing from machine

mounted cameras as well as cameras providing overall viewing, audio monitor-

ing, masters, equipment control panels, and a CPU. A supervisory control

station, with a master CPU, will coordinate all maintenance activities,

including programming, scheduling, monitoring and checkout. The supervisory

control station also provides the interface with the hot cell control area.

19.3.4 Maintenance Equipment

The major equipment required for maintenance operations in the reactor

building and hot cell have been defined conceptually to provide a basis for

determining the replacement times and costs.
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19.3.4.1 Reactor Building Equipment

The following major equipment items are normally located in the reactor

building:

600-Tonne Reactor Building Bridge Crane

60-Tonne Reactor Building Bridge Crane

Reactor Overhead Electro-Mechanical (EM) Manipulator (227 Kg capacity)

Process Module Overhead EM Manipulator (227 Kg capacity)

Coolant Line Handling Machine (CLHM)

rf Duct Handling Machine (RDHM)

Anti-Torque Panel Handling Machine (APHM)

Shield Door Handling Machine (SDHM)

Blanket Sector Handling Machine (BSHM)

Isolation Valve Handling Unit (IVHU)

First Wall Coating Machine (FWCM)

Universal Remote Maintenance Vehicle (URMV)

Mobile Servo-Manipulator Vehicle

Steam Generator Tube Inspection Equipment

Steam Generator Tube Leak Detector

Steam Generator Tube-Plugging Equipment

Airlock Door Seal Replacement Equipment

Remote Viewing Equipment

Crane Bay Maintenance Equipment

As further design development occurs, efforts will be made to utilize

the same machine for more than one purpose. For example the SDHM, APHM and

BSHM may possibly be combined and the URMV may be able to provide the func-

tions of the IVHU.

600-Tonne Reactor Building Crane — As shown in Fig. 19-6, a 600-Tonne

capacity bridge crane is mounted above all other equipment in the reactor

building. This crane is primarily provided to service the reactor. In

addition, it can be used to assist in the recovery of other rail-mounted or

monorail-mounted maintenance machines in the event of a failure. Provisions

for recovery of the crane itself are provided such that no plant maintenenace

equipment failures can be fatal to the total remote maintenance concept.
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Capacity of the main crane is based on the weight of the largest reactor

components which are the TF coils.

The crane and a bridge-mounted electro-mechanical manipulator are

normally parked in the crane bay maintenance area at the end of the reactor

building which is opposite of the reactor end., These machines are retriev-

able to the crane bay by means of tethered cables and winches mounted at the

end of the rail in the maintenance area. Provisions for all anticipated

crane maintenance work is provided for in the crane bay. A minimum amount of

maintenance is expected since crane use is minimal during the life of the

plant. Audio and visual indication of crane bridge, trolley, and hoist

movement will be provided.

Reactor Overhead Electro-Mechanical (EM) Manipulator — Mounted in the

same area as the 600-Tonne main crane is a 227-Kg capacity electro-mechanical

bridge-mounted manipulator system. This EM services the top area of the

reactor including upper vacuum pumps and isolation valves. It can be moved

to the crane bay by the 600-Tonne crane. CCTV, lighting, and microphones are

mounted on the EM to enable the operator to closely monitor manipulator oper-

ations . CCTV and lighting scan features are controlled from the equipment

control room. The CCTV camera has a zoom feature. A vertical boom is exten-

ded below the trolley to bring the rate-controlled EM, cameras, lighting, and

microphones close to the working area.

60-Tonne Reactor Building Bridge Crane — A 60-Tonne capacity overhead

bridge crane is provided for maintenance of the process modules in the

reactor building. This crane covers the entire area on the side of the

primary shield wall which is opposite of the reactor. The primary function

of the 60-Tonne crane is to lift process modules or sub-assemblies from

process modules. A failure recovery system is provided which is similar to

that supplied for the 600-Tonne crane. The 600-Tonne crane can retrieve the

60-Tonne crane and transport it to the crane bay for repair work. Lighting

and audio equipment similar to that provided for the 600-Tonne; crane is

mounted on the 60-Tonne crane.
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Support System Module Electro-Mechanical Manipulator — Mounted on the

same rail as the 60-Tonne crane is a second 227-Kg capacity bridge-mounted EM

system. The Support System Module EM is similar to the Reactor EM and has

similar monitoring features. The EM is programmed and tooled to assist in

the change out of process modules and subcomponent assemblies. Like the

60-Tonne crane, the Support System Module EM can be repaired in the crane bay

or transferred to the hot cell.

Coolant Line Handling Machine (CLHM) — Mounted on the reactor building

monorail, the CLHM functions to disconnect, remove, transport, and store

reactor coolant lines in preparation for shield door removal. After coolant

lines have been drained and purged, the CLHM disconnects coolant line fit-

tings using a standardized latching device. Prior to disconnecting coolant

lines, the CLHM monorail locks are actuated to ensure a stable work platform.

As lines are disconnected, a vehicle-mounted particulate monitor surveys the

coupling area to determine if contamination is present. Coolant lines are

transported to the hot cell for maintenance, repair, and inspection. Mew or

refurbished units are used during reinstallation. CCTV, lighting, audio, and

radiation monitoring are provided on this machine. The Universal Remote

Manipulator Vehicle (URMV) can also be used to assist these operations.

RF Duct Handling Machine (RPHM) — Mounted on the reactor building

monorail, the RDHM is designed to remove the rf duct elbows prior to shield

door removal. This machine engages, disconnects, removes, transports,and

stores rf ducts in the same manner as the CLHM removes coolant lines. CCTV,

lighting, audio, and radiation monitoring equipment is also mounted on this

machine. RF ducts are transported to the hot cell for any inspection,

maintenance, or repair. Replacement of rf windows will be performed by hot

cell equipment.

Anti-Torque Panel Handling Machine (APHM) — The APHM is a monorail

mounted machine designed to remove the anti-torque panel prior to removing a

shield door. The APHM is positioned directly in front of the panel to be

removed and its upper carriage is elevated, rotated, and extended to engage

the panel as shown in Fig. 19-10. A mechanized device unit disengages the
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Figure 19-10. Anti-torque panel handling machine.

latch pins and the panel is then retrieved a short distance toward the

monorail until it clears the TF coil mating surfaces. The panel is then

lowered a short distance and the top rotated away from the reactor until it

clears the upper EF coil. At this point, the panel can be raised to clear

the lower EF coil and fully withdrawn from the reactor. The carriage is then

rotated and lowered and the anti-torque panel is transported to its storage

location. CCTV, lighting, audio, position limit switches, and load readout

transmitters are a part of the APHM. URMV assistance is provided as necesary

to assist and monitor removal operations.
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Shield Door Handling Machine (SDHM) — The SDHM is a monorail-mounted

machine designed to remove a shield door prior to blanket segment removal.

The 156-tonne shield door is the heaviest component to be removed from the

reactor during scheduled maintenance of the blanket. The SDHM is positioned

directly in front of the shield door to be removed and is elevated, rotated,

and extended until it mates with the shield door. Support pins engage the

shield door and lift jacks are actuated until the shield door weight is

carried by the SDHM. At this point, the shield door is unlatched and dis-

engaged from its support frame. (See Fig. 19-11)

The shield door is pulled away from the reactor on a roller assembly

until its weight is centered over the monorail. The carriage support track

is then retracted and the entire assembly rotated and lowered for transport

to the hot cell as shown in Figure 19-11. An isometric drawing of the

retraction mechanism is shown in Fig. 19-12.

ATTACHED TO DOOR WITHDRAWING DOOR

13-3996 Figure 19-11. Shield door removal.

TRANSPORTING
DOOR
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Figure 19-12. Shield door removal mechanism.

Maintenance of the door seals and latch assembly is performed in the hot

cell. This can be accomplished with the shield door on the SDHM or in a

storage area. CCTV, lighting, audio, position limit switches, and load

readout transmitters provide visual and audio feedback to the control room

operator and programmed CPU control system. URMV assistance is provided as

necessary to support and monitor shield door removal operations.

Blanket Sector Handling Machine (BSHM) — The BSHM is a monorail-mounted

machine designed to remove and replace the 60-Tonne blanket segments. This

machine is positioned in front of a blanket segment after the shield door has

been removed. The BSHM is locked to the monorail during all removal opera-

tions to ensure a stable work platform. A bearing plate is Inserted beneath

the blanket segment to cover the vacuum duct aperture and to support the BSHM

gas bearings. This plate can be inserted either by the URMV or the BSHM. A

work platform is elevated, rotated, and extended until it mates with the

blanket sector, and a gas bearing assembly is pushed into the space below the
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blanket. When the bearing assembly is in place, the static boot presssure

will be increased significantly to raise the gas bearings and pick up the

weight of the blanket sector as shown in Fig. 19-13.

The BSHM engages and grapples the blanket sector and releases tie-down

pins which normally hold the sector in place. The blanket sector is then

pulled from the reactor by the BSHM while the entire weight is carried by the

gas bearing assembly. A rack and pinion drive unit pulls the blanket sector

out to the monorail centerline. At this point, the gas bearings are deflated

and the carriage assembly is rotated for transport. Spent blanket segments

are transported to the hot cell for interim storage and ultimate disposal.

If the blanket segment is not fully spent, and it is desired to inspect,

repair, or refurbish the blanket, then cooling to the blanket must be main-

tained to prevent structural damage to the blanket that might be caused by

overheating. In order to maintain cooling, it will be necessary to valve in

flexible hose assemblies to the portion of the blanket cooling lines that

extends through the shield door and through the anti-torque plate. As the

shield door and anti-torque plate are removed and pass over the hose connec-

tion assembly, an alternate hose is connected and valved in to cool the blan-

ket while the original hose is valved off and removed to allow unobstructed

removal of the shield door or anti-torque plate. A valve may be installed

adjacent to the blanket to facilitate this process as long as it has a welded

bonnet and canopy such that any items inside the shield are of a zero-leakage

design during normal operation. The URMV will be employed to perform these

operations for blankets which are to be cooled until decay heat is no longer

considered to be potentially damaging to the partially-spent blanket sector.

A portable forced-convection cooling package is also part of the BSHM such

that blanket cooling may be maintained in transit, if desired. As afterheat

effects and maintenance operations become better defined, it may be possible

to simply disconnect the coolant lines and remove the blanket before recon-

necting the cooling lines.

Two blanket sectors can be removed through each shield door opening. The

second blanket sector is located under the TF coil adjacent to the first blan-

ket sector. In order to remove the second sector, the gas bearing assembly
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Figure 19-13. Blanket sector handling machine.
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must be positioned under the segment and translated circumferentially to a

position in line with the shield door. This movement is effected by the BSHM

drive system. The second blanket sector is then removed as described above.

Cooling may also be maintained in a similar manner.

CCTV, lighting, audio, radiation and airborne contamination monitoring,

position and load readout, and air bearing controls are all provided as

integral features of the BSHM. URMV assistance can be provided as necessary

to support and monitor segment removal operations.

First Wall Coating Machine (FWCM) — The first wall coating is expected

to last the life of the blanket sector; however, the FWCM has been included

to provide the capability for complete wall recoating or localized repairs.

The FWCM is a device used to build up the first wall beryllium coating of the

blanket in-situ. At least one blanket sector must be removed to allow the

FWCM to be placed inside the reactor torus. Coating must be accomplished in

a vacuum. A special closure is installed in the shield door opening to allow

the torus to be evacuated. This vacuum closure contains integral penetra-

tions for FWCM power, control, and gas lines. Many controls and actuators

can be located outside of the vacuum closure. The URMV installs and connects

the vacuum closure and FWCM.

After the beryllium coating machine is installed in the reactor torus,

stabilizers are deployed to support and guide the machine as it drives around

the torus while resting on the bottom. A programmed positioner and wall

sensors guide the plasma spray heads in a circular path around the torus.

To minimize the loss of vacuum purity, all drive equipment and positioners

are electric. Based on current day coating techniques ^20 plasma spray

heads would be required to permit application of 0.3 mm coating to the

complete first wall in 24 hours (See Sec. 8.4.3.3).

CCTV, lighting, audio, contamination monitoring, position transmitters,

and inspection equipment provide feedback to the control operator and CPU

controls. The beryllium coating can also be applied to a single blanket

sector in an evacuated chamber in the hot cell.
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Isolation Valve Handling Unit (IVHO) — Mounted on the reactor building

monorail, the IVHU services upper and lower vacuum pumps and isolation

valves. Normally the pump and valve are removed as a unit and moved to the

hot cell for refurbishment; however, because of the limited isolation valve

life, a special plug is provided in the shielding to permit replacement of

the valve seals without disturbing the rest of the vacuum system.

Normally,the IVHU first removes the shield cover from the vacuum pump

and duct and then disengages the vacuum pump and valve assembly. Feed-

through cryogenic and valve actuator controls are disconnected through a rack

and panel connection as the pump is removed. A replacement pump and valve is

reinstalled and the shield cover is replaced. The IVHU can also remove the

local shield plug and valve stem using similar operations.

The removed assemblies are transported to the hot cell for refurbishment or

disposal. CCTV, lighting, audio, maintenance tools and attachment fittings,

positioners, and load readout transmitters are an integral part of the IVHU.

Universal Remote Maintenance Vehicle (URMV) — The URMV, shown in Fig.

19-14, is a versatile monorail-mounted machine which serves both to perform

reactor and process equipment maintenance tasks as well as to perform work

assistance and monitoring functions in support of other maintenance equipment

operations. Typical reactor operations of the URMV are shown in Fig. 19-15.

A key feature of the URMV is an assembly consisting of two bilateral, force-

reflecting servo-manipulator slave units with attendant monitoring equip-

ment and a 227-Kg capacity hoist. Stereo TV cameras, lighting, audio,

radiation monitoring, and vacuum equipment are included on the end of a

telescoping, articulating boom.

The support boom is capable of translating vertically on a telescoping mast

assembly. A high-capacity telescoping hoist boom is also mounted on top of the

main mast structure and is designed to rotate 360°. Monorail locks ensure a

stable working platform.
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Figure 19-15. URMV remote operations.
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This machine Is well equipped to assist all reactor maintenance opera-

tions and to perform monitorng and surveillance functions. The URMV is also

the primary maintenance vehicle for process module component replacement.

Use of universal piping and electrical disconnect fittings on the process

modules enhances the use of the URMV. Retrieval and repair of other mainten-

ance vehicles can be achieved by the URMV. Frequent operation of this

machine requires that it be designed to be very reliable. Controls for this

machine should be centrally located such that It can be used to support all

reactor building monorail operations.

Mobile Manipulator Vehicle (MMV) — As shown in Fig. 19-16, the MMV is a

tracked vehicle which has the capability to perform plant maintenance and

surveillance primarily in the reactor building basement.

500 # HOIST

-SERVO MANIPULATOR

TV/LIGHTS

BOOM

100#CAPACITY

Figure 19-16. Mobile manipulator system.
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A universal servo-manipulator and hoist assembly is mounted such that it

can travel up and down a rotating mast. Stereo TV, lighting, radiation

monitoring, audio, and various inspection, testing, and diagnostic monitoring

equipment is mounted on the MMV. A large compliment of tools and attach-

ments can also be carried by the MMV. A portable battery power supply can be

recharged by driving the MMV onto charging platforms located throughout the

basement. Multiplexed radio control and feedback information is provided to

interface with the control room operator or a local control station in the

basement. A hatch is provided such that the MMV can be removed from the

basement by the 60-Tonne reactor building crane. A backup unit is provided

for MMV retrieval.

Steam Generator Tube Inspection Equipment — Routine inspection of steam

generator tubing ensures that a high integrity contamination barrier is

maintained in the event of tritium contamination of the primary coolant

system. An inventory of activated corrosion products (crud) will also build

up in the primary piping. The once through steam generator (OTGS) design is

very amenable to tube inspection from the top water box. Draining the tubes

is not required. A tube sheet divider plate does not block the tube sheet

area such that an inspection or tube plugging machine is easily installed and

programmed to inspect all tubes. This approach has been extensively demon-

strated in present day Babcock and Wilcox plants.

After partially draining the steam generator, the upper water box manway

cover can be unbolted by the overhead process module EM and removed by the

60-Tonne crane. An indexing machine is then placed inside the steam genera-

tor water box. A power and control cable is routed to a work package which

has been mounted near the top of the OTSG. The work package incites a drive

system which drives and retracts an ultrasonic or eddy current probe through

each tube. Other package equipment includes electronics which control probe

indexing and drive mechanisms, data comparison with baseline data, and data

transfer to the main control area.

The steam generator inspection equipment is normally stored in the

support building service area where it is calibrated and given an operational

checkout prior to actual tube inspection work. Tube inspection operations
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can also be assisted and monitored by the URMV. Equipment is transported to

and from the reactor building by the URMV.

Steam Generator Tube Leak Detector — Present methods of tube leak

location generally involve visual examination of the lower tubesheet area

and comparison with tube inspection data. Tube-to-tube sheet leaks cannot be

located by volumetric inspection methods such as eddy current inspection or

ultrasonic examination. Many leaks are only manifested at operating pressure

and temperature. A hair line crack may only produce a leak when the tube

side is pressurized.

Leak detection equipment may include visual inspection and moisture

detection equipment which is used in the lower water box area. Visual

equipment will include lighting, TV, and microscope equipment. This equip-

ment may be mounted on a support structure and be placed inside the lower

manway by the URMV.

It may also be necessary to physically plug both ends of suspected

leaking tubes with an expandable plug and perform a pressure drop test of the

individual tube. Leaks generally develop in the tube sheet and tube support

areas. Also, certain tube support areas of the OTSG are much more likely to

precipitate tube thinning leakage based on statistical data.

Steam generator tube leakage detection and leak location equipment will

be better defined at some future date as this area becomes more developed.

The URMV will be the primary tool which interfaces with leakage detection

equipment. Equipment features and deployment will likely be similar to tube

inspection equipment.

Steam Generator Tube Plugging Equipment — Leaking or potentially-

leaking steam generator tubes are identified by the tube inspection and leak

detection equipment described above. These tubes must either be plugged or

repaired.

Tube plugging may be performed in several ways and this technology is

well developed. Tubes to be plugged would be located and marked by the tube

leak detection equipment. Tube plugs would be driven into these tube ends by

impact, explosive force, a hydraulic device, or some other acceptable means.
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With camera, lighting, and audio equipment in place for tube leakage detec-

tion, URMV manipulators could easily place tube plugs into marked tube

ends.

Tube repair technology has been developed in recent years in an effort

to salvage damaged tubes and minimize tube wastage. An example of tube

repair involves the insertion of a sleeve inside the tube at the location of

wall damage or tube thinning. The repair sleeve is expanded by a hydraulic

expansion mechanism which uses water as a working fluid. This equipment

could be deployed during tube inspection and could be part of the tube

inspection equipment.

Airlock Door Seal Replacement — Airlock door seals may be removed and

replaced from the hot cell side of the airlock door. The frame which supports

the door seal assembly can be removed by the URMV. A new seal assembly can

be installed and the support frame reinstalled. As an alternate, the entire

removed support frame and seal assembly could be transported to the hot cell

for maintenance and refurbishment. The URMV will perform all removal and

transport functions.

Remote Viewing Equipment — High-resolution CCTV re-note viewing is

provided in the reactor building. General area viewing, scanning, and zoom

cameras are features at fixed installations in the building. General light-

ing and spotlighting is available to support viewing equipment. In addition,

all mobile maintenance machines have viewing CCTV equipment with close range

zoom features as well as microscope close viewing attachments for close

surveillance of maintenance activities for visual inspection work.

Black and white general area viewing is provided. Color TV viewing is

provided for close-up inspection work when color definition is important.

Audio sensory and sound system equipment will be integrated with video

displays in the control area.

Lighting will be designed to maximize reliability. All lights will be

easily replaceable. Spotlighting will be normally deenergized. Long-life

bulbs will be used throughout the building and on maintenance equipment.

Maintenance equipment lights will be renewed prior to a major outage if

recommended by the manufacturer. Wall coatings will be selected to

maximize light reflection.
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Crane Bay Maintenance Equipment — The crane maintenance bay is designed

to service, repair, inspect and refurbish the two overhead bridge cranes and

the two bridge-mounted EM manipulators. A description of the crane mainten-

ance bay is provided in Sec. 19.3.3.1. Remote and semi-remote maintenance

can be performed in the bay area using master-slave servo-manipulators, area

hoists, and tools which are permanently located in the area. Access is

provided for hands-on contact maintenance. Personnel would be required to

wear fully self-contained suits while working in the maintenance bay.

Coil Winding Equipment — A coil winding area can be included as part of

the crane maintenance bay for the repair, inspection, and refurbishment of

reactor magnets. Specific requirements or features of this area have not yet

been defined.

Other Reactor Building Equipment — With better definition of reactor

system and auxiliary system equipment, additional dedicated maintenance

equipment and tooling will be identified. As an example, equipment will be

required to periodically change lubricating oil in the primary coolant pump

motors, mechanical seals may require periodic replacement, oil filter

cartridges may require replacement, etc. However, it is not appropriate to

identify equipment until the design matures to the point that replaceable

cartridge-type filters, a backflushable filter system or a magnetic filter

system has been identified.

19.3.4.2 Hot Cell Equipment — The major maintenance equipment items located

in the hot cell are:

o 100-Tonne Blanket Processing, Solid Waste Processing and Canister
Storage Bridge Crane

o 250-Tonne Door and Repair Shop Bridge Crane

o 60-Tonne Decontamination Facility Bridge Crane

o Solid Waste Processing and Storage Overhead Electro-Mechanical (EM)
Manipulator (227 Kg capacity)

o Door and Repair Shop Overhead EM Manipulator (182 Kg capacity)

o Remote Repair Shop Equipment

o Corridor Monorail
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o Remote Lighting and Viewing Equipment

o 300 Tonne Turntables

o Decontamination Facility Overhead EM Manipulator (182 Kg Capaicty)

o Decontamination Equipment

o Storage Canisters and Racks

100-Tonne Blanket Processing and Solid Waste Processing and Canister

Storage Bridge Crane — A 100-Tonne capacity bridge crane services the

blanket cool down area, solid waste processing area and the dry and wet

storage area of the hot cell. The crane is sized to handle the reactor

blanket segments. A contact maintenance area for the 100-Tonne crane is

provided at the end of the rail. Tethered cables and winches provide failure

recovery. Audio and visual indication of the crane bridge, trolley and hoist

movement will be provided.

Blanket Processing, Solid Waste Processing and Canister Storage

Overhead EM Manipulator — Mounted on the same rail as the 100-Tonne bridge

crane is a 227-Kg bridge mounted EM manipulator. This manipulator assists in

spent blanket hookup to the blanket cooldown area as well as servicing the

cutting equipment, baking oven, compactor and packaging equipment. A contact

maintenance area is provided at the opposite end of the rail for the 100-

Tonne crane maintenance area. The 100-Tonne crane can push the EM manipu-

lator to the maintenance area. CCTV, lighting and microphones are mounted on

the EM for operator monitoring of the manipulator operations.

60-Tonne Decontamination Facility Bridge Crane — A 60-Tonne capacity

bridge crane is provided to service the liquid waste and tritium processing

and storage areas. This includes the receiving area, the process areas, and

the drumming and storage areas. The crane is sized to handle standard rad

waste containers. In addition to serving the liquid processing area, the

crane can provide auxiliary service to the remote maintenance repair shop. A

contact maintenance area is located at the end of the rail with a cable-winch

tether system for failure recovery. Audio and visual indication is provided

as with the other cranes.
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250-Tonne Door and Repair Shop Bridge Crane — Traveling on the sane

rail as the 60-Tonne bridge crane is a 250-Tonne capacity bridge crane. This

crane provides service to the remote maintenance and repair shop and the

liquid waste processing area. It can work independently or in conjunction

with the 60-Tonne bridge crane. The 250-Tonne crane provides failure recov-

ery for the 60-Ton crane. Maintenance on the 250-Tonne crane takes place in

the same maintenance area used by the 60-Tonne crane. Audio and visual

monitoring of the crane is provided.

227-Kg Remote Repair Shop Overhead EM Manipulator — A 227-Kg capacity

EM manipulator is mounted on separate rails below the 250-Tonne and 60-Tonne

cranes. This manipulator assists in the remote maintenance and repair of

reactor components and support system modules and subcomponents.

The EM manipulator can also service the tritium and the liquid process-

ing areas. Failure recovery is accomplished by pushing the EM to the main-

tenance area with the 60-Tonne crane. Mounted on the EM manipulator are

CCTV, lighting and microphones to monitor the EM as well as provide addi-

tional viewing and audio /or remote maintenance and repair work.

Remote Maintenance and Repair Shop — Maintenance and repair work on

activated reactor components, support system modules, support system subcom-

ponents and maintenance equipment takes place in the remote maintenance and

repair shop. To reduce the amount of specialized equipment needed, repair

work is limited to simple tasks. Universal remote maintenance equipment,

such as servo-manipulators, are used extensively to perform most tasks.

Special tools will be used to adapt the universal equipment to specific

tasks. Supplementing the servo-manipulators are the two overhead cranes and

the EM.

Separate work areas equipped to perform similar repair tasks such as

valve repair, are used. Each work area has a pair of servo-manipulators,

work stands, tool crib, viewing and audio equipment, and testing equipment.

Large reactor components and support system modules are serviced without

removing them from their monorail transporters. Portable servo-manipulators,

which hang from an overhead bridge, are used to service these components.
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Typical operations performed in this manner are shield door seal and latch

replacement and limiter replacement.

Most maintenance and repair work on the monorail mounted maintenance

vehicles is carried out in the remote maintenance and repair shop. This work

is accomplished while the vehicle is on the monorail track using the portable

servo-manipulators.

Remote inspection and testing of components after refurbishment is pro-

vided in the remote maintenance and repair shop. This includes nondestruc-

tive weld testing (such as ultrasonic or liquid penetrant), leak testing,

functional testing of motors, actuators, pumps, and calibration of sensors.

Remote viewing for the remote maintenance and repair shop is provided by

CCTV. Wall-mounted cameras give overall viewing. Cameras mounted at the

work stations and on equipment provide detail viewing. Portable cameras,

mounted on tripods, supplement the wall mounted cameras to provide additional

viewing. Lighting is enhanced by a reflective coating on the cell liner.

Corridor — A central corridor, containing the monorail, provides access

to the various areas in the hot cell. Transfer from the central corridor to

the hot cell areas is via turntable switches. The turntable switches are

electric motor driven. A redundant manual override is provided.

Decontamination Chamber — The decontamination chamber is located at

the end of the central corridor. All equipment must pass through the decon-

tamination chamber before entering the reactor service area air lock. The

decontamination chamber contains equipment for chemical or electrochemical

decontamination, washdown, monitoring and packaging. A turntable, used to

rotate components, provides access for the decontamination spray. A sliding

door isolates the decontamination chamber from the rest of the hot cell.

Reactor Service Area Equipment — All contact maintenance of nonactiva-

ted decontaminated reactor components and support system module subcomponents

takes place in the reactor service area.

An air lock connects the hot cell to the reactor service area. A

250-Tonne capacity bridge crane provides equipment transfer to and from the

air lock. This crane is sized to lift the door out of the air lock. A
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contact maintenance area is provided for the crane in the reactor service

area. A contact maintenance area is also provided for the 250-Tonne crane.

The reactor service area contains a machine shop, component test equip-

ment and storage for new and rebuilt components. The machine shop contains

the typical equipment including lathes, drill presses, milling machines,

grinders, saws, and welding booths. Testing equipment includes weld inspect-

ing equipment, functional bench test equipment for pump motors, and actua-

tors, leak detection equipment, and calibration equipment. All components

are tested before entering the hot cell.

19.3.5 Availability Assessment

Availability of the reactor depends on the time required to replace

components and the frequency with which replacement is required (failure

rate). Lack of sufficient failure rate data for the reactor components has

led us to first assess how much time is required for component replacement,

then to work backwards by determining the amount of permissible down time

(Table 19-4) for each subsystem, and finally to determine what failure- rate

goals must be met by each of the reactor subsystems. Further breakdown of

these failure rate goals is then required by subsystem designers to determine

what redundancy or design margins should be included in the designs. Failure

rates and replacement times have been assessed for the reference design;

however, in-depth tradeoffs and evaluation were not possible within the scope

of this study. Further study and development is required to assure a proper

balance between the failure rates and design requirements of the reactor

subsystems.

19.3.5.1 Scheduled Maintenance

The first step taken in the assessment was to determine how long it

would take to replace reactor components that must be replaced on a scheduled

basis. Time lines were prepared for blanket sector and vacuum pump molecular

sieve and isolation valve seal replacement. These are the major on-reactor

scheduled (preventive) maintenance items identified to date. All operations

assume 24 h, 7 day a week maintenance activities with an 80Z productivity

factor. Eighty percent productivity is assumed because highly automated

machines are being used.
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Blanket Replacement — Four blanket sectors are replaced annually for

preventive maintenance. Two adjacent sectors are replaced at each of two

locations between TF colls. Special purpose manipulators are provided for

the necessary operations (Sec.19.3.3). The resulting time for a scheduled

replacement Is approximately 10 days which Indicates that the blanket sectors

can be replaced sequentially within the allowable downtime for annual main-

tenance with a single set of maintenance equipment. Approximately 12 days

are required if beryllium recoating is necessary.

During an unscheduled blanket replacement, the same procedure that is

used for scheduled maintenance will be followed except an additional day will

be required for shutdown and startup. Because of the builtin leak detection

capability it is believed that small leaks, the most likely fault, can be

located prior to reactor shutdown. Vacuum chamber cleanup is accomplished in

approximately 1.5 days in parallel with other maintenance operations. As a

result, unscheduled outages are assumed to require approximately 11 days of

downtime for replacement of the sector under the TF coil when startup and

shutdown are included. Beryllium recoating is not anticipated.

The time allocations for scheduled replacement of two blanket sectors

are summarized in Table 19-9 and presented in more detail in Table 19-10.

During reactor shutdown it is assumed the blanket will be brought down to

near room temperature before it is removed. Four sets of cooling lines must

be removed, two for each blanket sector. Prior to disconnecting coolant

lines, the coolant is drained to minimize spillage during maintenance. If

sector repair is planned, active cooling is required at all times during

cooling line removal to prevent decay heat from damaging the blanket.

Because the coolant lines are entrapped by the anti-torque panel and shield

door, several extra steps are required to permit extricating these components

from the coolant lines. These extra steps are not included in the table

because they are not used for scheduled maintenance when end-of-life parts

are removed.

An evaluation of the blanket sector temperature response has been

performed to determine how much tritium is released when all external cooling

is removed and a temperature increase occurs as a result of decay heat. The

analysis was performed for the Zr^Pb, multiplier at 12 hours after plasma

shutdown at which time <\< 2 MW of afterheat is being produced in each blanket

sector.
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Table 19-9. Summary of First Wall/Blanket Sector Replacement Tiae

LEVEL 1

TASK

Shutdown

Access

Removal

Coating

Replacement

(Full Torus)

Assembly

Startup

LEVEL 2 TASK SUMMARY

Remove Coolant Lines

Remove rf Duct

Remove Anti-torque Panel

Remove Shield Door

Remove Blanket Sector A

Remove Blanket Sector B

(Optional)

Replace Blanket Sector B

Replace Blanket Sector A

Replace Shield Door

Replace Anti-torque Panel

Replace rf Duct

Replace Coolant Lines

DURATION

HRS:MIN

27:40

9:05

15:25

19:20

13:10

14:25

48:00

16:50

14:50

29:30

17:55

17:20

37:30

DURATION

HRS:MIN

12:25*

71:30

27:35

31:40

102:15

12:25*

TOTAL 233 *

Replacement Time

Scheduled

Unscheduled

9.7 days*

10.7 days

•Startup and shutdown time not included in scheduled maintenance.
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Table 19-10. First Wall/Blanket Sector Replacement Sequence and

Time Estimates

LEVEL 1

TASK

LEVEL 2 TASK SUMMARY DURATION

HRS:MIN

Shutdown Rampdown rf heating/current drive

Discharge TF, CF, OH and EF magnets

Drain blanket coolant

Pressurize plasma chamber

Warmup cryopumps

Access Pass CLHM through airlock

Position CLHM (Coolant Line Handling Machine)

Valve off, drain coolant lines

Disconnect coolant line bundle #1

Handle and stow coolant line bundle #1 on CLHM

Disconnect and handle coolant line bundles

#2,#3, and #4

Move CLHM out of position

Position RDHM

Valve off, drain rf duct coolants

Disconnect rf duct line and coolant bundle

Handle and stow rf duct bundle on RDHM

Move RDHM out of position nearby

Position APHM (anti-torque panel handling machine)

Attach APHM to anti-torque panel

Transfer panel weight to APHM

Remove locking pins

Withdraw panel from frame, move to monorail

Withdraw APHM with panel

Move SDHM to position (Shield Door Handling Machine)

12

12

2

6

3

2

1

2

2:

15:

1:

2.

1:

3:

2:

1:

2:

3:

3 :

5:

1:

1:

:25

:00*

:00

:00*

:00*

:00

:00

:40

:50

:10

:00

:00

;00

:40*

:1O

•55

:OO

:OO

:3O

20

20

00

45
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Table 19-10. First Wall/Blanket Sector Replacement Sequence and

Time Estimates (cont'd)

LEVEL 1

TASK

LEVEL 2 TASK SUMMARY DURATION

HRS:MIN

Access Attach SDHM to shield door

Transfer door weight to SDHM

Unlatch coolant bundle seals (5 sets)

Unlatch door

Withdraw shield door radially to monorail

Withdraw SDHM with shield door

3:30

:15

8:30

1:30

3:00

1:00

Removal Position BSHM #1 (Blanket Sector Handling Machine) 2:00

Insert vacuum port plate :30

Insert gas bearing pads and cover plates 3:00

Attach supports to blanket sector A 2:45

Unlock blanket sector A, above and below 2:40

Activate gas bearings, withdraw sector to monorail 1:00

Detach BSHM #1 with sector, move from position 1:15

Position BSHM #2 (for sector B) 2:00

Insert gas bearing pads and cover plates 3:15

Remove sector A guide cover plates and stow 1:15

Attach 1 support frame to sector B 1:00

Unlock blanket sector B, above and below 2:40

Activate gas bearings, move sector B peripherally 1:00

Attach support frame #2 to sector B 1:00

Withdraw sector B to monorail 1:00

Detach BSHM #2 with sector, move from position 1:15

Coating Position FWCM (First Wall Coating Machine) 2:00

Seal shield door opening 1:00
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Table 19-10. First Wall/Blanket Sector Replacement Sequence and

Time Estimates (cont'd)

LEVEL 1

TASK

LEVEL 2 TASK SUMMARY DURATION

HRS:M1N

Coating Pump down reactor to spray vacuum

Spray surface (2 quadrants)

Inspect surface

Bring up to ambient pressure

Withdraw coating machine to monorail

Move coating machine (FWCM) from position

12:00

20:00

10:00

1:00*

1:00

1:00

Replacement Position BSHM #2 with blanket sector B into postion 2:00

Activate gas bearings, move sector B in radially 1:00

Detach support frame #2 from sector B :45

Translate sector B peripherally into position 1:30

Lock sector B in position, above and below, check 3:50

Detach support frame #1 from sector B :45

Install sector A guide cover plates 1:30

Remove gas bearing pads and sector B guide covers 2:45

Withdraw BSHM #2 to monorail :30

Detach BSHM #2 and move from position 1:15

Position BSHM #1 with blanket sector A into position 2:30

Activate gas bearings, move sector A radially to core 1:30

Lock blanket sector A in position, above

and below, check 3:50

Detach supports from blanket sector A 2:15

Remote gas bearing pads and guide cover plates 2:30

Remove vacuum port plate :30

Withdraw BSHM #1 to monorail :30

Detach BSHM #1 and move from position 1:15
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Table 19-10. First Wall/Blanket Sector Replacement Sequence and

Time Estimates (cont'd)

LEVEL 1

TASK

LEVEL 2 TASK SUMMARY DURATION

HRStMIN

Assembly Move SDHM with shield door into position 2:15

Move shield door radially to position; check 1:30

Engage shield door latches, check 12:00

Engage coolant line bundle latches, check (5 sets) 10:00

Transfer weight to latches, check :30

Release SDHM from door 1:30

Withdraw SDHM radially to monorail :45

Detach SDHM, move from position 1:00

Move APHM with anti-torque panel into position 2:15

Move panel radially, insert into frame, check 5:50

Insert locking pins, check 5:50

Transfer weight to door frame, check :45

Detach APHM from panel 1:30

Withdraw APHM radially to monorail :45

Detach APHM, move from position 1:00

Move RDHM into position 2:00

Pick up rf duct bundle and move to position 2:30

Match disconnect joints, check 3:00

Connect rf bundle joints, check 2:50

Refill rf bundle lines, test for leaks 6:00*

Withdraw RDHM 1:00

Move CLHM to position 1:30

Pick up coolant line bundle #4 and move to position 2:30

Match disconnect joints, check 3:00

Connect coolant line bundle #4 joints, check 2:50

Refill coolant line bundle #4, test for leaks 6:00*

Install and test coolant line bundles #3, #2 and #1 25:00
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Table 19-10. First Wall/Blanket Sector Replacement Sequence and

Tine Estimates (cont'd)

LEVEL 1

TASK

LEVEL 2 TASK SUMMARY DURATION

HRS:MIN

Assembly Install shield covers on coolant lines

Pumpdown and test vacuum seals

Startup Vacuum pumpdown (remainder) and chamber cleaning

Charge magnets (TF, EF, CF and OH)

Initiate plasma and ramp up power

Pressurize and heat primary coolant

TOTAL DOWN TIME

8:40

4:00*

36:00*

12:00

:25

12:00*

257:50

*Conducted in parallel with other operations. Not included in total downtime.

Results indicate the blanket surface temperature will rise ^ 400°C above

the ambient conditions until reaching equilibrium by convection cooling to

the CO. environment. For these conditions some tritium is outgassed from

the blanket. The tritium purge lines from the breeder will be capped or

vented to a container to prevent its escape; however some tritium in the

outer surfaces will be released. An evaluation of this tritium release has

indicated that a maximum of 10 Curies and 30 Curies will be released from the

beryllium surface and steel surfaces, respectively. This release is within

acceptable limits and can be readily controlled by the atmosphere tritium

recovery system. A further discussion of the tritium release is presented in

Chap. 14.

After all coolant lines are removed the coolant line handling machine

(CLHM) takes the parts to the hot cell. Change-out units are used for

replacement.

The RDHM is used to replace the rf duct assembly. A standard latch drive

mechanism is used to facilitate removal. Separate equipment is also used for
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removing the anti-torque panel and shield door (SDW). The anti-torque panel

is completely passive and will be generally replaced in its original position

The shield door will be transported to the hot cell and replaced with a chang

out replacement part while door seals are replaced on the removed door.

Blanket sector replacement is accomplished using a separate machine

for each blanket sector. The sector between TF colls is removed radially

whereas the blanket sector under the TF coils is translated laterally prior

to extraction radially. Each sector is floated on a gas bearing pad for

removal and guided by the maintenance machine.

Beryllium Coating Replenishment — The 1.0 mm Be coating on the first

wall and limiter is expected to last six years and be replaced as part of the

new blanket sectors; however, due to uncertainties in predicting erosion

rates we have chosen to provide for replenishment of the first wall surface.

Replenishment is accomplished during the annual shutdown period by utilizing

a maintenance machine that plasma sprays 90° of the torus in either direction

from the shield door opening. Spraying of the remaining sectors is accom-

plished after the four spent blanket sectors are removed and prior to the

insertion of new blankets. The machine incorporates a vacuum door that

interfaces with the shield seal surface to permit plasma spraying in a vacuum

and has an arm that can traverse within a few centimeters of the interior of

the blanket surface. During each coating operation, a new surface thickness

of 0.3 mm will be applied.

Vacuum Pump Molecular Sieve and Isolation Valve Replacement — The

molecular sieve material in the vacuum pump degrades during operation due to

accumulation of nonregenerative impurities that break down and block the

ceramic granules. A replacement interval of two years was selected based

on discussions with LINDE personnel . The required interval is greatly

dependent on the species being pumped and requires further investigation.

The vacuum pump isolation valves are expected to have a life of two years as

discussed in Chap. 19.3.1.

A modular replacement approach has been selected for scheduled mainten-

ance, whereby, the vacuum pump and valve are replaced as a unit. The removed

module is then refurbished in the hot cell for the next year's annual
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maintenance cycle. Forty-eight pump and valve modules are in the reactor.

Two modules are located under each shield pod. One half of the modules are

replaced each year. Replacement Is accomplished by a special purpose mani-

pulator. The shield pod is removed by the same manipulator that actuates the

latching system. The cryogenic and valve actuator lines are disconnected

using a common, quick disconnect. The valve and pump bodies are removed by

attaching the manipulator to the assembly and actuating a standarized latch

drive to release the vacuum seal flange. The sequence of removal is given in

Table 19-11 below:

Table 19-11. Vacuum Pump and Valve Replacement

Level 1 Task Level 2 Task Duration

Access

Removal

Replace

Shield Pod Removal

Position IVHU

Open latch

Remove Pod

Store Pod

Pump and Valve Removal

Disconnect connector

Attach IVHU to valve body

Actuate latches

Remove assembly

Second Pump and Valve Removal

Pump and Valve Replacement

Position assembly

Actuate latches

Connect connector

Second Pump and Valve Replacement

Install Shield Pod

Position Pod

Actuate Latches

Withdraw IVHU

(5 h)

2

1/2

2

1/2

1/2

1

1/2

1

2

1

1

3

1

h

h

h

h

h

h

h

h

h

h

h

h

h

(3

(3

(4

(4
(4

(1

10

h)

h)

h)

h)

h)

TOTAL: 24 h
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Valve and pump replacement is sequenced to prevent interference with

blanket sector replacement. Annually, twelve days are required to replace

the pumps and valves. These operations can be fit around blanket replacement

and still meet the 28 day scheduled annual outage time. Because of the valve

life limitations, an additional shield plug is provided over the valve stem

to permit seal replacement without removal. It is accomplished with a spec-

ial purpose manipulator that first removes the shield plug over the valve

stem, and then removes the stem and replaces it with a new part. A standard-

ized latch is used for the shield plug and isolation valve stem. A quick

release plug is incorporated at the valve stem interface to disconnect the

actuator controls as the stem is removed. Time for replacement is expected

to be 12 h, excluding shutdown and startup.

19.3.5.2 Total Reactor Scheduled Maintenance Assessment

Following the estimates of individual maintenance action durations

for the first wall/blanket sectors and vacuum pump control valves, an assess-

ment has been made of the scheduled downtime required for typical maintenance

actions on each component or major subassembly of the STARFIRE reactor sys-

tem. This assessment excludes all facility, turbine plant and miscellaneous

equipment.

Table 19-12 defines the principal components of the reactor system

and the scheduled maintenance status of these components. This is followed

by Table 19-13 which provides descriptive information for each maintenance

action conducted during scheduled maintenance periods. The reactor compon-

ents are listed by cost account to assure that all reactor systems and

auxiliary equipment are included in the assessment. The breakdown of each

system into replaceable components or subassemblies is extrapolated from the

design definitions provided in this report to allow the inclusion of as many

maintenance actions as can be forseen at this time. »

The assumptions used in making the assessment of each maintenance

action and the meaning of the abbreviated descriptions used in both tables

are defined below and in the notes of Table 19-14.

o The scheduled maintenance status for an item is either periodic or

no requirement is believed to exist. In the latter case, the word
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Table 19-12. STARFIRE Reactor System Breakdown for Maintenance Analysis
(By Component or Subassembly)

Number ot
Components
In Class(6)/

Comp. Life, Yrs
Account
Number

Replaceable
Component

(Subassembly)

Scheduled
Maintenance
Status (1) Scheduled Maintenance Action

Redundancy
Level(3)
Percent

22.01 -
.01

.02

VO
.03

.04

.05

First wall/blanket system
13.7° Sector (A)
16.3° Sector (B)
Blanket coating
Limiters

Shield
Shield door
Vacuum pump 3hield (pod)
Vacuum duct shield
RF & ECRH duct shield
Fuel injection shield
Cooling line shields

Magnets
IF coils
EF coils/OH coils, upper, external
EF coils/OH coils, lower, external
CF coils (lower inboard)
OH coils/EF coils in core

RF heating and current drive
Cross field amplifiers
Wave guide, blanket section
Wave guide, bundle B
Wave guide, distribution
Phase shifter
Circulator/directional coupler
Window Assembly
Grill
SF6 supply lines and valves

Primary structure support
Reactor centerpost
Reactor support structure
Antitorque panels
Equipment support structure
Centerpost support struts

Periodic
Periodic
Periodic
Periodic

Periodic
None
None
Periodic
None
Periodic

None
None
None
None
None

Periodic
Periodic
Periodic
None
Periodic
None
Periodic
Periodic
None

None
None
Periodic
None
None

Rework first wall/blanket
Rework first wall/blanket
Recoat thru open sector
Replace with first wall/blanket

Vacuum seal replacement
None
None
Coolant connector seal replacement
None
Coolant connector seal replacement

None
None
None
None
None

Replace amplifier
Replace with blanket sector
Replace RF bundle line segment seals
None
Replace phase shifter
None
Replace windows when servicing blanket
Replace grill with blanket module
None

None
None
Removed with blanket sector
None
None

12/6
12/6
2/1
12/6

12/6
12U + 12 L/20
12U + 12 L/20
12/6
4/6
24/6

12/40
3/40
3/40
4/40
8/40

432/3
12/6
12/6
12 Sets/40
432/10
432/40
36/6
12/6
1000m/40

1/40
1/40
12/40
1/40
8/40

0
0
0
0

0
0
0
0
0
0

0
0
0
0
0

2
0
0
0
2
0
2
0
0

0
0
0
0
0



Table 19-12. STARFIRE Reactor System Breakdown for Maintenance Analysis (Cont'd)
(By Component or Subassembly)

Number or
Components

In Class(6)/
Corop. L i f e , Yrs

Account
Number

Replaceable
Component

(Subassembly)

Scheduled
Maintenance

Status Scheduled Maintenance Action

Redundancy
LevelO)
Percent

22.01 -
.06

.07

Reactor vacuum system
Plasma Chamber System
Cryosorption pumps
Cryopump regeneration valves
Cryopump isolation valves
Roughing pumps/motors
Roughing regeneration valves
Equipment isolation valves
Roughing vacuum lines
Traps

Magnet dewar system
Roughing pumps/motors
Equipment isolation valves
Roughing vacuum lines
Traps

Tritium facility vacuum
See 22.05, 22.06
Radwaste system
See 22.04

Power supply and switching
ECRH plasma breakdown
High voltage switch gear
High voltage transformer
High voltage rectifier
Crowbar
Regulator
Low voltage distribution
Low voltage switchgear
Controls
RF heating and current drive
Power supply system
TF Magnets
Power supply system
Dump resistor system
EF Magnets
Power supply system
Dump resistor system

OH Magnets
Power supply system
Dump resistor system
CF Magnets
Power supply system
Switch gear seta

Uninteruptable power system

Periodic
Periodic
Periodic
Periodic
Periodic
Periodic
None
Periodic

Periodic
Periodic
None
Periodic

Replace cryosorption units
Replace valve stem and face
Inspection
Replace pump for overhaul
Inspection
Inspecton

Cleaning

Replace pump for overhaul
Inspection
V - -

Cleanino

Periodic
None
None
Periodic
Periodic
None
Periodic
Periodic

Periodic

Periodic
Periodic

Periodic
Periodic

Periodic
Periodic

Periodic
Periodic
Periodic

48/2
48/2
24/10
2/5
24/10
52/10
400m/40
2/10

2/5
36/10
400m/40
2/10

8
B
8
10
8
0
0

100

100
0
0

100

Inspection, test

Inspection, test
Inspection, test

Inspection, test

Inspection, test

Inspection, test

Inspection, test
Inspection, test
Inspection, test
Inspection, test
Inspection, test
Inspection, test
Inspection, test
Inspection, test
Inspection, test

2/20
2/40
2/40
2/40
2/20
400m/40
24/20
24/10

432/20

1/20
12/40

1/20
8/40

1/20
6/40

4/20
4/10
2/40

0
0
0
0
0
0
0
0

10

0
100

0
100

0
100

0
0

100



Table 19-12. STARFIRE Reactor System Breakdown for Maintenance Analysis (Cont'd)
(By Component or Subassembly)

Account
Number

Replaceable
Component

(Subassembly)

Scheduled
Maintenance

Status Scheduled Maintenance Action

mjnoer or
Components

In Class(6)/
Comp. L i f e , Vrs

24/5
24/20
24/40

4/5
176/40
48/6
24/10
48/20
20/20
20/20
40/40
4/40
2/40
1/5
2/10
2/10
4/20

2/5
132/40
12/10
24/20
3/40
1/40
1/10
1/10
2/20

2/5
22/40
9/20
1/40

Redundancy
LevelO)

Percent

17
17
17

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0

22.01 -
.09

22.02 -
.01

VO

•-J

.03

.04

22.03
.01

.02

EXRH Plasma breakdown
Gyrotrons
Gyrotron mount assemblies
Wave guides (bundle B, 22.01.04)

Main heat transfer systems
Primary coolant system
Primary coolant pumps/motors
PC Line connections/mounts
Coolant l ine bundle A
PC flow control valves
PC equipment isolation valves
Drain valves
Purge/relief valves
Purge l ine connection
Steam generators
Primary coolant reservoir
PC sump pump
PC loop pressurizers
Cleanup filters
Cleanup system valves

Limiter cooling system
Limiter coolant pumps/inotors
LC line connections/mounts
LC flow control vlaves
Equipment isolation valves
Feedwater heat exchangers
Coolant reservoir
LC loop pressurizer
Cleanup filters
Cleanup system valves

Residual heat cooling system
Residual heat loop pumps/motors
RH line connections/mounts
Residual heat loop valves
RH loop heat exchangers

Cryogenic cooling system
He refrigerator/liquefier

LHe transfer/storage
LHe storage dewar
LHe dewar pumps
LHe line connections/mounts
LHe flow control valves

Periodic
Periodic
None

Periodic
Periodic
Periodic
Periodic
Periodic
Periodic
Periodic
None
Periodic
None
Periodic
Periodic
Periodic
Periodic

Periodic
Periodic
Periodic
Periodic
Periodic
None
Per iodic
Periodic
Periodic

Periodic
Periodic
Periodic
Periodic

Periodic

None
Periodic
None
Periodic

Inspection, test
Inspect ion

Replace pump for overhaul
Inspect ion
Coolant seal replacement
Inspection, test
Inspection, test
Inspection
Inspection

Cleaning

Inspection, test
Inspection, test
Cleaning
Inspection, test

Replace pump for overhaul
Inspection
Inspection, test
Inspection, test
Cleaning

Inspection, test
Cleaning
Inspection, test

Replace pump for overhaul
Inspection
Inspection, test
Cleaning

Purge trapped impurities as required

Replace pump for overhaul

Inspection, test

8/40

2/40
3/5
212/40
102/20



-vl
00

Account
Number

22.03 -
.03

.04

22.04 -
.01

.02

Table 19-12. STARFIRE

Replaceable
Component

(Subassembly)

GHe transfer/storage
GHe storage tanks
GHe compressors
Oil removal systems
Warm GHe line connections/mounts
Cold GHe line connections/inounts
GHe equipment isolation valves

LN2 system
Nitrogen liquefaction system
LN2 storage dewar
LN2 + GN2 line connections/mounts
LN2 flow control valves
N2 equipment isolation valves
N2 supply storage tanks

Radioactive waste treatment
Liquid waste storage
Surge tanks
Pumps/motors
Mixer
Filters
Condensor
Separators (ion exchange)
Separators (absorbers)
Piping connections/mounts
Valves/traps
Electrolysis units

Gaseous waste processing system
Compressors
Separators (molecular sieve)
Condensors
Pumps/motors
Filters
Piping connections/inounts
Valves/dampers
Heat exchangers
Blowers
Storage tanks

Reactor System Breakdown for Maintenance Analysis (Cont'd
(By Component or Subassembly)

Scheduled
Maintenance

Status

None
Periodic
Periodic
Periodic
None
None

None
None
None
Periodic
None
None

None
Periodic
Periodic
Periodic
Periodic
Periodic
Periodic
None
Periodic
Periodic

Periodic
Periodic
Periodic
Periodic
Periodic
None
Periodic
Periodic
Periodic
None

Scheduled Maintenance Action

Replace compressors for overhaul
Clean separator systems
Inspection

—

Inspection, test

—

Replace pumps for overhaul
Replace mixer for overhaul
Cleaning
Cleaning
Service exchange media
Service absorber media

Inspection, test
Service electrolyte

Replace compressors for overhaul
Service media
Cleaning
Replace pump for overhaul
Service filter units

Inspection, test
Cleaning
Inspection

;

Number of
Components
In Class(6)/

Comp. Life, Yrs

7/40
8/40
2/40
60/40
144/40
81/20

2/40
2/40
460/40
10/20
214/40
10/40

2/40
4/5
1/10
4/10
2/40
2/20
2/20
200/40
75/20
2/20

2/40
2/40
2/40
4/5
2/1
200/40
75/20
2/40
2/20
2/40

Redundancy
Level(3)7

Percent

0
0
0
0
0
0

0
0
0
0
0
0

100
0
0
0

1U0
0
0
0
0
0

100
0

100
0
0
0
0
0
0
0



Table 19-12. STARFIRE Reactor System Breakdown For Maintenance Analysis (Cont'd)
(By Component or Subassembly)

Account
Number

Replaceable
Component

(Subassembly)

Scheduled
Maintenance

Status Scheduled Maintenance Action

Number of
Components
In Class(6)/

Comp. Life, Yrs

Redundancy
Level(3)
Percent

22.04 -
.03

j
V£>

22.05
.01

.03

.04

.05

.06

5olid waste processing equipment
Dryers
Handling system (conveyors)
Classification system
Compactor/cutter
Mixer/solidifier
Storage system
Transport casks

Tritium facility systems
Fuel purification systems
Fuel cleanup unit
(Catalytic oxidizers, electrolysis)
Blanket Recovery Units
(He separator, ion exchange, electrolysis)
Surge Tanks

Fuel preparation system
Fuel blenders
(Mixing tanks, valves, pumps)

Fuel inspection system
Fuel gas puffer
Plasma Guns
Distribution system

Fuel storage
D2 supply storage
ST storage
T2 storage

Tritium extraction and recovery
Tritium waste treatment unit
Tritiated water recovery unit
(Ion exchange, catalysis, electrolysis)
Isotope separation unit
(Distillation Cascade)
Detritiated gas storage
He storage
Tritiateri waste storage
Gas compressors
Transfer pump unit
Transfer line connections
Transfer line valves

Periodic
Periodic
Periodic
Periodic
Periodic
None
Periodic

Periodic

Periodic

None

None

Service moving parts, inspect
Service moving parts, inspect
Service moving parts, inspect
Service moving parts, inspect
Service moving parts, inspect

Operationaly seal inspection

Service electrodes, catalysts

Service electrodes, filters, etc.

Periodic
Periodic
None

None
None
None

Periodic
Periodic

Periodic

None
None
None
Periodic
Periodic
k ] _ _ _

•None
Periodic

Inapect, test
Replace electrodes

—

Inspect
Service electordes catalyst

Cleanout

Replace for overhaul
Replace for overhaul

Inspection, test

2/40
2/40
2/40
2/10
2/I0
1/40
6/40

V20

24/20

2/40

4/40

4/I0
4/I0
1/20

1/40
1/40
1/40

3/20

Via

VI0

1/40
1/40
1/40
2/3
23/5
522
174

100
100
100
100
100
0

200

100

0

100

100

100
100
0

100
100

100

0
0
0

100
1C0
100
100



Table 19-12. STARFIRE Reactor System Breakdown for Maintenance Analysis (Cont'd)
(By Component or Subassembly)

Account
Number

22.05 -
.07

Replaceable
Component

(Subassembly)

Atmosphere tritum recovery system
Atmosphere cleanup units
(Catalytic oxidation, mol. sheves)
Reactor building
Hot cells
Tritium facility

Scheduled
Maintenance

Status

Periodic
Periodic
Periodic

Scheduled Maintenance Action

Number of
Components
In Class(6)/

Comp. Life, Yrs

Redundancy
Level(3)
Percent

22.06 -
.01

8

.02

.03

Maintenance equipment
Facility remote handling equip:
Cranes
Reactor room Periodic
Hot cells Periodic
Tritium facility Periodic

Bridge manipulators
Reactor room Periodic
Hot cells Periodic
Turntables Periodic
Monorail switches Periodic
Monorail Periodic
Airlock Systems Periodic

Mobile remote handling equipment
Coolant line removal machine Periodic
Transport carriage Periodic
Antitorque panel handling machine Periodic
Shield door handling machine Periodic
Blanket sector handling machine Periodic
First wall coating machine Periodic
Isolation valve removal unit Periodic
Universal remote maintenance vehicle Periodic
Mobile manipulator vehicle Periodic
Hot cell remote handling equipment Periodic
Hot cell equipment Periodic

Special heating systems
Coolant startup heating None
Pressurizer heaters None

Coolant makeup systems (14)
Raw water makeup system Periodic
Denineralized water system Periodic
Primary cooling water makeup Periodic
PC water additive system Periodic

Service molecular sieves, catalyst
Service molecular sieves, catalyst
Service molecular sieves, catalyst

Inspection, servicing
Inspection, servicing
Inspection, servicing

Inspection,
Inspection,
Inspection,
Inspection,
Inspection
Inspection,

Inspection,
Inspection,
Inspection,
Inspection,
Inspection,
Inspection,
Inspect ion,
Inspection,
Inspection,
Inspection,
Inspection,

servicing
servicing
servicing
servicing

servicing

servicing
servicing
servicing
servicing
servicing
servicing
servicing
servicing
servicing
servicing
servicing

Replace pump for overhaul
Service water purification units
Replace pump for overhaul
Inspection

24/40
5/40
5/40

2/40
5/40
2/40

2/20
2/20
3/40
3/40
1/40
2/40

2/20
2/20
2/20
2/20
2/20
2/20
2/20
2/20
2/20
1/10
1/10

4/10
4/10

2/40
2/40
2/40
1/40

100
100
0

100
0
0
0
0
0

100
100
100
100
100
100
100
100
100
0
0

100
100
100
0



Table 19-12. STARFIRE Reactor System Breakdown for Maintenance Analysis (Cont'd)
(By Component or Subassembly)

Account
Number

Replaceable
Component

(Subassembly)

Scheduled
Maintenance

Status Scheduled Maintenance Action

Number of
Components

In Class(6)/
Comp. L i f e , Yrs

Redundancy
LevelO)
Percent

22.06 -
.04

.05

.06

.07

00

.08

22.07
.01

Gas systems O * )
Instrument air system
(Compressors, filters, tanks, valves)

Inert atmosphere system (14)
Reactor building
Hot cells
Pressure control system
Gas storage system
Penetrations

Leak detection system (14)
Auxiliary vacuum system

Closed loop coolant system
Cooling water pumps
Coaling water heat exchangers
Surge tank
Building heat exchangers
Reactor building
Tritium reprocess and storage
Electrical equipment
RF power supply
Hot cells
Atmospheric tritium clean up
Waste processing

Distribution lines (connections)
Reactor room
Vacuum pump cooling) etc.

Valves
Shielding
CF coils
Vacuum pumps, heat exchange

Standby cooling system (14)

Instrumentation & control
Reactor I 4 C equipment
Equipment control devices
Microprocessors
Control processor
Plasma diagnostics
Remote access controllers

Periodic

Periodic
Periodic
k|nn.
none
None
None

Periodic

Periodic
Periodic
None

Periodic
Periodic
Periodic
Periodic
Periodic
Periodic
Periodic

Periodic
Periodic

Periodic
Periodic
Periodic

Periodic

Periodic
Periodic
Periodic
Periodic
Periodic

Replace compressor for overhaul

Replace compressor for overhaul
Replace compressor for overhaul

—

Replace pump for overhaul

Replace pump for overhaul
Cleaning

Cleaning
Cleaning
Cleaning
Cleaning
Cleaning
Cleaning
Cleaning

Inspection
Inspect ion

Inspection, test
Inspection, test
Inspection, test

Inspection, test

Test operation, observe
Built in self check
Built in self check
Built in self check
Computer check maintenance equipment

2/40

2/40
2/40
2/10
1/40
500/40

2/5

3/5
3/40
1/40

2/40
2/40
2/40
2/40
2/40
30/40
3/40

832/40
216/40

408/20
8/20
108/20

1/40

6000/20
200/10
20/10
60/10
16/20

100

100
100
100
0
0

100

100
300
300
500
200



Table 19-12. STARFIRE Reactor System Breakdown for Maintenance Analysis (Cont'd)
(By Component or Subassembly)

Account
Number

Replaceable
Component

(Su'u assembly)

Scheduled
Maintenance

Status Scheduled Maintenance Action

of
Components

In Class(6)/
Contp. L i f e , Yrs

Redundancy
Level(3)
Percent

22.07 -
.02

.03

to
ooto

Monitoring systems
Faci l i ty computer
Master timer
Master control console
Safety and interlock system
Remote access communications
Remote access control system

Instrumentation sensors
Magnet sensors

Internal
External (accessible)
Power supplies

RF system sensors
Amplifier sensors
Distribution system, internal
Distribution system, external
Power supplies

ECRH system sensors
Gyrotron sensors
Distribution system, internal
Distribution system, external
Power supplies

Vacuum system sensors
Vacuum sensors
Equipment status sensors
Limiters
Coolant system, internal
Coolant system, external
Equipment status sensors
Primary cooling system
Reactor room coolant
External coolant sensors
Blanket sensors
Equipment status sensors
Closed coolant loop sensors
Cryogenic system
Cryogen sensors
Equipment status sensors
Tritium processing system
Waster processing system
Structure
Remote handling system
Equipment status sensors
Feedback & viewing sensors

Periodic Built in system self check
Periodic Computer check timer
Periodic Computer check control consoles
Periodic Computer check interlock controllers
Periodic Computer check maintenance communications
Periodic Computer chock maintenance EQ devices

Periodic Computer chsck sensors
Periodic Calibrate sensors
Periodic Calibrate sensors

Periodic Calibrate sensors
Periodic Computer check sensors
Periodic Calibrate sensors
Periodic Calibrate sensors

Periodic Calibrate sensors
Periodic Computer check sensors
Periodic Calibrate sensors
Periodic Calibrate sensors

Periodic Replace ion gages
Periodic Computer check sensors

Periodic Computer check sensors
Periodic Calibrate sensors
Periodic Computer chuck sensors

Periodic Calibrate sensors
Periodic Calibrate sensois
Periodic Computer check sensors
Periodic Computer check sensors
Periodic Calibrate snnsors

Periodic Calibrate stmsors
Periodic Computer check sensors
Periodic Calibrate sensors
Periodic Calibrate sensors
Periodic Computer check sensors

Periodic Calibrate sensors
Periodic Calibrate sensors

3
3
3
300
16
16

12000/40
1200/10
64/10

1730/10
1200/10
400/10
360/10

240/10
1200/10
400/10
360/10

300/1
900/10

480/10
200/10
200/10

960/10
190/10
9600/tO
600/10
4200/10

1330/10
2550/10
1700/10
1100/10
4800/40

1900/10
300/10

200
200
200
200
200
200

300
300
300

300
300
300
300

300
300
300
300

200
200

300
300
300

300
300
300
300
200

200
200
200
200
300

200
200



Table 19-13. STARFIRE Scheduled Maintenance Downtime Estimates
(By Component or Subassembly)

Scheduled
Maintenance
!nterval(2)

Operating Daya

"Downtime Per
Maintenance
Action(4)

Days (24 hr)

Number
Maintenance
Per Scheduled
Shutdown

Maintenance
Equipment
Required

Code/Quantity
Account
Number

Replaceable
Component

(Subassembly)

22.01 -
.01

.02

f
00

.03

.04

.05

First wall/blanket system
13.7° Sector (A)
16.3° Sector (B)
Blanket coating
Limiters

Shield
Shield door
Vacuum pump shield (pod)
Vacuum duct shield
RF & ECRH duct shield
Fuel injection shield
Cooling line shields

Magnets
TF coils
EF coils/OH coils, upper, external
EF coils/OH coils, lower, external
CF coils (lower inboard)
OH coils/EF coils in core

RF heating and current drive
Cross field amplifiers
Wave guide, blanket section
Wave guide, bundle B
Wave guide, distribution
Phase shifter
Circulator/directional coupler
Window Assembly
Grill
SF6 supply lines and valves

Primary structure support
Reactor centerpost
Reactor support structure
Antitorque panels
Equipment support structure
Centerpost support struts

1642 (4.5 yrs)
1642 (4.5 yrs)
274 (0.75 yr)
1642 (4.5 yrs)

1642 (4.5 yrs)

1642 (4.5 yrs)

1642 (4.5 yrs)

274 (.75 yr)
1642 (4.5 yrs)
1642 (4.5 yrs)

274 (.75 yr)

1642 (4.5 yrs)
1642 (4.5 yrs)

274 (.75 yrs)

9.7
11.3
2.5

1.0(8)

""3(8)

"""3(8)

20.0(10)
9.7(8)
.3(8)

"4*7(10)

""3(8)
.3(8)

100
2
2

12

2
2

(CL,RF,SD,AP,BM,BS)/2

CS/2
SEE FW/B

CL,RF,AP,SO,BM
BM,MM,BC
BM.MM.BC
(RF)/2
BMjMMjBC
(CL)/2

(BM,BC)/I,MM/2,SE
(BM,BC)/1,MM/2,SE
BC/1,MM/2,SE
BC/I,MM/2,SE
(BM,BC)/I,SE

(TD,LC)/2,HT
SEE 13.7" Sector
(RF)/2
(TD.MVVI
(TD,LC)/1,HT
(TD.MV/1)
(RF)/2
(RF)/2
HT

Unknown
Unknown
(CL,RF,TC,AP,BM)/1
(MM,BC)/1,Jacks
(MM,MV,BC)/1,Jacks



Table 19-13. SIARFIRE Scheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subassembly)

Account
Number

Replaceable
Component

(Subassembly)

Scheduled
Maintenance
Interval(2)

Operating Days

Downtime Per
Maintenance
Action(4)

Days (24 hr)

Number
Maintenance
Per Scheduled
Shutdown

Maintenance
Equipment
Required

Code/Quantity

22.01 -
.06

f
00

.07

Reactor vacuum system
Plasma Chamber System
Cryosorption pumps
Cryopump regeneration values
Cryopump isolation valves
Roughing pumps/motors
Roughing regeneration valves
Equipment isolation valves
Roughing vacuum lines
Traps

Magnet dewar system
Roughing pumps/motors
Equipment isolation valves
Roughing vacuum lines
Traps

Tritium fac i l i t y vacuum
See 22.05, 22.06

Radwaste system
See 22.04

Power supply and switching
ECRH plasma breakdown
High voltage switch gear
High voltage transformer
High voltage rect i f ier
Crowbar
Regulator
Low voltage distribution
Low voltage switchgear
Controls

RF heating and current drive
Power supply system

Tf Magnets
Power supply system
Dump resistor system

EF Magnets
Power supply system
Dump resistor system

OH Magnets
Power supply system
Dump resistor system

CF Magnets
Power supply system
Switch gear sets

Uninterruptable power system

548 days (1.5 yrs)
548 days (1.5 yrs)
274 days (.75 yrs)
1369 days (3.75 yrs)
274 days (.75 yrs)
274 days (.75 yrs)

548 days (.75 yrs)

1369 days (3.75 yrs)
274 days (.75 yrs)

548 days (.75 yrs)

274 days (.75 yrs)

274 days (
274 days (

274 days
274 days

75 yrs)
75 yrs)

.75 yrs)

.75 yrs)

274 days (.75 yrs)

J74 days (
274 days (

274 days (
274 days (

274 days (
274 days (

274 days (.
274 dsys (,
30 days

75 yrs)
75 yrs)

75 yrs)
75 yrs)

.75 yrs)

.75 yrs)

75 yrs)
75 yrs)

17.9
14.4
1.2
1.5
1.2
2.6

1.5

1.5
1.8

1.5

.2(10)

.2(10)

.2(10)

T8(10)
1.8(10)

1.5(10)

.2(10)

.6(10)

.2(10)

.4(10)

.2(10)

.3(10)

.4(10)

.2(10)

24
24
24

24
52

1

__
36

1

(BM,MM,BC)/2,SE
(BM,MM,BC)/2,SE
(BM,MM,BC)/2,SE
(BC,MM)/1
(BM,MM)/1
(BM,MM)/I
(BM,MM)1,SE
(BM,MM)/1

(BC,MM)/1
(8M,MM)/I
(BM,MH)/I,SE
(BM,MM)/1

2

2
2

24
24

20

1
12

1

a
1
6

4
4

TO,DC,Hand tools
TD,0C,Hand tools
TD,0C,Hand tools
TD,0C,Hand tools
TO,X,Hand tools
TD.Hand tools
TD.Hsnd tools
TD,Hand tools

TO,Hand tools

TD.Hand tools
TD.Hsnd tools

TD.Hand tools
TD.Hand tools

TD.Hand tools
TD.Hand tools

TD.Hsnd tools
TD,Hsnd tools
TD.Hsnd tools



vo

00
In

Account
Number

22.01 -
.09

22.02 -
.01

.03

.04

Table 19-13.

Replaceable
Component

(Subassembly)

ECRH Plasma breakdown
Gyrotrons
Gyrotron mount assemblies
Wave guides (bundle B, 22.01.04)

Main heat transfer systems
Primary coolant system
Primary coolant pumps/motors
PC Line connections/mounts
Coolant line bundle A
PC flow control valves
PC equipment isolation valves
Drain valves
Purge/relief valves
Purge line connection
Steam generators
Primary coolant reservoir
PC sump pump
PC loop pressurizers
Cleanup filters
Cleanup system valves

Limiter cooling system
Limiter coolant pumps/motors
LC line connections/mounts
LC flow control vlaves
Equipment isolation valves
Feedwater heat exchangers
Coolant reservoir
LC loop pressurizer
Cleanup filters
Cleanup system valves

Residual heat cooling system
Residual heat loop pumps/motors
RH line connections/mounts
Residual heat loop valves
RH loop heat exchangers

STARFIRE Scheduled Maintenance Downtime Estimates
(By Component or

Scheduled
Maintenance
Interval(2)

Operatinq Days

274 (.75 yrs)
274 (.7: yrs)

1369 (3.75 yrs)
274 (.75 yrs)
1642 (4.5 yrs)
274 (.75 yrs)
274 (.75 yrs)
274 (.75 yrs)
274 (.75 yrs)

2738 (7.5 yrs)
—
274 (.75 yrs)
274 (.75 yrs)
274 (.75 yrs)
274 (.75 yrs)

1369 (3.75 yrs)
274 (.75 yrs)
274 (.75 yrs)
274 (.75 yrs)
2738 (7.5 yrs)

274 (.75 yrs)
274 (.75 yrs)
274 (.75 yrs)

1369 (3.75 yrs)
274 (.75 yrs)
274 (.75 yrs)
2738 (7.5 yrs)

SubassiMnbly)

Ltownt ime Per
Maintenance
Action(4)

Days (24 hr)

1.8(10)
' .2(10)

—

:>.6
7.6
i.0(8)
1.8
J-6
.8
.8

61)
10
..1
.4

.3

2.6
4.8
.9
1.8
3D

.2

.2

2.6
1.1
.7

3D

(Cont'd)

Number
Maintenance
Per Scheduled
Shutdown

24
24
—

1
152
8
24
48
16
16

—_

1
2
2
4

1
96
1Z
24

1
1
2

1
22
9

—

Maintenance
Equipment
Required

Code/Quantity

(TD,OC)/l,Hand tools
(TD,OC)/l,Hand tools
(RF.TO/1

(BC,BM.MM)/1,SE
(BM,MM)/2,SE
(CL.TO/1
(BM,MM)/1,SE
(BM,MM)/t,SE
(BM,MM)/1,SE
(BM,MM)/I,SE
(BM,MM)/I,SE
(BC,BM,MM)/I,SE
(BC,BM,MM)/I,SE
(BM,MM)/1,SE
(BC,BM,MM)/1,SE
(BC,BM,MM)/1,SF
(BM.MM/l.SE

(BC,BM,MM)/1,SE
(8M,MM)/1,SE
(BM,MM)/1,SE
(BM,MM)/I,SE
(BC,BM,MM)/1,SE
(BC,BM,MM)/I,SE
(BC,BM,MM)/1,SE
(BC,BM,MM)/I,SE
(BM,MM)/I,SE

(BC,BM,MM)/I,SE
(BH,MM)/I,SE
(BH,MM)/I,SE
(BC,BM,MM)/I,SE

22.03 - Cryogenic cooling system
.01 He refrigerator/l iquefier

.02 LHe transfer/storage
LHe storage dewar
LHe dewar pumps
LHe line connections/mounts
LHe flow control valves

1369 (3.75 yrs)

274 (.75 yrs)

.4(10)

Todo)
7.7 102

(TD,0C)/1,Hand tools

(TD,0C)/1,Hand tools
(TD,OC)/t,Hand tools
(BC,HM)/I,SE
(BC,MM)/I,SE



00

Account
Number

22.03 -
.03

.04

22.04 -
.01

.02

Table 19-13.

Replaceable
Component

(Subassembly)

GHe transfer/storage
GHe storage tanks
GHe compressors
Oil removal systems
Warm GHe line connections/mounts
Cold GHe line connections/mounts
GHe equipment isolation valves

LN2 system
Nitrogen liquefaction system
LN2 storage dewar
LN2 + GN2 line connections/mounts
LN2 flow control valves
N2 equipment isolation valves
N2 supply storage tanks

Radioactive waste treatment
Liquid waste storage
Surge tanks
Pumps/motors
Mixer
Filters
Condenser
Separators (ion exchange)
Separators (absorbers)
Piping connections/mounts
Valves/traps
Electrolysis units

Gaseous waste processing system
Compressors
Separators (molecular sieve)
Condensers
Pumps/motors
Filters
Piping connect ions/mounts
Valves/dampers
Heat exchangers
Blowers
Storage tanks

STARFIRE Scheduled Maintenance Downtime Estimates
(By Component or

Scheduled
Maintenance
Interval(2)

Operating Days

1369 (3.75 yrs)
1369 (3.75 yrs)
274 (.75 yrs)
...
—

...

...
274 (.75 yrs)
...
—

1369 (3.75 yrs)
1369 (3.76 yrs)
274 (.75 yrs)
1369 (3.75 yrs)
274 (.75 yrs)
274 (.75 yrs)

274 (.75 yrs)
274 (.75 yrs)

1369 (3.75 yrs)
274 (.75 yra)
1369 (3.75 yrs)
1369 (3.75 yrs)
274 (.75 yrs)

274 (.75 yra)
1369 (3.75 yrs)
274 (.75 yrs)
...

Subassembly)

Downtime Per
Maintenance
Action(4)
Days (24 hr)

—
4.0
7.0
3.0
—
—

...

....
.7

....
—

- ..
2.6
2.6

—
....
....
5.6

2.6

—
1.6

....
>.6

.2

(Cont'd)

Number
Maintenance
Per Scheduled
Shutdown

2
1
60

—

...
—
...
10
...

...
1
1
1
1
1
1

...
75
1

1
1
1
1
1

...
75
1
2

Maintenance
Equipment
Required

Code/Quantity

FL.Hand tools
(TO,0C)/1,Hand tools
(TO,OC)/l,Hand tools
(BM.MMVI.SE
(TD,OC)/l,Hand tools
(TD,0C)/1,Hand tool*

(TD,OC)/l,Hand tools
(TD,OC)/l,Hand tools
(BM,HM)/I,SE
(BM,MH)/I,SE
(BM,MM)/1,SE
(Fl.Hand tools

(BM,MM,OC)/l,Se
(ABM,0C)/1,SE
<A8M,0C)/l,SE
(ABM,QC)/1,SE
(ABM.BM.OCVI.SE
(ABM.OCVI.SE
(A6H,0C)/1,SE
(ABM,OC)/I,SE
(ABM,MV)/1,SE
(ABM.MVVI.SE

(ABM,OC)/I,SE
(ABM.OCVI.SE
(ABM,0C)/1,SE
(ABM.OCVI.SE
(A8M,0C)/1,SE
(ABM.MVVI.SE
(ABM.MVVI.SE
(ABM.MVVI.SE
(ABM.OCVI.SE
(ABM.OCVI.SE



Table 19-13. STARF1RE Scheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subassmnbly)

Account
Number

Replaceable
Component

(5»bassembly)

Scheduled
Maintenance
lnterval(2)

Operating Days

~R5wnTTme~TeF"
Maintenance
Action(4)

Pays (24 hr)

Number
Maintenance
Per Scheduled

Shutdown

Maintenance
Equipment
Required

Code/Quantity

22.04 -
.03

CO

22.05
.01

.03

.04

.05

.06

Solid waste processing
Dryers
Handling system (conveyors)
Classification system
Compactor/cutter
Mixer/solidifier
Storage system
Transport casks

Tritium facility systems
Fuel purification systems
Fuel cleanup unit
(Catalytic oxidizers, electrolysis)
Blanket Recovery Units
(He separator, ion exchange, electrolysis)
Surge Tanks

Fuel preparation system
Fuel blenders
(Mixing tanks, valves, pumps)

Fuel inspection system
Fuel gas puffer
Plasma Guns
Distribution system

Fuel storage
02 supply storage
DT storage
T2 storage

Tritium extraction and recovery
Tritium waste treatment unit
Tritiated water recovery unit
(Ion exchange, catalysis, electrolysis)
Isotope separation unit
(Distillation Cascade)
Detritiated gas storage
He storage

Tritiated waste storage
Gas compressors
Transfer pump unit
Transfer line connections
Transfer line valves

274 (.75 /rs)
274 (.75 yrs!
274 (.75 yrs)
274 (.75 yrs)
274 (.75 yrs)
—
Each use

274 (.75 yrs)

274 (.75 yrs)

274 (.75 yrs)
274 (,.75 yrs)

274 (.75 yrs)
274 (,75 yrs)

274 (.75 yrs)

1369 (3.75 yrs)
1369 (3.75 yrs)
—
274 (.75 yrs)

.3(12)

6.0

4.0
H.O

174

(TD,MV)/|,SE
(TD,MV)/1,SE
(TD,MV)/1,SE
(TD,MV)/I,SE
(TD,MV)/1.SE
(TD,MV,OC)/I,SE
(MV,OC)/I,SE

(TD,0C)/1,Hand tools

(BM,MM,TC)/2,SE

(TD,0C)/I,Hand tools

(TD,OC)/I,SE

(MM,BM)/I,SE
(MM,BM,TC)/1,SE
(BM,MM)/I,SE

(TD,0C)/1,Hand tools
(TD,OC)/l,Hand tools
(TD,OC)/l,Hand tools

TU/l,Hand tools
(TD,OD)/l,Hand tools

(TD,OC)/l,Hand tor!-

(TD,FL)/l,Hand
(TD,FL)/l,Hand
(TD,FL)/l,Hand
(TD,00/1,Hand
(T0,0C)/1,Hand
(TD,OC)/l,Hand
(TD,0O/1,Hand

tools
tools
tools
tools
tools
tools
tools



Table 19-13. STARFIRE Scheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subassembly)

Account
Number

22.05 -
.07

Replaceable
Component

(Subassenbly)

Atmosphere tritun recovery system
Atmosphere cleanup units
(Catalytic oxidation, mol. sieves)
Reactor building
Hot cells
Tritium facility

Scheduled
Maintenance
Interval(2)

Operatinq Days

Annual
Annual
Annual

Downtime Per
Maintenance
Action(4)

Days (24 hr)

1.0

NuiEer
Maintenance
Per Scheduled

Shutdown

1
1
1

Maintenance
Equipment
Required

Code/Quantity

(BM,MM,TC)/1,SE

(ABM,MV,TD)/I,SE
(TD,0C)/1.Hand tools

22.06 -
.01

vo

CO
00

.02

.03

Maintenance equipment
Facility remote handling equip:
Cranes
Reactor room Annual
Hot cells Annual
Tritium facility Annual

Bridge manipulators
Reactor room Annual
Hot cells Annual
Turntables Annual
Monorail switches Annual
Monorail Annual
Airlock Systems Annual

Mobile remote handling equipment
Coolant line removal machine Annual
Transport carraige Annual
Antitorque panel handling machine Annual
Shield door handling machine Annual
Blanket sector handling machine Annual
First wall coating machine Annual
Isolation valve removal unit Annual
Universal remote matintenance vehicle Annual
Mobile manipulator vehicle Annual
Hot cell remote handling equipment Annual
Hot cell equipment Annual

Special heating systems
Coolant startup heating —
Pressurizer heaters —

Coolant makeup systems (14)
Raw water makeup system 1369 (3.75 yrs)
Demineralized water system 274 (.75 yrs)
Primary cooling water makeup 1369 (3.75 yrs)
PC water additive system 274 (.75 yrs)

3.0
3.0

BC/I.Hand tools
(BM.OC,MV)/I,SE
(TO)/I,Hand tools

BC/l,Hand tools
(BM,OC,MU)/1,SE
(MV,OC)/1,SE
(BC,MM)/1,SE
(MM,MV)/1,SE
(BC,OC,MM,MV)/I,SE

2
2
2
2
2
2
2
2
2
1
1

-

1
2
1
1

(TD,OC)/l,Hand tools
(TD,X)/l,Hand tools
(TD,OC)/l,Hand tools
(TD,0C)/1,Hand tools
(TD,0C)/1,Hand tools
(TD,OC)/l,Hand tools
(TD.OO/l.Hend tools
(TD.OCVl.Hand tools
(TD,X)/1,Hand tools
(BM,OC,MV)/I,SE
(BM,0C,MV)/1,SE

(TD,0C)/1,H«nd tools
(TD,FL)/1,Hand tools

(TD,FL)/l,Hand tools
(TD,FL)/l,Hand tools
(TD,FL)/l,Haod tools
(TD,FL)/l,Hand tools



Table 19-13. STARFIRE Scheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subassembly)

Scheduled
Maintenance
Interval(2)

Operating Days

Downtime Per '
Maintenance
Action(4)

Pays (24 hr)

RuSBer
Maintenance
Per Scheduled
Shutdown

Maintenance
Equipment
Required

Code/Quantity
Account
Number

Replaceable
Component

(Subassembly)

00

22.06 -
.04

.05

.06

.07

.08

22.07
.01

Gas systems (14)
Instrument air system 1369 (3.75 yrs)
(Compressors, filters, tanks, valves)

Inert atmosphere system (14)
Reactor building 1369 (3.75 yrs)
Hot cells 1369 (3.75 yrs)
Pressure control system
Gas storage system —
Penetrations —

Leak detection system (14)
Auxiliary vacuum system 1369 (3.75 yrs)

Closed loop coolant system
Cooling water pumps 1369 (3.75 yrs)
Cooling water heat exchangers 2738 (7.5 yrs)
Surge tank —
Building heat exchangers
Reactor building 1369 (3.75 yrs)
Tritium reprocess and storage 274 (.75 yrs)
Electrical equipment 274 (.75 yrs)
RF power supply 274 (.75 yrs)
Hot cells 274 (.75 yrs)
Atmospheric tritium clean up 1369 (3.75 yrs)
Waste processing 274 (.75 yrs)

Distribution lines (connections)
Reactor room 274 (.75 yrs)
Vacuum pump cooling, etc. 274 (.75 yrs)

Valves
Shielding 274 (.75 yrs)
CF coils 274 (.75 yrs)
Vacuum pumps, heat exchange 274 (.75 yrs)

Standby cooling system (14) Annual

Instrumentation & control
Reactor I & C equipment
Equipment control devices Annual
Microprocessors 7
Control processor 7
Plasma diagnostics 7
Remote access controllers Annual

(TD,FL)/l,Hand tools

2.0

1.5

2.6
30

10

3.2

30.6
.6

2
2

1

1
1

1
2
2
2
2
1
3

64
36

408
8

108

(BM,MM,BC)/1,SE
(BM,MV,0C)/1,SE
(TD)/l,Hand tools
(TD,FL)/l,Hand tools
(BM,MV,MM)/1,SE

(BC,MM)/1,SE

(BC,MM)/I,SE
(BC,BM,MM)/1,SE
(TD,FL)/l,Hand tools

(BC,BM,MM)/1,SE
(TO,SE)/l,Hand tools
(TD,SE)/l,Hand tools
(rD,SE)/l.Hand tools
(BM.OO/llSE
(BC,BM,MM)/I,SE
(BM,0C)/1,SE

(BM,MM)/1,SE
(TD,SE)/l,Hand tools

(BM,MH)/1,SE
(BM,MM)/I,SE
(TO,SE)/1,Hand tools

6000
200
20
60
16

(TD,OC)/l,Hand tools

(BM,MM,TC)/l,Corap.
(BM,MM,TC)/l,Co»p.
(BM.MM,TC)/1,Coup.
(MM,TC)/l.Comp.
(6M,MM,TC)/l,Comp.



Table 19-13. STARFIRE Scheduled Maintenance Downtime Estimates (Cont'd)
(8y Component or Subassembly)

Downtime cer
Maintenance
Action(4)
Days (24 hr)

RuSEe?
Maintenance

Per Scheduled
Shutdown

Maintenance
Equipment
Required

Code/Quantity
Account
Number

Replaceable
Component

(Subassembly)

Scheduled
Maintenance
Interval(Z)

Operating Days

22.07 -
.02

.03

vo

Monitoring systems
Faci l i ty computer
Master timer
Master control console
Safety and interlock system
Remote access communications
Remote access control system

Instrumentation sensors
Magnet sensors

Internal
External (accessible)
Power supplies

RF system sensors
Amplifier sensors
Distribution system, internal
Distribution system, external
Power supplies

ECRH system sensors
Gyrotron sensors
Distribution system, internal
Distribution system, external
Power supplies

Vacuum system sensors
Vacuum sensors
Equipment status sensors

Limiters
Coolant syatem internal
Coolant s -tern, external
Equipment status sensors
Primary cooling system
Reactor room coolant
External coolant sensors
Blanket sensors
Equipment status sensors
Closed coolant loop sensors
Cryogenic system
Cryogen sensors
Equipment status sensors
Tritium processing system
Water processing system
Structure
Remote handling system
Equipment status sensors
Feedback & viewing sensors

7
7
7
7
Annual
Annual

Continuous
274 (.75 yrs)
274 (.75 yrs)

274 (.75 yrs)
Continuous
274 (.75 yrs)
274 (.75 yrs)

274 (.75 yrs)
Continuous
274 (.75 yrs)
274 (.75 yrs)

274 (.75 yrs)
Continuous

Continuous
274 (.75 yrs)
Continuous

274 (.75 yrs)
274 (.75 yrs)
Continuous
Continuous
274 (.75 yrs)

274 (.75 yrs)
Continuous
Annual
Annual
Continuous

Annual
Annual

25.0

3
3
3

300
16
16

12000
600(15)
64

865(15)
1200
200(15)
180(15)

120(15)
1200
200(15)
180(15)

75(15)
900

480
100(15)
200
480(15)
95(15)

9600
600

2100(15)

665(15)
2550
850(15)
550(15)

4800

950(15)
150(15)

TD/l,Hand tools,Comp.
TD/l,Hand tools,Comp.
TD/l,Hand tools,Comp.
(BM.MM.TO/l.Comp.
(BM.MM,TO/1,Comp.
(8M,MM,TC)/1,Comp.

Magnet replacement
(BM,MM,fC)/l,Comp.
Hand tools,Comp.

Hand tools,Comp.
(BM,MM,BC)/l,Comp.
Hand tools,Coup.
Hand tools,Comp.

Hand tools,Comp.
(BMtMM,BC)/1,Comp.
Hand tools,Comp.
Hand tools,Comp.

(BM,MM,TC)/l,Comp.
(BM,MM,TC)/1,Comp.

(BM.MM.TO/I.Comp.
(MV,TD)/l,Comp.
(BM,MM,TC)/1,Comp.

(BM,MM,TC)/l,Comp.
(MV,TO)/I,Comp.
Blanket replacement
(CM.MM.TC)/I,Comp.
(MV,TD)/1,Cor»p.

Hand tools, Comp.
Hand tools, Comp.
TD/I.Htnd tools
(ABM,MV)/I,SE
(BMfMMfTCVl,SE

(BM,MM,TC)/I,SE
(BM,MM,TC)/1,SE



Table 19-14. Footnotes to Tables 19-12 and 19-13

(1) Periodic maintenance is conducted during the scheduled maintenance period defined in note (2) except for units not requiring
reactor shutdown and not in reactor room.

(2) Assume operating time is 24 hours/day, 7 days/week, 274 days/calendar year = 273.75 (75S availability). Annual scheduled
maintenance period*is 28 days duration annually.

(3) Redundancy ia expressed as the percentage of excess units over the units required. Where redundancy exists, failed items are
replaced during scheduled shutdown.

(4) Scheduled down time excludes shutdown and startup; includes the time for the quantity maintained and an allowance for a
producibility time factor of 1.25 for remote and 1.6 for contact maintenance.

(5) Critical maintenance requires immediate shutdown, delayed maintenance assumes replacement delayed until next maintenance
shutdown.

(6) In general classes, component quantity is based on the number of the general items in the class. Items are not necessarily
identical.

(7) Forced outage down time includes shutdown and startup time only for "Critical" failures (see notes). No fault isolation
time included.

(8) Conducted in parallel with first wall/blanket sector replacement on non-interference basis.

(9) Replacement time is typical for each type of coil.

(10) Contact maintenance used.

(11) Unscheduled maintenance defined only for those components in reactor hall where remote maintenance is required.

(12) Asinte using contact labor through glove boxes for systems in tritium facility. Time to purge glove box for replacement of
large equipment included.

(13) Maintenance equipment failures result in extending scheduled downtime. Time given is for repair of equipment, not schedule
delay.

(14) These systems are not broken down by component and are assumed to fail aa a system.

(15) Assume sensor can be replaced without reactor shutdown. Assume many sensors require no calibration.



"none" is extended into the column. Reactor components are included

in the list even though no scheduled maintenance Is required to

provide a comparison with unscheduled maintenance and to indicate the

disposition of all items considered in this assessment.

o A brief description of the dominant scheduled maintenance action

is given. In most cases this involves an inspection and/or test

operation which is assumed to occur concurrently with the more

complex and time consuming operations.

o The number of components that are required for a complete reactor are

estimated. Numbers of unique components, such as blanket sectors are

defined elsewhere in this study. However, for such items as valves

and instruments, the quantity estimated applies to all sizes and

types included in that subsystem. These estimates are approximate

and serve only to indicate the magnitude of the effects of that

component on the subsystem. Some general rules in estimating were

followed. It was assumed, for example, that each valve and other

component in a fluid system would be connected to the system by two

mechanical (not welded) pipe connections. Therefore, the number of

pipe connections is usually twice the sum of the other components.

o The redundancy level of each component is given individually as the

percentage of excess components over those required to provide full

reactor performance. Where redundancy is designed into a system, it

is assumed to be installed to allow failures without shutting down

the reactor. The redundancy level, even though small, is assumed to

be sufficient to be inexhaustable before either the next scheduled

shutdown or before a failed unit is replaced or repaired. In some

cases, such as for crossed field amplifiers, this places requirements

for rapid replacement of failed components. The unscheduled mainten-

ance analysis indicates which components require rapid replacement.

In Table 19-13 the principal assumptions and groundrules include:

o The interval between scheduled maintenance actions is defined for

each component in terms of the days of operation for that component.

Since an availability of 75% is assumed, an annual maintenance
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period occurs after 274 days (0.75 years) of operation and a require-

ment for maintenance every 6 years occurs after 1642 days (4.5 years)

of operation. Where the component operates intermittently, the word

"annual" is used when maintenance should be conducted during the

scheduled yearly shutdown.

o The downtime for each maintenance action occuring during a scheduled

maintenance period is given only for those components where scheduled

maintenance must be conducted during a scheduled reactor outage.

Most of the scheduled maintenance is on subsystems which are redun-

dant or which employ surge devices so that the subsystem elements

can be taken off line while the reactor is operating. The duration !

of these maintenance actions is not included in the downtime per

maintenance action column. Since the scheduled maintenance shown is

conducted during a scheduled outage, reactor shutdown and startup

time is omitted from these estimates. The downtime estimates given

are for maintenance of the quantity of components maintained during

each outage as indicated in the following column. The quantity

maintained simultaneously is indicated by the number of sets of

maintenance equipment shown in the last column of the table.

In most cases this is one set of equipment but occasionally two sets

are used to maintain two components in a class at one time.

o The maintenance equipment used to conduct each maintenance action is

indicated in the last column of the table. The titles of the major

equipment items associated with the code are listed in Table 19-15.

Since not all equipment items are defined, "SE" is used to indicate

that Special Equipment is necessary for remote maintenance operations

and "Hand Tools" covers a wide gamut of standard and special tools

for contact maintenance. Where scheduled maintenance is required,

the equipment applies to that maintenance activity. It would be

similar for unscheduled maintenance unless the maintenance action is

greatly different. Where scheduled maintenance is not required, the

equipment indicated is required to conduct unscheduled maintenance

operations on that component.

The total scheduled maintenance requirement must be determined by

assuming that many maintenance actions are conducted at the same time. This .1
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Table 19-15. Maintenance Equipment

Coolant Line Handling Machine

Universal Remote Maintenance Vehicle

(Monorail Manipulator)

rf Duct Handling Machine

Transporter carriage

Blanket Sector Handling Machine

Shield Door Handling Machine

Bridge Manipulator

Auxiliary Bridge Manipulator

(in Support Building)

600 Ton Heavy Bridge Crane

Overhead Crane - General - Outside of

Reactor Building

Turntable

Anti-torque Panel Handling Machine

Monorail Switch

Isolation Valve Removal Unit

First Wall Coating Machine

Special Equipment (Covers all other equipment not

specified), i.e., Slings, handling equip.

for crane, tools, special heads for cutting and

welding, etc.

Mobile Manipulator Vehicle

Transporter (Cargo) Dollies

Lower Floor Light Duty Crane

Mobile Lift Truck

Hand Tools (for contact maintenance)

Short Title

CLHM

URMV

RDHM

TC

BSHM

SDHM

BM

ABM

600TC

OC

TT

APHM

MRS

IVRU

FWCM

_

Code

CL

MM

RF

TC

BS

SD

BM

ABM

BC

OC

TT

AP

SW

IV

CS

SE

MMV

TD

LLDC

FL

MV

TD

LC

FL

HT
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current assessment only indicates the requirement for each component or

subassembly. Because of the simultaneity of maintenance, the sum of the

individual maintenance actions will far exceed the best downtime estimate.

Determination of this scheduled downtime estimate requires an activity

network analysis with resource allocation and must also include the impact of

maintenance equipment failure modes and rates. Such an analysis is beyond

the scope of the present study.

The elements of scheduled maintenance are all within the 28 day annual

shutdown period, but several require a much longer shutdown at least once

every ten years. In many cases, it is anticipated that machinery such as

pumps should be overhauled after S years of continuous operation (1369 days

at 75% availability). A longer shutdown is possibly required at this time

unless these overhaul replacements can be staggered to occur during the

annual shutdown or unless the system is made redundant to allow replacement

with the reactor operating. The former assumption is made for this assessment.

19.3.6 Unscheduled Maintenance

Unscheduled maintenance items that force reactor shutdown are of utmost

concern in reactor operation. Preplanned, scheduled maintenance operations

are anticipated, have been designed to permit rapid component replacement,

and utilize machines that have been designed for that specific replacement

operation. Unscheduled maintenance operations that are anticipated, such as

valve and pump replacement, can have a similar degree of preparation and be

handled accordingly, the primary concern being the frequency of occurrence

and effect on overall availability. Unscheduled failures of a more trouble-

some nature are the type that are not anticipated, but do happen. These

failures will require multipurpose manipulators with a capability to do

"human type" of repair. In these infrequent instances, it may be benefical

to bring maintenance personnel into the building.

In order to achieve an overall plant availability of 75%, a 34 day per

year allowance has been made for outages as a result of unscheduled mainten-

ance for the reactor and its subsystems. The 34 day allocation has been divi-

ded among the major reactor subsystems in accordance with the expected time

required to recover from an average failure of that subsystem and the ability

of a subsystem to minimize its failure rate by use of redundancy.
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An initial assessment of the expected unscheduled maintenance actions

has been performed to provide insight into the relative downtime contribu-

tions of the individual reactor subsystem elements. A summary of expected

unscheduled maintenance actions based on the same reactor component popula-

tions that are used for evaluation of scheduled maintenance in Table 19-12

and 19-13 is defined in Table 19-16.

The assumption and groundrules made in formulating this table are

defined below and in the notes of Table 19-14. These assumptions and ground-

rules are:

o The impact of a component or subassembly, hereafter called component,

on the reactor operation in the event of a failure of that component

is indicated in the "Unscheduled Replacement Status" column. If the

failure of one component in the class initiates a condition that

requires a reactor shutdown or reduction in capacity, it is listed as

a critical component. Such failures require an immediate shutdown

and repair and the downtime for these forced outages is subtracted

from the reactor availability.

o If the failure of a component does not require a shutdown immediately

because it has no direct impact on the reactor capacity but requires

a reactor shutdown to make the repair, it is placed in the "delayed"

unscheduled maintenance category. These repairs are made at the next

reactor shutdown, in parallel with either the repair of another

component during a critical forced outage or a scheduled shutdown.

No forced outage downtime is charged against availability for these

component failures. Some of these failures are valve failures and

the failure of other components which could be serious. However, the

assumption is made that a seal leak in a valve, for example, is small

and results in a small spill which can be dealt with during the next

shutdown.

o If a component failure can be repaired with the reactor operating or

if it is in a redundant system, it is classified as non-critical and

no reactor forced outage is assumed to occur. This groundrule

19-96



Table 19-16. STARFIRE Unscheduled Maintenance Downtime Estimates
(By Component or Subassembly)

estimated
Forced Outage
Frequency/Unit

Outages Oper. Vr

Downtime
Per Forced

Outage,
Days

Account
Number

Replaceable
Component

(Subassenbly)

Unscheduled
Replacement
Status(5)

Assumed
Dominant Failure Mode
of Component/Assembly

22.01
.01

.02

f .03

.04

.05

First wall/blanket system
13.7" Sector (A)
16.3" Sector (B)
Blanket coating
Limiters

Shield
Shield door
Vacuum pump shield (pod)
Vacuum duct shield
RF & ECRH duct shield
Fuel injection shield
Cooling line shields

Magnets
TF coils
EF coile/OH coils, upper, external
EF coils/OH coils, lower, external
CF coils (lower inboard)
OH coils/EF coils in core

RF heating and current drive
Cross field amplifiers
Wave guide, blanket section
Wave guide, bundle B
Wave guide, distribution
Phase shifter
Circulator/directional coupler
Window Assembly
Grill
SF6 supply lines and valves

Primary structure support
Reactor centerpost
Reactor support structure
Antitorque panels
Equipment support structure
Centerpost support struts

Critical
Critical
Critical
Critical

Critical
Delayed
Delayed
Delayed
Delayed
Delayed

Critical
Critical
Critical
Critical
Critical

Noncritical
Critical
Delayed
Critical
Noncritical
Noncritical
Delayed
Delayed
Noncritical

Critical
Critical
Critical
Critical
Critical

First wall leak
First wall leak
First wall leak
Coolant Leak

Vacuum seal leak
Coolant/Vacuum seal, leak in shield
Coolant/vacuum leak in shield
Coolant leak in shield
Coolant leak in shield
Coolant leak in shield

Cold mass leak/conductor short
Cold mass leak/conductor short
Cold mass leak/conductor short
Coolant leak
Cold mass leak/conductor short

Electrode burnout
Coolant/vacuum leak inside shield
Connector seal leak
Freon leak
Motor drive inoperative
Freon leak
Window seal failure
Grill failure
Valve seal leak to room

Not included in analysis

Pinned connection failure
Crack in structure
Excessive thermal leak

.04

.04

.10

.01

.04

.01

.005

.005

.005

.005

.0005

.004

.004

.0005

.004

.10

.005

.03

.0001

.10

.0001

.003

.01

.0003

.0002

.0001

.0001

9.7
10.7
13.5

SEE FW/B

9.5
2.0
6.0
1.4
1.4
1.4

287
107(9)
152(9)
211(9)
105(9)

.4(10)
11.0
2.2
1.0
.4(10)
1.0
2.2
2.2
.2(10)

—

6.5
60
60



Table 19-16. STARFIRE Unscheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subasseinbly)

Estimated
Forced Outage
Frequency/Unit

Outages Oper. Yr

Downtime
Per Forced

Outage,
Days

Account
Number

Replaceable
Component

(Subasseinbly)

Unscheduled
Replacement
Status(5)

Assumed
Dominant Failure Mode
of Component/Assembly

22.01 -
.06

00

.07

Reactor vacuum system
Plasma Chamber System
Cryosorption pumps
Cryopump regeneration values
Cryopump isolation valves
Roughing pumps/motors
Roughing regeneration valves
Equipment isolation valves
Roughing vacuum lines
Traps

Hagnet dewar 3ystem
Roughing pumps/motors
Equipment isolation valves
Roughing vacuum lines
Traps
Tritium facility vacuum
See 22.05, 22.06
Radwaste system
See 22.04

Power supply and switching
ECRH plasma breakdown
High voltage switch gear
High voltage transformer
High voltage rectifier
Crowbar
Regulator
Low voltage distribution
Low voltage switchgear
Controls
RF heating and current drive
Power supply system

TF Magnets
Power supply system
Dump resistor system
EF Magnets
Power supply system
Dump resistor system
OH Magnets
Power supply system
t\i!> resistor system
CF Magnets
Powe> supply system
Switcn gear sets

Uninterruptable power system

Delayed Plugged Molecular sieve
Delayed Valve actuator mechanism
Critical Valve seal leak
Noncritical Seal leak
Delayed Valve actuator mechanism
Critical Valve seal leak
Critical Connection leak at values/equip.
Critical Plugged trap

Noncritical Seal leak
Delayed Valve actuator mechanism
Critical Connection leak at valves/equip.
Critical Plugged trap

02
15
0003
14
15
0003
003
01

14
15
003
01

2.7
1.6
2.7
1.9
1.6
1.6
1.6
1.6

1.9
1.6
1.6
1.6

Critical
Critical
Critical
Critical
Critical
Critical
Critical
Critical

Critical

Critical
Delayed

Critical
Delayed

Critical
Delayed

Critical
Critical
Noncritical

Will not operate
Burnout
Burnout
Will not operate
Out of tolerance
Connector interrupt
Will not operate
Will not operate

Out of tolerance

Out of tolerance
Out of limits, distortion

Out of tolerance
Out of limit*, distortion

Out of tolerance
Out of limits, distortion

Out of tolerance
Will not operate
Diesel won't operate

.006

.004

.004

.006

.20

.0000127

.006

.09

.04

.04

.04

.04

.04

.04

.04

.04

.006
0.33

1.8(10)
2.0(10)
2.0(10)
1.8(10)
2.0(10)
2.0(10)
1.8(10)
1.8(10)

1.8(10)

1.8(10)
1.8(10)

1.8(10)
1.8(10)

1.8(10)
1.8(10)

1.8(10)
1.8(10)
1.0(10)



Table 19-16. STARFIRE Unscheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subassembly)

Estimated
Forced Outage
Frequency/Unit

Outages Oper. Yr

Downtime'
Per Forced

Outage,
Days

Account
Number

Replaceable
Component

(Subassembly)

Unscheduled
Replacement
Status(5)

Assumed
Dominant Failure Mode
of Component/Assembly

22.01 -
.09

22.02 -
.01

.03

.04

22.03
.01

.02

ECRH Plasma breakdown
Gytottons
Gyrotron mount assemblies
Wave guides (bundle B, 22.01.04)

Main heat transfer systems
Primary coolant system
Primary coolant pumps/motors
PC Line connections/mounts
Coolant line bundle A
PC flow control valves
PC equipment isolation valves
Drain valves
Purge/relief valves
Purge line connection
Steam generators
Primary coolant reservoir
PC sump pump
PC loop pressurizers
Cleanup filters
Cleanup system valves

Limiter cooling system
Limitet coolant pumps/motors
LC line connections/mounts
LC flow control vlave3
Equipment isolation valves
Feedwater heat exchangers
Coolant reservoir
LC loop pressurizer
Cleanup filters
Cleanup system valves

Residual heat cooling system
Residual heat loop pumps/motors
RH line connections/mounts
Residual heat loop valves
RH loop heat exchangers

Cryogenic cooling system
He refrigerator/1iquefier

LHe transfer/storage
LHe storage dewar
LHe dewar pumps
LHe line connections/mounts
LHe flow control valves

Noncritical
Noncritical
Noncritical

Critical
Delayed
Delayed
Critical
Critical
Delayed
Delayed
Delayed
Noncritical
Noncritical
Delayed
Critical
Delayed
Delayed

Critical
Delayed
Critical
Critical
Noncritical
Noncritical
Critical
Delayed
Delayed

Critical
Critical
Critical
Noncritical

Noncritical

Noncritical
Critical
Delayed
Critical

Internal arcing, vacuum decay
Cooling system failure
Window seal failure

Seal leak
Connector seal leak
Connector seal leak
Actuator failure
Value seal leak
Value seal leak
Value seal leak
Connector seal leak
Tube leak
Tank leak
Seal leak
Spurious operation
Plugged filter
Valve seal leak

Seal leak
Connector seal leak
Actuator failure
Valve seal leak
Tube leak
Tank leak
Spurious Operation
Plugged filter
Valve seal leak

Seal leak
Connector seal leak
. Valve seal leak
Tube leak

Internal valve seal leak

Seal leak
Seal leak
Connector seal leak
Valve seal leak

5.0
.1
.003

.14

.003

.10

.011

.0003

.0003

.0003

.003

.164

.0003

.14

.20

.02

.0003

.14

.003

.011

.0003

.164

.0003

.20

.02

.0003

.14

.003

.0003

.164

.8(10)
1.0(10)
2.2

3.0
3.8
2.6
3.0
3.0
1.9
2.6
2.5
2.5
2.5
1.9
3.8
1.9
1.9

3.0
3.8
3.0
3.0
2.5
2.5
3.8
1.9
1.9

3.0
3.8
3.0
2.5

.30

.0003

.14

.003

.0003

4.5(10)

4.5(10)
1.0(10)
2.5
3.0



Table 19-16. STARFIRE Unscheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subassembly)

Account
Number

Replaceable
Component

(Subassembly)

Unscheduled
Replacement
Status(5)

Assumed
Dominant Failure Mode
of Component/Assembly

estimated
Forced Outage
Frequency/Unit

Outages Oper. Yr

Downtime
Per Forced

Outage,
Days

22.03 -
.03

.04

22.04
.01

.02

GHe transfer/storage
GHe storage tanks Noncritical
GHe compressors Crit ical
Oil removal systems Critical
Warm GHe line connections/mounts Delayed
Cold GHe line connections/mounts Noncritical
GHe equipment isolation valves Noncritical

LN2 system
Nitrogen liquefaction system Noncritical
LN2 storage dewar Noncritical
LN2 + GN2 line connections/mounts Delayed
LN2 flow control valves Delayed
N2 equipment isolation valves Noncritical
N2 supply storage tanks Noncritial

Radioactive waste treatment
Liquid waste storage
Surge tanks Noncritical
Pumps/motors Noncritical
Mixer Noncritical
Filters Noncritical
Condenser Noncritical
Separators (ion exchange) Noncritical
Separators (absorbers) Noncritical
Piping connections/mounts Noncritical
Valves/traps Noncritical
Electrolysis units Noncritical

Gaseous waste processing system
Compressors Noncritical
Separators (molecular sieve) Noncritical
Condensors Noncritical
Pumps/motors Noncritical
Filters Noncritical
Piping connections/mounts Noncritical
Valves/dampers Noncritical
Heat exchangers Noncritical
Blowers Noncritical
Storage tanks Noncritical

Connection seal leak
Seal leak
Seal leak
Connection seal leak
Connection seal leak
Valve seal leak

Valve seal leak
Connection seal leak
Connection seal leak
Valve seal leak
Valve seal leak
Connection seal leak

Connection seal leak
Seal leak
Seal leak
Plugged filter
Tube leak
Ruptured exchange media
Plugged absorber bed
Connection seal leak
Valve seal leak
Connection seal leak

Seal leak
Plugged sieve
Tube leak
Seal leak
Plugged filter
Connection seal leak
Valve seal leak
Tube leak
Fatigue failure
Connection seal leak

003
14
003
003
003
0007

03
003
003
0003
0003
003

003
14
14
02
16
01
02
003
0003
003

14
02
16
14
02
003
0003
16
07
003

1.0(10)
1.0(10)
1.0(10)
1.9
1.0(10)
.5(10)

3.0(10)
1.0(10)
1.9

1.9
1.9
1.0

2.5
1.9
1.9
1.9
2.5
2.6
2.6
2.5
1.9
2.5

1.9
1.9
2.5
1.9
1.9
2.5
1.9
2.5
1.9
2.5



Table 19-16. STARFIRE Unscheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subassembly)

Estimated
Forced Outage
Frequency/Unit
Outages Oper. Yc

Downtime
Per Forced
Outage,
Days

Account
Number

Replaceable
Component

(Subassembly)

Unscheduled
Replacement
Status(5)

Assumed
Dominant Failure Mode
of Component/Assembly

22.04 -
.05

22.05 -
.01

.03

.04

.05

.06

Solid waste processing equipment
Dryers
Handling system (conveyors)
Classification system
Compactor/cutter
Mixer/solidifier
Storage system
Transport casks

Tritium facility systems
Fuel purification systems
Fuel cleanup unit
(Catalytic oxidizers, electrolysis)
Blanket Recovery Units ,
(He separator, ion exchange, electrolysis)
Surge tanks

Fuel preparation system
Fuel blenders
(Mixing tanks, valves, pumpj)

Fuel inspection system
Fuel gas puffer
Plasma Guns
Distribution system

Fuel storage
D2 supply storage
DT storage
^2 storage

Tritium extraction and recovery
Tritium waste treatment unit
Tritiated water recovery unit
(Ion exchange, catalysis, electrolysis)
Isotope separation unit
(Distillation Cascade)
Detritiated gas storage
He storage
Tritiated waste storage
Gas compressors
Transfer pump unit
Transfer line connections
Transfer line valves

Noncritical.
Noncritical
Noncritical
Noncritical
Noncritical
Noncritical
Noncritical

Noncritical

Critical

Noncritical

Noncritical

Delayed
Delayed
Critical

Noncritical
Noncritical
Noncritical

Noncritical
Noncritical

Noncritical

Noncritical
Noncritical
Noncritical
Noncritical
Noncritical
Noncritical
Noncritical

Heaters fail to operate
Drive failure
Jammed mechanism
Jammed mechanism
Seal leak
Compacted waste handling equipment
Environment monitoring devices

Flow control failure

Unit fails to operate

Connection seal leak

Pump seal leak

Valve actuator failure
Switching failure
Connection seal leak (25 connectic

Valve seal leak
Valve seal leak
Storage vault leak

Unit fails to operate
Flow control failure

Flow control failure

Valve seal leak
valve seal leak
Valve seal leak
Seal leak
Seal leak
Connection seal leak
Valve seal leak

.2

.2

.2

.2

.14

.2

.1

.011

.10

.003

.14

.15

.006

.08

.0003

.0003

.003

.19

.011

.011

.0003

.0003

.0003

.14

.14

.003

.0003

2.0
2.0
2.0
2.0
1.9

1.0(12)

2.5

1.0(12)

1.0(12)

1.6
1.6
1.6

.8(10)
1.0(12)
1.0(12)

1.0(12)
1.0(12)

1.0(12)

1.0(12)
1.0(12)
1.0(12)
1.2(12)
1.2(12)
1.0(12)
1.0(12)



Table 19-16. STARFIRE Unscheduled Maintenance Downtime Estimates (Cont'd)
(By Component nr Subassembly)

Account
Number

22.05 -
.07

Replaceable
Component

(Subassembly)

Atmosphere tritum recovery system
Atmosphere cleanup units
(Catalytic oxidation, mol. sieves)
Reactor building
Hot cells
Tritium facility

Unscheduled
Replacement
Status(5)

Delayed
Noncritical
Noncritical

Assumed
Dominant Failure Mode
of Component/Assembly

Estimated
Forced Outage
Frequency/Unit

Outages Oper. Yr

Downtime
Per Forced
Outage,
Days

22.06 -
.01

.02

.03

Maintenance equipment
Facility remote handling equip:
Cranes
Reactor room Noncritical
Hot cells Noncritical
Tritium facility Noncritical

Bridge manipulators
Reactor room Noncritical
Hot cells Noncritical

Turntables Noncritical
Monorail switches Noncritical
Monorail Noncritical
Airlock Systems Noncritical

Mobile remote handling equipment
Coolant line removal machine Noncritical
Transport carraige Noncritical
Antitorque panel handling machine Noncritical
Shield door handling machine Noncritical
Blanket sector handling machine Noncritical
First wall coating machine Noncritical
Isolation valve removal unit Noncritical
Universal remote maintenance vehicle Noncritical
Mobile manipulator vehicle Noncritical
Hot cell remote handling equipment Noncritical
Hot cell equipment Noncritical

Special heating systems
Coolant startup heating Noncritical
Pressurizer heaters Noncritical

Coolant makeup systems (14)
Raw water makeup system Noncritical
Demineralized water system Noncritical
Primary cooling water makeup Noncritical
PC water additive system Noncritical

Control failure
Control failure
Control failure

Drive failure
Drive failure
Drive failure

Electrical control failure
Electrical control failure
Drive failure
Drive failure
Power bus failure
Door system failure

Activator failure
Drive failure
Activator failure
Activator failure
Activator failure
Drive failure
Electrical control failure
Electrical control failure
Electrical control failure
Drive failure
Control failure

Element control failure
Control failure

Seal leak
Connector seal leak
Seal leak
Connector seal leak

011
011
011

2.5
2.5
1.0(12)

14
14
14

50
50
07
14
50
14

45
07
45
45
45
42
50
50
50
49
50

SO
05

,14
003
,14
003

3.0(13)
6.0(13)
2.0(10)

3.0(13)
6.0(13)
6.0(13)
3.0(13)
5.0(13)
3.0(13)

3.8(13)
4.0(14)
3.8(13)
3.8(13)
3.8(13)
4.0(13)
3.3(13)
3.3(13)
3.3(13)
6.3
5.0

2.5(13)
2.5(13)

3.0(10)
1.0(10)
3.0(10)
1.0(10)



Table 19-16. STARFIRE Unscheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subassembly)

rstimated
Forced Outage
Frequency/Unit

Outages Oper. Yr

Downtime
Per Forced
Outage,
Days

Account
Number

Replaceable
Component

(Subassembly)

Unscheduled
Replacement
Status(5)

Assumed
Dominant Failure Mode
of Component/Assembly

O

s

22.06 -
.04

.05

.06

.07

.08

22.07
.01

Gas systems (14)
Instrument air system
(Compressors, filters, tanks, valve")

Inert atmosphere system (14)
Reactor building
Hot cells
Pressure control system
Gas storage system
Penetrat ions

Leak detection system (14)
Auxiliary vacuum system

Closed loop coolant system
Cooling water pumps
Cooling water heat exchangers
Surge tank
Building heat exchangers
Reactor building
Tritium reprocess and storage
Electrical equipment
RF power supply
Hot cells
Atmospheric tritium clean up
Waste processing

Distribution lines (connections)
Reactor room
Vacuum pump cooling, etc.
Valves
Shielding
CF coils
Vacuum pumps, heat exchange

Standby cooling system (14)

Instrumentation & Control
Reactor I 4 C equipment
Equipment control devices
Microprocessors
Control processor
Plasma diagnostics
Remote access controllers

Noncritical

Noncritical
Noncritical
Noncritical
Noncritical
Noncritical

Noncritical

Delayed
Noncritical
Noncritical

Delayed
Noncritical
Noncritical
Delayed
Noncritical
Delayed
Noncritical

Delayed
Noncritical

Delayed
Delayed
Noncritical

Noncritical

Critical/25
Delayed
Delayed
Delayed
Noncritical

Compressor failure

Compressor failure
Compressor failure
Valve actuator failure
Valve seal leak
Penetration leak

Seal leak

Seal leak
Tube leak
Tank leak

Tube leak
Tube leak
Tube leak
Tube leak
Tube leak
Tube leak
Tube leak

Connector seal leak
Connector seal leak

Valve seal leak
Valve seal leak
Valve seal leak

Fail to operate

Fail to respond to signal
Out of tolerance
Out of tolerance
Out of tolerance
Fail to operate

.14

.15

.15

1.0(10)

14
14
15
0003
002

1.0(10)
1.0(10)
.5(10)
.8(10)

1.6

1.9

14
164
0003

0003
0003
0003
0003
0003
0003
0003

003
003

0003
0003
0003

3.0
2.5
2.0(10)

2.5
1.5(12)
1.0(10)
1.0(10)
2.5
2.5
2.5

3.8
1.0

3.0
3.0
1.0

1.0(10)

.011

.10

.10

.15

.15

1.9
2.5
2.5
4.0
3.3



-"an*

Table 19-16. STARFIRE Unscheduled Maintenance Downtime Estimates (Cont'd)
(By Component or Subassembly;

Estimated
Forced Outage
Frequency/Unit

Outages Oper. Yr

* Downtime
Per Forced

Outage,
Days

Account
Number

Replaceable
Component

(Subassembly)

Unscheduled
Replacement
Status(5)

Assumed
Dominant Failure Mode
of Component/Assembly

22.07 -
.02

.03

Monitoring systems
Facility computer
Master timer
Master control console
Safety and interlock system
Remote access communications
Remote access control system

Instrumentation sensors
Magnet sensors
Internal
External (accessible)
Power supplies
RF system sensors
Amplifier sensors
Distribution system, internal
Distribution system, external
Power supplies

ECRH system sensors
Gyrotron sensors
Distribution system, internal
Distribution system, external
Power supplies

Vacuum system sensors
Vacuum sensors
Equipment status sensors

Limiters
Coolant system, internal
Coolant system, external
Equipment status sensors
Primary cooling system
Reactor room coolant
External coolant sensors
Blanket sensors
Equipment status sensors
Closed coolant loop sensors
Cryogenic system
Cryogen sensors
Equipment status sensors
Tritium processing system
Water processing system
Structure
Remote handling system
Equipment status sensors
Feedback & viewing sensors

Noncritical Spurious operation 3.0
Noncritical Spurious operation 1.0
Noncritical Spurious operation 3.0
Noncritical Interlock device contact failure .1
Noncritical Transfer failure .1
Noncritical Fail to respond to signal .1

Noncritical Spurious signal, replace with magnet .016
Noncritical Spurious operation .016
Noncritical Spurious operation .016

Noncritical Spurious operation .016
Noncritical Spurious signal .016
Noncritical Spurious operation .016
Noncritical Spurious operation .016

Noncritical Spurious operation .016
Noncritical Spurious signal .016
Noncritical Spurious operation .016
Noncritical Spurious operation .016

Noncritical Filament burnout .016
Noncritical Spurious operation .016

Noncritical Spurious signal .016
Noncritical Spurious operation .016
Noncritical Spurious operation .016

Noncritical Spurious operation .016
Noncritical Spurious operation .016
Noncritical Spurious signal .016
Noncritical Spurious operation .016
Noncritical Spurious operation .016

Noncritical Spurious operation .016
Noncritical Spurious operation .016
Noncritical Spurious operation .016
Noncritical Spurious operation .016
Noncritical Spurious signal .016

Noncritical Spurious operation .016
Noncritical Spurious operation .016

.2(10)

.2(10)

.2(10)

i(3i3(
3.3(13)

287
1.6
.05(10)

.05(10)
4.0
.05(10)
.05(10)

.05(10)
4.0
.05(10)
.05(10)

1.6
1.6

4.0
.3
1.6

1.6
.3

12.6
1.6
.3

.05(10)

.05(10)

.5(12)
1.6
10.0

3.3(U)
3.3(U)



implies that Insufficient failures will occur to exhaust the redun-

dancy or that another failure will not occur before maintenance is

completed. This assumption usually can be strengthened by increasing

the redundancy of a system or by adding redundancy where none exists.

Table 19-12 indicates the level of redundancy in each system.

o The assumed dominant failure mode for each component was selected as

a basis for estimating the downtime required for maintenance of the

component. This is the forced outage downtime in all cases, even for

delayed or non-critical items* In the cases where the reactor must

shut down for repair, i.e., the critical delayed outages, the down-

times include time for reactor shutdown and startup.

o The assumed failure mode is also used to estimate the equipment

required as shown in Table 19-13 ./hen no scheduled maintenance is

required, and to serve as the basis for the relative failure rate

estimates.

o The allowable failure rates are determined by first estimating a

failure rate for each component. This provides a set of relative

values for the components. The total forced outage downtime for each

component is then computed and the total forced outage downtime for

all critical components is compared with the allowable tota. to

achieve a 75% availability. The failure rates are then prorated to

the allowable value. These failure rates can be compared with

theoretical or empirical data to determine the impact on a research

and development program for each component. For this study, com-

putations are highly simplified to give only an approximate value as

requirement.

In making the estimates for individual components, many other assump-

tions follow.

o The downtime estimates for magnet repair vary significantly with the

location of the magnets, even within a class. Therefore, estimates

were made for the TF coil replacement, the upper superconducting

EF/OH coils, the lower outboard superconducting EF coil, the upper

coil set in the reactor centerpost and the lower inboard CF coil.
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These downtimes are deemed representative, even though some of the

coils excluded are more difficult and some, like the remaining CF

coils, are expected to be less difficult. For the CF coils, it was

assumed that they are made up of 12 segments and that only 2 segments

were replaced to make the repair. In all magnet replacements, it is

assumed that replacement magnets can be made available when required.

The TF coils will be brought into the reactor building through a

construction door.

o Unscheduled maintenance, like scheduled maintenance, employs contact

maintenance wherever possible. The estimates where contact mainten-

ance is assumed are Indicated by the footnote in Table 19-16.

o Structure is considered to last the life of the reactor and, there-

fore, is generally omitted from maintainability analyses. However,

some potential failure modes exist and the estimated failure rate and

downtime were included.

o Several piping and cable lengths are roughly approximated to deter-

mine their relative influence. However, most piping failures are

expected at mechanical connections and this is considered a better

indicator of the component failures.

o The tritium facility systems were assumed capable of being shut down

without influencing the reactor if the repair time did not exceed the

capability of intermediate storage units or surge tanks to store the

flow from the reactor. Therefore, very few of the assumed components

of these systems are considered critical to reactor operation. Those

which appear to be critical could possibly be made non-critical by

use of redundant components. Also, in the tritium systems, contact

maintenance through glove boxes is defined as a baseline. The time

for this maintenance exceeds that of direct contact maintenance but

is less than fully remote maintenance. Special provisions are made

for replacement of heavy equipment through the glove box.

o Maintenance equipment failures are classified non-critical since they

are only important when conducting maintenance and the reactor is

already shut down. However, each failure adds to the total downtime.
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The failure rates given for the operating year only apply to the time

in use for this equipment. Therefore, the effective rate is much

less than indicated. The approximate repair times are the time

required to return the equipment to operable condition and include

the time to extract it from the failed condition. Therefore, the

extension of downtime for the reactor which results from such break-

downs is less than indicated in the table.

The overall unscheduled reactor downtime estimate can be derived from

Table 19-16 and Table 19-12 by summing the products of availability (75Z),

number of components in class (Table 19-12), the estimated forced outage

frequency (Table 19-16) and the downtime per forced outage (Table 19-16) for

each of the critical items. Critical items are those components where

failure would result in immediate reactor shutdown. The results of this

summation are given in Table 19-17, and indicate how many days of unscheduled

outage is attributed to each system. The failure rate data is taken from

historical data where possible and applied to the subsystems as thought

appropriate. The failure rate numbers are thought to be representative of

current systems, the major uncertainty being in the assumptions of which

component failures are critical versus those that can be delayed.

The average downtime per year is distributed so that components, such

as the first wall/blanket that do not have redundancy or components with

the capability for inservice repair, require more downtime. A possible

exception is the heat transport system where pump and motor failures account

for approximately one-half of the outage time. This result indicates that

further consideration should be given to the choice of redundant (three 50Z

capacity) pumps since 2.5 days outage per year can likely pay for the extra

pumps.

Both the forced outage and the scheduled downtime requirements derived

from Tables 19-16 and 19-13 can be further used to define manpower require-

ments for maintenance and for comparison with the requirements for other

plants. However, the most effective method for defining personnel require-

ments is to use an activity network analysis with resource allocation and

probabilistic failure modes. Also, the time requirements for refurbishment

of replaced components should be included to complete the analysis. These
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Table 19-17. Summary of Unscheduled Maintenance Downtines for Critical

Maintenance Items

Subsystem

(1) First Wall/

Blanket System

(2) Shield

(3) Magnets

(4) rf System

(5) Primary Structures

(6) Vacuum system

(7) Power Supplies

(8) Heat Transport System

(9) Cryogenics-LHe

(10) Tritium system

(11) Instrumentation & Control

TOTAL

Average

Downtime

Per Year

(days/

10.15

3.4

6.4

0.49

0.15

1.8

3.43

5.18

1.22

0.84

0.94

34.

Redundancy

None

Seals

None

Yes

Yes

Pumps &
Valves

Yes

Partial

Yes

Yes

Yes

In

Service

Repair

Capability

No

No

No

Yes

No

No

Yes

Limited

Yes

Yes

Yes
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procedures would establish a more complete evaluation of the impacts of

various design concepts on the cost of maintenance.

19.3.7 Recommendations

If the desired objectives for plant availability and personnel radia-

tion exposure outlined for STARFIRE are to be met, development of the

reactor maintenance system must proceed along with the reactor design to

assure that adequate provisions are made for maintenance. Additionally,

extensive development of remote maintenance equipment and associated techno-

logies must be undertaken simultaneously with other reactor subsystems

development because it represents an important development effort. Simpli-

fication of the maintenance methods and procedures must be continually

assessed as the design evolves. Areas for further development and investi-

gation in the near term are the following.

Subsystem Modules — Further definition is required for the individual

subsystem modules so that the maintenance tasks and procedures required for

servicing the modules and their subcomponents can be defined. Areas requir-

ing development are the module hold down fixtures, utility couplings, and

subcomponent layout within the modules. Change out procedures for the whole

module as well as for smaller subcomponents require attention to insure

adequate space for full remote maintenance. Modules and subcomponents should

be standarized as much as possible.

Trapped EF Coil — Lower EF-coil repair and replacement (without total

disassembly of the reactor) is presently handled by storing trapped spare

coils, built into the reactor, so that the failed coil can be cut away and a

new coil lifted into place. Development of special machinery to perform the

cutting, removal and replacement will be needed. In addition, adequate space

for coil storage, failed coil removal and retrieval of the replacement coil

will be required. Other alternative methods of coil replacement should be

explored. Spare coils can be stored next to operating coils. If a failure

occurs, power from the failed coil can be switched to the spare coil.

Actuators may be needed to move the spare coil into operating position if

field errors due to differences in coil location are not acceptable. This

would eliminate the need to cut and remove the failed coil.
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Duct Joints — Coolant line quick disconnects suitable for remote

operation are desirable. These can be standarized with other piping discon-

nects in the plant to reduce tooling requirements and operations needed to

couple and uncouple the lines.

The coolant line handling machine, rf duct handling machine and the

isolation valve handling unit all need further conceptual development.

Considerations include: loads to be handled, location of the specific task

to be performed with respect to the monorail, and the amount of support

needed by the universal remote maintenance machine.

Coating — Remote blanket beryllium coating is not well understood to

date. Further development with regard to coating requirements, including

coating life, coating adhesion and coating methods are required.

Maintenance Equipment — Development of maintenance equipment should be

continued to provide information on realistic capabilities that can be

provided so that subsystem designs evolve that can be maintained.

A monorail service cart which would support personnel access to the

reactor building should be considered. The cart could provide power, water,

service air, breathing air, inert gas, tools, and equipment needed for

emergency repair.

Monorail parking and maneuvering logistics to ensure access of mainten-

ance machines to the reactor, to the support system modules, and to the hot

cell require further investigation.

Building Layout — The reactor building basement layout including the

service gallery for the reactor requires development to define the features

and functions for the mobile servo-manipulator as well as to define personnel

access requirements. Further definition of the requirements and benefits of

the shield wall between the reactor and subsystem modules is required.

Hot Cell — The hot cell layout details have not been worked out to

date. Considerations include the functions of each area, crane coverage,

servo-manipulators needed, viewing, and the monorail turntables. Overhead
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crane coverage for the decontamination chamber and the central corridor might

also be desirable.

Laydown Space — A study of all anticipated shutdown outage operations

should be performed to verify that adequate laydown space is provided in both

the reactor building and hot cell to support necessary operations. A sub-

stantial amount of floor space has been provided at the air lock end of the

reactor building for laydown and equipment storage. Storage rack and laydown

fixtures would also be required.

Failure Recovery — Equipment features which allow recovery from anti-

cipated failures have not been identified. Logistics of recovering failed

equipment and for preventing further damage from an equipment failure will

require further investigation.

Hot Cell Storage — The hot cell can be designed to provide storage for

an indefinite period of time, including the 40 year design life of the plant.

Interim storage could be provided as an alternate with ons1' te storage outside

of the hot cell or offsite disposal. It has been assumed that onsite storage

for 40 years will be provided for all solid or solidified plant waste mater-

ial in the initial design. Whether this storage will be in the hot cell

itself or a combination of in-cell and out-of-cell storage has not been

resolved.

Spare TF Coil — A spare TF coil inside the reactor building would

reduce the time required to change out a TF coil in the very unlikely event

of a serious TF coil failure. Whether or not a spare TF coil is justified

will depend on the magnet reliability and economic considerations associated

with TF coil failure.

Availability Assessment — More detailed design definition of the total

systems, including failure rate and life data, maintenance equipment and

reactor components, is required to permit an accurate assessment. Continued

attention to this area is required to assure that reasonable goals are being

set for subsystems and that designs are including appropriate redundancies

and design margins.
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19.4 PERSONNEL REQUIREMENTS

The plant requires a total crew of 163 people from which a minimum of 28

are required on each of the 5 shifts. Eighteen additional personnel are

required on the first shift where most clerical and on-line maintenance

operations are performed. The assumed distribution of personnel is given in

Table 19-18. During major balance-of-plant maintenance operations such as

turbine overhaul, or a large unscheduled reactor maintenance operation such

as magnet replacement, specialized crews will be used to assist the regular

plant maintenance crew.
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Table 19-18. STARFIRE Power Plant Personnel

Staff Position Title Number of Employes

Superintendent's Office

Plant Superintendent 1

Assistant Superintendent 1

Secretary 1

Operations

Operations Supervisor 1

Shift Supervisor 5

Senior Control Room Operator 5

Control Room Operator 10

Equipment Operator 10

Maintenance Equipment Operator 10

Equipment Attendant 5

Maintenance

Maintenance Supervisor 1

Mechanical Foreman 1

Electrical Foreman 1

Instrument Foreman 1

Mechanic 5

Mechanic's Helper 5

Welder 4

Machinist 4

Electrician 5

Electrician's Helper 4

Instrument Mechanic 10

Instrument Helpers 5

Computer Technician 3

Maintenance Equipment Mechanic 6
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Table 19-18. STARFIRE Power Plant Personnel (Continued)

Staff Position Title Number of Employes

Techanical

Technical Supervisor 1

Plant Engineer 1

Assistant Plant Engineer 1

Instrument Engineer 2

Nuclear Engineer 2

Computer Specialist 2

Systems Analyst 1

Maintenance Specialist 1

Health Physicist 1

Chemist 1

Laboratory and Instrument Technicians 8

Clerical and Services

Clerical and Services Supervisor 1

Bookkeepers 3

Typist 4

Storekeeper 2

Clerk 5

Data Management Specialist

Yardman 2

Janitor 7

Handyman 3

Guard JL£

Total No. of Employes 163
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The balance of plant facilities for this tenth-of-a-kind Tokamak Fusion

power plant are a combination of both features common to any large power

plant, and elements unique to the fusion technology. For example, the steam

generators, turbine-generator and main condenser components of the power,

conversion system and the natural draft cooling towers that are used for heat

rejection at sites not close to a large body of water are generic to power

plants. The tritium reprocessing facilities that minimize the tritium

inventory in the plant, the electrical and RF Power Supply Building that

contains the coil and rf power supplies, and the Hot Cell in which fully

remote repair and maintenance functions are performed are unique to a fusion

power plant. The design of the balance of plant facilities has a significant

impact on both the economic viability of a fusion power plant and the

construction plan and schedule for such a plant. The cost estimate for the

balance of plant shows the overall economic importance of these facilities

and identifies the high cost elements.

In the overall plan of this fusion power plant, closely related

facilities are combined into the same buildings that are then located to

achieve a functional and economical layout. The central facility structure is

the rectangular ribbed Reactor Building that houses the reactor and its

subsystems. The design of this building is economic yet meets the

requirements for totally remote maintenance, for a minimum wall thickness of

1.5m for shielding purposes, for overpressure protection against postulated

loss of coolant accidents, and for constructibility and logical space

utilization. The principal buildings and their spatial relationships are

summarized below:

1. The Reactor Building contains the Tokamak fusion reactor and

supporting systems.

2. To the south of the Reactor Building is the Turbine and Support

Building that contains the energy conversion equipment, a reactor

service area in which blanket sections and other new reactor

subsystems are prepared, a plant auxiliary area that houses the

closed loop cooling water system, and the Hot Cell.
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3. The Electrical and RF Power Supply Building is placed to the east

of the Reactor Building and the Tritiim Reprocessing and Cryogen-

ics Building is located to the north of the Reactor Building.

4. The administration, facility control and site service complex is

located to the south of the Turbine and Support Building.

The layout of the balance of the plant facilities is shown on the site

plan, drawing E-5959-AR-01 (Figure 20-6), included in subsection 20.7.

20.1 SITE PLAN

A discussion of the facility site plan is presented below.

20.1.1.1 Design Basis

Although the fusion power plant is designed to be suitable for a wide

rang* of potential power plant sites throughout the continental United

States, the following assumptions are made for the purpose of this study:

1. Location: Kansas City, Missouri (to facilitate cost estimate)

2. Seismic: UBC Zone 2

3. Site size: 400 hectares

4. Ambient temperature for:

a. Cooling: 39°C

b. Heating: 23°C

5. Altitude (maximum): 600 m

6. Principal heat rejection system: Natural draft cooling towers

7. Water supply: Assumed adequate to satisfy all normal requirements

8. Electrical utility transmission: EHV (345 kV)

20.1.2 Design Description

Principal site elements include buildings, roads, walks, fencing, and

surface subsurface mechanical and electrical equipment and utilities, most

notably the large natural draft hyperbolic cooling towers. The cooling

towers are grouped at the rear of the site to provide a visual "backdrop"

as viewed from the approach to the main entrance. The remaining site ele-

ments are located and arranged to optimize functional interrelation-
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ships; that is, to minimize piping, electrical, and utility runs and at the

same time provide adequate separation and circulation around and between

buildings and other elements. An orderly and logical asymmetrical composition

of site elements adds interest and yet maintains simplicity.

20.1.2.1 Secondary Road Access

External access to the site from a major highway is by a secondary road

of 8 km maximum length. The road terminates at the main entrance gate to the

site, adjacent to the Security Building and offsite parking lot.

20.1.2.2 Parking Lot

Plant personnel and visitor parking is accommodated in a paved and

landscaped parking lot with space for 90 cars, located outside the perimeter

fence and adjacent to the Security Building.

20.1.2.3 Security Building

All traf f ic to and from the s i t e is controlled at the Security

Building, located at the main entrance gate at the perimeter fence. Transport

and delivery trucks and railroad cars undergo inspection by security

personnel. Plant personnel and visitors must pass through inspection portals

and identification devices in the Security Building prior to entering the

plant. Those who do not proceed on foot to their work stations in the

Administration/Control/Site Service Building may ride a shuttle car to more

distant work stations within the plant boundary. The use of personal vehicles

within the perimeter fence is generally not permitted. Parking spaces for

shuttle cars and other plant vehicles are provided adjacent to the Security

Building inside the perimeter fence. Visual surveillance and control of the

railroad spur entrance is also possible from the Security Building.

20.1.2.4 Perimeter Fence

The principal elements of the plant are enclosed by a chain link

perimeter fence, 3 m in height. The size of the enclosed space is 640 m by
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680 m. The fence is lighted and equipped with microwave intrusion detection

devices and closed circuit television, with monitors in the Security

Building. Provisions for additional fencing are given with the discussions of

related facilities in the following subsections.

20.1.2.5 Perimeter Road

The perimeter road encompasses all site elements within the perimeter

fence except the cooling towers and water reservoirs. It is assumed that a

perimeter road adjacent to the perimeter fence is not necessary because of

the surveillance equipment on the fence. Access to all site facilities and

secondary roads is provided.

20.1.2.6 Administration, Control, and Site Service Building

Located nearest to the Security Building and main entrance, the

Administration, Control, and Site Service Building contains the greatest

number of personnel on the site under normal conditions. A receiving area for

both truck and rail transport is located on the north side of this building

adjacent to the Warehouse and Maintenance Shop entrances. A widened road and

driveways are provided for increased maneuverability, and give access to the

Turbine and Support Building.

20.1.2.7 Turbine and Support Building

The Turbine and Support Building has the largest floor area of

buildings in the plant. Adjacent to the turbine side is the main transformer

yard and switchgear room, enclosed by a chain link fence 3 m in height. The

support portion of the building includes the Reactor Service Building, the

Plant Auxiliary Building, and the Hot Cell. Two connections to the Reactor

Building include the air lock and the steam line passage.

20.1.2.8 Reactor Building

The Reactor Building houses the Tokamak fusion reactor device and

supporting systems. The only entrance to this building is through the Hot

Cell air lock, although there are two emergency exits (normally locked) in
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the exterior wall. The building is centrally located between the Turbine

Building, auxiliary systems, Hot Cell, tritium and cryogenics facilities,

Electrical and RF Power Supply Building, and other related facilities.

Underground tunnels for piping, conduit, and equipment access connect lower

floors to some of these other buildings, as shown on the site plan.

20.1.2.9 Tritium Reprocessing and Cryogenics Equipment Building

Equipment and storage facilities for the treatment and reprocessing of

tritium are located In the Tritium Reprocessing Building. Together with the

Cryogenics Equipment Building and fenced yard, where gaseous and liquid

helium and nitrogen are processed for use in the Reactor Building, these

functions have minor relationships to most of the other site facilities. A

parking area for onsite vehicles is provided, and a bank of helium storage

tanks is located across the perimeter road.

20.1.2.10 Electrical Equipment and RF Power Supply Building

Directly east of the Reactor Building is the Electrical Equipment and

RF Power Supply Building, with proximity to the main switchyard, the main

transformer yard, the Onsite AC Power Supply Building, and the Reactor

Building. Two tunnels connect this building to the subgrade level of the

Reactor Building, where additional rf equipment is located. An adjacent

fenced yard to the north contains an rf power supply substation.

20.1.2.11 Onsite AC Power Supply Building and Switchyard Control Room

In the event of loss of normal power, two gas turbine generators

located in the Onsite AC Power Supply Building furnish ac power sufficient to

complete an orderly shutdown of the Tokamak reactor.

The adjacent switchyard control room contains all equipment necessary

for the normal operation and monitoring of incoming and outgoing power in the

main switchyard.

20-5



•t\

20.1.2.12 Main Switchyard

The main switchyard is a fenced area that cor .ains all the electrical

equipment necessary to accommodate incoming and outgoing EHV power. It is

located close to the Electrical Equipment Building and main transformer yard.

Most of the components are modular SFg gas insulated, permitting the

installation of lines both above and below ground within the site.

20.1.2.13 Raw Water Reservoir and Evaporation Pond

Located outside the perimeter road, the raw water reservoir and

evaporation pond are formed by compacted earth berms and lined with soil

cement. The adjacent pump house contains pumps for fire and domestic use, and

chlorination facilities for potable water.

20.1.2.14 Fire Water Storage Tank

Adjacent to the raw water reservoir and evaporation pond is a 1140-m^

fire water storage tank, located below grade. This tank supplies sufficient

water to extinguish the maximum credible fire.

20.1.3 Design Alternatives

Alternative site plans are discussed below.

20.1.3.1 Degree of Combination or Separation of Plant Facilities

The most significant design alternative is in the degree of combination

or separation of the various plant facilities. In the extreme, the entire

plant could be contained in one huge building; however, circulation would be

difficult and complicated. Utility, piping, electrical, and other interfaces

would require very tedious planning and coordination. Contrarily, each

function could be housed in entirely separate buildings. Flexibility would be

vastly increased, but piping and electrical lines would require greater

lengths between buildings, increasing facility ccst. Also, the lack of common

structural elements would lead to a further cost penalty. Multiple separate

buildings, however, offer the advantage of maximum flexibility in design and

construction and might be attractive for early fusion reactor plants. For a
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mature fusion industry, the additional cost of such an approach would not be

warranted.

The most logical approach to a tenth-of-a-kind facility appears to be

the combination of closely related facilities into the same buildings and the

careful placement of each building relative to the other buildings and other

site features. In this approach, a workable and cost-effective solution may

be obtained. It is recognized that the actual topography of a selected site

might dictate some adjustments in vertical relationships, but the overall

functional blocks would not be re-arranged.

20.1.3.2 Duplicate Reactors

The impact of the placement of twin reactors on the same site has also

been considered. Advantages of such an approach include:

1. Licensing of a single site, instead of two separate ones.

2. Sharing of facilities such as administration, security, site

services, reactor service, evaporation pond and raw water

reservoir, roads, and some transmission line and switchyard

facilities. A common turbine generator building could also be

used. However, some major facilities such as the Reactor Building

and cooling towers would probably have to be duplicated.

3. Use of common management and construction crews, leading to

increased productivity on the second unit based on elimination of

problems encountered on the first unit.

4. Potential for levelling manpower needs by smoothing labor peaks

and valleys during the overall construction phase.

5. Cost savings by purchase of larger quantities of bulk materials

and equipment, and use of common construction equipment.

6. Potential utilization of equipment from Unit 2 to replace failed

items during pre-operational, startup, and testing activities on

the first unit.

7. Reduced overall site development and manpower mobilization costs.
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8. Reduced engineering costs where a common design for the two units

is used.

9. Operational flexibility by using each unit to provide startup

power for the other, rather than drawing large blocks of power

from the grid, and by scheduling of maintenance shutdowns to

ensure at least one operating unit at all times.

The recommended reactor size of 4000 MW thermal corresponds with the

capacity of a single turbine generator and dictates the single reactor

facility developed for this study. Alternative requirements calling for

larger blocks of power at a single site would be implemented by using

multiple reactors and would result in lower unit costs.

20.2 BUILDINGS DESIGN

This subsection discusses the architectural and structural design of

the facility buildings. Architectural drawings (Figures 20-7 through 20-12)

are included in subsection 20.7.

20.2.1 Reactor Building

The Reactor Building is a steel-lined, ribbed box structure that

contains the reactor, primary cooling systems, and other support systems.

Details of its architectural and structural features are described below.

20.2.1.1 Architectural

Although the most significant visual aspects of the Reactor Building

are essential ly dictated by maintenance, structural , and shielding

requirements, i t s most prominent architectural feature is the use of its

interior space, particularly the equipment layout.

The Reactor Building houses the Tokamak fusion reactor and closely

related systems. These systems, broadly referred to as "process modules,"

include the primary loop components and steam generators, heat exchangers and

pumps, the vacuum pumping and blanket purge system, the limiter feedwater

loop module, and the RF cooling system module. Additional modules not

directly related to the reactor include the HVAC systems and the atmospheric
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tritium cleanup (ATC) systems. Additional equipment laydown space is also

provided. A 1.5-m-thick, partial height,- shielding wall and sliding doors

separate the module area from the reactor to minimize activation of materials

in the process module area. The pressure boundary of the building is lined

with steel. Other interior surfaces are coated with decontaminable paint.

The design of the Reactor Building is also largely based on a

commitment to totally remote maintenance. Although it is envisioned that

personnel need never set foot in this building (except in the crane

maintenance balcony and the sub-grade level), it would not be impossible to

do so under extreme and unusual circumstances. Ordinarily, however, a highly

sophisticated system of remote maintenance and transport equipment is

expected to perform all maintenance and repair operations, and have enough

flexibility to perform unplanned or unforeseen tasks as well. Some operations

are routine and are programmable; others may be under direct operator

control. Operator involvement will depend on the specific functions performed

and the degree of decision-making required.

The Reactor Building is 120 m long and 50 m wide (inside clear

dimensions), and consists of three levels in addition to the crane

maintenance balcony, which is only a fraction of a complete floor level. The

reactor and process modules are located on the ground level. The height to

the under surface of the roof slab is 42.5 m. A 600-ton capacity bridge crane

spans the width of the building and runs its entire length. The first level

below ground (not shown on drawings) is a pipe chase 3 m in height. All

pipelines, conduits, and other connections between the reactor and the

modules penetrate the ground level floor, run through the pipe chase to a

point below the respective module, and up through the floor again. In the

same manner, HVAC major duct runs extend to the corners of the building.

Piping runs, therefore, are isolated from and kept clear of the remote

maintenance equipment traveling on the ground floor.

The pipe chase, reactor hall, and process module areas are subject to

overpressure under accident conditions. Access to the pipe chase is by two

removable hatches, one at each end of the building on the ground floor.

The second level below ground is the routinely occupied sub-grade

floor, which is not subject to overpressure, significant radiation, or a

In this chapter, "ton" refers to a metric tonne, i.e. 1000 kg.
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tritium atmosphere. Provision is made at the sub-grade level for emergency

exit from the southwestern corner of the building. Located on this level are

the rf system components and HVAC mechanical and electrical equipment. The

space is divided into a rectilinear grid of 1.5-m-thick concrete walls for

supporting the heavily loaded floors above. The rf component area is arranged

in a radial design around a massive, concrete, 22-m-diameter pedestal that

supports the reactor above. The radial pattern allows the rf components to be

placed equidistant from the rf duct inlets to the reactor. A special 5-ton

bridge crane runs above the equipment on concentric runway rails.

The HVAC equipment rooms open into large areaways to grade for fresh

air intake. These areaways are located inside an enclosed courtyard between

the Reactor Building and the Turbine and Support Buildings. They are open to

the sky and accessible only from the plant auxiliary area. One end of the

central corridor on this level opens to an exhaust air tunnel that leads to

the stack. The top of the tunnel opens to a vertical shaft to grade with a

heavy concrete hatch cover that may be removed prior to lowering large

equipment into the sub-grade leve?. spaces with a portable crane.

Two sloping tunnels connect the rf component end of the sub-grade level

with the Electrical Equipment and Power Supply Building sub-grade level,

where all rf power supply equipment is located. Each tunnel accommodates the

electrical and rf lines and provides additional equipment and maintenance

access to the Reactor Building sub-grade level.

A large crane maintenance balcony is located at the end of the build-

ing, remote from the reactor, where routine maintenance and repair are con-

ducted on the 600-ton bridge crane, the 60-ton process module area bridge

crane, and the electro-mechanical manipulators. The 60-ton crane and manipu-

lators must be lifted and carried into the maintenance area by the 600-ton

crane above. Maintenance in this area is "hands-on" by personnel wearing

protective suits. Access to the balcony is from the reactor service area in

the Turbine and Support Buildings by stairs or a freight elevator to the

plant auxiliary area equipment mezzanine, across to a large corridor above

the Hot Cell air lock, and up another set of stairs or freight elevator to a

vestibule at the same level and adjacent to the balcony. The freight
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elevators are provided for the transport of any large or heavy tools or

equipment such as fork lifts, jacks, or compressors, as well as personnel (as

needed) for crane maintenance.

The remote maintenance system employed in the Reactor Building also

extends to the Hot Cell. The portion in the Hot Cell is described in

subsection 20.2.5. The equipment runs on a solid monorail track, 3-m wide and

1-m high off the ground floor. The track layout is shown on the Reactor

Building ground floor plan, included in subsection 20.7. The track, is

arranged to allow movement of system components into position to perform

remote maintenance and repair functions on the process module equipment, the

ATC systems, the HVAC equipment, as well as the reactor itself.

There are two basic devices for use on the monorail track:

1. Servo-manipulator transporter;

Although there may be several variations of this device as

maintenance functions become more defined, the basic device

consists of a truck with wheels that firmly grip the monorail

above and below for high stability during a maintenance operation

and when in motion. Mounted on the truck is a ro ta t ing ,

telescoping tower that can extend up to 2A m in height and retract

down to 12 m for passage through the air lock openings. A vertical

traveling and locking trolley is mounted on the tower and moves up

or down to a height as required by a specific operation. Mounted

on the trolley is a rotating, telescoping tube with a pair of

parallel jaw hands, hooks, TV cameras, and other accessories.

2. Transporter Cart:

Sized to accommodate various major components of the reactor, the

cart is large enough to transport a blanket segment, a shield

door, or smaller items to the Hot Cell along the monorail track.

The cart is supported on a scissors-jack base that provides

overall height adjustment.

Segments of the monorail track can be moved in and out of position to

provide switching capabili t ies. A complete circle of track surrounds the

reactor for total circumferential access. The floor monorail system is used
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to transport reactor equipment to the Hot Cell for maintenance or repair. In
addition to the floor-mounted equipment, the overhead bridge cranes and
electro-mechanical bridge manipulators assist in the maintenance functions by
providing access to the top and upper equipment areas of the reactor and
various modules not accessible to other systems. The 60-ton bridge crane at
the process module end of the building i s capable of l i f t i n g and removing
process equipment for repair and replacement.

The 600-ton bridge crane with two 300-ton t r o l l i e s i s expected to
perform occasional severe service l ift ing rather than traveling with a heavy
load. The only time that a l i f t w i l l approach the rated crane capacity i s
during ins ta l la t ion or replacement of a 2.2-m-wide x 11.0-m-long x 15.7-m-
high, 580-ton TF coi l . Replacement i s not expected more than once during the
40-year l i f e of the plant. Similarly, replacement of a 4.1-m-wide x 8.0-m-
long x 14.0-m-high, 270-ton shield sector, or a 2.2-m-wide x 8.0-m-long x
11.4-m-high, 360-ton shield ring, or a 30.0-m-diameter x 1.0-m-thick, 450-ton
EF co i l i s not anticipated more than once during f a c i l i t y operat ion .
Replacement, if ever required, wi l l be through a 32-m-high x 6-m-wide,
removable, segmented section of the east wall of the Reactor Building.

20.2.1.2 Structural

1. Design Basis

The following structural design basis is applicable to the Reactor

Building and other facility buildings as indicated below.

(a) Codes and Standards

Industry codes and standards will be used consistent with

technical and licensing requirements for the facility.

(b) Design Loads

Design loads and forces for all structures include dead,

live, wind, earthquake, and impact. Equipment loading is

used, as applicable, if equipment loads including impact are

greater than the minimum design loads over the area occupied

by the equipment. All supports are designed for the maximum

live load that it is possible to put in or on the equipment.

Hardened structures are also designed to withstand tornado
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wind forces and missiles, and require a dynamic seismic

analysis for the Design Basis Earthquake (DBE) condition,

(c) Definitions and Loading Criteria

The following definitions and loading criteria are used.

• Dead Load (PL):
Dead load i s the vertical load due to the weight of a l l
permanent structural and nonstructural components of a
s t r u c t u r e , such as w a l l s , f l o o r s , r o o f s , piping,
equipment, heating, vent i lat ing, and air-conditioning
systems. The vert ica l and lateral pressures of liquids
are also treated as dead loads, as provided in Section
9.3.5 of ACI 318-77.

• Live Load (LL);

Live load is the load superimposed by the use and

occupancy of the structure not including the wind load,

seismic load, or dead load.

The following live loads are used in the design:

Roof: 98 kg/m2

Reactor ground floor: 1960 kg/m2 and equipment and

transporter loads

Other floors: 735 kg/m2 and equipment

Stairs and walkways: 490 kg/m2

Railroad surcharge: Per American Railroad Engineers

Association (AREA) Manual

• Construction Loads:

Surcharge outside and adjacent to the structure is 1470

kg/m2 or 3636 kg wheel load, whichever is governing.

• Crane Loads:

All cranes will be tested to 125% of rated load. Struc-

tural systems will be designed for impact and horizontal

loads in accordance with the American Institute of Steel

Construction (AISC) Specification.
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o Earth Pressure:

Foundation bearing pressure for foundations 3 ft below

grade is 19,600 kg/m^. For deep foundations and

basements, the Maximum bearing pressure at the toe of

foundation is 49,000 kg/m2.

o Groundwater Table:

The groundwater table for the site is taken to be 6 a

below grade,

o Wind and Tornado Load:

The basic wind load is 147 kg/m.2. Tornado forces and

protection against low-trajectory turbine missiles are

in accordance with Nuclear Regulatory Commission (NRC)

Regulatory Guides 1.76 and 1.115, respectively,

o Seismic Loads:

Hardened structures are designed for the DBE condition,

with a horizontal ground acceleration of 0.13 g and a

vertical acceleration of 2/3 of the horizontal ground

acceleration. All other structures are designed for Zone

2 in accordance with Section 2312 of the Uniform

Building Code.

Design Description

The Reactor Building is a steel-lined, hardened structure con-

structed of reinforced concrete designed for the nonconcurrent

conditions of DBE seismic loading and 166 kPa internal over-

pressure. The 1.5 m thick building outside walls and roof prevent

penetration by tornado missiles, withstand tornado winds and a

tornado-induced differential pressure, and provide adequate

shielding. The building is designed as a ribbed box structure and

analyzed as a series of "T-beams" with the walls and roof forming

a rigid frame fixed at the ground floor. The walls acting with the

floors transfer all forces to the base slab foundation. The

reactor is supported on a large concrete pedestal that transfers

the reactor loading directly to the supporting soil strata. The
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pressure boundary is located at the inside of the building

exterior walls, at the roof, and at the top of the floor below the

ground floor. Special pressure-tight penetrations are installed

where piping or utility lines cross the containment boundary. The

reactor hall floor transfers heavy loadings from equipment and the

blanket transfer system to a grid of walls that further carries

the loads to the base slab foundation.

A coated carbon-steel liner provides a leak-tight boundary and

minimizes tritium release in the event of a loss of primary

coolant within the building.

3. Design Alternatives

Four structural configurations of the Reactor Building were con-

sidered as possible concepts. These concepts included an arch,

ribbed arch, box, and ribbed box as shown in Fig. 20-1 through

20-4. These figures describe a typical cross-section of the

Reactor Building, that for these studies was estimated to be 48-m

wide and 130-m long. The arch configurations required a height of

48 m because of some wasted space above the bridge crane, whereas

the box configuration allowed a reduction of the inside height to

40 m.

The analyses that were conducted on these four structural configura-

tions included dead weight, live load, seismic, and internal pressure loading

conditions. The analytical models were based on a typical cross-section of

the Reactor Building that was not near the end walls or other intermediate

walls or supports. The purpose of the analyses was to determine the relative

efficiency of the four configurations to withstand the critical loading

conditions. In each analysis of the four configurations it was assumed that

the foundation slab was much thicker and therefore much stiffer than the

walls, thereby permitting the analytical model to restrain the rotation of

the wall at the intersection with the foundation. In addition, the influence

of the soil pressures on the partially buried walls was ignored in each

analysis. Since the active soil pressures increase with depth, they would not

produce significant bending moments in the walls as compared to the fixed end

bending moments computed for either the seismic or internal pressure loading

conditions.
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Figure 20-1. Reactor Building Configuration: Arch

1.5 m

Figure 20-2. Reactor Building Configuration: Ribbed Arch
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Figure 20-3. Reactor Building Configuration: Box
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1.6 m

Figure 20-4. Reactor Building Configuration: Ribbed Box
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The material properties for the concrete and reinforcing steel were

based on typical strengths of materials used in nuclear facilities. The

concrete strength in compression was assumed to be 34.5 MPa, which requires

good quality control of the cement, aggregate, and water ingredients, and

control of the amount of mixing used to combine the ingredients. Although

27.6 MPa-strength concrete Is considered to be a nominal value, it is not

difficult to achieve a 34.5 MPa or even higher strength with proper quality

control. The reinforcing bars were assumed to have a 414 MPa yield strength,

which is the nominal re-bar strength.

The four configurations were evaluated for dead load based on a unit

concrete weight of 2.4 g/cnH, a snow load (live load) of 98 kg/v^, an

internal pressure of 166 kPa, and a seismic load based on an earthquake

having a peak horizontal acceleration of 0.13 g and a peak vertical

acceleration of 2/3 of the horizontal ground motion acceleration. Three load

combinations were considered in these evaluations:

1. DL + LL + 1.25 IP

2. DL + LL + E'

3. 1.4 DL + 1.7 LL

where:

DL * Dead load

LL - Live load

IP - Internal pressure load

E' » Design basis earthquake load

These load combinations are based on the N.R.C. Standard Review Plan,

Section 3.8.4(1) an(j should provide a conservative basis for evaluating the

conceptual designs. The peak horizontal ground acceleration of 0.13 g was

provided to the project as the applicable foundation level maximum horizontal

acceleration. Note that for other sites it is possible that the bedrock

acceleration can be amplified by intermediate soil layers between the

foundation and the bedrock. However, in this conceptual evaluation it was

assumed that the 0.13 g was applicable at the foundation level, and

therefore, the IX damped seismic response spectrum was selected in accordance

with N.R.C. Regulatory Guides 1.60<2) and 1.61<3). The horizontal seismic

response spectrum is shown in Fig. 20-5.

20-18



?
t - 1

t.o to IOO 400 tOO tOO IOO.t

FREQUENCY ( H i )

Figure 20-5. Design Basis Earthquake (Damping 7%)



The seismic analyses were based on a modal frequency analysis of each
configuration. Only DBE loadings were considered, as they are usua l ly
governing with heavy sections and are shown to be small re lat ive to the
overpressure loadings. The results of the modal analyses are shown in Table
20-1. These mode shapes and frequencies were used with the vert ica l and
horizontal seismic response spectra to determine the modal response of the
configurations. The responses were combined using the "square-root-of-sum-of-
squares" and c losely spaced mode techniques described in the N.R.C.
Regulatory Guide 1 .92( 4 ) . In a l l cases at least 93% of the structural mass
was represented by the modes shown in Table 20-1. Therefore, the influence of
higher mode responses should be negligible.

Table 20-1. Natural Frequencies of Structural Concepts

Mode

1

2

3

4

5

6

7

8

9

10

11

12

Arch

0.751

2.197

4.169

6.359

8.929

11.783

15.418

15.950

18.187

19.551

24.010

28.610

Frequencies of

Ribbed
Arch

2.606

6.979

12.405

14.899

17.285

18.260

23.880

28.840

34.386

-

-

—

Concepts (hz)

Box

0.661

2.189

4.305

4.484

7.476

11.468

12.809

14.857

19.164

21.248

23.308

23.321

Ribbed
Box

0.553

1.832

3.583

3.725

6.225

9.456

10.495

12.568

17.668

18.712

19.391

20.696
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As shown In Fig. 20-1 the thickness of the arch was determined to be

2.50 m and was assumed to be constant. The maximum bending moments per meter

of the Reactor Building length were 3.3 x 106 kgm, 0.8 x 106 kgm, and 0.7

x 10*> kgm for the internal pressure loading of 166 kPa, for 1.4 times the

dead load and for the DBE seismic loading, respectively. All of these maximum

moments occurred at the intersection of the wall and the foundation slab.

The ribbed arch configuration shown in Fig. 20-2 reduces the wall

thickness to 1.50 m by adding ribs or "T-beams" at a 10-m spacing. The T-beam

increases the wall thickness to 3.50 m for a distance of 2.00 m in the

longitudinal direction of the Reactor Building. The maximum bending moments

per "T-beam" of 10-m width were 41.0 x 106 kgm, 6.6 x 106 kgm, and 15.0 x

10** kgm for the internal pressure loading of 166 kPa, for 1.4 times the

dead load and for the DBE seismic loading, respectively. All of these maximum

moments occurred at the intersection of the wall and the foundation slab.

A uniform wall thickness of 2.00 m was estimated for the simple box

configuration shown in Fig. 20-3. The maximum bending moments per meter of

Reactor Building length were 2.9 x 10*> kgm, 1.1 x 10*> kgm, and 0.7 x

10° kgm for the internal pressure loading of 166 kPa, for 1.4 times the

dead load and for the DBE seismic loading, respectively. The location of the

maximum bending moment for the internal pressure loading was at the

intersection of the wall and the roof slabs. The location of the maximum

bending moment for the dead load was at the mid-span of the roof slab. The

location of the maximum bending moment for the seismic loading condition was

at the intersection of the wall and the foundation.

The ribbed box configuration shown in Fig. 20-4 has a reduced wall

thickness of 1.50 m and a T-beam spacing of 10 m. The T-beam locally

increases the wall thickness to 2.75 m for a distance of 2.00 m in the

longitudinal direction of the Reactor Building. The maximum bending moments

for a typical 10-m-wide T-beam were computed to be 29.0 x 10*> kgm, 10.8 x

10^ kgm, and 4.6 x 10^ kgm for an internal pressure load of 166 kPa, for

1.4 times the dead load, and for the DBE seismic loading, respectively. The

locations of the maximum bending moments for the ribbed box configuration are

the same as for the simple box configuration. That is, the locations of
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maximum bending moment occurred at the wall-roof intersection for internal

pressure loading, at the roof mid-span for dead load , and at the

wall-foundation intersection for the seismic loading.

The results of the four concept development and evaluation analyses

included est imates of the relat ive costs of a fixed length of Reactor

Building wall and roof structure. These cost analyses allowed for concrete

and l iner plate quantities, form work aud labor, and nominal reinforcing

steel percentages. Intermediate and end walls were not included in the

economic evaluat ion of the wall and roof system; therefore, the cost

percentages should not be applied to the total Reactor Building costs . The

results are shown in Table 20-2.

Table 20-2. Summary of Evaluated Concepts

Relative
Concept Configuration Reinforcement (%) Cost (%)

Arch Wall, 2.5 m 3.6 100

Ribbed arch Wall, 1.5 m 0.8 93

Rib, 2.0 m x 3.5 m 2.6

Box Wall, 2.0 m 3.5 80

Ribbed box Wall, 1.5 m 1.2 76

Rib, 2.0 m x 2.75 m 2.9

The 2.5-m-thick arch configuration requires 3.6% reinforcement; how-

ever, the 2.0-m-thick box configuration requires 3.5% steel reinforcement.

This indicates that the thinner box configuration is nearly at the same per-

centage of the ultimate capacity of the concrete section as the arch config-

uration. The following simplification of the cost values can be derived from

Table 20-2. The box configuration is approximately 20% less expensive than
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the arch configuration, and the introduction of ribs causes an additional 4%

to 7% reduction in cost. Therefore, on the basis of the economic analysis

performed the ribbed box provides the least expensive design configuration.

Also, the ribbed configuration may be a helpful one for the building

construction. The beam structures could possibly be pre-cast and used to

assist in supporting the form work loads of the adjacent slabs. This approach

could assist in solving the difficult task of supporting the weight of the

cast-in-place concrete roof slabs.

20.2.2 Turbine Building

Architectural and structural features of the tri-level Turbine Building

are presented below.

20.2.2.1 Architectural

A major portion of the largest plant structure (in terms of floor area)

is devoted to the Turbine Building, which contains a single 1440-MWe turbine

generator and i t s auxiliaries. Taking up three basic floor levels, equipment

is arranged with a surface condenser in the sub-grade leve l , feedwater

heaters at the ground floor l e v e l , and the pedestal-mounted, turbine

generator at the upper level.

The building is 110 m long and 50 m wide on a l l three leve ls . The

sub-grade level is occupied mainly by the condenser and concrete turbine

pedestal. Additional equipment and systems located at this level include heat

exchangers, condensate pumps, caustic and acid tanks, lube oil reservoirs and

conditioner, a chemical equipment room, a battery room, a demineralizer

equipment area, and various tanks, motors, and piping.

The ground floor level contains primarily feedwater heaters, with

adequate tube-pulling and maintenance space, as well as a continuation of the

turbine pedestal. An auxiliary boiler room, clean and dirty lube oil tank

room, and various other tanks, pumps, and piping complete the equipment for

th i s l e v e l . A railroad spur emerges from the adjacent Reactor Service

Building and ends under an equipment hatch in the floor above. An electrical

switchgear room and main and reserve transformer yards flank the Turbine

Building at this level, and are enclosed within chain link fencing.
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The upper level or "operating floor" contains the turbine and i t s

casings, moisture separator/reheaters, and the generator, along with

additional feedwater heaters supplementing those on the ground level. Again,

adequate space for both tube and rotor pull is provided. A 250-ton bridge

cr?tte travels overhead the length of the building and is used for equipment

installation, removal, and maintenance.

An additional partial upper level gallery is located on each side of

the building for large HVAC ducts that provide cooling air for the Turbine

Building. Equipment supplying these ducts is located in the Plant Auxiliary

Building mezzanine.

20.2.2.2 Structural

The turbine pedestal portion of the Turbine Building is steel framed,

with the crane columns considered fixed at the base laterally and braced

longitudinally. Trusses support the roof in the turbine bay with top and

bottom chord bracing transmitting horizontal loads to the columns. Crane

lateral forces are considered supported at the bottom chord by means of

bracing to the adjacent columns. The supported f loors, which act as

diaphragms, are mainly concrete and have steel decking welded to the

structural support frame. Wind, seismic, and crane loading in the

longitudinal direction is transferred by vertical bracing to the base mat.

The base mat is used as a foundation mat, transfering all the building forces

to the supporting soil strata.

The turbine generator support pedestal is designed to meet the

requirements of the turbine manufacturer. The pedestal is of a low-tuned

design and is separate from the Turbine Building.

20.2.3 Plant Auxiliary Building

Architectural and structural features of the Plant Auxiliary Building

are discussed below.

20.2.3.1 Architectural

Equipment, including heat exchangers and pumps for the closed loop

cooling water system, is housed in the two-level Plant Auxiliary Building,
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located between the Turbine Building and the Hot Cell and adjacent to the

Reactor Service Building.

Located on the ground level are chillers, pumps, instrument air

equipment, and adequate tube pulling and laydown space for maintenance, A

machine shop and tool crib are used in common with the reactor service area.

Stairs and a freight elevator give access to an upper level that contains air

handling units, pumps, plenums, and other HVAC equipment for the balance of

the building. This area also affords access to the crane maintenance areas of

both the Hot Cell and the Reactor Building.

20.2.3.2 Structural

The Plant Auxiliary Building and the Reactor Service Building are

attached to each other and act as one building. The combined building is a

steel-framed structure using both rigid frame action and bracing to transfer

horizontal forces to the foundation, The roof has both steel beams and

trusses to support loof loadings with bracing to transfer horizontal loads to

the columns. Concrete floors are supported on steel framing and have steel

decking welded to the frame, the floor acting as a diaphragm. The columns are

supported on individual spread-footing foundations.

20.2.4 Reactor Service Building

Architectural and structural features of the Reactor Service Building

are described below.

20.2.4.1 Architectural

Preparation of blanket segments and other new reactor subsystems,

equipment, and parts is carried out in the reactor service area, a ground

level high bay area between the Hot Cell and Turbine Building, and adjacent

to the Plant Auxiliary Building. The railroad spur passes through the

receiving end of this building, where there is also access for large vehicles

and other equipment. Storage spaces for new blanket segments and other

reactor and process module components flank a large space, 20-m wide by 40-m

long by 20-m high, where service operations are carried out including reactor

subsystem and process module assembly. A 60-ton bridge crane travels overhead
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and covers both the railroad spur area during flatcar unloading operations

and the service area during maintenance and assembly activities.

An electrical equipment room is located in the common space between the

Reactor Service Building and the Plant Auxiliary Building areas. A mezzanine

about this space and below the upper level contains personnel toilets and

showers, a first aid room, a lunch room, and an office and storage area.

20.2.4.2 Structural

For the description of the structural design of the Reactor Service

Building, see subsection 20.2.3.2.

20.2.5 Hot Cell

The architectural and structural features of the Hot Cell are discussed

below.

20.2.5.1 Architectural

A variety of fully remote functions are performed in the Hot Cell, not-

ably repair and maintenance of components from the Reactor Building. The Hot

Cell is characterized by its massive concrete walls, up to 1.5-m thick around

the perimeter, and 1-m thick within. The perimeter walls, roof, and floor of

the Hot Cell are lined with steel. All surfaces are coated with

decontaminable paint.

The railroad spur passes the external entrance to the Hot Cell, and

road access is provided to enable trucks and other large vehicles to approach

the Hot Cell entrance. A 60-ton bridge crane travels overhead and can

introduce heavy loads to the Hot Cell air lock through a combination door and

hatch entrance, and onto a transporter car traveling on a continuation of the

monorail track to the Reactor Building monorail system. A room containing

decontamination equipment and storage pool cooling equipment is located on

one side of the air lock, and the Hot Cell control room is located on the

other side. To the north and adjacent to the air lock is a decontamination

chamber with a turntable in the track. Decontamination is required for casks

containing either activated blanket segments for reprocessing offsite or

solid waste for offsite recycle or disposal.
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Beyond the decontamination area and located beside the control corridor

are three process cells. The liquid waste processing equipment separates

activated particulate matter from tritiated water that is then returned to

the Tritium Reprocessing Building. The blanket module and solid waste

processing cell contains the equipment required to bake out tritium from

spent blanket segments and to reduce the segments into pieces conveniently

sized for storage in canisters. The remote maintenance and repair shop

contains equipment for shield door seal and latch mechanism replacement and

for repair of failed process module components. Entrance into each cell is

made by rotating the transporter cart or servo-manipulator on a monorail

turntable to align it with a perpendicular track that leads through a pair of

horizontal sliding doors notched around the track at the bottom. Once inside

a cell, further component handling is by a 60-ton bridge crane and an

electro-mechanical bridge manipulator. Each cell is equipped with an

atmospheric tritium cleanup system.

Both wet and dry solid waste storage facilities are provided in the

blanket module and solid waste processing cell. Wet storage for 600 m^ of

spent blanket segments and dry storage for 400 m^ of discarded shield

doors, pumps, valves, and piping is available. Waste is stored in canisters

lowered into storage racks by the overhead bridge crane. The rack grid pro-

vides stability for the canisters, simplifying identification and retrieva-

bility should this ever become necessary. Efficient and cost-effective use of

space above the wet storage tanks is obtained by locating the bottom of the

tanks at the same floor level as the cell.

Above the central corridor is a gallery in which HVAC and electrical

equipment is contained. Piping and duct runs to the various cells are also

made through this gallery. Access to the gallery is made at the north end of

the Hot Cell, at the corridor to the crane maintenance area. Additional

access is at the south end near the Hot Cell entrance.

20.2.5.2 Structural

The Hot Cell is a carbon steel lined, concrete, hardened structure

designed for DBE seismic loading. The building outside walls and roof are

thick enough to prevent penetration by tornado missiles, to withstand tornado
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winds and a tornado-induced differential pressure, and to provide adequate

shielding. The inside walls and floor act with the outside walls and roof to

transfer all loadings by rigid frane action to the foundation. The inside

walls and floor are sized to meet shielding requirements. The base slab acts

as the foundation mat, transfering all forces to the supporting soil strata.

The concrete waste storage tanks are designed to withstand a DBS seismic

event along with the normal loading conditions.

20.2.6 Electrical Equipment and RF Power Supply Building

The architectural and structural features of the Electrical Equipment

and RF Power Supply Building are outlined below.

20.2.6.1 Architectural

Power for a number of reactor components is furnished by equipment

located in the Electrical Equipment and RF Power Supply Building. This

structure consists of three levels, and is 70-m long by 50-m wide. The ground

level is essentially one large room that contains the power supplies for EF,

OH, and TF coils, in addition to 13.8-kV switchgear. An HVAC equipment room,

three sets of stairs, and a freight elevator to lower levels complete the

ground level. Directly beneath the ground level is a large cable-spread ing

room, (shown only in section on the drawings), which occupies essentially the

same space as the equipment room above.

RF power supplies are located in the normally occupied sub-grade level,

together with 13.8-kV switchgear and 480-V load centers. Also located at this

sub-grade level are maintenance, repair, and storage areas. A small office

and control room at this level enables personnel to monitor the performance

of the system and to locate any faulty components. Conduits from the rf power

supplies are run overhead and routed in equal numbers into the overhead space

of the two tunnels to the Reactor Building sub-grade level, where the rf

components including amplifiers, phase shifters, circulators, and gyrotrons

are located. A gyrotron power supply substation is located in an exterior

equipment yard adjacent to the north side of the building.
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20.2.6.2 Structural

The Electrical Equipment and RF Power Supply Building is a steel-framed

structure supported on concrete basement walls and columns. The horizontal

forces are taken by rigid frame action to the foundation, with roof bracing

distributing these forces to other columns. The supported floors are concrete

slabs resting on steel decking, which is welded to the steel frame, the

floors acting as diaphragms. The basement walls are supported on continuous

footings with inside columns supported on individual spread footings.

20.2.7 Tritium Reprocessing Building

The architectural and structural features of the Tritium Reprocessing

Building are outlined below.

20.2.7.1 Architectural

The tritium and cryogenics facilities are combined into one building,

with the tritium components located in two separate areas:

1. Areas not subject to tritium contamination, and

2. Areas subject to potential tritium contamination, in which special

clothing and equipment must be used.

The portion of the Tritium Reprocessing Building that contains poten-

tially contaminated areas is hardened in accordance with applicable seismic

and tornadic design criteria, and is lined with coated carbon steel to

minimize the potential escape to atmosphere of tritium released from process

equipment. Tritium-free areas of the building are occupied on an everyday

basis and include the offices, toilets, and showers on the ground level and

the tritium equipment control room, office, and HVAC equipment room on the

upper level. The control room is lined with steel to shield the operators

from reactor coil magnetic fields. An air lock separates the tritium-free

areas from the potentially contaminated areas. Beyond the air lock is a

corridor that contains a protective suit storage alcove and an emergency

shower room. The corridor also provides access to the balance of the

facility.

In addition to the tritium reprocessing equipment room, there is an

analytical laboratory, a maintenance and repair shop, and a storage room for
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new tritium and deuterium adjacent to the exterior loading dock. Uranium bed

storage for reprocessed tritium and deuterium is located in a separate room.

A stairway leads to the upper level, which contains a room for HVAC equipment

suitable for a tritium atmosphere and another room containing atmospheric

tritium cleanup modules. Equipment on the upper level in the tritium repro-

cessing equipment room is surrounded by a metal catwalk grating and railings.

The remaining space is open to the ground level below. A 5-ton overhead trav-

eling bridge crane is used for maintenance as well as transporting equipment

to and from the equipment air loc& that leads to the exterior loading dock.

Piping to and from the Reactor Building and Hot Cell is double walled,

with quick-acting isolation valves located close to the building walls. The

piping is routed to -he Reactor Building pipe chase in an underground tunnel.

20.2.7.2 Structural

The Tritium Reprocessing Building and the Cryogenics Building are

connected to each other and act as one building. The portion of the building

subject to potential tritium contamination is a steel-lined, concrete,

hardened structure designed for DBE seismic loading. The building outside

walls and roof are thick enough to prevent penetration by tornado missiles,

to withstand tornado winds and a tornado-induced differential pressure, and

to provide adequate shielding. The inside walls, columns, and floors act with

the outside walls and roof to transfer all loadings by rigid frame action to

the foundation. The base slab acts as the foundation mat, transfering all

forces to the supporting soil strata.

20.2.8 Cryogenics Building

The architectural and structural features of the Cryogenics Building

are outlined below.

20.2.8.1 Architectural

The Cryogenics Building is relatively simple, consisting of one large

room for helium and nitrogen compressors, with an electrical equipment room

in an enclosed mezzanine covering one-third of the space below. The remaining

cryogenics equipment is located in a fenced-in yard adjacent to the building.
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This equipment, along with gaseous helium storage tanks located across the
perimeter road, i s adequately described on the drawings. An underground
tunnel carries l iquid helium and nitrogen lines to the Reactor Building pipe
chase, where the lines are routed to the reactor hall.

20.2.8.2 Structural

The Cryogenics Building adjoins the Tritium Reprocessing Building and
is a steel-framed structure with pre-cast concrete panels on the exterior.
The r i g i d frame design and bracing ensure that horizontal forces are
transfered to the foundation. Vertical loadings are supported in the roof by
steel beams on columns.

20.2.9 Administration Building
Architectural and structural features of the Administration Building

are discussed below.

20.2.9.1 Architectural
Personnel operations for the entire plant are controlled and supervised

in the Administration Building. Combined with the Administration Building are

the Control Building and the Site Service Building, which are discussed in

subsections 20.2.10 and 20.2.11, respectively.

The ground level of the Administration Building consists of a main

entrance and reception area, a conference/display room, and various offices

arranged on a double corridor system. A lunch room and staff toilets are

provided. The facilities provided in the Administration Building are designed

to support 60 individuals, the maximum number of operating and maintenance

personnel anticipated onsite at any time. The upper level contains electrical

and HVAC equipment for both the Administration and Site Service Buildings.

20.2.9.2 Structural
The Administration Building is a combined, steel-framed structure using

both rigid frame design and bracing to transfer horizontal forces to the
foundation. The building i s also attached to the Control Building, where
vertical and horizontal loads are supported. Vertical loadings are supported
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in the roof by steel beams in the administration area and by trusses in the

service area. The supported floor in the administration area is a concrete

slab resting on steel decking that is welded to the steel framing, the floor

acting as a diaphragm. The columns take the loadings to the foundations that

are individual spread footings.

20.2.10 Control Building

The architectural and structural features of the Control Building are

discussed below.

20.2.10.1 Architectural

Although visually combined with the Administration Building and Site

Service Building, the Control Building is a separate, two-level, hardened

structure that is entered only from the rear corridor of the Administration

Building. There is an emergency exit on the north side of the building.

The ground level contains the main control room, auxiliary equipment

areas, computer equipment room, maintenance and repair shop, tools and parts

storage, offices and conference rooms, toilets, and electrical equipment. The

upper level contains electrical and HVAC equipment, and an observation

gallery above the main control room. The main control room layout depicts

anticipated technological advances of the future time for which this plant is

intended. An expansion of the operator's console to include several CRTs is

envisioned. Instruments and control components are expected to continue their

present trends toward miniaturization. The customary cable-spread ing area

beneath the control room is replaced by an access flooring system. Previously

hard-wired controls of the reactor and various systems are replsced by

multiplexed signals in a communication tunnel underground to the Reactor

Building. Consequently, the relatively large distance from the Reactor

Building to the control room is of minimal concern.

20.2.10.2 Structural

The Control Building is a hardened structure designed for DBG seismic

loading. The building outside walls and roof are thick enough to prevent

penetration by tornado missiles and to withstand tornado winds and a tornado-
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induced differential pressure. The Inside columns and floors act with the

outside walls and roof to transfer all loadings, by rigid frame action, to

the foundation. The base .slab acts as the foundation mat transfering all

forces to the supporting soil strata.

20.2.11 Site Service Building

Architectural and structural features of the Site Service Building are

discussed below.

20.2.11.1 Architectural

Combined with the Administration and Control Buildings is the Site

Service Building, consisting of a maintenance shop and a warehouse. Repairs

and storage of items not directly related to the reactor and its systems are

carried out in this building. Each space has a large door opening at the

loading entrance, a receiving office, toilet room, and a small storage room.

At the opposite end of the maintenance shop are separate rooms for flammable

storage and welding. A 10-ton bridge crane travels overhead. In the warehouse

forklifts and pallet lifts are used for moving heavy items.

20.2.11.2 Structural

The structural design of the Site Service Building is similar to that

of the Administration Building, described in subsection 20.2.9.2.

20.2.12 0n8ite AC Power Supply Building

The architectural and structural features of the Onslte AC Power Supply

Building are discussed below.

20.2.12.1 Architectural

The building is situated to minimize cable runs to standby power users.

Two identical though opposite hand gas turbine generators are located in the

hardened one-story building, which is 40-m long by 30-m wide by 10-m high. A

fire wall separates the two units, and each unit has a control room, a

battery room, and a 10-ton overhead bridge crane. Additional hardening is

provided on the south and west walls, which are exposed to a potential low-
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trajectory turbine blade missile strike zone. Interlocks on the large sliding

doors of this building prevent operation of the turbine unless the doors are

closed and locked.

An adjacent two-story structure to the south contains control equipment

for the switchyard on the upper level and a cable-spreading room on the

ground level.

20.2.12.2 Structural

The gas turbine building is a concrete, hardened structure designed for

DBE seismic loading. The building outside walls and roof are thick enough to

prevent penetration by tornado missiles and to withstand tornado winds and a

tornado-induced differential pressure. The inside walls combine structurally

with the outside walls and roof to transfer a l l loadings by rigid frame

action to the foundation. The walls are supported on continuous spread

footing foundations, with the gas turbine mat foundations separated from the

building foundation. The gas turbine foundations are designed to meet the

requirements of the gas turbine manufacturer including an appropriate

vibration analysis and DBE seismic analysis.

20.2.13 Security Building

The architectural and structural features of the Security Building are

discussed below.

20.2.13.1 Architectural

All traffic to and from the plant is controlled from the Security

Building (shown only on the s ite plan, included in subsection 20 .7 ) .

Transport and delivery trucks and railroad traffic undergo inspection and

identification by security personnel. Plant personnel and visitors must pass

through inspection portals and identification devices in the Security

Building prior to entering the plant. Radiation monitors ensure that

personnel leaving the plant are free from contamination. Identification

badges are stored in badge racks in the unsecured area. Closed c ircui t

t e l ev i s ion monitors of plant-wide operations allow complete visual

surveillance. Communication equipment and plant-wide alarm panels are also

located in the building.
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20.2.13.2 Structural

The Security Building structural design is similar to that of the

Administration Building, described in subsection 20.2.9.2.

20.2.14 Pump Houses

Architectural and structural features of the Pump Houses are described

below.

20.2.14.1 Architectural *•

The fire water storage tank pump house is located adjacent to the raw

water reservoir, evaporation pond, and f ire water storage tank. This

structure contains pumps and chlorination facilities for the potable water

system and the diesel and motor-driven fire pumps that supply the fire loop.

The circulating water pump house is located near the main cooling

towers, and contains pumps and chlorination fac i l i t i es for the circulating

water system. A 20-ton bridge crane travels overhead to assist in the

installation and removal of pumps and other equipment.

20.2.14.2 Structural

The circulating water pump house is a steel-framed structure with the

crane columns considered fixed at the base l a t e r a l l y and braced

longitudinally. Trusses support the roof with top and bottom chord bracing

transmitting horizontal loads to the columns. Crane lateral forces are

considered supported at the bottom chord by means of bracing to adjacent

columns. Wind or seismic loads are taken by rigid frame action laterally and

by bracing longitudinally to the pump pit.

The fire water storage tank pump house i s a hardened, concrete

structure designed for DBE seismic loading. The building outside walls and

roof are thick enough to prevent prenetration by tornado missiles and to

withstand tornado winds and a tornado-induced differential pressure. The

walls and roof act as a rigid frame to transfer structural loadings to the

foundation.

20-35



20.3 SITE FACILITIES DESIGN

This subsection discusses site development, site utilities, the pump

pit, and the facility stack.

20.3.1 Site Development

Site development activities are outlined below.

20.3.1.1 Clearing and Grubbing

The site is first cleared and grubbed, with all extraneous material and

obstructions removed.

20.3.1.2 Earthwork

Excavation and disposition of excavated material is required to

establish the permanent contours of the site. There is an overall soil

erosion program to stabilize the site during construction. The excavation

program includes subgrades for railroads and access roads, drainage

structures and channels, excavation and drainage for all structures,

buildings and foundations, circulating water lines, and other underground

lines. Excavated areas are backfilled to required levels with compacted fill .

Where suitable, existing onsite soils are used for constructing compacted

fills.

20.3.1.3 Roads and Parking

Sufficient roads and parking are provided within the site boundary.

Parking is provided outside the boundary close to the Security Building for

visitor parking. Roads are two-lane, asphalt-concrete surfaced, with 4-m-wide

lanes and 1-m-wide shoulders except where continuous two-way traffic is not

required. Service driveways to the different buildings are at least 6-m wide.

20.3.1.4 Yard Fencing

The completed si te switchyard and transformer areas are protected by a

chain link fence. Visitor and employee parking is located outside the fenced

area , with access normally made on foot through a Security Building

controlled by guards on a 24-hour basis. The area within the fence is defined
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as a restricted area. A check-point system is used for each phase of facility

completion, both on the perimeter of and within the facility. The plant

layout provides only one normal point of entrance and exit for all but

railroad traffic. Emergency exits and service doors are monitored on alarm

panels located in the control room and Security Building.

20.3.1.5 Yard Piping

Yard piping includes circulating water, plant service water, standby

service water, circulating water makeup and blowdown, standby service water

makeup, domestic water, fire protection, sanitary sewage, storm sewage and

underground drainage, and miscellaneous piping.

20.3.1.6 Sanitary Sewage Disposal

Sanitary sewage from the entire facility is piped to an existing sewage

treatment plant. Building service sewer connections are provided to carry

peak flow based on the number of plumbing fixture units in the buildings or

the maximum estimated flow based on building occupancy.

20.3.1.7 Subsurface and Surface Drainage

The immediate plant area surrounding the major structures J.S drained by

installing a storm sewer system to convey the runoff into the main drainage

ditch. In other areas runoff resulting from rainfall is conveyed to drainage

ditches by sloping the tributary surface areas. A system consisting of

ditches, culverts, chutes, and chute spillways discharges the storm runoff

into the main ditch.

20.3.1.8 Railroad

The railroad spur line is brought into the plant area from the nearest

main railroad, assumed to be 8 km from the site boundary.

20.3.2 Site Utilities

Site utilities are those mechanical systems required for the support of

normal overall facility operations. The site utility systems include:
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1. Raw water system

2. Service water system

3. Auxiliary steam system

4. Domestic water system

5. Potable water system

6. Compressed air system

20.3.2.1 Raw Water System

For the STARFIRE project a large body of fresh water (river, lake, or

canal) has been assumed to be located 1.6 km from the site. It has been

further assumed that all makeup water requirements are adequately met by the

raw water system. The system consists of two full-capacity pumps, located at

the intake structure, that deliver raw water through either of two

underground pipelines supplying the raw water reservoir, located within the

power plant boundary. System redundancy is such that plant shutdowns due to a

single failure of water supply components are precluded. In addition, the raw

water reservoir is sized to provide 30 minutes of surge capacity to support

facility water requirements ii. the event of total loss of supply from the

source.

20.3.2.2 Service Water System

The service water system supplies al l plant water requirements (with

the exception of the fire protection system) from the raw water reservoir.

The principal water user is the circulating water system, to which the

service water is supplied at the circulating water pump house pit. The system

consists of two ful l -capacity pumps, a chlorination package, and the

necessary piping, valves, and instrumentation and controls to support a l l

plant water supply requirements. The pumps and chlorination package are

located in a pump house adjacent to the raw water reservoir.

20.3.2.3 Auxiliary Steam System

An auxil iary steam system is designed to meet al l of the plant's

heating and hot water requirements. In addition, auxiliary steam is used for
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startup of the power conversion cycle. An auxiliary boiler and related

components located in the Turbine Building supply the auxiliary steam

requirements. Fuel oil is supplied to the auxiliary boilers by an underground

oil storage tank and two full-capacity transfer pumps.

20.3.2.4 Domestic Water System

All domestic water requirements are supplied by the service water

system.

20.3.2.5 Potable Water System

A potable water system is provided to meet the plant potable water

demand. Water supplied by the service water system is processed in the

potable water treatment package.

20.3.2.6 Compressed Air System

The compressed air system, that includes the plant air and instrument

air subsystems, is designed to provide a reliable supply of dry, clean,

oil-free air to hose stations, tools, and pneumatic instruments and controls.

The major components of the system are two ful l-capacity compressors,

f i l t e r s , and holdup tanks. The system provides sufficient air for normal

plant operation and maintenance, based on satisfying plant and instrument air

needs in accordance with the estimated concurrent demand of each component,

all at the required pressure. The plant air subsystem provides a source of

backup air supply for the instrument air subsystem to prevent a plant

shutdown due to loss of instrument air. Accumulators that are provided in

areas where high-volume, short-term usage of instrument air is required can

supply air within 1 second at the minimum operating pressure of the

equipment.

20.3.3 Pump Pit

The concrete pump pit for the circulating water system is sized for

six pumps, separated from each other by concrete walls. Screens prevent trash

from entering the pumps, and stop logs allow the pump well to be emptied for
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cleanup and maintenance. The pit is designed to support the circulating water

pump house and transfer building loads to the supporting soil strata.

20.3.4 Stack

The stack that discharges gaseous effluents from the Reactor Building,

Hot Cell, and the Tritium Reprocessing Building is a steel-lined, reinforced

concrete outer shell, 100-m high and 14-m in diameter at the base. The

concrete shell is of slip-form construction and is supported on an octagonal

foundation. The 2-m-minimum-diameter steel liner is supported vertically by a

structural steal frame attached to the concrete shell. To allow for the

expansion of the liner, the horizontal support of the liner is by means of

guides attached to the concrete shell.

20.4 MECHANICAL SYSTEMS DESIGN

This subsection presents the design of the balance of plant mechanical

systems required to convert the heat generated by the fusion reactor into

electrical energy. It also presents the design of cooling water systems

required to maintain reactor plant auxiliary component temperatures within

specified limits for all operating modes.

20.4.1 Power Conversion System

The power conversion system consists of components of conventional

design for use in large central generating stations. The thermodynamic cycle

itself and its components resemble the thermal cycle of a pressurized water

reactor plant.

The power conversion system shown schematically in Drawings

E-5959-ME-01 and -03 (Figures 20-17, and -19, respectively), included in

subsection 20.7, is used to convert the reactor thermal energy to electrical

power. The 4000-MW of thermal energy generated by the reactor is transfered

to the power conversion system by the heat transport system described in

Section 13.

20.4.1.1 Design Basis

The principal functions of the power conversion system are to:
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1. Convert the available thermal energy to useful electrical energy

at the highest thermodynamic efficiency economically possible.

2. Reject to the atmosphere the non-recoverable thermal energy.

3. Maintain the reactor first wall/blanket and limlter within the

specified temperature limits.

The system must satisfy these functions subject to technical, economic,

safety, and environmental constraints. The approaches discussed in this

section are conceptual, without benefit of optimization and consideration of

a broad spectrum of alternatives. In addition, they have been subject only to

first-order analysis. However, the design selected is feasible and reasonably

economic. Further, the design is comparable to recent designs of similar-

sized PWR steam conversion cycles. Codes and standards for a fusion reactor

power plant have not yet been developed. However, it is anticipated that the

secondary system will have to meet the applicable and relevant criteria of a

PWR plant. The secondary system for STARFIRE has been designed with this

assumption.

The system described herein and shown on the drawings has an overall

thermal efficiency of approximately 34%. In subsection 20.4.1.3 below it is

shown how it will be possible to raise this value to 36% by turbine

efficiency improvements anticipated by the year 2020.

20.4.1.2 Design Description

The major components of the power conversions system include:

1. Steam generators

2. Turbine generator

3. Main condenser

4. Condensate pumps

5. Steam jet air ejectors

6. Feedwater heaters

7. Feedwater pumps

The system heat balance and schematic representation are shown on

Drawings E-5959-ME-01 and -03 (Figures 20-17, and -19, respec t ive ly) ,

included in subsection 20.7. System parameters are presented in Table 20-3.
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Table 20-3. Power Conversion System Parameters

First wall/blanket heat load 3800 MWt

Limiter heat load 200 MWt

Gross electrical power 1440 MWe

Gross turbine cycle efficiency 36%a

First wall/blanket coolant Water

Flow rate 58.4 x 106 kg/hr

Inlet temperature 280°C

Outlet temperature 32O°C

Coolant pressure 13.8 MPa

Limiter coolant Water

Flow rate 5.7 x 106 kg/hr

Inlet temperature 115°C

Outlet temperature 145°C

Coolant pressure 4.8 MPa

Steam flow rate 7.43 x 106 kg/hr

Steam temperature 299°C

Steam pressure 6.3 MPa

aSee subsection 20.4.1.3.

The power conversion cycle, nominally rated at 4000 MWt, is

designed to supply steam to a turbine generator rated at 1440 MWe (see

subsection 20.4.1.3) for the production of electric power. Steam is produced

by thermal energy removed from the reactor coolant system. Main turbine

exhaust steam is converted from vapor to condensate in the main condenser.

Condensate is returned to each steam generator via the regenerative feedwater

heating system after removal of dissolved gases and impurities.

Four steam generators are designed to provide 7.4 x 10*> kg/hr of

slightly superheated steam at 6.3 MPa and 299°C. The system receives 95Z

(3800 MWt) of the total heat input from the reactor coolant system at the

steam generators. The remaining 5% (200 MWt) of the heat comes from the

limiter cooling system, which supplies feedwater heaters #2. Two main steam
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lines are provided between the steam generators and the turbine throttle

valves. Each steam line is connected to two steam generators, corresponding

to one of the tvo reactor coolant loops. The main steam lines are provided

with an isolation valve and a check valve in each line just outside the

Reactor Building. The isolation valves automatically close on high steam flow

and either low temperature or low pressure simultaneously, and also on high

Reactor Building ambient pressure. The valves can be operated remotely from

either the main control room or local panels. The swing-type check valves

protect against backflow of steam into the steam generator and the Reactor

Building in the event a loop is not operating for either maintenance or

emergency reasons.

A turbine bypass is provided to control excess steam during startup,

shutdown, and during power operation when steam generation temporarily

exceeds turbine requirements. The automatic steam dump valves are capable of

bypassing up to 45% of design flow to the turbine bypass system and directing

it to the main condenser. In connection with the steam dump valves and

turbine bypass system, auxiliary feedwater pumps are provided to safely shut

down the reactor in the event of a concurrent loss of offsite power and

turbine trip. One of the auxiliary feedwater pumps is driven with a steam

turbine, while the other two are motor driven, using the standby power

source. Turbine plant equipment is selected for high operating efficiency to

provide maximum generating capability and reliability. All equipment is

designed for continuous operation at 105% of the rated steam flow. The

subsystems and/or components that comprise the power conversion system are:

1. Main steam supply system

2. Turbine generator unit

3. Moisture separators/reheaters

4. Main condenser

5. Condensate system

6. Feedwater system

The main steam supply system transports the steam (20.4°C of superheat)

from the four steam generators to the high-pressure stage of the main steam

turbine's throttle/stop valves. Two pipelines interconnect the four steam

generators and supply the steam with the minimum economical pressure losses,
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ensuring uniform heat removal from each steam generator, thus maintaining

system balance. In addition, the piping arrangement provides for mixing to

ensure uniform steam conditions at the inlet to the high-pressure turbine.

Branches from the main steam system headers are used to provide heat to the

reheaters. The high-pressure turbine exhaust i s dried and reheated before

entering the low-pressure turbines.

The turbine consists of one double-flow, high-pressure stage in tandem

with three double-flow, low-pressure stages. The turbine i s a four-casing,

1800-rpm unit with tandem-compound, six-flow exhaust. The unit is provided

with two steam chest assemblies, one located on each side of the high-

pressure turbines. Each assembly consists of two throttle-stop valves and two

governing valves. Each valve is controlled by an electro-hydraulic governing

system through an individually operated valve actuator. The generator

includes a hydrogen-inner-cooled, synchronous generator, with a water-cooled

stator and a shaft-driven, air-cooled, brushless or static exciter. The unit

has a power factor of 90%, with a rated output of 26,000 V, three-phase, 60

hz.

Two 50%-capacity moisture separators/reheaters are provided to remove

the moisture of the wet steam exhausted by the high-pressure turbine and to

reheat the steam, providing approximately 40°C of superheat. The wet steam,

at about 8% moisture content, enters the moisture removal section, where 100X

of the moisture is removed mechanically and drained to the feedwater system

to be used for heating. The dried steam then passes through the two-element

reheater section, where i t is f irs t heated with extraction steam from the

high-pressure turbine and then heated by the main steam. The condensed steam

and the moisture removed are used in the feedwater system for heating. The

superheated steam from the reheater enters the three low-pressure turbines

and the two feedwater pump turbines.

A ser ie s multi-pressure condenser, with an approximately 4.5°C

temperature rise for each section, is provided for a total rise of about

13.5°C. The steam exhausted from each low-pressure turbine is dedicated to

one of the condenser stages, allowing parallel operation between turbine and

condenser. Each condenser section is located directly below one of the low-

pressure turbine stages, taking the exhausted steam from that particular
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turbine stage. The circulating water is connected in series to each condenser

stage, i.e., the water passes from one stage to the next. The average

back-pressure on the condensing steam is 8.1 kPa, corresponding to a

saturation temperature of 42.1°C.

Three pairs of condensate pumps, with each pump sized for 33-1/3% of

rated flow, are provided; three pumps are normally operating with the three

redundant pumps on standby. Each pair of pumps takes suction from one of the

3 condenser sections, transfering the condensate to the feedwater system.

This pump arrangement provides operational and control flexibility. The main

function of the system is to condition the condensate by deaeration,

polishing, chemical addition, and condensate makeup to provide feedwater at

the purity required for the steam generators and to ensure turbine optimum

performance and reliability. Gases and air are removed by steam air ejectors

and priming ejectors. A demineralizer system, provided for condensate

polishing, is capable of removing suspended material such as corrosion

products and ionized solids. Chemical addition is provided for pH control and

for oxygen scavenging. Condensate makeup is supplied to the condenser hot

well from the condensate storage tank. Makeup requirements are controlled by

the hot well level.

The feedwater system supplies feedwater to the steam generators at the

required flow rate, temperature, and pressure for optimum turbine output and

thus cycle efficiency. The system consists of three trains of low-pressure

heaters and two trains of high-pressure heaters. Three feedwater pumps are

provided, each designed for 50% of the 105% rated capacity. The two pumps

normally operating are steam turbine driven, taking steam from the reheaters

outlet and exhausting it to the main condenser. The standby feedwater pump is

motor driven. The motor-driven pump is used for startup until an adequate

steam supply has been established to the turbine driven pump.

Feedwater heating is accomplished by extracting steam from the high-

and low-pressure turbines. In addition, feedwater heaters #2 are heated by

the 200 MWt available from the limiter cooling system. In total, there are

eight sets of heaters, five low-pressure heater sets (three per set), and

three high-pressure heater sets (two per set). In addition, two flash tanks

are provided to collect the high-pressure heater and moisture separator
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drain liquid for return to the system. The flashed steam it used for heating.

The feedwater pwps deliver pressurized feedwater at 8 MPa to provide the

required 6.3-MPa steam at the turbine throttle valves.

20.4.1.3 Design Alternatives

The overall power conversion cycle efficiency does not depend only on

the physics of the thermodynamic cycle, but is also very sensitive to the

turbine machinery efficiency. A 342 overall efficiency has been calculated

based on turbines available today and widely used for operation with low

superheat steam conditions. These turbines are provided with one stage of

moisture removal between the casings, and limited internal moisture removal.

If i t were possible to remove 1002 of the moisture available after expansion

through every stage, an additional heat rate improvement of about 6% would

result.(5)

The addition of moisture removal stages would require a complete rede-

sign of the low-pressure turbine stage, which until today has not been eco-

nomically attractive for turbine manufacturers. However, it is felt that with

increasing fuel costs, the need for higher efficiencies will warrant redesign

of low superheat steam turbines. Another factor influencing the redesign of

this turbine will be the demand for power plants of the 4000-MWt size.

The 36% overall cycle efficiency projected -or STARFIRE is based on

three stages of moisture removal, rather than removal at every stage. This is

a more reasonable approach to moisture removal that resul ts in the

approximately IX improvement (342 to 36Z) in the cycle efficiency cited

herein.

The feedwater system selected, namely, three low-pressure heater trains

and two high-pressure t rains, is also used at the Palos Verde nuclear

generating s t a t i on . Further optimization would involve a study of the

economic impact of different concepts, taking into consideration the number

of heaters and heater trains, as well as the Turbine Building layout.

Another consideration, which would increase cycle output but not

necessarily improve overall efficiency, would be to use the approximately 206

Mtft (see subsection 20.4.3.1) of low-temperature heat removed by the closed

loop cooling water system portion of the feedwater system. This approach
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would require higher temperature limits on the components cooled by t"he

closed loop cooling water system.

20.4.2 Heat Rejection System

This subsection describes the heat rejection system including the main

cooling towers and the circulating water system. The heat rejection system is

shown schematically on Drawings E-5959-ME-03 and -04 (Figures 20-19, and

-20, respectively), included in subsection 20.7.

20.4.2.1 Design Basis

The main function of the heat rejection system is to maintain the most

economical condenser back pressure, which is a function of cooling water

temperature and flow race. This very critical economic impact on the power

plant must take into account the ecological considerations of rejecting large

quantities of heat to the atmosphere.

The cooling method selected is based on economic factors, with the

additional assumption that once-through cooling, i.e., river, lake, or sea

water, is not available at the majority of potential sites, whereas cooling

towers are adaptable to any site. Furthermore, natural draft cooling towers

are assumed most acceptable to environmental and regulating agencies and

result in lower operating cost than the mechanical draft type. The economic

evaluation performed for STARFIRE takes into consideration capital cost

(cooling tower, and condenser), operating cost (pumping, and tower fans), and

cycle efficiency.

The heat rejection system is 3lso responsible for aaintaining cooled

components within specified temperature limits during normal plant operation.

Cooling water is provided directly to some components, such as plant chil-

lers, and indirectly by the use of an intermediate heat exchanger to other

components such as those served by the closed loop cooling water system.

Table 20-4 lists the components and heat sources cooled by the circulating

water system.
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Table 20-4. Circulating Water System Heat Loads

Source Location

Turbine Building

Plant Auxiliary Building

Turbine Building

Electrical Equipment and

Power Supply Building

Cryogenics Building

Various

Load (MW)

2400

206

50

RF

15

1

Negligible

Main condenser

Closed loop cooling water system

Turbine plant cooling water system

Electrical component loads

Cryogenic systems

Instrumentation and controls

Total 2672

20.4.2.2 Design Description

Economic and technical analyses result in the selection of a 1440 MWe

turbine generator rating at 8.1 kPa average condenser back pressure. The

multi-pressure condenser i s cooled with 27.4°C inlet water with a 13.4°C

range. The natural draft hyperbolic cooling towers selected use a 4.6°C

approach at 22.8°C wet-bulb temperature. The wet-bulb temperature i s

determined at the 95% duration design point, i . e . , 95% of the time the wet

bulb i s at 22.8°C or below. At higher wet-bulb temperatures, the cycle

efficienicy and thus turbine output decrease.

The overall system consists of three hyperbolic natural draft cooling

towers; six wet pit, vertical-type centrifugal potps; a chlorination package;

an evaporation pond; and a raw water reservoir for makeup. The cooling towers

are constructed with reinforced concrete, approximately 150 m in diameter at

the basin, 100 m in diameter at the top, and 165 m in height. The pump house

provided for the pumps and chlorination package contains a well with individ-

ual compartments for each pump and f i l ter .

Makeup water is supplied to the pump well at a rate controlled by the

well l eve l . Makeup is on a continuous basis to replenish the water loss by

evaporation and drift and by tower blowdown. Blowdown liquid i s routed to the

onsite evaporation pond to maintain the proper concentration of minerals in
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the circulating water. The makeup and blowdown systems have not been

optimized for STARFIRE but a continuous makeup rate of 3% to 5% of the total

flow rate has been assumed, which Is typical of power plant design. Makeup

water Is supplied from the raw water reservoir by the service water pumps.

The six circulating water pumps are each designed to handle 16.7% of the

load, approximately 8400 kg/sec per pump. The pumps take suction from the

circulating water pump house well, which Is connected to the three tower

basins by underground piping. The pump discharge Is connected to a common

header, which is then routed to an underground concrete pipe to the condenser

and back to the cooling towers. If a single pump fails, capability exists to

increase the flow rate through the operating pumps to minimize the reduction

in overall system flow rate.

20.4.2.3 Design Alternatives

The weather, water availability, water quality and cost, land cost, and

environmental regulations collectively determine the type of heat rejection

system that is suitable for a specific site. With this data, economic evalua-

tions are performed, leading to the selection of an appropriate system.

An option that has been considered for the STARFIRE project Is the use

of dry cooling towers. Dry cooling towers have higher initial and operating

costs than wet cooling towers, and require more land space than hyperbolic

towers. For these reasons, investigation of dry towers was not further

pursued for this project. However, dry cooling towers require substantially

less makeup water than wet towers, and depending on water cost and

availability, could be a feasible option in the future. For the STARFIRE

project, economic factors dictate the use of wet cooling towers, and based on

an additional economic evaluation, natural draft rather than mechanical draft

towers have been selected. The assumed site location for weather

considerations is Kansas City, Missouri, and it is further assumed that an

adequate water supply is available to support all makeup water requirements.

Water cost is not taken into consideration, and therefore an evaporation pond

has been selected. However, for a specific site, it may be more economical to

treat the tower blowdown and return It to the system, thereby minimizing the

makeup rate. This approach could be even more significant in the future, if

20-49



there are short water supplies and more stringent environmental regulations

are in effect.

The circulating water system pump arrangement selected has no standby

capacity at 100% load, which is standard practice for most u t i l i t i e s .

Additional installed capacity could be provided at the discretion of the

utility purchasing and/or operating a fusion power plant of this type.

20.4.3 Closed Loop Cooling Water System

This subsection describes the closed loop cooling water system, shown

schematically on Drawings E-5959-ME-03 and -04 (Figures 20-19, and -20,

respectively), included in subsection 20.7.

20.4.3.1 Design Basis

The purpose of the closed loop cooling water system is to provide high-

quality, demineralized and deionized cooling water to reactor auxiliary

components and Reactor Building cooling systems during normal plant

operation. The components served by the system and the corresponding heat

loads are indicated in Table 20-5.

Table 20-5. Closed Loop Cooling Water System Heat Loads

Source

RF system

RF system

RF system

ATC system

ATC system

ATC system

Shield

TF coils

EF coils (supercon-

ducting)

EF coils (normal)

Location

Reactor hall

Reactor Building basement

Electrical and RF Power Supply Building

Reactor Building

Hot Cell

Tritium Reprocessing Building

Reactor Building

Reactor Building

Reactor Building

Reactor Building

Load (MW)

28.0

40.0

12.0

0.4

0.1

0.1

95.0

0.5

0.5

2.3
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Table 20-5 (Contd)

Source Location Load (MW)

Cryogenic system

HVAC

Pumps and miscellaneous

Vacuum pumps

Storage heaters

Pumps

Electrolysis units

Waste storage

Waste processing

Reactor Building

Reactor Building

Reactor Building

Reactor Building

Tritium Reprocessing Building

Tritium Reprocessing Building

Tritium Reprocessing Building

Hot Cell

Hot Cell

Total

6.0

5.5

5.5

0.1

2.0

2.0

0.9

4.5

0.1

205.5

The design pressure of the system is 860 kPa with a design pressure

drop of 345 kPa. A 16.7°C temperature difference is used across the

components cooled, from an in l e t temperature of 43.30°C to an outlet

temperature of 60°C. The heat is released from the system to the circulating

water system discussed in subsection 20.4.2. The system is designed on the

premise that there will be no tritium release to its components during normal

operation.

20.4.3.2 Design Description

The closed loop cooling water system consists of three half-capacity

pumps, three one-third-capacity heat exchangers, a surge tank, and the

necessary piping, controls, and instrumentation. The surge tank is sized to

accommodate any volumetric changes due to temperature and load changes. A

nitrogen blanket is supplied to the surge tank to maintain system pressure.

Nitrogen rather than air is used to minimize oxidation and therefore

potential corrosion products that are incompatible with maintenance of the

water quality required. Heat is removed from the system at the three heat

exchangers by the circulating water system and ultimately rejected to the
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main cooling towers. Two o'f the closed loop water cooling system pumps are

normally operating while the third pump is on standby.

Water is continuously bled from the system to maintain the desired

water quality and is continuously made up fr?m the demineralized water

system. Water quality is monitored to control the bleed rate, while the surge

tank level controls the makeup rate. The system is connected to the standby

cooling water system to provide cooling water to the atmospheric tritium

cleanup systems and the solid waste pools during normal operation. The

connections include isolation valves that close automatically when the

standby cooling water system goes into operation, or when the closed loop

cooling water system is shut down for any reason.

20.4.3.3 Design Alternatives

The closed loop water cooling system rejects all of its heat to the

atmosphere via the circulating water system at the cooling towers. If this

heat could be used in the power conversion cycle, about 70 MWe of additional

output could be obtained from the turbine generator, assuming the same

overall efficiency in the power conversion cycle. For this to be feasible,

the cooling water temperature would have to be increased to about 46°C to

49°C, and the temperature of the returning heated water would have to be

increased to between 66°C to 77°C. A higher return temperature is preferable

in terms of interfacing with the power conversion cycle. With a higher

temperature range, additional savings would result because of less pumping

cost, due to lower flow rates. Whether or not the components served by the

closed loop cooling water system could be designed to these higher cooling

temperatures could be considered in future investigations.

20.4.4 Standby Cooling Water System

This subsection describes the standby cooling water system, shown

schematically on Drawings E-5959-ME-03 and -04 (Figures 20-19, and -20,

respectively), included in subsection 20.7.

20-52



20.4.4.1 Design Basis

The purpose of the standby cooling water system is to provide high-

quality, demineralized and deionized cooling water to the residual heat

removal system, atmospheric tritium cleanup systems, solid waste pools, and

Control Building chillers during abnormal operating conditions. Operation of

the system occurs, for example, during an incident when the reactor has been

shut down, offsite power is unavailable, and the plant is using the onsite

standby power source. The standby cooling water indirectly maintains the

blanket temperature within specified limits by providing the cooling medium

to the residual heat removal system that in turn cools the blanket. The

residual heat removal system is described in Section 13.

The standby cooling water system also provides cooling water to the

three atmospheric tritium cleanup (ATC) systems located in the Reactor

Building, the Tritium Reprocessing Building, and the Hot Cell. It is assumed,

in sizing the standby cooling water system, that no more than one of the ATC

systems will be operating at full load at any time. The largest ATC cooling

water load occurs when the Reactor Building ATC system is in the emergency

operating mode and the other two ATC systems are operating normally. The

components that this system serves and the corresponding heat loads are

indicated in Table 20-6.

Table 20-6. Standby Cooling Water System Heat Loads

Source

; Residual heat removal system

; ATC, full capacity

ATC, normal

ATC, normal

: Waste storage

i HVAC systems

Location

Reactor hall

Reactor hall

Hot Cell

Tritium Reprocessing Building

Hot Cell

Control Building

Total

Load (MW)

56.0

4.1

0.7

0.1

4.5

0.1

65.5

20-53



20.4.4.2 Design Description

The standby cooling water system consists of a dry cooling tower, two

full-capacity pumps, a surge tank, and the necessary piping and instrumenta-

tion and controls. When the system is operating from a normal power source,

control of the liquid in the surge tank is similar to that for the surge tank

in the closed loop cooling water system. When the system is operating on

standby power from the onsite gas turbines, no makeup water is introduced

into the system. The surge tank is designed with sufficient capacity to

supply the water requirements for 30 days of emergency operation.

The dry cooling tower is provided to maintain a closed system. A closed

system is desirable to maintain water quality and to prevent the release of

small quantities of tritium or activated corrosion products that may migrate

to the system. The standby cooling tower is designed to supply cooling water

at a temperature of 43.3°C under all weather conditions. The maximum wet-bulb

temperature for the Kansas City site is 32.2°C, resulting in a design basis

approach to the tower of 11.1°C. A 33.4°C range has been selected for

economic reasons, while still maintaining the specified temperature limits

for the components cooled. The design pressure of the system is 860 kPa with

a design pressure drop of 345 kPa.

20.4.4.3 Design Alternatives

I t is possible that the entire standby cooling water system could be

incorporated into the closed loop cooling water system. The lat ter system

would require modifications to allow its operation on standby power, but the

revised system would s t i l l include a cooling tower. For example, i t i s

possible that two circulating water pumps could be provided with standby

pov r̂ and, together with the main cooling towers, be used to provide the

cooling medium during abnormal operations. This approach is feasible because

the main cooling towers are of the natural draft type and therefore have no

electrical power demand. Whether or not the system requires a demineralizer

package to maintain water quality during abnormal operations is a subject for

future investigation.
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20.4.5 Support Systems

This subsection describes the support systems required to sustain

reactor and turbine plant operations.

20.4.5.1 Carbon Dioxide Supply System

The carbon dioxide supply system provides the carbon dioxide makeup gas

required for the Reactor Building atmosphere. The system consists of

high-pressure gas bo t t l e s , pressure regulators, piping, valves, and

instrumentation and controls. It has been assumed that the user w i l l

periodically purchase carbon dioxide gas from a supplier, who will also

provide the gas bottles.

20.4.5.2 Sulfur Fluoride Gas Supply System

Sulfur fluoride (SF6> is used in the rf and ECRH heating systems. The

system consists of high-pressure gas bottles, pressure regulators, piping,

valves, and instrumentation and controls. The gas and high-pressure bottles

are provided in the same manner as the carbon dioxide supply system.

20.4.5.3 Demineralized Water System

The demineralized water system includes packaged demineralized trains,

a demineralized water storage tank, and demineralized water pumps. Service

water, drawn from the raw water reservoir, is delivered to the demineralizer

trains for processing. Two demineralized trains are provided, with one train

in the standby, shutdown, or regeneration mode. Each train is sized for 100%

design requirements and includes a pressure f i l t er , two-bed cation, and

strong base anion primary demineralizer followed by a secondary

demineralizer. The demineralized water produced i s stored in the

demineralized water storage tank, and is used in the heat transport system,

the closed loop cooling water system, and the standby cooling water system.

Two full-capacity demineralized water pumps are provided for the initial

system f i l l and normal makeup to the following subsystems:

1. Heat transport systems

2. Closed loop cooling water system

3. Standby cooling water system
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4. Turbine plant cooling water system

5. Steam and condensate system

20.4.5.4 Turbine Plant Cooling Water System

The turbine plant cooling water system is designed to provide

re l a t ive ly constant temperature water for cooling the turbine cycle

equipment. The cooling water serves the following equipment:

1. Generator hydrogen coolers

2. Air compressors

3. Turbine electro-hydraulic controls and lube oil coolers

4. Seal water coolers

5. Plant HVAC

6. Miscellaneous coolers

The system circulates demineralized water that is cooled by the

circulating water system. The system consists of two full-capacity pumps, two

half-capacity heat exchangers, one surge tank and necessary piping, valves,

and instrumentation and controls.

20.4.5.5 Turbine Generator Oil Conditioner and Storage System

The turbine generator oil conditioner and storage system is provided

for the storage and processing of turbine lube oil consisting of clean and

dirty oil storage tanks of approximately 18,900 liters each, and lube oil

transfer pumps. A self-contained lube oil conditioning system is capable of

continuous conditioning and recirculation of turbine reservoir lube oil, and

batch conditioning and transfer of dirty lube oil. A waste oil sump pump and

950-liter storage tank is provided for the accumulation and disposal of

sediment from the dirty oil storage tank.

20.4.5.6 Turbine Generator Lube Oil System

The turbine generator lube oil system consists of an independent lube

oil reservoir equipped with lube oil pumps to provide bearing lubrication and

lube oil cooling for the turbine generator together with backup supply for

the hydrogen seal oil system. Lube oil cooling is accomplished by a heat
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exchanger supplied with cooling water from the turbine plant cooling water

system.

20.4.5.7 Electro-Hydraulic Control System

The electro-hydraulic control system i s an independent system

consisting of an oil storage reservoir, motor-operated control oil pumps, and

integral oil coolers. The system is designed to provide the motive power

required by the servo-mechanisms to maintain desired speed/load

characteristics through the turbine steam throttle valves.

20.A.5.8 Hydrogen Seal Oil System

The hydrogen seal oil system provides an independent source of seal oil

to the generator shafting to maintain a hydrogen pressure within the casing,

with minimal leakage loss* The system has a backup source from the bearing

oi l supply system and a dc motor-operated seal o i l pump for emergency

service.

20.4.5.9 Turbine Steam-Sealing System

To prevent the escape of steam and/or loss of condenser vacuum along

the turbine shaft, steam-sealed glands are provided. The turbine steam-

sealing system consists of steam-sealing regulators, steam-packing ejectors,

and gland seal condensers. During startup or shutdown, sealing steam i s

provided from the main steam line, and during operation, i t is provided from

the excess steam available from the high-pressure packing. Excess steam is

vented to the main condenser, while sealing steam is condensed in the gland

seal condenser.

20.4.5.10 Turbine Bypass System

The plant steam cycle is equipped with a 45% reactor-rated turbine

steam bypass synttem that forwards excess main steam directly to the main

condenser after a pressure-reducing and desuperheating station. This system

is used during startup and shutdown and for those periods during transients

when steam generator output exceeds turbine steam flow requirements.
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Sequentially operating pressure-reducing desuperheating bypass valves are

mounted directly between main steam lines and the main condenser.

20.4.5.11 Condensate Storage and Transfer System

The condensate storage tank provides sufficient water to the suction of

the auxiliary feedwater pumps to remove first wall/blanket decay heat and to

cool down the components under normal maintenance and service operations.

During normal plant operation, the condensate storage tank provides makeup to

the system as required.

20.5 BUILDING SERVICES DESIGN

This subsection discusses the HVAC, fire protection, and plumbing

systems. HVAC control diagrams (Figures 20-14, -15, and -16) are included in

subsection 20.7.

20.5.1 Design Basis

The following subsection provides the design basis for the HVAC

systems.

20.5.1.1 Heating, Ventilating and Air Conditioning

The design of this facility incorporates HVAC systems to provide heating,

cooling, ventilation, and temperature control for comfort and control of

airborne contamination, and to ensure negligible release of tritium to the

atmosphere under all operating conditions.

(1) Codes and Standards

Current editions of the documents, guides, standards, and

publications of the following organizations are used, where

applicable, in the design of the environmental system:

(a) American Society of Heating, Refrigeration and Air

Conditioning (ASHRAE)

(b) American Society for Testing and Materials (ASTM)

(c) American National Standards Institute (ANSI)

(d) American Society of Mechanical Engineers (ASME)

(e) Air Conditioning and Refrigeration Institute (ARI)
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(f) Air Moving and Conditioning Association (AMCA)

(g) American Conference of Governmental Industrial Hygienists

(h) Underwriters Laboratory (UL)

( i ) Sheet Metal and Air Conditioning Contractors National

Association (SMACNA)

(2) Environmental Design Conditions

(a) Outdoor Design Conditions:

• Summer: 39CC dry bulb; 20°C wet bulb.

• Winter: (-)23.7°C dry bulb.

• Elevation: 600 m above sea level.

The outdoor design conditions stipulated above are not for

any spec i f i c locat ion but rather represent des ign

conditions that cover approximately 85% to 90% of the

continental United States.

(b) Indoor Design Conditions:

Indoor design conditions are specified in Table 20-7.

(c) Design Leak Rates of Buildings:

• Reactor hall:

The design leak rate from the reactor hall to the

atmosphere during LOCA is 0.1% of the reactor hal l

volume per day at 165.5 kPa pressure differential.

• Hot Cell:

The design leak rate from the atmosphere to the Hot

Cell is 100% of the Hot Cell net free air volume per

day at ( - ) 1 . 9 1 cm water gage s t a t i c pressure

differential.

(3) Seismic Classification

The HVAC seismic classifications I, II, and III are defined as

follows:

I. Systems, equipment, and components that provide confinement

functions to prevent and limit the release and dispersal of

radioactive contamination to values comparable with

applicable offsite exposure guidelines, or
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Table 20-7. Indoor Design Conditions

Location

Temperature (°C)
Design

Cooling Heating

Relative
Humidity (%)

Design

Static (1)
Pressure
Design

Reactor building

Reactor hall
Sub-grade level

Hot Cell

Liquid waste processing
Remote maintenance and repair shop
Spent blanket module and other solid waste process
Center corridor
Decontamination room
Decon equipment room
Hot Cell control room

Tritium Reprocessing and Cryogenics Building

Tritium reprocessing equipment room
New tritium and deuterium cylinder storage room
Tritium and deuterium storage
Monitoring equipment and maintenance room
Analytical laboratory
ATFS equipment room
HVAC equipment room
Glove boxes
Control room
Offices
Cryogenics equipment room
Electrical equipment room

32.22
32.22

32.22
32.22
32.22
32.22
32.22
32.22
22.78

26.67
32.22
32.22
26.67
26.27
32.22
32.22
(2)

22.78
25.55
32.22
32.22

26.67
18.33

18.33
18.33
18.33
18.33
18.33
18.33
22.78

21.11
18.33
18.33
21.11
21.11
18.33
18.33
(2)

22.78
21.11
18.33
18.33

50 to 60
50 to 60

50 to 60
50 to 60
50 to 60
50 to 60
50 to 60
50 to 60
15 +5

40 to 50
(3)
(3)

40 to 50
40 to 50

(3)
(3)
(3)

45 +5
45 +5

(37
(3)

<-)2.54 (4)
(-H.27

(-)1.91
<-)1.91
(-)1.91
<->1.27
<-)1.91
(-)0.64
(+)0.64

<-)1.27
(-)0.64
(-)0.64
(-)0.64
(-)0.64
(-)1.27
(-)0.38
(-)2.54
(+)0.64
(+)0.64
(5)
(5)



Table 20-7 (Contd)

Location

Temperature (°C)
Design

Cooling Heating

Relative
Humidity (%)

Design

Static (1)
Pressure
Design

Control Building

Main control room
Computer room
Offices
HVAC equipment room

Administration Building

Offices

HVAC equipment room

Maintenance Shop

Warehouse

Electrical and RF Power Supply Building

Electrical equipment room
Cable spreading room
RF power supply

On-Site AC Power Building

Turbine Building

Turbine room
Subgrade equipment room

22
22
25
32

25
25

26

32

32
26
26

.73

.78

.55

.22

.55

.55

.67

.22

.22

.67

.67

22.78
22.78
21.11
18.33

21.11
21.11

18.33

18.33

18.33
18.33
18.33

45 +5
45 +5
45 +5
(37

45 +5
(3)

(3)

(3)

40 to 50
40 to 50
40 to 50

(+)0.64
(+)0.64
(+)0.64
(+)0.25

(5)
(5)

(5)

(5)

(+)0.64
(+)0.64
(+)0.64

(6)

32.25!
32.22

18.33

26.67
26.67

(3)

(3)
(3)

(+)0.25

<-)0.64
(-)0.64



Table 20-7 (Contd)

Location

Temperature (°C)
Design

Cooling Heating

Relative
Humidity (%)

Design

Static (1)
Pressure
Design

Plant Auxiliary Building

Reactor Service Building

Switchgear Building

Pump Houses

32.22

26.67

32.22

(6)

18.33

18.33

18.33

12.78

(3)

(3)

(3)

(3)

(+)0.25

(+)0.25

(5)

(5)

Notes:

(1) Static pressures shown are in centimeters water gage referenced with respect to the atmosphere.

(2) Temperature control is not required.

(3) Humidity control is not needed in this area.

(4) Differential pressure will not be maintained when the atmospheric air cleanup system is operating at
full capacity and the reactor hall is isolated.

(5) Differential pressure need not be maintained; building or room pressure is at atmospheric pressure.

(6) Ventilation only provided. Ventilation rate is calculated at a temperature rise of 5.6*C.



Systems, equipment, and components that function to provide

a safe shutdown of the facility in the event of a design

basis earthquake (DBE), or

Systems, equipment, and components whose continuous

operation is not required but whose failure jeopardizes the

safety function of an essential safety item.

II. Systems, equipment, and components that could interrupt

operation of the facility and are designed to withstand the

effects of an operating basis earthquake (OBE).

III. Systems, equipment, and components that are required to

perform a safety function, but are designed according to

the seismic requirements of the Uniform Building Code.

(4) Design Basis Earthquake (DBE)

The DBE is an earthquake that produces the tsaxiraus vibratory

motion for which seismic I systems, equipment, and components are

designed to perform their safety function. This earthquake is

expected to be the largest earthquake that could occur at the

site during the life of the plant.

(5) Operating Base Earthquake (OBE)

The OBE is an earthquake that produces a vibratory motion in

which defined facility systems are designed to survive and

continue to operate without undue risk to the health and safety

of the operators and the public.

(6) Design Basis Tornado

Defined HVAC systems ars designed to withstand the design basis

tornado without loss of confinement capability due to mechanical

damage to the system or changes in ambient pressure at the intake

and exhaust openings of the affected building. Protection against

tornado missiles is provided at the intake and exhaust structures

of the affected building.

(7) Filters and Plenums

The HVAC system provides filtration for the outside air intake,

recirculation system, and exhaust air system. The sequential

filtration methods are reflected on the KVAC Flow Diagrams,

included in subsection 20.7.
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(8) Fi^er Elements

The filter elements to be used have the following character-

istics:

Filter Element

Prefilter

High efficiency filter

High efficiency particulate

absolute filter

Maximum Def.gn
Flow Rate

(cmm)

51.0

51.0

28.3

Initial
Pressure

(cm w.

0.89

1.52

2.54

Air
Drop

g.)

(a) Prefliters (PF):

F i l t e r s are 61-cm x 61-cm x 5-cm deep, f ibe rg lass ,

continuously laminated by steel wire grid for support.

Fil ters have a rated average dust spot efficiency of not

less than 36% when tested on an NBS-type t e s t for

atmospheric dust.

(b) High Efficiency Filters (HEF):

Filters are 61-cm x 61-cm x 5-cm deep. Filters are required

to demonstrate a minimum efficiency of 80% when tested on

the NBS-type test for atmospheric dust.

(c) High Efficiency Particulate Absolute Filters (HEPA):

Filters are 61-cm x 61-cm x 31-cm deep, nuclear grade, in

conformance with the requirements of MIL-F-51068 and

HL-586. Minimum efficiency is specified to be 99.97% for

0.3-micron particles.

(d) Plenum Housing:

The design of f i l t e r plenums is in accordance with the

requirements of recognized standards. Provisions for

individual HEPA stage in place DOP testing are required.

(9) Fans

Fans are industrial type, conforming to the AMCA qualification

and testing methods, and bear the AMCA Certified Rating seal.
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(10) Duct Work

Air distribution duct work is divided into two types. Air ducts

that are important to safety are carbon s tee l all-welded

construction. Non-safety related duct work is galvanized steel,

constructed according to the SMACNA standards for a medium-

pressure system.

20.5.1.2 Fire Protection

The fire protection system for the STARFIRE project incorporates design

provisions to achieve the requi "id degree of safety. The defenb-i-in-depth

principle is used to achieve an adequate balance in fire prevention, rapid

fire detection, fire suppression in the shortest possible time to limit

property damage, and design of the plant safety systems to perform their

essential safety functions during a fire by providing physical separation and

redundancy of components.

(1) Codes and Standards

Standards of the following organizations are used as applicable:

(a) National Fire Protection Association (NFPA)

(b) Factory Mutual Engineering Association (FM)

(c) Underwriters Laboratory (UL)

(d) American Water Works Association (AWWA)

(e) American National Standards Institute (ANSI)

(2) Water Supply and Distribution

A 114O-m3, seismically qualified underground water storage

tank, sized on the basis of the largest expected fire water flow

rate for a period of 2 hours is required. The flow rate is based

on the following:

(a) 227 m-Vhour for manual hose streams, and

(b) 340 m^/hour for all sprinkler heads open or operating and

flowing in the largest fire area.

The 12-in. underground yard fire main loop is designed to

accommodate the maximum flow rate requirement.
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(3) Fire Water Pumps

Redundant 100% capacity pumps are required to provide for

pressure and/or flow to the system. One pump is driven by a

diesel engine, and the other is motor driven. A fire wall with a

minimum rating of 3 hours separates the pumps.

(4) Fire Hydrants

Fire hydrants are required every 76 m on the yard main system.

The lateral to each hydrant from the yard main is controlled by a

visually indicating or key-operated (curb) valve. Threads

compatible with those used by the local fire department are

provided on all hydrants. A hose house, equipped with hose and

combination nozzle and other auxiliary equipment, is required

every 305 m.

(5) Water Sprinkler and Hose Standpipe System

Each automatic sprinkler system and manual hose station standpipe

has an independent connection to the plant underground water

main. Each header leading to the automatic sprinkler system and

the hose standpipe system is located in a separate valve room

with a 3-hour fire wall. Each header is equipped with an OS&Y

gate valve and water flow alarm switch.

(6) Fire Hose Stations

Fire hose stations are equipped with a maximum of 22.9 m of 3.81-

cm woven, jacket-lined fire hose and suitable nozzles, and are

provided in all buildings. Fire hose stations are located at

intervals of no more than 30.5 m.

(7) Fire Extinguishers

Fire extinguishers of appropriate types according to size and

nature of the fire are provided in numbers sufficient to ensure

efficient and rapid manual fire fighting. Extinguishers are

located along escape routes in the vicinity of doors and

staircases or at easily accessible locations within the occupied

areas.

(8) Interior Protection

Table 20-8 shows the fire zoning requirements, type of

protection, and detection system for the facility:
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Table 20-8. Fire Zoning Requirements, Type of

Protection and Detection System

Zone

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Area Covered

Reactor hall

Reactor sub-grade level

Hot Cell

Tritium processing area

Tritium control room

Balance of Tritium

Building floor

Control/computer rooms

Balance of Control Building floor

Administration Building

Maintenance shop

Warehouse

Electrical and RF Power Supply

Building, groundfloor

Electrical and RF Power Supply

Building, subgrade level

Onsite AC Power Supply Building

Turbine room

Turbine Building, subgrade level

Plant Auxiliary and Reactor

Service Buildings

Switchgear Building

Cooling tower 1

Cooling tower 2

Cooling tower 3

Standby cooling tower

Yard transformers

Type of
Protection

(1)

(2)

(1)

(1)

(2) (3)

(2)

(2) (3)

(2)

(2)

(2)

(2)

(2)

(2)

(4)
(A)
(2)

(2)

(2)

(5)

(5)

(5)

(5)

(5)

Detection
System

(a) (b)

(b)

(b)

(b)

(c)

(b)

(c)

(b)

(b)

(b)

(b)

(b)

(b)

(c)

(c)

(b)

(b)

(b)

(a) (b)

(a) (b)

(a) (b)

(a) (b)

(a) (b)
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Table 20-8 (Contd)

Notes:

(1) Preaction-type sprinkler system.

(2) Wet sprinkler system.

(3) Halon 1301 total flooding system.

(4) (X>2 total flooding system.

(5) Deluge system,

(a) Rate of rise with control room alarm.

(b) Flow switch with local and control room alarm.

(c) Ionization with control room alarm.

(9) Fire Detection and Alarm Systems

To achieve a comprehensive fire system for the STARFIRE project,

an automated central fire detection and alarm system is required.

From each fire area or fire zone equipped with fire fighting

installations, status information is supplied to the control room

panel. The panel contains space for the fallowing equipment:

(a) Indicator lights showing the automatic and/or manual

actuation of fire fighting systems.

(b) Audible alarms with sounds distinct from other audible

alarms.

(c) Control instruments for the fire protection portions of the

water supply system.

(d) Guaranteed power supply.

(e) Means of verifying the readiness of the fire fighting

system and components (supervisory devices]1 .

20.5.1.3 Plumbing

The design of the plumbing systems for this facility is based on the

requirements of the Uniform Plumbing Code (UPC) and/or the National Plumbing

Code (NPC) , whichever is more stringent. The materials of construction meet

the requirements of ASTM Standards and/or Federal spec i f i ca t ions as

applicable.
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(1) Plumbing System

The design of the plumbing system covers the following:

(a) A complete sanitary waste and vent piping system for the

amenities proviaed in the facility. Sanitary waste is

discharged through a network of yard piping to a sanitary

sewage system available at the site boundary.

(b) A complete domestic water system tc supply the necessary

hot and cold water for the facility. A water heating medium

will be selected that provides an economical approach.

Systems to be investigated include types using waste heat,

conventional heating by electricity and steam, solar

energy, or a combination thereof.

(c) Required plumbing fixtures.

20.5.2 Design Description

This subsection describes the HVAC systems. Flow diagrams are included

in subsection 20.7.

20.5.2.1 Heating, Ventilating and Air Conditioning (HVAC)

(1) Reactor Building

The reactor hall is provided with six recirculation systems by

which the containment atmosphere gas (CO2) is filtered and

conditioned. The tempered gas is supplied throughout the area by

distribution duct work. To prevent potential interference with

remote handling equipment in the reactor hall, the HVAC system

uses an underfloor concrete supply tunnel and vertical risers

connected to the horizontal distribution outlets along the

Reactor Building walls. The recirculation systems are divided

into two groups of three units each, supplied from two different

power sources. A total of four units operate normally, and two

units are on standby, thereby allowing flexibility of operation

during normal, off-normal, and accident conditions. In the event
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of a loss-of-coolant accident, the far. coil units are capable of

raaiitaining the temperature of the Reactor Building atmosphere at

or below 54.4°C. To ensure even distribution of conditioned air

within the confinement space, auxil iary blowers placed at

strategic locations are used.

As shown on the Reactor Building HVAC flow diagram, included in

section 20.7, the building inlet isolation valve is normally

closed and the building exhaust isolation valve is normally open.

Clean CO2 gas is continuously added to the building atmosphere

to dilute the small inleakage of air. At the same time, gas is

exhausted from the building through two 100% capacity pressure

control fans that maintain the reactor hall pressure negative

with respect to the environment. When the concentration of

tritium within the reactor hall is detected to be above normal,

the pressure control fans are de-energized, and automatic

isolation of the building takes effect. This calls for automatic

shift of the atmospheric air cleanup system from the normal 10%

to full capacity operation. The atmospheric cleanup system

provides for removal of tritium and/or particulates within the

reactor hall . Provision for outdoor air purge of the reactor

hall , by opening the building inlet isolation valve, is available

if required.

(2) Hot Cell

The Hot Cell employs 100% recirculation of filtered and tempered

air to the different zones. Two 100% capacity pressure control

fans are provided to maintain differing pressure requirements

among confinement zones. Th>j assignment of pressure zones ensures

confinement of the potentially contaminated atmosphere and

prevents its migration to other parts of the fac i l i ty . Pressure

assignments are such that the flow of air is from areas of lesser

to areas of higher potential for radioactive contamination.

During normal operation, the atmospheric tritium cleanup system

operates at 10% capacity for continuous cleanup of tritium and/or

potentially contaminated particulates within the Hot Cell.
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The design incorporates isolation of the Hot Cell when it is

determined that the concentration of tritium in the Hot Cell

atmosphere is beyond the normally acceptable concentration. Upon

isolation, the atmospheric tritium cleanup system located inside

the Hot Cell runs at full capacity. Provision for outdoor air

purge of the Hot Cell is incorporated in the design, thereby

providing for the necessary ventilation should man-entry to the

cell ever be necessary.

(3) Control Building

The design of the HVAC system for the Control Building consists

of two 100% supply air systems and two 100% recirculation/exhaust

fan systems. However, redundancy in the air distribution system

is not employed. Outdoor air is mixed with return air, which is

filtered and tempered for distribution to the different areas of

the Control Building. Variable air volume cooling and/or heating

is used. The HVAC system is interlocked with the control/computer

room Halon 1301 fire protection system by actuation of an outdoor

switch. The HVAC system also functions to remove smoke-laden air

prior to the entry of fire fighting personnel. The air intake and

exhaust structures and equipment are protected from missiles and

tornado-induced negative pressurization.

(4) Tritium Reprocessing Building

The tritium reprocessing area, with the highest potential for

radioactive contamination within the Tritium Reprocessing

Building, is provided with a dedicated recirculating HVAC system.

Minimum outdoor purge air for ven t i l a t ion is f i l t e r ed and

conditioned for supply to the area. As in the Hot Cell and the

reactor hall, i t is expected that the atmospheric tritium cleanup

system will operate at 10% capacity during normal operating

modes. Full capacity operation wil l be in effect upon the

detection of an unacceptably high concentration of tritium in the

area.
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The balance of the building space, consisting of the tritium and

deuterium storage area, monitoring equipment and maintenance

room, analytical laboratory, and the tritium HVAC equipment room,

has a normal outdoor a i r / rec i rcu la t ion system capable of

exhausting air from individual rooms.

(5) Miscellaneous Buildings

The remaining buildings and/or areas of the project have

conventional HVAC systems that meet the defined design basis. A

maximum of reclrculation of conditioned air is used in these

buildings.

(6) Chilled Water System

The main Control Building is designed to have two 100% capacity

chiller and pump systems, thereby increasing rel iabil i ty and

maintainability, and ensuring continuous operation of the Control

Building cooling system. This design is essential for proper

functioning of the facility controls and computer. Three chillers

provide the necessary cooling for the rest of the f a c i l i t y .

Chilled water is delivered through distribution piping equipped

with required controls. Three 100% capacity chilled water pumps

are provided, two operating and one standby.

(7) Hot Water System

Space heating uses hot water as the heating medium. Hot water is

generated through a shell and tube heat exchanger, and is

delivered by two pumping systems, one operating and one on

standby, through distribution piping to users. Necessary valving

and controls are provided.

20.5.2.2 Fire Protection

A dedicated seismically qualified water storage tank for fire

protection is provided for the facility. Redundant pumps sized for maximum

flow rate based on the design basis fire deliver water through a network of

piping to the different areas including yard fire hydrants. Each pipe branch

takeoff from the yard main has a post indicator valve with integral

supervisory switch for proper monitoring. Fire areas or zones are provided
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with fire valves and the necessary supervisory devices to monitor readiness

of the fire-fighting equipment and systems. Each building in the facility is

equipped with fire hose stations at strategic locations to combat local

fires. Each fire hose station is provided with a maximum hose length of 22.8

m, nozzles, and a portable fire extinguisher.

20.5.2.3 Plumbing

Hot and cold water supply is distributed to users as required. The

facility design includes floor drains and/or floor sinks in the vicinity of

pumps, and other equipment for system drainage and/or for maintenance use-

Waste from the facility plumbing fixtures, consisting of water closets,

lavatories, urinels, sinks, drains, etc., is collected and routed to the site

boundary connection with a sewage disposal facility.

20.6 ELECTRICAL SYSTEMS DESIGN

This subsection presents the electrical systems design. The electrical

one-line diagram, E-5959-EE-O1 (Figure 20-13), is included in subsection

20.7.

20.6.1 Overall System

The design basis for the overall system is presented below.

20.6.1.1 Design Basis

The functions of the electrical power system are to provide reliable

power for the plant equipment, to generate electrical power, and to transmit

the net electrical power to the offsite transmission network. The plant is

designed with adequate auxiliary electrical equipment, standby power and

protection to provide maximum continuity of service and thus ensure operation

of the essential station auxiliary equipment during normal operation and all

emergency conditions. The design discussed in this section is conceptual,

without benefit of optimization and consideration of a broad spectrum of

alternatives. Although it has been subject only to first-order analysis, the

design selected is feasible and reasonably economic.
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The electrical systems design is based on the following considerations:

1. A commitment to personnel safety, and the preservation of

property.

2. Reliability and continuity of service.

3. Simplicity of operation.

4. Voltage regulation and short circuit rating of equipment.

5. Maintenance.

6. Flexibility.

7. Environmental constraints.

8. First cost.

Codes and standards for a fusion reactor power plant have not yet been

developed. However, it is anticipated that the electrical system design will

have to meet the applicable and relevant criteria of a PWR plant. The

electrical system for STARFIRE has been designed with this assumption. In

addition, all electrical equipment such as the main generator, motors, trans-

formers, switchgear. and control equipment is selected, rated, and specified

in accordance with the National Electrical Code (NEC) and with the latest

applicable standards of the following institutions:

1. American National Standards Institute (ANSI)

2. Institute of Electrical and Electronics Engineers (IEEE)

3. Insulated Power Cable Engineers Association (IPCEA)

4. National Electrical Manufacturer's Association (NEMA)

5. Occupational Safety and Health Administration (OSHA)

6. Underwriters Laboratories, Inc. (UL)

When i t is available offsite power is used for startup and shutdown,

i .e . , the plant is not designed with "black starting" capability. During

continuous operation of the generator an intermediate mechanical energy

storage system is not required. Major electrical equipment associated with

power generation, auxiliary electrical power supply and distribution, onsite

standby power generation, and extra-high voltage (EHV) switchyard systems has

been identif ied and specified (subsection 20.8.5). The specifications

indicate that these systems and equipment are within s ta te of the ar t

technology or technology currently being developed.
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A double bus system is used as a minimum to supply power to equipment

required for continuous operation and/or safe shutdown. The distribution of

power to two or more identical items of equipment is such that a failure of a

power supply bus does not resu l t in a complete loss of a par t icu la r

mechanical or electrical function. All vital control and protection systems

and equipment are powered from uninterruptible power supply (UPS) systems to

ensure maximum service continuity. Electrical equipment and systems required

for an orderly and safe shutdown are redundant and are designed to withstand

and function during and after a design basis earthquake (DBE).

20.6.1.2 System Description

Descriptions of electrical subsystems are presented in subsequent

subsections.

20.6.1.3 Design Alternatives

A detailed analysis of the effects of magnetic and electric fields on

the electr ical plant equipment and components could indicate that the

relocation and rearrangement of some electrical equipment is required. Such

an analysis could be the subject of a future investigation.

20.6.2 Main Generator and Connections

The design basis for the main generator and i t s connections is

presented below.

20.6.2.1 Design Basis

The function of the main generator and i ts connections is to produce

1440-MWe power (gross) for delivery to the plant unit auxiliary transformers,

and to deliver the net electrical power through the main step-up transformer

and switchyard to the EHV transmission system network. The generator

connections are made with a forced cooled indoor/outdoor isolated phase bus

system. The isolated phase bus system is fully rated at 40,000 A between the

main generator and the main step-up transformers with reduced capacity taps

to the unit auxiliary transformers. The generator surge protection equipment

and potential transformers are part of the isolated phase bus system.
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The main electrical generator is provided with a generator breaker to

allow isolation of the generator during startup, shutdown, and maintenance,

while the main step-up transformers and the unit auxiliary transformers

supply offsite power for the auxiliary system. The generator is provided with

primary and backup protective relaying functions. Disconnecting links are

provided in the isolated phase buses to allow isolation of the generator

breaker and/or the main generator during maintenance. The generator neutral

is grounded through a distribution-type transformer and a loading resistor.

The generator breaker is controlled remotely from the plant control room, and

it is also used for synchronization of the unit with the power grid.

20.6.2.2 Design inscription

As shown on the electrical one-line diagram, electrical power is

generated at 26 kV and transmitted via an isolated phase bus system to the

main step-up and unit auxiliary transformers. The main electrical generator

is provided with a generator breaker rated at 48,000 A continuous and 36 kV.

The momentary ratings of 1200 kA peak and the interrupting rating of 250 kA,

RMS symmetrical are adequate for the maximum available short c i rcu i t

currents. During normal operation, the generator breaker is closed. During

startup and shutdown, the generator breaker is open and offsite power is fed

through the main step-up and unit auxiliary transformers. The neutral point

of the generator is connected to a single-phase, grounding transformer by a

bus connection.

The main step-up transformer bank consists of three single-phase units,

each rated at 425 MVA, FOA class at a 65°C temperature r i se . The units are

connected in a delta (low-voltage side)/grounded wye (high-voltage side)

configuration having standard impedances. The low-voltage terminals are

connected to the isolated phase buses; the high-voltage terminals are

connected via gas-insulated ET'V buses through a motor-operated disconnect

switch to the switchyard. The main transformer is energized continuously, and

i t normally delivers power through the unit auxiliary transformers for

startup and shutdown. However, during normal operaticn the main transformer

is used to transmit the generator net power output to the EHV switchyard. The

main transformer bank is provided with redundant 480-V, 3-phase supplies for

the cooling equipment to ensure continuity of service.
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20.6.2.3 Design Alternatives

Design alternatives are discussed below.

1. One Large 3-Pha^e Main Step-Up Transformer

Although i t is possible that future technology and shipping

methods will permit the use of one large 3-phase main step-up

transformer instead of the 3 single-phase units, the application

of a large 3-phase unit was discarded because of inflexibility and

the difficulty of providing a spare unit.

2. Main Step-Up Transformer with Direct-Connected Generator

An alternative scheme without the use of a generator breaker was

examined. The scheme shown on the electrical one-line diagram was

selected because of:

a. additional flexibility, and

b. reduced overall cost in providing a 100% capacity offsite

power supply for the unit auxiliaries.

20.6.3 Extra-High Voltage (EHV) Switchyard

The design basis for the EHV switchyard is presented below.

20.6.3-1 Design Basis

It is anticipated that a minimum of two full-capacity EHV transmission

lines will be connected to the switchyard of the plant. The primary function

of the switchyard is to provide an onsite EHV switching facility that can

provide a reliable power outlet for the unit and that can receive and provide

the offsite power required for startup and shutdown when the main generator

is off the line. The arrangement of the switchyard is based on a double-bus,

breaker-and-a-half scheme that provides the utmost f lex ib i l i ty and

re l iabi l i ty required for a base load plant of this size and complexity.

Outdoor-type gas-insulated equipment is used. This type of equipment offers

better protection from the environment and economical use of space. Operation

of the switchyard power circuit breakers ai.d motor-operated disconnect

switches is accomplished from the supervisory console in the control room or

from the control panels in the s./itchyard control house.
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20.6.3.2 Design Description

All three transmission lines, the main step-up transformer, and the

three reserve station transformer circuits are connected to the two main

buses through two EHV breakers, with the middle breaker shared between two

circuits . Hach circuit breaker and the three transmission lines have

sectionalizing switches Installed. All circuit breakers are normally closed

and thus the two EHV buses operate in parallel. Any circuit may be Isolated

(by operating the two adjacent breakers) without loss or interruption of

power to any other circuit. In case of a bus fault, the entire bus may be

isolated, again without interruption of any other circuit. The transmission

line and transformer protective relays, as well as power circuit breaker and

motor-operated disconnect switch control equipment, are located in the

switchyard control house.

20.6.3.3 Design Alternatives

The following are design alternatives:

1. Open-Type Switchyard

Open-type switchyard equipment and arrangements were -onsldered.

However, i t is felt that an arrangement with SFg type gas-

insulated equipment is more advantageous for the following

reasons:

a. Large space savings.

b. Better protection against the environment.

c. Versatility.

d. Extensive structural support not required.

e. Effective grounding.

f. Cost savings.

2. Switchyard Arrangements

Other switchyard arrangements such as double-bus/double-breaker,

and double-bus/single-breaker were considered in place of the

breaker-and-a-half scheme. However, the breaker-and-a-half scheme

offers the folowing advantages:

a. Service continuity.

b. Flexibility.

c. Reliability.

20-78



20.6.4 Auxiliary Electrical Power Supply and AC Distribution

The design basis for the auxiliary electrical power supply and ac

distribution system is presented below.

20.6.4.1 Design Basis

1. Functional Requirements

The function of the auxiliary electrical power supply and ac

distribution system is to provide continuous and reliable power to

the plant auxiliary equipment for startup, normal operation, and

shutdown. During startup, normal operation, and shutdown, power is

supplied to the 13.8-kV and 4.16-kV auxiliary system buses from

the unit auxiliary transformers connected to the generator lead

isolated phase buses. There are four 13.8-kV buses, numbered Bus 1

through Bus 4, from which large motors, coil power supplies, and

primary feeders to 480-V load centers are fed. In addition, there

are eight 13.8-kV buses, Bus 5 through Bus 12, dedicated to power

supply feeders for the rf system. Medium size motors (250 hp to

4000 hp) and drives are fed from the two 4.16-kV buses.

Each auxiliary electrical power supply bus has two sources of

power supply, one from the unit auxiliary transformers and the

other from the reserve station service transformers. An automatic

power transfer to the reserve station service transformer is

implementeJ when the unit auxiliary power supply fails. Loads and

motors between 125 hp and 250 hp are fed from the 480-V load

center switchgear. Small loads and motors of up to 100 hp are

connected to 480-V motor control centers.

2. Design Criteria

Electrical loads that are vital for an orderly shutdown of the

plant are grouped separately (see subsection 20.6.6 for complete

details), and not mixed with normal plant auxiliary loads. The

selection of transformer impedances and the grouping of loads on a

particular switchgear bus are consistent with commercially

available switchgear ratings and ANSI voltage regulation limits.
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The short circuit current at the primary of each unit auxiliary

transformer is limited to a maximum of 40,000 A to allow the use

of breakers with standard ratings.

It is assumed that harmonic suppression, fi l ters, and power factor

correction for the coil and rf power supplies are included in

these power supplies, as required. Feeders to coil and rf power

supplies are duplicated or divided so that a single switchgear bus

or feeder failure does not result in loss of a function. For

example, there are eight switchgear buses serving the rf power

supplies. Loss of any one of these buses does not result in the

loss of more than one-eighth of the total number of individual rf

power supplies. Double-ended load center transformers rated at 480

V are designed so that a failure of any one of them does not cause

loss of the assoc ia ted 480-V bus . The bus t i e - b r e a k e r

automatically connects the "dead bus" to the other operating bus.

A minimum of local controls is provided for. In general, circuit

protection equipment is located on the switchgear cubicles, and

control devices and functions are located in the plant control

room.

20.6.4.2 Design Description

The auxiliary electrical power supply and distribution system is shown

on the electrical single-line diagram. This system consists of twelve 13.8-

kV, six 4.16-kV, and ten double-ended 480-V load center buses, and a number

of 480-V motor control center buses, as required.

1. Unit Auxiliary, Reserve Station Transformers, and Switchgear

Normal power to the switchgear buses during operation is supplied

from the unit auxiliary transformers. There are three 90-MVA

transformers with double 13.8-kV secondary windings. These each

feed a 13.8-kV switchgear bus servicing general motor and unit

substation loads. In addition, there are two 90-MVA transformers

provided with double 13.8-kV secondary windings. These each feed

two 13.8-kV switchgear buses dedicated to the rf power supplies.

The two 4160-V main switchgeat buses are fed from a 40-MVA, double
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secondary winding transformer. The swirchgear bus assemblies rated

at 4160-V serving different process building loads are subfed from

the main 4160-V switchgear. Each unit: auxiliary transformer is

protected by a 26-kV primary c i rcu i t breaker preceded by a

disconnecting link, reactor, and motor-operated disconnect switch

for short circuit current limitation and isolation. Backup power

to the switchgear buses is provided from the three reserve station

service transformers. Two of these transformers are rated at 90

MVA with double 13.8-kV secondary windings, and one is rated at 40

MVA with double 4160-V secondary windings.

2. 480-V Power Supplies

Power at 480 V i s provided bv double-ended load center type

substations located throughout the plant approximately in the

center of their respective loads. Each transformer of a double-

ended unit is fed from a dif ferent 13.8-kV bus for better

f lex ib i l i ty and service continuity. Loads above 100 hp but below

250 hp are connected to these load center switchgear buses as well

as 480-V motor control center feeders . Loads of up to and

including 100 hp are fed from 480-V motor control centers located

throughout the plant near to the center of their respective loads,

as required.

20.6.4.3 Design Alternatives

Although alternative arrangements were briefly examined and some degree

of optimization was accomplished, a complete study to determine the most

suitable system and arrangements could be performed as part of a future

investigation.

20.6.5 Direct Current (DC) Systems and AC Uninterruptible

Power Supply (UPS) Systems

The design basis for these systems is presented below.
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20.6.5.1 Design Basis

1. General

Reliable and continuous dc battery power is required for a variety

of uses, such as "trip" and "close" of electrically operated

circuit breakers, solenoid-operated valves, control systems, vital

lighting, the station annunciators, communication equipment, and

devices used during turbine coast-down. Through dc/ac inverters,

the batteries are also used to provide power to the turbine-

generator and reactor protective system, and to instrumentation

required for an orderly shutdown. The following separate

subsystems are provided:

a. Turbine-generator dc system.

b. Instrumentation and control dc and UPS systems.

c. Computer/data logger dc and UPS systems.

d. Switchyard dc system.

UPS systems are provided with fast transfer switches to transfer

the load from the output of the inverter to a regulated ac backup

supply in case of inverter failure, feeder short circuit or

maintenance.

Turbine-Generator DC System

The function of the turbine-generator dc system is to provide dc

supply for the turbine-generator and its accessories as required,

and for emergency lighting. This battery is rated at 250 V, and is

adequately sized to supply the total connected load for 2 hours

without the support of a charger. Two chargers are provided for

this battery.

Instrumentation and Control DC and UPS System

The function of the instrumentation and control dc and UPS system

is to provide dc supply for the plant instrumentation, control and

protection systems, including switchgear dc control supplies and

dc/ac inverter supplies. The system consists of four separate

battery subsystems, each rated a.. 125 V dc, and adequately sized

to supply the total connected load for 4 hours without the support
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of a charger. One charger is provided for each battery and one

dc/ac inverter is fed from each battery. This system is designed

to withstand DBE seismic forces.

4. Computer/Data Logger DC and UPS System

The function of the computer/data logger dc and UPS system is to

provide dc/ac supply for the plant computer/data logger. This

system consists of two dc batteries, three chargers, and two dc/ac

inverters. These batteries are sized for 2-hours1 capacity without

the support of a charger.

5. Switchyard DC System

The function of the switchyard dc system is to provide dc supply

for the control and protection of the switchyard circuit breakers

and for the switchyard emergency lighting. This system consists of

two separate battery systems, each complete with a charger, plus a

spare charger. Each of these batteries is sized for 2-hours'

capacity without the support of a charger.

20.6.5.2 Design Description

These battery and UPS systems consist of a storage battery, charger(s),

inverter, fast transfer switch, manual bypass switch, dc switchgear or

distribution panelboard, ac panelboard, and regulated backup ac supply. The

charger ac input power is normally supplied at 480 V and is connected to a

bus that could also be energized from the onsite standby electrical power

system when all offsite ac power is lost. During normal operation the charger

supplies dc power to the connected loads with the battery fully charged and

floating on the dc system bus. When the charger is lost because of i t s own

failure or because of a loss of ac input to the charger, the battery powers

the dc system for che design period, as required.

20.6.5.3 Design Alternatives

Since the above-described basic systems are very reliable and are

standard systems widely used by the industry, no alternative systems were

studied. However, an optimization study could be performed in the future.
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20.6.6 Onslte Standby AC Power System

The design basis for the onslte standby ac power system Is presented

below.

20.6.6.1 Design Basis

1. General

The function of the onsite standby ac power system Is to generate

and distribute a reliable onsite ac source of auxiliary power if

the preferred off s i te source is lost. This system consists of two

100% redundant, Independent, and separate onsite gas-turbine

generators. Each generator is connected to a pair of redundant

4.16-kV swltchgear bus systems as shown on the e l e c t r i c a l

single-line diagram. The connected loads on these buses consist of

equipment and systems required for an orderly shutdown of the

plant. The system Is designed to meet the following requirements:

a. Capability to function during and after a design basis

earthquake.

b. Loss of one redundant group does not prevent an orderly

shutdown.

c. Each 4.16-kV bus system can be connected to the preferred

(offsite) power source or to the onsite standby gas-turbine

generator.

d. No paralleling of the two redundant generators or 4.16-kV bus

system Is possible.

e. Loads cannot be transfered from one bus system to the others.

2. Gas-Turbine Generators

The gas-turbine generators are designed for starting and loading

within about 60 seconds. They are required to start automatically

upon loss of the ac bus voltage and to maintain rated voltage and

frequency during loading and operation. Provisions are made for

testing the gas-turbine generators at required time intervals.
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20.6.6.2 Design Description

The onsite standby ac power system consists of two redundant gas-

turbine generators, each connected to a separate 4160-V switchgear bus,

numbered HSBE-1 and - 2 , respectively. These two 4160-V buses are also

connected to the plant main 4160-V buses 1 and 2, respectively. Sub-bu3

assemblies rated at 4160 V that are fed from buses HSBE-1 and -2 are located

in the Reactor Building, Hot Cell, and reactor supporting buildings for the

supply of onsite standby power to equipment in these buildings.

During normal conditions these systems are powered from the preferred

source, which is the off site source, or from the unit auxiliary transformer.

However, upon loss of the plant main ac generator and upon lo s s of the

offs i te ac power source, the gas-turbine generators feed the onsite standby

ac power system to permit an orderly shutdown to be conducted. Onsite standby

ac power rated at 480 V is provided by 480-V load centers connected to the

4160-V standby ac power system buses. Onsite standby ac power is further

distributed to small motor loads by 480-V motor control centers connected to

the 480-V load centers.

20.6.6.3 Design Alternatives

An alternative method of generating onsite standby ac power by diesel-

electric generators was examined. Approximately six diesel generators of the

"fast" starting type rated at 2800 kW would be required to serve the entire

load for this system. The decision to select two gas-turbine generators was

made for the following reasons:

1. Simplicity.

2. Relatively higher reliability in starting.

3. Less initial cost.

4. Lower maintenance cost.

5. Longer mean-time between failures.

20.6.7 Facilities Electrical Services

The design basis for the facilities electrical services is presented

below.
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20.6.7.1 Design Basis

The functions of the facilities electrical services are as follows:

1. To provide adequate lighting including emergency l ight ing in

accordance with the recommendations of the I l luminating

Engineering Society (IES).

2. To provide the necessary grounding for systems and equipment,

including a separate grounding system for "low" signal level

instrumentation and controls, In accordance with the requirements

of IEEE standards and the National Electrical Code.

3. To provide necessary systems for communication, including

telephone, public address (PA and PAX), and sound-powered

telephone systems for testing and maintenance where required.

4. To provide adequate lightning protection.

5. To provide necessary cathodic protection.

6. To provide necessary e l e c t r i c a l heat t racing and f reeze

protection.

20.6.7.2 Design Description

1. Lighting

Lighting and low-energy auxiliary loads are supplied from the

120/208-V or 277/480-V solidly grounded lighting system. Lighting

for each plant operating area is supplied from at least two

circui ts , possibly fed from separate power sources to prevent

complete loss of lighting on failure of equipment or wiring. For

exits and c r i t i c a l areas , emergency l ight ing c i r c u i t s are

transfered automatically to the 125-V dc system upon loss of the

normal source. Outdoor lighting is provided for operating areas,

with parking lot lighting and road lighting included. Aircraft

obstruction lighting for the cooling towers and stack is furnished

in accordance with Federal Aviation Agency (FAA) regulations.

Lighting systems provide maintained lux levels at least equal to

the minimum recommendations of the IES. Lighting fixtures using
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fluorescent sodium or mercury vapor lamps are installed where

feasible.

Emergency lighting is incandescent so that it may be supplied by

alternating current during normal operation and from direct

current during emergencies. Emergency lighting is provided in the

plant at stairways, exits, the turbine room operating floor, the

main control room, and at motor control and switchgear areas.

Electric convenience outlets, including welding o u t l e t s , are

provided throughout the plant, and where feasible are located so

that a 7.6-m extension cord can reach any area. Ugh ting-fixture

mounting height and spacing do not exceed the manufacturer

recommendations except where physical constraints require some

deviation.

Grounding System

The ground grid consists of buried bare copper cable meshes and

copperclad steel ground rods driven below the water table low

level . Switchgear, load centers, motor control centers, power

transformers, power supplies, exciter, generator, neutral cubicle,

generator potential transformer cubicles, and alternate building

and corner columns are connected by cable to the ground grid. All

power utilization equipment is connected either to the ground grid

directly or to the nearest building stee l . Piping systems are

grounded through connections to tanks and vessels. Each cable tray

or stack of trays is provided with a ground cable running full

length. Metallic conduits are grounded at equipment enclosures

and, where entering cable trays, are connected to the tray ground

cable. All embedded or buried ground connections are thermit

brazed. Equipment connections are exposed and bolted. Fences are

connected to a buried ground cable running the full length of the

fences. Switchyard grounding systems are also provided.

Communication Systems

Telephone s e t s , public address systems, and al l wiring and

raceways are provided for intraplant communications. All
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locations, including the switchyard and outlying areas as dictated

by the overall plant operation requirements, are covered. A

sound-powered telephone system is provided for testing and

maintenance purposes. It is installed in the main control room,

cable spreading room, switchyard, switchgear area, reactor area,

and at local panels.

Lightning Protection

Lightning protection for the power plant is provided by lightning

rods located on tal l buildings and/or structures with cable

connections to ground rods.

Cathodic Protection Systems

Provisions are made for cathodic protection of all buried steel

pipitig. Cathodic protection of building steel or reinforcing steel

is provided, if necessary. All buried steel lines are connected by

cable to each other and to the ground grid. Buried sections of

lines are insulated from above-grade sections with insulating

flanges at the entrance to buildings or structures. Lines less

than 152 m in length are provided with one test connection

accessible above grade. For l ines 152 m in length or over,

accessible test connections are installed at each end and, where

required, at intermediate points. Connecting cables are insulated

copper suitable for direct burial. Connections are thermit brazed

directly to the lines where line pressure permits; otherwise, a

welded lug is furnished on the line for the brazed cable

connection. A cathodic protection system is provided for the

traveling-water screens in the intake structure and for the

condenser water boxes, as required.

Electrical Heating

Electrical trace heating is provided for equipment and in areas

where temperature maintenance is required. Electrical space

heaters are provided in equipment enclosures to protect against

condensation.
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20.6.7.3 Design Alternatives

Design alternatives for lighting, grounding, communications, lightning,

and cathodic protection can be studied at a future date to optimize the

systems and their services, and to minimize costs.

20.6,8 Electrical Equipment Arrangements, Raceway and Cable Systems

The design basis for the electrical equipment arrangements, raceways,

and cable systems follows.

20.6.8.1 Design Basis

Electrical equipment is arranged and located logically to minimize

length of runs for interconnections and to fac i l i t a te maintenance and

testing. Major electrical equipment is located in separate electrical rooms

with adequate space provided for possible future extensions and cable and

raceway connections and with adequate mechanical and environmental

protection. Raceways are grouped where practical for ease of installation and

common mechanical protection. During the allocation of space for major

raceway systems, adequate consideration was given to the problem of

e l ec t r i c a l interference between the different types of cables and high

voltage and/or heavy current equipment. Raceways are dedicated to the

particular type of cable system, and those containing different types of

cable are separated. Raceways and cables serving the onsite standby ac power

systems and associated with redundant equipment required for an orderly

shutdown are physically separated and isolated from their redundant

counterparts, and are designed to withstand DBE seismic forces.

In addition to transmitting electric power from the proper source to

the designated load device, these faci l i t ies must be of a type and be

properly installed and segregated to function during all modes of operation

and shutdown. The electrical loadings of conductors do not exceed, and are

generally less than, the ampacities recommended by AIEE-IPCEA "Power Cable

Ampacities." The percentage cross-section fill of wireways is governed by the

allowable cable ampacities. The physical support of wireways meets the

recommendations of the National Electrical Code. All cables have a sufficient

degree of flame resistance to obviate the need for flama-retardant coating or

special fire extinguishing systems.
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20.6.8.2 Design Description

1. Electrical Equipment Arrangements

The main electrical system 13.8-kV and 4160-V swltchgear equipment

Is located in a switchgear room next to the turbine-generato^

building at the northeast end. The unit auxiliary and reserve

station transformers are located in close proximity to the main

electrical switchgear room to minimize the lengths of the main

incoming feeders. In addition, load centers and 480-V motor

control centers are placed in this room to serve the turbine-

generator building load. The onsite standby electrical gas-turbine

generators are located east of the main electrical equipment room,

also within close proximity. Other electrical equipment rooms that

contain electr ical switchgear, load centers, and motor control

centers are located in the Reactor Building, Hot Cell, and reactor

support buildings to serve loads within these respect ive

buildings. Electrical switchgear required to supply power to the

rf and ECRH power supplies is located in the Electrical Equipment

and RF Power Supply Building. The unit auxiliary transformers and

the main step-up transformers are located eastward from the main

generator and as close as possible to i t , to minimize the iength

of the isolated phase bus ducts.

2. Raceway Systems

To the extent possible and practical, continuous rigid galvanised

steel or aluminum cable supports (cable trays) are used. Tĥ j use

of underground or trenched raceways is minimized except where

practicality and economy are in favor of these two types of

raceway systems. The raceway system is made up of cable trays,

conduits, and underground ducts, with the e l e c t r i c a l cables

contained therein. Cable trays are of galvanized steel, ladder

type or solid bottom, with solid covers where required. Hangers

for trays carrying vi tal circuits are designed to withstand DBE

seismic disturbances. Conduits are galvanized rigid steel where

embedded in reinforced concrete in building slabs. The duct banks

are heavily reinforced and wil l withstand a DBE seismic
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disturbance. In the switchyard, cable trays and/or trenches are

used for raceways for control, instrumentation, monitoring, and

protection cables. In general, cables for power, control, and

instrumentation are run in cable trays with connections from the

tray to equipment and devices made with exposed r igid-s teel

conduits.

Cable Systems

Power cables for 13.8-kV and 4160-V service are single or three

conductors, rated at 15 kV and 5 kV, respectively, and suitable

for ungrounded neut ra l service. The conductors are stranded

copper, EPR or XLP insulated, rated 90°C temperature, shielded,

and provided with a hypalon or neoprene outer jacket. The minimum

sizes are determined on the basis of therm il and/or short circui t

racing required for a particular service. Power cables for 480-V

service are s ingle or three conductors, rated 600 V. The

conductors are stranded copper, EPR or KLP insulated, rated 90°C

copper temperature, with a hypalon or neoprene outer jacket. The

conductor size is No. 12 AWG minimum.

Control cables are sin^. e or multiconductor, rated c00 V, EPR or

XLP insulated, rated for 90°C copper temperature with an overall

hypalon or neoprera jacket. The control cable conductor size is

No. 14 AWG, except for potential and current transformer circuits

used for metering and protection, for which the conductor size is

No. 10 AWG. Cables for service voltages over 50 V are type "TC"

approved for installation in ladder-type cable trays.

Thermocouple extension wires are single and multipair with

insulation 300 V class, and shielded overall with a neoprene or

hypalon jacket. Lighting wires are single conductor, 600 V, type

THW. Other types of insulated cables, such as for abnormally hot

locat ions and intercommunications, are SUJ. jlied to serve the

particular applications. Instrumentation cables are EPR or cross-

linked 300 V c lass polyethylene-insulated, single-shielded,

twisted-pair, multiple-twisted pairs with shielding o v e r a l l ,
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shielded-twisted triple, or multiconductor with shielding overall.

Cables have nonflammable (hypalon or neoprene) jacket overall. All

multiconductor control wiring is color-coded, and the color of

each control wire will be shown on the connection diagrams.

20.6.8.3 Design Alternatives

Design alternatives for electrical equipment arrangements, raceway, and

cable systems could be studied later, to optimize these systems and to

minimize costs.

20.7 DRAWINGS

This subsection contains the conceptual design drawings for this

report. The subject drawings are listed below:

Drawing

E-5959-AR-01

(Figure 20-6)

E-5959-AR-02

(Figure 20-7)

E-5959-AR-03

(Figure 20-8)

E-5959-AR-04

(Figure 20-9)

E-5959-AR-05

(Figure 20-10)

Title

ARCHITECTURAL

Fusion Power Plant

Site Plan

ARCHITECTURAL

Reactor, Turbine & Support, Electrical & RF Power Supply

& Onsite A/C 'Power Buildings

Sub-Grade Level Plans

ARCHITECTURAL

Reactor, Turbine & Support, Electrical & RF Power Supply

& Onsite A/C Power Buildings

Ground Level Plans

ARCHITECTURAL

Reactor, Turbine & Support, Electrical & RF Power Supply

& Onsite A/C Power Buildings

Upper Level Plans

ARCHITECTURAL

Reactor, Turbine & Support, Electrical & RF Power Supply

& Onsite A/C Power Buildings

Building Sections
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Drawing

E-5959-AR-06

(Figure 20-11)

E-5959-AR-07

(Figure 20-12)

E-5959-EE-01

(Figure 20-13)

E-5959-HV-O1

(Figure 20-14)

E-5959-HV-02

(Figure 20-15)

E-5959-HV-03

(Figure 20-16)

E-5959-ME-01

(Figure 20-17)

E-5959-ME-02

(Figure 20-18)

E-5959-ME-03

(Figure 20-19)

E-5959-ME-04

(Figure 20-20)

Title

ARCHITECTURAL

Tritium Reprocessing & Cryogenics Building, Administration,

Control & Site Service Building

Ground & Upper Level Plans, Sections

ARCHITECTURAL

Fusion Power Plant

Site Perspective

ELECTRICAL

Unit Generator and Auxiliary Power System

One Line Diagram

BUILDING SERVICES

Reactor Building

HVAC Flow Diagram

BUILDING SERVICES

Tritium Reprocessing Building

HVAC Flow Diagram

BUILDING SERVICES

Hot Cell & Radioactive Waste Processing System

HVAC Flow Diagram

MECHANICAL

Power Conversion Cycle

Heat Balance

MECHANICAL

Reactor and Support Systems

Block Diagram

MECHANICAL

Power Conversion System & Cooling Water Composite

Flow Diagram

MECHANICAL

Essential Cooling Water Systems

Flow Diagram
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20.8 OUTLINE SPECIFICATIONS

Outline specifications for balance of plant structures, system, and compo-

nents were developed. These formed the bases for balance of plant costing.

Excerpts for electrical and mechanical equipment are reproduced herein with

the full specifications available, in a separate report, upon request.

20.8.1 Architectural

Available in a separate report upon request.

20.8.2 Civil/Structure

Available in a separate report upon request.

20.8.3 Building Services

Available in a separate report upon request.

20.8.4 Mechanical

Outline specifications for mechanical equipment are presented below:

(1) Turbine-Generator (TG-1)

Quantity: 1

Throttle steam design pressure:

Throttle steam design temperature:

Maximum guaranteed turbine rating:

Generator capability:

Shaft speed:

Power factor:

Type of exciter:

Generator cooling:

Last stage blade:

Back pressure:

(2) Main Condenser (C-1A,B,C)

Quantity:

Type:

Back pressures:

Number of tube passes per shell:

Number of tubes per shell:

Tube length:

6.3 MPa

299.0°C

1440 MWe

1600 MVA

1800 rpm

0.9

Static or brushless

Hydrogen and water

1.1 m approximately

8.1 kPa, average

1, 3-shell

Multi-pressure

5.50 kPa, 7.02 kPa, 8.50 kPa

1

36,310

17.4 m
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Tube material: 90-10 copper-nickel 18 BWG

Tube diameter: 2.86 cm

Hotwell: Deaerating

Hotwell capacity: 45,400 liters

Circulating water temperature: 27.4°C

Temperature range: 13.4°C

(3) Condensate Pumps (P-3A,B,C,D,E,F)

Quantity: 6

Type; Vertical, centrifugal

Capacity: 525 liters/sec at 305 m TDH

Driver: Electric motor, 1865 kW

(4) Feedwater Pumps (P-1A,B; P-2 Motor Driven)

Quantity: 3

Type: Centrifugal, horizontal,

split case

Capacity: 1035 liters/sec 640 m TDH

Materials

Case: Cast steel

Impeller: Stainless steel

Shaft: Stainless steel

Driver

One pump: Electric motor, 7600 kW

Two pumps: Steam turbine, 7600 kW

(5) 1st Point Feedwater Heater (HTR 1A,B,C)

Quantity:

Type:

Design pressure

Shell:

Vacuum tube:

Material

Shell:

Tubes:

Tube outside diameter nominal:

Tube wall thickness:

Number of tube passes:

Heat flow:

3

Straight tube

0.2 MPa

4,5 MPa

CS

304 SS

1.91 cm

0.13 cm

2

60 MW
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(6) Llmlter Cooling Feedwater Heaters (HTR 2A.B.C)

(7)

(8)

Quantity:

Type:

Design pressure

Shell:

Tube:

Material

Shell:

Tube:

Tube outside diameter nominal:

Tube Wall thickness:

Number of tube passes:

Heat flow:

3rd Point Feedwater Heater (HTR 3A.

Quantity:

Type:

Design pressure

Shell:

Tube:

Material

Shell:

Tube:

Tube outside diameter nominal:

Tube wall thickness:

Number of passes:

Heat flow:

4th Point Feedwater Heater (HTR 4A,

Quantity:

Type:

Design pressure

Shell:

Tube:

Material

Shell:

Tube:

Tube outside diameter nominal:

3

U-tube, verti

4.5 MPa

7.3 MPa

304 SS

304 SS

1.91 cm

0.13 cm

2

70 MW

,B,C)

3

Straight tube

0.2 MPa

4.5 MPa

CS

304 SS

1.91 cm

0.13 cm

2

55 MW

BpC)

3

Straight tube

0.9 MPa

4.5 h?a

CS

304 SS

1.91 cm
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(8) 4th Point Feedwater Heater (HTR 4A>B,C) (Contd)

Tube wall thickness: 0.13 cm

Heat flow: 40 MW

(9) 5th Point Feedwater Heater (HTR 5A,B,C)

Quantity:

Type:

Design pressure

Shell:

Tube:

Material

Shell:

Tube:

Tube outside diameter nominal:

Tube wall thickness:

Number of passes:

Heat flow:

(10) 6th Point Feedwater Heater (HTR 6A,B)

Quantity:

Type:

Design pressure

Shell:

Tube:

Material

Shell:

Tube:

Tube outside diameter nominal:

Tube wall thickness:

Number of passes:

Heat flow:

(11) 7th Point Feedwater Heater (HTR 7A,B)

Quantity:

Type:

Design pressure

Shelli

Tube:

3

Straight tube

1.2 MPa

4.5 MPa

CS

304 SS

1.91 cm

0.13 cm

2

40 MW

2

U tube

2.0 MPa

12.1 MPa

CS

304 SS

1.91 cm

0.13 cm

2

80 MW

2

U tube

5.3 MPa

12.1 MPa
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(11) 7th Point Feedwater Heater (HTR

Material

Shell:

Tube:

Tube outside diameter nominal:

Tube wall thickness:

Number of passes:

Heat flow:

(12) 8th Point Feedwater Heater (HTR

Quantity:

Type:

Design pressure

Shell:

Tube:

Material

Shell:

Tube:

Tube outside diameter nominal:

Tube wall thickness:

Number of passes:

Heat flow:

(13) Main Cooling Tower (CT-1A,B,C)

Quantity:

Type:

Material:

Basin diameter:

Height:

Flow rate:

Range:

Water temperature:

Approach:

Wet-bulb temperature:

7A.B) (Contd)

CS

304 SS

1.91 cm

0.13 cm

2

140 MW

8A.B)

2

U Tube

9.3 MPa

12.1 MPa

CS

304 SS

1.91 cm

0.13 cm

2

105 MW

3

Hyperbolic, natural draft

Reinforced concrete

150.0 m

165.0 m

16,400 liters/sec (per tower)

13.4°C

27.4°C

4.6°C

22.8°C
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(14) Circulating Water Pumps (P-5 A.B.C.D.E.F)

Quantity: 6

Type: Vertical wet pit, centrifugal

Capacity: 8400 liter/sec at 100 m TDH

Driver: Electric motor, 6000 kW

(15) Closed Loop Coolir.g Water Pump (P-6 A,B,C)

Quantity: 3

Type: Horizontal, end suction,

centrifugal

Capacity: 950 liters/sec at 60 m TDH

Driver: Electric motor, 670 kW

(16) Closed Loop Cooling Water Heat Exchanger (HX-1A,B,C)

Quantity:

Type:

Design pressure:

Material

Shell:

Tube:

Closed loop water temperature

Inlet:

Outlet:

Heat flow:

(17) Closed Loop Cooling Surge Tank

Quantity:

Capacity:

Dimensions:

(18) Standby Cooling Tower (CT-2)

Quantity:

Type:

Tube material:

Fan driver:

Heat flow:

3

U Tube

1.0 MPa

CS

304 SS

60°C

43.3°C

70.0 MW

(TK-3)

1

11,355 liters

2-m diameter by 2.5-m high

1 with 6 cells

Dry

SS

Electric motor, 75 kW each

70 MW
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(18) Standby Cooling Tower (CT-2) (Contd)

Water temperature: 43.3°C

Range: 33.4°C

Flow rate: 500 liters/sec

Approach: 11.1°C

Wet-bulb temperature: 32.2°C

(19) Standby Cooling Water Pumps (P-7A.B)

(20)

(21)

(22)

(23)

Quantity:

Type:

Capacity:

Driver:

Standby Cooling Water Surge Tank

Quantity:

Capacity:

Dimensions:

Raw Water Pumps (P-12A.B)

Quantity:

Type:

Capacity:

Driver:

Service Water Pumps (P-11A.B)

Quantity:

Type:

Capacity:

Driver:

2

Horizontal, end suction,

centrifugal

500 liters/sec at 65 m TDH

Electric motor, 375 kW

(TK-4)

1

7600 liters

2-m diameter by 2.5-m high

2

Vertical, wet pit, centrifu

1600 liters/sec at 20 m TDH

Electric motor, 375 kW

2

Horizontal, end suction,

centrifugal

1600 liters/sec at 10 m TDH

Electric motor, 188 kW

Auxiliary Feedwater Pumps (P-4A.B)

Quantity:

Type:

Capacity:

Driver:

Horizontal, end suction,

centrifugal

40 liters/sec at 975 m TDH

Electric motor, 600 kW
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(24) Auxiliary Feedwater Pump (P-13)

Quantity:

Type:

Capacity:

Driver:

(25) Condensate Storage Tank (TK-1)

Quantity:

Capacity:

Dimensions:

(26) Gas-Turbine-Generators (TG-1, 2)

Quantity:

Rating:

Service:

Type:

Horizontal, end section,

centrifugal

70 liters/sec at 1036 m TDH

Steam turbine, 970 kW

1,703,250 liters

15-m diameter by 12-m high

Voltage:

Power factor:

Fi. jquency:

Start:

Operational testing:

ISO-Basa 10.6 MW each

Standby

Simple cycle- single or

split shaft

4160 V

0.85

60 hz, 3-phase

Automatic start for dead load

pickup within 1 minute

Capable of synchronization

with system

(27) Balance of Plant Piping

Specifications for principal piping follow:

(a) Main Steam and Feedwater Systems

Design pressure: 10.3 MPa

Material: 2-1/4% chrome, 1% raoly

Classification: ASTM A-155, grade 2-1/4%

chrome

6.35 cm and smaller: Schedule 80

7.62 cm and larger: Schedule 160
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(27) Balance of Plant Piping (Contd)

(b) Closed Loop and Standby Cooling Water Systems

Design pressure: 1.7 MPa

Material: 304 SS

Classification: ASTM A-312, Grade TP304

All sizes: Schedule 10 S

(c) Miscellaneous Steel Piping

Design pressure: 1.7 MPa

Material: CS

Classification: ASTM A-106, Grade A

5.08 cm and smaller: Schedule 80

6.35 cm and larger: Schedule 40

20.8.5 Electrical

Outline specifications for electrical equipment are presented below.

20.8.5.1 Main Generator And Connections

(1) See Item 20.8.4 (1).

(2) Generator Breaker

The generator breaker Is the indoor type, rated 36 kV, 48 kA, 60

hz, 250 kA rms symmefrical interrupting capacity, and 1200-kA peak

momentary. The breaker consists of three poles, and i s group

operated and mounted in line with the isolated phase bus (main

generator leads) . Accessories include the compressed air system

for breaker operation and a cooling water system for breaker

cooling.

(3) Main Generator Leads

The main generator leads consist of isolated phase buses rated 40

kA, 26 kV, 3-phase, 60 hz, 400 kA rms asymmetrical momentary, 200

kV BIL, 50°C conductor rise and 30°C enclosure rise. The bus has a

continuous metal enclosure containing a bare aluminum conductor

with suitable Insulators and supports. The bus Is force cooled. A

redundant forced-air-to-water cooling system is included. The tap
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buses to the various power transformers are the same as above,

except they are self-cooled and rated 10 kA continuous and 700 kA

rms, asymmetrical momentary. Accessories include potential trans-

transformers and surge protection equipment in individual

compartments. Also included i s a neutral grounding cubicle

containing a 200-kVA distribution transformer and a 10-minute-

rated grounding resistor. Necessary details for terminating the

bus at the generator and at the transformers are supplied.

(4) Main Electrical Control Board

The main electrical control board provides an operating center for

the generator, and energization of main power, auxiliary, and

reserve transformers, and auxiliary bupes. The board i s a free-

standing duplex tunnel type control board and contains control and

selector switches for synchronizing the unit and al l protective

relays, control, and indicating devices required to realize the

unit protection and monitoring of system parameters.

20.8.5.2 High-Voltage Switchyard

The high-voltage switchyard, which includes the gas-filled bus runs to

the terminals of the generator step-up and reserve station transformers, is

outside the scope of this specification.

20.8.5.3 Auxiliary Electrical Power Supply and AC Distribution System

(1) Power Transformers

All power transformers are forced oil-air cooled (FOA), 65CC rise

outdoor units and designed for station auxiliary service, as well

as meeting the requirements of the Industry Loading Guide ANSI

C57.12.14. Each secondary winding is provided with a stainless

s tee l , neutral grounding resistor rated 800 A, 10 seconds and 10

or 3 ohms, as applicable. Reserve station transformers have pro-

provisions for gas-fi l led bus duct connections. All transformers

have a fault pressure relay and winding temperature equipment.

Transformers are rated as follows:
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(a) Auxiliary Transformers No. 1, 2, 3, and 4 (3-Winding):

• H-Winding: 90-MVA, 26-kV, delta-connected,

200-kV BIL

• X-, Y-Windings: 45-MVA, 13.8-kV, wye-connected,

110-kV BIL

• Impedance: HX = HY = 11.2% at 90 MVA

(b) Auxiliary Transformer No. 5 (3-Wlnding):

• H-Windings 40-MVA, 26-kV, delta-connected,

200-kV BIL

• X-, Y-Windings: 20-MVA, 4.16-kV, wye-connected,

75-kV BIL

• Impedance: HX = HY = 16.4% at 40 MVA

(c) Reserve Station Transformer No. 1 (4-Winding):

• H-Winding: 90-MVA, 345-kV, wye-connected,

1175-kV BIL

• X-, Y-Windings: 45-MVA, 13.8-kV, wye-connected,

110-kV BIL

• Z-Winding: 31.5-MVA, 13.8-kV, delta-connected,

110-kV BIL

a Impedance: HX = HY = 15.2% at 90 MVA

(d) Reserve Station Transformer No. 2 (4-Winding):

Same as Reserve Station Transformer No. 1, except HX and HY

impedance equals 22% at 90 MVA.

(e) Reserve Station Transformer No. 3 (4--Winding):

• H-Winding: 40-MVA, 3^5-kV, wye-connected,

1175-kV BIL

e X-, Y-Windings: 20-MVA, 4.16-kV, wye-connected,

75-kV BIL

• Z-Winding 14-MVA, 4.16-kV, del ta-connected,

75>-kV BIL

• Impedance: HX = HY = Standard
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(2) Reactors

Current limiting reactors are provided to limit the short circuit

duty on the circuit breakers ahead of the auxiliary transformers

so that conventional breakers may be used. The reactors are oil-

immersed, self-cooled (OA), air core, outdoor service. Four units

are rated at 3 kA, 0.5 ohm, 26 kV, 3-phase, 60 hz, 200 kV BIL,

55°C rise, 40 kA rms symmetrical fault current. One unit is the

same as above, except it is rated at 1 kA. All reactors are pro-

vided with fault pressure relay and winding temperature equipment.

(3) Oil Circuit Breakers

Oil circuit breakers are three-tank, frame-mounted, outdoor serv-

vice, rated at 34.5 kV, 3-phase, 5-cycle interrupting, 3000 A, 200

kV BIL, 2500 MVA. Included are six condenser bushings, six multi-

ratio relaying accuracy current transformers, a weatherproof hous-

ing with a pneumatic closing mechanism, an air compressor and a

125-V control.

(4) Outdoor Disconnecting Switches

The outdoor disconnecting switches are 3-pole, s ingle-throw,

motor-group operated, magnetizing current break. Four switches are

rated at 3000 A continuous, 120 kA momentary, 200 kV BIL. One

switch is rated at 1200 A continuous, 61 kA momentary, 200 kV BIL.

(5) Medium-Voltage Metal-Clad Switchgear

Switchgear for 13.8-kV Buses 1, 2, 3 and 4 are indoor, 3-phase, 15

kV, 60 hz, 750 MVA class metal-clad assemblies with 2000-A and

1200-A DC-controlled air circuit breakers, as required, complete

with insulated buses, instrument transformers, instruments,

instrument switches, and protective relaying. Switchgear for

13.8-kV Buses 5 through 12 are the same except they are 500 MVA

class. Switchgear for 4.16-kV Buses 1 and 2 are the same as above,

except they are rated at 5 kV, 350 MVA class with 3000-, 2000-,

and 1200-A air circuit breakers, as required.

(6) Medium-Voltage Nonsegregated Bus

The medium-voltage nonsegregated bus is self-cooled, metal-

enclosed, 3-phase, 5 kV or 15 kV, and 2000 A or 3000 A, as

required, suitable for indoor and outdoor service, as applicable.
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Bus dielectric test levels and momantary current ratings are not

less than those of the switchgear to which the bus is connected.

The bus has similar insulating supports and covering over the

conductors.

(7) 480-V Load Centers

Load centers are of the indoor double-ended type and include a

medium-voltage (13.8-kV or 4.16-kV) incoming line sect ion, a

transformer section, and a secondary low-voltage section, fully

coordinated. The incoming l ine sect ion i s a cable terminal

compartment only, air f i l led. The transformer section is the

ventilated dry type for a 150°C rise and designed for future

forced a i r cooling. The secondary section consists of power

circuit breakers with adjustable solid state phase overcurrent and

ground-fault tripping devices. Minimum interrupting rating is

42,000 A rms symmetrical.

(8) 480-V Motor Control Centers

The motor control centers are NEMA Class 1, Type B wiring, with a

NEMA 1 enclosure for indoor application and NEMA 3R for outdoor

app l ica t ion . Outdoor units are provided with space heaters.

Combination line s tar ters have motor-circuit protectors and

overload protection in each phase. Feeder breakers have thermal

magnetic t r ip s . The minimum short circuit rating of the motor

control centers is 22,000 A rms symmetrical.

20.8.5.4 DC Distribution and Uninterruptible AC Power Supply

(1) Station Batteries

Station b a t t e r i e s are of the lead calcium type and have the

following ratings:

(a) Four 1200-ampere-hours, 125-V dc batteries for instrumenta-

tion, controls, and emergency lighting. These batteries meet

the requirements of the onsite standby power systems with

regard to sseismlc design.

(b) Two 2400-ampere-hour, 250-V dc batteries for the computer

and data logger UPS system.
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(c) One 2400-ampere-hour, 25O-V dc battery for the turbine-

generator.

(2) Battery Chargers

Battery chargers are of the solid state type and rated as follows:

(a) Four 132-V, 300-A chargers for the ba t te r ies supplying

controls, instrumentation, and emergency lighting. These

chargers meet the seismic requirements of the onsite standby

power systems.

(b) Three 264-V, 800-A chargers for the computer and data logger

batteries.

(c) One 264-V, 800-A charger for the turbine-generator battery.

(3) Inverters

Inverters are solid state type and provide regulated ac, 120-V

1-phase or 208/120-V 3-phase output with the input supplied from

one ot che batteries specified above. System design includes a

stat ic switch for each inverter to automatically transfer the

vi ta l power bus to an alternate ac voltage supply in the event of

inverter failure or any other malfunction that causes i t s output

voltage to drop below an adjustable value. After a preset time

delay following restoration of the inverter output voltage and

frequency to their preset values, the static switch automatically

retransfers the vital power bus to the inverter. A manual bypass

switch is provided for maintenance purposes. The alternate ac

voltage supply is regulated.

Inverters are rated as follows:

(a) Four 15-kVA, 120-V, 1-phase, 60-hz inverters for the control

and instrumentation system. These units meet the seismic

requirements of the onsite standby power systems.

(b) Two 100-kVA, 208/120-V, 3-phase 60-hz inverters for the

computer and data logger.

20.8.6 Instrumentation and Controls

Available in a separate report upon request.
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21.1 INTRODUCTION AND SUMMARY

This chapter presents a preliminary study of the safety and environ-

mental aspects of STARFIRE. The objective of this preliminary study is to

establish a framework for identifying and cataloging the safety issues

pertaining to STARFIRE, to assist with design trad»-offs and to ensure that

safety considerations are incorporated in the design as early as practicable.

While a detailed safety analysis is beyond the scope of this study, safety

considerations have played a major role in deciding key material and design

choices for STARFIRE.

Fusion power will have several significant safety advantages compared to

c irrent methods of generating electricity. The nuclear safety aspects are

decidedly improved when compared to fission reactors: the problems of

accidental criticality and of prompt criticality are not applicable; the

prospects and consequences of a loss-of-coolant accident are considerably

less; and the biological hazard of radioisotopes in the plant is much lower.

Generally, the concerns regarding safeguarding against diversion of weapons-

grade material, such as Pu or 23^U, are eliminated. Fusion, like fission,

does not involve combustion in air, thus the routine chemical releases are

much lower than for fossil power plants. The dangers due to fuel mining and

other associated activities, including transportation, will be greatly

reduced. Radioactive waste storage requirements will be less complicated due

to the absence of fission products and actinides. Radiation doses to the

general public due to routine or accidental releases of radioactivity

will also be reduced.

Most recent safety evaluations of light water reactors (LWRs) and fast

breeder reactors (FBRs) have concluded that, for an adequate analysis to

be conducted of public risk associated with the different concepts, the total

fuel cycle must be examined. In this regard, utilizing D-T for fuel in

fusion reactors should make them preferable to LWRs or FBRs. The deuterium

and lithium involved are not radioactive. Only the initial, start-up

requirements of tritium, which is approximately 10 kg, need to be shipped

to the plant. The rest of the tritium fuel cycle is contained within the

plant.
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The incorporation or. safety into design even at the conceptual stage is

done to ensure that the environmental and safety advantages inherent in

fusion are fully realized. The emphasis on safety must include the concern

for the safety of the general public, the plant personnel, and the plant

itself — in that order.

The U.S. Department of Energy has established the Fusion Reactor Safety

Research Program and has assigned the Idaho National Engineering Laboratory

(INEL) as the lead laboratory for magnetic fusion safety research. The

STARFIRE project team has interacted with INEL personnel involved in the

Safety Research Program concerning the safety-related aspects of the STARFIRE

design.

The primary emphasis in this safety study is on deterministic methods

rather than on probabilistic methods. It was not possible to do a quantified

probabilistic risk assessment, due to lack of sufficient design detail

definition, statistical operating data, and physical models pertaining to

hazard rates. Future efforts undoubtedly will be directed at performing a

detailed probabilistic risk assessment. The events that lead to potential

accidents or catastrophic failures of the reactor and its systems are pro-

babilistic in nature, and therefore it is natural to seek a probabilistic

assessment of their consequences. A deterministic assessment, however,

yields a range of information through parametric study by considering

upper bound conditions.

The first step in a safety analysis methodology generally is a prelim-

inary hazards analysis (PHA), a broad study performed at the conceptual stage

of the system design. Its primary objectives are to identify hazardous

conditions inherent in the systems and to determine the effect of potential

accidents. In the context of PHA, the following sources of hazards were

identified in Sec. 21.2 for the STARFIRE design:

o Tritium inventory

o Induced activity in the first wall, blanket, magnet, shield and
structural materials

o Pressurized water primary coolant

o Corrosion products in the primary coolant

o Stored energy in the superconducting magnet system
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o Cryogenics

o Kinetic and mangetic energy associated with the plasma current

o rf heating

The following potential accidents were identified for STARFIRE in

Sec. 21.2:

o Tritium release, both in a continuous and a pulsed mode

o Release of activated structural material

o Loss of flow to the first wall or to the blanket

o Loss of coolant to the first wall and/or blanket

o Loss of cryogenic liquid helium

o Failure of first wall due to plasma disruption

o Hydrogen detonations or f-plosions

o rf heating system failures

o Stored energy in the magnets

The range of important fusion reactor accident initiating events,

including those due to the reactor itself, due to plant operation and due to

external causes are shown in Table 21-1.

In summarizing the results of this safety assessment, it is important to

note that no runaway-type accidents which would affect the public or the

plant personnel have been identified. While no method of generating elec-

tricity is capable of completely eliminating environmental impact and risk to

society, the application of fusion will reduce the adverse effects and

potential impacts to very low levels.

The STARFIRE design effort to reduce tritium-related problems involved

attempting to minimize the tritium inventory, and using triple barriers

wherever practical. Materials were selected in order to minimize long-term

radioactivity in all components outside the blanket; those components repre-

sent over 90% of the total reactor mass. Two independent primary coolout

loops have been incorporated to significantly reduce the likelihood of either

complete loss-of-flow or loss-of-coolant accidents. Mechanisms and redun-

dancy to prevent cryogenic failures and magnet accidents have been employed.

Various plasma shutdown modes have been developed to prevent plasma disrup-

tions from damaging the first wall. The rf heating system is designed such

21-3



Table 21-1. Fusion Reactor Accident Initiating Event Classification

Fusion Reactor

1. Plasma events: power excursions, disruptions

2. Plasma heating device events

3. Magnet disruptions

4. Vacuum/cryogenic system failures

5. Cooling system failures

6. Tritium system failures; breeding, fueling, processing, storing

7. Mechanical failures: vessels, pipes, pumps, valves, etc.

8. Fires/explosions/missile generation

Plant Operation

1. Duty Ci'cle events

2. Faulted events

3. Instrumentation and control system failure events

4. Maintenance and repair events

5. Human errors

External Causes

1. Loss of off-site power

2. Earthquakes

3. Tornados

4. Floods

5. Conflagrations (fires), detonations (explosions, missiles).

6. Sabotage

that it will not pose any problems due to rf leakage or high voltages or

x-rays.

The methodology applied in this safety evaluation was based upon the

deterministic approach. The barriers which protect against the accidental

release of radioactivity to the environment are identified.

Although radioactivity is induced in the structural materials of the

STARFIRE reactor, only the radioactive coolant corrosion products are consi-

dered to be vulnerable to release into the reactor building in the case of

certain accidents.

21-4



Tritium dose rates have been calculated (Appendix F) for both routine and

accidental tritium releases for both the public and plant personnel. The

maximum dose to an individual is 0.41 mrem/yr for routine releases of 5000 Ci/yr,

when the releases are up to 100 m stack. However, this routine release is ex-

pected to go through the cooling towers, which results in a smaller dose for

the individual. This can be compared with a typical dose of ^ 100 mrem/yr due

to natural background radiation. The maximum acute inhalation and skin absorp-

tion dose to the public, 150 rarem from an accidental release of 10 g of tritium,

occurs at about 450 m from the stack. Workers unprotected by an anti-contami-

nation suit could work in the reactor building or tritium facility and their

tritium dose would be ^ 1 mrern/hr with all shields in place. The reactor

building maintenance, however, is designed to be fully remote. The long-term

effects of potential tritium releases are studied and found to be minor. The

risks from tritium releases on a global scale, in transportation accidents,

and from solid waste disposal are each evaluated and found to be insignificant.

Several candidate first wall/structural materials were considered and

the induced radioactivities calculated. The atmospheric dispersion of the

materials in the form of corrosion products mobilized by a hypothetical

reactor accident was examined. The doses for the candidate materials were

found to be similar and more than two orders of magnitude lower than current

accidental release dose guidelines.

The nature of the corrosion products in the STARFIRE primary coolant loop

was studied in detail (Appendix G). The optimum operation conditions are simi-

lar to those from pressurized water reactors. The radioactivity of corrosion

products which would be released accor-iing to the upper bound estimate corres-

ponds to 5 0.001% of the total blanket radioactivity inventory. The accident-

related dose rates due to activation products are based on this information.

A number of engineered safety features resulted from safety-related

decisions as the design progressed. These included inerting the reactor

building, developing multiple emergency plasma shutdown methods, providing

for containment of the anticipated reactor building overpressure following a

loss-of-coolant accident, and incorporating a 100 m stack through which any

accidental and most routine releases would be directed.

A preliminary review of the anticipated licensing process for fusion

power reactors was made, and several licensing considerations are identified.
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Since fusion power is still in such an early stage of development, the

ultimate regulatory requirements are difficult to predict.

The key environmental issues are also identified, and although this

study did not involve the preparation of a detailed environmental impact

assessment, environmental issues played a role in the design choices for

STARFIRE. The materials requirements (for only the reactor portion) of 100

reactors based on the STARFIRE design are determined in Appendix C, and

compared to U.S. and world reserves and resources of elements. Tantalum and

tungsten in particular are predicted to be potential resource problems;

however, these are optional materials for the limiter and inner shield,

respectively, and can be replaced by other materials.

The rest of this chapter addresses the specific issues of concern and

how they were solved or resolved in Sec. 21.2. The methodology of safety

analyses is briefly described in Sec. 21.3. The barriers against the release

of radioactivity are described in Sec. 21.4. Tritium dose rates are shown

in Sec. 21.5 and in more detail in Appendix F. The accident-related dose

rates due to structural materials are presented in Sec. 21.6 and the effects

of corrosion products in the primary coolant loop is given in Sec. 21.7 and

Appendix G. The engineered safety features of the STARFIRE design are

described in Sec. 21.8. Some of the licensing considerations related to

fusion power are given in Sec. 21.9 and the environmental impacts are listed

in Sec. 21.10.

21.2 ISSUES OF CONCERN

Tritium — On the average, the steady-state tritium inventory in

STARFIRE will be about 2.8 x 101* Ci/MWth, or 11.6 kg for 4000 MWtb. Of

this amount, ^ 10 Ci/day will accumulate in the primary cooling water.

Details about 'J>*. tritium in the coolant are given in Sec. 14.4. Being an

isotope of hydrogen, tritium has a high permeability in materials, especially

at high temperature, and is therefore difficult to contain. If the design is

inadequate, tritium will permeate through walls from one region of the sys-

tem to another, and could reach the environment by many different paths.

Thus, there exists a potential for continuous release of tritium both as

tritium gas (T2) and tritiated water (HTO and T20). Large pulse releases

of tritium are also possible as a result of system failure, accidents, and

fires.

21-6



The STARFIRE design effort to reduce the problems associated with

tritium involved attempting to minimize the tritium inventory in the vacuum

pumps and fueling systems, and using triple barriers wherever practical.

The use of a limiter/vacuum system greatly reduces the tritium throughput,

and hence, inventory of the fuel handling system. In addition, the use of

parallel, redundant systems has reduced the maximum tritium accidental re-

lease in one event to 10 g.

Induced Activity — In addition to the radioactivity of tritium,

there will be induced radioactivity in the first wall, blanket and shield

materials. This activity is much less mobile than that of tritium. No

mechanism which would cause melting of the structural material has been

identified as being credible. Since there is a massive (1.1m thick) bulk

shield around the blanket, the likelihood of this activity becoming mobile in

the event of a major loss-of-flow accident, even without plasma shutdown, is

not considered to be credible. Nevertheless, some of this induced activity

in the form of corrosion products imposes constraints on access for mainten-

ance and repair activities on the reactor internals, and therefore it has a

strong influence on the design of the reactor and the choice of structural

materials. This radioactivity, though not present at the beginning of

reactot operation, will increase with time and reach a level significant for

access considerations after only a few days of operation. However, the

associated afterheat is small, only about 2.2% of operating thermal power at

the beginning of shutdown, and drops to about 0.03% after about a year.

These values of afterheat are less than those of a pressurized water reac-

tor of comparable size, and are distributed through a much larger volume,

thus easing the problem of ensuring adequate cooling in the case of emer-

gency shutdowns.

For STARFIRE, special effort was given to the selection of materials in

order to minimize both long-term radioactivity in all components outside the

blanket, and to minimize rad-waste storage. The reactor is also designed to

be accessible within 24 h after shutdown, even though completely remote

operations are planned for all maintenance.

Pressurized Voter Coolant — Pressurized (y 2200 psig) water is used as

primary coolant. The minimum subcooling is that which exists at the outlet
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of the first wall and amounts: to *\< 30°C. In the event of sudden loss of

pressure, due either to a pipe break or due to failure of the primary coolant

pumps, the coolant will flash into steam. This steam, if allowed to escape

into the plenum region, will raise the temperature and pressure in the vacuum

boundary. Such an environment in the vacuum vessel could act as a cause for a

common-mode failure. (Common-mode failures are those in which some single

event prevents multiple and identical components from performing in accor-

dance with design.)

Loss-of-Flow-Accident — The pressurized water coolant for removal of

heat in the first wall and blanket is subcooled to a minimum of 30°C. In the

event of a loss-of-flow accident such as a loss of pt mping power or a loss of

pressurization, if the plasma is not shut down the coolant will go into

nucleate boiling and subsequently to film boiling and will burn out. Although

the first wall and the blanket have a large thermal inertia, if the plasma is

not shut down within a short time of occurrence of loss of flow, ablation of

the first wall beryllium coating will occur and will extinguish the plasma.

The decay heat is not sufficient to cause melting in the STARFIRE design.

The two independent primary coolant loops have been incorporated in the

STARFIRE design in order to significantly reduce the likelihood of either

complete loss-of-flow or loss-of-coolant accidents.

Loss-of-Coolant Accident — A condition which is even more critical than

a loss-of-flow accident is a loss-of-coolant accident. Such an event could

result from a pipe break, an inadvertent valve closure, or a coolant tube

blockage. If the loss of coolant were due to a break in the first wall

panels, the coolant would interfere with the plasma and extinguish it. If

the break were internal to the blanket, adequate detection would be needed

to discern from which of the two cooling loops the leak was occurring, and

the plasma would have to be extinguished as quickly as possible. The blanket

module walls are not designed to withstand primary coolant system pressure,

so adequate relief valves must be incorporated into the vacuum plenum boun-

dary. The leakage must be detectable; such a break could possibly cause

tritium to escape into the reactor building and possibly into the environment

in the evant of a common-mode failure of the reactor building. The hypothe-

tical break could also occur outside of the reactor in the headers, piping,
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and valves of the primary coolant system, and even in the tubes in the steam

generator. In the event such an accident occurs within the reactor, the

reactor would have to be repaired before it could be put back into operation.

Cryogenic Liquid Helium — Liquid helium will be used for maintaining

cryogenic temperatures of the superconducting TF, OH and EF coils, and also

in the cryopumps. In the event of coil break or helium pipe break, the

liquid helium will be spilled into the reactor building, which will be

maintained at slightly negative differential pressure. Upon exposure of

liquid helium, it will flash into a two-phase vaporliquid mixture. The

presence of helium will extract the heat from reactor structures and cause

thermal strains in structures and in the pressurized water coolant piping.

Although the volume of the reactor building is large, a certain degree of

pressurization will result from the production of helium vapor and the design

must ensure that this does not exceed the design pressure of the reactor

building. Thus, spilling of liquid helium into the reactor building repre-

sents a potential cause for common-mode failure of the reactor. Furthermore,

if the superconducting coils are in operation, the loss of helium will drive

the conductor(s) normal and possibly lead to melting of coils, which in turn

could aggravate the effects of the helium spill.

Mechanisms and redundancy to prevent cryogenic failures and magnet

accidents have been employed in the STARFIRE design.

Plasma Disruption Onto the First Wall — When the plasma comes into

sudden contact with the first wall, the plasma will deposit its kinetic

energy (̂  900 MJ) on a part of the wall. Such a deposition of energy at a

very rapid rate could cause ablation of the wall coating material in a very

short time (milliseconds) over a thickness on the order of the penetration

lei sth of hot ions.

Various plasma shutdown modes have been developer t > prevent plasma

disruptions (see Sec. 21.8.2). The principal problem would be cleanup of the

water and corrosion products, even if a first wall were to fail.

Hydrogen Detonations or Explosions — Deuterium and tritium as isotopes

of hydrogen are susceptible to combustion and detonation. The typical range
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of concentrations for which hydrogen is flammable in air are from 4 vol %

(volume percent) up to 75 vol %; hydrogen detonates in air at values from

18 to 50 vol %. Thus, deuterium and tritium gas handling systems have

to be designed to prevent air in-leakage or gas out-leakage that would result

in hazardous concentrations. In order to reach the explosive limit in a

large capacity reactor building, large quantities of hydrogen isotopes would

have to be released. However, small pockets of an explosive mixture could be

formed in a confined volume immediately adjacent to a T>2 o r Tj leak. Hydro-

gen explosions represent a potential, but low probability, cause for common-

mode failure of STARFIRE.

RF Heating — A preliminary ass.Sat.ment. has been made of the biological

hazard due to the rf heating system. There should be no rf leakage unless

there is a crack in the rf plumbing. The effect of such a crack would be

readily detectable from changed system behavior. The permissible exposure

to rf waves is 10 tnW/cm . In addition, rf generation requires high volt-

ages, which produce x-rays and also presents the usual hazards associated

with high voltages.

Stored Energy in the Magnets — The amount of inductive energy stored

in the various magnet systems is quite large. The values which have been

calculated are shown in Table 21-2. (Refer to Chap. 9 for more details

about the magnets, including the safety ramifications.)

Table 21-2. Inductive Energy Stored in STARFIRE Magnet Systems

Energy Stored

TF Coils 5 0

OH Coils 1 # 1

EF Coils 1 0- 4

Combined, EF Coils and Plasma Current 10.0
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21.3 METHODOLOGY OF SAFETY ANALYSES

The safety evaluation of the STARFIRE design draws upon experience from

other technologies, such as the fission reactor industry, and upon earlier
(2 3 4 5)

assessments of conceptual fusion reactor designs. » • » At the present

time there are basically two methods of analysis employed in the safety

evaluation of fission reactors, the deterministic method and the probabilis-

tic risk assessment method. These are not really two distinct methodologies,

but rather they are complementary techniques for conducting a safety analy-

sis. Since only the deterministic method was utilized in the STARFIRE study,

it will be described in more detail.

Historically, the deterministic method of safety analysis was employed

first in the licensing of fission power reactors and it can be thought of as

the conventional method. In the deterministic method of safety analysis, the

reactor plant is first studied to identify what conditions can lead to acci-

dents that can cause harm to the public. The worst set of accidents is then

selected for detailed analysis. Analytical models are devised to represent

the accident situations. Conservative assumptions are used wherever precise

information is unavailable and whenever there is an option for the accident

sequence to branch in several directions. Therefore, the results of the

analyses tend to be upper bound estimates. Attempts are sometimes made to

determine the range of uncertainty and to thereby evaluate the degree of

conservatism in the analytical results.

The advantage of the deterministic method of safety analysis is that

it provides an evaluation of the worst situations. It has been successful in

the fission reactor industry in helping to establish a very good safety

record. The disadvantage is that the method has become somewhat formalized

in the selection and treatment of potential accidents and, therefore, does

not consider the wide range of possible accident cases of relatively low

consequence, but of relatively high probability.

21.4 BARRIERS AGAINST RELEASE OF RADIOACTIVITY

The primary sources of radioactivity in the STARFIRE reactor design

having been identified, the next step in the safety assessment methodology is

to identify the barriers which protect against the accidental release of

radioactivity to the environment.
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Tritium, because of its biological hazard potential and its mobility,

should be handled in systems designed to provide multi-barrier protection.

The greatest inventory of tritium will be contained in the storage vault, for

which there are several barriers to the release of tritium to the atmosphere.

The reactor building, including the liner, is a barrier to the release of

tritium as a result of rupture of any of the pipes, or of the main vacuum

boundary (bulk shield). Details of the tritium handling systems for STARFIRE

are given in Chap. 14.

For this portion of the report, the total tritium inventory has been

assumed to be divided into five parts:

(1) the tritium inventory in the fuel systems connected to the

fusion reactor and contained within the plasma chamber;

(2) the tritium inventory associated with the vacuum pump system and

located in the vacuum pump chamber which is separated from the

plasma chamber;

(3) the tritium contained in the tritium breeding blanket;

(4) the tritium in the tritium facility; and

(5) the tritium in the storage vault which is contained in an isolated

cell in the tritium facility.

These five parts of the tritium system are assumed to be connected by

pipes containing automatic, fast-acting isolation valves, actuated by a tri-

tium leak detection system. All tritium processing pipes and components are

designed with at least double containment walls. The tritium inventory is

housed within the reactor building, the tritium facility, and the hot cell,

all of which have leak-resistant liners.

Figures 21-1 through 21-8 illustrate the potential barriers for acci-

dental release of radioactivity to the environment. They demonstrate the

multiple barriers provided in STARFIRE to protect the public from radioac-

tivity. These barriers are discussed in the following paragraphs. Each of

the two primary coolant loops is contained entirely within the reactor

building. Thus, any leaks from the loops are into the building and not

directly to the environment.
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Figure 21-1 shows the barriers to tritium release from the tritium

breeding blanket. Breaching of these barriers can be accomplished either by

tritium permeation, or by rupture of either the primary coolant tubing or

purge system tubing. Continuous (on-line) tritium processing will be used

in the STARFIRE design, rather than batch processing. In continuous tritium

processing schemes, purge system tubing failures coupled with failures of

isolation valves could lead to tritium release into the reactor building or

tritium facility.
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PURGE
SYSTEM
TUBING

PRIMARY

COOLANT

TUBING

PRIMARY
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ISOLATION
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J
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Figure 21-1. Barriers against release of tritium from the tritium breeding
blanket.

Figures 21-2 and 21-3 show the tritium release barriers for the vacuum

chamber and the plasma chamber, respectively. Tritium will be released to

the vacuum pump chamber if a rupture occurs in the vacuum pump itself, as

indicated in Fig. 21-2. To release tritium to the vacuum chamber would

require a rupture of both walls of the double-wall piping. Isolation valves

from both the plasma chamber and tritium processing system would have to

close to preclude further tritium release into the vacuum pump chamber.

The vacuum pump chamber is designed to contain a tritium spill.

Figure 21-3 indicates that tritium can be released to the reactor

building upon rupture of any of the fusion reactor component boundaries

(e.g., vacuum chamber, tritium piping), or of the fusion reactor component

boundary plus the portion of the primary coolant boundary which is within the

reactor.
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Figure 21-2. Barriers against release of tritium from the vacuum chamber.
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Figure 21-3. Barriers against release of tritium from the reactor chamber.

The radioactivity which is induced in coolant corrosion products is

relatively mobile. Section 21.7 and Appendix G describe the impact of

corrosion products. Figure 21-4 illustrates the barriers to the release

of potential coolant corrosion products.

Radioactivity is induced over a period of time in the structural mat-

erials of the STARFIRE reactor. Even if an accidental energy release occurs

which melts or vaporizes some of the structural material (an eventuality

which does not appear to be possible), there are several barriers to the

activity that must be penetrated before it can reach the environment. Figure

21-5 shows several possibilities. One possible scenario involves vaporiza-

tion of some of the beryllium coating on the first wall by a plasma disrup-

tion, in which case the resultant activity is contained by the fusion vacuum

boundary, which is also the bulk shield. The primary coolant boundary is
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Figure 21-4. Barriers against release of activated coolant corrosion products.
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Figure 21-5. Barriers against release of activated structural material,

also a potential release path. If either of these are breached, then the

reactor building still provides retention. Another possibility is the case

shown as a dashed line, in which the primary coolant boundary is not a

barrier. Such could be the case if an energy release vaporized some part of

the non-cooled vacuum boundary.

The accidental release of radioactivity induced in the coolant is shown

in Fig. 21-6. Generally this is not considered to be a problem with water

coolant because the isotopes formed have such short half-lives, e.g. 1 6 N

(7.2 s), 1 7 H (4.2 8 ) , 19Q (29.0 s).
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Figure 21-6. Barriers against release of primary coolant activity.

The release of tritium from the tritium facility (Fig. 21-7"! is similar

to a release from the vacuum pump chamber with two exceptions. First, there

are expected to be many more components and pipes in the tritium facility

which can fail as compared to the vacuum system. Since the tritium facility

is not fully automated, the influence of human error should be evaluated.

The second exception is that the tritium breeding and recovery system will be

connected to the tritium facility via an isolation valve.
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Figure 21-7. Barriers against release of tritium from the tritium facility.
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The public is protected from the release of tritium from the storage

vault by one additional barrier as compared to the cases of the vacuum pump

chamber and tritium facility (Fig. 21-8). That barrier can be considered

to be provided by the containment of tritium as a chemical compound, from

which the release of tritium requires a chemical reaction. This barrier is

accomplished by storing tritium as a metal titride, and the vault in which it

is stored is an additional barrier.
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Figure 21-8. Barriers against release of tritium from the storage vault.

Thus, numerous barriers exist for each of the systems in which tritium

is handled in order to contain the tritium.

The radioactivity induced in structural components is not expected to be

of concern in terms of public safety, except in the highly unlikely event

that the structure is vaporized due to a very large energy release. Such a

release mechanism has not been identified and is judged to be an incredible

event

21.5 TRITIUM DOSE RATES

The details regarding the calculation of tritium dose levels for

STARFIRE are presented in Appendix F. The tritium handling design goals are

described there and in Sec. 14.5.

Chronic exposures to the public are calculated on the assumption the

intake is by inhalation and by absorption through the skin. The maximum dose

is 0.41 mrem/yr for routine releases of 5000 Ci/yr, when the releases are up
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a 100 m stack. However, since this routine emission is expected to occur

through the cooling towers, the maximum dose will be much less. Acute ex-

posures to the public due to an accidental release of up to 105 Ci (10 g) of

tritium were also determined. The maximum acute dose of 150 mrem occurs at

about 450 m from the stack. No building wake effects were considered. It

must be noted that no credit was taken for containment of the released

tritium by the reactor building. Thus, the release of 10 g outside the

reactor building is a very conservative number.

The jet effect and the effective stack height were also determined. The

plume rise was calculated and found not to be significant. Therefore, the

actual 100-m height was used. A comparison of the effects of exposure to

tritium gas and to tritium oxide (HTO or T2O) was made. In general, the

hazards due to the gas are far less, so all of the tritium is assumed to be

oxidized in order to be conservative. Various mitigating factors were sug-

gested by which the doses could be reduced.

Tritium exposures to plant personnel are also calculated in Appendix F.

Any persons going into either the reactor building or the tritium facility

are anticipated to be in anti-contamination suits. Even in an atmosphere in

which there was a maximum permissible concentration of tritium for workers

(5 uCi/m3), the dose rate to a worker without an anti-contamination suit would

only be 1.29 mrem/hr. In case of an accidental release of 10 g of tritium

while an unprotected worker was in the reactor building, the acute dose rate

would be 97 rem/hr. A similar release in the smaller tritium building would

be much higher (1290 rem/hr).

The long-term effects of tritium releases on the public are also evalu-

ated in Appendix F. Ingestion of contaminated food or drinking water in

which tritium is taken up directly or through food chain transfer is consi-

dered and found to be minor when compared to inhalation or skin absorption.

An estimate of the world-wide population dose due to tritium releases

to the environment for 100 STARFIRE-type reactors each releasing 12 Ci of

tritium per day was studied. The world dose is predicted to be from 1.05

to 1.53 man-rem/yr (which agrees with other studies).

The risks from tritium releases in transportation accidents and from

tritiated solid waste disposal were assessed and were found to be not

significant.
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21.6 ACCIDENT-RELATED DOSE RATES DUE TO STRUCTURAL MATERIALS

The induced radioactivities in the first wall and the structural mater-

ials in the breeder blanket and shield are major sources of radioactivities

in commercial fusion power plants and could produce an important contribution

to the dose~rate if they were capable of being released in an accident. How-

ever, no mechanisms were found which could mobilizs the radioactive struc-

tural materials in the first-wall/blanket other than corrosion/erosion of the

coolant passages. (The analysis of that effect is described in the following

section.) Also, no mechanism for volatilizing corrosion/errosion products

was found.

Several candidate materials have been considered, including: PCA

(primary candidate alloy), which is comparable to Type 316 stainless steel;

a ferritic stainless steel (FS-CE); and Ti-4381 (Ti-4Al-2.5V-8Sn-0.5 Si) and

V-15Cr-5Ti alloys. One of the main contributions of this portion of the

safety study relates to the use of real world alloy compositions, including

typical impurities, and the use of appropriate neutron fluxes and energy

spectra for a detailed first wall/breeder blanket design. The compositions

used in the calculations are given in Table 21-3.

The specific activities (Ci/MWth) of these alloys have been calculated

for several design conditions both during reactor operation (from 1 s to 2

yr) and following reactor shutdown (from time zero to 1000 yr). The computa-

tion for the radioactivity-related parameters, such as biological hazard

potential (BHP) and dekay B/y spectrum, has been performed by using the

RACC^ ' code in conjunction with the RACCDLIB/RACCXLIB data libraries.

(See Chap. 12 for more information on those calculations.)

The effect of different structural materials on the induced activity

is shown in Fig. 21-9 over the time period for zero to 30 days after shut-

down. The activation levels associated with the candidate structural mater-

ials at times immediately after shutdown are ordered as follows: 316 SS >

FS-CE > Ti-4381. Due to the presence of 55Fe (half life = 2.7 yr) in stain-

less steel and FS-CE, the activation levels in these structural materials

remain almost constant over the first month after shutdown. In the case

of Ti-4381, the activation decay is very slow until the most dominant radio-

isotopes of "So (3.4 day) and l*8Sc (44 h) diminish.
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Table 21-3. Structural Material Composition

Element

B

C

N

0

Al

Si

P

S

Ti

V

Cr

Hn

Fe

Co

Si

Cu

As

Sb

Ho

Ta

Density

PCA
Stainless Steel

ut-I

0.005

0.05

0.01

0.03

0.5

0.01

0.005

0.30

0.10

14.0

2.0

64.88

0.03

16.0

0.02

0.02

0.03

2.0

0.01

7

ato'i/b-cm

2.18B(-5)

1.9711-4)

j.3801-5)

5.2L4(-5)

8.4271-4)

1.5281-5)

7.3821-6)

2.9651-4)

9.2921-5)

1.2741-2)

1.7231-3)

5.499(-2)

2.410C-5)

1.2901-2)

1.49O(-5)

1.2641-5)

1.5291-5)

9.868(-4)

5.4531-10)

86

Typs

StainleE

ut-J

0.046

0.038

0.47

0.026

0.012

0.03

17.7

1.17

70.578

0.10

9.3

0.20

0.33

7.86

304
s Steel

aton/b-cn

1.813C-4)

1.284(-4)

7.«l(-4)

3.9?4(-5>

1.7721-S)

2.9651-5)

1.6111-2)

1.0081-3)

5.9821-2)

8.0321-5)

7.4991-))

!,490<-4)

1.6281-4)

Fel4Hn2N12Cr

ur-Z

0.58

0.019

0.23

0.015

0.002

2.01

14.0

81.20

1.94

7.

atom/b-cn

2.3091-3)

6.4871-5)

3.9161-4)

2.3161-5)

2.993I-6)

1.848C-3)

1.2191-2)

6.9531-2)

1.5801-3)

94

T16A14V

wt-t

0.01

0.008

0.065

6.0

0.01

89.84

4.0

0.01

0.0025

0.02

0.005

0.01

o.oos
0.01

aton/b-cc

2.2671-5)

1.555(-5)

1.1061-4)

6.0561-3)

9.6951-6)

5.1081-2)

2.1381-3)

5.2361-6)

1.2391-6)

9.7521-6)

2.3191-6)

4.2861-6)

1.4191-6)

2.294<-M

4.52

Element

C

N

C

Al

Si

P

S

Ti

V

Cr

Hn

Fe

Co

Nl

Cu

Ga

Nb

Mo

Sn

Ta

W

Density
(g/cc)

Type
Stainless

ut-I

I). 058

0.007

0.460

0.026

o.ou
0.040

16.70

1.430

64.44

0.03!)

13.90

0.060

2.340

7.86

a

2

2

7

3

1

3

1
1

5
2
1

4

1

316
Steel

;om/i—cm

.286(-4)

.3661-5)

.7521-4)

.974{-5)

.6241-5)

.9531-5)

.520(-2)

.2321-3)

462(-2)

41O(-5)

121(-2)

470(-5)

401(-3)

Type CE Ferritlc
Stainless Steel

•Jt-%

O.OSO

0.150

9.000

89.17

0.100

1.000

0.500

7.

atom/b-co

3.089<-4)

1.3651-4)

S.O25(-3>

7.4051-2)

4.992 (-5)

4.834(-4)

1.261(-4)

70

V15cr5Ti

0.02

0.05

0.05

0.004

0.03

0.01

5.00

79.794

15.00

0.01

0.001

0.01

0.0025

0.008

0.003

0.0075

atom/b-co

6.1181-5)

1.3111-4)

1.1481-4)

5.447(-6)

3.924C -5)

1.1861-5)

2.8351-3)

5.7541-2)

l.060(-2)

6.5781-6)

6.258(-7)

5.270C-6)

4.996(-7)

3.1641-6)

1.149(-6)

1.523(-7)

6.10

Ti4A12.5V8SnO.5Si
(Ti-4381

VJt-I

0.01

0.008

0.065

4.0

0.5

84.9

2.5

0.01

0.0025

0.02

0.005

0.01

0.005

8.0

4.

aton/b-en

2.267C-5)

1.555<-5)

1.1061-4)

4.0381-3)

4.848(-4)

4.8251-2)

1.3361-3)

5.2361-6)

1.239(-6)

9.7521-6)

2.319<-6)

4.286(-6)

1.4191-6)

1.835(-3)

52
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i-igure 21-9. Eiiecc of structural materials on induced radioactivity.

In addition to the effect of structural materials on reactor activation,

the effects of different potential breeding materials and different coolants

were investigated. The influence of breeding materials and of coolants on

reactor activation was determined to be minor in comparison with that of the

structural material.

The atmospheric dispersion of structural material was examined for an

accident based on a short-term uniform release from a point source. This

simple type of model was utilized to compare relative external doses due

to the candidate alloys. The materials as corrosion products were assumed to

have been partially mobilized by a hypothetical reactor accident, to leak

from the reactor into the reactor building, leak out of the reactor building,
(8)

and to then be dispersed in a Gaussian plume. Regulatory Guide 1.4

methodology and worst case conditions (such as Pasquill Type F, averege

wind velocity of 1 m/s, and .. ground-level release) were used. Long-term,

ingestion-type effects were not included.

It was assumed that, because of the natuie of the reactor design and the

driving forces that would be involved in accident scenarios, the release

fraction of structural material into the containment would be only 0.001% of
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Che structural material activity based on the assumption that corrosion

product release is the pathway (see Sec. 21.7 and Appendix 6). The leakage

rate from the reactor building ia assumed to be 0.1 vol Z/day for the post-

accident pressurization condition.

The relative external doses due to structural material are shown in Fig.

21-10. These doses are based on extremely conservative assumptions and are

for ground-level exposures at the centerline of the plume.

The NRC guideline is 20 rems whole-body dose in 2 h following an acci-
(81

dental release of radioactive material/ This guideline translates to an

average value of 2.78 mrem/s which is more than two orders of magnitude

higher than the highest doses shown in Fig. 21-10. This is one of the values

used to establish the tentative exclusion radius at the construction permit

stage; 25 rem is used for the final determination of the exclusion boundary

at the operating license stage.

A comparison of the dose due to all accidental releases at one day after

shutdown was compared to the reference case of one hour after shutdown. The

difference was insignificant (less than 5%).
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Figure 21-10. Comparison of candidate structural materials on the relative
external dose from plume versus distance.
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The results indicate that Type 316 stainless steel (or PCA), Ti-4381,

and ferritic stainless steel (CE) yield approximately equal doses. Thus, the

primary structural alloy (PCA), which is a modified Type 316 stainless steel,

was adopted as the reference structural material for STARFIRE. (See Chap. 9

and Appendix E for more details regarding PCA.) The possibility of reducing

the long-term activity by elemental or isotopic tailoring is discussed in

Sec. 12.2.

The preceding results are based on the assumption that 0.001Z of the

structural material activation products in the form of corrosion products

were accidentally released into the reactor building. This does not

mean that those amounts are expected to be released. The exercise was done

in order to compare the effect of different structural materials from this

particular standpoint. Even with these conservative assumptions, the re-

leases and calculated doses are far below current limits.

21.7 CORROSION PRODUCTS IN THE PRIMARY COOLANT LOOP

Since the corrosion products in the primary coolant loop have been

identified as the most likely means by which activated structural material in

the STARFIRE reactor could be released into the reactor building in the case

of a hypothetical accident, the nature of the corrosion products was studied

in detail. An evaluation of the importance of corrosion products in the

STARFIRE primary coolant is presented in Appendix 6. Included in that dis-

cussion are the appropriate water chemistry conditions, necessary control

equipment, and the associated corrosion product inventory and distribution.

Although the data base for water corrosion of reactor materials is generally

more extensive than for any other potential fusion reactor coolant, some

information is still lacking. The influence of strong magnetic fields on the

corrosion process was addressed and was determined to be minor provided that

proper water chemistry conditions are maintained.

The proper water chemistry operating conditions were determined to be as

follows: pH25.c ̂  9.5; 02 * 5 ppb; H2 = 5 ppm; LiOH * 0.22 - 2.2 ppm of
 7Li;

and boric acid - 0 - 1500 ppm boron. The STARFIRE optimum conditions are

similar to those for pressurized water reactors.
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In Appendix 6 the activity levels in the coolant and tub" wall deposits

are determined, and the corrosion product transport is modeled. The total

potentially releasable corrosion products from a loss of coolant accident

(LOCA) are estimated for three different cases. The upper bound release

estimate is obtained by assuming that the coolant in one of the two indepen-

dent primary coolant loops, as well as the entire outer surface oxide layer,

is released during a LOCA into the reactor building. The mass of corrosion

products involved would be 44 kg, and the associated activity would be 32,000

Ci. This corresponds to < 0.001% of the total blanket radioactivity inven-

tory. It is difficult to determine what fraction of the mobilized corrosion

product material could reach the environment by leaking from the reactor

building; however, deposition and settling should decrease the material by

about a factor of 10. Thus, the maximum corrosion product release to the

environment is probably < 0.0001% of the blanket activity inventory.

21.8 ENGINEERED SAFETY FEATURES

As the conceptual design of STARFIRE progressed, a number of decisions

were made in an attempt to reduce or eliminate various safety problems. The

most important of these decisions was to use a solid lithium compound as a

tritium breeder, in order to gain the perceived safety advantages of solid

lithium compound breeders as compared to liquid lithium. The major safety-

related decisions are tabulated in Table 21-4, together with the principal

reasons for the choices made. Several of the most important safety features

are discussed in the following sections.

21.8.1 Inerting the Reactor Building Atmosphere

If air were used as the atmosphere in the reactor building of STARFIRE,

it would become activated due to the production of ^ C , 1 6N and lflAr. The
1>*C and 16N are due to (n,p) reactions with llfN and 1 60, respectively, and

the Ar comes from radiative capture, i.e-. (n,Y) reaction, with Ar.

Candidate gases for the reactor building atmosphere were helium, nitrogen

and carbon dioxide. Helium was eliminated from consideration based on the

mass that would be needed (y 30 tonnes) from this resource limited material,

the associated expense (which is expected to increase with time), and leakage

problems.
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Table 21-4. Safety-Related Decisions or Conclusions

Safety Issue

Tritium

Ob.1ective(s)

3T

Activation
Products

Magnetic
Fields

Stored
Chemical
Energy

Fully Remote Maintenance

Double-Walled Piping on Helium Purge
Lines

Atmospheric Tritium Recovery (ATR) System

Tritium Cleanup System on Primary Coolant

Leak-Resistant Liner on Reactor Building,
Tritium Facility and Hot Cell

100-n Stack

Litniter/Vacuura System

Vacuum Duct Design

Liroiter/Vacuum System

Materials Selection for Bulk Shield

Fully Remote Maintenance

Reactor Building Wall Thickness

100-ra Stack

Inerting the Reactor Building with CO

Emergency Plasma Shutdown System

Series Connection of TF Coils

Coil Protection System Has Been Developed

Plasma Disruptions

TF Coil Discharge

Unscheduled Poloidal Field Discharge

Fringing Field

Arcing Within a Coil Or To A Coil Case

Solid Breeder (LiA102)

Water Coolant

Dual Primary Coolant Loops

Residual Heat Removal System

- Minimize

- Minimize Worker Exposures

- Reduce Leak Potential

- Reduce T in Atmospheres of
Reactor Building, Hot Cell and
3T Facility

- Reduce T Permeation to
Secondary Loop

- Reduce T Leakage

- Better Dispersion in Case of
a Leak or Accidental Release

- High Burn Fraction, Lower 3T
Requirement

- Minimize Activation

- Minimize Activation

- Reduce the Long-Terra Activity

- Minimize Worker Exposures

- Designed for both Biological
Shielding and LOCA Overpressure

- Better Dispersion in Case of
an Accidental Release

- Minimize the Activity in Build-
ing Atmosphere

- Minimize Plasma Heating During
Coolant Accident Conditions

- Equal Currents in all TF Coils

- Dump Resistors Between Each Coil
- Maximum Voltage 2.5 kV
- Maximum Temperature 150 K

- Currents and Forces in First Wall
are Tolerable

- TF Coils Do Not Quench

- Maximum Induced Pressure on
First Wall *7 psi for a Design
Discharge Time of 20 Minutes

- <L30 pai for an Assumed Dis-
charge Tine of 1 Minute

- Forces « TF or Plasma
Disruption

- Due to Poloidal Coils is 200 G
at Inner Side of Reactor
Building Wall

- Due to TF Coils is 10 G at Same
Position

- Proper Design and Construction
Must Preclude

- Minimize Chemical Energy
Compared to Liquid Lithiun

- Minimize Chemical Energy
Conpared to Liquid Metals

- Lower Building Overpressure
Than One Loop

- To Dissipate Long-Term Residual
Decay Heat

- Can be Used to Provide
Emergency Cooling
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Calculations were made to determine the activity levels in CO2 and

N2 compared to air. These are plotted on Fig. 21-11 as a function of tine

after startup and then following shutdown. As can be seen from the curves,

only C02 decays to favorable levels after reactor shutdown. Air and N2

both remain highly radioactive due to the presence of lhC. The maximum

permissible concentrations (MPCs) shown on the figure are those for the

general public; the MPCs for workers are somewhat higher.
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Figure 21-11. Atmospheric activation inside the reactor building.
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Inerting the reactor building with C02 offers several advantages. Hie

possibility of a hydrogen fire or explosion would be reduced, as would the

possibility of a fire due to other combustible sources. Production of ll*C

and lflAr would be reduced. In addition, some components would last longer,

building inleakage should be easier to detect, and tritium removal from the

CO2 should not be a problem. The main disadvantages are that some components

might have to be modified to operate properly, and there would be the added

cost of the required CO2 gas itself.

21.8.2 Emergency Plasma Shutdown System

A system has been incorporated into the STARFIRE design which is capable

of quickly terminating the plasma. The system consists of an interruptible

switch which is a variable dump resistor capable of dissipating 10 Gtfe,

and the associated instrumentation and controls. There are safety advan-

tages associated with STARFIRE being designed as a high Q, but slightly

sub-ignition steady-state reactor (unlike an ignited ohmic machine where

the pulse may continue to completion) since shutting off the rf drive to

the plasma will terminate the burn. Normal shutdown of the plasma takes

approximately 24 minutes and is the method used prior to scheduled main-

tenance.

There are basically three different emergency shutdown modes, as dis-

cussed in Sec. 6.3.2. When a small leak or some impending failure is

detected, the plasma can be terminated in the "rapid" shutdown mode in three

seconds without causing a plasma disruption. In the event of a major acci-

dent, such as a coolant line rupture, the plasma would be terminated in *v» 100

ms using the "abrupt" shutdown mode. This "abrupt" mode Involves initiating

a plasma disruption whenever the urgency of certain situations is considered

to warrant it. A third emergency shutdown mode is the "ablative induced"

mode which occurs naturally if a hot spot forms on the first wall. The

beryllium coating is ablated and causes the plasma to cool by radiation from

excess impurity ions and electrons. This inherent mechanism causes the

plasma to shut down in ̂  0.5 s, and should preclude the possibility of

melting the first wall due to plasma interaction.
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21.8.3 Reactor Building Overpressurization Following a LOCA

The overpressurization of the reactor building resulting from a primary

coolant LOCA was estimated on the basis of the similarities of STARFIRE

coolant pressures and temperatures to those of present-day pressurized water

reactors. For STARFIRE the reactor building volume is 2.55 x 105 m3, and

the coolant volume in each of two primary loops is 250 m3. The decision to

locate the steam generators in the reactor building was based on safety

considerations, e.g., fewer penetrations, larger building volume. Based on

the scaling of a number of LWR accident scenarios, the differential pressure

on the STARFIRE reactor building walls would be ̂  70 to 100 Pa (10.5 to 15

psig) depending on the location and nature of the coolant system break.

Generally it is conceded that if a break occurs, especially in one of the

coolant legs between the reactor and the steam generator, the entire inven-

tory of one of the two loops will escape into the reactor building within 20

to 200 seconds. The two primary coolant loops in STARFIRE are designed to be

independent.

The principal difference between the overpressurization of a LWR (typi-

cally *> 414 Pa or 60 psig) and STARFIRE relates to the larger volume of the

building selected for the fusion device. The STARFIRE reactor building will

also have post-accident building isolation and internal heat removal systems,

similar to LWRs. One engineered safety feature which should not be needed

for fusion is a building spray system which is incorporated in LWRs to remove

iodine from the building atmosphere and to limit pressures following a LOCA.

21.9 LICENSING CONSIDERATIONS

Since fusion power development is still undergoing both scientific and

engineering demonstration, the types of anticipated licensing considerations

and the extent of imposed regulatory requirements on a tenth-of-a-kind

commercial fusion power plant are subject to varied assumptions. Distinct

characteristics inherent in a fusion reactor, including a lack of fission

products and actinides, and an absence of the potential for runaway nuclear

reactions, strongly suggest that the commercial application of fusion power

may avoid a lengthy and complicated licensing process.
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Several licensing considerations have been identified including the

following:

1. A federal regulatory agency (or group of agencies) will be empowered

to protect the safety of the public beyond site boundaries, to

protect the safety of plant operating personnel, and to ensure

minimum adverse environmental impact.

2. Such a federal regulatory agency will perform an in-depth review of

the owner's application for aspects of site, design, construction,

and operation.

3. Regulatory requirements can be expected to reflect the inherent

public safety advantages of fusion. This action, in turn, should

lower the plant design and construction costs, as well as reduce the

overall project schedule, including licensing.

4. The future fusion application format will be a modification of the

review requirements presently mandated for fission projects.

5. Presently known problems concerning such aspects as tritium, radia-

tion damage to materials, remote maintenance, biomagnetic effects,

ultimate solid radwaste disposal, and other problems yet to be

detected will have been either resolved or controlled in some

realistic manner. Such an assumption is fundamental to a mature

fusion industry.

21.10 ENVIRONMENTAL IMPACTS

No method of producing power on a commercial scale is without some

environmental impact and risk to society. However, it is felt that fusion

will reduce the adverse effects and potential impacts to very low levels.

The STARFIRE design should be representative of D-T fueled tokamak power

plants in terms of environmental impacts.

The key environmental issues are tabulated in approximately their order

of importance in Table 21-5. As usual, it is sometimes difficult to dis-

tinguish between safety issues and environmental issues. The first three

issues have previously been discussed either in this chapter or in Chap.

9 through 12. The fourth, resource requirements, is addressed in Appendix C.

The other issues listed were not specifically addressed in this study.
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Table 21-5. Potential Environmental Impacts of STARFIRE

1. Radionuclide releases (routine and accidental)
2. Radioactive waste transportation and disposal
3. Magnetic fields
4. Depletion of natural resources
5. Land use
6. Heat releases
7. Socio-economic
8. Chemical releases
9. Liquid releases
10. Gaseous releases
11. Solid waste disposal (nonradioactive)
12. Sanitary wastes
13. Noise
14. Vibrations
15. Odors
16. Aesthetics

The Magnetic Fusion Energy Environmental Project Group at Oak Ridge

National Laboratory has worked closely with the STARFIRE project team and

will be performing a general environmental assessment of fusion with STARFIRE

used as a reference design. The group is expected to investigate a number of

these other issues as a part of that assessment.
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22.1 IHTRODOCTION/SUMMARY

In order for a fusion reactor to become a commercially attractive power

source, three criteria have to be satisfied and demonstrated. First, the

performance and reliability of the new technologies associated with fusion

will have to be proven to the degree of commercial practice. Secondly, the

safety and the environmental impact of the fusion process and fuel cycle will

have to be more attractive than alternative energy systems. Finally,

the economics of a fusion power system have to be competitive with that of

other energy systems. The purpose of this study is to develop a conceptual

design that can be used to assess how well fusion can meet these criteria.

The first two criteria have been discussed in the previous chapters. This

chapter on Economics will estimate the capital costs associated with the

developed design and assess how this conceptual design of a fusion power

plant will compete in the energy marketplace.

The cost estimate of STARFIRE will be specific to this system, reflect-

ing the unique groundrules applied to this study. However, it is expected

that the study results can be used to assess the economic trends of any

tokamak fusion concept. When comparing this estimate to an estimate of any

existing power plant, it should be emphasized that this study is a precon-

ceptual design with some subsystems not fully developed or defined. In these

subsystems, the cost estimates were determined with implicit design allow-

ances to account for the lack of complete definition. Fortunately, many of

the balance of plant and heat transport systems are similar to the PWR

systems and this enhances "-he cost credibility. The direct capital costs

associated with the reactor plant equipment, the balance of plant equipment,

land and all the related structures and site facilities, were estimated based

upon supplier quotes, historical data and analogous systems. The indirect

costs related to construction are assessed based upon DOE recommendations

with modifications specific to this design. Time related costs account for

both interest and escalation during construction. The annual costs include

the annualized capital cost, the operations and maintenance costs, the fuel

costs and any scheduled component replacement costs. Given these costs along

with the plant capacity (net power output) and the plant availability, the

busbar energy cost is determined. These costs are presented in both constant
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year 1980 dollars and then - current year dollars, which represents a nominal

facility cost for the first year of operation.

This chapter will define the economic guidelines and assumptions used in

the study and a. 1yses. The key design, performance and operational features

will be discussed as to how they impact the economics of the overall system.

The rationale for key design choices is discussed in Chapters 2 and 5. The

capital cost accounts, which follow the DOE guidelines and provide a uniform

evaluation tool, will be presented, noting any unique STARFIRE modifications.

Following this, the estimated capital costs are discussed highlighting any

significant influencing factors or components.

The total direct and indirect costs are summarized in Table 22-1 for

both 1980 constant year dollars and 1986 then-current dollars. Table 22-2

shows the total busbar energy cost for the fusion generated energy. These

values are higher than are currently being projected for new fission plants,

but STARFIRE fusion power plants will become competitive as the cost of

fissile fuel continues to escalate compared to the negligible cost of the

fusion fuel. Section 22.8 and 22.9 will center on the comparison of the

STARFIRE power plant economics and competing energy systems.

22.2 ECONOMIC GUIDELINES AND ASSUMPTIONS

To assure a consistent, uniform and complete economic evaluation of

STARFIRE, the DOE guidelines as outlined in "Fusion Reactor Design Studies -

Sta.i>*ard Accounts for Cost Estimates," were adopted to the maximum

extent. This will assist in evaluation of STARFIRE in a consistent manner

with respect to alternate energy systems. To ensure that all data is consis-

tent and easily comprehended, the study guidelines will be defined in the

following subsections. These guidelines apply both to design and economic

analyses. All costs quoted in this report will be 1980 year dollars unless

c fined otherwise. It is assumed that the user of the power plant will be an

investor owned utility.
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Table 22-1. Summary of STARFIRE Capital Costs

20

21

22

23

24

25

26

91

92

93

94

95

Cost Account

Land and Land Rights

Structures and Site Facilities

Reactor Plant Equipment

Turbine Plant Equipment

Electric Plant Equipment

Misc Plant Equipment

Special Materials

Total Direct Cost

Construction Facilities, Equip & Services

Engineering and Constr Mgmt Services

Other Costs

Subtotal

Interest During Construction

Escalation During Construction

Total Capital

Cost/Generating Capacity

($/kWe)

Level of Technology

1980

Constant

276.70

0.00

2400.27

2000

Cost ($M)

3.30

346.58

968.62

249.68

117.28

40.77

0.25

1726.48

172.65

138.12

86.32

2123.57

1986

Then-Current

671.69

402.63

3197.89

2665

The design philosophy of STARFIRE was to adopt the current state-of-the-

art technology for all BOP systems except where incorporation of specific

advances in technology will enhance the performance, schedule and/or cost of

STARFIRE. An example is the use of three stages of moisture separation for

the steam turbine rather than the current practice of using one stage. This

improves the turbine cycle efficiency from 34 to 36%. In the STARFIRE

construction time-frame, it is likely that this improvement would be a
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Table 22-2. Total Busbar Energy Cost

Annualized Cost of Capital

Operations and Maintenance

Scheduled Component Replacement

Fuel

Total Annual Cost

Annual

1980

Constant

240.03

19.41

17.36

0.33

277.13

Cost ($M)

1986

Then-Current

479.68

26.01

23.26

0.44

529.39

Cost of Electricity

(Mill/kWh)

35.1 67.1

then-current technology. Another example is the use of multiplex cabling and

distributed microprocessors to reduce schedule constraints and system costs.

Most of the BOP systems represent current PWR technology, specifically the

steam generators, Turbine and Electric Plant Equipment, condensing and heat

rejection equipment and most of the Miscellaneous Plant Equipment. The

Reactor Building, albeit unique, represents current construction practices

and should present no difficulty. All other buildings are considered to be

of conventional design.

In the reactor plant equipment, there exist three levels of technology.

The first level is that which represents the technologies which have been

demonstrated on a commercial power plant. Typical of this level is the

Primary and Closed Coolant Systems, power supplies, portions of the Radioac-

tive Waste Treatment and Disposal system and most of the Other Reactor Plant

Equipment. The second level of technology is represented by technologies

which have been demonstrated in existing power plants, but the application,

design and/or configuration is new or unique. This level is only a modest

extrapolation of the existing state of the art. Examples of this would bo

elements of the shielding, the Primary Structure and Support, the Residual
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Heat Removal System, the Atmospheric Tritium Recovery System, elements of the

maintenance equipment, special heating systems, inert atmosphere system and

reactor I&C system. The third level of technology has not been demonstrated

in commercial power plant design, but have been commercially demonstrated in

other industries. By the time STARFIRE is to be constructed, all these sys-

tems will have been commercially demonstrated in power plants. This class

would be representative of the first wall/blanket/limiter systems, the

superconducting coils, rf power amplifiers, waveguides, circulators, large

cryopumps, ECRH system components, cryogenic cooling, tritium processing and

storage and special remote maintenance equipment.

Another aspect of the level of technology involves the design and

operational philosophy of remote maintenance. This philosophy rfill require a

reevaluation of current power plant design criteria, procurement procedures

and operational practices. Designs will have to be modified or redesigned

for modular replacement and tighter control will have to be enforced on

specifications and interchangeability of parts. This will be an evolutionary

change in the power industry but it will be necessary in the future.

In all of the foregoing discussions, it was implied that STARFIRE is not

the first of a kind tokamak fusion power plant. Specifically it has been

assumed that STARFIRE is the 10th of a kind tokamak fusion power plant of

a specific design technology and all systems have been thoroughly proven.

Thus no equipment R&D costs are included and the equipment are costed with

learning curves applied. Engineering and Construction Management Services,

(Cost Account 92), will be reduced to a degree to reflect the design stan-

dardization of the reactor and BOP. No tooling costs will be included in the

cost estimate as all initial tooling will have been amortized over the

previously constructed fusion power plants.

Learning curves will be applied to the cost estimates for STARFIRE. The

learning or experience curve is a concept which reflects a cost reduction

of a product through experience as the manufactured quantity increases. This

learning curve is usually charted by comparing the unit cost after a doubling

of the production quantity. So, an 85% learning curve would mean the cost of

the 4th unit produced would be 85% the cost of the second unit, and so on.

The percent of learning is directly related to the degree and complexity of
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the labor involved in the process compared to the total product cost. In the

STARFIRE estimate, no further learning will be assumed, i.e. learning curve -

100%, for all large, common material purchases (such as 304SS, aluminum and

graphite). Materials required for STARFIRE, which may create demand or

influence marketable quantities (such as NbTi, Nb.Sn, or B.C), will be

costel using a learning curve of 98%. Systems which have a small labor

requirement, (i.e., power supplies, amplifiers and electronics), will be

estimated at 95% learning. The more labor intensive systems, such as

first wall/blanket modules, turbines and tritium processing equipment, will

be costed at 85% learning. The actual cost reduction also depends upon the

quantity of the components, units or systems produced prior to the tenth-of-a

kind STARFIRE reactor. Most cost estimates from the subsystem designers for

unique systems will be in the form of a first-of-a-kind unit costs. In the

case of magnets, twelve TF magnets would be required for each reactor. This

would result in at least 108 TF magnets of a specific design would have

been purchased prior to this estimate. In this case, with a 90% learning

curve, the block average cost would be roughly one-half the first unit

cost.

BLOCK AVERAGE COST = (1st Unit Cost) X (109ln'9/ltl2 + 12Q
ln-9yfln2)

2

= (1st Unit Cost) X (.487)

With systems which exist and for which new designs are not required, the cost

would be based on an existing production base and the cost reduction would

not be as great.

Illustrative Example: Cryopanel vacuum pumps

Cost estimated on 1000th unit (C100{))

Estimated learning curve = 85%

Quantity required for each reactor = 48

BLOCK AVE COST - ClQQQ X (1433ln-85/ln2 + 1480ln.85/ln2j

1OQOln.85/ln2

C1000 X
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22.2.2 Reference Site

The reference site chosen for the STARFIRE study is in concert with the

DOE recommendations delineated in Reference 1. The site is near the ficti-

tious midwestern town of Middletown (population 25,000), adjacent to the

"North River". For actual labor and material costs, Kansas City, MO was

chosen for specific values. The site size was assumed to be 1000 acres with

the cost per acre to be $3000 (1980$). The North River will provide access

for barge shipment of large equipment and provide sufficient water for the

necessary plant requirements. The seismic requirements have been upgraded to

a Zone 2 so the design would be acceptable in approximately 95% of the land

area of this country. All other reference site recommendations were adopted.

22.2.3 Design Allowance, Contingency and Spare Parts

Design allowance is a method of accounting for the cost differences

between a technically immature design, upon which the cost estimate was based,

and the final mature design. The STARFIRE cost estimate assumes that the

Structures and Site Facilities and the Balance of Plant, Accounts 21, 23, 24

and 25 (see Sec. 22.4 for more detail), are sufficiently well developed in

the fission industry and are well enough understood in concept not to require

any design allowance. This is in agreement with Ref. 2, Appendix A. The

Reactor Plant Equipment, Account 22, incorporates mainly new equipment and

thus requires a design allowance. Contrary to Ref. 2, the approach of using

a fixed allowance of 10% was not incorporated. Instead, each subsystem was

analyzed as to its degree of technical and production maturity of the design.

Based upon this an appropriate design allowance was levied.

Contingency allowance is an amount added to an estimate to account for

the difference between the sum of individual items estimated and the total

amount that is reasonably expected to be spent, considering the degree of

uncertainties in the estimated quantities, prices, labor productivity, etc.,

embodied in the estimate details. This contingency allowance is intended to

reduce the risk of an overrun. The STARFIRE estimate uses the recommended

value of 15% for Accounts 21, 22, 23, 24 and 25 from Ref. 2.
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A power plant should have a supply of spare parts on hand in inventory

in order that the plant be quickly put back into operation in the case of

breakdown. Spare parts do not include equipment that is permanently con-

:cted in the systems for redundancy. The spare parts should be considered

capital cost items that are held in reserve for unexpected breakdowns or

scheduled maintenance actions. If lead times are unusually long, then the

spare parts inventory should be increased to assure adequate supplies.

The spare parts allowance is assumed to be a percentage of the direct

cost of installed equipment. The adopted spare parts allowances from Ref. 2

are:

Cost Account

21, 22, 23

24

25

Others

Spare Farts Allowance

2X

4%

3%

0%

Any costly component that requires a spare inventory will be separately

identified. Section 22.5.3.16 will detail the major items identified as

spare parts in the Reactor Plant Equipment. These major items are additive

to the standard allowances given previously.

22.2.4 Indirect Cost Allowances

The indirect cost allowances are expenses resulting from the support

activities required to design, fabricate, assemble and checkout the entire

power plant. The three major accounts are Construction Facilities, Equipment

and Services (Account 91), Engineering and Construction Management Services

(Account 92) and Other Costs (Account 93). For further detail as to specific

items included, in each account, see Sec. 22.4.

Account 91, Construction Facilities, Equipment and Services will be

somewhat different from fission plants in that more modular plant equipment

is planned with assembly and major checkout being conducted off-site. These

preassembled modules will be much larger than most fission components with

the exception of the PWR pressure vessel. It is felt that a reasonable

approach to the cost estimate of the Construction Facilities, Equipment and

Services is to adopt an allowance of 10% of the total direct cost. This
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approach was selected because the plant size and power output is only

slightly larger than a current PWR while the estimate is being scaled as a

percentage of the direct cost which is considerably larger than the direct

cost of a current PWR power plant. Host of the high cost items (magnets,

blanket or shields) require very little handling and no field construction.

Engineering and Construction Management Services (Account 92) consists

of the expenses for reactor and plant engineering and construction management

services. The STARFIRE design philosophy of applying the current and envi-

sioned power plant technology will certainly reduce the required engineering

for the BOP and the heat transfer and transport systems of the reactor. Also

the 10th of a kind reactor will require reduced engineering services. The

only engineering services being considered are those supportive to require-

ments which are: 1) site specific, 2) utility specific, 3) new regulatory

guides and 4) design improvements. The construction management services will

be eased somewhat due to familiarity with the PWR systems and the nine prior

fusion systems. Offsetting those advantages is the management of construc-

tion of a much larger reactor building, the handling of large and expensive

equipment and coordination of more complex tasks. Based upon the above

considerations and the capital intensive cost base, it was concluded that

costs for Account 92 could be represented by a factor of 8% of the Total

Direct Capital Cost.

Other Costs (Account 93) involve the taxes and insurance, staff training

and plant startup and owners G&A. Most of these items scale directly with

the direct capital expense and therefore the STARFIRE estimate will adopt the

recommended 5% of the Total Direct Capital Cost.

22.2.5 Time-Related Costs

Time-related costs are incurred because the fabrication, installation,

construction, checkout and startup occur over a finite period of time. These

expenses are related to the opportunity cost of money and the changes in the

purchasing power of the dollar with respect to time. Account 94 represents

the allowance for funds used during construction (AFDC) or interest during

construction (IDC) and is the expense of the interest charges of financing

the debt, the charges on the equity (common stock) portion of the financing
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and any administrative charges on the financing. The interest during con-

struction is determined by three elements; the total direct and indirect

capital cost of the facility, the time distribution of the capital expendi-

tures and the aggregate interest rate on all financing charges. The direct

and indirect costs are estimated using present 1980 year dollar price levels.

The time distribution of the capital expenditures is dependent upon the

construction schedule, the construction techniques, the material and equip-

ment purchases and progress payments and the checkout and startup schedule.

A preliminary analysis was completed which assessed the time-phased expendi-

tures for the land and land rights, the structures and site facilities, the

reactor plant equipment, the BOP equipment, construction facilities, equip-

ment and services, reactor and plant engineering and other owner costs

considering the initial construction phases, the reactor and BOP equipment

assembly, checkout and plant startup. The findings were very similar to the

cumulative capital expenditure curve in Ref. 1 which shows 50% of the

cost is incurred at 60% of the elapsed construction time. The STARFIRE data

tended to show an earlier midpoint expenditure due to earlier progress

payments and a one year checkout/startup phase. If the checkout/startup

phase is shortened with more construction and assembly being accomplished in

this period, the payout schedule would be very similar. Also in the then-

current dollar analysis mode, any reduction in interest charges due to

expenditure shifts tends to be offset by the escalation effects. Therefore

the expenditure pattern in Ref. 1 will be adopted, see Fig. 22-1.

The aggregate interest rate is representative of a privately owned

utility. The following assumptions are used as a basis for determining

the cost of capital.

o Utility is investor owned

o Capital structure is 53% debt financing and 47% equity (common
stock) financing

o Nominal cost of debt financing is 8% per year

o Nominal cost of equity financing is 14% per year

o Power plant economic lifetime is 30 years with no salvage value

o Cost escalation and general inflation is 5% per year
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Figure 22-1. Fusion power plant expenditure pattern.

Given these assumptions, the nominal cost of capital is 10% per year and

the real (deflated) cost of capital is 5% per year.

Two modes of economic analysis are utilized in this study. The first is

a "constant dollar" mode which assumes the purchasing value of the dollar

remains constant over time. This constant dollar analysis will express the

cost in 1980 year dollars. The inflation is assumed to be zero and the cost

of capital is 5% per year. The second analysis is the "then-current dollar"

mode which assumes the purchasing value changes over time (inflation is non-

zero). In this mode, the cost of capital is 10% per year and the escalation

is 5% per year. Figure 22-2 illustrates how interest and escalation are

additive to the direct and indirect cost of capital. The specific values

assumed foe interest and escalation have been standardized for compari-

son purposes with other fusion studies and are not intended to reflect
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Figure 22-2. Comparison of constant and then-current analyses.
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present real world interest and inflation fluctuations. All costs reported

in Accounts 20 through 26 and 91 through 93 are presented in 1980 dollars

and all effects of cost of capital and escalation during construction are

reported respectively in Accounts 94 and 95 as factors of total direct and

indirect costs. The then-current dollar analysis mode is essentially a

nominal first year facility cost, with escalation only computed during

construction.

Great care should be exercised when comparing the cost of STARFIRE to

that of other energy sources. Key factors involve the cost basis of the

estimate (usually the start of construction), the length of construction, the

basis for the cost of capital and escalation, and the presentation mode of

the facility economics (e.g. constant, then-current, or levelized). Any new

energy source, starting construction now, will certainly cost more than an

existing energy source due to the real world inflation. Therefore any

comparison should only consider new starts on alternative energy sources.

22.3 KEY DESIGN, PERFORMANCE AND OPERATIONAL FEATURES

There exist several key features of a power plant which directly

influence the capital and operations1 cost of the facility. Section 22.2 has

been discussing some of the economic and financial features and this section

will discuss the design, performance and operational features of economic

importance. It is felt that it is necessary to highlight these features to

gain insight into economic implications inherent to the selected baseline

features of the STARFIRE. The selection of the design point was preceded by

a series of economic trade studies by ANL and MDAC on several key design

parameters discussed in Chap. 5. Table 22-3 lists some of the major design,

performance and operational features that have a significant effect on the

power plant economics.
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Table 22-3. Key Design, Performance and Operational Features

o Tenth of a Kind of a Specific Design Technology

o Steady State Operation

o Enhanced Maintenance Access

o rf Heating and Current Drive

o Limiter/Vacuum Impurity Control System

o Stainless Steel First Wall and Blanket Structural Material
2

o Average Wall Loading of 3.6 MW/m

o Reactor Thermal Power Output of 4000 MW

o Pressurized Water Primary Coolant

o No Intermediate Coolant Loop

o High Efficiency Steam Turbine - Generator

o High Plant Availability

o Low Fuel Cost

The overall design philosophy of STARFIRE reflects that it is not the

first of a kind or demonstration fusion power plant, rather it represents the

product of a mature fusion energy industry, namely the tenth of a specific

design technology. Several features incorporated into STARFIRE reflect this

concept, such as the steady state operation, enhanced maintenance access, rf

heating in place of neutral beams and limiter/vacuum impurity control system.

These features have not yet been throughly demonstrated, but they have been

shown feasible and would be typical of the design features to be found on a

mature fusion power plant. The steady state operation relieves some of the

system fatigue problems and increases the system reliability so necessary for

commercial operation. Steady state operation also eliminates the need for

thermal and electric energy storage. Commercial operation also requires

adequate maintenance access and provisions sometimes not provided in experi-

mental devices or demonstration machines. The STARFIRE design consciously

incorporated wall/blanket sectors which were accessible and maintainable, did

not intertwine superconducting coils, provided adequate space around the

reactor for access for maintenance equipment and designated hot cells for

wall/blanket disassembly and refurbishment. All of these factors increased

the capital costs, but they are necessary to have a credible commercial

design. Another factor in maintenance which had a pronounced effect on the
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system economics is the decision to have fully remote maintenance in the

reactor building and hot cells. This decision anticipates that the nuclear

regulatory environment will result in this becoming a requirement by the time

fusion becomes a commercial reality. Remote handling is currently undergoing

rapid development and it is anticipated that the necessary equipment has been

developed and is being utilized.

The incorporation of rf heating in place of neutral beams and the

limiter/vacuum impurity control in place of a magnetic divertor was based

upon design simplification, enhanced maintainability and improved perform-

ance. A side benefit was also that the systems are less expensive than the

alternatives.

It has been shown that tokamak reactors exhibit an economy of scale;

i.e. larger power reactors have lower cost of energy. However, three consid-

erations important to the utilities limit the desirable power rating of a

plant. The first is the difficulty of raising the capital for larger power

plants. The second relates to the cost of reserve electric power capacity

that the utility must provide to compensate for scheduled and unscheduled

outages in addition to the impact on the grid of an unscheduled trip. The

cost of reserve capacity increases with the size of the individual power

plant. The third is the maximum capacity of a single turbine generator,

postulated to be in the range of 1400 MWe, gross, by the year 2000. Based on

recommendations by the Utility Advisory Committee for STARFIRE, the most

desirable power rating at present is in the range of 3000-4000 MW for thermal

power and approximately 1250 MW (net) for electrical power. Therefore

the power level of STARFIRE was selected as 1200 MWe.

A significant element of the STARFIRE conceptual design is the selection

of the first wall and blanket structural material. A key factor is the
2

anticipated integral wall loading or wall fluence (MW-yr/m ). A trade
2

study was conducted which concluded that a fluence limit of 16 MW-yr/m for

a PCA' SS was reasonable and would yield reasonable economic results. The

neutron wall loading also has a substantial impact on the physical size of

the reactor. For the same fusion power, higher neutron wall loading results

in a smaller surface area, higher power density, smaller reactor volume and

potentially lower cost. This underlines the motivation for developing
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designs with higher wall loads. There are limitations, however, on the

ability to produce and use high wall loads. The upper limits on the use of

high wall loads are dictated primarily by the first-wall cooling capability

and the structure lifetime. Constraints such as the maximum operating

temperature and thermal stresses placed an upper-bound on the allowable

wall load. For a given fluence lifetime, the neutron wall load is limited 30

that the frequency of structure replacement is not excessive. For a given

structural material and a fluence lifetime, the loss of energy production

resulting from choosing high neutron wall loading and resultant short wall

lifetimes was weighed against the economic gain realized by designing a small

size reactor. The STARFIRE average neutron wall loading was chosen to be

3.6 MW/m2.

Several different primary coolants were considered for STARFIRE with

varying heat transfer and transport properties, pumping power requirements

and allowable structural temperatures with resultant turbine inlet tempera-

ture conditions. Chapter 5 discusses in more detail the technical and

economic justifications for the choice of pressurized water coolant. The

economic factors that had an influence on the selection of coolant operating

conditions were the pumping power required and the turbine inlet temperature

which governs the gross efficiency of the power conversion system. For each

10 MW of pumping power (or auxiliary power in general), the then-current 1986

COE (cost of electricity) was increased approximately 1/2 mill/kwh (approx-

imately 0.8%) which is equivalent to a capital increase of approximately

$30 M. If the gross cycle efficiency is reduced one percentage point (36 to

35), the COE will increase over two mill/kwh (>3%) which is equivalent to a

capital increase of over $100 M. With these incentives, efforts were concen-

trated to maintain superior performance. For example, the current practice

in PWR steam turbines is to use a single stage of moisture separation with a

resulting gross cycle efficiency in the 342 range. With three stages of

moisture separation the efficiency can be increased to 36%. Thus, the R&D

costs associated with this technology advance would be amortized over the

first few fusion plants or by more advanced fission plants. The STARFIRE

design conditions also permit elimination of the thermal energy storage and

intermediate coolant loop.
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One of the most economically influential operational features of any

power plant is its availability. A reduction in availability from a nominal

75% to 74% increases the COE almost one mill/kwh for a capital intensive

facility like STARFIRE. STARFIRE was designed principally around a PWR BOP

which typically has an availability of 60 to 80%. The reactor design was

developed to permit all scheduled maintenance during maintenance of the BOP.

Use of redundancy, emphasis on ease of component replacement and development

of reliable components are thought to permit achieving an overall plant

availability of 75%. This availability also includes a major shutdown for TF

magnet anneals every 10 years. The steady state operation considerably

helped the system reliability as well as yielding a 100% plasma duty factor.

The periodic wall and blanket replacement is a very important opera-
2

tional feature. An intergral wall loading of 16 MW-yrs/m , neutron wall

load of 3.6 and an availability of 75%, yield a wall life of approximately

six calendar years. The maintenance scenerio calls for replacing one sixth

of the FW/B sectors every year during the plant annual maintenance period and

the cost is accounted for in the Annual Scheduled Component Replacement

Costs. The remote maintenance equipment is designed to accomplish the

required replacement within the annual plant maintenance period. The result-

ant impacts of remote maintenance on the reactor and hot cell have been

incorporated in both the design and cost analyses. Cost for the maintenance

equipment is shown in Account 22.06.01 under Other Reactor Plant Equipment.

Another attractive feature of a D-T fusion power plant is the low

cost of fuel. Deuterium is currently estimated to cost in tha range of
(2)

$2000/kg. . If the reactor consumes 1/2 kg/day, the annual deuterium

cost is approximately $300,000. Adequate tritium is being bred by the

reactor for its own usage, hence it is considered as a no cost item. Thus

the fusion fuel cost will amount to approximately 0.04 mills/kWh versus 8.7
(3)

for fission and 31.9 for coal for similar sized 1200 MM plants.

22.4 CAPITAL COST ACCOUNTS

The cost accounting format used in the STARFIRE conceptual design

conforms to the guidelines provided by the DOE "Fusion Reactor Design

Studies-Standard Accounts for Cost Estimates". This format will assist
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in evaluating alternative reactor plant concepts. Specific accounts have

been modified to more clearly represent STARFIRE's unique systems and design

approaches. Table 22-4 is a listing of the STARFIRE Capital Cost Accounts.

Costs are reported on any element with an account number shown (third

level for Reactor Plant Equipment and second level for the remainder of the

plant). Subelements are shown to clarify the content of each cost account.

The costs of the main power transformers and switchyard are not included in

the cost estimate although they are discussed in the BOP section and shown in

the site plan. Reference 1 excludes these items because the intent is to

evaluate the generator busbar energy cost. Items included will include the

generator switch gear, station service and startup tranformers and the main

bus power wiring up to the generator voltage terminals.

To help understand the account system and to assist in locating cost

items, an explanatory discussion will follow. All inter-system power,

control and instrument wiring will be accounted for in Account 24.06 (Elec-

tric Plant Equipment, Power and Control Wiring). Impurity Control System

(22.01.08) only includes the limiter. The low Z coating is reported in

22.01.01 (Blanket and First Wall, Wall Modifier) and the vacuum system is

handled as a separate account (22.01.06). All Reactor Plant Equipment power

supplies are included in Account 22.01.07 (Power Supply, Switching and Energy

Storage) unless the power supplies are integral to the basic system. All

Plant I&C except the Reactor Plant I&C will be included in Turbine Plant I&C,

Account 23.07.

22.5 CAPITAL COSTS

This section will present the logic and supporting data for the genera-

tion of the STARFIRE Capital Cost Estimate. Factors, which determine and

influence the costs will be examined. The Total Capital Costs for STARFIRE

are shown in Table 22-5. The table is identical to Table 22-4 except the

subelements are eliminated and only those elements for which costs are to be

reported are shown. The total direct cost for the plant is $2124 M and the

total Capital Cost is $2400 M in constant 1980 dollars and $3198 H in the

then-current 1986 dollars.
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Table 22-4. STARFIRE Capital Cost Accounts

ACCOUNT
NUMBER ACCOUNT TITLE

20 LAND AND LAND RIGHTS

20.01 Land and Privilege Acquisition

20.02 Relocation of Buildings, Utilities, Highways,

and Other Services

21 STRUCTURES AND SITE FACILITIES

21.01 Site Improvements and Facilities

General Yard Improvements
Grading, General Excavation and/or Fill,

Landscaping, Site Clearing
Roads, Sidewalks and Parking Areas
Retaining Walls
Fences, Railings, and Gateways
Sanitary Sewer System
Yard Drainage and Storm Sewer System
Roadway and General Yard Lighting

Waterfront Improvements

Revetments
Levees
Breakwaters

Transportation Access (Off Site)

Highway Access
Railway Access
Waterway Access Facilities
Air Access Facilities

21.02 Reactor Building

Basic Building Structures

Earth Work Including Dewatering, Walers
Steel Sheeting

Substructure Up to Grade Including Concrete,
Reinforcing, Forms, Embedments
Superstructure
Special Shielding and Air Locks

Building Services

Plumbing
Heating, Ventilation, Air-Conditioning
(See 22.05.07 and 22.06.05)
Fire Protection System
(Lighting and Service Power Covered in 24.07)

21.03 Turbine Building

Basic Building Structures

Earth Work
Substructure, Embedments
Superstructure Including Structural and

Gallery Steel

Building Services

Plumbing
Heating, Ventilation, Air-Conditioning
Fire Protection System
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Table 22-4. STARFIRE Capital Cost Accounts

ACCOUNT

NUMBER ACCOUNT TITLE

21 STRUCTURES AND SITE FACILITIES (cont'd)

21.04 Cooling System Structures

Intake Structures

Earth Work
Supply Pump House

Protective Relief Slabs for Supply Pipe Lines

Discharge Structures

Earth Work
Protective Relive Slabs for Discharge Lines

Unpressurized Intake and Discharge Conduits
Discharge Tunnel
Discharge Canal
De-icing Pump Pit

Recirculating Structures

Earth Work
Recirculating Pump House
Protective Relief Slabs for Circulating
Pipe Lines

Cooling Tower Earth Work (See 23.03.03 for
cooling towers)

21.05 Electrical Equipment and Power Supply Building

Basic Building Structures

Earth Work
Substructure, Embedments
Superstructure Including Gallery Steel

Building Services

Plumbing
Heating, Ventilation, and Air-Conditioning
Fire Protection System

21.06 Plant Auxiliary Systems Building (Includiiig
Switchgear Bay)

Basic Building Structures
Building Services

21.07 Hot Cell Building
Basic Building Structures
Building Services

21.0B Reactor Service Building
Basic Building Structures
Building Services

21.09 Service Water Building
Basic Building Structures
Building Services

21.10 Fuel Handling and Storage Building
Basic Building Structures
Building Services
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Table 22-4. STARFIRE Capital Cost Accounts

ACCOUNT
NUMBER ACCOUNT TITLE

21 STRUCTURES AND SITE FACILITIES (cont'd)

21.11 Control Room Building

Basic Building Structures
Building Services

21.12 On-Site A/C Power Supply Building

Basic Building Structure
Building Services

21.13 Administration Building

Basic Building Structures
Building Services

21.14 Site Service Building

Basic Building Structures
Building Services

15.IS Cryogenics and Inert Gas Storage Building

Basic Building Structures
Building Services

21.16 Security Building

Basic Building Structures
Building Services

21.17 Ventilation Stack

21.98 Spare Parts Allowance

21.99 Contingency Allowance

22 REACTOR PLANT EQUIPMENT

22.01 Reactor Equipment

22.01.01 Blanket and First Wall

First Wall
Wall Modifier
Neutron Multiplier
Tritium Breeder
Structure
Reflector

22.01.02 Shield

Vacuum Boundary and Plasma
Chamber Shield

Vacuum Duct Shield
Vacuum Pump Shield
RF & ECRH Duct Shield
Fuel Injection Shield
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Table 22-4. STARF1RE Capital Coat Accounts
ACCOUNT

NUMBER ACCOUNT TITLE
22 REACTOR PLANT EQUIPMENT (cont'd)

22.01.03 Magnet (Sparea are incld in acct. 22.98)
TF Conductor, Stabilizer, Structure
EF (Cryo & RT), Insulation,
CF Wiring and DUMP Resistors
OH (If Integral with Magnet)

22.01.04 RF Heating and Current Drive

Amplifiers
Phase Shifter
Circulator
Waveguide
Window
Grill and Duct Extension
(Power supply incld in 22.01.07)

22.01.05 PriMary Structure and Support

Reactor Centerpost
Thermal Isolation Struts
Common Dewar
TF Coil Vacuum Dewar
Anti-torque Structure
Carry-through Structure
Shield Pedestal
Equipment Support Structure

22.01.06 Reactor Vacuum

Plasma Chamber System
Magnet Dewar System
Fuel Handling and Storage System
Rad. Waste System

22.01.07 Power Supply, Switching and Energy Storage

RF Heating and Current Drive
TF Magnets
CF Magnets
OH Magnets
ECRH Plasma Breakdown

22.01.08 Impurity Control

Limiter and Support Structure

22.01.09 ECRH Plasma Breakdown

Gyrotrons
Waveguides

22.02 Main Heat Transfer and Transport Systems

22.02.01 Primary Coolant System (Including Wall, Blanket,
Shield, Limiter)

Pumps and Motor Drives, Modular and Non-
modular

Piping

Heat Exchange Equipment

Steam Generators
Superheater
Refrigerator
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Table 22-4. SIARFJRE Capital Cost Accounts

ACCOUNT
NUMBER ACCOUNT TITLE

22 REACTOR PLANT EQUIPMENT (cont'd)

Reheator
Preheator
Steam Drums

Tanks

Dump Tanks
Meks-Up Tanks
Clean-Up Tanks
Tritium Extraction Tanks
Hot Storage Tanks

Pressurizing Equipment

Clean-Up System

22.02.02 Intermediate Coolant System (Not Required)

22.02.03 Limiter Cooling System

Pumps and Motor Drives
Piping
Heat Exchange Equipment
Tanks
Pressurizing Equipment
Cleanup System

22.02.04 Residual Heat Removal System

Pumps
Piping
Heat Exchange Equipment
Tanks
Pressurizing Equipment
Cleanup System

22.03 Cryogenic Cooling System

22.03.01 Helium L iqu i f i e r - Refrigerator

22.03.02 LHe Transfer and Storage

22.03.03 He Gas Storage

22.03.04 LN2 System
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Table 22-4. STARFIRE Capital Coat Accounts

ACCOUNT

NUMBER ACCOUNT TITLE

22 REACTOR PLANT EQUIPMENT (cont'd)

22.04 Radioactive Haste Treatment and Disposal

22.04.01 Liquid Waste Processing and Equipment

22.04.02 Gaseous Wastes and Off-Gaa Processing System

22.04.03 Solid Wastes Processing Equipment

22.05 Fuel Handling and Storage Systems

22.05.01 Fuel Purification Systems

22.05.02 Liquefaction

22.05.03 Fuel Preparation Systems

22.05.04 Fuel Injection

22.05.05 Fuel Storage

22.05.06 Tritium Extraction and Recovery

22.05.07 Atmospheric Tritium Recovery System

Reactor Building
Fuel Handling and Storage Building

Hotcell Building

22.06 Other Reactor Plant Equipment

22.06.01 Maintenance Equipment
Blanket and Coil Maintenance Equipment
Components Rotated into Service to
Allow Maintenance
Other Maintenance Equipment

22.06.02 Special Heating Systems (Startup Heating,

Equipment Heating, Trace Heating, etc.)

22.06.03 Coolant Receiving, Storage and Make-Up Systems

22.06.04 Gas Systems

22.06.05 Inert Atmosphere System

Reactor Building

Hot Cell and Support System

22.06.06 Fluid Leak Detection

22.06.07 Closed Loop Coolant System

Reactor, Fuel Handling and Hot Cell HVAC
All ATRS Systems
Shielding
Hot Cell Waste Processing Storage
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Table 22-4. STARFIRE Capital Coat Accounts

ACCOUNT
NUMBER ACCOUNT TITLE

CF Normal Coila
Irradiated Vacuum Pumps
Rad. Waste Treatment and Disposal
Fuel Handling and Storage

22.06.08 Standby Cooling System

22.07 Instrumentation and Control

22.07.01 Reactor I&C Equipment (Burn Control, Plasma

Control, etc.)

22.07.02 Monitoring Systems

22.07.03 Instrumentation and Transducers

(Wiring is included in Acct 24.06)

22.98 Spare Parts Allowance

Blanket Sectors
Cryopumps
EF Coils
OH Coils

Other Miscellaneous Spares

22.99 Contingency Allowance

23 TURBINE PLANT EQUIPMENT

23.01 Turbine-Generators

Turbine-Generators and Accessories
Foundations
Standby Exciters
Lubrication System
Gas Systems
Reheaters

23.02 Main Steam (or other fluid) System

23.03 Heat Rejection Systems

Water Intake Common Facilities

Circulating Water Systems

Circulating Water Pumps and Motor
Drives

Pumps to Condensers and to the
Cooling Towers

Cooling Towers
Foundations and Basins
Primary Cooling Towers
Waste Heat Cooling Tower
Waste Heat System Heat Exchanger
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Table 22-4. STARFIRE Capital Cost Accounts

ACCOUNT
NUMBER ACCOUNT TITLE

TURBINE PLANT EQUIPMENT (cont'd)

Condensing Systems

Condensers

Condensate System

Gas Removal System

Turbine By-Pass Systems

23.05 Feed Heating System

Regenerators and Recuporators

Pumps

Tanks

23.06 Other Turbine Plant Equipment

Turbine Auxiliaries

Auxiliaries Cooling System

RF and ECRH System (Non-Radioactive)
Cryogenic Cooling
Power Supply Cooling
I&C Cooling
Vacuum Pumping (Non-Radioactive)
Plant HVAC
Misc Plant Services

Make-Up Treatment System

Chemical Treatment and Condensate Purification
Systems

Central Lubrication Service System

23.07 Instrumentation and Control (I&C) Equipment

Process I&C Equipment
Automatic Monitoring and Control
Isolated Indicating and Recording Gauges,

Meters and Instruments

23.98 Spare Parts Allowance

23.99 Contingency Allowance

24 ELECTRIC PLANT EQUIPMENT

24.01 Switchgear

Generator Circuits
Station Service

24.02 Station Service Equipment

Station Service and Startup Transformers
Low Voltage Unit Substation and Lighting Trans-
formers
Battery System
Diesel Engine Generators
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Table 22-4. STARFIRE Capital Coat Accounts

ACCOUNT
NUMBER ACCOUNT TITLE

ELECTRIC PLANT EQUIPMENT (cont'd)

Switchboards (Including Heat Tracing)

Main Contrl Board for Electric Systems
Auxiliary Power and Signal Boards

24.04 Protective Equipment (General Station Grounding

Systems and Cathodic Protection)

24.05 Electrical Structures and Wiring Containers

Concrete Cable Tunnels, Trenches and Envelopes
Cable Trays and Support
Conduit
Other Structures

24.06 Power and Control Wiring

Generator Circuits Wiring
Station Service Power Wiring
Control Wiring
Instrument Wiring
Containment Penetrations

24.07 Electrical Lighting

Reactor Building Lighting
Turbine Building Lighting
Electrical Equipment and Power Supply

Building Lighting
Reactor Auxiliary Systems Building

Lighting
Hot Cell and Radioactive Waste Processing

Building Lighting
Reactor Service Building Lighting
Fuel Handling and Storage Building Lighting
Miscellaneous Structures and Building

Lighting
Yard Lighting

24.98 Spare Parts Allowance

24.99 Contingency Allowance

25 MISCELLANEOUS PLANT EQUIPMENT

25.01 Transportation and Lifting Equipment

Cranes, Hoists, Monorails and Conveyors

Reactor Building Cranes
Turbine Building Cranes
Hot Cell Cranes
Reactor Service Area Crane
Miscellaneous Hoists Cranes, Jibs and
Trolleys
Other Building Cranes

Railway

Roadway Equipment

Watercraft

Vehicle Maintenance Equipment
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Table 22-4. STARF1RE Capital Cost Accounts

ACCOUNT

NUMBER ACCOUNT TITLE

MISCELLANEOUS PLANT EQUIPMENT (confd)

Air and Water Service Systems

Air Systems
Water System
Auxiliary Heating Boilers

25.03 Communications Equipment
Local Communications Systems
Signal Systems

25.04 Furnishing and Fixtures

Safety Equipment
Shop, Laboratory and Test Equipment
Office Equipment and Furnishings
Change Room Equipment
Environmental Monitoring Equipment
Dining Facilities

25.98 Spare Parts Allowance

25.99 Contingency Allowance

26 SPECIAL MATERIALS

Initial Supply of Special (Non-Fuel and Nonatructural)
Materials, Fluids, Gases and Liquids which require
non standard indirect costing or fixed charge rate.

91 CONSTRUCTION FACILITIES, EQUIPMENT AND SERVICES

Temporary Facilites

Site Access and Improvements

Building and Structures

Electricity and Water (Temporary Power Lines,
Pipe Lines, and Equipment for Providing Ser-
vices During the Construction Period)

Communications Equipment

Aggregate Plant (Includes Equipment for Pouring
or Receiving, Crushing, Classifying, and
Wasing Sand, Stone, and Rock Aggregates)

Concrete Batch Plant

Construction Equipment

Transportation, Lifting and Unloading Equipment

Welding Equipment

Air Compressor

Steam Generators

Chemical Cleaning Facilities

Scaffold, Ladders and Stairways

Buildings, Furnishings and Fixtures
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Table 22-4. STARFIRE Capital Cost Accounts

ACCOUNT
NUMBER ACCOUNT TITLE

91 CONSTRUCTION FACILITIES, EQUIPMENT AND SERVICES (cont'd)

Miscellaneous Items (Signs, Barricades, Rope,
Tarpaulines, Plastic Sheeting, Office and Drafting
Supplies, Small Tools, Welding Rod, and other
Expendable Items)

Construction Services

Purchased Utilities

Security Watchmen and Guards

Education and Testing Programs for Labor Force

Materials Receiving and Storage (Pertains only to
Receiving and Handling Miscellaneous Materials at
the Plant Site)

Inspection and Testing of Construction Materials
Includes Radiography Equipment, Testing Machines,
etc.)

Site Cleanup (Includes General Cleanup Operations
during Construciton and Final Job cleanup)

Operation and Maintenance of Construction
Facilities and Equipment

Insurance, Injuries and Damage (Excludes Workman
Compensation Insurance, which is included in the
Labor Charges associated with the Direct Costs)

92 ENGINEERING AND CONSTRUCTION MANAGEMENT SERVICES

93 OTHER COSTS

Taxes and Insurance

Staff Training and Plant Startup

Owner's G&A

94 INTEREST DURING CONSTRUCTION

95 ESCALATION DURING CONSTRUCTION
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ACCOUNT 1
20

2C

20

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

22

22

1.01

I.O2

.01

.02

.03

.04

.05

.06

.07

.08

.09

.10

.11

.12

.13

.14

.15

.16

.17

.98

.99

.01

22

22

22

22

22

22

*IMBER

.01

.01

.01

.01

.01

.01

.01

.02

.03

.04

.05

.06

Table 22-5. STARFIRE Capital Costa

ACCOUNT TITLE Costs (1980, $M)

LAND AND LAND RIGHTS 3.30

Land and Privilege Acquisition 3.0

Relocation of Buildings, Utilities, Highways, O.3
and Other Services

STRUCTURES AND SITE FACILITIES 346.58

Site Improvements and Facilities 11.15

Reactor Building 157.44

Turbine Building 35.92

Cooling System Structures 7.96

Electrical Equipment and Power Supply Building 9.16

Plant Auxiliary Systems Building 3.26

Hot Cell Building 53.69

Reactor Service Building 1.88

Service Water Building 0.66

Fuel Handling and Storage Building 8.63

Control Room Building 3.10

On-Site DC Power- Supply Building 2.05

Administration Building 0.87

Site Service Building 0.87

Cryogenics and Inert Gas Storage Building 0.91

Security Building 0.31

Ventilation Stack 1.81

Spare Parts Allowance 1.96

Contingency Allowance 44.95

REACTOR PLANT EQUIPMENT 968.62

Reactor Equipment 589.26

Blanket and First Wall B2.36

Shield 186.07

Magnets 171.57

RF Heating and Current Drive 33.49

Primary Structure and Support 52.74

Reactor Vacuum 4.86
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ACCOUNT NUMBER
22

22

22

22.02

22

22

22,

22,

22.03

22.

22.

22.

22.

22.04

22.

22.

22.

22.05

22.

22.

22.

22.

22.

22.

22.

22.06

22.

22.

22.

22.

22.

.01.07

.01.OB

.01.09

.02.01

.02.02

.02.03

.02.04

.03.01

.03.02

.03.03

.03.04

.04.01

04.02

04.03

05.01

05.02

05.03

05.04

05.05

05.06

05.07

06.01

06.02

06.03

06.04

06.05

Table 22-5. STARFIRE Capital Costs (Continued)

ACCOUNT TITLE Costs (1980, $M)

Power Supply, Switching and Energy Storage 52.90

Impurity Control 2.45

ECRH Plasma Breakdown 2.82

Main Heat Transfer and Transport Systems 69.84

Primary Coolant System 63.10

Intermediate Coolant System

Limiter Cooling System 6.19

Residual Heat Removal System 0.55

Cryogenic Cooling System 14.90

Helium Liquifier Refrigerator 7.70

LHe Transfer and Storage 3.60

He Gas Storage 2.80

LN2 System 0.80

Radioactive Waste Treatment and Disposal 4.80

Liquid Waste Processing and Equipment 1,70

Gaseous Wastes and Off-Gas Processing System 1.80

Solid Wastes Processing Equipment 1.30

Fuel Handling and Storage Systems 38.60

Fuel Purification Systems 8.80

Liquefaction

Fuel Preparation Systems 0.30

Fuel Injection 1.40

Fuel Storage 2.00

Tritium Extraction and Recovery 5.40

Atmospheric Tritium Recovery System 20.70

Other Reactor Plant Equipment 43.75

Maintenance Equipment 38.30

Special Heating Systems 0.00

Coolant Receiving, Storage and Make-Up Systems 0.24

Gas Systems 0.08

Inert Atmosphere System 0.00
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Table 22-5. STARFIRE Capital Costs (Continued)

ACCOUNT NUMBER
22

22

22

22.07

22

22

22

22.98

22.99

23

23.01

23.02

23.03

23.04

23.05

23.06

23.07

23.98

23.99

24

24.01

24.02

24.03

24.04

24.05

24.06

24.07

24.98

24.99

25

25.01

25.02

25.03

.06

.06

.06

.07

.07

.07

.06

.07

.08

.01

.02

.03

ACCO NT TITLE
Fluid Leak Detection

Closed Loop Coolant System

Standby Cooling System

Instrumentation and Control

Reactor ISC Equipment

Monitorirvj Systems

Instrumentation and Transducers

Spare Parts Allowance

Contingency Allowance

TURBINE PLANT EQUIPMENT

Turbine-Generators

Main Steam System

Heat Rejection Systems

Condensing Systems

Feed Heating Systems

Other Turbine Plant Equipment

Instrumentation and Control (I&C) Equipment

Spare Parts Allowance

Contingency Allowance

ELECTRIC PLANT EQUIPMENT

Switchgear

Station Service Equipment

Switchboards

Protective Equipment

Elsctrical Structures and Wiring Containers

Power and Control Wiring

Electrical Lighting

Spare Parts Allowance

Contingency Allowance

MISCELLANEOUS PLANT EQUIPMENT

Transportation and Lifting Equipment

Air and Water Service Systems

Communications Equipment

Costs (1980.

23.41

66.38

117.68

249.68

77.33

4.37

44.34

19.18

9.39

50.84

8.70

3.41

32.12

117.28

12.39

17.04

7.80

2.11

17.40

35.99

8.20

1.21

15.14

40.77

15.68

12.35

6.22

2.00

1.97

1.16

7.61

1.76

14.04
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Table 22-5. STARFIRE Capital Costs (Continued)

ACCOUNT NUMBER
25.04

25.98

25.99

26

91

92

93

94

95

ACCOUNT TITLE
Furnishing and Fixtures

Spare Parts Allowance

Contingency Allowance

SPECIAL MATERIALS

CONSTRUCTION FACILITIES, EQUIPMENT

TOTAL DIRECT COST

AND SERVICES (10SS)

ENGINEERING AND CONSTRUCTION MANAGEMENT SERVICES (8S)

OTHER COSTS

INTEREST DURING CONSTRUCTION

ESCALATION DURING CONSTRUCTION

TOTAL

$/kWe

(5S>

SUBTOTAL

1980
CONSTANT
27e>.70

0.00

CAPITAL 2400.27

2000

Costs (1980, $M)
0.75

0.52

5.25

0.25

1726.48

172.65

138.12

86.32

2123.57

1986
THEN-CURRENT

6/1.6V

402.63

3197.89

2665

22-33



The following subsections will discuss in detail each of the cost

accounts. Any cost estimates or data obtained in years prior to 1980 will be

adjusted for inflation effects by the Gross National Product Price Level

Deflator Index as shown in Table 22-6 unless noted otherwise.

Table 22-6. Gross National Product Price Level Deflators

PERIOD PRICE DEFLATOR*

1972 100.00 (Base)

1973 105.80

1974 116.02

1975 127.18

1976 133.71

1977 141.70

1978 152.05

1979 165.46

1980 180.22 (Est.)

* Ref - U.S. Commerce Department "Monthly Survey of
Current Business"

22.5.1 Land and Land Rights (Acct 20)

The reference plant site was chosen to be 1000 acres in a midwestern

location. Section 22.2.2 defines the guidelines assumed regarding the plant

site. The land requirements are less severe than for an LWR in regard to

exclusion boundaries and hence the 1000 acres are deemed adequate. In the

case of constructing multiple plants at the common site, sufficient space is

provided. The cost associated with the land and privilege acquisition is

estimated at 1000 acres times $3,000/A^ , C . - $3.0 M. The cr?: of
ZU » Ul

the initial clearing of the land, demolition of existing structures and

relocation of buildings, highways and railroads is estimated to be 10Z of the

land cost, i.e. C-_ .„ * $0.3 M. This is a reasonable value because the

topography and site characteristics are amenable to the STARFIRE requirements

and the site access i.e. roads, railway and barge facilities are

adequate. The value of the land is really a nondepreciable asset, but

following the recommendations in Ref. 1, the cost of land will be treated as

a depreciating asset to simplify the economic analysis.
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22.5.2 Structures and Site Facility (Acct 21)

This account covers all direct costs associated with the physical plant

buildings such as reactor, turbine, electrical equipment, cooling system

structures, site improvements and facilities, miscellaneous structures

and building work, and ventilation stack. A full description of the items

covered is shown in Table 22-4. The cost estimates for this account were

prepared by The Ralph M. Parsons Company and recorded in a separate document

which is available upon request. More detailed definition is given in Chap.

20, Balance of Plant Design.

The facility is located in a secured area within the site as described

in Sec. 22.2.2.1. The site is adjacent to the "North River" which supplies

adequate water for cooling purposes. The river is assumed to be navi-

gable by barge traffic throughout the year to provide a means to ship in the

large modules and equipment. Highway access is also provided by eight

kilometers of secondary road leading to a state highway. The secondary road

requires no improvement to permit overland shipments. Railroad access will

be provided by constructing a five mile railroad spur from the main line to

the plant site. Other site-related assumptions have been established as

follows:

o Incoming power will be provided by two independent EHV power sources,

probably 345-kV or high voltage lines.

o Power and water for construction are available at the site boundary,

o Communication lines will be provided at the site boundary,

o Sanitary sewage system will be available for tie-in at the site

boundary,

o An auxiliary boiler furnishing plant auxiliary steam is included in

the facility design,

o Plant utility systems including compressed air, inert gas storage

and distribution, and portable and demineralized water are included

in the facility design,

o Personnel parking will be located outside the facility perimeter

close to the guard station that will control incoming and outgoing

personnel, vehicles and rail cars.
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o The facility will be located on level ground at an elevation

unaffected by potential flooding,

o Seismic criteria UBC Zone 2 will be assumed for all structures.

The cost basis and assumptions used by RMP in this Account and Accounts

23, 24 and 25 are as follows:

1. Major equipment costs are based on vendor quotations or on histori-

cal data for similar equipment. Quotations were received on the

steam turbine-generator, condenser, heat exchangers, cooling tower

and pumps, and other major mechanical equipment. Quotations for

major electrical equipment and building services equipment were also

received.

2. Concrete quantities were developed from takeoffs of the conceptual

design drawings. Electrical and piping quantities were estimated

from the single-line diagram, flow diagrams, and building layouts.

3. Pricing of bulk materials is based on the Kansas City, Missouri,

area escalated to 1 August 1980, the baseline date of this cost

estimate.

4. The labor rates and fringe benefits for each craft were compiled

from the union wage rates for the Kansas City, Missouri, area (see

Table 22-7). These rates are effective on 1 September 1980, the

date by which craft contracts for 1980 will be renewed. The escala-

ted craft labor rates and fringe benefit amounts for health and

welfare, vacation, pension, apprentice training and other fringes,

plus percentage allowance for Federal and State payroll taxes,

employer-paid portion of the Social Security tax, and Workers

Compensation, are compiled and sunned to develop a total labor rate

for each craft (see Table 22-8). The total labor rate for each

craft and the Parsons standard composite crew mix breakdown for each

class of work (as defined by the account codes used in the estimate)

were used to develop a composite labor rate for each account code

work classification (see Table 22-9). These crew mix composite

labor rates were used in the estimate to determine the estimated

labor costs.

5. The overall labor productivity factor used in this study results

from an evaluation of the various factors affecting the productivity

Uniform building code; see Appendix D for details.
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Table 22-7 - Craftsman Information
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Table 22-8 - Craft Composite - Labor Rate Compilation

Craft

Health Pension
Base Rate Travel & &
9/1/80 Allowance Welfare Vacation Apprenticeship

(S) (S) (5) (5)

2
2
-

w
00

Boiler Maker

Brick Layer

Carpenter

Ceiient Mason

Electrician

Iron Worker

Insulators

Laborer

Operating Engr

Painter

Pipe Fitter

Rodaum

14.85

12.59

12.80

12.68

14.04

12.35

13.27

10.25

12.85

12.19

14.54

12.35

Sheet Metal Wkr 13.91

Teaauter 11.77

Millwright 12.80

1.50

0.95

0.60

0.80

0.76

0.80

0.80

0.60

0.85

0.55

0.72

0.80

0.75

1.00

0.60

1.47

0.35

0.50

0.70

1.54

2.50

2.61

1.60

2.20

0.70

3.05

2.50

1.32

1.25

0.50

(5)

0.05

0.07

0.13

0.13

0.05

0.05

0.10

0.15

0.10

0.10

0.05

0.15

0.07

Other
Fringes

(5)

-

-

-

-

0.85

-

0.10

0.35

0.25

-

0.20

-

0.44

0.30

Subtotal
(base +
fringes)

($)

17.87

13.89

13.97

14.31

17.32

15.70

16.83

12.90

16.30

13.54

18.61

15.70

16.57

14.32

13.97

Federal
Unemployment
Tax 0.7% (S)

0.10

0.09

0.09

0.10

0.10

0.09

0.09

0.07

0.09

0.09

0.10

0.09

0.10

0.10

0.09

State
Employment

Tax 3.67. ($)

0.53

0.45

0.46

0.52

0.51

0.44

0.48

0.37

0.46

0.44

0.52

0.44

0.50

0.52

0.46

Social Security
Tax, Employer
Only 6.13% (S)

0.91

0.77

0.78

0.88

0.86

0.76

0.81

0.63

0.79

0.75

0.89

0.76

0.85

0.88

0.78

Workman1s
Compensation

($)

0.91

0.47

0.55

0.53

0.36

1.79

0.69

1.47

0.82

0.47

0.60

0.79

0.53

0.72

0.50

Total
Gross

Rate/MH
(S)

20.32

15.67

15.85

16.34

19.15

18.78

18.90

15.44

18.46

15.29

20.72

17.78

18.55

16.54

15.80



Table 22-9 - Account Codes for Composite Crew Mix Labor Rates
Page 1 of 5

THt H U M H. MKtCW COMTANY
COMPOSITE LABOR RATES

Effective From 9/t/PO T
Estimator W tip
Source of Mdiwtt
Date 7 /IS~/sr O

CODE

0100

0200

0500

oSoo

0700

0800

0900

1000

1100

1200

1300

1300

moo

1U00

1500

1600

CRAFT

HOUBLY RATE

APPLICATION

Rawer Gene ra to r and

Drivers
Electrical Equipment

Process Feeders

Control Panels and
Computers

Nuclear Fuel Handling
Equipment

Packaged Plants

Samplers and Analyzers

Hoists and Cranes

Columns

Vessels

Heat Exchangers,
Shell/Tube

He«fc Exchangers,
rtir Cooled

Furnaces and Heaters.
Field Fabricated

Furnaces and Heaters,

Packaged
Pumps and Drivers

Boilers ,

Field Fabricated

j

; .

>

$

$

$

i
$
1,
$
t

*

t

$

BOILER-
MAKER

£0.31.

85

70

10

25

50

75

65
/ 3 - - J - I

CARPEN-
TER

5

3

. * ?

ELECT-
RICIAN

20

100

nor

60

ll"rt
15

5

LABORER

5

•11

2

.31

INSUL-
ATOR

OffiR.
ENQ.

/8--r;

.<?3

5

. ? • »

15

2.-7*1

10

i-n
20

S.TI
15

mr
15

20

?.7I
10

!.*£,
10

10

/ . «
5

• 93
10

/•ft

MILL-
WRIGHT

60

20

3-lL

70

it.n(

6o

10

/. r»

80

PAINTER PIPE-
FITTER

15

J . I /

10

Z.67
1(0

80

15

3.11
70

30

25

15

3. II
15

3.M
25

•rwr

RODMAN

/7-7»

IBON
WORKER

55

/6.3J-

10

/.Sf
20

3.71

20

10

t>8t

TEAMSTER CEMENT
MASON

TOTAL

Il7t

Ifc.-Il

2JD.1T--

2o.ll

zo.m

iW

2.6.11

FOREMAN
ALLOW.

X I . 0 2 0 *

X I . 0 2 0 =

X I . 0 2 0 =

XI.020=

X1.015=

XI.020=

XI.015=

XI.015=

XI.015=

XI.015=

xi.015=

X1.015=

XI.015=

XI.015=

XI.015=

COMP.
RATE

il.lt

i<?. r j

i.o.ir

\i..U

Id,73

I7..20

io. n

la.*)

ICA2

CES-910-3
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i
s

I
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Table 22-9 (contd)

Page k of 5
job #

THE RALPH M. PARSONS COMPANY

COMPOSITE LABOR RATES
Effective F £ £ £
Estimator luff

Source of Information.
Date

CODE

U600

V700

Woo

U9OO

5000

5100

5200

5300

6200

6300

6500

£800

7100

7200

7300

CRAFT

HOURLY RATE
APPLICATION

Electrical

Insulation

Roads, Parking, Paving
Railroad, Fencing

Buildings

Building, Components
and Fixtures

Large Specialty
Structures

Pipe, Valves and
Fittings-Undergrd

Other Civil Worlc
(Dams, Etc.)

Operating Materials

Site Preparation

Start-up Services

Non-Productive Tine

Temporary Construction

Offlite Storage

Unallocable Labor-
Craft

*

*

i

*

i

*

t

$

•f.
*

$

•t

*

*
*

BOILER-
MAKER

2.0.3*-

ko
if, 13

18
3.1L

CARPEN-
TER

l-f.cff

20

it

1 £3

30

V.7A

ELECT-
RICIAN

19.1^

100

It'If

6
l,lf

LABORER

70

/ 6 . J I

20

35

20

5
.77
10

8
1. if

35

15

15
l . J f c

INSUL-
ATOR

I ?.?»

100

2

OPER.
EMS.

30

S,f7
10

10

1. f%

30
4TI-T7
95

17-13
5

llt

15
2,7^
20

3 . 7 /
20

3-71

MILL-
WRIGHT

u'iito

35

18

PAINTER

M'lT

2

' SI

P I P E -
FITTER

2.«.7i.

55

50
;e.3i
18
3.73

10

I •*!
15

3 . II
15

3. U

RODMAN

n .78"

IRON
WORKER

lt.lt

50

9.-39

10

1 rr

5
, fy
35

20

TEAMSTER

10
hif

5
> ? 3
15

30

¥'7>

CEMENT
MASON

/L.3V

TOTAL

I*. %

U'iS'

li'-il

! ?•<£

/ ?-W

;t . u-a.

11'It

It- /?

17. K

FOREMAN
ALLOW.

XI.020=

XI.020=

XI.020=

XI.020=

X1.020=

XI.020=

XI 020=

XI. 020=

XI.020=

Y l . 0 2 0 =

X1.0B0-

X 1 . 0 2 0 -

COMP.
RATE

tt'll

n.zt.

It'ti

l%>~}7

it'i*-

1 f.7?

i7- /*

cxs-910-3



Table 22-9 (contd)

TMC RALFH M. FAHSONC COMPANY

COMPOSITE LABOR RATES

Page 5 of 5

Job i
Effective
Estimator u/f

Source oj
late

at ion _

to

U)

CODE

8300

8600

CBAPT

HOURLY HATE
APPLICATION

Construct ion Equipnent

and Serv i c ing

Subs i s tence & Lodging-

Craft

*

BOILER-
MAKER

2.O.3*

CAEIEN-
TER

15

7.2V

ELECT-
RICIAN

15

LABORER

50

INSUL-
ATOR

lg.1t>

OPER.
ENS.

'?•**
100

MILL-
WRIGHT

PAINTER

ir.it

PIPE-
FITTER

2.6.7*

15

RODMAN IRON
WORKER

//.7<P-

TEAMSTER

5

• £3

CEHENT
MASON

TOTAL TOREMAN
ALLOW.

X1.020=

X1.020=

COMP.
RATE

CES-910-3



of labor, such as project site, working conditions, quality, and

availability of labor. This evaluation reflects recent experience

at approximately 20 large nuclear facility construction sites where

productivity has varied from 30 to 50%. The value used in this

study is 50%. Productivity associated with the construction of

nuclear facilities has been steadily decreasing over the past two

decades. However, it is felt that fusion has the opportunity and

the requirement to pioneer new construction techniques, products and

assembly procedures to lower the required manhours and enhance the

associated labor productivity.

6. The contingency allowance is to cover unknown costs and conditions,

such as weather, labor problems, lack of firm pricing and the state

of the design package (conceptual). An amount of 15% of the total

cost was allocated for the contingency. A spare parts allowance was

set at 2% of the subcontract and materials costs.

The direct cost for the Structures and Site Facilities is $346.58 M.

This represents a very significant portion of the total facility cost and

is higher than that for a comparably rated PWR. However the cost increases

can be identified and are reasonble. The Reactor Building is much larger

than a PWR containment building but contains more equipment. The remote

handling features in the Reactor and Hot cell contributes to the size and

cost increase. The Fuel Handling and Storage (Tritium Reprocessing) Building

is an additive factor as is the handling and containment of tritium. In

fact, the premise that this facility should have very low release rates of

tritium, low material activiation and a very high factor of safety, greatly

impacted the overall facility cost. The Hot Cell is another facility which

is additive to a PWR system. Because of the large sizes of the components

and large number of components handled within the Hot Cell, a large building

is required.

C21
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22.5.2.1 Site Improvements and Facilities (Acct 21.01)

This account covers all the site improvements and facilities necessary

for the complete power plant. Section 20.3 discusses the design details of

the necessary site improvements and transportation access requirements.

Table 22-10 summarizes the determined direct costs for this area..

C21.01 - U - 1 5 M

Table 22-10. Site Improvements and Facilities Costs

Category Costs ($M)

General Site Improvements

Site Work, Fencing, Storm Sewer 4.03

Earth Moving Equipment 3.33

Tank and Pump Foundations 0.66

Fire Protection 0.87

Sanitary Sewer 0.29

Transportation Access

Highway (5 miles)

Railway (5 miles)

Total Site Improvements and Facilities, C?1 01 =

22.5.2.2 Reactor Building (Acct 21.02)

The Reactor Building is a steel-lined ribbed box structure that contains

the reactor heat transport system, ATRS and the rf plasma heating system.

The building is rectangular in shape, 120 m x 50 m x 42.5 m high and is

described in detail in Sec. 20.2. Key features of the building which influ-

ence the cost are:

o Building shape and size - 120 m x 50 m x 42.5 m

o Steel lined pressure and tritium boundary

o Remote maintenance provisions

o A 1.5 m thick shielding wall and door requirement

o A 24 psi internal design pressure

o All contaminated and potentially contaminated systems are located

within the reactor building (larger sized building required)
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A relative cost analysis was conducted on the building configuration

(arch, ribbed arch, box, and ribbed box) and the ribbed box was chosen as

the most cost effective structural shape for the reactor building. For

further details, see Sec. 20.2.1.2. Table 22-11 lists the elements of the

Reactor Building and their respective costs. The total direct cost for the

Reactor Building is:

C 2 1 i Q 2 - $157.44 M

22.5.2.3 Turbine Building (Acct 21.03)

The turbine building is the largest building of the entire facility in

terms of floor area (110 m by 50 m) and contains a single turbine-generator

and its auxiliaries. The surface condenser is located on the subgrade level,

the feedwater heaters are on the ground level and the turbine generator is on

the upper level. The building is described in Sec. 20.2.2. The steel

framed, truss roofed building is of a conventional construction consistent

with current power plant installations. The elements of the Turbine Building

are shown in Table 22-12 with the total direct cost being:

C21.03 = $35'92 M

22.5.2.4 Cooling System Structures (Acct 21.04)

The main cost element in this account is the circulating water system.

Also included in this account are the costs associated with intake and

discharge structures and conduits and the earthwork for the cooling towers.

Specific items considered are:

o Circulating and makeup water pump pits

o Fire water storage tank w/epoxy liner

o Evaporation pond

o Reservoir

The total direct cost for this sysem is $7.96 M with concrete and piping

being the dominant factors.

C21.04
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Table 22-11. Reactor Building Costs

Category Cost ($M)

Structural 148.15

Earthwork Including Dewatering 5.06

Substructure up to grade 54.03

- Concrete

- Reinforcing

- Concrete tunnels

- Reinforcing for tunnels

- Painting

Superstructure 59.22

- Concrete

- Reinforcing

- Structural Steel

- Painting

- Railroad Track in Building

Special Shielding and Airlocks 29.84

- Steel Liner

- Air Locks

- Leak Test

- Construction Openings

- Penetrations

Building Services 1.89

HVAC

Plumbing

Fire Protection

Architectural

Interior and Exterior Finishes

Shield Door

Elevator

Total Reactor Building Cost, C_,
02

1.50
0.02

0.37

1.79

5.52

0.09

- $157

7.

.44

40

M
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2

19

Cost

.21

.58

($M)

32.65

Table 22-12. Turbine Building Costs

Category

Structural

Earthwork Including Dewatering

Substructure up to grade

- Concrete

- Reinforcing

- Structural Steel

- Painting

Superstructure 10.86

- Concrete

- Reinforcing

- Structural Steel

- Fainting

Building Services 1.78

HVAC 1.68

Plumbing -

Fire Protection 0.10

Architectural 1.49

Interior and Exterior Finishes 1.49

Total Turbine Building Costs, C.j Q 3 = $35.92 M

22.5.2.5 Electrical Equipment and RF Power Supply Building (Acct. 21.05)

The Electrical Equipment and RF Power Supply Building is a three level,

steel framed structure, 70 m x 50 m x 16 m high. It houses power supplies

for the EF, OH and TF coils, a cable spreading area and the power supplies

for the RF Heating and Current Drive System. Also included is a small

maintenance, repair and storage area and a small office and control room for

the electrical equipment. The ECRH gyrotron power supply substation is

located externally in an equipment yard. A further description can be found

in Sec. 20.2.6. The total direct cost of $9.16M is detailed in Table 22-13.

C 21 .05 - $ 9 ' 1 6 M
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Table 22-13. Electrical Equipment and Power Supply Building Costs

Category Cost ($M)

Structural 8.03

Earthwork Including Dewatering 0.07

Substructure 3.58

- Concrete

- Reinforcing

Superstructure 4.38

- Concrete

- Reinforcing

- Structural Steel

- Painting

Building Services 0.53

HVAC 0.37

Plumbing 0.02

Fire Protection 0.14

Architectural 0.60

Interior and Exterior Finishes 0.54

Elevator 0.06

Total Electrical Equipment and Power Supply Building, C . Q 5 = $9.16 M
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22.5.2.6 Plant Auxiliary Systems Building (Acct 21.06)

This two level building houses the HX and pumps for the closed loop

cooling water system. Also located on the ground level are chillers, pumps,

instrument air equipment and a maintenance area. The upper level contains

air handling units pumps, plenums and HVAC equipment. Table 22-14 summar-

ize the direct costs of this system.

C21.06 " $ 3' 2 6 M

Table 22-14. Plant Auxiliary Systems Building Costs

Category

Structural

Earthwork Including Dewatering

Substructure

Building Services

HVAC

Plumbing

Fire Protection

Architectural

Total Plant Auxiliary Systems Building Costs,

22.5.2.7 Hot Cell Building (Acct 21.07)

Cost

0.04

1.50

1.31

0.01

0.07

C21.06 * $ 3

\?!

1.

1.

0.

.26

54

39

33

M

The Hot Cell Building for STARFIRE is the second most expensive building

in the facility and this, in some ways is a reflection upon the design,

safety and maintenance approach taken and to the high level of detail involv-

ing the hot cell operations. The safety aspects require a carbon steel

lined, concrete-hardened structure designed for DBE seismic loading. The

1.5 m thick external walls will withstand tornado and turbine missiles,

tornado induced differential pressures and provide adequate shielding for the

activated products handled and stored in the Hot Cell.

A wide variety of maintenance and decontamination functions are being

accomplished within the Hot Cell, all in a remote operations mode. The

Design basis earthquake; see Sec. 20.2.1.2.
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activated blanket sectors are transported into the Hot Cell on a monorail

system for inspection, disassembly and storage. All solid and liquid waste

products are processed in the Hot Cell and either shipped offsite or stored.

Also included in the Hot Cell are remote maintenance and repair shops to work

on blanket sectors and other activated reactor equipment. This building as

well as the Reactor Building has Atmospheric Tritium Recovery Units to

cleanup tritium in the event of a 1 ••ak.

In many ways the Hot Cell is very similar to the Reactor Building

(shielding, pressure rating, seismic, and remote maintenance) and hence it is

understandable that the cost for this building is quite high. Table 22-15

shows the cost of the building. The two highest elements are concrete and

liner which total approximately 75% of the total cost.

C21.07 ' * 5 3' 6 9 M

Table 22-15. Hot Cell Building Costs

Category Cost

Structural 43.96

Earthwork Including Dewatering 0.13

Concrete 18.81

Reinforcing 3.60

Liner Plate and Misc Steel 3.88

Liner Tests and Airlock 17.30

Painting 0.24

Building Services 1.15

HVAC 1.09

Plumbing

Fire Protection 0.06

Architectural 8.58

Interior and Exterior 1.52

Shield Door 7.06

Total Hot Cell Building Costs, C2J Q ? - $53.69 M
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22.5.2.8 Reactor Service Building (Acct 21.08)

The Reactor Service Building is a ground-level high-bay area between the

Hot Cell and the Turbine Building and adjacent to the Plant Auxiliary Build-

ing. The building is a steel framed building with concrete floors supported

on steel framing. A railroad spur passes through the receiving end of the

building. Storage spaces for new blanket segments and process modules are

provided. Table 22-16 lists the elements of the building and their costs.

The total direct cost of the building is:

Table 22-16. Reactor Service Building Costs

Category Cost

Structural

Earthwork

Concrete

Reinforcing

Structural Steel

Painting

Building Services

HVAC

Plumbing

Fire Protection

Architectural

Total Reactor Service Building Cost, C,, _„ = $1.88 M

22.5.2.9 Service Water Building (Pump Houses) (Acct 21.09)

The Service Water Buildings (fire water storage tank pump house) and the

circulating water pump house are covered in this account. These pump houses

contain the pumps and the chlorinating facilities for these systems. The

circulating water pump house is a steel framed structure with a truss roof.

The fire water storage tank pump house is a concrete-hardened structure

0.04

0.53

0.14

0.77

0.06

0.05

0.01

0.04

1

0

0

.54

.10

.24
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designed for DBE seismic loading. The direct cost for these buildings are

shown in Table 22-17.

C21.09 = $ 0- 6 6 M

Table 22-17. Service Water Building Costs (Pump Houses)

Category Cost ($M)

Structural 0.50

Earthwork 0.002

Concrete 0.11

Reinforcing 0.05

Structural Steel 0.31

Painting 0.03

Building Services 0.11

HVAC 0.005

Plumbing -

Fire Protection 0.105

Architectural 0.05

Total Service Water Building Costs (Pump Houses) C,,. ._ = $0.66 M

22.5.2.10 Fuel Handling and Storage Building (Acct 21.10)

• The Fuel Handling and Storage (FHS) Building also referred to as

the Tritium Reprocessing Building, houses the process equipment to reclaim

and purify the tritium. Deuterium is also stored in this building and the

two fuels are mixed and sent to the reactor. The FHS Building is separated

into areas subject to tritium contamination and areas which are not. Areas

subject to contamination are carbon steel lined and are within a concrete-

hardened structure similiar to the Reactor Building. An airlock separates

the contaminated areas from the offices, a tritium equipment control room and

HVAC equipment. Again like the Reactor Building, the tritium area requires a

lower than atmospheric ambient pressure of clean air. A C0? atmosphere is

not required in the FHS building. Tritium cleanup of the building atmosphere
*

is provided by the five ATRS units. In addition to the tritium processing

area, sufficient areas are provided for storage of deuterium, maintenance

Atmospheric tritium recovery system.

22-53



and repair shops and a storage room. A uranium storage bed for the tritium

is also required. The facilities for this system are costed in Table 22-18.

Again the concrete and the steel liner are the highest cost items. The total

direct cost for the building is:

C21.10 = $ 8 ' 6 3 M

Table 22-18. Fuel Handling and Storage Building Costs

Category

Structural

Earthwork Including Dewatering

Concrete

Reinforcing

Structural Steel

Steel liner, plate and airlock

Painting

Building Services

HVAC

Plumbing

Fire Protection

Architectural

Total Fuel Handling and Storage Building Costs,

2.5.2.11 Control Room Building (Acct 21.11)

Cost

0.02

5.33

0.72

0.03

1.12

0.03

0.52

0.03

0.07

C21.10 "

($M)

7.25

0.62

0.76

$8.63

The Control Room is adjacent to the Administration Building and the Site

Service Building, but it is a separate two-level hardened structure, capable

of withstanding DBE seismic loads and tornado induced pressures and tornado

missiles. The lower area houses the main control room, auxiliary equipment,

computer equipment maintenance and repair, tools and parts storage, offices,

conference rooms and electrical equipment. The upper level contains electri-

cal and HVAC equipment and an observation gallery above the main control

room. The cable spreading areas beneath the control room are used with an

access flooring system for use with a multiplexed communication system. The
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Control Room Building direct cost is $3.10M with a cost breakdown shown in

Table 22-19.

Table 22-19. Control Room Building Costs

Category

Structural

Earthwork Include Dewatering

Concrete

Reinforcing

Structural Steel

Painting

Building Services

HVAC

Plumbing

Fire Protection

Architectural

Total Control Room Building Costs, C = $3.10 M

22.5.2.12 Onsite AC Power Supply Building (Acct 21.12)

The onsite AC power supply is provided by two gas turbine generators

housed in a one story hardened building. Each unit has a control room

and battery room. Additional hardening is provided in the walls to stop

turbine generated missiles. An adjacent two story building is required for

the switchyard control equipment and the cable spreading room. The founda-

tions are designed to meet the gas turbine manufacturer vibration specifica-

tions. The total direct cost of $2.05 M is shown in Table 22-20.

Cost

0.01

1.63

0.35

0.05

0.01

0.47

.01

0.22

<$M)

2,

0.

0 .

.05

.70

,35
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0.02
0.80
0.24
0.08

0.10

0.01
0.46

1.

0.

0.

14

57

34

Table 22-20. Onsite AC Power Supply Building Costs

Category Cost

Structural

Earthwork

Concrete

Reinforcing

Structural Steel

Building Services

HVAC

Plumbing

Fire Protection

Architectural

Total On-Site Power Supply Building Costs, C-., . = $2.05 M

22.5.2.13 Administration Building (Acct 21.13)

The Administration Building is a two story structure designed to support

up to 60 people. It consists of a reception area, conference/display room,

offices, lunchroom, electrical and HVAC equipment for both this building and

the Site Service Building. It is a steel framed structure with a supported

floor of concrete resting on a steel decking. Table 22-21 shows the total

cost to be $0.87 M.

C-1 10 s* v0 • ol M21.13

22.5.2.14 Site Service Building (Acct 21.14)

This building is divided into a maintenance shop and a warehouse, both

servicing the balance of plant functions. The building is combined with the

Administration and the Control Room Buildings and share some building ser-

vices. The total building costs are $0.87 M and is shown in Table 22-22.

C 2 1 > 1 4 = $ 0 . 8 7 M
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Table 22-21. Administration Building Costs

Catezorv

Structural

Earthwork

Concrete

Reinforcing

Structural Steel

Building Services

HVAC

Plumbing

Fire Protection

Architectural

Total Administration Building Costs, C , „

Cost

0.01

0.18

0.04

0.24

0.09

0.02

0.02

=

(SM)

0.47

0.13

0.27

$0.87 M

Table 22-22. Site Service Building Costs

Category

Structural

Earthwork

Concrete

Reinforcing

Structural Steel

Building Services

HVAC

Plumbing

Fire Protection

Architectural

Total Site Service Building Costs,

Cost

0.02

0.07

0.03

0.34

0.07

0.02

0.04

<$M)

0.

0.

0.

.46

,13

.28

$0.87 M
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22.5.2.15 Cryogenics Building (Acct 21.15)

This steel framed structure with precast concrete panel walls houses

the helium and nitrogen compressors. The remainder of the cryogenics equip-

ment is located in a fenced-in yard adjacent to the building. An enclosed

mezzanine provides space for an electrical equipment room. This building

costs $0.91 M and details are shown in Table 22-23.

C21.15 = $0.91 M

Table 22-23. Cryogenics Building Costs

Category " C ° s t ($**)

Structural 0.70

Earthwork 0.01

Concrete 0.52

Reinforcing 0.16

Structural Steel 0.01

Building Services 0.04

HVAC 0.02

Plumbing -

Fire Protection 0.02

Architectural 0.17

Total Cryogenics Building Costs, C-. ._
$O.91M

22.5.2.16 Security Building (Acct 21.16)

The Security Building is a single-level steel framed structure similar

to the Administration Building. The total cost of this building is $0.31 H.

Details are shown in Table 22-24.

C21.16 = $0.31 M
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Table 22-24. Security Building Costs

Category

Structural

Earthwork

Concrete

Reinforcing

Structural Steel

Building Services

HVAC

Plumbing

Fire Protection

Architectural

Total Security Building Costs, C?1 ^.

Cost

0.00

0.09

0.02

0.07

0.038

0.006

0.006

<$M)

0.18

0.05

0.08

A A *» 1$0.31 M

22.5.2.17 Ventilation Stack (Acct 21.17)

The Ventilation Stack provides for disposal of low level radioactive

gases above ground level. It is a steel-lined, reinforced concrete outer

shell structure, 100 m high and 14 m in diameter at the base. The concrete

shell is slip-formed and is supported on an octagonal foundation. The cost

for this stack is shown in Table 22-25 and the total direct cost is $1.81 M.

C 2 1 # 1 ? - 11.81 M

Table 22-25. Ventilation Stack Costs

Category

Structural

Earthwork

Concrete

Reinforcing

Structural Steel

Total Ventilation Stack Costs, Co1 ,

Cost

0.01

0.37

0.20

1.23

M
1 T

($M)

1.81

$1.81
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22.5.3 Reactor Plant Equipment (Acet 22)

This account summarizes all of the fusion reactor plant equipment,

which sometimes is referred to as the nuclear island portion of the facility

costs. The systems contained herein are either uniquely designed for the

fusion application or have been tailored to accommodate the fusion systems.

The R&D costs of these systems are not included because, by definition,

STARFIRE represents a developed and mature system. Due to the difficult task

of producing energy by fusion, the reactor portion of this facility is the

most expensive part of the overall system, costing in excess of 50% of the

total direct cost. The cost of the Reactor Plant equipment is

C22 = $968.62 M

22.5.3.1 Blanket and First Wall (Acct 22.01.01)

The costs in this account covers the components of the first wall, the

blanket (including the breeder, reflector, multiplier and jackets), headers

and any integral structure to support and transport the blanket sectors.

Other components, which may be an integral part of the blanket sector, are

covered in other accounts to differentiate their functional usage. Examples

include the rf grill and duct extension (Account 22.01.04), the ECRH Plasma

Breakdown waveguides (Account 22.01.09), the fuel injection system (Account

22.05.04) and the limiter (Account 22.01.08).

The costs of the First Wall/Blanket components are estimated based on a

cost per weight basis, which is consistent with the degree of design defini-

tion. Table 22-26 lists the materials used, their masses and the costs. The

largest cost item is the 60% enriched LiAlO . The stainless steel compo-

nents are segregated into a complex fabrication category (first wall, and

blanket cooling components) and a structural or simple fabrication category

(reflector, jacket, coolant headers and blanket support structures). The

total first wall/blanket system cost is

C22.01.01 - $ 8 2' 3 6 M

22.5.3.2 Shielding (Acct. 22.01.02)

The bulk and penetration shielding is an optimized composite of mate-

rials to attenuate the neutron radiation and thermal heating to levels
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Table 22-26. First Wall/Blanket Costs

MATERIAL MASS

(MT)*

INSTALLED COST

($/Kg)

TOTAL COST

($M)

FIRST WALL

PCASS

Be

29.0

1.0

35

250

1.02

.25

BLANKET

PCASS

PCASS

Zr5P,b3

LiA102, 60% Enriched

C

200.7*

191.4**

336.8

626.5

161.7

35

27

50

80

12

7.02

5.17

16.84

50.12

1.94

1547.1 82.36

* INBD BKT 20.8 MT ** REFLECTOR 43.9 MT

OUTBD BKT 179.9 MT JACKET & HEADER 147.5 MT

200.7 MT 191.4 MT

"Metric ton (1000 KG)

necessary for protection of the surrounding equipment. Table 22-27 lists the

principal materials by weight and cost. The costs were calculated on a

cost/unit weight basis. The bulk Nonmagne 30 costs reflect thick plates

with very little machining costs. The higher cost for Nonmagne 30 ($20/kg)

includes the coolant tubes, cladding for the B.C, the structural elements

and pressure jackets. Very little fabrication is considered for Pb, B.C

and W with these being cast or pressed into the required shapes ready for

inclusion into the shield module. There had been a concern that the cost of

tungsten would be excessive and while the cost is significant, it is not a

dominant factor. In fact, Table 22-28 illustrates that the cost of the

stainless steel is the highest material cost. The total shielding cost is:

C22.01.02"
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Table 22-27. Shielding Costs

Material Mass

(MT)

Installed
Cost

($/Kg) ($M)

Inboard Shield

Nonraagne

Nonmagne

V
W

30,

30.

Structural

Bulk

65

92

88

840

20

9

35

50

1085

Outboard Shield and Shield Door

Nonraagne

Nonraagne

Ti-6A1-4V

TiH2

30,

30,

Structural

Bulk

360

3498

117

1310

362

20

9

65

2

35

5647

7.20

31.48

7.60

2.62

12.67

61.57

Vacuum Duct and Pod

Nonmagne

Nonmagne

Ti-6A1-4V

TiH2

V

30.

30,

Structural

Bulk

582

5248

30

336

437

20

9

65

2

35

66.33

RF and ECRH Elbow Ducts

Nonmagne 30, Bulk 55

Total Shielding Costs, C
21.01.02

0.50

186.07
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22.5.3.3 Magnets (Acct 22.01.03)

The cost account for the magnets includes the costs for the TF magnets,

the EF magnets, the CF magnets and the OH magnets. All the magnet systems

are cryogenic except the CF coils. Table 22-29 summarizes all of the

material weights and costs. Four OH and four EF coils are contained within

the cryogenic centerpost region and no separate vacuum dewar is required.

The individual vacuum dewars for the TF coils are considered as structural

elements and hence are included in Account 22.01.05, Primary Structure and

Support.

The unit costs shown in Table 22-29 are based on the assumption of a

mature superconducting magnet industry. All coils are fabricated at factory

locations. There, the necessary quality control verifications are performed

and the coils are mated to the dewars and shipped by barge to the reactor

site. The cost of the TF conductor is shown as a composite cost for the

NboSn and the NbTi superconductors and the copper stabilizer. The cost of

the SS structure enclosing the S/C conductor pack is very low at $14/kg

reflecting the simple fabrication technique. The helium tank surrounding the

coil is a much more complex structure requiring load carrying ability and

leak-tight construction. This construction and verification increases the

unit cost of the SS to $26/kg. The superinsulation is required only on the

individual OH and EF coils and is priced on a per square meter basis. The

G-10CR insulator is estimated at a unit price of $20/kg.

Table 22-28. Relative Shield Costs

Material Percent of Shielding Cost

Nonmagne 30 54

W 22

V 17
6 4 V 5

2 2

With the OH and EF coils, the NbTi conductor and Cu stabilizer are

priced separately. Two spare OH and two EF coils are provided for the coils
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Table 22-29. Cost of the Magnets

MATERIAL UNIT COST
(S/Kg)

Nb3 Sn 109

NB Ti 55
Copper Stabilizer 16

N> Copper Conductor 25
^ SS Structure 14
** SS Helium Tank 26

SS Vacuum Dewars 26
G-10CR Insulator 20
Fiberglass Insulator 13
Alumina Insulator 25
Superinsulation 100/m2

Circuit Protection

TF (12 COILS)

WJ_ COST
(MT) ($M)

[1815.6!

2304.0
1124.4
(1)
61.2

(1)

EF (8 COILS)

WT COST
(MT) ($M)

27.3

372.29

387.8

488.0
249.1
72.0
74.6

1235 m2

1.50
5.97

5.43
12.69
6.48
1.44

.97

.12

34.60

CF (4 COILS)
WT COST

(MT) ($M)

139.5
10.0

15

3.49
0.14

0.37

4.00

OH (6
WT

(MT)

5.7
77.1

80.2
101.0
54.9

15.0
15.4

COILS)
COST
($M)

.31
1.23

1.12
2.63

1.43
.30
.20

272.4

(1) Included in Account 22.01.05

Total Magnet System Cost, C 2 2 0 1 0 3 = $171.57 M

.03

7.25



trapped under the TF coils and the cost for these are shown in the Spare

Parts account.

The dominant magnet system cost is the TF coils system, which has the

most stored energy and is the most massive of the systems. The cost of the

OH and EF magnet systems are roughly proportional to the current in the

coils. The total magnet system cost is:

C22.01.03 - $ 1 7 1- 5 7 M

22.5.3.4 RF Heating and Current Drive (Acct 22.01.04)

The capital costs in this system are attributable to the crossed field

amplifiers, the phase shifters, the circulators, and the wave guide compo-

nents. The total cost of the rf system is $33.49 M, and the detailed break-

down is shown in Table 22-30. The grill and duct extension are to be

replaced with each blanket sector replacement, see Account 50. The ampli-

fiers will have a limited life and will have to be replaced on a routine

basis, Account 51. The power supplies are covered in Account 22.01.07 and

cooling in Account 22.06.07, Closed Coolant System.

C 2 2 . 0 1 . 0 4 = $ 3 3 ' 4 9 M

Table 22-30. RF Heating and Current Drive System Costs

Component

Crossed Field Amplifier (432)

Grill and Duct Extension (12)

Waveguide Elbow (12)

Below-grade Waveguide (12)

Waveguide Window Assembly (36)

Phase Shifter (432)

Circulator (432)

Total RF Heater and Current Drive System Cost, C2_ Q, _, » 33.49

Crossed Field Amplifier — To achieve the high efficiencies required

in the rf system, crossed field amplifiers are used at a power level of

420 kW output. Similar tubes have been built at 400 kW, 3 GHz with 10 dB

gain. Based upon tubes of similar size and complexity, it is estimated that
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Unit Cost ($)

27,500

95,300

230,300

531,000

15,000

13,000

12,000

Cost ($M)

11.88

1.14

2.76

6.37

.54

5.62

5.18



(4)
this CFA tube would cost in the range of $25,000 to 30,000. This

assumes a large quantity purchase with all R&D and tooling costs credited to

prior procurements. A cost of $27,500 is estimated for the installed cost of

each CFA, yielding a capital cost of $11,880 M for 432 units. The estimated

lifetime of this tube would be on the order of 20,000 hours, which would

require a replacement every three calendar years. After replacement the

CFA's would be returned to the manufacturer for refurbishment.

Grill and Duct Extension — This portion of the rf waveguide inside the

blanket sector and through the shield is an integral part of the replaceable

blanket sector. The component is water cooled FCA SS structure with a

beryllium coating. The unit cost is assumed to be $95,300 and the total

system cost is $1.14 M.

Waveguide Elbow — This is the portion of the waveguide outside the

shield above the floor level, approximately 13 m long. The structure is PCA

with a copper coating. The unit cost is $230,000 and the system cost is

$2,760 M.

Below-Grade Waveguide — This is the portion of the waveguide from the

reactor room floor level to the circulators/phase shifters. The waveguide

structure is water cooled PCA SS with copper coating approximately 30 meters

in length. The unit cost is $531,000, resulting in a system cost of $6.37 M.

Waveguide Window Assembly — These assemblies of 36 individual waveguide

windows are used in three locations in each rf duct. Thus 36 assemblies are

required, all identical. Similar window assemblies are being made on a

smaller scale ( 4 x 4 array). The larger STARFIRE window assemblies will cost

approximately $15,000 each, installed based on an assumption of prior procure-

ments (85Z learning curve). The total system cost will be $540,000.

Phase Shifter — These components are of water cooled copper structure

with motorized components to accomplish the required phase matching. Their

weight is estimated at 655 kg each and the costs are appraised to be $13,000

each. Since 432 of these assemblies are required, the initial capital cost

is $5.62 M.
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Circulator — These components are also large water-cooled copper

structures with ferrite cores. The elements should cost approximately

$12,000 with a system cost of $5.18 M.

22.5.3.5 Primary Structure and Support (Acct 22.01.05)

The Primary Structure and Support System encompasses all reactor struc-

tural elements which support and react the loads generated by the major

reactor components. The cryogenic centerpost reacts all the radially inward

forces generated by the TF coils. Underneath the cryogenic centerpost are

the centerpost support struts. Enclosing the centerpost, the support struts

and the inner legs of the TF coils, is the common dewar. The TF coil vacuum

dewar transmits the out-of-plane magnetic forces in the TF coils to the

anti-torque structure and the carry-through structure. The shield pedestal

supports the dead weight of the wall/blanket/shield to the reactor building

foundation structure. The equipment structure supports the weight and the

magnetic forces associated with the EF and OH coils, both outboard and within

the centerpost region.

Table 22-31 lists the principal components, materials, weights and

their estimated costs for the primary structure and support system. Most

components utilize conventional fabrication techniques with the Nonmagne 30

steel. Although the structure is thick and heavy, there are high loads being

transmitted, requiring high quality control. Also, the dewars are complex

structures enclosing the cryogenic components and they have to react the

large magnetic loads generated by the TF coils. Weld inspection and leak

checking will also be time consuming. For these reasons, the installed steel

cost per kilogram is estimated at $20/kg. The only exception is the steel in

the antitorque structure which is a simple flat structure requiring only

machining on the edges of parts and a lower cost of $16/kg is assumed. The

multilayer insulation (MLl) enclosing the dewars are also costed in the
2 (2)

account on a cost per square meter basis of $100/m .

An economic trade study was conducted based on the material choice for

the centerpost. Three material choices were considered: Nonmagne 30,

graphite-epoxy and G-10CR. For the analysis, equal volumes were assumed to

be required for all materials. The unit ccst of Nonmagne 30 was assumed to
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Table 22-31. Primary Structure and Support Systems Cost

MATERIAL MASS

(MT)*

INSTALLED COST

($/kg)*

TOTAL COST

($K)

Reactor Centerpost

- G-IOCR 279.3 20 5.58

Centerpost Support Struts

- G-IOCR 1.4 20 0.03

Common Dewar

- Nonmagne 30

- Superinsulation

TF Coil Vacuum Dewar

- Nonmagne 30

- G-IOCR

- Superinsulation

Anti Torque Structure

69.9

480m2

974.7

1.9

2400 a

- Nonmagne 30 .1050.9

20

100/m2

20

20

100/m2

16

1.40

0.05

19.50

0.04

.24

16.81

Shield Pedestal

- Nonmagne 30 418.4 20 8.37

Equipment Support Structure

- Nonmagne 30 32.2

- G-10CR 4.2

20

20

Total Primary Structure and Support System Costs, C-
-•Ul•U j

Except where Indicated.

0.64

0.08

52.74
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be $16/kg because of the large structural elements. The cost of graphite

epoxy centerpost is estimated based upon usage of a built-up prepreg graphite-

epoxy unidirectional tape ($106/kg). This tape is wound on a mandrel until

the proper thickness is obtained. The part will be autoclaved to cure.

Nondestructive testing will verify the quality of the part. Final machining

will finish the outside diameter and end fittings. The overall cost/kg for

graphite-epoxy will be $235 including shipping and installation. The method

of fabrication for the G-10CR will be very similar to graphite epoxy but the

material cost is very low ($3/kg) yielding a unit cost of $20/kg. Table

22-32 shows the material choices, weights and costs with G-10CR being the

most cost effective material. The Nonmagne 30 centerpost is also a reason-

able alternative. The total system cost is:

C 2 2 . 0 1 . 0 5 = $ 5 2 - 7 4 M

Table 22-32. Economic Comparison of Centerpost Materials

Material

Nonmagne

Graphite

G-10CR

22.5.3.6

30

Reactor

Weight (MT)

1179.97

223.7

279.3

Vacuum System (Acct

Unit

22.01.

Cost ($/kg)

16

235

20

06)

Cost

18.

52.

5.

($M)

88

57

58

The components costed in the Reactor Vacuum System will include the

forty-eight compound cryogenic pumps for the plasma chamber, the associated

valving, the regenerative pumping system for the cryopumps, the magnet vacuum

systems and the gyrotron magnet vacuum systems. The vacuum delivery system

for STARFIRE consists of a large plenum chamber behind the blanket, limiter/

vacuum ducts through the blanket connecting the plasma chamber and the plenum

and twenty-four large vacuum ducts connecting the plenum and the vacuum

cryopumps. The delivery components, although performing a vacuum system

function are all considered to be integral parts of other systems (e.g. the

limiter/vacuum duct is an opening in the blanket sector and the vacuum ducts

and pods are a part of the shielding system.)
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The cryopumps for the plasma chamber require a pumping speed of 125,000

liter/sec, He and 200,000 liter/sec, total. At present it is estimated that

in a small lot purchase these pumps would cost $100,000 each, exclusive of

development costs. Due to the large purchase quantities involved, signifi-

cant learning would apply and the unit price will be estimated as $50,000.

The large diameter (1.2 m) gate valve with a metal seal is estimated at

$20,000 and the similar sized right-angle valve is estimated at $15,000.

Although these items would have to be specially developed, the cost estimates

reflect production quantity prices. The roughing vacuum pumps and piping for

regenerating the cryopanels are estimated at $60,000.

Small cryopumps will be required on each ECRH gyrotron magnet dewar.

These 1000 liter/sec H units are commercially available at $3,000 each. A

common roughing pump ($7,000) will be shared by all cryopump systems. The

TF, EF and OH coils and the common dewars must be evacuated prior to cool-

down. Rough vacuum pumping is accomplished by the regeneration system for

the plasma chamber. Further pumping is provided by the 4°K TF coil helium

vessel. No requirements were identified for the Fuel Handling and Storage

System or the Radioactive Waste Products System so no costs are included for

those accounts. The total system costs are 4.86 M and the cost breakdown is

shown in more detail in Table 22-33.

C 2 2 . 0 1 . 0 6 = $ 4 - 8 6 M

Table 22-33. Reactor Vacuum System Costs ($M)

Component

Plasma Chamber Cryopumps (48)

Right-angle Valve (48)

Gate Valve (48)

Regeneration System

Gyrotron Magnet Cryopumps (24)

Gyrotron Pipes, Valves, etc.

Gyrotron Roughing Pump

T.F. Rough Pump Piping

Equipment

48) 2.40

0.72

0.96

0.06

(24) 0.07

c. 0.07

0.01

0.05

Total Reactor Vacuum

Installation

0.24

0.04

0.05

0.06

0.02

0.05

0.01

0.05

System Costs, C ,

Total

2.64

0.76

1.01

0.12

0.09

0.12

0.02

0.10

= 4.86
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22.5.3.7 Power Supply, Switching and Energy Storage (Acct 22.01.07)

The power supply, switching and energy storage system provides the

conditioned power to the magnet coil systems, the rf plasma heating and

current drive system and the ECRH plasma breakdown system. Since STARFIRE is

operated steady state, most of the requirements for electrical energy storage

are eliminated. The system costs are summarized in Table 22-34. The power

supply for the TF magnets provides a low voltage, high current supply and is

estimated at $80/kW, including component costs, installation and system

checkout. The TF protective circuitry is included in the TF magnet costs,

Acct. 22.01.03. The EF coil power supplies have a high power requirement

(290 MVA) which yields a cost of $23.2 M. The OH coil power supply and

switching costs are significantly less ($17 M) reflecting their power plant

levels. A significant cost subsystem is the CF coil supply, reflecting high

power levels transmitted in short times with an energy storage of 5 MJ. The

capacitive storage unit was estimated at $200,000/MJ.

The conceptual design of the ECRH system is to utilize two 7 MW power

supply modules to drive twenty four ECRH gyrotrons. This design is similar

to a 5 MW multiple gyrotron application proposed for EBT-P. The power supply

system would use a 7 MVA power supply module along with an individual series

pass tube modulator/regulator for each gyrotron. The series tube will act as

an interruptor for each tube. An existing quote for a 5 MW system was scaled

up to a 7 MW size system and then a 90% learning experience curve was applied

to yield a unit power supply system cost $1.5 M for the 20th unit ($215/kW).

The LH plasma heating and current drive system is a high power system

(142 MW). If this system could use similar 7 MW power supply systems, the

unit price would be lowered to approximately $1 M each, yielding a LH power

supply system cost of $20 M. But the system performance was felt to be

improved and more design flexibility could be obtained with individual power

supplies to drive each CFA (432). With this large quantity, the cost/kW was

estimated at $80/kW, yielding a LH power supply cost of $14.2 M and a lower

system cost than the multiple supply approach.

The total cost for the power supply system is:

C 2 2 . 0 1 . 0 7 = $ 5 2 ' 9 M
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Table 22-34. Power Supply, Switching and Energy Storage Costs

Subsystem Costs ($M)

Toroidal Field Coils 0.3

- Power Supply (3.2 MVA) 0.3

- Protective Circuit in Acct 22.01.03 N/C

Equilibrium Field Coils 27.2

- Power Supply (290 MVA) 23.2

- Dump Circuit 4.0

Ohmic Heating Coils 1.7

- Power Supply 0.3

- Blocking Diodes 0.4

- Liquid Rheostat 1.0

Correction Field Magnets 9.3

- Power Supply 0.3

- Capacitive Energy Storage (5 MJ) 1.0

- Coil 1 and 3 choppers (3.3 MW each) 1.3

- Coil 2 and 4 choppers (33 MW each) 6.7

ECRR Gyrotrons 3.0

- Power Supply Modules (14 MW, 2 Units) 3.0

LHH CFA 11.4

- Power Supplies (142 MW, 432 Units) 11.4

Total Powe Jupply Switching and Energy Storage C m n * 52.9

22.5.3.8 Impurity Control (Acct 22.01.08)

The subsystem components of the Impurity Control system to be costed in

this account are the limiter and its support structure. The limiter is a

water cooled structure in intimate contact with the outer perimeter of the

plasma, having a life approximately equal to the first wall and blanket.
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Hence the limiter will be replaced with the blanket sector on a regularly

scheduled basis. There are ninety six individual limiter units with associ-

ated structure and coolant tubes. There are four possible material choices

being considered for use in the limiter; tantalum, vanadium, niobium and

copper. The engineering choice is not a clear cut decision and the material

has not been picked. However the economics of the limiter material may help

make the material choice. The cost of the tantalum alloy (TA5W) is estimated

at $380/kg with the installed cost being $500/kg. The price of tantalum is

very much uncertain due to material availability as an imported strategic

material and a growing demand for the material. The other two refractory

alloys, V.-Ti and FS-85 (Niobium alloy) are less expensive. V.flTi

is $234/kg installed and FS-85 is $147/kg installed. A copper structure

(AMAX-MZC) is the least expensive at $18/kg. The cost of the limiter made of

the various materials are shown below:

Material

Ta5W

V20Ti

FS-85 (Nb)

AMAX-MZC (Cu)

Weight (MT)

32.00

11.65

16.64

17.15

Unit Cost ($/kg)

500

234

147

18

Cost ($M)

16.00

2.73

2.45

0.31

Clearly the choice should not be tantalum because of its higher price

unless it had superior engineering characteristics. Copper is the lowest cost

limiter but it may not have adequate life and structural properties in this

environment. Either of the other two refractories probably represent what

will finally be the material to be selected. For costing purposes, it will

be assumed the niobium alloy is the selected material, with the system cost

being:

C 2 2 . 0 1 . 0 8 = $ 2 ' 4 5 M

22.5.3.9 ECRH Plasma Breakdown (Acct 22.01.09)

The hardware in this account includes twenty four 160 GHz gyrotrons and

24 waveguides, 6 cm ID. No special launching mechanisms are required. The

power supplies will be costed in Account 22.01.07.
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The gyrotron required for the STARFIRE application will be similar in

many respects to the existing Varian gyrotron which was recently tested at

ORNL at 212 KW, 28 GHz. The current cost estimate for a 28 GHz or a 60 GHz

tube and supporting components is $185,000. J The 160 GHz tube will be

estimated to have a similar recurring cost estimate for the small lot pur-

chase. If the costs are assumed to have a learning curve of 90%, the small

lot cost of $185,000 will reduce to approximately a unit price of $110,000

over the cumulative purchases of prior tokamak fusion plants. Thus the costs

of the installed gyrotrons will be $2.64 M.

The twenty four ECRH waveguides are 6 cm ID PCA SS pipe which generally

follow the same routing as the rf ducts. Their length is estimated as 55 m

of which 12 m will be replaceable with the blanket sectors during scheduled

maintenance. The waveguides are estimated as type 316 stainless steel,

Schedule 5 pipe. The installed cost will be $135/linear meter including

an adder of $5/m for the cost of copper and beryllium coatings. This yields

an installed waveguide cost of $178,000. Thus the ECRH Breakdown System is

$2.82 M.

C22.01.09 = $ 2- 8 2 M

22.5.3.10 Main Heat Transfer and Transport (Acct 22.02)

This account includes the costs of the primary (light water) coolant

system, the limiter cooling system (which provides feedwater heating) and the

residual heat removal system (which circulates coolant through the blanket

sectors during shutdown periods for maintenance). The primary coolant loop

handles 3800 MW on a continuous basis to 4 steam generators. This system is

considered to be very similar to present day PWR coolant and steam generator

systems, upgraded to high reliability standards to achieve the necessary

availability goals. The heat from the limiter (200 MW continuous) is uti-

lized in the power conversion system to heat the feedwater. The limiter

coolant is operated at a lower pressure, 4.2 MPa (600 psi) versus 15.2 MPa

(2200 psi) for the primary coolant loop. The residual heat removal coolant

is provided only to remove the residual heat in the blanket sectors during

maintenance or in the event of a loss of a primary coolant system. Its

primary function is to protect the capital investment and is not a safety

system.
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Table 22-35 lists the component costs of the three coolant systems.

The manifolds are the most expensive elements of the systems representative

of the sizes of the manifolds and the degree of redundacy of the system.

The primary coolant is comprised of 2 loops with a pressurizer, 2 steam

generators and 3 pumps in each loop. The valve costs are significant,

reflecting the large sizes and number to assure flow path redundancy. The

heat exchangers shown in the limiter cooling are three of the feedwater heat

exchangers. The total heat transport system cost is:

C22.02 " $ 6 9- 8 4 M

Table 22-35. Main Heat Transfer and Transport System Costs

COMPONENT

MAIN PIPING

RING MANIFOLDS

SMALL PIPING

ELBOWS

VALVES

PUMPS

PRESSURIZER

WATER MAKEUP AND CONDITIONING

STEAM GENERATOR (4)

HEAT EXCHANGERS (3)

PRIMARY

COOLANT

5.3

14.2

5.9

0.8

6.1

2.4

6.2

4.2

18.0

-

63.1

LIMITER

COOLING

0.64

1.64

0.16

0.03

0.24

0.39

0.47

0.98

-

1.64

6.19

COST ($M)

RESIDUAL HEAT REMOVAL

0.154

0.057

0.180

0.162

0.553

Total Main Heat Transfer and Transport System Cost, Co $69.84 M

22.5.3.11 Cryogenic Cooling System (Acct 22.03)

The cryogenic cooling system is a central facility which supplies all

the liquid helium and nitrogen needs for the STARFIRE power plant. The cost

estimate is based on vendor quotes of major components of similar cryogenic

systems. This system is a relatively straight forward design using present
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day technology equipment. The total installed system cost is estimated at

$14.9 M.

C22.03 " $ 1 4" 9 M

Helium Liquifier Refrigerator (Acct 22.03.01) — This account covers the

helium refrigerator-liquifier cold components including heat exchangers,

expansion engines, helium purifiers and the helium compressors. The system

is sized to deliver 20 kw of refrigeration at 4.2 to 4.5*K at the design LHe

supply rate of 26,500 liter/hr. The cost of this system is estimated at

$7.7 M.

C22.03.01 * $7*7 M

LHe Transfer and Storage (Acct 22.03.02) — The LHe storage is accom-

plished with single 100 kiloliter dewar to provide a storage capacity of

4 hours in the event of a LHe supply failure. A transfer system is also

included to supply and recover the helium from the user systems (coils,

cryopumps and fuel handling and tritium processing). This system will cost

$3.6 M.

C22.03.02 ' $3-6 M

He Gas Storage (Acct 22.03.03) — A gaseous storage of helium is
3

provided to accommodate 70,000 STD m at a pressure of 20 atmospheres. The

cost of this system is $2.8 M but is considered cost effective by reuse of

the helium which will be in short supply.

C22.03.03 - $ 2* 8 M

LN2 System (Acct 22.03.04) ~ The LN2 system supplies 1500 liter/h

at 80°K. The system is comprised of a closed cycle nitrogen liquification

plant, transfer lines and a 40 kiloliter liquid storage dewar. The nitrogen

system cost is $800,000.

C22.03.04 " $ 0' 8 M

22.5.3.12 Radioactive Waste Treatment and Disposal (Acct 22.04)

This system processes all radioactive waste products (excluding tritium)

for disposal by storage, transportation off-site or venting up the stack, if
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permissible. The radioactive waste products can be liquid, gaseous or solid.

Processing of the waste products will take place in the Hot Cell Building.

The costs for the Radioactive Waste Treatment and Disposal System is

estimated at $4.8 M, based upon the sum of the individual elements.

C22.04 " $*-8M

Liquid Waste Processing and Equipment (Acct 22.04.01) — This account

considers the costs for processing all liquid wastes from the reactor and BOP

systems. The principal source of liquid waste is from the primary coolant

and steam condensate after the tritium has been removed by the Tritiated

Waste Treatment Unit in the Fuel Handling and Storage System. Equipment will

include storage tanks, pumps, compressors, heaters, heat exchangers, con-

densers, gas strippers, evaporator systems, ion exchange systems, filters,

traps, separators, piping, valves, insulation and support structure. This

system is sized to be similar to a PWR. Reference 2 suggests a cost estimate

based upon thermal power which yields a cost of $650,000, which is too low.
(8)

Costs based on an estimate of a PWR liquid radioactive waste system ,

scaled up to STARFIRE power levels and escalated to present cost levels,

yield $1.7 M. This is a more reasonable system cost, and will be adopted.

Gaseous Waste and Off-Gas Processing System (Acct 22.04.02) — The

gaseous wastes and off-gas processing system processes and prepares for

disposal the waste gases from the Fuel Handling and Storage System, the

condenser and the turbine generator units, the Atmospheric Tritium Recovery

Systems (ATRS) and any off-gas recovery from the liquid and solid waste

process. Equipment would include storage tanks, process columns and towers,

filters, separators, dehumidifiers, heat exchangers, gas coolers, compressers,

blowers, pumps, chemical reactors, piping, and supporting structure. The

vent stack is included in Account 21.17. Because of the handling of larger

volumes of D. and T. gases in the reactor systems, a cost estimate based
(2)

on a PWR system cost ( $0.5 M) is inadequate. The PNL CER yields a cost

of $1.8 M, which will be adopted.

C22.04.02 = $1-8 M
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Solid Wastes Processing Equipment (Acct 22.04.03) — This system

handles all the wastes from the Fuel Handling and Storage System, the partic-

ulate from the ATRS, radioactive crud from the primary and closed coolant

systems and the activated components removed from the reactor. These waste

products are reduced to manageable sizes and placed in processing equipment

for removal of liquid and gaseous products. Then the remaining solids are

condensed and drummed for storage or removal. Equipment required includes

storage equipment, filters, centrifuges, separators, heaters, pumps, compres-

sors, incinerators, baler, drummer, piping and equipment support. It is felt

that th

system.

(2)
that the PNL CER yields an adequate cost allowance ($1.3 M) for this

C22.04.03- $ 1' 3 M

22,5.3.13 Fuel Handling and Storage System (Acct 22.05)

The Fuel Handling and Storage System (tritium and deuterium) for STAR-

FIRE accomplishes the extraction, recovery, purification, preparation,

storage and injection of the fuel elements. This system also is responsible

for maintaining safe levels of tritium in all reactor and heat transfer

coolant streams and in the atmosphere within the reactor building, the hot

cells and the tritium facility, both for normal operation and emergency

conditions.

Table 22-36 presents the system component costs along the recommended

DOE guidelines for the Fuel Handling and Storage systems. A more complete

system description and the component performance specifications can be found

in Chapter 14. The costs estimated for the pumps, piping, valves and instal-

lation are based on very sketchy information and are intended as only guide-

line allowances. The component costs are based upon data from TSTA/LASL and

the Mound facility. Most of the system elements are commercially available^

with only a few elements requiring development for a fusion power plant

application. Hence, the costs quoted are representative of the expected

costs. The most expensive element in the Fuel Handling and Storage Systsm is

the ATRS, reflecting the philosophy of a quick recovery of tritium in the

event of an accidental release in the large volume of the Reactor Building.

The total system cost is:
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Table 22-36. Fuel Handling and Storage Systems Costs

ACCT. TITLE COSTS

($M)

22.05.01 Fuel Purification 8.8
- Isotope Separation Units (4) 4.8
- Fuel Cleanup Units (4) 2.0
- Pumps, Piping, Valves and Installation 2.0

22.05.02 Liquefaction N/C
(Included in 22.05.01)

22.05.03 Fuel Preparation 0.3
- Fuel Blending Unit (2) 0.2
- Pumps, Piping, Valves and Installation 0.1

22.05.04 Fuel Injection 1.4
- Fuel Gas Puffer (4) 0.2
- Pumps, Piping, Valves and Installation 1.2

22.05.05 Fuel Storage 2.0
- Tritium Storage Units (40) 1.6
- Deuterium Storage 0.1
- Pumps, Piping, Valves and Installation 0.3

22.05.06 Tritium Extraction and Recovery 5.4
- Tritiated Water Recovery Unit (1) 0.8
- Tritium haste Treatment Unit (1) 0.5
- Blanket Recovery Units (4) 2.0
- Ion Exchange/Filter Units 0.1
- Pumps, Piping, Valves and Installation 2.0

22.05.07 Atmospheric Tritium Recovery Systems 20.7
- Tritium Facility System Building 2.2
- Reactor Building 12.0
- Hot Cell Building 2.5
- Pumps, Piping, Valves and Installation 4.0

Total Fuel Handling and Storage System Cost, C2, Q1. * 38.6
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22.5.3.14 Other Reactor Plant Equipment (Acct 22.06)

This account encompasses all of the other reactor systems not previously

covered. Several systems are of particular interest, namely the maintenance

equipment, the inert atmosphere systems in the reactor and hot cells, the

Closed Loop Coolant System, and the Standby Cooling System. The major cost

item in this account is clearly the maintenance equipment which costs

$38.3 M. Thus the cost of this system is estimated at

C22.06 - $ 4 3" 7 5 M

Maintenance Equipment (Acct 22.06.01) — All the maintenance equipment

necessary to service the Reactor Plant Equipment including systems such as

Fuel Handling and Storage, Rad Waste, Main Heat Transport, and Cryogenic

Cooling are included in this account. The only exceptions to this are the

monorail maintenance system and the overhead cranes in the Reactor Building

and the Hot Cell, which are included in Account 25.01, Transportation and

Lifting Equipment. The First Wall Coating Machine is included but is con-

sidered to be an optional piece of equipment and not costed in the baseline

reactor. Also the equipment to inspect and repair the steam generator is

shown, but is used so infrequently it is anticipated that they will be

contracted service and no capital equipment will be required. A list of

maintenance equipment is shown in Table 22-37.

Special Heating Systems (Acct 22.06.02) — Special heating systems are

used for heating or preheating plant components and also for producing steam

as an emergency or auxiliary power source. In STARFIRE, no emergency or

auxiliary steam is required and any preheating of the heat transfer system

components will be accomplished by using the pump work from the coolant and

the circulating pumps. Thus no costs are included in this account.

C22.06.02 ' $ 0

Coolant Receiving, Storage and Make-Dp Systems (Acct 22.06.03) — This

account specifically covers the receiving, storage and make-up of the heat

transfer coolants. Since all of the STARFIRE coolants are water, only minor

costs are involved in this account. Two 150 gpm primary water make-up pumps
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Table 22-37. Maintenance Equipment Costs

MAINTENANCE EQUIPMENT

Reactor Building

Reactor Overhead EM Manipulator
Process Module Overhead Manipulator
Coolant Line Handling Machine
RF Duct Handling Machine
Anti-Torque Panel Handling Machine
Shield Door Handling Machine
Blanket Sector Handling Machine
Isolation Valve Handling Unit
First Wall Coating Machine (Optional, Not Costed)
Universal Remote Maintenance Vehicle
Mobile Servo-Manipulator Vehicle
Steam Generator Tube Inspection Equipment
Steam Generator Tube Leak Detector
Steam Generator Tube-Plugging Equipment
Steam Generator Replacement Equipment
Airlock Door Seal Replacement Equipment
Remote Viewing Equipment
Crane Bay Maintenance Equipment
Special Remote Tools
Holding Stands, Lift Fixtures and Slings
Auxiliary Lighting

QUANTITY TOTAL COST

<$M)

1
1
1
1
1
1
2
1
1)
3
1
1
1
1
1

Contracted
Services

-

0.75
0.75
1.00
1.00
1.00
1.50
4.00
0.60

(3.00)
6.00
1.50

(0.75)
(0.50)
(1.50)
(6.00)
0.30
0.75
3.00
2.00
3.00
0.20

Reactor Subtotal 27.35

Hot Cell Building

EM Maniqulator
Remote Viewing Equipment
Auxiliary Lighting
Disassembly/Reassembly Stands, Fixtures

and Slings
Crame Bay Maintenance Equipment
Test Fixtures

Hot Cell Subtotal

Total Maintenance Equipment Cost, C
22.06.01

10.95

38.30
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are required with a 180,000 gallon water storage tank and associated piping.

This system is estimated at $240,000.

C22.06.03 " $ 2 4 ° ' 0 0 0

Gas Systems (Acct 22.06.04) — The only gas system not included under

other specific accounts is the C(K required for the inert atmosphere for

the Reactor Building and the Hot Cell. The nitrogen and helium are stored in

the Cryogenic Cooling system and the tritium, deuterium and iodine are stored

in the Fuel Handling and Storage Building. SF6 or Freon fill gas for the rf

ducts will be stored in the basement of the reactor.

The equipment in this account includes the storage tanks, pumps, piping,

valves and supports, which are estimated at $80,000. The gas is not recycled

or reused, but is exhausted through the ventilation stack.

C22.06.04 - $ 8 0' 0 0 0

Inert Atmosphere System (Acct 22.06.05) — The atmosphere in the Reactor

Building is inert C0? supplied from the Gas System on a once-through basis.

Exhaust fans in both buildings reduce the pressure within the building below

the ambient pressure to assure no out leakage in the event of a major tritium

release. Under normal operation, the CO. atmosphere is exhausted to the

environment up the ventilation stack. Due to the low in-leakage, a low flow

rate of CO- is planned. Tritium monitors within the building will activate

the fans to stop operation and valves to close, sealing the building in the

event the tritium level is excessive. All of the above discussed hardware

is already included in other accounts and no specific hardware has been

identified unique to this sytem, thus there is no cost in this account.

C22.06.05 = °

Fluid Leak Detection (Acct 22.06.06) — The remote leak detection

system is designed to detect vacuum leaks in the shield, shield door and a

portion of the rf duct, to detect coolant leaks in the blanket and coolant

piping and to detect helium/T. leaks in the helium purge system. The

system utilizes a cavity between dual seals which is regularly sampled for

pressure buildup. Into this cavity a tracer gas can be introduced and the

leak can be located with a RGA (residual gas analyzer). It is planned to use
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one R6A in each vacuum duct to isolate the leak to a single seal set.

Leak detection systems will also be incorporated on all helium and coolant

line joints inside the reactor building. The leak detection system, defined

in Chap. 20, will consist of RGA's, seals and sampling cavities, tracer gas

systems, tubing and test lines, remote detectors on manipulator arms. An

allowance of $2 M is allowed for this system.

C22.06.06 - $ 2 M

Closed Loop Coolant System (Acct 22.06.07) — The Closed Loop Coolant

System provides cooling for the following systems:

o All ATRS in Reactor, Hot Cell and Fuel Handling (normal operatic )

o Solid waste storage (normal operation)

o Fuel Handling and storage process equipment

o RF system

o Reactor Shield

o CF coils

o Power supplies

o Vacuum roughing pumps

o HVAC for Reactor, Hot Cell and Fuel Handling

The system costs are shown in Table 22-38.

C 2 2 . 0 6 . 0 7 = $ 1 - 9 7 M

Table 22-38. Closed Loop Coolant System Costs

Component Cost ($M)

Water Pumps, 15000 gpm (3) .240

Heat Exchangers, 67 MW (3) 1.703

Surge Tank, 3000 gal (1) .027

Total Closed Loop Coolant System Cost, C^ Q, Q- = $1.97

Standby Cooling System (Ac .-: 22.06.08) — This system is designed to

provide standby cooling for essential systems in the event of the closed loop

failure. The systems provide cooling on an as-required basis to the control

room HVAC and the Residual Heat Removal system and on a standby basis for the

22-83



Solid Waste Storage in the Hot Cell and all the ATRS systems. The cooling

system is a single loop powered by two pumps. This system utilizes a separ-

ate dry cooling tower as an integral part of this system and hence the cost

is reported in this account rather than in Acct 23.03, Turbine Plant Heat

Rejection Systems under cooling towers. This cooling tower is the major cost

element in this account. Table 22-39 lists the major system elements and

their installed costs.

C 2 2 . 0 6 . 0 8 = $ 1 ' 1 6 M

Table 22-39. Standby Cooling System Costs

Component Cost ($M)
Pumps, 80C0 gpm (2) .095

Surge Tank, 2000 gal (1) .025

Cooling Tower, Dry 1.040

Total Standby Cooling System Costs, C ? 2 fl, o g = $1.16

22.5.3.15 Instrumentation and Control (Acct 22.07)

The reactor Instrumentation and Control System components are grouped

under three main headings as shown in Table 22-40 along with the system

costs. These costs are based on an advancement in the state of the art in

the I&C technology especially in the area of controllers, computers, communi-

cation, data transmission and displays. These advancements are expected to

have increased system capabilities with reduced costs. The total I&C cost

for the reactor plant equipment is

C22.07 " $ 2 3- 4 1 M

22.5.3.16 Reactor Spare Parts Allowance (Acct 22.98)

The need to provide spare parts to allow routine maintenance in a timely

manner and to provide replacement parts in the event of an unscheduled

maintenance action requires a large inventory in the Reactor Plant Equipment.

The preponderance of large and expensive components coupled with the fast

maintenance response required for high availability causes this cost account

to be a high cost item. Table 22-41 delineates the major items and their
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Table 22-40. Reactor Instrumentation and Control System Costs

Account Title

22.07.01 Reactor I & C Equipment

o Local Controllers (200)

o Communication Concentrators (20)

o Local Analysis/Control (10)

o Communication Control

o Plasma Instrumental*, i

22.07.02 Monitoring Systems

o Data Base & Network Communication

o Displays and Controls

o Sequencing System

o Alarm/Monitoring

o Remote Access w/Comm. Link

22.07.03 Instrumentation and Transducers

o Reactor Instrumentation

o Remote Handling Systems

Cost of Reactor Instrumentation and Control, Co, n_ = 23.41

costs. The items of lesser costs are covered under a two percent allowance

for all the Reactor Plant Equipment (Acct. 22). The total parts allowance is

$66.38 M.

The philosophy for the required spares shown in Table 22-41 needs some

explanation. The quantity annually replaced is also shown in this table

to clarify their expected lifetimes and maintenance actions. The six year

life for the blanket sector, including the limiter, first wall, blanket, rf

grill and rf duct extension, requires four parts to be purchased each year

but they are costed in the Annual Scheduled Replaceable Component costs. The

TF coil has no planned spares. The EF and OH coils only have installed spare

coils for the coils trapped beneath the TF coils. The reliability of cryo-

genic coils are felt to be high enough not to warrant the purchase of spare
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4

12

1

Cost

.514

.690

.846

.234

.326

.366

.916

.170

.185

.123

.636

.404

($M)

7.61

1.76

14.04



Table 22-41. Cost of Reactor Plant Equipment Spare Parts

Major Components

Wall/Blanket/Limiter/
rf duct sector

TF Coil
EF Coil
CF Coil

OH Coil
Vacuum Cryopump

Vac Isol Vlv,
Rt. Angle

Vac Isol Vlv, Gate
Shield Access Door
ECRH Gyrotrons
RF CFA
RF Window Assembly
RF Waveguide Elbow
Vacuum Pods
RF Phase Shifter
RF Circulator
RF Power Supply
Anti Torque Panel
Coolant Tube Bundle

(2 types)
Primary Coolant Pump
Blanket Recovery Unit
ATRS
Maintenance Equipment

Qty. in
Service

24
12
8
4

6
48

48
48
12
24
432
36
12
24
432
432
432
12

24
4
34
-
12

Spare Parts Qty

0 (a)
0 (a)
2
4

(30* Segments)
2
2 + 24

MOL Sieves

4
4
2
2

180
4
1
2
6
6
18
1

4
1
1
2
1

Set Principal
Units

2% Allowance

Cost of Spares

($M)

0
0

8.64
0.33

3.39
0.56

0.06
0.08
5.03
0.22
4.95
0.06
0.23
8.93
0.08
0.07
0.59
2.76

0.08
0.55
0.50
0.98
12.60

50.69
: 15.69

Qty Annually
Replaced

4
0
0
0

0
Refurb. 24
MOL Sieves
Refurb. 24
stem assy.

0
Replace Seal

0
Refurb. 144

0
0
0
0
0
0
0

0
0
0
0
0

Reactor Plant Equipment Spare Parts Cost, Coo __ » $66.38 M

(<?) Included Under Annual Scheduled Component Replacement Cost, Acct. 50

units. The cost of the spare OH and EF coils are not an integral fraction of

the total cost due to the dewars and MLI*. The plasma chamber vacuum cryopump

is a reliable system requiring only two spares but the refurbishment of the

associated molecular sieves require an additional 24 sieves. A number of

Multi-layer Insulation.
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components, i.e., rf wave guide elbow, rf window assemblies, vacuum pod

shield and the antitorque panel, are allocated spare parts to provide for

spare refurbished units with seals replaced when they are dismantled for

blanket replacement. The three year life of the CFA's require an additional

180 to allow for refurbishment of the units. The quantity of spares for the

remainder of the components is self-evident.

C22.98 = $ 6 6' 3 8 M

22.5.4 Turbine Plant Equipment (Acct 23)

This account defines the costs associated with the Turbine Plant Equip-

ment which takes the thermal energy from the reactor and converts it to

electrical energy and rejects the remaining thermal energy to the environment.

The cost of this system is $249.68 M, which is higher than most published

estimates of saturated steam power conversion systems. Most of the estimated

costs in this system are based upon quotes from manufacturers specifically

for the STARFIRE specifications. Therefore these quotes reflect current

prices including inflationary effects. This system is not inherently any

more expensive than a PWR system just because it is associated with a fusion

reactor. Most of the equipment is of a conventional design for central

generating stations.

C,o = $249.68 M
2J

22.5.4.1 Turbine Generators (Acct 23.01)

The turbine is a single 1800 rpm tandem-compound unit receiving 400 MW

thermal in slightly superheated steam. The generator is a hydrogen—inner-

cooled synchronous generator with a power factor of 90%. The turbine gene-

rator set is capable of an overall thermal efficiency of 36%. The price

quote is based on a single stage of moisture removal resulting in an effi-

ciency of 34%. Very little additional cost is assumed to be required to

incorporate two additional stages of moisture removal to achieve the 36%

efficiency in the time frame when STARFIRE will be constructed. For more

information, see Sec. 20.4.1.3.

The cost of the turbine generator includes the unit, the lube oil

conditioning system and the labor costs to install it. The total cost is

C23.01 §77-JJ M
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22.5.4.2 Main Steam System (Acct 23.02)

This account includes all the costs associated with the main steam

piping, steam safety valves, steam stop valves, main steam dump valves and

associated supports and hangers. The design condition for the piping is

6.3 MPa and 299°C at a flow rate of 7.43 x 106 kg/hr. The cost of the

material and installation labor is:

C23.02 " $ 4- 3 7 M

22.5.4.3 Heat Rejection System (Acct 23.03)

Table 22-42 illustrates the system elements in the Heat Rejection

System. This system rejects the heat from not only the main condenser but

also the closed coolant system, turbine plant cooling water system, electri-

cal component loads, the "cryogenic systems and the I&C system. The heat is

rejected into the atmosphere with the use of three wet, natural draft,

hyperbolic cooling towers. A detailed description is shown in Sec. 20.4.2.3.

This system cost is:

C23.03 = $ 4 4' 3 4 M

Table 22-42. Heat Rejection System Costs

Component:

Circulating Water Pump

Main Cooling Tower, Natural Draft (3)

Cooling Tower Foundations and Basins

Circulating Water Valves

Circulating Water Pipe

Cooling Tower, Fire Protection

Total Heat Rejection System Costs, C-, n, =

22.5.4.4 Condensing System (Acct 23.04)

This system handles 2400 MW of thermal energy from the exhaust steam and

maintains an 8.1 kPa average condenser back pressure. Three centrifugal

condensate pumps deliver 525 liters/second each at a total dynamic head of

305 m. The system costs are shown in Table 22-43.

C23.04 - $19.18 M
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Table 22-43. Condensing System Costs

Component Cost ($M)

Main Condenser and Tubes 17.60

Condensate Pump 1.14

Steam Primary Pump 0.11

Steam Air Ejectors 0.33

Total Condensing System Costs, C-3 _, = $19.18 M

22.5.4.5 Feedwater Heating System (Acct 23.05)

The feedwater system supplies feedwater to the steam generators at the

required flow rate, temperatare and pressure for maximum turbine efficiency.

The feedwater heaters costed in this account are all associated with steam

extracted from the high and low pressure turbines. The three #2 feedwater

heaters are heated from the limiter cooling system and are costed in the Main

Heat Transfer Transport System, Acct. 22.02. The total system cost is shown

in Table 22-44 and it totals:

C23.05 - $ 9' 3 9 M

Table 22-44. Feedwater Heating System Costs

Component Cost ($M)

Aux Feedwater Pump and Turbine Drive 0.39

Aux Feedwater Pump and Drive Motor (2) 0.33

Feedwater Pump and Motor Drive 0.62

Feedwater Pump and Turbine Drive 1.72

Feedwater Pump and Turbine Exhaust Duct 0.23

Feedwater Heaters (18) 6-10

Total Feedwater Heating System Costs, C2» „ * $9.39 M

22.5.4.6 Other Turbine Plant Equipment (Acct 23.06)

This account includes gas storage, chemical treatment systems, conden-

sate and steam blowdown systems, turbine plant cooling water system and

associated* process piping. The major portion of the costs are involved in
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the piping, valves, supports and hangers as shown in Table 22-45. The total

system costs are

C23.06 " $ 5 0' 8 4 M

Table 22-45. Other Turbine Plant Equipment Costs

Component Cost ($M)

Hydrogen Storage and Control Cabinet 0.04

Nitrogen Storage and Control Cabinet 0.07

Degasifier Package 0.29

Chemical Addition Package 0.17

Condensate Demineralization Package 3.64

Condensate Drain Tank 0.03

Steam Generator Blowdown Drain Pump 0.01

Nitrogen Booster Compressor (2) 0.09

Demineralized Water Storage Tank 0.13

Tank Heating Coils 0.02

Condensate Storage Tank 0.43

CO Storage 0.09

Waste Condensate Collection System 0.42

Steam Generator Blowdown System 0.77

Turbine Plant Cooling Water System 0.11

CS-A-106 Process Piping 11.47

CS-A-155 Process Piping 2.50

SS-A-312-TP-304 Process Piping 8.11

Misc Valves 8.73

Misc Pipe Supports and Hangers 13.72

Total Other Turbine Plant Equipment Costs, C-, _, = $50.84 M

22.5.4.7 Instrumentation and Control (Acct 23.07)

This system includes BOP instrumentation and controls and the BOP

computer and accessories. The cost of the I&C is estimated at $5.97 H and

the BOP computer is estimated at $2.73 M. The total cost of the Turbine Plant

I&C System is:

C23.07 " $8'7° M
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22.5.5 Electrical Plant Equipment (Acct 24)

The Electric Plant Equipment includes the switchgear for the generator

circuits and station service, station service equipment, switchboards,

protective equipment, electrical structures and wiring container, power and

control wiring and lighting. The power and control wiring are the largest

cost item. The total cost is:

C 2 4 = $117.28 M

22.5.5.1 Switchgear (Acct 24.01)

This account includes the cost of the switchgear for the generator

circuits and the station service. The generator circuit switchgear includes

the generator circuit breaker, grounding transformer, current limiting

reactor, disconnect switch and outdoor oil circuit breaker. The generator

switchgear costs $2.33 M. The station service switchgear includes switchgear

line up for busses #1 and 2 and all the major facility buildings. The

station service switchgear is estimated at $10.06 M.

C24.01 * $ 1 2' 3 9 M

22.5.5.2 Station Service Equipment (Acct 24.02)

The Station Service Equipment includes the service and lighting trans-

former, 480 V load center and motor control centers, the DC and UPS systems,

battery system for the Turbine Generator and the computer system for the

Electric Plant Equipment. This system cost is shown in Table 22-46 which

gives the total cost as:

C24.02 " ? 1 7- 0 4 M

22.5.5.3 Switchboards (Acct 24.03)

Table 22-47 lists the system components and costs for the necessary

switchboard system. The cost is highly labor intensive with the physical

equipment a minor portion of the overall cost. The total cost is:

C24.03 - $7.80 M
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Table 22-46. Station Service Equipment Costs

Component Cost ($M)

Transformers (24) 4.76

Standby Gas Turbine Generators (2) 5.04

480 V Load Centers (10) 1.48

480 V Motor Control Centers (35) 3.65

Lighting Transformers (46) 1.14

DC and UPS Systems, Protection and I&C .40

Battery System for T-G .15

Data Logger and Computer .42

Total Station Service Equipment Cost C ^ Q 2 = $17.04 M

Table 22-47. Switchboard Costs

Component

Main Control Boards for Electric Systems

Aux Power and Signal Boards

Electric Heat Tracing

Constant Voltage Regulating Transformer

Total Switchboard Costs, C , , - $7.80 M

22.5.5.4 Protective Equipment (Acct 24.04)

The cost of the grounding systems is estimated at $0.56 M, which

includes cables, connectors and supports. The cathodic protection system

costs $1.55 M, which includes grounding rods, lightning protection and

miscellaneous cable and wire connectors. The total system cost is:

C24.04 " $ 2 - H M

22.5.5.5 Electrical Structures and Wiring Containers (Acct 24.05)

The Electrical Structures and Wiring Container costs are summarized on

Table 22-48. The majority of the cost is in the cable trays, metallic

conduits and supporting structures. The total system cost is:

C24.05 - $ 1 7' 4 0 M
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Table 22-48. Electrical Structures and Wiring Container Costs

Component Cost ($M)

Duct Banks 1.07

Cable Trays and Supports 8.39

Metal Conduit and Supports 6.45

Nonmetallic Conduit and Supports 1.10

Flexible Conduit 0.39

Total Electrical Structures and Wiring

Container Cost, C , .,. = $17.40 M

22.5.5.6 Power and Control Wiring (Acct 24.06)

This account is also a labor intensive activity. Table 22-49 lists the

major elements and their costs. The total cost of the Power and Control

Wiring is $35.99 M.

C24.06 " $ 3 5' 9 9 M

Table 22-49. Power and Control Wiring Costs

Component Cost ($M)

Generator Circuits Wiring 9.36

Station Service and Control Wiring 4.34

Instrument Wiring and Connections 13.13

Containment Penetrations 2.03

Interconnections - DC Power Supplies and Coils 7.13

Total Power and Control Wiring Cost, C_, Q. = $35.99 M

22.5.5.7 Electrical Lighting (Acct 24.07)

The electrical lighting for the plant is a subcontracted effort which is

estimated at $8.20 M.

C24.07 = $8.20 M
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22.5.6 Miscellaneous Plant Equipment (Acct 25)

This account includes the equipment categories which encompass all parts

of the facility, i.e. transportation and lifting equipment, air and water

service systems, communications and furnishings and fixtures. This cost may

seem higher than most published quotes, but this is likely due to the amount

of detail in defining the system, e.g. sixteen separate cranes are Identified

The total cost of the Miscellaneous Plant Equipment is:

C25 = $40.77 M

22.5.6.1 Transportation and Lifting Equipment (Acct 25.01)

The elements of this account are the freight elevators, bridge cranes

and maintenance monorails within the Reactor Building and Hot Cell. These

items are discussed in the Maintenance Chap. 19 in detail and also in

Chap. 20, BOP Design. Table 22-50 lists the equipment which includes three

elevators, 16 cranes and a monorail rysLera within two buildings. The total

cost for the Transportation and Lifting Equipment is §15.68 M.

C25.O1 " $ 1 5- 6 8 M

22.5.6.2 Air and Water Service System (Acct 25.02)

This account includes all the facility air and water service systems and

the auxiliary steam boiler system. Table 22-51 lists the components of this

system, for which the total cost is:

C25 Q 2 = $12.35 M

22.5.6.3 Communications Equipment (Acct 25.03)

The cost of the facility communication system is compiled in Table

22-52. The system is comprised of Communication System, Evacuation Alarm

System, Plant Security System and conduit for the communication and telephone

systems. The total cost is:

C25.03 " $ 6- 2 2 M

22.5.6.4 Furnishings and Facilities (Acct 25.04)

The allowance for facility furnishings and fixtures is $750,000.

C25.04 " $ 0' 7 5 M
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Table 22-30. Transportation and Lifting Equipment Costs

Component

Freight Elevators

Reactor Building

Electrical Equip and Power Supply Building

Plant Auxiliary Building

Bridge Cranes 9.88

Reactor Building, 600 Tonne* 50 m Span 4.00

Reactor Building, 60 Tonne, 50 m Span 0.75

Reactor Building, 5 Tonne, 8 m Span (Radial) 0.05

Hot Cell Building, 250 Tonne, 14 sn Span 1.50

Hot Cell Building, 150 Tonne, 14 m Span 0.75

Hot Cell Building, 50 Tonne, 14 m Span (2) 1.20

Turbine Building, 250 Tonne, 36 m Span 0.50

Turbine Building, 60 Tonne, 20 m Span (2) 0.60

Turbine Building, 10 Tonne, 20 m Span 0.08

Fuel Handling and Storage Bldg, 15 Tonne, 2 m Span 0.12

Fuel Handling and Storage Bldg, 5 Tonne, 20 m Span 0.04

Pump House, 20 Tonne 0.12

On-Site AC Power Supply Bldg, 10 Tonne (2) 0.17

Monorails 5.50

Reactor Building Monorail with 2 Pair Switches 3.00

Hot Cell Building Monorail (No Switches or

Turntables) 1.00

Hot Cell Monorail Turntables, 8 m dia, 300 Tonne (3) 1.50

Total Transportation and Lifting Equipment Cost, Cot. n. = $15.68 M

*1 Tonne = 1000 KG = 1 MT
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Table 22-51. Air and Water Service System Costs

Component

Service Water Pump (3)

Raw Water Pump (2)

Aux Steam Boiler System

Instrument Air Compressor (3)

Instrument Air Dryer

Service Air Compressor (2)

Make-Up Water System

Make-Up Water Treatment System

Service Water Piping and Ace.

Raw Water Piping

Total Air and Water Service System Cost, C25 Q 2

Table 22-52. Communications Equipment Costs

Component Cost ($M)

Communication System 0.80

Evacuation Alarm 0.20

Plant Security System 4.80

Communication Conduit and Supports 0.34

Telephone Conduit, Fittings and Supports 0.08

Total Communications Equipment Cost, C _ , • $6.22 M

22.5.7 Special Materials (Acct 26)

This account includes the cost of special (nonfuel and nonstructural)

materials and special (other than natural water) heat transfer fluids or

gases. A material is defined as a special material if it is necessary only to

purchase it immediately prior to system startup, and thus the material is not

a part of the initial system acquisition. The cost of special materials

included in this account is shown in Table 22-53. The requirements are very

sketchy at the present time so an allowance of $250,000 is allocated for this

category.
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Name

Table 22-53. STARFIRE Special Materials

Requirements

Cost/

Source of Reqmt. Unit Cost ($M)

Nitrogen 3300 m @ 13.8 MPa

? Liquid

Tritium Facility

Cryo System

CCL 1000 m @ 13.8 MPa
3

? m @ 13.8 MPa

Tritium Facility

Hot Cells

Argon 100 m @ 13.8 MPa Tritium Facility

Breathing Air 1300 m @ 13.8 MPa Tritium Facility

Helium 100 m @ 13.8 MPa

100k! Liquid

Tritium Facility 2.2/1 .22

Tritium Recovery

Cryo System 2.2/1 .22

SF6 or Freon 400 m @ 2atra rf Heating

Xenon or Iodine Impurity Control

Total Special Materials Cost , C26 0.25 (Allowance)

22.5.8 Construction Facilities, Equipment and Services (Acct 91)

This account includes the net cost of facilities which are removed or

dismantled after completion of the construction, the net cost or rental

expense of equipment used during construction labor force education, receiv-

ing and storage, testing, site cleanup and 0 & M of facilities and equipment.

It is estimated that 10% of the direct plant cost or $172.65 M will provide

adequate funds to construct the temporary facilities, purchase or rent the

construction equipment and acquire the necessary construction services.

Table 22-4 lists the subelements under each of the above categories. Unique

requirements of STARFIRE cause these higher and lower cost factors as com-

pared to a PWR system:
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Higher Cost Factors

o Access and lifting equipment for large and heavy components (i.e.,
TF coils, 580 Tonnes)

o Larger ag' -egate and concrete plant than comparable PWR

o New type: if construction equipment

o Higher level of skills required in some areas

Lowci ôst Factors

o Higher percentage of reactor and plant equipment assembled and
quality tested at factory only requiring installation and pre-op
checkout

o Modular construction techniques

o Experience curve for tenth of a kind

22.5.9 Engineering and Construction Management Services (Acct 92)

The engineering services required for the project are costed in this

account. It is assumed that this plant is the tenth of a kind. Hence, all

general research and development work has been accomplished and similar

plants have been previously designed and are operating in other locations.

Therefore the costs reported in Acct 92 represent only the incorporation of

site specific, utility specific, new regulatory guide and design improvement

requirements. An eight percent allowance of the total direct costs are

included.

C92 = .08 X 1726.48 M = $138.12 M

This estimate is considered to still be a conservative estimate when

the absolute costs are compared to a typical fission plant of the same size

($40 M to $50 M versus $138 M).

22.5.10 Other Costs (Acct 93)

The Other Costs account, which includes property and all risk (non-

nuclear liability) insurance, staff training and plant statup and owners

6&A, is estimated for STARFIRE to require a similar percentage compared to a

typical PWR plant. Five percent of the total direct was allocated for

Acct 93,

C93 = .05 X 1726.48 M = $86.32 M
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This is felt Co be compatible with the current and anticipated costs

of insurance, the increased skill level of the staff training, and the

complexity of the plant startup procedures. The Owners G&A will probably

be the only item held to levels similar to LWR plant experience. Therefore

the five percent value seems credible.

22.5.11 Interest During Construction (Acct 94)

Assuming the financing ground rules specified in Sec. 22.2.5 along

with the estimated expenditure pattern shown in Fig. 22-2 and the anticipated

schedule of six years (see Sec. 23.2), an allowance for the cost of interest

during construction was calculated. The factors applied were computed

following the techniques outlined in Ref. 9 and recommended in Ref. 1. Table

22-54 lists specific values and Fig. 22-3 presents the data graphically. For

the STARFIRE construction period of six years, the factor of interest during

construction is 0.1303 (Constant Dollars) and 0.3163 (Then-Current Dollars),

yielding Acct 94 costs of:

Cg4 = 0.1303 X 2123.57 M = $276.70 M (Constant Dollars)

C94 = 0.3163 X 2123.57 M = $671.69 M (Then-Current Dollars)

22.5.12 Escalation During Construction (Acct 95)

This account collects all capital costs attributable to escalation into

one account. From Table 22-54 the factor for EDC during the six year

construction time period is 0.1896 for the Then-Current Dollar analysis mode.

The total escalation costs for STARFIRE is

C-, = 0.1896 X 2123.57 M = $402.63 M (Then-Current Dollars).

Addition of this cost account to the previous capital costs converts the

capital costs into the time frame of the completion of construction and plant

startup and reflects the "as-spent" costs of the facility. Escalation of the

annual costs will be handled in their respective accounts, taking the present

cost estimate times the cumulative escalation rate through the construction

period.
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IDC

.0847

.0959

.1072

.1187

.1303

.1421

.1540

.1661

.1783

.2032

.2288

BUSBAR ENERGY

EDC

0

0

0

0

0

0

0

0

0

0

0

COST

IDC

.1911

.2203

.2509

.2829

.3163

.3513

.3879

.4261

.4659

.5511

.6440

ELEMENTS

EDC

.1223

.1387

.1554

.1724

.1896

.2072

.2250

.2431

.2615

.2992

.3381

Table 22-54. Factors for IDC and EDC

Construction Constant Dollars Then-Current Dollars

Period - Yrs

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

9.0

10.0

The busbar energy cost is defined as the unit cost of generating a

kilowatt-hour for electricity available at the generator busbars. The total

energy cost for the fusion reactor electricity-producing facilities is

computed as a function of the following components:

o Total capital cost

o Financing assumptions

o Fixed charge rate for annual cost of capital

o Annual operating and maintenance cost

o Annual scheduled component replacement cost

o Annual fuel costs

o Plant availability

o Plant net capacity

Most of the elements necessary to determine the COE (Cost of Energy)

have previously been discussed (capital cost in Sec. 22.4, financing assump-

tions in Sec. 22.2.5, availability in Sec. 19.6 and plant net capacity in

Sec. 2.7). All annual cost elements will be discussed in this section.
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22.6.1 Annual Levelized Capital Cost

The cost of capital is levelized over the economic life of the facility

by utilizing a fixed charge rate . This charge rate, when applied to the

total facility capital investment cost, yields the annual expense resulting

from 1) the capital investment cost being divided equally and charged equally

to all annual operating periods and 2) the annual fixed operating and main-

tenance expenses which are costed as a function of the capital investment

costs. Those O&M costs not directly related to capital costs are reported

in the O&M Accounts 40 through 47. Shown below are the elements of the

fixed charge rate based on the assumption of an investor-owned utility.

o Cost of Capital

o Depreciation

o Interim Replacement

o Property Insurance

o Federal Income Taxes

o State and Local Taxes

The cost of capital component represents the rate of return on invest-

ment allowed by the regulatory agencies. Depreciation factor uses a sinking

fund method of depreciating the capital cost over the economic life of

the plant. Interim replacement costs are the expenses for replacing plant

equipment (less than $10,000) with shorter service lives than the 30 year

economic life of the plant. Those elements greater than $10,000 are accounted

in the Scheduled Component Replacement Cost Account, 50. Property insurance

includes both property damage and third party liability. The federal income

tax component is based on the capital structure of the utility, sum-of-the-

year digits depreciation and a 50% federal income tax rate. A typical value

is assumed for the state and local taxes. The Fixed Charge Rate (FCR) used

in these analyses are 10% for the constant dollar analysis and 15% for the

then-current dollar analysis

Annualized Capital Cost - 0.10 X 2440 M * $240.0 H (Constant Dollar

Mode)

= 0.15 X 3198 M * $479.7 M (Then-Current Dollar

Mode)
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22.6.2 Annual Operations and Maintenance Cost

Operating and maintenance costs consist of the routine day to day

expenditures required to operate the facility, exclusive of those expenses

directly related to the capital costs. These expenses include the cost

of salaries, supplies, maintenance material and process chemicals. The

considered O&M cost accounts for fusion reactor design studies are shown in

Table 22-55. The costs for the nuclear liability insurance, license, fees

and working capital will not be considered or included .

Table 22-55. Operations and Maintenance Cost Accounts

Account Number Account Title

40 Annual Salaries of Facility Personnel

41 Annual Miscellaneous Supplies and Equipment

42 Annual Outside Support Services

43 Annual General and Administrative Costs

44 Annual Coolant Makeup

45 Annual Process Materials

46 Annual Fuel Handling Costs

47 Annual Miscellaneous

Note: Items or activities not included:

o Nuclear Liability Insurance

o License and Fees

o Working Capital

Annual Salaries of Facility Personnel (Acct 40) — The salaries required

by the facility operating and maintenance personnel are costed in this

account. A few of the costing assumptions are listed below:

o The plant requires only routine technial assistance.

o The plant is operating in a base-loading condition.

o Five complete operating crews are used to provide full facility

operation, an additional day crew, and relief coverage,

o G&A services are provided by the utilities' central administrative

organization.
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o Facility operations, including routine schedule maintenance, is

highly automated and computer controlled from central control room,

o Onsite fuel handling is included in this account.

The plant staffing is planned for normal operation only. It is felt

that normal scheduled maintenance activities can be accomplished by the

regular staff. An estimate of the required staffing is shown in Table 22-56.

This staffing is organized along the guidelines of Ref. 10. Typical staffing

levels for LWR plants of similar sizes is estimated to be in the range of

145 . The staffing levels shown in Table 22-56 for fusion supplements

those LWR personnel requirements by adding control room operators, general

equipment and maintenance equipment operators, instrument maintenance per-

sonnel, computer maintenance technicians and technical specialists in the

areas of fusion unique systems. With the advent of more mechanized main-

tenance and high level diagnostics, this staffing should be adequate. If any

extra staffing is required for scheduled component replacement, it will be

reported in Acct 50. Unscheduled outage maintenance staffing requirements

will be reported in Acct 42, Outside Support Services.

The salary/wage values shown in Table 22-56 include the basic salary/

wage costs, fringe benefits, shift premiums, insurance, and overhead allow-

ances. The general wage level was based on Ref. 2, Appendix F. The average

annual cost per staff member is approximately $47,000. Thus the annual

personnel cost is $7.21 M. This compares well with recent PWR plant staffing
,. (3,12)

allowances

The security requirements for a fusion plant is anticipated to be
(12)

similar to a new PWR , therefore the cost is estimated to be approxi-

mately $1.5 M. This would include a full time security staff and any equip-

ment rental required.

The total facility personnel requirement will be:

C4Q = $8.71 M

Annual Miscellaneous (Consumable) Supplies and Equipment (Acct 41) —

This account costs the miscellaneous consumable supplies and equipment used

on a routine day to day operation. They include ion-exchange chemicals,

chlorine, water treatment chemicals, gasses (nonfuel), potable water, waste

22-104



Table 22-56. Fusion Power Plant Staff (1200 MWe)

STAFF POSITION
SUPERINTENDENT'S OFFICE
PLAN I SUHLKlNltNUtNT
ASSISTANT SUPERINTENDENT
SECRETARY

OPERATIONS
OPERATIONS SUPERVISOR
SHIFT SUPERVISOR
SENIOR CONTROL ROOM OPERATOR
CONTROL ROOM OPERATOR
EQUIPMENT OPERATOR
MAINTENANCE EQUIPMENT OPERATOR
EQUIPMENT ATTENDANT

MAINTENANCE
MAINTENANCE SUPERVISOR
MECHANICAL FOREMAN
ELECTRICAL FOREMAN
INSTRUMENT FOREMAN
MECHANIC
MECHANIC'S HELPER
WELDER
MACHINIST
ELECTRICIAN
ELECTRICIAN'S HELPER
INSTRUMENT MECHANIC
INSTRUMENT HELPER
COMPUTER TECHNICIAN
MAINTENANCE EQUIPMENT MECHANIC

TECHNICAL
TECHNICAL SUPERVISOR
PLANT ENGINEER
ASSISTANT PLANT ENGINEER
INSTRUMENT ENGINEER
NUCLEAR ENGINEER
COMPUTER SPECIALIST
SYSTEMS ANALYST
MAINTENANCE SPECIALIST
HEALTH PHYSICIST
CHEMIST
LAB & INSTRUMENT TECHNICIAN

CLERICAL AND SERVICES
ULtKlUAL ANU bLKVlUES SUPERVISOR

QUANTITY SALARY/WAGES* (K$)

1
1
1

1
5
5
10
10
10
5

1
1
1
1
5
5
4
4
5
4
10
5
3
6

1
1
1
2
2
2
1
1
1
1
8

80
76
35

72
65
60
55
55
55
40

70
55
55
55
46
40
46
46
46
40
46
40
50
50

72
65
55
65
70
55
60
60
60
60
40

1 40
3 30
4 24
2 30
5 30
1 35
2 28
7 28
3 28

T5T AVERAGE TT
* SALARIES, FRINGE BENEFITS, SHIFT PREMIUMS AND OVERHEAD ALLOWANCES INCLUDED.

BOOKKEEPER
TYPIST
STOREKEEPER
CLERK
DATA MANAGEMENT SPECIALIST
YARDMAN
JANITOR
HANDYMAN
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containers, toilet paper, oil and maintenance supplies parts and materials.

These costs vary with the size and capacity of the plant. Typical PWR plants
/o 191 (11)

allow $5 M to $6.5 Mv ' for this account. The ORNL procedurev

for estimating O&M costs would allow 45% of staff costs ($3.2 M ) , which is

probably too low in light of the more advanced technology. This account is

estimated to be:
C41 = $5.2 M

Annual Outside Support Services (Acct 42) — Outside support services

are taken to include all services obtained from other than the normal plant

complement during normal working hours. This includes utility personnel from

other locations as well as the cost of station personnel working overtime on

special tasks such as maintenance and repair. Other requirements for outside

support services include film-badge processing, laundry of contaminated

clothing, radiation waste disposal off-site and consulting services.

Reference 2 suggests the annual cost per person for special maintenance

personnel as $55,000 (1979 $) or $60,000 (1980 $). Considering that shift

premiums, travel allowance, remote location, etc., will raise the wage base,

a 60% increase was included, which yielded a $46/h rate. The annual unsched-

uled outage has been estimated at 54 days/year. Most of these outages will

be for a single small maintenance action requiring only a few people.

However there can be major failures, which would require a large contingent

of maintenance and technical specialists. On the average, it was assumed to

require five men per shift. For the special maintenance, the cost would be:

C 4 2 = $792,000

Annual General and Administrative Costs (Acct 43) — Activities such as

payroll administration, purchasing and division management are included in

this account. The cost is assumed to be 15% of accounts 40, 41 and 42.

C 4 3 = $2,205,000

Annual Coolant Makeup (Acct 44) — The cost of replenishment of the

water coolants is slight and is included in the cost of the municipal water

under Misc. Supplies and Equipment (Acct 41).

C44 ' $°
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Annual Process Materials (Acct 45) — The items to be included in this

account are large quantity materials consumed during reactor operation.

Examples include water treatment or tritium processing. Small quantity

process materials were costed in Misc. Supplies and Equipment (Acct 41). The

definition of these for fusion is not well established but an allowance of

$1 M is made to cover these purchases.

c45 = $1,000,000

Annual Fuel Handling Costs (Acct 46) — Reference 1 states that if the

onsite fuel handling activities require less than 20% of the operating

staff's work time, the activities will be costed in other O&M cost accounts

and no cost in this account. It is felt that fuel handling will largely be

automated and impose a minimal workload on the operating crew. Hence, the

annual cost for fuel handling will be assumed to be zero.

C46 - $ 0

Annual Miscellaneous Costs (Acct 47) — These miscellaneous O&M costs

include:

o Training of replacement staff personnel

o Requalification of licensed reactor operators

o Rent of property, equipment or facilities

o Travel

o Public relations

o Office supplies

o Fuel and upkeep on station vehicles

If the costs from Ref. 10 for this account were scaled to STARFIRE

power levels and escalated to present cost, the cost would be approximately

$200,000. This cost would seem to be very low considering the required level

of training and requalification of personnel, travel and P.R. regarding the

plant. To cover these factors, this account was estimated at:

C4? - $1.5 M

Total O&M Costs — Table 22-57 lists the individual O&M costs accounts,

their individual costs and the summary O&M cost. The total O&M cost

($19.4 M) is lower than the Ref. 1 recommended guideline of 2% of the direct
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and indirect costs excluding the time related costs (approximately $40 M).

However, most PWR plants have O&M costs less than the STARFIRE estimate when

nuclear liability insurance, license and inspection fees and major retrofits

are excluded. Thus this estimate seems to be a reasonable allowance.

Table 22-57. Operations and Maintenance Costs

Account Number Account Title Cost

40 Annual Salaries of Facility Personnel $8,710,000

41 Annual Miscellaneous Suppliers and Equipment 5,200,000

42 Annual Outside Support Services 792,000

43 Annual General and Administrative 2,205,000

44 Annual Coolant Makeup 0

45 Annual Process Materials 1,000,000

46 Annual Fuel Handling 0

47 Annual Miscellaneous Costs 1,500,000

Total Annual Operations and Maintenance Cost $19,407,000

22.6.3 Annual Scheduled Component Replacement Cost

The Scheduled Component Replacement Costs are the expected annual

costs of routine scheduled maintenance or replacement of major (cost greater

than $10,000) reactor components. The first wall and blanket materials must

periodically be replaced or refurbished. The costs are usually high enough

to warrant the visibility of a separate cost account. The cost will include

both equipment, material and special labor costs.

CSCR * C50 + C51 = $ 1 4- 3 9 M + 2- 9 7 M = §!7.36 M

Annual Reactor First Wall/Blanket Component Replacement (Acct 50) — On

an annual basis, the reactor will be shut down to replace one-sixth of the

wall and blanket sectors. The replacement cost will include one-sixth of the

blanket and first wall (C£2 Q1 Q 1) which includes the wall, wall modifier,

neutron multiplier, breeder, reflector and structure plus the cost of the

limiter and a portion of the rf and ECRH ducts. Some of the materials such

as the Zr,Pb, and LiAlO- can be recycled after a short period to allow

the radioactivity level to decay to acceptable levels. Following this
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storage period they will be refabricated and installed in a replacement

sector. It is estimated that the extra costs associated with handling,

storage and preparation for refabrication will offset the credit for the

material costs. All of the items will be assembled by the supplier as a

complete integral replacement sector. The cost of other materials used in

the disassembly/reassembly, such as welding materials, seals, etc., are minor

and will be accountad in 0 & M Account 41. The labor associated with the

scheduled maintenance is considered to be an integral part of the operating

crews normal duties due to the highly automated maintenance process. Thus

the costs are represented by:

C50 = 1 / 6 (C22.01.01 + Climiter + °rf duct + CECRH duct}

= 1/6 (82.36 + 2.45 + 1.14 + 0.39) = $14.39 M

Annual Replacement of Other Reactor Components (Acct 51) — This account

embraces all other major replaceable or repairable components to be main-

tained on a scheduled basis. Table 22-58 lists those major items, unit cost,

replacement frequency and annual cost. Several items, such as the vacuum

isolation valves or the CFA's can be refurbished. The cost shown in this

account represents the refurbishment of these items. The only item which

represents a major cost impact is the f CFA refurbishment. All other items

can be refurbished or repaired at low cost or they are not a scheduled

replaceable item. The capital cost for components necessary to allow refur-

bishment is shown in Account 22.98, Reactor Spare Parts.

Table 22-58. Other Scheduled Reactor Replaceable Component Costs

Component
Crossed Field Amplifier
Rt Angle Vacuum Isolation
Valve

Vacuum Cryopump Molecular
Sieves

ECRH Gyrotrons
ATRS
Power Supplies
LHe Refrigerators
Shield Door Seals

Unit Price or
Refurbishment Cost

20,625 (R)
40,000

-

110,000

Replacement
Frequency

144/yr
24/yr

24/yr

Not Sched.
Not Sched.
Not Sched.
Not Sched.

2/yr

Annual Cost
$2.97M

Repairable
Item

Repairable
Item

Repairable Item
Total Cost, Acct 51 = $2.97 M
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22.6.4 Annual Fuel Cost

The annual fuel cost estimate for STARFIRE considers the purchase cost

of fuel materials. Since one component, tritium, is generated within the

reactor by the irradiation of a lithium compound, the process is self sus-

taining and tritium is considered as a no cost fuel item. Cost for tritium

processing facilities is included as a capital cost. Deuterium is purchased
(2)

as D at a price of $2175/kg . Fuel burnup is estimated at 530 grams/

day for T or !)„. Considering a small amount of leakage (5%) and the

plant availability of 75%, a prorated daily D. usage would be 420 g and the

annual cost would be $333,000. All other "fuel cycle materials" such as

tritium breeding materials, neutron multipliers, cladding, et al, are con-

sidered to be essential parts of the replaceable FW/B sector and as such

will be costed in Account 50, Annual Reactor First Wall/Blanket Component

Replacement.

CQ2 = $333,000

No offsite processing and disposal facilities are considered, hence,

no costs will be reported in Account 03.

c03 = $0

22.6.5 Plant Availability

The plant availability factor is defined as the ratio of the expected

amount of energy generation and the amount of energy generation that would

occur if the plant operated 100% of the time at design power level. The

availability is reduced from 100% due to outage time for scheduled (Ts) and

unscheduled (Tu) maintenance.

Plant Availability = 365-Tu-Ts
365

Section 20.3, Maintenance Approach, fully defines the annual scheduled and

unscheduled times allowed in STARFIRE. The scheduled outage time has been

estimated as 28 days per year for reactor and balance of plant and 120 days

every 10 years for turbine-generator overhaul and TF coil anneal. To achieve

the availability goal of 75%, discussed in Sec. 2.2, the unscheduled outage

is set at 54 days/year. The availability factor is a very powerful factor in

the cost of electricity, hence, much effort has been expended to maintain it

at the goal value.
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22.6.6 Plant Capacity

Plant capacity is the net electric energy that would be produced

annually by the fusion power plant if operating continuously at the design

level of power generation.

Plant Capacity = Plant Design Net Electric Power Level x 8,760,000
where Capacity is in KWh/yr and Power Level is in

MWe

The gross thermal power level to the turbines has been determined to be

4000 MW. With a gross cycle conversion efficiency of 36%, the gross electric

ouput of the generator is 1440 MWe. The net electric power level of 1200 MWe

is obtained by subtracting off the allowance for auxiliary power requirements

of 90 MW, and 150 MW for the rf plasma heating.

22.7 BUSBAR ENERGY COST CALCULATIONS

All the prior analyses are utilized in preparing the necessary data to

calculate the busbar cost of energy available from the STARFIRE fusion po' jr

plant. This energy cost is the most important evaluation tool to compare

alternative energy sources. Both constant year and then-year dollar analyses

are used to evaluate STARFIRE economic parameters. The general equation for

busbar energy cost is

C0E " CAC + (C0&M + CSCR + V (1 + E)P

PC x PAF x 10 3

where

COE = Cost of Electricity in Constant or Then-Current Dollars

(MILLS/KWh)

C = Annual Capital Cost Charge = Total Capital Cost x Fixed

Charge Rate (0.10 or 0.15)

Annual Oper*

through C,

C = Annual Operations and Maintenance Cost = Sum of C.
OotM 4

C » Annual Scheduled Component Replacement Cost • Sum of

C5Q and C51

C * Annual Fuel Costs = Sum of C Q 2 and C-,

E = Escalation Rate « 0 for Constant Dollars and 0.05 for

Then-Current Dollars
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P = Construction Period (yrs)

PC - Plant Capacity (kwh)

PAF * Plant Availability Factor (%/100)

COE, CONSTANT DOLLARS

COE = 240>027.000 + (19,407,000 + 17,360,000 + 333,000) m 35A M i l i 8 / k w h

1200000 x 8760 x 0.75 x 0.001

COE, THEN-CURRENT DOLLARS

COE = 479,683,500 + (19,407,000 + 17,360,000 + 333,000)(1.05)6 m 6JA M i U s / k W h

1200000 x 8760 x 0.75 x 0.001

22.8 COMPARISON WITH OTHER TOKAMAK STUDIES

Whenever an economic analysis of a conceptual design study is completed,

the natural tendency is to compare the current economic results to the

results of related prior studies. This process of comparison is fraught with

dangerous premises and assumptions. The studies probably had divergent

overall goals and guidelines to satisfy. The economic climate has certainly

changed in recent years with high inflation rates and rapidly escalating

costs associated with limited materials and any energy dominated products.
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Different reactor design approaches to the concepts have caused large cost

differences in the nuclear island costs. These design differences also have

impacted the buildings and the construction schedules. Even the indirect

cost accounts have varied depending on the assumptions used regarding the

necessary engineering and construction services and equipment. The allow-

ances for design uncertainty, contingency and spare parts have had a large

divergence depending upon the level of definition within the study.

In an attempt to alleviate some of the disparate costing assumptions and

concentrate on the cost impact of the design assumptions, this comparison

will deal only with the direct costs and not consider any indirect or time

related costs. This is a very good approximation because in fusion studies,

the dominant factor in the cost of electricity is capital related (85 to 902

of the total cost).

The two tokamak studies of most renown and recent vintage are NUWMAK

and UWMAK III. These two studies will be compared to STARFIRE. Table 22-59

lists the published direct costs of the three concepts for the first level

cost accounts (20-26) in the left hand columns. STARFIRE and NUWMAK reflect

the accounting procedure recommended by DOE , but UWMAK III preceded its

publication. Therefore UWMAK Ill's contingency allowance was distributed on

a prorated basis to the individual accounts. Inherent in these published

costs are certain allowances which should be kept in mind. Design allowances

of 10% and 20% were used on NUWMAK, while STARFIRE included the design

allowance implicitly with the estimate and UWMAK III did not use design

allowances. Allowances for contingency varied from 10% on NUWMAK, 15% for

STARFIRE and 30% ON UWMAK III. A spares allowance of 2% was assumed on

STARFIRE and a range of 1/2, 1 and 2% was used on NUWMAK. UWMAK III did not

identify a spares allowance which was probably considered to be a part of the

contingency allowance.

These published figures provide a basis upon which to make cost compari-

sons. The middle two columns in Table 22-59 represent costs which have been

escalated to 1980 dollars using the GNP Price Level Deflators, Table 22-6.

In current dollars, NUWMAK costs about 1 billion dollars for a 660 MW facil-

ity or $1516 per kilowatt capacity. UWMAK III, escalated to current dollars,

costs over 4 billion and $2125/kWe. STARFIRE compares favorably to the two

other concepts in current dollars, being slightly more reasonable than
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Table 22-59. Direct Cost Comparison of Tokamak Concepts ($M)

Concept

Year of Estimate

Net Capacity (MWc

20 Land and

Land Rights

21 Struct &

Site Facil

22 Reactor

Pit Equip

23 Turbine

Pit Equip

24 Electric

Pit Equip

25 Misc Pit

Equip

26 Special

Mat'Is

Total Direct Cost

Direct Cost $/kWe

AS

STARFIRE

1980

;) 1200

3

346

969

250

117

41

1

1729

1439

PUBLISHED

NUWMAK

1978

660

2

129

534

119

46

13

1

844

—

UWMAK III

1975

1985

1

738

1056

729

364

78

10

2976

ESCALATED

NUWMAK

1980

660

3

153

632

141

54

16

2

001

516

UWMAK III

1980

1985

2

1046

1496

1033

516

110

15

4218

2125

ESCALATED &

NORMALIZED

NUWMAK

1980

1200

5

241

1000

222

86

25

3

1582

1318

UWMAK III

1980

1200

1

712

1017

703

351

75

10

2869

2391

NUWMAK. However, it has to be kept in mind that the capacity of these

facilities varied from 660 MWe, 1200 MWe and 1985 MWe. Facilities such as

these exhibit cost advancages due to economy of scale. If it is assumed an

economy of scale exists of 85%, NUWMAK costs will be scaled up by the factor

(1200/660) and the UWMAK costs would be scaled by the factor,

(1200/1985) . (See Section 22.2.1 for a more detailed explanation of
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the mathematics involved.) Applying these factors, the values shown in the

right columns in Table 22-59 are obtained. With this analysis, NUWMAK has a

slight cost advantage while UWMAK III continues at a decided disadvantage.

To help understand the cost disparities, the individual cost accounts

will be analyzed.

Structures and Site Facilities - UWMAK III used a cost/unit volume basis

for their cost estimate and their reference volumes were very extensive,

yielding quite high costs. Also the complexity of the system required larger

sized, unique buildings and facilities (helium and lithium coolant loops).

On the other hand, NUWMAK's low costs can be attributed to lack of complete-

ness in the structures and facilities accounts. Not considered in the NUWMAK

costing were Site Improvement and Facilities, Cooling System Structures, Fuel

Handling and Storage Building and several other necessary minor buildings

with costs totaling $40 M or more. Their unit costs were reasonable, but the

building volumes were optimistic as compared to STARFIRE.

Reactor Plant Equipment - When compared on a normalized basis for

varying power levels, all three reactors are estimated to be surprisingly

similar ($1.0 B). UWMAK and NUWMAK reactor equipment (wall, blanket, shield,

rf heating, magnets, etc.) cost only 35% of the Reactor Plant equipment

whereas STARFIRE represents over 60%. The Reactor Equipment for UWMAK was

reasonable but it was overshadowed by the heat transport system which had

helium, lithium, sodium and steam coolants and high cost refractory metal

piping for high temperature He coolant. NUWMAK costs seemed to be in line

with STARFIRE in most areas except for rf heating and primary structure.

STARFIRE chose to use a lower hybrid heating system utilizing a more efficient

and less costly microwave generator system. Also the costs for the power

supplies are included in a separate account. The Primary Structure and

Support system for STARFIRE cost $53 M which includes the centerpost and

struts, common and TF load-carrying dewars, antitorque structure and shield

pedestal to support the blanket and shield. The magnetic and dead loads are

very large and require large structures to react them. NUWMAK allocated less

than $1 M for this purpose.
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Turbine Plant Equipment - In this category, NUWMAK and STARFIRE are very

similar in cost and UWMAK III is much more expensive. The UWMAK extra costs

can be attributed to the more expensive, high temperature helium direct cycle

power conversion system along with the additional lithium/steam system.

Electric Plant Equipment - Again NUWMAK and STARFIRE are comparable with

UWMAK III being a higher cost system. The costs for UWMAK were higher across

the board in Electric Plant Equipment. Also two elements were accounted

differently. All the electrical installation costs were lumped in this

account. The divertor coil power supply system and inductive energy storage

costs were included in this account but in STARFIRE and NUWMAK they were

included in Account 22.01.07.

Miscellaneous Plant Equipment - Again the discrepancy arises from where

costs are credited. UWMAK III includes the blanket maintenance equipment

in this account which represents 83% of the accounts costs. NUWMAK and

STARFIRE include these costs in Account 22.06

In summary, in comparing the costs of STARFIRE to UWMAK III and NUWMAK

the cost differences are reconcilable. UWMAK III seems to represent a more

advanced power conversion system with large facilities. The NUWMAK design

reflects a more state of the art power technology but the costing base is not

as complete. The STARFIRE concept utilized simplified design concepts (rf

heating, steady state burn, limiter impurity control, etc), which has

reduced the system costs. However offsetting this trend was a very complete

design basis and costing analysis which went into much more detail. Typi-

cally a fusion conceptual design study considers only a few cranes (one for

the reactor building, two in the turbine hall and one or two others).

STARFIRE has 16 separate cranes, 3 elevators and a monorail system between

the reactor and hot cell. This attention to detail, in part attributable to

the presence of the earlier studies, resulted in higher final costs. However

this detail does lend credibility to the cost of facility costs and presents

a much more believable overall cost to the power industry. Also rhe cost of

electricity is within the currently predicted range of costs for power

generating stations to be operational in 1986.
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22.9 COMPARISON OF FUSION WITH FISSION AND COAL

A major ^oal of the STARFIRE design study has been to determine the

economic viability of a fusion power source for a commercial central station

generating facility. The standard of comparison for this evaluation will

likely be the costs of generating electricity with fission and coal. The

cost of electricity generated by existing coal and fission plants is rela-

tively inexpensive when compared to new plants now being constructed. Figure

22-4 shows the COE from existing fission plants is approximately 15 mills/kWh

and the COE from coal is in the lower 20's. By comparison, the estimated

cost of electricity from new fission and coal facilities has escalated to

approximately 40 mills/kWh. Over the next 10 years it is predicted that the

cost will further escalate to the range of 70 to 90 mills/kWh. Contributing

to the range of costs shown is the variation in utility requirements, the

region of the country, the type of fuel consumed and the local environmental

standards. Two specific estimates of the cost of electricity from new

generating facilities are represented in Fig. 22-4 as points (c). These are

PWR plants (Callaway Units No. 1 and 2) now under construction by Union

Electric Company in mid-Missouri. These costs are thought to be lower than a

current contract would be, because contracts for major equipment and instal-

lation costs were secured several years ago with fixed escalation clauses.

When the estimated cost of electricity from the fusion powered STARFIRE is

considered, it is seen to be competitive with predictions of cost of elec-

tricity from coal and fission. This competitive picture is expected to

improve as the cost of coal and nuclear fission fuel costs escalate, probably

at some value above the general inflation index.
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This section addresses siting aspects and the planned construction

sequence for the facility including the reactor. The overall construction

time is six years which includes one year of test and checkout prior to

commercial operation. The schedule is paced by construction of the reactor

and reactor building. Three years of initial construction work in the reac-

tor building is required prior to starting the reactor assembly sequences

which require two years. The basis for the schedule is that the plant is

the 10th of a kind which includes the building arrangement and subsystem

components so that only site specific modifications such as contour grading,

access road construction and cooling water and transmission line routing are

required. Credit is taken in the construction schedule for use of improved

construction techniques. These include standardized pre-fabricated wiring

harnesses, signal multiplexing to minimize the number of separate wires and

off-site construction of modular components.

23.1 REFERENCE SITE

The facility will be located in a secured area within an approximate

365 ha (1000 acre) site adjacent to a river, lake, or other adequate supply

of cooling water. The site boundary distance will limit the dose commitment

from routine releases of all significant materials.

The reactor building and its supporting buildings, structures, and

facilities will be located on level ground at an elevation unaffected by

potential river floods, flood waves, or flooding from postulated dam failures.

The nearest river is navigable throughout the year and will be used for

barge shipment of heavy items. Highway access is provided by 8 km of

secondary road leading to a state highway. The secondary road requires no

improvement to permit overload shipments. Railroad access will be provided

by constructing an 8 km railroad spur from the main line to the plant site.

Other site-related assumptions have been established as follows:

o Adequate incoming power will be provided by two independent EHV power
sources, probably 345 kV or higher voltage lines.

o Power and water for construction activities will be available at the
site boundary.

o Communication lines will be provided at the site boundary.
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o A sanitary sewage system will be available for tie-in at the site
boundary.

o An auxiliary boiler, furnishing plant auxiliary steam, is included
in the facility design.

o Plant utility systems including compressed air, inert gas storage and
distribution, and potable and demineralized water are included in
the facility design.

o Personnel parking will be located outside the facility perimeter
close to the guard station that will control incoming and outgoing
personnel, vehicles, and rail cars.

o Located in seismic zone 2.

Location at a site where a waterway is not available will require either

advances in overland transportation techniques or the addition of on-site

assembly facilities for the large components. At least two coil winding

facilities will be required to permit winding the twelve TF coils and two

large EF coils. Additionally, a few months would likely be added to the

construction schedule to permit a full-up magnet test early in the reactor

assembly sequence.

23.2 MODULAR CONSTRUCTION AND CONSIDERATIONS

STARFIRE is assumed to be the 10th of a kind power plant where modular-

ization is used extensively and the design is standardized with module size

and support methods fully defined. Equipment for handling these components

is also assumed to exist and little site specific equipment will be required.

This subsection discusses the potential for using modularization, whereby

complete subsystem sections are either fabricated intact at a distant module

assembly site, or are assembled at an uncongested location on the plant

site. The approach described is also applicable to planning for transporta-

tion of heavy equipment by barge.

Factors that influenced the choice of the modular concept over conven-

tional design and construction methods are primarily the desire to shorten

the construction schedules, permit use of higher skill levels at the factory,

improve productivity and improve quality control. Other factors that influ-

enced the decision are:
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o Unfavorable climatic conditions at the plant site prohibiting outdoor
work for lengthy periods or significantly reducing manpower efficiency*

o Lack of skilled labor and supervisory personnel at or near the plant
site.

o Highly congested work areas or stacked construction', e.g., the
reactor building.

o High costs to procure and maintain skilled labor and supervisory
forces at the construction site for an extended construction period.

o Lack of necessary construction equipment at or near the plant site,
requiring its purchase, with the cost borne in full by the project.

o A construction schedule so abbreviated as to preclude a time-
consuming program to train local personnel as construction craftsmen.

The module concept requires that the plant site meet specific conditions,

principally related to the offloading and transporting of the modules to tht

site. A nearby waterway, of sufficient depth to accommodate loaded barges

is required. If a dock with sufficient water depth is not available, con-

struction of a dock in deeper water with a causeway to the shore or dredged

channel is the preferred alternative. As a last resort, lightering may be

considered, with modules and cargo capable of being lifted from barges by

floating or barge cranes to light-draft barges for movement ashore.

Road conditions between the offloading area and the plant site, and the

soil stability at the site must be suitable for loads imposed by crawlers and

rubber-tired vehicles (RTV) while transporting modules. The distance from

the dock area to the plant site may limit the use of crawlers; they are not

normally designed for continuous service over great distances. Where RTVs

must be substituted for crawlers, maximum permissible module weights will be

reduced, with a corresponding increase in the number of modules.

Since it may not be practical to place the modules on the barges in

strict accord with the construction sequence, sufficient land area near the

offloading dockage will be required to temporarily store modules.
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23.3 HANDLING AND SHIPPING CONSIDERATIONS

Ideally, the plant site would be located next to water. If not, the Host

feasible method of transporting heavy items and/or modules would be off-

loading from barges and transporting the items via a highway route to the

facility. Factors to be considered are:

o Dredging may be required along the river bank and the barge slip or
dock.

o Construction of on- and off-ramps may be needed.

Review of the highway route is required to ensure unimpeded movement of

large items, possibly involving:

o Adding or strengthening bridges and culverts.

o Providing temporary roads.

o Temporarily raising or lowering of obstructing overhead wires.

Prior to receipt, loads can be removed from the barges and placed on heavy

deck barges containing overland transportation equipment.

State-of-the-art hauling and lifting equipment capabilities are listed

below. Loads anticipated for STARFIRE (maximum is 600 tonnes) are well

within current state-of-the-art capabilities, as shown below:

o Heavy lift ships - 545 to 727 tonnes

o Roll on/roll off motorized barges - 1818 tonnes

o Barges - depending on draft and strengthening of deck - 1500 to 2000
tonnes/module

o Shore based derricks - 545 tonnes

o Floating derricks - 545 tonnes

o Hauling equipment - RTV, 1363 tonnes
- crawler, 1818 tonnes

o Cranes - Ringers, 545 tonnes
Transilift, 1363 tonnes
Guy derricks, 545 tonnes
Luffing booms, 909 tonnes
Tower, 364 tonnes
Bridge, 1273 tonnes

Projections of future hauling capacity for the year 2010 are at best

very uncertain; however, it should be mentioned that even today there is a

growing need for methods of transporting large equipment from factories to
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construction sites. As the population increases, overland transportation

will become more difficult and sites will be harder to find.

Large lighter-than-air ships have been proposed by several organi-

zations.^ ' ' ' Capacities of up to 1200 tonnes have been projected;

however, fear of the vulnerability of these ships to weather conditions has

generally restricted their acceptance. It should be remembered that past

lighter than air ships have used early 1900's technology and substantial

improvements in weather prediction have been made since then. In addition,

structural improvements have made inflatable structures possible which permit

deflation when a storm approaches. A United Kingdom group, Redcoat cargo

lines, has recently placed orders for four airships for use in transporting

cargo^ . Further development of air ships may provide STARFIRE with an

alternative shipping method and reduce the site selection constraints.

23.4 BALANCE OF PLANT SCHEDULE

This section provides the basis for and description of the proposed

balance of plant schedule for STARFIRE.

23.4.1 Introduction/Summary

The conceptual balance of plant construction schedule (Fig. 23-1) is

based on the drawings and descriptions generated for STARFIRE and the mater-

ial quantities and equipment stated in the balance of plant cost estimate.

The schedule, focused on the activities of balance of plant construction

and startup, identifies the time periods in which construction and startup

are planned, and the time periods in which construction expenditures may

occur for the conceptual design developed. It also identifies major mile-

stones and control points for facility construction and startup activities.

The overall objective of the schedule is to produce a conceptual con-

struction plan that defines major project schedule parameters including

determination of the total time required for plant construction and the

identification of pacing items.

The schedule presented compares favorably with current day power plants.

Union Electric is currt .tly building the Callaway PWR plant on a six year
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schedule. Union Electric suggests that the Callaway Plant could possibly

be built in five years but that the six year schedule was easier to manage

and contained provisions for unforeseen schedule slippage (->) _ Tlie

additional subsystems required for STARFIRE would imply the need for a longer

schedule; however, by 2010, improvement in construction methods, simplifica-

tion of wiring requirements by multiplexing, modularization of components and

an emphasis on factory assembly, checkout, and shipment to the site are

expected to contribute toward time savings. We have estimated that STARFIRE

could be constructed in approximately six years.

23.4.2 Schedule Assumptions and Basis

The following assumptions were made in establishing the schedule dura-

tions and sequences:

1. Schedule durations are based on optimistic times derived from

current schedule and procurement times representative of large

nuclear power plant projects. The schedule also assumes multiple

shift operation, maximum level of effort, and total commitment to

the project. No schedule contingencies are included.

2. The balance of plant drawings and descriptions, Chap. 20, cost

estimate quantities, Chap. 22, and the anticipated reactor installa-

tion sequence, Fig. 23-2, are the basis for the schedule.

3. The schedule starting point indicates where facility construction

essentially starts after a construction penult is approved. The

reactor engineering and development interfaces are completed in

sufficient detail to allow the plant construction to start.

4. The site has been preselected and acquired, and basic site data

is available at the start of the schedule.

5. Environmental studies and licensing activities are not included and

as such are not shown as schedule constraints.

6. The schedule format used is a milestone bar chart giving major

construction durations for each building. The systems and major

' equipment are identified for each building in Sec. 23.4.4. The time

scale is in years by months, with major blocks of work sequenced and

identified. Startup activities are also identified.
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7. The TF, EF, and OH coils will be fabricated offsite in a central

component assembly facility and erected in the reactor building in

parallel with reactor building construction.

8. Special temporary crane equipment will be provided to handle coils

and other heavy items and to assist with their installation.

Fabricated coils will be available for installation as completed and

placed in position in the reactor building.

9. The 600-tonne reactor building crane will be available to assist in

reactor assembly and installation.

10. Reactor installation will proceed with the reactor end of the

reactor building open and the roof slab at that end of the building

in place.

To determine the construction time for each major work scope item shown

on the schedule, the lead times for the constituent items were considered.

The pacing items determine the schedule duration for the overall work scope.

23.4.3 Site Development

Site development consists of initial and final site improvements as

indicated below:

1. Initial site improvements:

a. Local soils studies and mapping.

b. Clearing, grading, and drainage.

c. Temporary construction buildings, yards, and utilities.

d. Temporary paving, parking, walks, curbs, and gutters.

e. Road access.

f. Railroad access.

g. Utilities to perimeter of property (water, electricity, gas,
sewer, phone, etc.).

h. Temporary fire protection.

i. Temporary utility, water, and electrical distribution.

j. Construction security fencing.

2. Final site improvements:

a. Yard piping, fire, and utility distribution.

b. Yard electrical, distribution, and lighting.
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2. Final site improvements; (cont'd)

c. Fire water storage.

d. Fuel oil storage.

e. Condensate transfer and storage.

f. Stack.

g. Sewage disposal system, piping, etc.

h. Security fence, alarms, and lighting.

i. Switchyard (substation) including control room.

j. Cooling towers.

k. Circulating makeup and blowdown water system.

1. Permanent roads, paving, parking, etc.

m. Finish grading.

n. Gas (helium) storage area.

o. Raw water reservoir.

p. Evaporation pond.

q. Service, main, and auxiliary transformers and transformer
yard.

r. Water intake structure.

s. Railroad boundary inspection area.

t. Fire water loop.

u. Utility service, water, electrical, etc.

v. Landscaping.

23.4.4 Facility Buildings

To determine the construction times for the work scope items shown on

the schedule, the major systems and equipment items were identified as a

function of location in buildings, and the lead times for design, procure-

ment, and construction were considered.

1. Reactor Building;

a. Reactor.

b. Foundation slab.

c. Walls to grade.

d. Walls above grade.

e. Roof slab.

f. Liner.
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1. Reactor Building: (cont'd)

g. Reactor support pedestal.

h. Building services, HVAC, and fire protection,

i. Piping and plumbing,

j. Personnel and equipment hatches,

k. Primary loop components.

1. Other process modules,

m. Atmospheric tritium cleanup systems,

n. RF system components.

0. Hangers, valves, fittings, insulation, etc.

p. Piping,hangers, valves, fittings, insulation, etc.

q. Electrical service, lighting, and communications,

r. Instrumentation piping, conduit, and tubing,

s. Building instrumentation and controls,

t. Special doors and seals,

u. Cranes and manipulators,

v. Blanket module handling machine,

w. Reactor shield door removal tools and fixtures.

x. Hatches.

y. Monorail track and switches.

2. Turbine Building;

a. Footings and piers.

b. Buried service water pipe.

c. Duct runs.

d. Base mat.

e. Structural steel.

f. Pit walls.

g. Roofing and siding,

h. Crane.

1. Railroad spur.

j. Turbine generator and accessories.

k. Condensers.

1. Component cooling water system.

m. Air ejectors.

n. Auxiliary steam boiler.

o. Lube oil conditioning system.
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2. Turbine Building; (cont'd)

p. Demineralized water system.

q. Heaters.

r. Coolers*

s. Condensate and feedwater system.

t. Extraction steam system.

u. Condensate demineralizer system.

v. Condensate and feedwater chemical control.

w. Turbine plant sampling system.

x. Utilities, building services, and HVAC.

y. Fire protection.

z. Piping and plumbing.

aa. Electrical bus distribution.

bb. Electrical equipment.

cc. Instrumentation and controls.

3. Plant Auxiliary Building;

a. Structural (similar to the Turbine Building).

b. Closed loop cooling system.

c. Compressed air systems.

d. Dryers.

e. Machine shop.

f. Freight elevator.

g. HVAC system.

h. Piping and plumbing.

i. Electrical equipment.

j. Instrumentation and controls.

4. Hot Cell;

a. Structural (similar to the Reactor Building).

b. Liner.

c. Sliding shield doors.

d. Monorail track.

e. Turntables.

f. Blanket inspection equipment.

g. Blanket treatment and cutting equipment,

h. Baking and outgassing equipment.
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4. Hot Cell: (cont'd)

i. Compaction and packaging equipment.

j. Cranes and manipulators.

k. Dry and wet storage.

1. Reactor maintenance and repair equipment.

m. Disassembly area.

n. Atmospheric tritium cleanup systems.

0. Liquid waste processing equipment,

p. Decontamination equipment.

q. Air lock.

r. Piping and plumbing.

s. HVAC equipment.

t. Electrical equipment.

u. Instrumentation and controls.

5. Reactor Service Building:

a. Structural (similar to the Turbine Building).

b. Equipment preparation and maintenance area.

c. Spare parts storage.

d. New blanket module storage.

e. Piping.

£. Electrical equipment.

g. Instrumentation and controls.

6. Tritium Reprocessing Building;

a. Structural (processing portion similar to the Reactor Building;

remainder similar to the Turbine Building).

b. Liner.

c. Tritium processing equipment.

d. Tritium and deuterium storage.

e. Analytical laboratory equipment.

f. Tritium control room.

g. Atmospheric tritium processing equipment,

h. Tritium waste treatment.

1. HVAC equipment.

j. Piping and plumbing.

k. Electrical equipment.

1. Instrumentation and controls.
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7. Cryogenics Building:

a. Structural (similar to the Turbine Building).

b. Liquid helium and liquid nitrogen storage.

c. Compressors.

d. Cold box.

e. Control room.

f. Bridge crane.

g. HVAC equipment.

h. Piping and plumbing.

i. Electrical equipment.

j. Instrumentation and controls.

8. Electrical Equipment and RF Power Supply Building:

a. Structural (similar to the Turbine Building).

b. RF power supplies.

c. EF trim coils energy storage.

d. Coil power supplies.

e. 13.8-kV switchgear.

f. HVAC equipment.

g. Piping.

h. Wiring and cabling.

i. Instrumentation and controls.

9. Administration and Control Building:

a. Structural (similar to the Turbine Building, except for the
control room, which is similar to the Reactor Building).

b. Computer.

c. I&C panels.

d. HVAC equipment.

e. Electrical equipment.

f. Instrumentation and controls.

g. Offices and conference room.

h. Maintenance shop.

i. Warehouse facilities,

j. Bridge crane.
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10. Onslte A/C Power Building:

a. Structural (similar to the Reactor Building).

b. Gas turbines.

c. Turbine generators.

d. Bridge cranes.

e. Control room.

f. Battery room.

g. Piping.

h. Electrical equipment.

1. Instrumentation and controls.

11. Security Building:

a. Structural (similar to the Turbine Building).

b. Piping and plumbing.

c. HVAC equipment.

d. Electrical equipment.

e. Instrumentation and controls.

23.4.5 Construction Plan

The overall construction schedule indicates a duration of about

72 months, including 12 months for testing and start up operations, paced by

the anticipated 24-month period required for the reactor installation and

assembly sequence. Installation of TF and EF coils will proceed in parallel

with reactor building construction. It is assumed that these large coils

will be fabricated and delivered in a sequence that meshes with the

time-frame required for their installation in the reactor building.

It is assumed that the reactor engineering design conducted prior to the

start of the schedule will provide the firm engineering design criteria

defining all reactor/A-E interfaces essential for initiation of A-E work. An

additional assumption is made that the site is preselected and acquired, and

that basic site data is available. The schedule is also developed on the

basis that licensing activities do not impose additional constraints.

A 52-week procurement lead time prior to start of reactor and major

equipment assembly is anticipated. The preliminary design of site specific

23-14



items for the reactor building, turbine and support building, and the elec-

trical equipment and rf power supply building must start about 18 months

before procurement begins, to provide timely construction start of the

buildings. This timing will allow installation of reactor equipment such as

TF and EF coils to proceed in parallel with minor building construction.

Facility design data is also needed to support overall site planning.

Excavation for the reactor building, turbine and support building, plant

auxiliary building, hot cell, and reactor service building will proceed in

that order, for optimum use of construction equipment.

During the 18-month period prior to reactor building equipment installa-

tion, only preliminary engineering will be done on the other site facilities

to provide data for total site planning.

In order to keep capital investment as low as possible during the

reactor building, turbine and support building, and electrical and rf power

supply building construction, the other site facilities will be constructed

later, more in line with actual need. The schedule is also predicated

on the availability of certified craftsmen to meet required codes and

standards.

The outlying buildings, pump houses, and cooling towers have been

scheduled to allow optimum usage of construction equipment and to allow

adequate access and manpower production.

A pass-through opening will be left in the reactor end of the reactor

building during construction. This will be closed up after all equipment

is installed, tested, and accepted.

Startup will be initiated in the sixth year, after completion of the

reactor building and the turbine and support building. Startup data will be

available to complete the operating procedures.

.Underground major construction such as circulating water piping in

heavily traveled areas will be completed during the latter portion of the

schedule to avoid potential damage during installation of major equipment in

the reactor building and turbine building.

Significant potential impacts on the construction schedule are the large

quantities of bulk materials and the number of large modules and major
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equipment items. Adequate lead times and initiation of procurement of these

items early in the construction phase will be required.

23.5 REACTOR INSTALLATION AND SCHEDULE

This section presents the approach to reactor installation and construc-

tion schedule, Fig. 23-2. Delays in reactor assembly have a significant

impact on plant costs since reactor assembly occurs late in the overall plant

installation when most of the capital outlay has been made. STARFIRE has

been designed to minimize the field construction time by designing components

as modules that are manufactured off-site and fully tested prior to shipment

to the reactor site. Shipment to the site by water is planned for the

heavier components; however, by the projected construction date other means

of transporting large heavy components may be available.

Major Assumptions — The installation approach and schedule have been

developed based on the following major assumptions.

o The STARFIRE reactor is the tenth of a standardized plant design to

be constructed and the majority of the reactor construction crew has

gained experience from previous plant construction. Three shift

operations without labor strikes are assumed.

o All components are preassembled at a factory and are subjected to all

necessary functional tests. Because confidence has been developed in

the design and handling of the components, a minimum of field testing

is required. Factory tooling is used to make parts that are inter-

changeable and matched tooling is provided to the construction site

for use in locating all major interfaces (e.g., module connections,

mounting base.,etc).

o Parts are delivered on time.

o Plant construction has progressed until the reactor building roof is

installed. The reactor end of the building is left open and temporary

crane rails protrude into a temporary construction enclosure (see

figure 23-3) to permit heavy component installation. As one compon-

ent is being set in place at the reactor, the next component is

positioned under the crane way with all hoisting equipment installed.

Access to the reactor building is available through the hot cell

airlock for movement of smaller components such as equipment modules.
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ASSEMBLY TASKS YEARS

EF/OH COIL PLACEMENT (LOWER)
PEDESTAL & PAD INSTALLATION.
PEDESTAL ALIGNMENT M/C
COOLANT MANIFOLD INSTALLATION —
CENTER POST & STRUT INSTALLATION.
TF COIL INSTALLATION (1/2 WEEKS).
DEWAR & RT RING STRUCTURE (WELDING).
NORMAL CF COIL INSTALLATION (INNER)..'
UPPER EF/OH COIL INSTALLATION.
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Figure 23-2. Reactor construction schedule.
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Figure 23-3. Reactor building provisions for reactor construction.
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Installation Sequence — Twenty-four months of installation time

and six months of test and calibration are projected. The test and calibra-

tion time overlaps the balance of plant checkout. The reactor subsystem

modules, electrical wiring and piping, and monorail equipment are installed in

parallel with the erection of the reactor. Most of this equipment is brought

in the building through the hot cell airlock and does not interfere with

reactor erection. The installation of the monorail around the reactor will

be coordinated with pedestal and TF coil construction by working diametric-

ally opposite from where most reactor assembly is occurring.

Pedestal and Pad Installation — A base plate and 12 TF coil support

pads (Fig. 23-4) are mounted on the reactor building floor to provide support

for the reactor assembly. The base plate is premachined and includes support

lugs for the center post thermal isolation struts and a flange to provide the

welded TF coil common dewar vacuum boundary. The pad is leveled by "floating-

in" on epoxy or other material which hardens to provide a solid base. The

base plate then provides a reference for location of the 12 TF coil support

pads which are attached to the building floor. Each pad is then machined to

the proper elevation and a radial groove is machined in each pad to provide

angular alignment for the TF coils.

Two spare EF/OH coils are positioned around the center base plate and

the operational coil is attached to the base plate. The spare coils are

provided because of the number of components that must be removed to permit

replacement in event of the failure of the operational coil. The ring

manifolds around the reactor base are also laid in position by the overhead

crane. Time required for installation of the pad3, EF-OH coil and ring

manifolds is estimated at two months.

Center Post Installation (Fig. 23-5) — Prior to installation of the

center post, a multilayer insulation blanket and liquid nitrogen shield is

installed over the base plate to minimize heat leakage to the cryogenic

coils. The base plate support lugs protrude through the insulation.

The center post is prefabricated at a factory and comes complete with

a thermal isolation strut system that has been prealigned to match the base

plate lugs. The EF and OH coils that fit inside the center post are installed
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prior to Its installation into the reactor building. The center post weight

is 224 tonnes and the combined coil weights are 282 tonnes. The overhead

crane hoists the 506 tonne unit into place and holds it while clevis pins are

installed through the strut clevis and baseplate lugs.

After centerpost installation, a location check is made to assure that

proper alignment has been achieved before proceeding to the more complex

assembly operations. Notches in the center post align with the machined

groove in the TF coils support plates and provide definition of the TF coil

mounting plane. Support tooling is installed under the center post to pre-

vent deflection of the struts by asymmetric loading during TF coil installa-

tion. In conjunction with this activity, the ring manifolds for the blanket,

shield and limiter coolant systems are installed, and welded in the well

provided around the pedestal.

TF Coil Installation (Fig. 23-6) — The TF coil installation sequence is

overlapped with installation of the copper CF coils and anti-torque panels.

Full field tests of the coils are performed in a test stand at the factory

prior to shipment. Minimal inspection is required at the construction site.

The overhead crane hoists a 583 ton TF coil in place by lifting the room

temperature vacuum tank. The helium vessel deflects downward with respect to

the room temperature vacuum tank by approximately 1 cm. (The TF coil supports

are much more rigid in the out-of-plane direction). The 1 cm deflection

permits the TF coil to be positioned against the center post and attached

before the outer vacuum tank is bolted to the support pad. The outer

vacuum tank is positioned radially, so the common dewar vacuum tank lines

up with the base plate flange, and is then bolted in place at the outer

support pad. Each TF coil vacuum tank includes a support base and two

attachment points for the shield that has been located with respect to the

three groove support points and the common dewar vacuum tank flange.

Three days of crane use are allotted for setting each TF coil in place.

After the second TF coil is set in place the common dewar between coils

is seal welded while the third coil is positioned. After four TF coils

are in place the first segments of the inner upper and lower CF coils are

installed. A small construction hoist is used for the operation. This
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procedure continues until all TF coils are installed. While the final TF

coil dewar welds are being made the overhead crane is available for approxi-

mately one month to install process modules in other parts of the building.

The liquid nitrogen shield and superinsulation are installed over the center

post and the cryogenic and electrical leads are connected. Finally the room

temperature ring structure Is installed at the top of the center post and

welded to provide the final TF coil vacuum closure. A temporary vacuum pump

down system is used for leak testing.

Anti-torque Structure Installation (Fig. 23-6) — The anti-torque

structure must be fitted between TF coils after their installation because

of the need for precise fit and because it is unlikely that the structural

surfaces of the room temperature TF coil case can be located accurately

without excessive cost. Slight warpage could prevent the anti-torque struc-

ture from fitting. The structural panel and side fittings are installed

between TF coils as an assembly and the side fittings are shimmed and

fastened in place. The operation utilizes the dedicated maintenance equip-

ment and monorail system to hold the panel in place while it is installed.

Shield Installation (Fig. 23-7) — The small shield sectors are installed

while the TF coil dewar leak testing is conducted. Access to the dewar welds

is available with the small shield sectors in place. Each small sector is

hoisted into place sequentially by the overhead crane and attached to the

upper and lower support points on the TF coil room temperature dewar. After

two adjacent small sectors are installed, a large sector is installed complete

with the shielded vacuum ducts. Support is provided for the vacuum ducts by

the hoisting equipment until it is in position against the floor bracket and

overhead frame. The shield door is not installed at this time to keep the

total component weight to less than the 600 tonne crane capacity. The

internal seal weld between shield sectors is made by a separate work crew

which uses automatic welding equipment mounted to tracks on the inside

surface of the shield. All shield seals are tested at installation using the

built-in leak detection feature of concentric seals (see Sec. 19.3.2).

Shield access doors, with plugs in coolant line apperatures, are installed

after leak detection of the sector joint welds is complete.
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Outer copper (CF) coll segments and lower vacuum pumps and valve Instal-

lation and service line hook up to the shield sectors vacuum pumps and

valves, and CF coils begins sequentially with sector installation.

Overhead Frame and EF Coil Installation (Fig. 23-8) — Prior to instal-

lation of the overhead support frame, the upper EF/OH coil is installed to

the TF coil common dewar using the overhead crane. Next, the overhead frame

which has the upper EF and TF coil dump resistors and switches mounted to it

is assembled to the common dewar. The overhead crane is used to install the

two large EF coils to the TF coil room temperature structure. After EF coil

installation, the upper vacuum pumps and valves are installed at the top of

the reactor using auxiliary equipment. Upon completion of magnet and pump

installation, all cryogenic lines and electrical leads are installed.

Vacuum System Test — After completion of the vacuum boundary welding,

it is necessary to thoroughly clean the chamber interior and perform and

initial vacuum pumpdown. The pumpdown will utilize the reactor vacuum pump

system. It is planned that most heavy construction in the reactor building

will be complete at this time and the permanent reactor building wall can be

installed. Vacuum pump shield pod covers are installed after the vacuum

system test.

Blanket Sector Installation (Fig. 23-8) — After the vacuum system

tests, the shield doors are removed and blanket sectors are installed. It is

planned that the monorail maintenance equipment will be used to handle the

blanket sectors. Extra machines will be used as necessary to install two

blanket sectors simultaneously.

Each blanket sector will be installed complete with rf duct and cooling

line connections, and located by fittings installed in the shield sectors. A

circumferential V-rail and stop is provided for the blanket sector inside the

TF coil, and a radial V-rail and stop is provided for the blanket sector

between TF coils.

Vacuum wall closure is finalized by installing the shield access doors

and actuating mechanisms to make the seal on rf duct and coolant line plugs.

The monorail equipment is used to install the shield door and the anti-torque
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panels. After rf duct and coolant line elbow Installation, the reactor is

ready to begin the initial checkout operations that are included in the plant

checkout process.

23.6 DECOMMISSIONING

The decommissioning of a commercial fusion reactor (CFR) is expected to

show 710 insurmountable problems. All phases of disassembly and removal of

the reactor are expected to be less difficult than that associated with

present-day nuclear reactors. This factor stems from the character of the

STARFIRE reactor and its built-in and associated maintenance capabilities

which allow for normal remote removal and replacement of any reactor component

or structure. This feature is complementary to decommissioning. In addition,

the design of the shield of STARFIRE emphasized low radioactive inventories

and segregation of activated materials which will reduce the problems of

decommissioning. Almost all of the induced radiation is of low specific

radioactivity. The bulk of materials may be easily handled for storage

purposes, and because most are :i.n solid form, are not easily dispersed. The

plant is initially equipped for breaking down the massive components (e.g.,

shield sectors, TF coils, etc.) to appropriate size for shipment. Facilities

are included for disassembly and transporting components to points where

dissection may be done with maximum convenience.

For mosc of the reactor disassembly and packaging of radioactive mater-

ials and parts, the normal facility operating crew (reactor, hot cell main-

tenance, etc.) reduced to the day shift quota could probably perform this

function in an 18 month period. Concurrent with this activity, other build-

ings and structures (e.g., turbine, cryogenic, electrical, etc. could be

dismantled. A second interval of decommissioning of the reactor hall, hot

cell and tritium reprocessing facilities would follow in a period of twelve

to sixteen months leaving the facility in the "green grass" state unless it

is desired to replace the facility with an updated power plant.

In conclusion, the STARFIRE facility can be readily decommissioned

using self-contained equipment for disassembly of all radioactive parts and

standard techniques for remaining structures. A period of less than three

years is anticipated with no further development work required.
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A.I INTRODUCTION AND SUMMARY

A primary objective of STARFIRE has been to design a tokamak fusion

power plant that was attractive to the utilities. To achieve this goal,

several utility representatives were directly involved in the decision-making

processes as the design evolved. Utility representatives from the eastern

seaboard, the Midwest, the Northwest and California were selected to

participate. This group provides a representative cross-section in terms of

geographic location, size, climatic conditions, fuel mix, population density,

customer mix and sociopolitical environment. Collectively, this group

represents more than 60,000 MWe generating capacity with more than 20,000

MWe of operating or under construction nuclear capacity. The fuel mix

for individual utilities, from the group, varies from 95% coal, 88% oil,

60% nuclear to an 80% dependence on hydro-electric. Their role has been

to assist in developing utility requirements, to provide an initial set

of design recommendations, to participate in the assessment of major trade-off

study results, to serve as consultants throughout the study, and to provide a

design review critique for reactor and plant systems which affect utility

operations.

An initial step was to establish the relative importance to the utilities

of an extensive list of economic, performance, safety and environmental

issues. The top twenty issues are ranked according to mean value, in Figure A-l.

The utility evaluators were requested to rate each of the factors on a scale

of 1 to 10. Cost of electricity was clearly most important with very little

spread in the ratings of individual evaluators. Licensing is a go/no-go

factor and must be accomplished for the other factors to have meaning. The

top nine factors were judged to be very important by all evaluators, as shown

by the spread of ratings from 5 to 10. There is considerably more spread in

the bottom eleven, which reflects a lack of consensus as to the relative

importance of the evaluation factors. The factor with the greatest spread,

rated both 10 and 1, was development cost, with some viewing it as very

important since reducing the cost would expedite development while others

viewed it as irrelevant to the utilities since the government is expected to

bear the development costs.

Preliminary design concepts were developed and trade-off studies conduct-

ed, prior to convening the utility representatives in a workshop, to assist
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SUMMARY OF THE COMMERCIAL TOKAMAK PROJECT UTILITY REQUIREMENTS

EVALUATION CRITERIA
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Fig. A - l . Summary of the STARFIRE u t i l i t y requirements.
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in defining the initial STARFIRE reference design. Comments and recommenda-

tions are shown below along with the implementation in STARFIRE, where

appropriate:

o Utility acceptance depends on developing reliable power at the lowest
possible cost of energy. Fusion has a potential advantage in that
costs are almost totally capitalized and therefore would be predict-
able in future years.

o Utilities are experiencing, and project, growth rates averaging 4%.

o New generating technologies will be accommodated by hiring the
required expertise.

o Economic studies are important as a means of identifying economic
fatal flaws.

- Detailed cost estimates were developed, see Section 22\

o Unit generating capacities of up to 4000 MWth, 1250 MW(e) should be
planned.

- STARFIRE generates 4000 MWth and 1200 MWe (net).

o Planning should be for a 30-year economic life and a 40-year design

life.

- Adopted in costing and design of STARFIRE.

o At present a steam power conversion system is preferred.

- Current PWR, with moderate modification, adopted for STARFIRE.

o The reduction of field construction time and planning for standardized
designs should be major goals.

- Modular design and factory assembly/checkout of major assemblies
expedite field construction time for STARFIRE.

o Design for fully remote maintenance in the reactor hall.

- Adopted for STARFIRE.

o Prefer not to use liquid lithium as coolant because of perceived
safety problems.

- Water was selected as the coolant with a solid compound of lithium
as the tritium breeder.

o The primary concern in licensing will be tritium containment.

- STARFIRE has incorporated triple containment where possible and
minimized the vulnerable inventory of tritium.

After the conceptual design was further developed in concert with the

utility inputs and prior to the detailed engineering phase, the utility

representatives were again convened to critique the design. Their principal

observations and recommendations are shown below:



o The steady state operation design of STARFIRE is a major step forward
in utility acceptance of the tokamak.

o The STARFIRE maintenance concept with emphasis on modularization and
factory assembly is endorsed as showing potential for significant cost
savings.

o The quantity of reserve fuel on site should be a utility option.

- In the interest of minimizing tritium inventory, STARFIRE has
planned a small reserve to cover operations for two days. The
quantity could be easily increased to meet the requirements of a
utility.

o Geometry of blanket module should remain intact in the event of
coolant flow loss.

- External skin of a blanket module would maintain structural
integrity.

o Personnel entry to the reactor hall should be allowed on a contingency
basis and for retrofit.

- STARFIRE is designed for personnel entry 24 hours after reactor
shutdown.

o Recirculating power of 20% is acceptable.

- STARFIRE recirculating power is 16%.

o Locate steam generator(s) within reactor hall.

- STARFIRE steam generators are located in the reactor hall. This
keeps the primary coolant totally within the reactor hall where
remote maintenance is available.

o Plan to construct 2 or more units at the plant site.

- STARFIRE costing is on the basis of a single unit at the plant
site but it is readily recognized that multiple units would likely
be constructed at most plant sites.

o Smaller unit capacity will likely be required for the introductory
phase of fusion.

- This is a significant point but STARFIRE is assumed to be the 10th
commercial unit which would be built after the introductory phase.

A.2 UTILITY ADVISORY GROUP FORMATION

The approach was to bring utility representation into the project develop-

ment process from widespread geographical regions of the United States to pro-

vide a mix of private and public utilities and a sampling of large and moderate

sized utilities. Utilities from the eastern seaboard, the Midwest, the North-

west and California were selected for inquiry as to their participation in the

study. This approach enabled STARFIRE to benefit from the inputs, review

and assessment of several representative electric utilities in a more
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comprehensive and credible way than the information furnished by a single

utility could provide. There are approximately 3000 utilities in the United

States, each with their own unique set of conditions. Approximately sixty of

the larger utilities will eventually be the potential users of fusion base

load power plants.

From the sixty larger utilities, several were selected and their partic-

ipation requested in the study. Of the original eight utilities selected,

five expressed willingness to actively participate and one utility agreed to

provide some inputs to the study. Utilities which have participated to

varying degrees in the advisory group are:

o Duke Power Company

o Northeast Utilities Service Company

o Pacific Gas and Electric

o Public Service Electric and Gas

o Union Electric Company

o Washington State

The purpose of the advisory group was to support the design project in

the primary role of utility assessment. They assisted in developing the

utility requirements, participated in the assignment of major trade-off study

results and served as advisors, throughout the study, in a design review

capacity for reactor and plant systems which impact the utility interface.

The group provided a representative cross section on which the project could

draw, in terms of geographic location, size, climate conditions, fuel mix,

population density, customer mix and sociopolitical environment.

A.3 EVALUATION CRITERIA

To analyze and evaluate the merits of a commercial tokamak reactor, it

is necessary to formulate evaluation criteria which are applicable to

utility requirements. The ultimate goal of any commercial reactor is to

provide a source of energy which is attractive to the utilities. In light of

this, the evaluation criteria are slanted toward utility compatibility and

acceptability factors (economic and performance oriented), along with the

respective technical risk being reflected in the developmental costs and the

earliest commercial usage data.
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To illustrate the criteria considered most important for the commercial

application of fusion power, a preliminary list of evaluation criteria was

assembled. This list was intended to be brief enough to highlight the more

significant factors, yet be able to encompass the important requirements.

The relative importance of each of the criteria was to be indicated by the

scoring value achieved by rating the criteria from 1 to 10 with 10 being the

most important.

The requirements for evaluating a commercial tokamak were set into a

questionnaire format outlining the specific categories and including a

general category with room for additional criteria to be added by the

advisors. A definition for each requirement as it pertained to the study

was supplied. Each advisor was asked to rate each requirement and comment,

if desired.

Responses were received from the following:

o Dr. Noel Amnerd - Electric Power Research Institute

o Mr. Clint Ashworth - Pacific Gas and Electric

o Mr. Fred Brunson - Union Electric Company

o Mr. Edward C. Fiss - Duke Power Company

o Dr. Robert Goodrich - Northeast Utilities Service Company

o Dr. Betty Jensen - Public Service Electric and Gas

o Mr. William C. Wolkenhauer - Washington State

The responses were compiled and the results showed the cost of electri-

city as the most important criteria, closely followed by licensing. The

criteria were summarized in Fig. A-l. The criteria were ranked according to

the mean rating. Section A.3 lists the criteria in order of their average

rating, along with pertinent comments provided by the utility advisory group

throughout the design development. Also shown is the STARFIRE response to the

inputs. The criteria were not fusion unique but several criteria are

sensitive to the requirements of fusion power plants; for example, cost/

generating capacity, tritium inventory, maintenance requirements, startup

requirements and energy storage.
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A-3 EVALUATION CRITERIA

The criteria are listed in order of their importance.

A.3.1 Cost of Electricity (COE)

The unit cost of electricity is the mills per kilowatt hour of net power

Average Rating 9.5

Utility Comments;

o Typically, a utility is required to furnish energy at the lowest
possible cost of electricity.

o Most important.

o If this truly represented the actual COE, then it would be the most
important. However, the availability of fusion plans is conjecture
and the applicable environmental costs are unknown.

o COE is a major yardstick used by utilities, engineering firms, and
government regulatory agencies in judging justification of a power
project, and in evaluating performance.

o This is a go/no-go item. Cost need be only in the same ballpark as
alternatives. If it has regulatory charisma, we can use it even if it
costs double the alternatives provided the total capital required is
not an undue strain.

o COE for fusion power should be competitive with COE of other power
sources which are or will be available in the same time frame. If
one discounts "feasibility-type" requirements (technical feasibility,
licensing feasibility, etc.), then the importance of all remaining
requirements is determined by their impact on the cost of electricity.

o Fusion has a potential advantage compared to current generating systems
in that the costs are almost totally capitalized and would not be
subject to the whims of 'cartel-like1 operators. Future costs would
be predictable.

STARFIRE Response:

Detailed cost estimates were developed and design changes were incorporated

to reduce costs. The resulting design should be competitive with other energy

sources in the future, although much cost optimizing needs to be accomplished

(see Chap. 22).

A.3.2 Licensing

A licensed power plant must meet the requirements and regulations set by

all applicable local, state and federal agencies for power plant operation

which assures the health and safety of the public and which balances the
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benefits of the electric power produced against the risk and environmental

impact of the plants.

Average Rating 9.1

Utility Comments:

o A plant which is not licensable is out of consideration. I don't
think that one can rate an absolute go/no-go criteria.

o Fully important and intertwined with cost, availability and construc-
tion time.

o It is of no value if it cannot be licensed.

o The design approach should be to minimize the potential hazard to
operators and the public. It is insufficient to only consider
existing regulations.

o Failure to comply with regulatory requirements can result in stopping
construction or terminating operation.

o There is much more to public and political matters than "licensing.

o The use of liquid lithium as a coolant is strongly discouraged. This
avoids problems with respect to safety, design and supply.

o Control and accounting of tritium will be the number one problem.
Activated trace materials are also likely to be a problem.

o Standardization of plant design would ease the licensing process.

STARFIRE Response:

Many features were incorporated into the design to enhance licensing. These

include: solid breeding material and water coolant (no liquid metal), low tritiun

inventory and triple levels of tritium containment, totally remote maintenance

in activated areas resulting in very low doses to plant workers, and the selec-

tion of low activation materials where compatible with other requirements.

A.3.3 Reliability - A Quality Relating to the Performance of A Plant

Reliability is measured by the forced outage rate portion of the plant

availability factor.

Average Rating 8.8

Utility Comments:

o Very important, especially with the decreasing reserve margins of the
future.

o This is a secondary effect which affects the cost/kWh.
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o Modern LWR nuclear plants have average availability exceeding 75%,
with forced outage rates less than 10%. This type of performance
should be regarded as minimum acceptable.

o This is a go/no-go item. Reliability must be adequate or we won't
use fusion power plants. It affects utilities more than just the
effect on cost of electricity through availability. Forced outage
time causes the next scheduled outage to slip thus complicating
planning.

o Should be better than or equal to LWR.

o The use of redundant equipment to improve plant reliability will
depend on the economic status and the pool relationship of the utility
at the time of plant design/construction. It will be a business
decision. Utilities rate the value of reliability differently as a
function of their unique circumstances.

STARFIRE Response

The primary emphasis was on simplicity of design and provisions for ease

of maintenance. It is recognized that much work and data will be required before

the reliability of fusion reactors is assured. The scope of the STARFIRE study

permitted only a limited assessment of the reliability of the plant design.

A.3.4 Plant Availability

The overall plant availability is calculated as the ratio of plant

operating time compared to the elapsed time.

Average Rating 8.8

Utility Comments:

o This has a major impact on COE and general utility decision making.

o Modern LWR nuclear plants have average availabilities exceeding 75%
with forced outage rates less than 10%. This type of performance
should be regarded as the minimum acceptable.

o Go/no-go item. Availability must be adequate or utilies won't buy.

o Don't depend solely on one form of generation (fusion); diversify.

o A capacity factor of 70% is a good average. The plant needs an avail-
ability of approximately 80% to realize this.

o Reserve suffers when a big base plant is down. The utility pays a
penalty when its reserve is below its requirement.
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STARFIRE Response:

This study devoted a significant effort to developing the maintenance

approach. Therefore we believe an availability of 75% is achievable.

STARFIRE is assumed to be the 10th unit of a 'standard' design which elimi-

nates many of the early problems through operating and design improvements

along with the familiarity of utility personnel with fusion.

A.3.5 Cost/Generating Capacity

The capital cost of the power generating station with respect to the net

power generated in units of dollars per kilowatt.

Average Rating 8.3

Utility Comments:

o Quite important, but the greater the portion of the energy cost related
to capital costs,the more insensitive to inflation will be the future
costs of energy.

o This affects the requirements to raise capital. However, the total
cost/kWh is the real test of plant economics.

o Capital cost is the major component of COE for a nuclear plant. It
must be kept in perspective.

o Cost per kilowatt is not important except as it impacts on cost of
electricity. Total capital cost for a total net capacity is a Rating
10, go/no-go item. It is the ratio ($/kW) that is not important
independently.

o This is not as important to public utilities as it is to private
utilities because of the lower cost of capital to public utilities.

o Cost/generating capacity for fusion power should be competitive with
cost/generating capacity of other power sources which are or will be
available in the same time frame. If one discounts "feasibility-type
requirements" (technical feasibility, licensing feasibility, etc.),
then the importance of all remaining requirements is determined by
their impact on the cost per unit of generating capacity.

STARFIRE Response:

See Cost of Electricity, A.3.1.
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A.3.6 Tritium Inventory and Leakage

The tritium inventory and leakage is the amount of tritium maintained

within the plant for fueling, which is replenished by tritium produced in the

reactor, and the predicted release of tritium from the plant facility.

Average Rating 8.3

Utility Comments:

o Must be practicable from a personnel and public safety viewpoint, and
must meet regulatory requirements. The actual quantity of fuel in
reserve should be a utility option as a function of their unique set
of conditions.

o Potentially a go/no-go problem.

o This may have a major impact on licensing and worker health.

o This will have a significant effect on the ability to license the
plant.

o Reflected in economics and licensing.

STARFIRE Response;

A major emphasis of the design development has been to reduce

inventory to as low a value as possible and to incorporate design features

that make 90% of the tritium invulnerable to possible release and to triple

confine the remaining 10%. Tritium leakage is expected to be less than 10

curies/day.

A.3.7 Maintenance Requirements

The scheduled maintenance requirements of the power generating station

are planned on a yearly interval.

Average Rating 8.1

Utility Comments:

o Must be competitive with LWR's.

o Highly automated maintenance will be the trend in LWR's, fusion power
plants should plan this mode of maintenance performance.

o Important to the extent of its impact on worker health and safety,
availability, and cost. Yearly interval less important as systems
grow.

o Related to reliability and economics.
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o In order to perform properly, the maintenance requirements must be
reasonable and achievable. Annual maintenance is the norm, but could
be on a 15-18 month schedule. Plan for 4 to 5 week annual scheduled
outage with 12 to 16 weeks planned every 5 to 10 years.

o Go/no-go item. The plant must be adequately maintainable or we won't
use it. There is nothing magic about a yearly interval.

o Maintenance mockups and simulators will be required.

o Provide a special maintenance crew. Plan for 3 shift scheduled
maintenance to minimize downtime.

STARFIRE Response;

A comprehensive maintenance approach was developed that is expected

to be compatible with utility operations.

A.3.8 Construction Time

The construction time is defined as the interval jetween final engi-

neering and construction preparation and the plant start-up.

Average Rating 7.8

Utility Comments:

o This has a major impact on interest during construction (IDC) and on
utility planning. Shortening construction time decreases error bands
on utility forecasts.

o While in the design and planning phas : for fusion, you should emphasize
modularization with off-site fabrication and checkout of major
assemblies as a means of reducing construction time.

o Long construction time increases the capital cost.

o Unfortunately most plant schedules slip a bit during construction.
This should be avoided, since additional escalation and interest
during construction drive costs of a late unit upward at an unaccept-
able rate.

o Small times are easier to live with than long times.

STARFIRE Approach:

A modular design approach, with minimum installation complexity, is

planned which would allow construction and checkout to be accomplished in less

than 6 years.
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A.3.9 Operating Lifetime

Operating lifetime is the plant's service life from startup to decommissioning.

Average Rating 7.6

Utility Comments:

o Earthquake and licensing criteria are. causing utilities to make this
longer as time goes by.

o Only as it affects the total costs in mills/kWh.

o Plant lifetime should not be sensitive to possible accident events.

o Coal plants last more than 50 years. The current generation LWR
nuclear units are expected to operate at least 40 years, and to be
extended beyond that age if practicable. Minimal age for a commercial
plant is 30 to 40 years.

o Go/no-go item. Must be long enough to be acceptable.

o Has rather direct effect on economics-, but probably not a major factor
unless unduly short.

STARFIRE Response:

A design life of 40 years was adopted.

A.3.10 Start-up Requirements

Start-up requirements will determine the impact of the commercial tokamak

on the grid. Pulsed operation would create a large power demand on a

regular schedule.

Average Rating 7.4

Utility Comments:

o Tokamak power requirements must be compatible with system capability.
Requirements which would result in instability or which would cause
frequent system trips could not be tolerated.

o Go/no-go item. If the grid cannot handle these pulses, some form of
buffer facility must be added to tokamak project cost.

o Factor could become more important depending on how large and how
frequent the power surge is. This problem may be overcome with suit-
able energy storage, which of course, comes at a price.

o Important only in smaller, thermal dominated grids.

o It will depend on how many tokamaks are on the grid. The more
connected the less the significance.
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STARFIRE Response;

STARFIRE was designed on the basis of a continuous plasma burn thereby

obviating the need for frequent pulsing. The startup requirements are quite

manageable on an infrequent basis.

A.3.11 Fuel Storage and Handling Requirements

This item concerns the facility required to store tritium and deuterium

and the process for providing fuel to the reactor.

Average Rating 7.1

Utility Comments:

o The importance of this factor must be derived from its impacts on the
system cost, reliability, maintainability, safety, etc. The quantity
of fuel in reserve should be a utility option, subject to the limit
specified by the license.

o Must be a practicable system, meeting regulatory requirements,

o Potentially a go/no-go problem.

STARFIRE Response:

Emphasis in SXARFIRE has been to reduce the tritium inventory to a

minimum. Therefore only 2 days supply of fuel is stored. This quantity can

easily be increased in response to a utility's requirement.

A.3.12 Wall Life

The predicted life of the first wall is an important issue. It will drive

the interval between scheduled downtime for wall maintenance operations.

Average Rating 7.0

Utility Comments:

o The importance of wall life is only through its impact on maintenance
cost and availability.

o Intertwined with plant availability. Not really separable.

o Economic impact through its affect on availability and reliability.

o Utility operations can accept a maintenance interval of one to two
years between scheduled outages.

o Go/no-go item. If this makes the plant inadequately operable or
maintainable, utilities won't buy.
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STARFIRE Response:

An improved austenitic stainless steel is specified as the first wall

material. This is known as 'Prime Candidate Alloy' (PCA) and has an expected

life, under STARFIRE'S operating conditions, of approximately 6 years. This

is an adequate life to realize a high availability if replacement can be

accomplished with reasonable time constraints.

A.3.13 Earliest Commercial Usage

When should the generating plant become operational to provide

commercial power.

Average Rating 6.4

Utility Comments:

o Utilities have coal and nuclear fuel now. It is more important that
fusion be reliable and low cost than it be early.

o The development costs are related to development time and the shorter
the time,the less the cost.

o Timing for a commercial plant is important to insure it is economic-
ally viable at the time of introduction.

o If this estimate included some assessment of the number of R&D stages,
the technical risk and cost, and the match of the commercial plant
with electric utilities then I would raise its rating to 8.

o Practically, fusion cannot be expected on a commercial basis until
say 2025 or later.

o Tokamaks diminish in value severely if time to first operation extends
beyond 20-25 years from now.

o The importance of this factor is a function of political decisions
about present power sources.

STARFIRE Response:

An assumption is that operation would commence in the period 2010 to

2020.

A.3.14 Developmental Cost

Development costs include the costs in dollars incurred due to the re-

search and development effort required to make the commercial tokamak a reality.

Average Rating 6.3
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Utility Comments

o Not of major importance to utilities as the major cost will be born
by the federal government.

o Costs of any development are high, especially in an exotic technology
such as fusion. As in the space program, the federal government must
bear the major cost, in the interest of the general public welfare.

o Government expenditures are somewhat irrelevant because no one expects the
Department of Energy's $12B/yr to give any kWhr return. First,
industrial-involved project's total capital cost had better be small
or it will never get built — a few hundred million at most.

o It appears that the required investment for commercialization is to
shift from government to the utilities. Minimizing this cost would
be a definite advantage. Limits on the allowable costs are, however,
difficult to determine.

STARFIRE Response:

Development cost was not directly addressed in this study since the

underlying assumption is that STARFIRE is the 10th commercial unit.

A.3.15 Plant Efficiency

This efficiency, in terms of plant performance, is the fraction of the total

thermal power produced by the plant which is output as net electrical power.

Average Rating 6.3

Utility Comments;

o Not important as long as cost criterion is met.

o Not of importance by itself but instead through its impact on cost
and waste heat.

c Related to economics and possible thermal dump.

o The LWR ratio of electrical to thermal is about 1/3. This is an
acceptable level.

o Steam power conversion systems are preferred at present.

o Concerns about waste heat and energy efficiency are political arguments.

STARFIRE Response:

A proven power conversion system, basically a FWR system, was selected

for STARFIRE with its' modest thermal conversion efficiency.
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A.3.16 Unit Size (Net Power Rating)

Unit size is defined as the net generating station capability (MWe) at

the bus bar.

Average Rating 6.3

Utility Comments;

o Not important as long as the cost criteria can be met.

o Fusion generating systems are expected to be capital intensive. Their
size should be as large as regulations permit or to the limit of a
single turbine (approximately 1300 MWe). Single turbines are preferred.

o Early plants must be small to keep costs down. However, commercial
plants would be limited to from 3 to 5% of the peak load of the system
or power pool it supplies, but would require a complete system or pool
generation study to determine.

o Public acceptance has an effect on size.

o The utility would want to hold down the size of buildings.

o Rather than larger plants, it may be desirable to have larger sites
with multiple units on the site. Once a utility has an acceptable
site, it is easier to add another unit than to develop a new site.

o The unit must achieve a net generation reasonably close to design goals.
Even some coal units may fall short by 5 or even 10%, but this is an
undesirable condition. The capital investment is made on the basis
that full net power will be obtained.

o All that matters on this point is what goes into the plant, what
comes out, and what it all costs. Station uses are internal matters.

o Acceptability of large versus small or intermediate would be dictated
by each electric system's requirements. The desirability of different
sizes would be determined by cost of electricity comparisons.

STARFIRE Response:

STARFIRE is rated at 1200 MWe, which is in the range most preferred by

utilities.

A.3.17 Duty Cycle

The duty cycle is the percent of time the plasma is burning to total time.

This factor is a measure of the thermal storage required to obtain continuous

thermal power to the power conversion system. This factor is not a measure of

the time the generator is producing power.

Average Rating 6.2
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Utility Comments:

o Not by itself of importance, but its impacts on the technology/wall
life in the interest of maintainability, cost, etc., are very
important factors.

o May be getting a little too specific. As long as the output to the
grid is constant, the utility would not care what the reactor's
internal duty cycle is.

STARFIRE Response:

STARFIRE is designed as a steady state machine with continuous plasma

burn. This was viewed as a major step forward for tokamaks by the utility

advisory group.

A.3.18 Energy Storage

Energy storage is defined as stored energy (both thermal and electrical)

required to deliver continuous power to the grid during the downtime between burn

cycles and provide ail or part of the power for restart.

Average Rating 6.0

Utility Comments:

o Of no major importance except as to its impact on cost and availability.

o Another quantity that doesn't have an absolute rating except as it
impacts the factors of importance to having an acceptable fusion
plant.

o To be compatible with the system, the unit must be capable of produc-
ing a uniform, continuous net power output.

o Pulses of perhaps 100-200 MWe could be accommodated at some locations.
Beyond that, storage would need to be included as part of the fusion
project cost.

STARFIRE Response:

There is no requirement for energy storage since STARFIRE is steady state

and the infrequent startup requirement (250 MW) can be planned for and drawn

from the grid.

A.3.19 Waste Thermal Heat

Waste thermal heat is the unusable unconverted waste heat distributed

to the environment.

Average Rating 6.0
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Utility Comments:

o Only a minor site problem as all plants require cooling towers anyway.

o Main issue: wet versus dry cooling. Water resources likely to be very
limited in the future.

o Heat rejection to the environment must be acceptable under govern-
mental regulations.

o Projects usually are not torpedoed on the waste heat issue alone but
bad waste heat problems compared to alternative generation should be
avoided for political reasons.

STARFIRE Response:

The STARFIRE design is based on current practice.

A.3.20 Load Following Capability

Load following capability involves automatic load-following operation,

e.g., from 20 to 100 percent of plant electrical and a daily load swing opera-

tion to 50 percent power.

Average Rating 4.8

Utility Comments:

o Not very important in a new base loaded plant except if it is
expensive.

o No longer as important as it used to be.

o A unit which can't load follow has a place in all electric systems.

o Plant generation depends on its production costs in relation to other
system plants. It must be able to swing up and down as economics
require.

o Our system urgently needs base load capacity only. Existing oil-
fired steam plants can provide peaking.

o LWR's (and base-loaded coal fired plants?) do not meet this require-
ment, why impose it on fusion?

STARFIRE Response:

STARFIRE is designed as a base load plant; however, it is capable of load

following with operation at reduced power.
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B.I VACUUM SYSTEM CONDUCTANCE MODELING

The main function of the STARFIRE vacuum system is the removal of gener-

ated helium ash. The classical equation Q/P - S relates the gas load (Q), the

pressure (P), and the effective speed (S) where S is assumed to be equivalent

to the total conductance (C). Thus for a given gas load and pressure, one

can determine the minimum conductance required of the vacuum system. STARFIRE

which is a constant power reactor has a fixed helium gas load of *\» 8 Pa*m3s~1.

For efficient operation of the limiter, the maximum helium pressure in the

limiter slot should be < 20 mPa ( 2 x lO"1* torr). Using Fig. B-l, in which the

reciprocal conductance is plotted as a function of the pressure and the

gas load, one finds that STARFIRE requires for helium a reciprocal

conductance < 2.5 x 10~3 sm~3. The total gas load is inversely proportional

to the fractional burnup. As shown in Section 8 the use of a limiter/vacuum

system results in a high fractional burnup (42%) and thus a reduced DT gas

load ( ̂  11 Pa'm^s"1-) For DT the reciprocal conductance required is

also < 2.5 x 10-3 sm-*.

10 10

PRESSURE (Pa)

Figure B-l. Reciprocal conductance as a function of
gas load, Q, and pressure.
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In conventional vacuum theory , the reciprocal of the total conductance

is equal to the sum of the individual reciprocal conductances, i.e.,

Therefore, by performing scoping studies using the individual reciprocal con-

ductances of the vacuum system components, one can determine, first, the re-

lative contribution of each component to the total; second, the impact of

temperature or dimensional variation on a component's performance, and third,

possible configurations which would optimize the total conductance while

satisfying other constraints, e.g., those imposed by neutronic considerations

(ducts of minimal size and number) and geometric limitations. This method of

scoping the design of the vacuum system results in flexibility in accommodat-

ing changes which occur during preliminary stages of the fusion reactor design.

The individual components axe the following: 1) the two limiter slots

which encompass the region between the back of the limiter and the first wall

and which serve as a trap for most of the helium atoms and a large fraction

of the DT; 2) the two limiter ducts which are openings extending through the

blanket at the torus' mid-circumference; 3) the plenum which is the void

region between the blanket and shield, and 4) the 24 circular vacuum ducts

which connect the plenum and the compound cryopumps. The first three

components are modeled as long rectangular ducts. Aperture and bend effects

were assumed to be negligible; therefore at 293°K, the appropriate conductance

equation for helium gas if a >10 b is:'1'

_ _ 0.122 a2b2

Ct " (a + b)% (2)

where a, b, and I are the duct dimensions in cm and Ct is in m
3s~1. For the

circular vacuum ducts, aperture and bend effects are significant; therefore

the conductance (C,m) includes contributions from the tube (C ) and the

aperture (C ) . The equations used for helium are:v '
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0.0250

_ a t
c + c
a

b 2

t

0.0332 b 3 .^

(4)

and

(5)

where %' = i. + 1.33 (b.n), n being the number of bends. Units are the same

as above. To utilize equations (2) - (5) at a temperature (T) other than
1/2

293 K, the appropriate conversion factor is (T/293°K) . The conversion

factor for a gas (G) other than helium (a)at 293°K is (mass a/mass G) ;

for DT, it is 0.89.

A summary of the reciprocal conductances for each of the vacuum components

is shown in Table B-l. Changing the magnitude of "b" for the limiter slots

from 10 to 5 cm triples the reciprocal conductance; a 100°K decrease in

temperature produces a very minor increase (0.22 -*• 0.23) in the

reciprocal conductance. In modeling the limiter ducts, the volume occupied

by the coolant manifolding is accounted for by reducing the "a" dimension

from 6000 to 3170 cm which results in a doubling of the reciprocal con-

ductance (0.13 •*• 0.24). A 100°K decrease in temperature again has a minor

effect. In the plenum, the volume occupied by the coolant manifolding is

accounted for by reducing the "b" dimension from 80 to 67 cm. The conductance

is reduced an additional 4% to account for the volume lost to the twelve rf

ducts in the lower plenum. The plenum reciprocal conductance is minimally

impacted by these changes. To have an appreciable effect on the plenum's

reciprocal conductance the "b" dimension has to be reduced to 40 cm at which

point, it has tripled. The plenum's reciprocal conductance in the reference

case is an order of magnitude smaller than either the vacuum pump conductance

or the limiter duct conductance. Together, these three components comprise

only 30% of the total reciprocal conductance. The other 70% is represented

by the vacuum ducts which are a prime design constraint. To derive an

optimized vacuum design, it was found advantageous to generate plots of the

reciprocal conductance of the 24 vacuum ducts as a function of duct diameter,

duct length and number of duct bends. These are shown in Figs. B-2 through B-4

for DT gas at 293°K. Multiplication by the mass conversion factor for helium

(1.12) yields the helium reciprocal conductance. For the reference design for
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Table B-l Parameterized Vacuum Conductance Analysis for Helium

Dimensions
(cm)

a

5650
5650
5650
5650

3170
3170
3170
4600
6000

6000
6000
6000
6000
6000

b

10
10
10
5

16
16
14
16
16

67
67
76
40
80

100
120
100
100
100
120
120
150

Length
(cm)

% or V

50
50
40
50

70
70
70
70
70

600
600
600
600
600

640 \
560)
800
1000
1200
1000
1200
1000

Temp.
(K)

Component
Conductance

Reciprocal
Conductance

CIO"3

0.
0.
0.
0.

0.
0.
0.
0.
0.

0.
0.
0.
0.
0.

1,
1,
1.
0,
0,
0

0
0
0

sm-3)

23^
22
17
86

24^
23
30
16
13

.07*
,07
.05
1 9R
.05°

.17

.42

.67

.84

.99

.45

.35*

.30

Limiter slots
(2)

Limiter ducts
(2)

Plenum

Vacuum ducts
(24)

Vacuum pumps
(24)

673
773
773
773

573
673
673
673
573

473
573
573
573
473

293

293
293
293
293
293
293

4320
4630
5780
1160

4090
4420
3390
6430
7750

13660
15140
19380
5380
20360

730

850
700
600
1190
1010
2240

2400
2880
3360

^ B
Reference STARFIRE vacuum design. Uncorrected for rf ducts

'Helium pump speeds.
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Figure B-2 Reciprocal conductance of 24 vacuum ducts with no bends as
a function of duct diameter and duct length.
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RECIPROCAL CONDUCTANCE (24 DUCTS),I03 sm"3

Figure B-3. Reciprocal conductance of 24 vacuum ducts with one bend
as a function of duct diameter and duct length.
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Figure B-4. Reciprocal conductance of 24 vacuum ducts with two bends as
a function of duct diameter and duct length.

STARFIRE, each vacuum duct is composed of a front section 6.4 m long x 1.0 m

in diameter and a back section 5.6 tn long x 1.2 m in diameter. The reciprocal

conductance (1.37 x 10~3 sm~3) is less than that for a system of ducts each

12 m long by 1.0 m in diameter (x.67 x 10~3 sm~3)•

The reciprocal conductance for helium for the STARFIRE reference

design is 2.03 x 10~3 sm~3 which corresponds to an effective speed of 490 m3 s •

The total reciprocal conductance for DT is 2.1 x 10~3 stir3 with an effective

speed of 480 m3s~1. Thus all constraints originally put on the vacuum system

have been satisfied. In addition, the use of scoping studies based on re-

ciprocal conductances has shown itself to be a simple and effective way of

analyzing a fusion reactor vacuum system.
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This appendix presents a discussion of the materials requirements for

the STARFIRE reactor, and compares the total resource requirements for a

1.2 x 10 MWe generating capacity to available mineral reserves.

C.I. MATERIALS REQUIREMENTS FOR STARFIRE REACTOR

Tables C-l through C-3 contain information about the materials requirements

for STARFIRE (reactor only). Table C-l is a compilation of information

about the volumes and masses of materials in the form of alloys and com-

pounds used in each of the primary components of the STARFIRE reactor.

Helium is omitted.

In Table C-2 the requirements are expressed in terms of the total

material requirements in the form of alloys and compounds as they will be

used in STARFIRE. The initial and life of unit requirements are shown. Life

of unit requirements for blanket structural materials for a 40 year design

life are obtained by multiplying the initial mass requirement by a factor

of 7.5. This factor is assumed to account for initial requirements plus

scheduled and unscheduled replacements over the 40 year design life, with no

recycling assumed within that period. The neutron multiplier and breeder

materials in the blanket, and the limiter materials, have factors much lower

than 7.5 because recycling of materials can be assumed within a relatively

short time after removal from the reactor, as explained in the footnotes to

Table C-2.

The materials in all STARFIRE reactor components outside the first-wall/

blanket were selected to be recyclable within a human generation, i.e.

20-50 years. This would significantly reduce the demand on U.S. and world

resources for an economy using a large number of reactors based on the

STARFIRE design (see Sec. C.3).

Table C-3 is a compilation of information regarding the total elemental

requirements for STARFIRE. The life of unit requirements of those materials

which are routinely replaced are calculated in the same manner as for Table

C-2. Lifetime requirements for materials which are not routinely replaced

are simply those in the first two columns of Table C-3. Also shown in Table
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C-3 are the total requirements in units of tonnes/MWe, Which is one way of

comparing the requirements of one design with those of another.

Comparisons of STARFIRE reactor material requirements with those of

previous reactor designs, such as the UWMAK series and NUWMAK requirements

tabulated in the Cameron report, were performed. However, the results

are not reported here because they could be misleading for certain elements,

e.g., Fe. This is primarily because the reactor material requirements for

previous designs could not be defined to the depth and extent done for the

STARFIRE reference reactor design. As an example, support structure for the

UWMAK and NUWMAK reactors would require further definition before valid

comparisons could be made with the STARFIRE requirements, as expressed in

terms of tonnes/MWe in the last column of Table C-3.

C,2. MINERAL RESOURCES, RESERVES, PRICES AND PROJECTED DEMAND

Tables C-4 through C-8 contain information obtained from recent U.S.

Bureau of Mines Mineral Commodity Profiles. Unfortunately, such studies have

not yet bean done for all of the metals used in the STARFIRE design. However,

that information which is available from the Profiles source is considered to

be both current and reliable.

Table C-4 shows the reserves and resources of elements for the United

States and for the entire world. Reserves are defined as amounts of elements

actually mineable and available to man under current economic, social, and

political conditions. The associated tonnages of ore and contained metal

from discovered deposits have been calculated based on results of exploration

and sampling. Other resources are different in that they are not readily

available at present for various reasons, e.g., mining is uneconomic due to

low metal content, mining is forbidden because of social or environmental

reasons, insufficient exploration or sampling has been performed.

Table C-5 lists the projected probable demand for elements in the year

2000, which is the latest year for which there are projections. The antici-

pated annual growth rates between the present (1980) and the year 2000 are

shown in Table C-6. Projected cumulative demand for primary metal to the

year 2000 is shown in Table C-7. Recent price information for the raw

metals is shown in Table C-8. This data has been provided for general
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information purposes only and is not necessarily the same as that used in

performing STARFIRE cost estimates.

C.3. COMPARISON OF STARFIRE MATERIALS REQUIREMENTS TO
RESERVES AND RESOURCES

Table C-9 lists the STARFIRE material requirements by element for

100 reactors. All reactors are assumed to be operating in parallel, there-

fore no advantage is taken of the possible recycling of materials from one

reactor to another. Also listed in Table C-9 are recent production figures

and estimates of reserves of those elements for the U.S. and for the world.

The materials requirements for the reactor portion only are also given

in Table C-10, again assuming 100 reactors based on the STARFIRE design, for

a total capacity of 1.2 x 10 MWe. The materials are listed in three groups,
(2)according to availability from domestic sources.

Group A consists of metals Be, B, C, Cu, Fe, Fb, Li, M~, Si, and Zr,

that should be available from domestic mines during the period 2000 to

2020 at market prices then current. Those prices will reflect whatever

inflation the future may bring, plus increases due to development of lower-

grade ores. However, domestic reserves of these materials are adequate.

Appropriate increases in production capacity may be assumed to meet the

increases over normal U.S. consumption that would be involved in meeting

reactor requirements.

Beryllium, although somewhat controversial in terms of the resource

availability, is listed among the Group A materials. Although the possibil-

ity of using beryllium as a neutron multiplier was investigated, the STARFIRE

reference design uses beryllium only as a low-Z coating for the first wall

and limiter. Thus, the total requirement over the life of each reactor is

only 10 tonnes. The U.S. Bureau of Mines in its assessment of domestic and
(3)world resources of beryllium places the U.S. reserves at 25,400 tonnes

and the world reserves at 381,000 tonnes. The total resources are approxi-

mately three times those values.

Cameron et al. in their evaluation of the minerals resource impli-

cations of a tokamak fusion reactor economy, advise against the use of

beryllium.' However, they apparently were basing their judgment on the

large amounts of Be required in previous reactor designs, and on the avail-

ability of high-grade ore (pegmatite) for which they estimated reserves
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in the U.S. of only 270 tonnes and world of 820 tonnes. They apparently did

not have access to the information in the Bureau of Mines report which was

published at nearly the same time. A comparison between Cameron's assessment

of beryllium reserve and resources values the U.S. Bureau of Mines values is

given in Table C-ll. The Cameron report gives a large amount of information

about the location of minerals in both the U.S. and the rest of the free

world, along with production and consumption rates.

Group B consists of Al, Cr, Ti, Mn, Ni, Sn, V and Nb. Reserves of Al,

Ti, Ni, and V metals will probably be too depleted by the year 2000 to

furnish the required amounts. However, at prices 3 times normal prices all

the Group B metals except perhaps Nb could be obtained from domestic deposits

that are not now economically viable. Those deposits could be brought into

production over a period of 3 to 5 years.

Niobium could present a problem. The U.S. currently does not produce

niobium. At three times current prices, the total requirement (10 tonnes)

could perhaps be obtained from the Powderhorn (Colorado) deposits (60

tonnes). World reserves of niobium, however, are very large relative to the

requirement. If designs like STARFIRE are to be built, it would be well to

consider stockpiling Nb over a period of years to take advantage of the

production capability that exists abroad, which could be increased, especi-

ally in Canada and Brazil.

Group C consists of only Ta and W. U.S. reserves of W are approxi-

mately 2/3 of the total requirement. They furnish only about 40 percent

of current U.S. consumption and they are steadily being depleted. It is

increasingly difficult to find new tungsten deposits in the U.S. Canadian

reserves are twice those of the U.S. and could help in supplying requirements,

but major reserves outside North America would have to be tapped. The

requirement is about two times total world annual production, hence tungsten

availability should be a matter of concern. Tungsten is used only in the

inner shield, based on economic incentives (i.e., minimizing shield thick-

ness), but it can be readily replaced with another shielding material as

discussed in Chap. 11.
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Tantalum is also a matter of concern, even though (as a part of the

STARFIRE limiter material) it could be recycled within five years after

removal from the reactor. In 1979, world production was one million pounds.

The domestic and world resources of that metal are not well known. The U.S.

Bureau of Mines has not yet published a Mineral Commodities Profile for tan-

talum. Its present application is primarily for use in the manufacture of

electronic components. Tantalum (as Ta-5W) has been proposed for use in the

STARFIRE limiter (Chap. 8), but it is only one of several candidate materials.

Table C-12 has been included as a reminder of how much the United States

presently relies on foreign sources for certain critical materials.

This fact does not necessarily imply that the U.S. does not have resources of

some of those materials, but rather that some of them can be produced more

cheaply in other countries. Unfortunately, there are others of the materials

listed for which there are not sufficient domestic supplied. Those should be

avoided, or substitutions made, if possible.
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Table G-l. STARFIRE Reactor Component Volumes and Masses

Reactor
Component

First wall

Multiplier

Second Wall

Breeder (inner and outer)

Reflector (outer only)

Blanket jacket

Limiter

Inner Shield

Outer Shield

Volume

Penetration shield

TF magnets

OH/EF magnets

CF magnets

Support structure

Material

PCA

Zr5Pb3

PCA
H20

LiA102

PCA

C
PCA
H2°
PCA

Ta5W

W
B.C
Fel422
H20

Ti64
TiH2

Fel422
B4C
H20

Fel422
T164
TiH2

B C
H2°
Cu
304 SS
Insulator
Fel422
Nb3Sn
NbTi

Cu
304 SS
Insulator
Fel422
NbTi

Cu

Fel422
G-10

36.8

2.6
1.2

177.9
22.2
11.3

102.0
5.7
5.7

19.0

1.9

44.0
26,
12.
9.3

25.9
336.0
487.0
144.8
144.8

742.9
6.6
86.1
174.8
175.0

179.3
446.1
32.1

123o0
6.4
8.9

50.
134,
45.8
38.3
5.1

1247.5

199.1
147.7

Mass
(tonnes)

28.6
2.0

328.0

20.5
1.2

606.5
174.7
11.3

164.0
44.7

5.7

149.3

32.0
840.0
66.0

117.8
9.3

117.0
1310.0
3358.0
362.0
144.8

5885.0
30.0
336.0
437.0
175.0

1598.0
3428.0

61.0
974.0
51.0
57.0

450.0
1057.2
87.0
304.0
33.0

140.0

1570.8
280.7
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Table C-2. Materials Inventory For Each STARFIRE
Reactor Categorized by Material

Material

PCA
FW
SW
Breeder
Reflector
Jacket
Headers & Manifolds

H,0 (Primary)
1 FW

SW
Breeder
Reflector
Headers & Manifolds

H.O (Shield)
Inner Shield
Outer Shield
Vacuum Duct Shield
b

Zr5Pb3

Multiplier

LiA102 (60% enriched)
b

Breeder

cb

Reflector

W

BAC

Inner Shield
Outer Shield
Vacuum Duct Siliield

Inner Shield
Outer Shield
Vacuum Duct Shield

Ti64

Till.

Inner Shield
Outer Shield
Vacuum Duct Shield

Inner Shield
Outer Shield
Vacuum Duct Shield

Initial

Volume
(m3)

3.6
2.6

22.2
5.7
19.0
4.1

2.0
1.3

11.3
5.7

29.5

9.3

144.8
175.0

36.8

178.1

Requirements

Mass
(tonnes')

28.6
20.5

174.7
44.7
149.3
32.2

450.0

2.0
1.3

11.3
5.7

29.5

9.3

144.8
175.0

328.0

606.5

Life of Unit

Volume
(m3)

30.6
22.1

188.7
48.4
161.5
34.9

73.6

356.2

Requirements

Mass
(tonnes)

' 214.5
153.8

1310.3
335.3

1119.8
241.5

3375.2

656.0

1213.0

102.0

44.0
0.0
0.0

26.3
144.8
174.8

0.0
25.9
6.6

336.0
86.1

164.0

840.0
0.0
0.0

840.0

66.0
362.0
437.0
865.0

204,0 328.0

1646.0
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Table C-2. Materials Inventory for Each STARFIRE
Reactor Categorized by Material (Continued)

Material

Fel422 (Low Mo steel)
Inner Shield
Outer Shield
Vacuum Duct Shield
RF Duct Shield
TF Magnet Vacuum Tank
Common Dewar
Anti-Torque Panel
Blanket/Shield Pedestal
Equipment/Coil Supports
OH Magnet Vacuum Tank
EF Magnet Vacuum Tank

Cu
TF Coil Stabilizer
OH Coil Stabilizer
CF Coil Conductor
EF Coil Stabilizer

G-10 Insulator
TF Coils
OH/EF Coils
Centerpost Supports
Centerpost

Nb3Sn

TF Magnet

NbTi
TF Magnet
OH, EF Magnets

Ta5Wb'r

Limiter

Be
FW Coating
Limiter Coating

Initial

Volume
(m3)

12.1
487.0
736.0
6.9

123.0
8.8

13?..4

52.8
4.1
6.9

31.4

179.3
8.6

15.7
41.9

32.1

45.8
0.7

147.0

6.4

8.9
5.1

1.9

0.5
0.1

Requirements

Mass
(tonnes)

95.9
3858.0
5830.0

55.0
974.0

69.9
1050.9
418.0
32.2
54.9

249.1

12,687.9

1598.0
77.1

140.0
372.9

2188.0

61.0

87.0
1.4

279.3

'.23.7

51.0

57.0
33.0

90.0

32.0

1.0
0.2

Life of Unit Requirements

Volume Mass
(m^) (tonnes^)

304 Stainless Steel
TF Magnet Helium Tank 143.0
TF Coil 293.1
OH Magnet Helium Tank 12.8
OH Magnet Helium Tank 10.2
EF Magnet Helium Tank 62.1
EF Coil 49.4

1.2

1124.0
2304.0
101.0
80.2

488.0
388.0

4,485.2

3.8

4.3
0.9

64.0

8.5
1.7

10.2
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Table C-3 Resource Requirements by Element for
Each STARFIRE Reactor

»

<*

Element

Iron (Fe)

.Nicke l (Ni) '

Chromium (Cr)
y

j

Molybdenum (Mb)

t f

Beryllium (Be)

Titanium (Ti)

Manganese (Mn)

Silicon (Si)

w

..Material*1

(Component)

*• PCA'"

304 SS

Fel422

*PCA

304 SS -

Fel422

PCA '

304 SS

Fel422

PCA

304 SS
•

(FW Coating)

(Limitet Coating)

PCA

Ti64
TiH2 (Shield)

NbTi

PCA'

304 SS

Fel422

PCA

304 SS

Fe€422 i
*

Wt. %

65
70

81

16

9
2

14
18

• o

2

0 .3

100

100

0 . 3

90

98

66

2

1.2

14

0.5

0.5

0 .2

Requirements
Life of

Init ial
•(tonnes)

292.5

3140.
10277.2

13709.7

72.0

403.6
253.7

729.3

63.0

807.3

0

870.3

9 .0

13.4

22.4

. 1.0
0.2

1.2

1.4

132.3
1613.1

90.0

1836.8

9 . 0

53.8

1771.7
1784.5

2.3
22.4
25.4
50.1

' Total
(tonnes)

2486.

3140.
10277.2

15903.2

612.0

403.6

253.7

1269.3

535.5
807.3

0

1342.8

* 76.5

13.4

89.9

8.5

1.7

10.2

11.5

132.3
1613.1

90.0

1846.9

76.5
53.8

1771.7
1907,0

l?..l

22.4
25.4 <
66.8~

Unit
Total

(tonnes/MWe)

2.07
2.62
8.56

13.25

0.51

0.34
0.21

1.06

0.45

0.67

0

. 1.12

0.06

0.01

0.07

0.01

°*Q

0.01

0.01

0.11

1.34

0.08

1.54

0.06

0.04

1.48
1.58

0.02
0.02

0.02

0.06
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Table C-3. Resource Requirements by Element For Each STARFIRE Reactor (Continued)

Requirement^

Life of Unit

Element

Carbon (C)

Zirconium (Zr)

Lead (Pb)

Lithium (Li)

Aluminum (Al)

Tungsten (W)

Tantalum (Ta)

Boron (B)

Vanadium (V)

Copper (Cu)

Material
(Component)

PCA

304 SS

B4C (Shield)

Fel422

(Reflector)

Z r5 P b3
(Multiplier)

ZrJ?b3
(Multiplier)

LiA102
C'd

(Breeder)

Ti64

LiAlO d

(Breeder)

(Shield)f

Ta-5Wd'e

(Limiter)

Ta-5Wd>e

(Limiter)

B4C (Shield)

PCAd

Ti64

304 SS

(TF Coil)

(OH Coil)

(CF Coil)

(EF Coil)

Wt. %

0.05

0.06

22

0.6

100

42.

58.0

19.

6.

37.

100

5

95

78

0.1

4.0

0.2

100

100

100

100

Initial
(tonnes)

0.2

2.7

191.3

76.1

164.0

434.3

137.8

190.2

115.2

8.8

224.4

233.2

840.0

1.6

841.6

30.4

655.2

0.5

5.9

6,4

9o0

1598.0

77.1

140.0

372.9

2188.0

Total
(tonnes)

1.9

2.7

191.3

76.1

1394.

1666,0

275.6

380.4

1866.2

8.8

448.8

457.6

840.0

3.2

843.2

66.8

655.2

3O8

5.9

9.7

9.0

1598.0

77.1

140.0

372.9

2188.0

Total
ftonnes/WJei

"A

0.16

0.06

1.16

1.38

0.23

0.32

1.56

0.01

0.37

0.38

0.70

^

0.70

0.05

0.55

<\,0

V)

0.01

0.01

1.33

0.06

0.12

0.31

1.82
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Table C-3. Resource Requirements by Element For Each STARFIRE Reactor (Continued)

Requirements

Element

Niobium (Hb)

Tin (Sn)

Material
(Component)

Nb,Sn
(TF Coil)

NbTi
(TF Coil)

(OH/EF Coil)

Nb-jSn
(TF Coil)

Wt.

70.

66.

29.

%

1

0

2

Initial
(tonnes)

35.8

37.6

95.2

14.9

Life of
Total
(tonnes)

35.8

37.6

.2.1...8

95.2

14.9

Unit
Total

(tonnes/MWe)

0.03

0.03

0.08

0.01

3

Assumes design basis life of 40 years — see Appendix C text. For reactor only.

Structure material compositions from Table 21-3.
c Requirements for L1A102 include a factor of 8.1 applied to lithium mass only.
This reflects 60% enrichment with ^Li of natural lithium which contains only
7.4% of 6Li (60/7.4 = 8.1).

Life of unit requirements for these materials are twice the initial require-
ments, to account for anticipated recycling within a short period of time
following removal from the reactor.

Tantalum (as Ta-5W) is only one of several candidates for the reference design
limiter. (see Sec. C-3).

Tungsten can be replaced by another shielding material (see Sec. C-3).
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Table C-4. Reserves and Resources2

Based on Metal Content

Metal

Aluminum (Al)

Beryllium (Be)

Boron (B)

Chromium (Cr)

Cobalt (Co)

Copper (Cu)

Iron (Fe)

Lead (Pb)

Lithium (Li)

Manganese (Mn)

Nickel (Ni)

Niobium (Nb)

Silicon (Si)

Tin (Sn)

Titanium (Ti)

in Ilmenite

in Rutile

Ti Total:

Tungsten (W)

Vanadium (V)

United

Reserves

9.1

2.5

1.8

4.5

9.2

3.6

2.6

3.6

1.8

4.0

1.6

1.4

1.8

1.2

1.0

X

X

X

X

0

X

X

X

X

X

X

X

X

X

X

X

1 States

Resources

(tonne3)

106

10*

I'O*

107

109

107

105

10b

10*

107

106

107

1O5

10*

4.

7.

N.

4.

7.

3.

1.

7.

7.

6.

1.

1.

5 x

3 x

A.

1 X

7 x

8 x

8 x

2 x

3 x

7 x

4 x

4 x

107

10*

105

105

108

1010

107

105

107

1O7

105

Not given, but

1.

8.

3.

8.

4.

9.

9 x

6 x

0 x

9 x

5 x

1 X

105

1O7

106

107

105

106

World

Reserves

5.1 x

3.8 x

9.1 x

5.9 x

1.4 x

4.9 x

9.4 x

1.2 x

1.9 x

1.6 x

5.4 x

1.0 x

are vast.

1.0 x

1.6 x

7.3 x

2.4 x

1.9 x

9.7 x

Resources

(tonnes)

109

105

1O8

106

108

ioio

108

10b

109

io;

io'

10'

1O8

107

108

106

10b

7.3 x

1.1 X

N.A.

1.2 x

2.3 x

2.3 x

2.0 x

2.8 x

7.3 x

1.9 x

9.0 x

1.5 x

3.7 x

5.4 x

1.6 x

7.0 x

5.4 x

5.6 x

109

106

109

108(c)

109<c>

1O11

108

106

1010(c)

108(c)

1O7

107

108

108

108

106

107

U.S. Bureau of Mines Mineral Commodity Profiles.

Includes reserves, but excludes speculative and submarginal resources.

"Includes seabed nodules.
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Table C-5. Projected Probable Demand
For Primary Metal in the Year 2000

Metal United States

(tonnes)

5.

2.

8.

4.

3.

1.

1.

6.

2.

1.

1.

4.

5.

3.

5.

7.

8.

.07

.68

.91

82

18

77

23

47

76

94

54

03

07

00

07

73

18

World

(tonnes)

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

107

102

105

106

105

107

109

106

io4

107

106

104

106

10*

10b

104

104

Aluminum (Al)

Beryllium (Be)

Boron (B)

Chromium (Cr)

Cobalt (Co)

Copper (Cu)

Iron (Fe)

Lead (Pb)

Lithium (Li)

Manganese (Mn)

Nickel (Ni)

Niobium (Nb)

Silicon (Si)

Tin (Sn)

Titanium (Ti)b

Tungsten (W)

Vanadium (V)

1.44 x 10'

1.54 x 102

2.64 x 105

1.00 x 106

1.94 x 10H

3 18 x 10€

1.71 x 108

1.34 x 106

1.24 x 104

1.94 x 101

3.68 x 105

6

1.07 x

1.18 x 10'

4.95 x 10*

1.28 x 106

2.18 x 104

3.00 x 104

6

aU.S. Bureau of Mines Mineral Commodity Profiles.

Use of metals and nonmetals combined.
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Table C-6. Projected Probable Average Annual Growth Rate For
Primary Metal 1977-2000a

Metal United States World

Aluminum (Al)

Beryllium (Be)

Boron (B)

Chromium (Cr)

Cobalt (Co)

Copper (Cu)

Iron (Fe)

Lead (Pb)

Lithium (Li)

Manganese (Mn)

Nickel (Ni)

Niobium (Nb)

Silicon (Si)

Tin (Sn)

Titanium (Tl)b

Tungsten (W)

Vanadium (V)

5.2

4.1

3.9

3-4

3.3

2.9

1.6

1.9

5.4

1.6

3.2

5.6

3.1

0.3

4.3

4.9

5.2

5.5

2.2

3.6

3.6

3.6

3.8

2.9

2.8

6.2

2.9

3.6

4.9

3.6

1.0

5.0

3.2

4.4

aU.S. Bureau of Mines Mineral Commodity Profiles.

Use of metals and nonmetals combined.
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Table C-7. Projected Probable Cumulative Demand
For Primary Metal to the Year 2000

Metal United States

(tonnes)

World

(tonnes)

Aluminum (Al)

Beryllium (Be)

Boron (B)

Chromium (Cr)

Cobalt (Co)

Copper (Cu)

Iron (Fe)

Lead (Pb)

Lithium (Li)

Manganese (Mn)

Nickel (Ni)

Niobium (Nb)

Silicon (Si)

Tin (Sn)

Titanium (Ti)

Tungsten (W)

Vanadium (V)

2.50 x 10'

2.36 x 103

4.09 x 106

1.73 x 107

4.89 x 10*

5.45 x 107

3.43 x 109

2.59 x 107

1.74 x 105

3.73 x 107

6.09 x 106

1.46 x 105

1.96 x 107

1.16 x 106

2.00 x 107

3.08 x 105

4.27 x 105

.8 8.70 x 10'

4.80 x 103

1.42 x 107

8

8.12 x 10'

8.00 x 105

2.79 x 101

2.17 x 10

2.17 x 10

3.63 x 105

,8

10

10

3.31 x 10

2.42 x 107

5.88 x 105

8.15 x 1O7

6.60 x 1O6

7.36 x 107

1.28 x 106

1.24 x 106

8

U.S. Bureau of Mines Mineral Commodity Profiles.
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Table C-8. Recent Price Information
For Metals as Unalloyed Primary Ingot

Metal Current Price

($/kg)

Year

Aluminum (Al)

Beryllium (Be)

Boron (B)

Chromium (Cr)

Cobalt (Co)

Copper (Cu)

Iron (Fe)

Lead (Pb)

Lithium (Li)

Manganese (Mn)

Nickel (Ni)

Niobium (Nb)

Silicon (Si)

Tin (Sn)

Titanium (Ti)

Tungsten (W)

Vanadium (V)

1.14

215.60b

0.14c

0.46

55.00

1.46

0.34

1.12

, 3.08d

0.14

4.58

0.97

6.01

11.77

6.56

21.49

11.40e

1977

1978

1978

1976

1979

1978

1978

1976

1978

1978

1978

1977

1976

1977

1977

1977

1976

U.S. Bureau of Mines Mineral Commodity Profiles.

Prices quoted in the American Metal Market as of June 1979 were: Vacuum
cast ingot, $264/Kg; Be powder (97Z), $227/Kg; and Be rod, $367/Kg.

cFor borax pentahydrate.
dFor LiOH'H-O.

For vanadium pentoxide.

C-16



Table C-9. Materials Requirements and Estlaates of Reserves3

(Units of 1000 lonnu)

Element

Al

B
C

Cr

Kb

Cu

Fe

Pb

Li

Ti

Hn

Sn

Wg

V
Ni

Zr
V
Mo

Co

Be

STARFIRE
Maximum

Requirement,
100

Reactors

46

66

167
134

iO

219

1.590

38

187

185
ISO

2

0

1

127

28

24

9

0

1

u.s.
" Production
From Domestic
Ores & Scrap

960

207

43e

0

1,780

52,000

1,026

•v6

NA

Small

Small

1.100

5.3

47

NA

4.1

60

0.3

<0.1

Total
Production

4,350

207

43e

3

1.785

79,000

1,090

1,6

15

110

23

•V100

5.3

79

NA

10.2

60.0

0.3

<0.2

U.S.
Consumption

5,380

118

1.534

3

2,250

79,800

1,440

3,9

17

1,280

49£

1.100

7.2

210

<3

9.3

30.0

8.5

<0.1

World
Production

13,860

390

3,180

11

7,620

485,600

3,506

HA

46

. 10,190

247

140

32

588

<6

43.0

98.0

30.8

<0.3

Reserves at
Present Prices

U.S.

8,500

1.28,500

None

None

107,000

>10,000,000

26,000

450-600

17,700

None

740

Inexhaustible

113

180

3,550

125

4,500

None

28

World

5,450,000

1.124,000

11,000,000

10,000d

1.500,000

100,000,000

157,000

2,000

235,000

>14,000,000

10,000

10,000

54,000

18,000

1,990

9,300

72,600

380

Reserves
Present

U.S.

1.5,000,000

Very

7,300

•v60

No data

>20,000,000

>40,000

2,500

Large

>30,000

No data

600

12,700

No data

No data

27,000

No data

55

at 3 Times
Prices'1

World

Very Large

Large

20,000,000

»20,000

No data

Very Large

>500,000

>10,000

Very Large

>20,000,000

720,000

20,000

136,000

Very Large

No data

No data

No data

No data

Principal Present Sources

U.S.A., Turkey

S. Africa, U.S.S.R., Albania

Brazil, Canada, Malaysia

U.S.A. Chile, Zambia, Zaire

(Iron Ore) U.S.A., Canada,
Venezuela

Canada, Mexico, Peru

U.S.A.

Australia

Gabon, Brazil, S. Africa,
Australia, U.S.S.R.

S. E. Asia, Malaysia, U.S.A.

U.S.A., S. Africa, U.S.S.R.

Canada, New Caledonia, U.S.SS.

U.S.A., Australia

China, U.S.A., Bolivia, Thailand

U.S.A., Canada, Chile

Zaire, New Caledonia, Australia

U.S.A., Brazil, S. Africa

Information on U.S. and World production and consumption are froa the U.S. Bureau of Mines.

Information on reserves is partly from the U.S. Bureau of Mines, partly froa Brobst and Pratt,

and partly from other miscellaneous sources.

Reactor only.

Includes reserves at present prices.

Reserves in non-Communist countries only.

* Froa stainless steel scrap.
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Table C-10. Total Resource Requirements3 for 100 STARFIRE Reactors

Total

Group and Metal (1000 tonnes)

Group A - Materials available from domestic mines at market prices

Beryllium (Ba) 1

Boron (B) 6 6

Carbon (C) 2.67

Copper (Cu) 219

Iron (Fe) 1,590

Lead (Pb) 38

Lithium (Li) 187

Molybdenum (Mo) 9

Silicon (Si) 7

Zirconium (Zr) 28

Group B - Materials available from domestic mines at three times (3X) market prices

Aluminum (Al) to

Chromium (Cr) 134

Titanium (Ti) 185

Manganese (Mn) 190

Nickel (Ni) 127

Tin (Sn) 2

Vanadium (V) 1

Niobium (Nb) 10

Group C - Materials available in adequate amounts only from foreign sources

Tantalum (Ta) 6

Tungsten (W)C 84

Reactor only, assuming all 100 reactors are operating in parallel (i.e., no
advantage is taken of the possible recyclability of material from one reactor
to another)„

Tantalum (as Ta-5W) is only one of several candidates for the reference design
limiter (see Sec. C-3).

Tungsten can be replaced by another shielding material (see Sec. C-3).
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Table C-ll. Comparison of E. Cameron et al. (UWFDM-313)
Beryllium Reserve and Resource Values with
U.S. Bureau of Hlnesa Values

Reference

Cameron

a. pegmatitic only

b. pegmatitic plus

nonpegmatitic

U.S. Bureau of Mines

Ratio (Cameron to USBM)

a. pegmatitic only

b. pegmatitic plus

nonpegmatitic

Domestic

Reserves Resources

(tonnes)

270

54700

25400

0.0107

2.15

820

282000

72600

0.0112

3.84

World

Reserves Resources

(tonnes)

820 5400

38500 679000

380000 1105000

0.0021 0.0049

0.222 0.614

Ref. Mineral Commodity Profile, "Beryllium" (Aug. 1979) which was not

included in the Cameron report.

Includes reserves.

"These were the values in which Cameron et al. expressed confidence.
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Table C-12. U.S. Net Import Reliance on Selected Minerals and
Metals as a Percentage of 1978 Consumption3

Mineral or Metal Net Import Reliance

(Z)

Niobiumb 100

Mica (sheet) 100

Strontium 100

Manganese 98

Tantalum 97

Cobalt 97

Aluminum (bauxite & alumina) 93

Chromium 92

Platinum-group metals 91

Asbestos 84

Fluorine 82

Tin 81

Nickelb 77

Cadmium 66

Zinc 62

Potassium 61

Selenium 61

Mercury 57

Gold 54

Tungsten 50

Antimony 48

Silver 41

Barium 40

Titanium (ilmenite) 39

Gypsum 34

Iron ore 29

Vanadium 27

Copper 19

Source: Bureau of Mines, U.S. Department of Interior (import-export
dara from the Bureau of the Census).
U.S. resource would be strongly impacted by requirements for 100 STARFIRE
reactors.
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D.I INTRODUCTION AND SDMMARY

This appendix presents the results of a seismic evaluation of the

STARFIRE fusion reactor conceptual design, performed by McDonnell Douglas

Astronautics Company (MDAC-St. Louis). The evaluation was limited in scope

to establishment of criteria and procedures required prior to design, and to

seismic analysis of one particular subsystem of the reactor. The study was

divided into three phases:

(1) development of seismic design guidelines for fusion energy commer-

cial power plants (Sec. D.2);

(2) computation of floor response spectra to be used in seismic analysis

of floor-mounted reactor subsystems (Sec. D.3); and

(3) performance of seismic analysis of the cryogenic structure (helium

vessels) of the TF coils, centerpost, and support structure system

(Sec. D.4).

The seismic design guidelines developed were general and did not con-

sider specific site geologic conditions or structure-equipment dynamic

characteristics. Major recommendations of the guidelines were that

(a) reactor design meet seismic risk Zone 2 requirements,

(b) primary reactor structure be designed according to seismic criteria

provisions of the Uniform Building Code (UBC) ,

(c) the initial design use reactor subsystem equivalent static design

acceleration of +4.4 g, applied simultaneously in three directions,

and that

(d) dynamic analysis techniques be used to verify structural and

operational integrity of critical reactor subsystems and equipment.

The guidelines provided a basis for further seismic analysis and

recommended a dynamic analysis technique for reactor subsystem design based

on floor response spectra. This technique was used in the seismic study

presented here. STARFIRE floor response spectra were computed from the

results of a dynamic transient response analysis of a soil-foundation-reactor

dynamic model subjected to earthquake excitation. Peak floor spectrum

accelerations were +2.75 g horizontally and +_1.93 g vertically.
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The TF coil cryogenic structure was identified as a critical reactor

subsystem potentially susceptible to earthquake excitation and was therefore

analyzed. Maximum computed Zone 2 horizontal coil displacement was +7.95 cm

(+3.13 in) relative to the reactor floor which was considered to result in

excessive loads in the strut system connecting the dewar and helium vessel of

each TF coil. Axial dynamic response forces in the centerpost support struts

exceeded critical buckling load capability, 4.36 x 106 Kg (9.6 x 106 lb)

compared to P^ - 3.64 x 106 Kg (8.0 x 106 lb). Parametric study results

Indicated that this unacceptable dynamic response could be adequately

reduced by minor detail modification of the centerpost support strut baseline

design, either by increasing cross sectional area or by changing material.

D.2 SEISMIC DESIGN GUIDELINES

This section presents tentative seismic design guidelines prepared

by MDAC-St. Louis for fusion energy commercial power plants. The guidelines

were based on building code requirements , U.S. Nuclear Regulatory
(4)

Commission (NRC) recommendations and general seismic design
(5-14)

documents.

D.2.1 Design Philosophy

The basic design philosophy presented in this section was predicated on

the safety aspects of fusion energy relative to fission reactors and the

desire to provide an efficient commercial power plant design with the most

widespread application. Structure and equipment must be categorized with

respect to safe plant operation and shutdown capability. Development of

general design criteria for power plants to be located in any geographic area

of the U.S. necessitated a trade-off study to determine whether design for

most severe seismic intensity (Zone 3) places an unrealistic burden on design

for the vast majority of applications (Zones 1 and 2).

D.2.1.1 Classification of Structures and Equipment

NRC regulations for nuclear fission power facilities classify structures
(4)

and equipment into three categories :
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Category I - Those structures or equipment whose failure might cause or

contribute to a nuclear incident, or alternatively, those structures or

equipment which are believed necessary for containment of fission products

and safe shutdown of the plant.

Category II - Structures or equipment essential to power plant operation

but whose individual failure would not cause or contribute to a nuclear

incident, and would not impair the ability for safe shutdown.

Category III - Structures or equipment convenient to the operation of

the facility but not essential to plant dependability or public safety.

Fusion reactors are considered to possess inherent safety and environ-

mental advantages compared to fission reactors as discussed in Ref. 5.

The lower hazard assumed during an incident at a fusion power plant was the

basis for establishing seismic design guidelines on procedures similar to NRC

Category III recommendations.

D.2.1.2 Seismic Risk Zone Applicability

Figure D-l reproduces the seismic risk map of the mainland United States

from the UBC. This map shows by zone the probable severity of earthquake

damage. Zone 0 implies no damage, Zone 1 minor damage, Zone 2 moderate

damage, and Zone 3 major damage. It is based on the known distribution of

damaging earthquakes plotted by the U.S. Coast and Geodetic Survey. Earth-

quake intensity was considered in assigning zonal rating but probable fre-

quence of occurrence was not a criterion.

Design for most severe conditions (Zone 3) places an undue handicap on

seismic design of structure for the majority of the U.S. Zone 3 locations

comprise only about 13% of the United States by area and 11% by population

(based on 1970 census). Exclusive of California, Zone 3 locations are 8.5%

of the country by area but only 2.5% by population.

Zone 2 design, sufficient for almost 90% of the country, is easier to

achieve and is more economical than that for Zone 3 since earthquake excita-

tion is much more severe for Zone 3 compared to Zone 2 (0.33 g vs. 0.13 g).

The geographic area not covered by Zone 2 design can be further reduced as

follows. It is feasible that non-California Zone 3 areas be served by
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ZONE 0 - NO DAMAGE

ZONE 1 - MINOR DAMAGE - INTENSITY" V OR VI

ZONE 2 - MODERATE DAMAGE - INTENSITY VII

ZONE 3 - MAJOR DAMAGE - INTENSITY VII OR HIGHER

*MODIFIED MERCALLI INTENSITY

Figure D-l. Seismic risk map of the United States.
(Uniform Building Code, 1973)

commercial plants located in less severe zones. Similarly, service in

eastern California and western Nevada could be provided by facilities in

adjacent Zones 1 or 2. This would reduce the area not covered by a Zone 2

design to western California. Therefore, seismic guidelines and analysis

presented in this document were based on Zone 2 design for a commercial

fusion facility, realizing that construction in western California might

necessitate a unique design with more stringent requirements.

D.2.2 Primary Structure Design

Per Ref. 4, NRC Category III structure and equipment are to be designed

to provisions of the UBC, unless local building codes are more stringent.

Horizontal forces to be considered in seismic design of buildings and build-

ing appendages are established in the UBC. These design forces are based on

structure type, location, and dynamic response characteristics.
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UBC earthquake design forces are defined as lateral base shear, V,

distributed over the building height. Maximum V is 0.15W for Zone 2, where W

is the total dead load of the structure. Appendage forces vary from 0.10 to

0.20 times the appendage weight for various parts of buildings regardless of

seismic risk zone. Static design accelerations for primary reactor structure

will therefore be equal to or less than 0.2 g. The provisions of the UBC

should be applied to each power plant structure for compliance with these

seismic design guidelines.

D.2.3 Subsystem/Component Design

A technique for determining equivalent static accelerations for NRC

Category III supported equipment and components is established in Ref. 7

consistent with the NRC Standard Review Plan . A factor of 8.0 is to be

applied to ground response spectrums to establish equivalent static accelera-

tions. NRC Regulatory Guide 1.60 horizontal and vertical seismic design

ground response spectrums are normalized to 1.0 g horizontal ground accelera-

tion. Peak horizontal ground acceleration in common usage for

seismic risk Zone 2 is 0.13 g. Renormalizing NRC 1.60 spectra to the 0.13 g

horizontal ground acceleration value and applying the factor of 8.0 yielded

design curves of equivalent static acceleration versus subsystem/component

natural frequency. Figures D-2 and D-3 are Zone 2 horizontal and vertical

seismic design curves respectively for various values of damping coefficient.

Table D-l presents typical damping coefficient data for various struc-

tural systems per NRC Regulatory Guide 1.61 . With the exception of

small diameter piping systems, the minimum damping value is two percent of

critical for typical building structures. The two percent damped spectra for

Zone 2 (Fig. D-2 and D-3) were utilized here to define general static design

accelerations.

Peak acceleration values were +4.4 g horizontally (at 2.5 Hz) and +4.2 g

vertically (at 3.5 Hz). Equivalent static design accelerations for conceptual

design of supported equipment and components were established as +4.4 g

applied simultaneously in the vertical and two horizontal directions.
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Table D-l. Typical Damping Coefficient Values For

Various Structural Systems

Per Cent of Critical
Structural System Damping

Equipment and large diameter piping
systems, pipe diameter greater than
12 inches. 2-3

Small diameter piping systems, pipe

diameter equal to or less than 12 in. 1-2

Welded steel structures 2-4

Bolted steel structures 4-7

Prestressed concrete structures 2-5

Reinforced concrete structures 4-7

D. 2.4 Variance from Subsystem Design Guideline

In Sec. D.2.3, a static design acceleration of +4.4 g in all direc-

tions was established. For particular subsystems, the designer may deviate

from this value by either of two methods:

(a) Verification that reactor primary structure damping values are not

equal to two percent. Design accelerations are then the maximum

spectral values for the appropriate damped curves of Figs. D-2 and

D-3.

(b) Performance of modal analyses to differentiate between dynamic

characteristics of individual components. Static acceleration Is

then based on component resonant frequency and the corresponding

spectral value from Figs. D-2 and D-3.

Establishment of the +4,4 g design acceleration was structure indepen-

dent, requiring no information on STARFIRE. The above procedures require

some knowledge of the structure, which becomes available during conceptual

design activity. An alternate, and preferred, method of subsystem design,

which likewise requires reactor design data, is discussed in Sec. D.2.5.
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D.2.5 Subsystem Design Based on Floor Response Spectra

The +4.4 g static design accleration is to be used for preliminary

conceptual design development. As the design evolves, dynamic analyses are

performed to verify design adequacy for floor-supported equipment. The

recommended procedure follows.

a. Generation of a mathematical model representing soil, foundation,

and primary reactor structure.

b. Selection of an artificial acceleration time history to be used as

bedrock input to the dynamic model.

c. Dynamic transient response analysis yielding floor time history

response to the input acceleration.

d. Computation of floor response spectrums for the floor time history

response.

e. Performance of seismic response spectrum analyses of floor mounted

subsystems to verify structural integrity.

The basic difficulty of this method involves definition of the bedrock

acceleration time history. This simulated earthquake record should yield a

response spectrum consistent with that from NRC Regulatory Guide 1.60.

Sections D.3 and D.4 discuss the application of this procedure to STARFIRE.

D.3 STARFIRE REACTOR FLOOR RESPONSE

This section presents the seismic analysis of the entire STARFIRE

reactor and its foundation-soil support system, which utilized the ICES-

STRUDL DYNAL computer code. The results defined floor response spectra for

use in subsequent seismic analysis of floor-mounted reactor subsystems.

D.3.1 Soil-Foundation-Reactor Dynamic Model

The soil-foundation-reactor system was represented as a three dimen-

sional finite element model shown in Fig. D-4 with properties listed in Table

D-2. Foundation stiffness values were calculated by ratioing similar values
(12)

for the Power Generating Fusion Reactor (PGFR) , by a factor relating

the size and weight of STARFIRE to PGFR properties. The method of dynamic
(12)

subgrade was used to calculate the soil spring rates. The vertical

subgrade moduli is defined as the pressure which must be applied uniformly to
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Table D-2. STARFIRE Soil-Foundation-Reactor Dynamic Model Properties

Inertial
Properties:

Stiffness
Properties:

Node No./
Structure

I/Reactor

2/Floor

3/Foundation Mat

Spring No./
Structure Vertical

I/Foundation 9

2/Soil 4

11 X

71 x

Weight
(kg x 10-7)

15.6

6.90

9.77

(N/m) Horiz-Y

1011 1.40 x

1011 2.42 x

(N/m)

1011

1011

Moments of Inertia (kg-m
Torsion-Ixx Rocking-Iyy

1.563

1.22

1.735

Stiffness

Horiz-Z (N/m)

2.77 x

2.68 x

1011

1011

1.60

1.056

1.505

x 10 " )
Rocking-Izz

Values
(N-m (N̂ m

Torsion rad) Rocking-Y rad)

1.2 x 1014 2.4

1.25 x 1015 2.09

xlO 1 3

xlO 1 4

0.465

0.165

0.236

Rocklng-Z

1.22 x 10

1.44 x 10

(N-m
rad)

13
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Figure D-4. STARFIRE/foundation/soil dynamic model.

a plate resting on soil to displace it one unit of length. A representative

range of subgrade modulus based on plate bearing field tests, 3.0 x 107

N/m3 to 1.0 x 108 N/m3, was used in combination with the foundation geometry

to obtain linear elastic spring rates for conditions of weak soil to rock. A

value of 5.0 x 107 N/m3 was used in this analysis. The equations used to

calculate the spring rates are shown below:

Ksv * Kz Az Xv Ksv m soil vertical spring rate

Ksh » 0.5 Kz Ah Xn Ksh » soil horizontal spring rate

Ks=2.0KzIX<j> Ks$= soil rocking spring rate

Kz " vertical subgrade modulus

Az - contact area between foundation and soil for vertical motion

Ah - contact area between foundation and soil for horizontal motion

I - area moment of inertia of foundation about rocking axis through

foundation centroid

Xv

Xn - stiffening factors related to embedment depth
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Realistic equivalent viscous damping ratios are .05 to .15 for soil and .04

and .07 for foundation structure . For this analysis, modal damping of

.07 (7% of critical) was used as a reasonable value for all modes.

D.3.2 Earthquake Time History

Reference 13 presents a number of simulated earthquake time histories.

The horizontal ground acceleration time history selected (Fig. D-5) is

representative of the 1940 El Centro, California earthquake. Figure D-6

shows the 7% damped response spectrum for this time history compared to the

corresponding NRC 1.60 spectrum normalized to maximum ground acceleration.

Adequate correlation was noted and the Fig. D-5 earthquake record, normalized

to Zone 2 maximum acceleration was used as bedrock input to the dynamic

model.

D.3.3 Floor Response Results

The input time history was applied simultaneously in three mutually

perpendicular directions. The vertical time history magnitude was two-thirds

of the horizontal input shown in Fig. D-5. Resulting horizontal and vertical

floor response time histories are presented in Fig. D-7 and D-8. Two percent

damped floor response spectra were calculated from these time histories.

(Two percent is the minimum damping value for building structures recommended

by the NRC Regulatory Guide 1.61.) The resulting floor response spectra with
(14)

smoothing and peak broadening per NRC Guide 1.122 , are shown in Fig.

D-9 and D-10. Peak spectral accelerations were +2.75 g (2.3 to 5.0 Hz) in

the horizontal direction and +1.93 g (4.0 to 7.5 Hz) in the vertical direc-

tion. These computed floor spectra can be used as base input for seismic

response spectrum analysis of floor mounted reactor subsystems.

D.4 STARFIRE TOROIDAL FIELD COIL SEISMIC ANALYSIS

This section presents the seismic response spectrum analysis of the

STARFIRE TF coil system performed using the NASTRAN computer code. The TF

coil structure was chosen as a reactor subsystem particularly susceptible to

earthquake excitation since it is massive and base supported. This type of

structure generally has low natural frequencies which can coincide with

dominant earthquake input frequencies.
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Figure D-5. El Centro (1940) earthquake time history-simulated.

FREOUENCY - HZ.

Figure D-6. Ground response s p e c t r a comparison.

El Centro
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NRC 1.60
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D.4.1 Structure Description

A cross sectional view of major elements of the STARFIRE reactor is

presented in Fig. D-ll. Relative displacements between each coil and the

room temperature (RT) vacuum tank in which the coil is encased are of primary

interest during an earthquake. For this analysis, motion of the RT vacuum

tank was assumed not significant compared to that of the more flexible TF

coil. The twelve TF coils are supported by a common centerpost which is

mounted on six inverted V truss supports to the reactor floor. The twelve

fiberglass struts, comprising the truss supports, are considered the most

flexible members of the coil support system.

D.4.2 TF Coil System Dynamic Model Development

Since the RT vacuum tank is assumed to be relatively rigid, it was not

included in this analysis. The cryogenic structure, consisting of the TF

coils, the centerpost, and the inverted V trusses, was analyzed. A. compre-

hensive dynamic model of the "cold" structure including stiffness and iner-

10m 15m

CENTER POST

LIMITER/
VACUUM SLOT

'ACUUMPUMP

NORMAL EF COIL

INTER-SEGMENT
BLANKETJUMPER

ANTI-TOROUE
STRUCTURE

VACUUM
PLENUM

TFCOIL

.RFDUCT

Figure D-ll. STARFIRE reactor design for seismic analysis.
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tial representations of all twelve coils and their support structures was

shown to be unnecessary by results of preliminary analyses of a simplified

dynamic model.

The simplified model is referred to as the "rigid" model, in which the

centerpost support struts, and the twelve coil/RT vacuum tank vertical

connections are elastically represented with the centerpost and coils assumed

rigid. This model is shown in Fig. D-12. Justifying use of this model would

require verification that centerpost and individual coil modes do not couple

with the overall motion of the structure. Therefore, a second dynamic model

was developed (Fig.D-13), consisting of one TF coil and a 30* segment of the

centerpost. Out-of-plane connections between the coil and RT case are

sufficient to reduce the model to two in-plane dimensions. The vertical

coil/RT vacuum tank connection was included at the outer coil location.

Modal analyses were performed for both the TF coil/centerpost model and

the "rigid" model and results are shown in Table D-3. The 5 Hz centerpost

bending mode from the TF coil/centerpost model was considered to be low since

only l/12th of the centerpost'stiffness was included in the model. However,

rF COIL/CENTERPOST
TRANSLATION TIE

CENTERPOST

L

TF COIL

TF COIL/R.T.
CONNECTION

Figure D-12. STARFIRE TF coil/centerpost dynamic model.
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Figure D-13. STARFIRE TF coil system 'rigid' model.

due to the proximity of this frequency with the 3 Hz overall structure mode,

the centerpost flexibility should be included in the response analysis. The

first bending mode of the individual TF coil had sufficient frequency separa-

tion from the overall structure mode, 16.8 Hz compared to 3 Hz, so that the

coils were represented as rigid elements in the analysis.

Table D-3. TF Coil Preliminary Modal Analysis Results

Dynamic
Model

'Rigid" Model

:F Coil/Centerpost

Frequency
(Hz)

3.06
29.6

5.05

11.1

16.8

Mode Shape Description

1st horizontal mode
1st vertical mode

1st bending mode of
centerpost

1st coupled coil/centerpost
mode

1st coil bending mode
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The "rigid" dynamic model was therefore modified to include centerpost

flexibility. The revised model, shown in Fig. D-14, consisted of elastic

representations of the inverted V, truss supports, centerpost, and the TF

coil/RT case outboard connections and rigid representation of the coils.

Table D-4 presents modal analysis results for this model.

Table D-4. TF Coil System Modal Analysis Results

Frequency
(Hz) Mode Shape Description

2.91 1st horizontal mode of supports/centerpost

8.02 1st coupled bending mode of centerpost and supports

8.97 2nd horizontal mode of supports/centerpost

25.8 1st vertical mode

Comparison of these results with those of Table D-3 show that:

a) inclusion of centerpost flexibility had little effect on the first

horizontal frequency of the system but decreased the vertical

frequency by 13%;

b) the 5 Hz centerpost modal frequency from the TF coil/centerpost

dynamic model was low as expected.

D.4.3 Seismic Response Results

The floor response spectra of Sec. D.3 were input to the STARFIRE

"cold" structure dynamic model of Fig. D-14. Excitation was applied simul-

taneously in the vertical and two horizontal directions and a root sum square

(RSS) combination of individual modal responses was specified to obtair. the

total system response. The computed maximum horizontal deflection of the

coil, +7.95 cm (+3.13 in) relative to the RT vacuum tank was considered

excessive in terms of the resultant stresses in the coil/tank strut system.

The vertical response of +0.4 cm (+.16 in.) was negligible. In addition to

excessive horizontal deflections, peak dynamic axial force computed for the

centerpost support struts was 4.36 x 106 kg (9.6 x 106 lb) which exceeded

the critical buckling load of 3.64 x 10s kg (8.0 x 10G lb) for those members.

The design analyzed, therefore, did not meet seismic Zone 2 requirements.
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CENTERPOST
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FIBERGLASS EPOXY
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L * 2.58 m
A - 0.1065 vT
D - 36.83 cm

Figure D-14. STARFIRE TF coll system dynamic
response model.

Investigation of modal participation factors indicated that the 2.91 Hz

first mode response was predominant, contributing 98Z of the total response.

Since this mode was primarily a function of centerpost support flexibility,

modification of the strut design was a viable means of decreasing excessive

deflections and increasing the buckling stiffness of the members. Two

options which had been considered during the STARFIRE design process—

increasing strut cross section and changing from fiberglass to stainless

steel struts—are shown in Table D-5 to be effective in reducing seismic

Zone 2 TF coil response.
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Table D-5. Effect of Centerpost Support Strut Properties
On TF Coil Modal/Seismic Response Results

Strut Fundamental System Maximum Horizontal
Description Frequency (Hz) Coil Deflection (cm)

Baseline Design 2.91 +7.95
(Dia. - 36.8 cm)

Double cross 3.91 +4.32
sectional area
(Dia. - 52.1 cm)

Four times cross 5.0 +2.39
sectional area
(Dia. - 73.7 cm)

Stainless Steel 6.31 +1.75
Strut
(Dia. = 36.8 cm)

D.4.4 Analysis Limitations

Several simplifying assumptions were made in this analysis, the most

significant of which were the following!

1. Torsional motion of the reactor about the vertical was not

considered since the current level of design definition does not

allow for accurate estimation of eccentricity.

2. The floor response spectrum analysis technique did not allow for

dynamic coupling effects between the flo r-supported structure and

the floor/foundation/soil. This is a preliminary analysis tech-

nique which permits low-cost estimates of subsystem seismic response.

3. The elastic spring soil representation is a commonly used design

technique which ignores a number of important soil parameters such

as physical structure, porosity, density, moisture content, stress

history, geologic features, etc. Analysis of a reactor for usage in

many geographical areas justified such a simplified soil idealiza-

tion for preliminary design work.
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These assumptions were necessary during conceptual design phase analyses.

Their impact is unknown and should be evaluated by results of more detailed

dynamic analyses as the design process continues.

D.5 CONCLUSIONS

The following conclusions are based on the results presented, which are

applicable to the STARFIRE cryogenic or "cold" structure design.

a) Vertical seismic Zone 2 deflection response of the baseline TF coil

system was insignificant (+0.4 cm).

b) Horizontal seismic Zone 2 deflection response of the baseline TF

coil system was excessive (+7.95 cm).

c) Horizontal seismic response resulted primarily from a flexible

centerpost support system consisting of fiberglass struts. The

baseline struts were structurally inadequate to meet seismic Zone 2

requirements.

d) Minor detail design modification of the centerpost support struts

was an effective means of reducing seismic response to acceptable

levels.

The analysis presented in this appendix indicated that preliminary

seismic analyses can impact detail design. The need for consideration of

seismic effects in the conceptual design of fusion reactors is therefore

evident. As the STARFIRE design evolves, more complex and accurate dynamic

analyses should be performed to evaluate previous conclusions and to assure

that the design meets requirements selected as guidelines, during initial

stages of reactor development.
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Additional materials properties and calculations are presented. The

data and calculations are divided into sections corresponding to their uses in

the reactor.

E.I STRUCTURAL MATERIALS

E.I.I Composition

E-l.

The compositioi of the structural materials are presented in Table
(1-6)

E.I.2 Thermophysical Properties

The thermophysical properties of potential structural materials as a

function of temperature are shown in Fig. E-l. ' ' These property values

have been used to estimate the temperature and stress gradients in the first

wall and limiter. The values used for PCA are those of Type 316 stainless

steel.

E.I,3 Mechanical Properties

The values of the yield strengths and ultimate tensile strengths of po-

tential structural materials as a function of temperature, are shown in

Fig. E-2. ~ ' » »9^ The 100,000 h creep rupture strengths of several struc-

tural materials, as a function of temperature, are shown in Fig. E-3. '

The mechanical strength of PCA has been assumed to be the same as 20% cold-

worked Type 316 stainless steel. The mechanical property data have been used

to determine allowable stress values.

The effect of irradiation and high helium concentrations on the fatigue

properties of 20% cold-worked Type 316 stainless steel is shown in Fig. E-4.

The fatigue lifetimes are reduced at high strain ranges, but they are not

significantly effected at low strain ranges. The crack growth rate, da/dn,

in 20% cold-worked Type 316 stainless steel has been estimated using the
(12 13)

data of James and Sadanda, ' and is given by

/346 AK \ 5
da/dn (m/cycle) = { E

 e t t ) fU'44/ (E-l)

and AKeff = Kmax [ 1 - R ] ° ' 6 <E"2>
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Table E-l. Nominal Composition of Structural Materials (weight %)

to

Alloy

PCA

316 SS

Tl-6242

INCO-718

HT-9

FS-85

TZM

Ta-5W

AHAX-MZC

W

V-20T1

B

0.001

C

0.05

0.06

0.01

0.04

0.20

0.01

0.01

0.02

0.01

0.02

N

0.01

0.007

0.008

0.01

0.01

0.01

0.05

0

0.06

0.02

0.005

0.005

0.01

0.05

Al

0.03

6.0

0.5

0.014

Si

0.5

0.46

0.01

0.18

0.4

0.03

P

0.01

0.03

0.02

0.01

S

0.005

0.01

0.02

Ti

0.3

0.04

85.84

0.9

0.5

20.0

V

0.04

0.3

79.79

Cr

14.0

16.7

0.01

19.0

11.5

0.40

Mn

1.8

1.43

0.002

0.18

0.55

Mg

0.05

Fe

64.68

64.44

0.02

18.6

0.02

0.01

0.03

0.01

Co

0.03

0;03

Ni

16.0

13.9

0.005

52.5

0.5

0.01

Cu

0.02

0.06

0.01

99.4

As

0.02

Zr

0.02

4.0

0.8

0.08

0.15

Nb

0.03

5.1

62.2

.0.10

Mo

2.0

2.84

2.0

3.0

1.0

99.4

0.04

0.008

Ta

0.01

27.0

94.8

0.003

H

0.5

10.0

5.0

99.9

0.01
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Figure E-l. Thermophysical properties of structural materials, (a) thermal
expansion, (b) thermal conductivity, (c) specific heat, and (d)
modulus of elasticity, (continued)
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Figure E-2. Tensile strength of structural materials, (a)-(b), 0.2% yield
strength, and (c)-(d), ultimate tensile strength.
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Figure E-3. 100,000 h creep-rupture strength of selected structural materials.
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Figure E-4., Fatigue life of 20% CW Type 316 stainless steel irradiated in HIFR
at 430*C and tested at irradiation temperature (200-1000 appm He
5-15 dpa).
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where E is Young's modulus, f is the frequency in cycles/min, K is the maxi-

mum stress intensity, and R is the stress ratio defined as the minimum stress/

maximum stress during the operating cycle.

E.I.4 Swelling

The available fission reactor swelling rates for HT-9 and 20% cold-worked

Type 316 stainless steel have been used to calculate the swelling. The swelling

in PCA has been assumed to be one-tenth that of 202 cold worked Type 316 stain-
(9)

less steel. The effect of the additional helium production has been taken

into account by using a simple model of gas driven swelling. For temperatures

less than 600eC, the gas driven swelling is estimated to be described by

|^ (%) - 1.3 x 10~5 (Cfle (appm))
1*5 (E-3)

for both HT-9 and PCA. ' The total swelling is then the greater of void

swelling or gas driven swelling. The effect of gas driven swelling is to pro-

duce swelling at temperatures outside the normally observed fission reactor

swelling range and to eliminate the swelling incubation period.

E.2 NEUTRON MULTIPLIERS

The thermophysical properties of potential neutron multiplier materials

are shown in Fig. E-5. ~ ^ Note that the properties of Zr5Pb3 are esti-

mated only.

E.3 LOW-Z COATINGS

E.3.1 Sputtering Model

(19 20)
Smith ' has developed a model that gives the energy-dependent physical

sputtering yields for various plasma particles incident on candidate first-wall

material. The expression for the physical sputtering yield, which is based on

both theoretical and experimental considerations, is given in terms of the

atomic and mass numbers of the incident and target atoms, the surface binding

energy of the target material and the energy of the incident particle. The

general shapes of the sputtering yield curves are based on theoretical models,

whereas the magnitudes of the yields are derived primarily from experimental
(19)

data. Characteristics of the original sputter-yield curves include: (a) a
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Figure E-5. Thermophysical properties of neutron multiplier materials, (a)
thermal expansion, (b) thermal conductivity, and (c) specific
heat, (continued)

direct energy dependence at low incident particle energy, (b) a 1/E dependence

at high incident particle energies, and (c) a peak at intermediate energies

where the yield is relatively insensitive to energy. The recent modification

incorporates a threshold energy term into the expression to give an asymp-

totic approach to zero sputtering at the threshold rather than the abrupt

cutoff originally presented. The modified sputtering yield is given by

(20)

where

>)(E) « .. Z.Z- „
2 (E-E 50

+M 2)
2

Jth
U for M. < Mo

O 1 2

(E-4)

(E-5)

M2
E_, * TT- U for M, > Moth M, o 1 2

(E-6)

i
and where U is the surface binding energy, Z , Z and M , M are the atomic

numbers and mass numbers of the incident particles and target atoms, respectively.
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Predicted sputtering yields from this model are shown in Figs. E-6 to

E-10 with available experimental data. Fairly good agreement with experiments

has been obtained for several candidate wall materials.

Although this model was developed for metal wall materials, it has been

extended to certain stable compounds. The agreement with recent data for SIC

and Bî C given in Figs. E-ll and E-12 is surprisingly good, particularly with

respect to the shape of the curve.

The angular dependence of the sputtering yield has received less attention.

Winters has presented a review of physical sputtering that summarizes the

work on the effect of the incident angle on the sputtering yield. The cosine

dependence gives a fairly good approximation of some of the data for angles

up to 70 degrees from the normal. Calculations based on Sigmund's theory give

a fairly good approximation to experimental data for argon ions to angles of
(22}

70 degrees. Data with which to compare calculated values for light ions

are rather sparse. Further work on light ions and low angles of incidence

(> 70 degrees from the normal) are needed. Although effects of surface condi-

tion have received some attention by experimentalists, limited effort has been

expended on theoretical considerations.
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E.3.2 Beryllium Vapor Pressure

Thermal vaporization can cause the loss of Be atoms from the surface of

the coating on the first wall and limiter. The flux of Be atoms leaving the

surface, <|>_ , can be related to the vapor pressure, P , by

(2nmkT)'
(E-7)

where m is the mass of the Be atom, k is Boltzman's constant, and T is the
(25)

absolute temperature. It has been implicitly assumed in Eq. (E-7) that

all vaporized atoms are either swept into the plasma or into the vacuum system

so that no re-deposition occurs. The values for the variation in vapor pressure

with temperature have been taken from Ref. 15.

The results of the calculations, shown in Fig. E-13, indicate that vapori-

zation should not be significant at surface temperatures < 1100 K. Above this

10

10" I I I I I I I

800 1000 1200
T,°K

I 1

1400

I I

1600

Figure E-13.

4 6 8 10 12 14 16 18 20 22

BERYLLIUM THICKNESS,mm

Variation of Be evaporization rate with temperature. Horizontal
lines indicate Be loss in terms of mm/yr. Lower scale shows
the thickness of Be on the leading edge of limiter required for
the surface to reach the temperature indicated.
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point, vaporization quickly becomes significant, with a vaporization rate of

1 mm/yr at 1130 K and a rate of 10 mm/yr at 1210 K. In the case of the leading

edge of the limiter, which receives a surface heat flux of 4 MW/m2, the thick-

ness of Be required to reach a surface temperature of 1000 K is 8.3 mm. Since

the Be thickness is not expected to reach this level, the loss of Be by thermal

vaporization is not expected to be significant during normal operation.

E.4 BREEDER MATERIALS

E.4.1 Diffusion Controlled Inventory

The diffusion controlled inventory model gives the tritium inventory

corresponding to the concentration gradients within individual grains. The

model is based upon the assumptions that the grains are individual spheres

^ 1 pm in diameter and that the concentration of tritium at each grain surface

is zero. Since these assumptions are not realistic, the calculated tritium

inventory is expected to be lower than the true inventory. The methodology

for the model calculations is discussed in Sec. 10.3.1.1 and 10.3.2.1.

Inventory calculations have been made for several sets of conditions,

designated cases TR1 through TR4. The temperatures used in the calculations are

based upon the results of thermal-hydraulic analysis, detailed in Sec. 10.5.

The blanket was divided into 100 equal volume sections, and the inventory for

each section was then calculated for the temperature in that section. The

maximum allowable temperature in the breeder material was 850°C in each case.

The diffusion rates used are those of hydrogen in AI2O3. The parameters

which were varied in the calculations are the relative flux (PWF), the gap

conductance between the breeder and the coolant tube (HG), and the coolant

tube diameter. A PWF of 1.0 refers to the neutron flux seen by the breeder

just behind the neutron multiplier. The values used for the gap conductance

are 1600 BTU/h ft2R (0.91 W/cm2 K) and 800 BTU/hr ft2R (0.455 W/cm2 K ) . The

values used for the coolant tube diameter are 1.0 cm and 0.635 cm.

The results of the calculations are presented in Table E-2 for the

STARFIRE reference case TR2 and in Table E-3 which summarizes all four cases.

The five columns of Table E-2 are the (1) breeder temperature of each region,

(2) amount of tritium in each region, (3) cumulative percent of tritium in-

ventory, (4) percent of tritium in each region, and (5) cumulative tritium

inventory. The calculations indicate that most of the tritium is tied up
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Table E-2. Calculated Diffusive Tritium Inventory in STARFIRE

PHF=1.00, HG=1600, TU3E I.O.=1.C0 CM 0SH=TR2 REFERENCE CASE

TOTAL DIFFUSIVE TRITIUM IHVEHTORY= 141.22 G

r/DEG C

508.44
512.07
515.71
519.35
522.98
526.62
530.25
533.89
537.53
541.16
603.54
607.17
610.81
614.45
618.03
621.72
625.35
628.99
632.63
636.26
670.24
673.37
677.51
631,15
684.78
688.42
692.05
695.69
699.33
702.96
713.24
721.87
725.51
729.15
732.78
736.42
740.05
743.69
747.33
750.96
752.84
756.47
760.11
763.75
767.33
771.02
774.65
777.64
778.29
781.27
781.93
784.91
785.56
783.55
792.18
794.74
795.82
798.37
799.45

TRITIUH/G

27.11
22.631
13.924
15.85
13.296
11.172
9.4023
7.S251
6.6902
5.6553
.3946
.34182
.25645
.2574
.22375
.19472
.16965
.14797
.12921
.11294
.033789
.029G47
.02639
.023356
.020639
.018344
.01628
.01446
.012856
.011439
.0070717
.0063203
.0056533
.0050608
.0045341
.0040654
.003648
.003276
.0029442
.002643
.002508
.0022582
.0020343
.0013349
.0015553
;0014952
.0013512
.0012442
.0012219
.0011258
.0011057
.0010193
.0010013

9.2355E-4
8.3737E-4
7.8193E-4
7.5972E-4
7.09S1E-4
6.8974E-4

cua v. T

19.197
35.223
48.623
59.846
69.262
77.173
83.831
89.443
94.181
98.185
98.465
98.707
98.917
99.1
99.258
99.396
99.515
9>.621
99.712
99.792
99.816
99.837
S9.856
99.873
99.8S7
99.9
99.912
99.922
99.931
99.939
99.944
99.949
99.953
99.936
99.959
99.962
99.965
99.967
99.969
99.971
99.973
99.975
99.975
99.977
99.973
99.93
99.93
99.931
99.9S2
99.933
99.934
99.9S5
99.935
99.9S5
99.986
99.937
99.933
99.9S3
99.939

7. T INV.

19.197
16.026
13.4
11.223
09.4154
07.9113
06.653
05.6119
04.7375
04.0053
00.27943
00.24205
00.20992
00.18227
00.15344
00.13789
00.12014
00.10478

9.1495E-2
7.9978E-2
2.3927E-2
2.1135E-2
1.86S3E-2
1.6535E-2
1.4651E-2
1.299E-2
1.152SE-2
1.024E-2
9.1035E-3
8.1005E-3
5.0076E-3
4.4755E-3
4.0032E-3
3.5337E-3
3.2107E-3
2.87SSE-3
2.5332E-3
2.319SE-3
2.0S4SE-3
1.3751E-3
1.776E-3
1.5991E-3
1.4409E-3
1.2993E-3
1.1725H-3
1.053SE-3
9.5S32E-4
8.810CE-4
8.6526S-4
7.9717E-4
7.8301E-4
7.218E-4
7.0906E-4
6.5399E-4
5.9296E-4
5.5374E-4
5.3798E-4
5.0263E-4
4.8342E-4

CUM T INV

27.11
49.741
63.665
84.514
97.81
108.98
118.38
125.3t
133
133.66
139.05
139.39
139.69
139.95
140.17
140.37
140.53
140.68
140.81
140.93
140.96
140.99
141.02
141.04
141.06
141.08
141.09
141.11
141.12
141.13
141.14
141.15
141.15
141.16
141.16
141.17
141.17
141.17
141.13
141.18
141.13
141.18
141.18
141.19
141.19
141.19
141.19
141.19
141.19
141.19
141.2
141.2
141.2
141.2
141.2
141.2
141.2
141.2
141.2

T/OEG C

802.01
803.09
805.65
305.74
806.73
309.28
809.37
810.36
811.84
812.92
813.01
813.64
815.47
816.55
816.65
817.27
819.11
820.19
820.28
S20.91
822.75
823.83
823.92
824.55
826.35
827.46
827.55
828.IS
830.02
831.1*
831.82
833.65
834.83
835.45
837.29
833.46
839.09
840.93
842.73
844.56
3<i6.36

TRITIL'H/G

6.4471E-4
6.266E-4
5.3597E-4
5.8458E-4
5.6952E-4
5.3252E-4
5.3156E-4
5.1815E-4
4.9874E-4
4.849SE-4
4.83S4E-4
4.7607E-4
4.5408E-4
4.4163E-4
4.406E-4
4.3357E-4
4.1367E-4
4.0241E-4
4.0I48E-4
3.9511E-4
3.771E-4
3.669E-4
3.6605E-4
3.602SE-4
3.4396E-4
3.3472E-4
3.-539SE-4
3.2373E-4
3.1393E-4
3.04S6E-4
3.0012E-4
2.S67E-4
2.7846E-4
2.7416E-4
2.61SSE-4
2.545E-4
2.505E-4
2.3953E-4
2.2919E-4
2.1914E-4
2.0974E-4

CUM XT H IHV.

99.989
99.939
99.99
99.99
99.991
99.991
99.991
99.992
99.992 .
99.993
99.993 .
99.993 .
99.994
99.994 .
99.994 .
99.994 .
99.995 I
99.995 i

«.5554E-4
1.4371E-4
t.1494E-4
«.13?5E-4
«.033<E-4
J.7737E-4
S.764SE-4
5.6691E-4
5.5317E-4
5.4343E-4
5.4262E-4
5.3712E-4
5.2154E-4
S.1273E-4
5.12E-4
5.0702E-4
>.9293E-4
2.8496E-4

99.995 2.S43E-4
99.996 !'.7979E-4
99.996 2.6703E-4
99.995 2.5931E-4
99.996 2.5921E-4
99.997 2.5513E-4
99.997 2.4357E-4
99.997 2.3702E-4
99.997 2.3548E-4
99.998 !
99.998 !

'.3276E-4
'.223E-4

99.998 2.15SSE-4
99.993 i>.1252E-4
99.998 2.0302E-4
99.999
99.999
99.999
99.999
99.999
100.
100.
100.
100.

•9719E-4
.9414E-4
.S551E-4
.8022E-4
.7745E-4
.6962E-4
.623E-4
.551SE-4
.4S52E-4

CUM T IHV

141.2
141.2
141.2
141.2
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.2J
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.21
141.22
141.22
141.22
141.22
141.22
141.22
141.22
141.22
141.22
141.22
141.22
141.22
141.22
141.22
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Table E-3. Diffusion Controlled Tritium Inventories

Lowest Blanket
HG Tube Diameter Total Tritium Temperature

Case PWF (W/cm2 K) (cm) (g)

TR1

TR2

TR3

TR4

1.00

1.00

0.50

1.00

0.91

0.91

0.91

0.455

0.635

1.00

1.00

1.00

68.0

141.2

85.8

48.4

524

508

519

531

in the coldest regions of the blanket. For the STARFIRE reference case, 19%

of the tritium is in the coldest 1% of the blanket and 98% of the tritium is

in the coldest 10% of the blanket. Table E-3 shows that the total tritium

inventory is related to the lowest temperature in the blanket, with the highest

tritium inventory occurring in the blanket which operates at the lowest

temperature.

E.4.2 Percolation of Tritium Through Interconnected Porosity

Tritium, released from the breeder as T20(g), must pass through pores

between breeder particles in order to get to the helium purge channels in

the blanket. This section describes the details of the model which was used

to evaluate the transport of tritium in the breeder. The model is based upon

the POROUS code, which was originally developed to model gas release in

oxide fission fuels. The model specifically has been used to evaluate the

transport of T20(g) in Li20, but the results of the calculations should be

applicable to other solid breeder materials. A summary of the model along

with additional results are given in Sec. 10.3.1.4.

The P0R0US5 code has been used to study the transport of T2O in He gas

within the interconnected porosity of a Li20 blanket. There are considerable

uncertainties in the value of the effective diffusion coefficient (K) for

T20 diffusing through helium and the blanket permeability ( K ) . These parameters

along with the tritium release rate from Li20 grains to the interconnected

porosity, and the blanket porosity (e) have been varied over a large range in

this study in order to evaluate their affect on the mobility of T2O.
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P0R0US5 has been constructed to calculate transient pressurization and

transport of a two-component gas within interconnected porosity. It has been

applied extensively to calculate the behavior of mixed-oxide fuel during a

transient overpower accident of a fission reactor. Its mathematical formalism,

however, can be readily adapted for investigation of the percolation of T2O

gas, generated in a breeding blanket of a fusion reactor, through an inter-

connected porosity containing helium to the helium purge channel. The mathe-

matical derivation assumes the validity of Darcy's law and leads to two coupled
(26 27}

parabolic differential equations. ' The change in density, pA, of diffusing

material, T20, is described by

3pA i PAK 1
= V . [ ( ) v p ] + i v . £ — £ v C^r>l+Q s CM)

where Q gives the volume rate of release of tritium from Li20 grains. The
s

change of total pressure, p, of gas in the interconnected porosity is given by

= + o RTf ^
3t T 3 t W, 4 s u VW_ W / 3tb B A

(E-9)

The solution of these coupled equations requires specification of initial condi-

tions as well as two boundary conditions. POROUS5 solves these equations in a

cylindrical geometry permitting specification of several boundary conditions

as may be appropriate for a fuel pin during a transient overpower event in

a fission reactor.

In the present case, the boundary conditions are very simple. The element

of the breeding blanket has been represented by a hollow cylinder with the

central hole carrying the purging stream of He at p = 0.1 MPa pressure and

satisfying the reflective boundary conditions 3p/3r = 0 at the outer surface

of the cylinder with no mass flow across it. (Vanishing flow of fission gas

at the outer boundary and vanishing partial pressure at the inner boundary

are tacitly assumed in the appropriate standard option of the code). In the

present investigation, it has been assumed that the tritium source, S, is

constant in* space and time. The specification of temperatures is based on
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the assumption that heat is generated uniformly in the hollow cylinder and

discharged through the outer surface in order to represent heat removal by

a water coolant in the STARFIRE blanket. In the present study, the inner

radius of the cylinder is r. • 0.15 cm; the outer radius is r * 0.75 cm.

The outer temperature is T * 500°C, and the three inner temperatures that

have been used are: 650, 750 and 850°C.

When constructing the POROUS5 code for percolation of a two-component

gas mixture, Hofmann carefully examined the empirical and theoretical

foundations of several auxiliary models and equations required by the code.

In particular, he found that the empirical determination of permeability, K,

was quite inaccurate. Also, the theories underlying the diffusion of a two

component gas in the interconnected porosity were found to require knowledge

of statistical variation of hydraulic distribution, tortuosity, and shape

factor of pore spaces so that the magnitude of the effective diffusivity factor

K was found quite uncertain.

In the present study, we have chosen K = l«E-3 for the base case. For

this case, we have also chosen the permeability K = l.E-13 cm2, as was employed

by Hoffman for the unrestructured mixed-oxide fuel. It has been assumed that

the porosity is e • 0.09 in the base case and the T2O release rate from the

grains is constant and equal to the release rate after the equilibrium situation

has been reached. All tritium bred in the grains of L^O is being converted

to T20 before release. The tritium breeding rate taken for the base case

was an intermediate value: l.E-8 kg/m3/s given in Table V-XI of Ref. 28. As

the molecular weight of T20 is 22.03, this caused S - 4.E-10 g/cm
3/s of T20

to be released into the interconnected porosity (cm3 refers to the volume of

the porosity). K, K, S and e have been varied over a wide range and it has

been established that equilibrium results are simply related to the values

of the four parameters (S, e, K and K) used.

The concentration of TjO, the T2O partial pressure, and the elevation of

total pressure at equilibrium obtained in the computation of the base case

(S = 4.E-10, e - 0.09, K « l.E-3, and K - l.E-13) are displayed in Table E-4.

It is seen that a lower temperature gradient leads to a lower rise of total

pressure, but to a higher accumulation of T2O gas in the interconnected

porosity. The total accumulation of T20 gas in the interconnected porosity

has amounted to 0.4256, 0.3973 and 0.3454 wt. % for central temperatures 650,
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Table E-4. Average Equilibrium Concentration, c (wt. %) and Peak Partial
Pressure, p (Pa) of T2O and the Elevation of Total Pressure p
(Pa) for Three Values of Central Temperatures, T (°C). Calcu-
lations done for STARFIRE Base Case

Ti

650

750

850

c

0.4256

0.3973

0.3454

P
P

92.4

85.8

80.1

T
P

84.9

99.3

114.2

750 and 850°C, respectively. The times needed to generate this amount of gas

are respectively, t - 609, 540 and 481 seconds. The partial pressures of T2O
p

reached at the outer boundary, P » 92.4, 85.8, and 80.1 Pa, respectively, are

fairly small compared to the total pressure of He (105 Pa), but fairly large

compared to partial pressure at which T20 can be economically recovered from

the He stream (0.13 Pa). The release of T20 into the interconnected porosity

is accompanied by an increase of total pressure at outer boundary to p *

84.9, 99.3, and 114.2 Pa, respectively.

The findings of this parametric study can be .summarized by saying that

at equilibrium, if the concentration of T20 is small, its partial pressure

is essentially

p p <r s • e"1 • K"1 • K ° , (E-10)

where S is the rate of tritium release per millileter of the interconnected
P

porosity E. p is essentially independent of the permeability K for

l.E-13 5 K > l.E-17. The rise of total pressure, however, is essentially

p « S • e • K° • K"1 (E-ll)

Thus the rise in total pressure is inversely proportional to the permeability

K, and for small values of permeability the amount of T20 present at a given

time in the interconnected porosity may be the same as that for a large value

of permeability. A possible explanation for this is that for small values of
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permeability the T20 is moved out into the purging He stream faster due to

the larger total pressure gradient. Thus, in order for the T20 to escape,

it must diffuse through the He gas producing a strong dependence on K and

weak dependence on K. The two main conclusions of this study are:

1. The amount of T20 in the interconnected porosity is practically

independent of permeability and is inversely proportional to the

diffusion coefficient K.

2. For e » 0.09 and K - l.E-3 the average residence time of T20 in

the interconnected porosity time is approximately 10 minutes. For

values of K smaller by two orders of magnitude the amount of tritium

present in the interconnected porosity is still much smaller than the

tritium inventory produced in Li20 grains during several months of

operation.

The present calculation of T20 diffusion through helium in the inter-

connected porosity has employed the same mechanism used for xenon diffusion

through helium by the POROUS5 code. Knudsen diffusion has been suppressed,

and ordinary diffusion has been used. The diffusion in the transition region

probably should be used in the present case. This change is likely to increase

diffusion and to correspond to a higher value of the effective diffusivity factor,

K, than that postulated for the base case.

In the present calculations we have neglected the generation of He in

the grains of Li20, its release into the intergranular porosity and eventual

release into the purging He stream. For future calculations, the mathematical

formulation will be modified to include this phenomenon. When this is done,

the simple approximate relations (E-10) and (E-ll) obtained from the present

calculations will be modified accordingly.

In the present computation, the viscosity of a binary mixture of helium

and xenon has been used. Actually, viscosity appropriate for T20 at various

temperatures should be substituted for the viscosity of xenon. As the weight

fraction of T20 in helium is small, this substitution would produce only a

minor change in the viscosity of the binary mixture.

However, it seems fairly certain that the rate of release of T20 into

the purging helium stream will be governed mostly by the rate of release of
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tritium from the grains of Li20. Fortunately, a suitable mathematical repre-

sentation for intragranular and intergranular gas behavior has already been
(29)

developed. The mathematical formulation has been optimized and compacted

to produce an efficient computer code GRASS-SST. This code has been shown to

produce valid results during steady state and off-normal events. Thus,

adaptation of this code for calculation of tritium release from Li2O grains

can also be expected to yield reliable results in the future.

E.4.3 Thermochemical Data

The thermochemical data used to predict the tritium inventories that

result from thermodynamic solubility are presented in Tables E-5 through E-9.

The tritium inventories were calculated as follows: (1) JANAF thermochemical

data were used, (2) isotope effects were not considered, (3) tritium was assumed

to be in the form of LiOT in solid solution in the breeder, and (4) the

activity coefficients of all species were assumed to be unity. Assumptions

3 and 4 combined may be considered as Raolt's Law.

For a specific example, consider Li20:

2 LiOT(c) 2 Li2O(c) + T20(g) (E-12)

a(Li20).a(T20) p(T,O)
k — 5 p(T20) k -X2 (E-13)
p a2(LiOT) X2 P

The data and calculations for Li20 are shown in Table E-5. The top half of

the table presents the values of the free energy, AG (calories/mole), as a

function of temperature for LiOH(c), Li2O(c), H20(g), and for the reaction

shown in Eq. E-12). The bottom half of Table E-5 presents the calculations,

as a function of temperature, for logiQ k_ (AG « -RT An kp), the tritium

pressure for a tritium concentration in the breeder of 1.0 wppm, and the con-

centration of tritium in the breeder (wppm) required for a T20 overpressure

of 10"2 torr (1.3 Pa).

Tables E-6 through E-9 show the corresponding data for LiA102, Li2Ti03,

Li2Si03, and LigZrOg, respectively. Note, because AG values are not reported

for Li2Zr03, the enthalpy and entropy data are also presented and were used

to calculate the AG values.
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Table E-5. Thermochemical Data For:
Li2O + H20

2 LiOH

T
*****
298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

T
K

*****
298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

DGLIOHC
*******
-104920
-104S53
-101161
-97400
-93570
-89772
-86015
-82303
-78640
-75030
-71475
-67977
-64535
-61152
-57800
-54500

LOG KP

DGLI2O DGH20G
******* ******
-134348 -54636
-134294 -54617
-131328 -53519
-128175 -52361
-124824 -51156
-121468 -49915
-118120 -485«6
-114789 -47352
-111430 -46040
-108198 -44712
-104946 -43371
-101726 -42022
-9S536 -40663
-95382 -39297
-92658 -37927
-86514 -36549

P/TORR FOR
T=1 HPPM

********** ***********
-15.297
-15.15
-9.5487
-6.2353
-4.0654
-2.5432
-1.4382

3.837E-23
5.3754E-23
2.14S5E-17
4.4209E-14
6.5331E-12
2.1509E-10
2.771E-9

-.59863 1.9151E-8
.052456 8.5757E-8
.56629 2.7996E-7
.97755 7.217E-7
1.3104
1.5813
1.8032
2.047
1.8081

1.5531E-6
2.8984E-6
4.8306E-6
8.4691E-6
4.8852E-6

DGRO
******
20856
20795
17475
14264
11160
8161
5264
2465
-240

-2850
-5367
-7794

-10129
-12375
-14985
-14063

REQD. KPPM FOR
P=1 E-02 TORR

*****************
1
1

21574288
475':";
W.ir
6818
1899
722
341
188
117
80
58
45
34
45

.6144E10

.3639E10

.5

.7

.62

.48

.99

.71

.241

.739

.499

.362

.244

Table E-6. Therraochemical Data For:
A12O3 % 2 LiA102 + H20

2 LiOH +

T
*****
298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

T
K

*****
298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

DGLICHC
*******
-104920
-104353
-101161
-97400
-93570
-89772
-SS015
-82303
-7S640
-75030
-71475
-67977
-64535
-61152
-57800
-54500

LOS KP

DGAL2O3 DGLIALO2
******* ********
-378078 -269429
-377940 -269337
-370413 -264312
-352S91 -2591?9
-3553S9 -254003
-347920 -24SS19
-340481 -243650
-333066 -23S493
-325301 -233166
-317396 -227774
-309522 -222404
-301680 -217057
-293S68 -211733
-2S60S6 -205432
-278334 -201155
-270612 -194575

P/TORR FOR
T=1 KPPM

0GH20G DGRLIALO
****** ********
-54636 -5576
-54617 -5645
-53519 -9403
-52361 -1300S
-51156 -16633
-49915 -20PS9
-4S646 -23435
-47352 -26656
-46040 -29791
-44712 -32S04
-43371 -35707
-42022 -33502
-40663 -41191
-39297 -43771
-37927 -46303
-36549 -46087

REQD. HPPM FOR
P=1 E-02 TORR

••*******• ****««**««* *****************
4.0S97
4.1127
5.133
5.7125
6.0591
6.2726
6.4027
6.4759
6.5114
6.5181
6.5037
6,4733
6.4307
6.378
6.2252
5.9254

4.9747E-8
5.2453E-8
5.5595E-7
2.0371E-6
4.6357E-6
7.5795E-6
1.0226E-5
1.2105E-5
1.3134E-5
1.334E-5
1.2904E-5
1.2033E-5
1.0909E-5
9.6607E-6
8.556E-6
3.4074E-6

58.579
57.554
26.201
16.859
12.921
10.968
9.9256
9.383
9.1313
9.0842
9.1853
9.4018
9.7141
10.116
10.534
14.317



Table E-7. Thermochemical Data For:
SiO2 £ Li2Si03 + H20

2 LiOH + Table E-8. Thermochemical Data For:
TiO2 X Li2Ti03 + H20

2 LiOH +

7

T
*****

298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

T
K

*****
298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

OGLIOHC
*******
-104920
-104853
-101161
-97400
-93570
-89772
-86015
-82303
-73640
-75030
-71475
-67977
-64535
-61152
-57800
-54500

LOS KP

DGSIO2
*******
-204032
-203956
-199743
-195492
-191252
-187033
-182842
-178672
-174526
-170402
-166296
-162207
-158134
-154074
-150027
-145885

DGLI2SIO
********
-372538
-372424
-365117
-357635
-349972
-342321
-334697
-327099
-319535
-312015
-304534
-297092
-289690
-282331
-275012
-264974

DGH2OG
******
-54636
-54617
-53519
-52361
-51156
-49915
-4C646
-47352
-46040
-44712
-43371
-42022
-40663
-39297
-37927
-36549

DGRSI

-13322
-13379
-16571
-19704
-22736
-25659
-28471
-31173
-33772
-36265
-38659
-40953
-43149
-45250
-47312
-46638

9.771
9.7475
9.0547
8.6133
8.2823
8.0118
7.7786
7.5705
7.3815
7.2058
7.0413
6.8854
6.7364
6.5935
6.4631
5.9962

P/TORR FOR
T=1 HPPH
***********
.060557
.057371
.011638
.0042118
.0019652
.0010542

6.1618E-4
3.816E-4
2.4696E-4
1.6479E-4
1.1285E-4
7.8803E-5
5.592E-5
4.0236E-5
2.9799E-5
1.0171E-5

REQD. HPPH FOR
P=1 E-02 TORR

*****************
.54863
.5586
.9507

1.3341
1.72
2.1169
2.5318
2.9703
3.4339
3.9297
4.4583
5.0252
5.6339
6.2873
6.9492
9.9436

T
*****
298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

T
K

*****
298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

DGLIOKC
*******
-104920
-104853
-101161
-97400
-93570
-89772
-86015
-82303
-78640
-75030
-71475
-67977
-64535
-61152
-57800
-54500

LC3 KP

DSTIO2 DGLI2TIO
******* ********
-212593 -377591
-212511 -377456
-203C89 -370156
-203S92 -362703
-199325 -355085
-194983 -347493
-190665 -339930
-186364 -332396
-182030 -324S93
-177810 -317422
-173515 -309944
-169191 -302446
-164390 -294976
-160o06 -287559
-156338 -2S0337
-152091 -270513

P/TORR FOR
T=1 KPPM

DGH20Q DGRTI
****** «**««*
-54636 -9794
-54617 -9S56
-53519 -13264
-52361 -16572
-51156 -19776
-49915 -22831
-4S646 -25321
-47352 -23778
-46040 -31573
-44712 -34264
-43371 -3GS50
-42022 -39323
-40663 -41679
-39297 -43946
-37927 -46326
-36549 -45971

REQD. HPPH FOR
P=1 E-02 TCKR

********** *********** ****X**KX******X*
7.1834
7.1807
7.2477
7.2442
7.204
7.1444
7.0709
6.9SS8
6.9CC8
6.8032
6.7119
6.6113
6.5069
6.4035
6.3284
5.9105

2.842E-4
2.8243E-4
3.2956E-4
3.2692E-4
2.9301E-4
2.5977E-4
2.1937E-4
1.8158E-4
1.4S2SE-4
1.1979E-4
9.5959E-5
7.6133E-5
5.9S62E-5
4.7172E-5
3.9682E-5
1.516E-5

3.2768
3.2337
3.119
3.1274
3.2255
3.3765
3.5723
3.3046
4.0705
4.3705
4.7C59
5.CS33
5.5074
5.9626
6.3164
8.705



Table E-9. Thermochemical Data For:
THERMO OATA FROM A.NEUBERT, 0 . GUGGI J .

2 LiOH + ZrO2 Z L i 2 Z r O 3 + H 2 0

CHEM. THERMODYN. 10,297 (1978)

7
M
O

T
MHfiflt

298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

T
*****
298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

T
*****
298
300
400
500
600
700
800
900
1000
1100

HLI2ZRO3

0
52.7

2924.8
6100.4
9467
12977
16606
20340
24171
28095
32108
36208
40393
44662
49013
53446

SLI2ZRO3
********
21.9
22.077
30.312
37.389
43.523
48.931
53.775
55.172
62.208
65.947
69.435
72.719
75.802
78.747
81.555
84.242

DHLI2ZR0

-419600
-419600
-419659
-421067
-420937
-420700
-420385
-420016
-419594
-419122

HZR
fcj fcj fcj m j ^J »J fcj

HLI HO DHLI2ZR0

0 0 -419600 -419600
11
634
1285
1563
2669
3402
4164
4953
5770
7466
8160
8865
9531
10309
11047

SLI
*******
6.954
6.99
8.774
11.915
13.216
14.294
15.218
16.032
16.759
17.415
18.013
18.562
19.07
19.541
19.981
41.79

DSLI2ZRO

-74.828
-74.825
-75.015
••78.117
-77.834
-77.518
-77.097
-76.663
-76.221
-75.77

11
632
2050
2763
3463
4155
4846
5536
6224
6912
7593
8283
8966
9647
45374

SZR

-419600
-419659
-421067
-420937
-420700
-4203S5
-420016
-419594
-419122
-419453
-418704
-417890
-417010
-416C64
-435146

SO2 DSLI2ZR0
******* ******* ********
9.314
9.352
11.143
12.593
13.828
14.916
15.895
16.791
17.623
18.401
19.838
20.444
20.966
21.461
21.93
22.378

0GLI2ZRO
********
-397301
-397152
-339653
-332009
-374207
-366437
-353707
-351019
-343373
-335774

49
49
51
52
54
55
56
57
58
53
59
60
61
61
62
62

.004 -74.828

.047 -74.825

.091 -75.015

.722 -78.117

.093 -77.834

.297 -77.518

.361 -77.097

.32 -76.663

.192 -76.221

.991 -75.77

.729 -76.069

.415 -75.471

.055 -74.836

.656 -74.28

.222 -73.67

.757 -115.85

DKU2ZF.0 0SLI2ZRO DGLI2ZRO
**•*# ********
1200 -419453
1300 -41S704
1400 -417890
1500 -417010
1600 -416064

-76.069
-75.471
-74.836
-74.28
-73.67

-32S170
-320592
-313049
-305590
-298192

1700 -4S5146 -115.85 -2SS199

T
*****

293
300
400
500
6C3
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
T
K

298
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

DGLIOHC
*******
-104920
-104253
-101161
-97400
-93570
-89772
-86015
-32303
-7C640
-75030
-71475
-67977
-64535
-61152
-57800
-54500
LOS KP

0GZRO2 DGLI2ZR0
******* ********
-248502 -397301
-213416 -397152
-243S02 -330653
-23932! -332009
-23<i678 -374207
-230163 -366437
-225687 -353707
-221231 -351019
-216793 -3'f3373
-212390 -335774
-207950 -323170
-203496 -320592
-199059 -3)3049
-194661 -305590
-190347 -298192
-136040 -2CS199

P/TORR FCR
T=1 KPFH

0GH203 DGRLI2ZR
****** ********

6404.7
6352.9
2952
-34S.6
-3544.6
-6640

-54636
-54617
-53519
-52361
-51156
-49915
-48646
-47352 -12534
-46040 -15335
-44712
-43371

-9636

-1S036
-20641

-42022 -23164
-40663 -25533
-39297 -27922
-37927 -30172
-36549 -29708

REG3. KPPH FOR
P=1 E-02 TCKR

***** ********** *********** *****************
-4.6976
-4.6284
-1.613

.15239
1.2912
2.0733
2.6327
3.044
3.3518
3.5335
3.7595
3.8945
3.9941
4.0686
4.1217
3.8195

1.0114E-15
1.1S59E-15
1.22S7E-12
7.1595E-11
9.8565E-10
5.9674E-9
2.1634E-8
5.5781E-8
1.1333E-7
1.9333E-7
2.8972E-7
3.9533E-7
4.9725E-7
5.9029E-7
6.6712E-7
3.3268E-7

21463
20354
2011.5
518.85
216.48
118.78
77.319
55.386
44.52
37.259
32.559
29.355
27.194
25.633
24.656
31.093



E.4.4 Preparation and Fabrication

E.4.4.1 Lithium Aluminate Powder Preparation

LiA102 has been historically prepared by a variety of methods. Most
/ori o/i%

generally, physical mixtures of Li2C0a and AI2O3 " o r lithium oxides
(37-41)

and aluminav ' are calcined at 370 to > 1000°C to form LiA102. Precipi-

tation from aqueous solution has also been achieved by the reaction of LiAl2(OH)7

and NaOH(42) and by reaction of Li + and Al + 3 salt solutions with NH3.
(43^

Most recently, a renewed interest in LiA102 synthesis has been generated by

the need for fine-grained material for electrolyte structures for molten

carbonate fuel cells. This work has spawned at least two new synthesis tech-
(44)

aiques: one employing Al(OH)3 and LiOH as starting materials for a calci-

nation procedure, and one reacting AI2O3 with LiOH also in a calcination

operation.

Two reference processes are currently being employed for LiAlC>2 production

for DOE-sponsored molten carbonate fuel cell research, both of which would be

applicable to fusion reactor blanket development. The first process yields

an a-phase (hexagonal) powder which is currently the reference LiA102 phase

for STARFIRE. The second process yields a g-phase (monoclinic) powder and

is expected to have less applicability to STARFIRE.
The process for making a-powder is described in detail by Singh and
(45)

Dusek. In this process, L1A102 is produced by the reaction

> 873 If
Li2CO3 + A12O3(Y) — • 2LiA102(cO + C02 (E-14)

Their best results were obtained when a stoichiometric mixture Li2CO3 and AI2O3

were combined by first dispersing Li2CO3 in methanol, slowly mixing in y-phase

alumina, wet ball milling the slurry, centrifuging the slurry, drying the

resultant cake, crushing and sieving the dried product, and finally, reacting

the powder at 923 K for 95.5 h. Any excess unreacted Li2C03 in the final

product can be removed by washing with a mixture of acetic acid and acetic

anhydride (50:50).

The process for making B-powder is still under development at Argonne

National Laboratory^ ' but initial work is described in Ref. 44. In this

method, LiA102 is produced by the reaction

72*i K

2LiOH + A 1 2 O 3 ( Y ) - • 2LiA102(B) + H20 .
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Currently, the most successful means for producing the Li0H-Al203 mixture is

to spray dry a slurry of Y-AI2O3 and dissolved LiOH in a water vehicle and then

calcine the LiOH-coated AI2O3 powder.

For further detail and a more extensive review of LiA102 powder prepara-

tion, see Ref. 47.

E.4.4.2 Lithium Aluminate Allotropic Transformation

Both a- and 3-phases of LiAlC>2 are unstable at elevated temperature and

will transform to the y-phase (tetragonal). The temperatures at which these

transformations occur have been measured at Argonne National Laboratory

by differential thermal analysis (DTA). It was found that the a -»• y trans-

formation occurs at 1193 K whereas the 3 •*• Y transformation occurs at 1148 K.

It appears that a and 3 are stable at lower temperatures and that the trans-

formation to y will not proceed even with slow kinetic rate. Hold times of

97 h for 3 and 72 h for a at 1063 K showed no transformation to y.

The transformation is found to proceed at much lower temperatures if

Li2CO3 is present in either a- or 3-LiA102. Presumably the Li2CO3 serves

as either a catalyst or a liquid phase transport medium for a solution-repre-

cipitation mechanism.

Similarly, the presence of LiOH in a- or 3-LiAlC»2 promotes the y trans-

formation. It is found that when ^ 5% LiOH is present, the a-y trans-

formation will proceed at 690°C and the 3~Y transformation will proceed at

72O°C. This could pose quite a serious problem in a tritium breeding blanket

if LiOT is present and operating temperatures in an a-phase blanket exceed

the a-y transformation temperature. Certainly more information is required

regarding the mechanism of the LiOH effect on a-y transformations to ascertain

whether lower LiOH (or LiOT) concentrations will pose significant problems.

Once the y—phase is present, no conditions have yet been found under

which the transformation to y reverses. No thermal conditions below the

transformation temperature have yet promoted reversion back to a- or 3-L1A1O2.

This lack of reversible transformation, which is contrary to general observa-

tions of phase transformations in other materials, may be due to extremely

slow kinetics, and long-term predictions of y stability may be unreliable.
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E.4.4.3 Lithium Aluminate Fabrication

Most of the LiAlC>2 fabrication development has been done on cold-pressed

and sintered powder. A description of this sintering work is presented in

Ref. 45. Generally the LiAlC>2 powders were cold pressed without any binders

or lubricants at pressures ranging from 2 to 52 MPa. Specimens were sintered

at temperatures ranging from 1175 to 1475 K for times of 0.5 to 4 h. The

resultant products were always transformed to y-phase and contained porosities

ranging from 56 to 75% (high porosity was a desired result in the effort

cited).

It would appear that any desired porosity from as low as 10% to as high

as 70% would not be difficult to achieve in a sintered product. However, in

the simple sintering approach, the required sintering temperatures exceed

the a-y transformation temperature. Hence, by conventional techniques,

a-LiA102 is not sinterable. However, the use of pressure-assisted sintering

or some sintering aids might allow sintering to take place below the trans-

formation temperature.

(49)
Recent work by Arons and Dusek has shown that LiAlO2 can also be

fabricated with a bimodal pore distribution; i.e., one can fabricate a body

with fine grain size and fine porosity within agglomerates which are fairly

coarse and have a much coarser porosity between the agglomerates. This is

accomplished by adding binders to the fine powders to promote agglomeration,

crushing and sizing these agglomerates, and then cold pressing and sintering

the material. The agglomerates tend to sinter as if they were coarse particles

with large porosity between them while simultaneously the fine grains making

up each agglomerate sinter together, leaving a fine pore network within the

agglomerates.

E.4.4.4 Lithium Oxide Preparation and Fabrication

Lithium oxide (Li20) is an inevitable product of calcination of Li2C03

or LiOH above their decomposition temperatures in air, vacuum, or inert atmos-

pheres. Almost all decomposition of Li2CO3 or LiOH takes place at or below

700°C, but heat treatment above 700°C is recommended for obtaining clean

Li20. Generally a sintering operation at i> 1200°C follows powder preparation

and residual CO2 and H2O contamination should be removed during this step.
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Very few descriptions of Li20 fabrication exist in the open litera-

ture ~ and all the work described is fairly superficial preliminary

studies on very small volumes of material. Takahashi and Kikuchi describe

a study of the fabrication of dense (72-93% theoretical density) Li20 pellets

and the effects of compacting pressure, sintering temperature, atmosphere,

and milling time upon final sintered density. Pressing load varied from

1 to 5 T/cm2, temperatures ranged from 900 to 1200°C for 1 to 4 h in either

vacuum or argon.

Anno and Thornton, et al. ' have worked not on sintered pellets

but on porous microspheres which are intended as a dust which travels with

a coolant gas. Both studies were extremely preliminary and neither was

carried very far. Anno attempted to produce 100 pm spheres with 1 to 4 pm

interpore spacing. The approach used was a liquid spray molten LiOH to pro-

duce small spheres. No other processing details are given, presumably for
(52 53)

protection of proprietary material. Thornton et al. ' have attempted to

spheroidize granulated LigO or Li202 by passing them through a hot plasma

torch.

E.4.4.5 Alternate Breeder Fabrication Processes

Alternate tritium breeder fabrication techniques such as tape casting,

hot isostatic pressing and slip impregnating may provide superior breeder

packages than with other methods. All three methods are designed to produce

solid compacts of the desired density and facilitate the manual insertion of

the breeder material.

Tape casting involves the blending of breeding material, organic binders,

and plasticizers to produce a slip of controllable viscosity. The slip is then

dried as thin pliable sheets which can be shaped, pressured and firmed to

produce intricate, honeycomb shapes in any configuration. Corning has exten-

sively utilized this process to produce stable, thin-walled, open cell filters

and heat exchangers from a glass ceramic material. Large openings for the

coolant tubes and smaller channels for the helium purge gas could be readily

accomplished thus creating a solid structure that could be easily slipped

into the breeder container.
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Hot isostatic pressing is an enhancement of the dry pressing/sintering

operation. It involves the use of pressure to lower the required sintering

temperature needed for physical integrity. The shapes are dimensionally

stable with controlled microstructure which could eliminate some of the

machining and fitting operations required with the dry pressing/sintering

technique.

Slip impregnation is a variation of slip casting, this method involves the

formation of a slip or wet slurry and then its impregnation of a woven or foamed

grid structure composed of organic fibers. After drying, the body is care-

fully fired to remove the fibers leaving a porous ceramic with controlled

interconnected porosity. The structures can be so shaped as to form sleeve

arrangements to accommodate the coolant tubes.

E.5 WATER COOLANT CORROSION

The corrosion product transport model (Sec. 21.7.3) requires material

data for the following parameters:

R - corrosion rate

Rj, - release rate

k - soluble ion deposition rate
s

k - crud deposition rate

r. - in-blanket release rate

r - out-blanket release rate
o

C - solubility limits for Fe, Ci, Ni, Mn, and Co species.

T - residence time

E.5.1 Rate Constants

There have been several reports of PWR experience with steady-state

corrosion and material release rates for the materials of interest as shown

in Table E-10. The assumed values are probably good to within a factor of

2, and represent values closer to laboratory experiments (see Sec. 21.7).

The required deposition rate constants are averages over the entire sys-
(54)

tem. Taylor reports that LiOH controlled systems have exhibited fairly

uniform deposition throughout the circuit with deposition being higher on the

cooler surfaces. The opposite is true of NHt̂ OH systems. For high flow rate
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Table E-10. Steady State Corrosion and Release Rates

/ a , Dillon &. . Assumed for

Material Taylor Johnson(55) Sawochka^ •" Present Study

Corrosion Rates (mg/dm2-mo)

316 SS 2.5-5.0 1.0-1.5 2 3

Inconel 2.5 1.5-4.0 5 3
Stellite 5-25 5-25 - 5

Release Rates (mg/dm2-mo)

316 SS 0.6-1.5 0.2-1.0 - 1

Inconel 1.0-1.5 0.5-2.0 - 1

Stellite 5-25 5 - 5

*
Laboratory data.

systems, the deposition is independent of the flow rate. ~ ' Balakrizhvan

and Allison report a crud deposition rate of 4.5 x 10"3 kg/m2-s. A value

of 5 x 10"3 kg/m2-s is adopted here. They also report a range of 1-2 x 10~2

kg/m2-s for deposition of solubles (Burrill ' uses 1 x 10~2 kg/m2-s).

Scaling to the present higher corrosion rates gives a reference value of

kg = 2 x 10"
2 kg/m2-s.

The release rates and residence times for in-core surfaces are reported

to be
Reference 60 Reference 61

r (1/s) 1-1.8 x 10"6 1.9-2.3 x 10"6

T (day) 6-11 5-6

A value of r = 1.8 x 10~6/s is adopted here. Such values are determined from

specific activity considerations. Typical values of the same release parameters

for out of core surfaces are 8 x 10"8/s^60^ and 2.3-2.7 x 10" 7/s/ 6 2^ the latter

being for the entire system. The present reference value is r = 10~7/s
o

(116 days out of core residence time). Note, if particles deposit/release

more than once in a given pass through the circuit, then the value of r will

increase (and calculated deposit thickness decreases). Hence, the present

values are considered to be conservative.
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(59)
Based on solubility measurements in plants with water chemistry

similar to STARFIRE conditions, the following values are adopted:

C p e 3.8 ppb

CN. 0.7 ppb

C C r <0.1 ppb

CMN °'3 ppb
C C o <0.1 ppb

Balakrizhvan and Allison found that the Co/Fe ratio was equal for soluble

and insoluble species, and suggest that Co simply follows Fe in species trans-

port. The above value for C (as Fe30it) are in good agreement with minimum

measured values of ^ 3 ppb. * *
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F.I. INTRODUCTION

The calculation of tritium dose levels for STARFIRE was performed using

the equations and methodology used in the TSTA Preliminary Safety Analysis

Report and assuming a maximum release of 10 g. The basis for this assumed

value is given in Chap. 14. The tritium handling design goals for STARFIRE

are tabulated in Table F-l. The assumptions are that any tritium leaking

into the reactor building will be in oxide form and that any accidental and

most routine tritium leakage from the plant will be directed up the stack.

Calculation of the whole body dose for a standard man is done as fol-

lows. The critical organ is taken to be the body water (43 kg mass). The

biological half-life is taken as 10 days (8.64 x 105 s). The dose commit-

ment in rads, D, in terms of the total quantity of tritium, q (Curies) in the

Table F-l. STARFIRE Design Goals for Tritium Handling

3
o Normal T background concentration in both the reactor building and

tritium facility:

<. 5 x 10~6 Ci/m3

3
o Total loss of T into the reactor building during maintenance:

^ 0.1 g/yr (or 103 Ci/yr)

o Normal loss from the plant:

_< 0.5 g/yr

3
o Normal influx of T through the first wall to the coolant:

< 10 Ci/day

o Maximum off-normal loss from the buildings:

_< 0.2 g/yr

o Maximum accident release:

^ 10 g

o Leakage across the steam generator:

-v 10 Ci/day (or 10 liters/day @ 1 Ci/JL)
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body water, (assuming no further intake) is D » 96 q. Using a value of
(2)

Q - 1.0 for the quality factor for tritium as recommended by the NCRP

and used in the TSTA PSAR the dose equivalent in rem, DE, is DE - 96 q.

The quality factor (which is sometimes referred to as the relative

biological effectiveness) is a measure of how various types of radiation

produce relative biological effects when compared to x-rays. The adoption of

a quality factor of unity implies that the weak beta particles from tritium

decay have an effect similar to x-rays.

F-2. CHRONIC EXPOSURES TO THE PDBLIC

Intake into the body is assumed to be by inhalation and by absorption

through the skin. It is assumed that the released tritium (in the worst

case) is in the form of water vapor (HTO) and that intake through the lungs

is assumed to be 100% of that inhaled. For long-term exposures, an average

24 h breathing rats (B), equal to 1.64 x 10 m s is used. IL is
(3)assumed that the skin intake adds another 63% to the dose commitment.

Then for chronic exposures with S equal to the source concentration (Ci/yr),

DE •= 0.041 X* S i^^i for chronic exposures.

The values of X/Q as a function of distance from the reactor building

are determined based upon the following atmospheric dispersion assumptions.

It is assumed that the release is from a stack at a height of 100 m, under

unfavorable dispersion conditions (see Fig. F-l, from Ref. 4) and the average

wind speed u is 1 m/s, and the wind direction is uniform.

For reactor buildings with stacks the atmospheric diffusion model is as

follows: A generalized Gaussian plume formula applies. Thus
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Where

X is the ground-level air concentration (Ci/m )

Q is the amount of material released (Ci/s)

~n is the average wind speed (m/s)

a is the horizontal standard deviation of the plume (m)

a is the vertical standard deviation of the plume (m)
z

h is the effective height of the release (m)

10-5

10-8
102

13-3972

I 0 3 104

DISTANCE FROM THE PLANT - m
105

Figure F-l. Atmospheric diffusion factors for an elevated release and
4-30 days release time (Ref. 4).
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For reactor buildings without stacks, the basic equation for

atmospheric diffusion from a ground level point source is

For time periods of greater than eight hours, the plume should be

assumed to meander and to spread uniformly over a 22.5 deg sector. The

equation for this case is

v u 2.032
Q ozux

where x is the distance from the point of release to the receptor.

In summary, the chronic exposure of the general public to routine

releases of up to 5000 Ci/yr, which is equivalent to 0.5 g of tritium

released to the atmosphere per year, is shown graphically in Fig. F-2. The

maximum dose of 0.41 mrem/yr occurs at 400 m with a stack. Thus, the maximum

dose is much less than the 130 mrem/yr due to natural background radiation.

The importance of assuring that such releases are directed to a stack which

is on the order of twice the reactor building height is illustrated in

Fig. F-2. The chronic exposures would be about 170 times greater for a

person located at 300 m for ground level releases when compared to releases

up a 100 m stack. This ratio drops to about 12.5 at a distance of 1000 m.

Currently the NRC limit for annual doses due to routine releases from

light water reactors is 5 mrem/yr. That value is much higher than the peak

value of 0.41 mrem/yr when the tritium releases are all assumed to be up a

100 m stack. If the ground level release values were used for guidance, the

exclusion radius would be on the order of 700 m. The previous calculations,

however, have not included long-term dose effects due to the absorption of

the tritium into the ground, water or plants, and thus the possibility of its

getting into the food chain. There is also disagreement today as to what

value of the quality factor to use. If the 1.7 value is adopted, rather than

the current value of 1.0, the calculated doses will be 70% higher.
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FOR A GROUNO LEVEL RELEASE

L:
CURRENT NRC GUIDELINES

DISTANCE FROM THE PLANT - in

Figure F-2. Chronic inhalation and skin exposures due to 5000 Ci/yr routine
release of tritium.

F-3. ACUTE EXPOSURE TO THE PUBLIC

Short-term exposures are assumed to take place during the daytime when

an individual's breathing rate B is normal, 3.33 x 10 ** m3/s, or perhaps

even accelerated somewhat, say 5 x 10 m Is. In the worst case where the

tritium is oxidized (either HTO or T 20), exposure through the skin is
(3)

assumed to be 50% of that due to inhalation.

For a uniform concentration, C., of tritium oxide and for an exposure
A

time t in minutes, the dose equivalent is

DE - 4.3 C t <jremt
Obviously, if the concentration is not constant, an integration must be

performed.

The three cases of accidental tritium release to the environment

considered are: from a 100-m stack; from the roof at 50 m; or from

ground level. Ten grams (105 Ci) of tritium as HTO is assumed to be the
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largest amount released. Standard diffusion equations ' ' for a point

source are used which give the maximum integrated cloud concentrations at

ground level downwind, as a function of distance, height of release and

various meteorological conditions, including wind speed. The resultant

factors are shown in Fig. F-3, which is taken from Ref. 4. These calcula-

tions, conservatively, take no credit for containment of the released tritium

by the building.

i
a

DC

a 10-5
<

u.

5

10-6

h = 100m

PASQUILL DIFFUSION
TYPES SHOWN

1t>2 103 104

DISTANCE FROM THE PLANT - m
105

Figure F-3. Atmospheric diffusion factors for an elevated release and an
0-8 hour release time (Ref. 4).

The total acute exposure of the general public to accidental -leases of

up to 105 Ci (10 g) of tritium is shown in Fig. F-4. The maximum acute

dose of 150 mrem occurs at about 450 m from the stack. This dose is approxi-

mately equal to the average annual dose of 130 mrem due to natural background

radiation. This again illustrates the merits of a 100-in stack. The total

acute exposures are about lO4 times greater for a person located at 100 m

for a ground level release as compared to the release up a 100-m stack. The
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ratio drops to about 5.5 at 101* m distance. The values of total acute dose

commitments due to an accidental release out the top of a 50-m tall reactor

building are intermediate between the values for a ground level release and

one up a tall stack. No building wake effects were considered. The enhance-

ment of stack height due to the exit velocity of the plume will be discussed

in Sec. F-4.

10-'

CURRENT NRC LIMIT AT CONSTRUCTION PERMIT STAGE

FOR A GROUND-LEVEL RELEASE

FOR A TOP OF BUILD-
ING [50 ml RELEASE

FOR A 100m STACK RELEASE

300 450

102 103 \O*
DISTANCE FROM THE PLANT - m

105

Figure F-4. Total acute inhalation and skin exposures due to 10 Ci
accidental release of tritium.
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The current NRC limits for accidental releases of radioactivity from

light water reactors are 25 rem (20 rem at the construction permit (CP)

stage) for determining the low population zone (LPZ). The exclusion radius

is based on a 2 h exposure to radioisotopes released in the case of an

accident. The exclusion radius is obviously somewhat less than the LPZ.

Since for these calculations it was assumed that all 105 Ci of 3T was

released instantaneously, it was not straightforward to calculate a 2-h

exposure.

The 20 rem guideline is much larger than the peak value of 0.15 rem when

the release is assumed to be up a 100 m stack. It is also greater than the

peak value of 0.5 rem when the release is assumed to be from the top of the

reactor building. If the ground level release values were used for guidance,

the low population zone radius would be approximately 400 tn.

It should be remembered that these calculations have not included

long-term dose effects such as absorption of tritium in plants, soil and

water and the possible ultimate ingestion by animals and humans. Also, these

calculations are for accidental tritium releases only and do not include the

possibility of release of activated structural material, e.g., corrosion

products.

F-4. JET EFFECT FROM A 100-m STACK

The nominal stack exhaust rate is approximately 1.0 m^/s (2100 ft3/min)

from a stack 2.0 m (6.6 ft) in diameter. This corresponds to an exit velo—

city of 0.32 m/s (1.1 ft/s) and an effective stack height that is not sig-

nificantly greater than its actual height, 100 m (328 ft).

Briggs has established two equations for determining the plume

rise, Ah, as a function of distance, x.

Ah - 1.44 RL| l^\ D

and

Wo
IT
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where

W is the stack exit velocity (.m/s)

u is the average wind speed (m/s): assumed to be 1

D is the stack diameter (m)

x is the distance downwind (m).

Whichever equation gives the lesser value is used.

In this case, the first equation gives a plume rise of 7.9 m (at 400 m

downwind) and the second, 1.9 m. Thus the 100-m actual stack height is used

for estimating maximum doses to the public resulting from stack releases.

No credit is taken for the additional height that would result from the

exhausted air being at a temperature higher than the ambient air. Also,

air entrainment in the plume, which would cause further dilution, has not

been included. Nevertheless, these calculated doses are much lower than

current standards.

F-5. EXPOSURE TO TRITIUM GAS

The whole body dose following an exposure to tritium gas is four to five

orders of magnitude lower than that from an equal concentration of the oxide
(8 9)

(HTO or T20) • . Thus, even for a mixture of the two forms (gas and

oxide), exposure to the gas is normally neglected.

Because of the weak beta energy, skin exposure to tritium is not harmful

since the outer layer of skin is adequate to block the beta particles.

Lung exposure continues to be a controversial item because of the

complex lung anatomy which complicates lung surface dose calculations. The

current maximum permissible concentration (MPC) for tritium gas is only 400

times that for the oxide. Experiments with laboratory animals (mice) have

indicated that the lung surface seems to be relatively insensitive to tritium

betas and that the limiting dose is more likely the associated whole body

dose resulting from conversion of the gas into oxide, both internal and

external to the body/ 1 0 > 1 1 )
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F-6. MITIGATING FACTORS

The doses as calculated in the previous sections are generally conserva-

tive compared to real cases for a number of reasons:

1. The probability of releasing 10 g of tritium up the stack and into

the environment is very small because of the design of the tritium

handling systems and the monitoring and ventilation systems. Even

if these systems failed to contain the tritium within the reactor

building or the tritium facility, personnel would have time to

manually close the isolation valves and/or the relevant ventilation

systems blowers before an appreciable amount of tritium could be

released.

2. The releases would consist in part of tritium in the gaseous

form. Even the design goal release rate of 5000 Ci/yr would

include a significant portion as a gas.

3. No credit has been taken for protection of individuals due to

closed shelters such as cars or buildings, or due to ordinary

clothing (in the case of very short exposures of a few minutes or

less). These factors were considered in a recent report by
(12)

Kocher which was partially prompted in response to concern

about what external dose reduction to use for the release at Three

Mile Island.

In the case of an accident which releases tritium in the form of the

oxide into the reactor building, followed by tritium oxide leaking out of the

building, the realistic doses downwind would be less than generally calcula-

ted for the following reasons:

1. If the Atmospheric Tritium Recovery (ATR) system is able to function,

some of the tritium will be removed.

2. Some of the tritium would be trapped on the building walls and on

the surfaces of equipment.

3. For a long-term accidental release, persons downwind could be

evacuated.

F-10



F-7. EXPOSURE TO PLANT PERSONNEL

The previous calculations have been done in order to predict doses to

the general public, although some of the plant personnel will be exposed to

comparable doses depending on what their duties are and where their offices

or functions are located. The calculations in this section are primarily

concerned with the dose levels to which workers who have to go into the

reactor building or the tritium facility will be exposed — for both routine

and for accidental release conditions.

Since the reactor building and the hot cell are being designed with the

intention of all maintenance being done fully remotely, any persons entering

these two facilities would be anticipated to be in anti-contamination

(anti-C) suits. The calculations will be based on acute exposure relation-

ships (see Sec. F-3).

The basic equation for the total acute inhalation dose commitment, DE

(in rem), is

DE = 4.3 CAt {remj

where C. is the uniform concentration of tritium as an oxide in Ci/m3 and
A

t is the time of exposure in minutes.

First, the calculation of dose will be performed for the expected

concentration of tritium oxide in the atmosphere of the reactor building

following normal operation. The reactor is assumed to be not in operation.

The radioactivity due to the activation of materials in the reactor is not

included. Due to the fact that an inert atmosphere of CO2 is used in the

reactor building, the workers would be in anti-C suits.

The normal level of T20 (or HTO) in the atmosphere of the reactor

building (volume of 2.55 x 105 m3) is expected to be not greater than

5 x 10 Ci/m . This is the maximum permissible concentration of tritium

in oxide form ;.n air for workers. This tritium level corresponds to a value

associated with a 5000 Ci/yr routine release rate.
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The dose for such a concentration is

DE = 2.15 x 10~5t {rem}

where t is the time the person is in the building in minutes. The dose rate

in rem/min is obviously the coefficient of the previous equation. (This

converts to 1.29 mrem/hr, which is below the current 2.5 mrem/hr limit.)

Two-thirds of this value is for the inhalation dose and one-third is assumed

to be due to exposure through the skin. An anti-C suit with breathing

apparatus would have to reduce the dose rate to these levels under accident

conditions to be effective.

The tritium facility is being designed with the goal of keeping the

normal level of T2O (or HTO) in the building atmosphere to not greater than

5 x 10 Ci/m , the same limit as in the reactor building. No inert

atmosphere is planned for the tritium building since activation of the

air is not a problem. Thus the dose rate associated with the normal concen-

tration is the same as for the reactor building, 1.29 mrem/hr.

The more critical case is for the amount of exposure a person would get

if he or she were working in the reactor building and an accidental release

occurred. The person is assumed not to be in an anti-C suit. Assuming the

worst case release of 10 g of tritium as oxide into the reactor building,

the resulting concentration would be 0.376 Ci/m3. The corresponding acute

dose rate would be 97 rem/hr. This is a high dose rate. Most likely the

person would have to evacuate the building as quickly as possible, unless

suited in anti-C suit with a good coefficient of effectiveness. It is most

likely that maintenance and repair operations which could cause a release

of tritium would be suspended whenever personnel without suits are in the

building.

If the leak were in the tritium facility, which has a smaller volume

(2 x 10^ m3) than the reactor building, the tritium concentration and the

dose rate would be much higher. The concentration of 10 g of tritium as

oxide accidentally released into the tritium building would be 5 Ci/m3.

This leads to an acute dose rate of 1290 rem/hr without anti-C suit. This

is obviously a very high dose rate. Personnel would have to rapidly evacuate.
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The tritium facility will have its own, dedicated, atmospheric tritium

recovery system which will be used to remove the tritium from the building

atmosphere. Based on how efficiently the ATR system performed and the rate

at which the tritium soaked into the building walls and component surfaces,

it could be determined hypothetically how soon after an accident a worker in

proper anti-C gear could enter the building. The ATR is designed with the

goal of being able to send workers back into the reactor building and hot

cell after 5 days of ATR operation, and back into the tritium facility after

two days of ATR operation.

F-8. MITIGATING EFFECTS OF ANTI-C SUITS

Existing ventilated, multilayered, anti-C suits provide a permeation

rate of 10 5 m3/min, according to Osborne. He predicts that the

suits could be improved by a factor of 5 to provide a permeation rate of
—G 3

2 x 10 m /min. Such improved suits are within reach of present mater-

ials and technology, but further improvement is not definite. These suits do

not have self-contained breathing packs, but rather are provided with outside

air and cooling via a umbilical-type cord. Thus, the only tritium which

enters the suit is due to leakage at the joints and permeation through the

material. For purposes of these calculations the characteristics of the

improved suits are used. In the case of a 10-g release of tritium into the

reactor building the exposure in one hour would be 38.7 x 10 Ci/h, or

3.7 mrem/h.

The maximum permissible body burden (MPBB) of tritium in a standard per-

son is 1000 yCi. Since the critical organ is considered to be the body water

(43 kg for a standard person), the MPBB is 0.023 yCi/cro3 in the body water.

This quantity of tritium delivers a dose-equivalent rate of 0.1 rem/wk, or if

maintained, 5 rems/yr. Thus, a worket in an anti-C suit could work in the

reactor building for a cumulative total of 23.4 hr before reaching the MPBB.

(Some, allowance should be taken for the length of time it takes to exit from

the reactor building and to remove the safety suit.) Of course, the ATR

system described in Chap. 14 will reduce the tritium levels.

In the case of a 10 g release of tritium into the tritium facility, the

exposure to a person in a suit in one hour is 600 pCi/hr. This value is suf-

ficiently near the MPBB that workers would probably be restricted to less
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than one hour each to work on components within the tritium building follow-

ing an accidental release of 10 g of tritium. The tritium facility also has

its own ATR which would go into operation to remove the tritium from the

building's atmosphere. If a release were to occur, personnel in the building

would exit quickly, then after the ATR had reduced the tritium level, they

would be able to reenter the building.

F-9. LONG-TERM EFFECTS

The method for determining doses to the public resulting from the

release of tritiated water vapor from fusion facilities has been presented

by numerous investigations, including Kastenberg and Okrent , McKone ,

and Piet and Kazimi. This method has been incorporated into the AIRDOS

computer program. The model uses the Gaussian dispersion method to predict

the distribution of a tritium species in the downwind environment. Movement

of tritium into biological systems is determined by treating these systems as

a series of interacting water compartments. Dispersion and uptake calcula-

tions have been applied to a model site in order to predict health effects.

Atmospheric dispersion based on the Gaussian plume model was examined

for three release categories: 1) instantaneous releases lasting less than

one hour; 2) short-term releases lasting from one hour to several days;

3) continuous uniform releases. The continuous release calculation uses the

source rate (Ci/sec) to establish yearly average ground level concentration

(Ci/m ) in radial and angular mesh intervals. Temporal variations in wind

speed, stability category, and wind direction are incorporated into the

calculation through a wind rose. Short-term release calculations use source

quantities (Ci) to determine exposure (Ci-s/m) which is the infinite

time integral of concentration. In other respects, this category resembles

continuous releases. Instantaneous releases are a subset of short-term

releases with the exception that effective exposure duration due to plume

spreading is comparable to release duration. Briggs1 correlations were

employed in each category.

Health effects are determined by translating information from the

dispersion model into resultant concentrations in biological systems. The

dose model represents an effort to predict a reasonable upper limit of

consequences from a given release.
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Tritium poses little threat as an external radiation hazard to the body

because it produces a low-energy beta particle which cannot penetrate the

skin. However, it does provide an internal hazard. Tritium enters humans

through several paths such as by inhalation and skin absorption, and by

ingestion of contaminated food or drinking water in which tritium is taken up

directly or through food chain transfer.

A key point is the treatment of food intake along a food chain as

continuous, rather than discrete. It is shown that this probably does not

add a significant overestimate to short-term dose calculations. Incorpora-

tion of tritium from free water into organic molecules in biological systems

is accounted for by using the longest reported tritium turnover periods.

Food chain doses result mainly from the intake of tritium by plants

which are modeled as receiving tritium through enrichment L_ contaminated

atmospheric moisture. During periods of rain, tritium as HTO is transported

from the atmosphere to the soil by wet deposition and to plants mainly by

root uptake.

Jortunately, no evidence exists that tritium bioaccumulates in the

environment, in food chains, or in man, according to Rohwer and Wilcox.

However, due to the nature of such an issue there appears to be continued

debate. It should also be noted that neglecting bioaccumulation usually

results in larger overall dose predictions.

The tritium leak rates and inventories for the STARFIRE fusion reactor

design were estimated to be about 10 Ci/day of HTO for continuous releases

and as much as 105 Curies (10 g) of HTO for accidental releases. It was

found that for a continuous release of 10 Ci/day up a 100 m stack a person

living at the site boundary (̂ 400 m) in a sector receiving the highest yearly

average concentrations would receive about 3.5 mrem/yr from all pathways.

For accidental releases with a wind speed of 1 m/s and the worst stabi-

lity condition, a person at 200 m would receive a dose as high as 6 rem from

a 105 Curie release of HTO. However, this is a lower commitment per Curie

than was found for the 10 Ci/day release rate.

The expected consequences within 80 km of the source from a 105 Ci

tritium release lasting 1/2 h were found to be from 7 to 3,000 man-rem

depending upon site, chemical form of release, and weather conditions.
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It was found that release height did not have a significant effect on

the dose commitment within 80 km. However, variations in deposition rates

due to long term incorporation of tritium in plants did have an effect.

In summary, the long-term biological effects of the release of tritiated

water vapor should include the contribution due to ingestion of contaminated

food and drinking water. The range of values of dose commitment (in man-rem)

varied widely depending upon the site, and the weather conditions. The dose

to an individual at 200 m from the release would be as high as 6 rem due to

ingestion, compared to 72 rem due to inhalation and skin absorption.

F-10. GLOBAL EFFECTS

The use of a global model will allow an estimate of the world-wide

population dose due to tritium releases to the environment. For comparison

purposes between the effects of global and local releases, this study has

taken a value of 100 reactors (1.2 x 10 MWe total capacity) each releasing

12 Ci/day. The comparison made by Piet and Kazimi of the various

tritium release models was used as a guide for calculating the global impact

of the STARFIRE design. However, the analysis is not design specific other

than making the assumption that each plant releases 12 Ci (or 10 Ci/GWe) of

tritium per day.

In global models, local gradients of concentration of tritium are

neglected. Instead, one assumes that the released tritium (in the form of

HTO), follows world hydrological patterns. Universal tritium contamination

of water and food is assumed.

The model adopted for this study is the so-called compartment model.

The important parameters are the release magnitude (Q), world population

(WP), world water volume (V) and the dose factor (Df). The half life of

tritium is 12.36 years, and the mean life-time is 17.7 years. Hence, for

the steady-state case, the dose commitment is 17.7 times the dose calculated

for the releases in any one year

The population value assumed is based on the population expected to be

typical when STARFIRE design reactors are operating, e.g., VP = 6 x 109.

The volume of world water, which dilutes the tritium, has betn taken as

2.74 x 1016 m3 based on the work of Jacobs , which assumes that mixing
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occurs to a depth of 75 m in the ocean. The dose factor used is the EPA

value of 100 rem/yr per Ci/m3.

Global transport appears to be governed by first-order kinetics, thus

compartment models should be appropriate for predicting world doses.

The world hydrosphere is divided into compartments rather than taken as a

whole, as in the case of the simpler, full dilution models. Transport

coefficients link the compartments together. In order for the differential

equations describing transport to be well-behaved, all such models modi'fy the

coefficients so that no compartment loses or gains water (although they do

gain and lose tritium).

Tritium is assumed to be continuously injected into one of these com-

partments which ultimately sets up an equilibrium among the compartments.

Time is introduced into such a model since tritium decays as it changes com-

partments. Since these models will be seen to result in more tritium staying

in the vicinity of tritium sources, hence in population areas, the doses from

these models are higher than those from the dilution model. The three models

ed w
<20>

(18) -19)
examined were due to Easterly and Jacobs , Renne'1" , and a Swedish

group.

The most sophisticated model due to Bergman, Bergstrom, and Evans from

Sweden divided the globe into 4 latitude bands (90°N - 30°N, 30*N - 0°, 0° -

30"S, 30°S - 90°S). Each band is in turn divided into nine compartments:

stratosphere, troposphere, well-mixed layer (sea), short-lived biota, long-

lived biota, land, deep sea, and marine biota. Figure F-5 shows how the

compartments interact. The general comments for the other models hold true

here. For release in the 30° - 90° N zone in various compartments they find

that release in the troposphere results in 36% of the dose that would have

resulted from land release. Release in the well-mixed layer (ocean surface)

results in 4% of the dose from land release. This compares to 20% and 2%

respectively from the Easterly-Jacobs model. They also find the dose ficwa

tritium released as HT as 1.3 - 1.7 times that of the dose resulting from HTO

released. The Easterly-Jacobs model generally shows that HTO release leads

to higher doses than does release of HT.
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Figure F-5. Swedish group global model (Ref. 20).

By using their figure of 167 mrad per mCi of intake and a daily intake

of 2.5 kg/day, one can calculate a dose factor of 152 rem/yr per Ci/m3 com-

parable to earlier values. Their model leads to a dose of 0.0024 to 0.0035

man-rem/Ci. For the assumed standard 10 Ci/day - GWe release, this implies

that the world dose is predicted to be 1.05 to 1.53 man-rem/yr (which agrees

well *?ith the Easterly-Jacobs model).

Although the volume of water and transport to the compartment is assumed

to be linear with the world population in this model, the hydrological

compartment model doses are not strictly linear with population since the

perturbation to adjacent compartments may not be strictly linear, yet it

should be close. The same holds for the latitude band model where the

variation would be strictly linear only if the population growth were iden-

tical for all latitude bands. For the purposes of the present analysis, the

dose is assumed to be linear with population.
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Although U.S. standards do not apply for global conditions, one can make

assumptions to set maximum permissible releases based on the global calcula-

tions in order to see if they are possibly more stringent than permissible

releases based on local criteria.

Unlike the local dispersion case, the results from global compartment

models indicate that surface water release is worse than atmospheric release

by about an order of magnitude. At the same time, the specific activity of

tritium in air and surface water reach similar equilibrium values.

The models tended to focus on HTO behavior even though other forms are

possible. In particular, some analysis for HT was included in the Easterly-

Jacobs and Swedish models. The former found that HT leads to

less dose (depending on assumptions), while the latter found that HT was

1.3 - 1.7 times more hazardous.

Interestingly, tritium is naturally present in the biosphere. An esti-

mated 10 Curies ' is continually present and is caused by cosmic rays.

(21)
Another possible released species is CH3T. As both CH3T and HT

are not significantly taken into the body, the hazard from each depends

strongly on their conversion to other species, notably HTO. As CH3T and HT

have similar conversion lifetimes to HTO in the atmosphere, a crude estimate

would be that their potential hazards are equal for equal releases.

The global doses due to 12 Ci/day releases to HTO from each 1200 MWe

reactor to the atmosphere have been calculated to be approximately 30 man-

retn/yr. The dose factor used, that suggested by the EPA (100 rem/yr per

Ci/m3), was higher (more conservative) than those derived in connection

with local assessments. The model used incorporates the deep ocean as the

ultimate tritium sink.

The global estimates lead to two general conclusions. First, release to

the surface water is probably about an order of magnitude worse than release

to the atmosphere on the global scale. Second, depending on the estimates of

HT to HTO and CH3T conversion rates, the global hazard from HT and CH3T

is equal to that of HTO release (within a factor of two).
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Thus, in a fusion power economy tritium may present some local environ-

mental impact, but its effect on the worldwide population dose will be

negligible. The total global tritium impact of 100 STARFIRE reactors would

be as high as 00 man-rem/yr compared to 6 x 10s man-rem/yr due to total

natural background radiation.

F-l1. TRANSPORTATION ACCIDENTS INVOLVING TRITIUM

The risks from tritium releases in transportation accidents were previ-

ously estimated in Ref. 22. Their results for risks from inhalation and
(14}

skin absorption compare to those of McDone and these in the STARFIRE

study. However, the milk, meat and vegetable doses of the earlier work were

two to three orders of magnitude higher. There are at least four reasons

for this differepce.

1) In the previous work all of the land contaminated by the release was

assumed to be agricultural land conforming to overall U.S. produc-

tion statistics. In the present STARFIRE study, based on site

location data, only 50 percent of the land near a release is assumed

to be agricultural. This is further divided into rangeland and food

crops.

2) In the former study, following the recommendations of Anspaugh
(23)

et al. , the half-life of tritium in plants was taken to be

one day no matter how short the exposure duration. In this work

it has been shown consistent to reduce this half-life for exposures

lasting from one day to one hour.

3) In the earlier study, exposure duration was assumed equal to release

duration even for releases lasting a few minutes, whereas in the present

study exposure duration has been shown to increase with downwind distance.

4) In the previous study they ignored the fact that high ground-level

concentrations and subsequent high enrichment of plants for very

short-term exposures require a non-zero deposition velocity.

The risks associated with tritium releases as a result of transportation

accidents would be very small, especially considering the small quantities and

the special packaging and handling that would be involved.
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F-12. TRITIATED SOLID WASTE DISPOSAL

(18)
Using the results of Easterly and Jacobs , a crude estimate of the

hazard from tritiated solid wastes is possible. They show that the collec-

tive dose to mankind from HTO release in compartments other than surface

water results in less exposure. Specifically tha long-term (100 yr) frac-

tions for three compartments are: deep ground water, 4%; ocean surface, 22;

and deep ocean, 0.03%. If each plant accumulates and disposes of 1 Ci/d of

solid tritiated wastes (see Sec. 14.5), then the dose from each plant by

injection to these compartments would be 0.12, 0.06 and 0.0008 man-rem/yr,

respectively. These should be very conservative estimates for two reasons.

First, the tritium in solid wastes is likely to be less mobile than HTO which

is the basis for the global model. Second, any credit for the placement of

these wastes in containers would reduce the dose. For example, if containers

with 100 year integrity were used, the above doses would be further reduced

by a factor of 0.0037 due to decay of the tritium.

Thus, the dose due to tritiated solid waste disposal would be far less

than the natural background dose due to tritium.
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6.1. INTRODUCTION

This appendix presents an evaluation of the importance of corrosion prod-

ucts in the STARFIRE primary coolant. The activity levels in the coolant and

tube wall deposits are determined. The corrosion product transport is modeled.

Then the total potentially releasable corrosion products from a loss of coolant

accident (LOCA) are estimated. The upper bound release estimate is obtained by

assuming that the coolant in one of the two primary coolant loops as well as

the entire outer surface oxide layer is released during a LOCA into the reactor

building. The mass of corrosion products involved would be 44 kg and the asso-

ciated activity, 32,000 Ci. This corresponds to £0.001% of the total blanket

activity inventory.

An examination of water corrosion in STARFIRE's primary coolant loop is

needed to determine appropriate water chemistry conditions, necessary control

equipment, and corrosion product inventory and distribution. The latter in-

formation allows determination of activity levels in the coolant and tube wall

deposits. Such a study should also include examination of the possible influ-

ence of strong magnetic fields.

The appropriate constraints on water chemistry are: (1) minimize corro-

sion rate; (2) minimize corrosion product inventory; (3) maintain adherent

oxide film to reduce corrosion and tritium permeation; (4) avoid stress corro-

sion cracking; (5) limit tritium production in coolant to 1 Ci/day from 7Li

additive burnup; (6) allow for boric acid additions for tritium breeding ratio

control; (7) minimize crud deposition; (8) optimize magnetic qualities of cor-

rosion products; and (9) avoid chemical additives which activate. The availa-

ble variables for control are the concentrations of O2, H2, any additives, and

pH.

Although the data base for water corrosion of reactor materials is gener-

ally more extensive than for any other potential fusion reactor coolant, some

information is still lacking. Available data for relevant parameters typi-

cally show large variations, especially among operating LWRs, Also, there is

often significant discrepancy between laboratory experiments and operating

values for corrosion rates. The difference is sometimes attributed to lack of

appropriate chemistry control, poor startup procedures, and oxygen leaks

(the latter is unlikely for STARFIRE due to inert reactor building atmosphere).
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It is postulated that control technology in the STARFIRE time frame will mini-

mize such problems and thus corrosion rates will be closer to laboratory

values. Some open questions from this study provide possibilities for future

experiments.

Corrosion in LWRs has led to plugging of steam generator tubes, restric-

tion of valve movement, and cracking of tubes. Transport of activated

products creates maintenance problems. The routine release of activated

coolant products causes some problems, but accidental releases are neglected
(3)

in WASH-1400 analysis. All accidents are assumed to release some fission

product gases to the coolant which easily dominates existing corrosion

product activity. As such gases are not present in STARFIRE, an accident would

tend to involve far less activity in the coolant (except perhaps tritium) than

would be present in the fission reactor case.

G.2. POTENTIAL MAGNETIC FIELD EFFECTS

The fusion environment is characterized by having strong magnetic fields.

Several possibilities exist for interaction of these fields and corrosion rele-

vant processes as follows: (1) change in ion diffusion in water due to V x B

force; (2) change in ion solid-state diffusion due to V x B force; (3) induced

film stresses from magnetostriction; (4) acceleration of corrosion rate by in-

duced current; (5) increased deposition of coolant particles due to field

gradients; (6) corrosion rate alteration by change of film microstructure; and

(7) corrosion rate alteration by presence of ferritic steel produced in aus-

tenite steel. Such effects need to be addressed to determine influence on

optimum water chemistry, transport modeling, and alteration of relevant

parameters.

G.2.1 V x B Force

The force on a charged particle in an electromagnetic field is given by

F = q(E + V x B) .

According to the electrokinetic theory of coolant particle deposition, '

interparticle and particle-wall electric fields are responsible for agglomera-

tion and deposition of particles. Although the net charge on coolant particles

is not known directly, typical inter-particle potential drops (zeta potential)
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(4)
are ̂ 50 mV (or higher in reference water conditions). ' Since particle sizes

are in the 1-um range, the field is ̂ 5 T* and velocity is ̂ 10 m/s, the ratio

of magnetic-to-electric force can be calculated,

10"3 ,

and the possible V x B force in the coolant is negligible compared to electro-

static forces. As the velocities of ions in solid-state diffusion are far

slower, the V * B force should also be neglected in oxide film diffusion.

G.2.2 Magnetostriction

The application of high-strength fields causes magnetic materials to con-

strict and induce stresses similar to thermal stresses. ' ' The saturation

value of X (A& per unit length) for all materials of interest is less than
S try.

50 ym/m with Ye-fi^ highest at 41. Taking X = 50 ym/m and comparing this
s

to the stainless steel value for thermal expansion (20 ym/m-°K), one finds

that the maximum magnetostriction corresponds to a AT of 2.5°C. Hence it

may be neglected.

G.2.3 Induced Currents

As water corrosion is basically an electrochemical process with very small

currents, the possibility exists that any induced currents could alter the cor-

rosion rate. Since STARFIRE operates steady state, the coolant tubes should

not experience currents except during startup/shutdown of the magnets. The

process may be a concern in pulsed machines (although the thermal shock to

the oxide film could dominate).

G.2.4 Field Gradients

Filters with high-gradient magnetic fields are very effective in trapping

magnetic particles. ~ The concern here is the possibility that the blanket

could act as one large filter with increased particle deposition rates. The

potential magnitude of the effect can be determined by (1) comparison of mag-

netic force (F ) to drag force (F,); and (2) comparison of STARFIRE parameters

m a
of interest: to those of effective high flow rate magnetic filters.
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The force on a particle of saturation field magnetization strength, M

(volume basis) and radius r can be written:(9~10>

F , A ^ M M
3 S d x

in a field gradient dB/dx. The crucial factor in the analysis is the deter-

mination of dB/dx. Typical high-flow filters have dB/dx * 1Qh T/m.(9,10)

The overall blanket has gradients of order 1 T/m due to toroidal effects.

However, this field could be disturbed due to either magnetic ferritic steel

produced in the stainless steel matrix or a magnetic oxide film lining the

coolant tubes. The former should be negligible as any disturbances do not

occur in the coolant. The latter case is more difficult to treat.

A uniform layer of magnetite on a tube inner wall in a previously homo-

geneous field does not produce any gradients inside the tubes. This contrasts

strongly with the very high gradients in filters which are produced on the out-

side of a filament matrix. There are two concerns. First, very localized

variations in the oxide layer depth may produce relatively high localized

gradients. However, any increased deposition would be self-correcting, tend-

ing to smooth any variations. This effect also tends to limit the loading of

a magnetic filter; as the thickness of deposit increases, the gradient is

reduced.(9'10>

The second problem is the presence of nonsymmetic geometries, for example,

the first-wall baffle and tube junctions. Precise determination of the field

gradient in the vicinity of the wall for these cases is very difficult. For

comparison purposes a figure of 10 T/m is adopted.

Then the ratio of F to F, is given by:
m d

F 4/3 irr3M (dB/dx)
m s

F, 6 Try (v - u)
d

where

r = particle radius * 10"6 m

M = 0.46 T at 300°C
s

dB/dx - 10 T/m
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U - viscosity = 9.2 x 10-5 N-s/m2

(v - u) = particle velocity relative to coolant velocity in

stopping il m/s

then F /F = 9 x 10~3 and the magnetic force is <1% of the drag force.
m d

To compare STARFIRE parameters with those of a high flow filter, one

notes that the effectiveness varies as 'v-fF /F,^L (L = length of passage), or
\ m a/

for identical materials, ̂ (dB/dx)(L/v), with a dB/dx ratio of 103 and L/v

ratio of 1/10, then STARFIRE is about 1% as effective as the better high flow

filters. Thus the magnetic force should not have a significant effect on the
overall value of the deposition rate. However, in very low flow areas, the
potential clearly exists for increased deposition.

The magnetic quality of the particles can also have a benefit. An EPRI

study on using magnetic filters on PWR primary loops concluded that high

temperature filters with flow of ^46 kg/s and 90% efficiency were available

and warranted. Placing two filters on each line around the pumps would give

an effective removal filtration rate of ^166 kg/s equal to ^1% of the total

flow rate. Such a system is adopted for filtration of crud.

The possibility exists to place ich filters directly in the STARFIRE mag-

netic field. However, the power (̂ 80 lcW total) and equipment savings would

likely be far outweighed by several disadvantages: (1) restrictions on space

inside the toroidal field coilsj (2) increased complexity of incorporating

filters into design; (3) very limited access; and (4) filter operation tied to

operation of the TF coils. Thus the filters are placed outside the torus, and

must depend on their own coils for field production. Another potential benefit

of the field would be a tendency to reduce crud bursts.

G.2.5 Microstructure and Composition

Some magnetic films grown in-strong fields show preferential orientation

of domains. ' As noted previously, the outer oxide layer of the steel will

be quite magnetic; hence, there is the possibility of preferential orientations

in the oxide film. However, the inner layer is far less magnetic. The magni-

tude and effect of any such orientation on corrosion films appears unknown and

could only be determined by experiment. One mitigating technique should be to

insure adequate initial film formation during startup before turning on the TF

coils.
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Although the bulk of the metal alloy is stainless steel, neutron irradia-

tion and/or welding will transform some small percentage to a ferritic structure.

Depending on the distribution, such a structure could lead to increased corro-

sion (ferritic steel corrodes faster). For example, ferritic structure at

grain boundaries could lead to preferential grain boundary attack. Any effect

due to phase transformation is unknown at present.

G.2.6 Conclusions on Magnetic Effects

The main concerns of magnetic interaction are the increased deposition of

particles in very low flow areas and alteration of the microstructure of the

oxide film. The advantages of a magnetic filter may provide incentive to maxi-

mize the magnetization potential of coolant particles. This suggests an advan-

tage to having Fe3Oi, rather than Fe2O3 as the stable phase (the chemical, hence

aagnetic, form of the coolant is controllable by water chemistry conditions).

G.3. WATER CHEMISTRY

As mentioned above, there are several constraints on the water chemistry,

some are in conflict. Existing data strongly indicates appropriate O2 levels

for pressurized water conditions. The H2 level is determined by radiolysis

considerations to keep O2 levels to that required. The various constraints on

additive additions and optimum pH data determine the remaining variables.

G.3.1 Gas Concentrations

Pressurized water reactors tend to operate at the <5 ppb O2 (4 x 10~3

cc/kg H2O), whereas boiling water reactors operate between 0.2-0.3 ppm O2 (set

by steel and Inconel considerations, not by Zircaloy). Lowering BWR O2

levels significantly decreases the protectiveness of the oxide layer; increas-

ing it adds more oxidant, hence higher corrosion rates. The same appears true

for FWR conditions; early Russian data show increasing corrosion at higher 02

levels.^ ' As STARFIRE operates as a pressurized system (temperature and pres-

sure virtually the same as PWR's) the data suggests specifying <5 ppb 02.

Hydrogen gas is added to PWR's to maintain such low oxygen levels in the

face of radiolysis of water. For example, Babcock and Wilcox specify 15-40 cc

H2/kg H20^ (1.5-4 ppm) and Combustion Engineering specifies 10-50 cc/kg
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(1-5 ppm). Although STARFIRE will operate at lower heat deposition levels

to the coolant (average ^10 kW/kg) than PWRs, the neutron energy spectrum is

harder. Without complex, detailed calculations, it is anticipated that the two

effects will generally cancel, indicating 0,5 ppm (55 cc H2/kg H20) as an approxi-

mate H2 level. More detailed calculations will be warranted in the future to

determine the hydrogen level more accurately. These O2 and H2 conditions result

in FesO^ being the stable iron oxide phase.

G.3.2 Additives

Various chemicals are added to the PWR primary loop to serve three func-

tions: (1) getter 0 2 at startup; (2) pH control; and (3) reactivity control.

All three functions are also included in STARFIRE, the last being the desire

to control the tritium production rate (tritium breeding ratio) rather than

reactivity.

Hydrazine (N2Hit) is generally added to the system during startup to remove

initial O2. Typical amounts are 50 ppm. After coming up in power, the

hydrazine thermally decomposes to ammonia and tends to control pH, although

plants may shift to other additives (e.g. LiOH) to control pH. '

Addition of small amounts (̂ 1500 ppm B as boric acid) may be an easy way

to "fine tune" the tritium production, and the water chemistry should allow

for this.

Possible compounds for pH control include LiOH, NaOH, KOH, and NH4OH.

Among the alkali hydroxides, LiOH is preferred over NaOH and KOH because of

fewer stress corrosion cracking problems* ' and no activation. ' Between
(2 18)

LiOH and NH4OH, there are several tradeoffs. ' Each has advantages:

LiOH

Very strong base No tritium production

Stable under irradiation Less stress corrosion cracking

Non-volatile Product of hydrazine thermal decomposition

Based on tritium levels already present in the coolant, a limit of 1 Ci/day

production due to LiOH additions is adopted. 7Li rather than 6Li is used in

PWRs to minimize tritium production; however, the harder fusion neutron spec-

trum will cause even 7Li to produce significant amounts of tritium. Taking

conservative values of 20 m3 of water in the breeder zone and a 1% 7Li burnup
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over module lifetime, the 1 Ci/day limit becomes S2.25 ppm 7Li. Current PWR

operation allows up to ^2.5 ppm 7Li largely due to stress corrosion cracking

(SCC) considerations/ ' ' In STARFIRE, some nucleate boiling is allowed

and cold-worked structure is used; both are known to increase SCC problems.

Without experimental data, a limit of ^2 ppm 7Li (10"1* M LiOH) is adopted.

Such a concentration is also typical of PWR operating conditions with stain-

lless steel fuel cladding.

While firm NH^OH limits are also not well known for stainless steel/Inconel

systems, a limit of ^10 ppm NH3 is inferred from Combustioi Engineering limits

on feedwater in the absence of copper alloys.

Without SCC constraints, several authors maintain that a pH-cop of ^10 is
(2. 20 21^

optimum for corrosion minimization.v » ' ' This corresponds to pH_nno<, •*» 7
(in\ 300 C

for LiOH dosing. Sawochka's data ' suggests there is little incentive for
pH300°C ~ 6*9* ^ T h e p H o f a s o l u t i o n varies with temperature, e.g. pH,00<>c of

pure water is 5.7.) Furthermore, to avoid electrokinetic deposition, one

wishes to maintain conditions away from the point of zero charge (PZC). '

Tomlinson^ ' reports that no relevant materials have a PZC between pHOeor

6.8-11.2. Finally the solubility of Fe304 is minimum around pH«5oc ^ 9.5.

To obtain PH3OO<>C = 7 requires 0.4 ppm Li (pH25oc = 9.75) or 50-100 ppm

NH3 (pH_,Or, -v- 12-13). Furthermore, if boric acid is used, the situation is

even worse. To obtain pH 3 0 Qo c ^ 7 with 1000 ppm boron (as boric acid) requires

22 ppm lithium or very large amounts of NH4OH. Allowance of boric acid addi-

tions tend to favor use of LiOH over NH^OH. The reference conditions are then

pH25°C * 9'5 (pH300°C * 6#75) w±th °'22~2'2 PPm ?Li (L10H) and °-1500 PP"1

boron (boric acid). Given the constraints imposed, it is not surprising that

STARFIRE optimum conditions are the same as those for PWRs.

The concentrations of other elements must generally be kept to very low

levels. For example, chlorine, fluorine, and lead concentrations should all
(1 16 19^

be kept <0.1 ppm. ' ' The only special concern for STARFIRE might be

lead impurities from the zirconium-lead multiplier. However, calculations

show that to reach 0.1 ppm (steady state) would require lead diffusion into

the coolant through the first and second coolant walls at a rate 10-100 times

faster than the iron release rate which already dominates dissolution into the

coolant. A level of 0.1 ppm lead could be reached for a short time if >40 g

lead quickly dissolved due to some sort of leak. Neither case seems likely.
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In summary, the operating conditions are: Pn
25°c ̂  ^'^* 0 2 ^ 5 ppb; H 2 ^

5 ppm; LiOH ^ 0.22-2.2 ppm 7Li; and boric acid -x» 0-1500 ppm boron.

G.4. TRANSPORT MODELING

The modeling of corrosion product transport generally divides into two
(13 20 22)

phases. ' ' ' First, the physical amount of each element by location

(coolant, wall deposit) is calculated by mass balance. Second, the level of

radioactivity is determined by balancing the rates of production and removal.

All parameters appear to reach steady state within the 6-yr lifetime of a

module, except perhaps long-lived species like 6"Co.

Figure G-l shows the basic movement of mass throughout the system. The

corrosion rate of the alloys is the net source term; the removal rate of the

filters, the net sink term. The important resulting parameters are the coolant

concentrations and amount of wall deposits. Activation of the coolant system

is dependent upon (1) dwell time of particles in blanket during coolant passage;

(2) deposition of particles to wall in blanket, then release; and (3) corrosion

and release of activated stainless steel in the blanket. The last one is a

fundamental difference from LWRs with Zircaloy cladding on the fuel. Zircaloy

does not form products like 60Co and 58Co, but the Zircaloy oxide film tends

to be very adherent and does not release products to the coolant (except for

crud bursts). Thus the STARFIRE case is closer to that of reactors with

stainless steel cladded fuel which have greater corrosion problems than
(2)

Zircaloy-cladded ones. LWR activity transport modeling has been done for

Zircaloy-cladded fuel reactors, so that the potential dominant effect of in-

blanket steel corrosion needs to be added.

G.4.1 Assumptions

To reduce such a complex situation to the level appropriate for this study
(13 20 22 23)

requires many assumptions and simplifications. Current models ' ' '

divide the coolant into soluble (ion) and insoluble (crud) species and divide
(23)

the wall deposits into inner and outer layers (generally of equal depth).

Deposition of both coolant species (ion and crud) is proportional to coolant

concentrations. Thus, the deposition rate » k C + k C where k and k are the
s s c c s c

deposition rate constants, and C and C are the ion and crud concentrations.
(2 20) c

Solubility limits C , ' ' and mass balance determines C . Ion species
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Figure G-l. Corrosion product transport model.

deposition appears tied to the corrosion rate as ions incorporate directly into
(23}

the growing inner film and crystallize on the outer film surface. The crud

particles deposit directly on the outer film surface. Avoiding the point of zero

charge (FZC) for relevant particles keeps the crud deposition rate to a minimum

by maintaining electrostatic repulsion between wall and particle. ' Above
(24)

pH-jcop ̂  9, all species are electronegative and will tend not to agglomerate.
(20)

All chemical species tend to deposit at the same rate. The available data

base will be used to determine values for k and k for conditions most similar

to the reference case.

The oxide film releases both ions and particulates back to the coolant.

The crud release is a surface process tied to the corrosion rate, whereas the

dissolution rate is given by rtf, where W » total wall thickness (g/m2) and r »
(22)

release rate (1/s) (r is a function of solubility gradients). Again, all
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chemical species are assumed to release at the same rate, r.^20^ The resi-

dence time of a particle on the wall is then T - 1/r at steady state. Values

for r are to be determined for the literature. W is fixed by mass balance.

The corrosion of the base alloy (if stainless steel or Inconel) results

in some fraction directly released to the coolant and some adding to the oxide
(2 23)

film. * The release of trace cobalt is proportional to its relative alloy
(20 25)

composition.v ' ' Furthermore, existing models assume all element release is
(2 20 25}

proportional to alloy composition. *• » » ' one exception is iron and nickel

release from Inconel. Apparently iron is released twice as fast as nickel.

This explains why Inconel/Zircaloy systems show more iron in the coolant than

nickel, as will be discussed in Sec. G-6.

G.4.2 Mass Balance

There are three models for overall system mass balance; a reference case

and two alternatives:

(1) All components reach steady state. Thus the net production of cor-

rosion products (= RA) must balance the net sink (Q C + Q C ) :

RA = Q C + Q C . The wall film grows by the corrosion rate itself
^s s c c

(R) and deposition (k C + k C ) . Release occurs by direct release

from corrosion (Rp) from crud and ion dissolution (rW). Then

R + k C + k C =R_ + rW.
S S C C K

(2) Same as (1) except all release is assumed to be accounted for by

deposit layer release (rW): R + k C + k C = rW. In models (1)

and (2). W - W i m e r + W , ^ , where S ^ - W Q u t e r = 1/2 W.
(3) The inner oxide layer does not reach steady state. Then the balance

must occur between filtration and the net amount released from cor-

rosion: R^A - Q C + Q C . The outer layer only directly interacts

with the coolant

layer thickness.

with the coolant and rW - k C + k C . Here W is only the outer
s s c c

G.4.3 Activity

(21 )
The ba^ic model for determining activity levels is that of Kennedyv"-' with

alteration for the corrosion of activated stainless steel. At steady state one

writes the specific amount of radionuclide in the alloy,
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C ad>
ss

where

6 « number of atoms of given isotope/kg steel

Cgg = number of target atoms/kg steel

a<J> - transmutation rate (s-1)

X » decay constant (s"1)

for each nuclide. For present purposes only seven isotopes will be examined:
58Co, 60Co, 51Cr, 5tfMn, 5SMn, 59Fe, 55Fe as these are dominant (see Sec. G-6.2).

Although more than one reaction may contribute to the formation of these isotopes

the model will assume that the total amount can be approximated by focusing on

one production reaction each. Thus, the detailed neutron runs for STARFIRE pro-

vide values for X& (specific activity) for each isotope and zone of blanket.

Use of C determines 06 values for the model. This approximation generally
ss

cancels from the final calculation as a<j> is re-multiplied by either C or W
SS X

to obtain the amounts of radioisotopes.

The balance for the coolant is then for each radioisotope

^ = UC V a<(> - kAy + / J rAai - XVy + R ^ B - QY ,
dt surfaces

where

UC-V aif represents isotope production due to dwell time

U = fraction of coolant in blanket

CT - Cs + Cc

V • total volume of coolant

(kA + XV + Q)y represent removal by deposition, decay, and filtration

Y = number of atoms/m3 coolant

rAw = the addition due to nuclides releasing from wall

a) " number of atoms/m2 wall

* the addition due to direct release of corrosion products.
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Rearranging and substituting for B gives:

V HI - UCTV + -S—5£|a<(» - (Q
dt L X J

+ kA + VX)Y +

The balance for the in-blanket wall is

do).
ky - r ^ -

W acf> is the production of isotopes in the wall deposit (in blanket wall thick-

ness); and (R - 8^)3 is the addition due to activated corrosion product remain-

ing on the wall.

Rearranging,

die,

dt
kY - (r± + X)u±

The out of blanket wall is then (steel not activated, vail deposits not

irradiated)

0
dt

" (

Solving "Q>W. for y gives

Y +
(R - R R ) (

ss
(r± + X)

Substituting <»0,u± in the term

UCTV

and solving for Y gives

[r±/(r± +

Q + XV + Xk|AQ/(r0 + X) + A i / ( r ± + x)]
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These values will be compared to a simple model based on the observation that

in stainless steel clad PWR cores the specific activity throughout the system

(longer-lived species) is equal to that of the stainless steel times the ratio
(2)

(area in core/total area). For this simple, very conservative model, one

obtains,

G-5. DATA BASE

The transport model requires STARFIRE data for the following parameters:

A (in2) wetted surface areas

V (m3) coolant volume

Q (kg/s) soluble ion filter rate
s

Q (kg/s) crud filter rate

Q (m3/s) total mass (or volume) flow rate.

The relevant calculated surface areas are shown in Table G-l.

Table G-l. STARFIRE Primary Coolant Loop Surface Areas (m2)

In-Blanket Out-of-Blanket Total

Stainless

Inconel

Total

steel 12

12

,000

0

,000

3

45

48

,000

,000

,000

15
45

60

,000

,000

,000
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In addition a linear scale-up of the Stellite (cobalt alloy used in valves)
(12)

alloy from CANDU y reactors indicates -V7.5 m2. The water volumes are 20 m 3

(in-blanket) and 550 m3 (total).

The total mass flow rate is 1.6C «' 101* kg/s = Q . As mentioned in Sec.

G.2, the crud will be removed by four magnetic filters with an effective fil-

tration rate of 1% of flow, hence Q = 166 kg/s. The reference case assumes

the same rate (Q = 166 kg/s) for solubles,
s

Use of the model requires estimates of relevant transport parameters.

The reference values are shown in Table G-2 as discussed in Appendix E. These

low corrosion rates pose no hazard to structural integrity.

Table G-2. Reference Transport Parameters

Corrosion rate, R (mg/dm2-mo) 3

Surface release rate, R (mg/dm2-mo) 1

Deposition rate (g/m2-s)

Crud, k 5

Ion, k 20
s

Release rate/s

In-blanket, r± 1.8 x 10~6

Out-blanket, rQ 10"7

Solubility (ppb)

Iron, C F e 3.8

Nickel, C N ± 0.7

Chromium, C_ <0.1
or —

Manganese* Cy^ £0.3
Cobalt, C,, <0.1

LO
Total ion solubility, C -\-5

G.6. RESULTS AND CONCLUSIONS

Given the models and available data, the mass balances and activity levels

are calculated.
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G.6.1 Mass Balance

The solution for each of thre three models are shown In Table G-3 and com-

pared to observed values for LWRs. The observed concentrations of crud range

from M.0 ppb (pH of 10.5) to M.00 ppb (pH, V7). ' Using the assumption that
(2)

the outer film depth equals one-half the total depth, then Cohen's data In-

dicates an in-blanket outer film thickness between 0.1 and 25 g/m2.

Table G-3. Calculated Outer Layer Film Deposit Thickness

C In-Blanket, Out-blanket,

Model (ppb) W (g/m2) W (g/m2)

la

2

3

Observed

36

36

9

10-100

0.10

0.11

0.08

0.1-25

1.78

2.00

1.44

Reference model.

By assuming that the release products are the same as the base alloy com-

position (except for the preferential iron release from Inconel), the values

for the total crud elemental concentrations are calculated and shown in Table

6-4.

Table G-4. Coolant Elemental Concentrations

Element

Fe

Ni

Cr

Mn

Co

Total

CT

23.9

10.3

6.1

0.51

0.021

41.

ppb

cs

3.8

0.7

0.1

0.1

0.003

5.

CC

20.1

9.6

6.0

0.2

0.018

36.
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M

As STARFIRE is a stainless-steel/Inconel system the elemental balance in

the crud should be intermediate between current Zircaloy/Inconel PWRs (very

little steel) and all steel LWRS (no Inconel). This is indeed the case as

shown in Table G-5. Thus, the calculated concentrations for STARFIRE are, as

expected, intermediate between pure steel and Zircaloy/lnconel systems. The

composition ranges for Zircaloy-clad PWRs again indicate that iron is

preferentially released from Inconel.

Table G-5. Element Crud Concentrations in LWRs and
STARFIRE Primary Coolants (wt-%)

Reactor
Type
(Alloy
System)

Fe

Ni

Cr

aRef. 13.

bRef. 21.

PWRa

(Zr/Inconel)

39-51

22-43

15-29

STARFIRE
(Stainless

Steel
Inconel)

56

27

17

PWRb

(Carbon and
Stainless
Steel)

75-87

4-8

9-15

BWRb

(Stainless
Steel)

80

7

0.4

The total potentially releasable corrosion products from a loss of coolant

accident (LOCA) can be estimated for three cases:

LOCA-I: If the entire coolant from one loop leaked out, this would

release 8 g of metal to the reactor building.

LOCA-II; During crud bursts and shutdown situations in PWRs the crud

composition tends to increase by factors of 100-200. Added conservation due

to the more harsh environment involved might raise that to a factor of 250.

Then 2 kg of metal would be released.

LOCA-III: An upper bound on released material is obtained by assuming

that the entire outer surface oxide layer is removed (equals one-half total

oxide depth). This would result in 44 kg (one loop) released to the reactor

building.

G-17



G.6.2 Activity

The following nuclides have been detected in PWR coolants: ̂ 3 ' 58QO
 6 0 C O ,

51Cr, ^Mn, 56^, 55Fe> 5 7 ^ 59Fe> 65Ni> 95Zr, 9 5 ^ 97 Z r ) ^ 187W. B a s e d o n

calculations on STARFIRE blanket activity, seven isotopes were selected for

transport calculations: 60Co, 58Co, 55Fe, 59Fe, 51Cr, 5kMn, and 56Mn. These

totally dominate PWR coolant activity (except for the absence of 95Zr from

the Zircaloy) and represent 91% of the blanket activity for STARFIRE at shut-

down (the dominant missing isotope is 99Mo, which has not been previously

detected in PWR coolants) and 96% of the activity after 10 days. These are

thus the dominant isotopes for operating contamination and release calculations.

The long-term disposal contamination levels would be dominated by a different

isotope mix as discussed later.

For the isotopes of interest, the activity equations can be simplified

by noting that UC V « A.W. (production due to coolant dwell time is always

dominated by activation of wall deposits) and

XV « Q + kX

(decay of isotopes while suspended in coolant can be neglected). Then the num-

ber of atoms of each radioisotopes is given by:

fi/3(RA±cssA)
Y(#/m

3) = o*1 '

where C (number of target isotope atoms/kg of stainless steel) and W (number
ss •*•

of target isotope atoms/m2 of in-blanket deposit) are calculated from the mass

balance results.

Using the values of shutdown specific activity (Ci/kg stainless steel) in

the blanket weighted by surface area location, one obtains values of aij>. The

relevant parameters for the seven isotopes are shown in Table G-6. The total

activity is about 9.5 kCi/kg steel. The assumption (Sec. G-4.1) that each

isotope is produced from a single target isotope (giving a<j> values) can cause
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Table G-6. Isotope Parameters for Activity Model

Isotope

60Co

55 F e

54Mn
58Co

59Fe

51Cr

56Mn

Main
Parent

59Co

5tFe

5Te
58 N i

58 F e

50Cr

55Mn

Parent
Abundance

(%)

100

5.82

5.82

67.88

0.33

4.35

100

Ti/2

5.27 y

2.6 y

303 d

72 d

45.1 d

27.8 d

2.576 h

Ci/kg
Steel

171

4690

447
732

18

1200

2250

error only when the relative isotopic distributions of W differs from C (the

basis for specific activity calculations). For isotopes of interest, these

differences are slight; furthermore, the stainless steel release contribution

to coolant activity dominates the wall deposit activation except for the

short-lived isotope, 56Mn.

The relative contributions of in-blanket steel release to oxide film

activity is shown in Table G-7. The longer-lived isotopes are seen to be

totally dependent on the steel activity. Note that the direct steel release

pathwa.- does not exist for Zircaloy-clad PWRs. The additional pathway con-

tributes about forty times (weighted over Ci/kg steel levels) more activity to

the coolant activity levels than does activation of wall deposits.

The coolant and wall deposit activity levels are now calculated and shown

in Table G-8. Results are also shown for "the simple specific activity model

(coolant specific activity = steel activity * surface area ratio — see Sec. G-4.3),

The crude surface area model overpredicts coolant levels relative to the reference

model by not taking into account decay and filtering losses. As expected, the

overprediction generally increases as half-life decreases. The alternative model

overpredicts out-of-blanket surface levels, but underestimates in-blanket amounts

as it assumes that specific activity levels everywhere are equal. Again the dis-

crepancies tend to increase with decreasing half-life. In the extreme case of
56Mn, there is very little activity on out-blanket surfaces due to rapid decay.
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Table G-7. Ratio of Contribution from Steel
Release Activity to Wall Deposit
Activity

Isotope

60Co
55Fe

5V
58Co
59Fe
51Cr

56Mn

Ratio

82

77

25

3.4

3.7

2.0

0.2

Tl/2

5.27 y

2.6 y

303 d

72 d

45.1 d

27.8 d

2.576 h

Table G-8. Coolant and Wall Deposit Activity Levels

Isotopes 60Cc 55Fe 58Co 59Fe 51Cr 56Mh

Reference Model

mCi/m3 H2O

Ci/kg crud

mCi/in2 in-blanket

mCi/m2 out-of-blanket 86

0.

32

12

86

96

.3

23.3

784

322

2020

2.02

68

31

152

2.64

89

55

118

0.

2

1.

2

06

2

3.87

130

96

94

8.81

297

278

1

Surface Area Model

Ci/kg

mCi/m2

mCi/m2

crud

in-blanket

out-of-blanket

34

7

123

940

190

3400

89

18

322

146

30

531

3.5

<1

13

240

48

864

450

90

1620
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The activity levels of very long-lived isotopes could be easily calculated

using either the simple specific activity model or the reference model (elimi-

nating the wall deposit pathway). The total calculated shutdown levels are

then 42 mCi/m2 H20, 800 mCi/m
2 in-blanket, and 2500 mCi/m2 out-of-blanket. The

decay ten days after shutdown is almost entirely due to 56Mn.

6.6.3 Releases

Releases can be either normal or off-normal. Assuming 100 liters H20/day

leakage from primary to secondary coolant loops (as in the tritium case), a

normal activity release can be calculated of <3.3 mCi/day (assuming a 1.0-day

decay before release from the secondary). As seen in Table G-9, the primary

coolant water could be released to unrestricted areas if diluted by a factor of

100 (assuming adequate time for 56Mn decay).

Table G-9. Coolant Biological Hazard Potential Levelsa

Isotope

60Co

55Fe

54Mn

58Co

59Fe

51Cr
56Mh

MPC
Water
(Ci/m3)

3 x 10-5

2 x lO-3

1 x lO"1*

9 x 10-5

5 x 10-5

2 x lO-3

1 x lO"1*

Required
Dilution

32

12

20

29

1.2

1.9

88.1

MPC
Air

(Ci/m3)

3 x 10-10

3 x 10-8

1 x lO-9

2 x lO-9

2 x lO-9

8 x 10-8

2 x 10~8

BHP
Air
(km3)

3560

830

1920

790

14

18

42

rIPC (maximum permissible concentrations) are for in-
soluble species released to unrestricted areas (see
Ref. 27 ); required dilution • dilution required to
reduce coolant levels to MPC v a t e r; BHP listed is for
the maximum release to the atmosphere (Case LOCA-III).

Accidental releases can be determined for the three LCCA cases dis-

cussed in Sec. G.6.1. A simple (one loop) coolant leak would involve 12 Ci

(LOCA-I). For cases where the wall deposit is disturbed (coolant material in-

crease by a factor of 250, coming from all loop surfaces), then 2700 Ci could
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be released (LOCA-II). An upper bound due to the total activity in the outer

depth of the oxide layer through one loop is 32,000 Ci (LOCA-III). As seen in

Table G-9, such a release would have a BHP of ̂ 7200 km3 in air). Any releases

would be to the reactor building, rather than directly to the environment; hence,

any releases to the environment would be much less than the values presented

here.

Compared to fission, the harder neutron spectrum causes increased amounts

of S5Fe and 51*Mh; however, they have far lower relative toxicity. Although in

terms of BHP, 60Co is still a dominant hazard, the relative importance of mini-

mizing cobalt in the out-of-blanket portion of the system is significantly

decreased. Since >98.5% of the 60Co activity comes from trace cobalt in the

blanket steel (rather than other parts of the system), the only significant

method of reducing 60Co is reduction of 59Co in the stainless steel.

The maximum corrosion product release to the reactor building (32,000 Ci

for CASE LOCA-III) corresponds to £0.001% of the total blanket activity inven-

tory. It is difficult to determine what fraction of the mobilized material

could reach the environment by leaking from the reactor building; however,

deposition and settling should decrease the material by about ten. Thus, the

maximum corrosion product release to the environment is ^0.0001% of the blanket

activity inventory.
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H.I INTRODUCTION

This appendix contains descriptions of some of the analytical tools

used to design the magnet systems for STARFIRE in its early stages, as well as

the analyses of some design options which were not included in the final STAR-

FIRE design but for which either the design option or the method of analysis

might be useful in future fusion reactor studies. Section H.2 describes methods

to approximate the TF coil geometry, Sec. H.3 discusses the approximate location

of OH coils for a pulsed reactor, Sec. H.4 describes the variation of TF ripple

with TF coil geometry, and Sec. H.5 gives the electromagnetic analysis of a

hollow limiter design. It was largely on the basis of this analysis that the

hollow design concept was replaced by the one described in Chapter 8.

H.2 APPROXIMATE EXPRESSIONS FOR TF COIL GEOMETRY

Methods for finding approximate values for TF coil geometrical parameters

are useful both for parametric studies which optimize overall reactor systems

and for the layout of proposed design options. The ANL TF coil model*

has been modified and used for these purposes in the design of STARFIRE.

These modifications are described in this section.

,(1.2)

C=t/2

max

Figure H-l. Geometric parameters for a constant-tension toroidal
field coil.
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H.2.1 Parameters as Functions of Ri and R?

The geometrical parameters of a constant tension coil are shown in

Fig. H-l; approximate values of these can be found by the method of Moses
(3)

and Young. Equations (23) through (28) of reference 2 express the para-
meters Pi, P2J H. , H J R,, > and L as functions of Ri and R2, based on

Ki max a
a TF coil system with N - 16 coils. When applied to the 12-coil STARFIRE TF

coil system, the equations overestimated the coil half-height H by nearly

0.3 m. The expressions were then re-evaluated for N * 12 coils; they are:

PI - 0.101 R2 + 0-595 R* - 0.775 Ri2/R2 (1)

P 2 - 1.094 R2 - 2.390 Rx + 1.550 Rx
2/R2 (2)

H ^ - 0.786 R2 - 2.345 Rx + 1.800 Ri2/R2 (3)

H - 0.941 R2 - 1.892 Rx + 1.138 Ri2/R2 (4)
IQ3X

RJJ = 0.256 R2 + 1.220 Ri - 0.550 Ri2/R2 (5)
max
L = Circumference

= 4.828 R2 - 8.360 Rj, + 4.200 R:
2/R2 (6)

Parameters predicted by Eq (1) - (6) agree with those of the final STARFIRE

design to within 7 cm.

H.2.2 Direct Calculation from Moses and Young Approximation

(3)

It is also possible to calculate the Moses and Young approximation

to the coil shape directly with the following 28-card FORTRAN program which

calculates H and R from their Eq. (20). Input variables are:

R2 » R2 a mid-radius of outer leg

RH02 = p 2 ** radius of curvature at R2

XN = N •= number of coils
c

DPHI = Aifi -= angular step size

DPHI, typically 2 , is input in degrees and converted into radians in the

program. R2 and RH02 must have the same dimensions (e.g., meters). Output

of interest includes:

H - H(((. - ir/2)
max

IL - R(<f> - ir/2)
max
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H = H(* - TT)

Pi = RHO((j> = IT)

L = 2[L(<j> = TT) + HRi]

Unfortunately, Rj is an output rather than an input. The program must

be run iteratively to find the value for a desired R2 and Rj.

101 FORMAT (8F10.3)
102 FORMAT (1H )
2 WRITE (6,102)
READ (5,101) R2,RHO2,XN,DPHI
WRITE (6,101) R2,RHO2,XN,DPHI
IF (R2.EQ.0.) STOP
DPHI=DPHI*ATAN(1.)/45.
XNI=1. /XN
PHI=O. !
R=R2
RH0=BHO2
XL=O.
H=0.

PHI=DPHI/2.
4 DH=RH0*COS(PHI)*DPHI

DR=-RHO*SIN(PHI)*DPHI
H=H+DH
R=R+DR
XL=XL+SQRT(DR*DR+DH+DH)
PHI=PHI+DPHl/2.
ANFAOl.+COS(PHI)*XNI
RFAC=(1.+XNI)*RHO2/R2-XNI*ALOG(R/R2)
RHO=R*RFAC/ANFAC
WRITE(6,101) PHI,RHO,H,R,XL
IF(PHI.GT.3.3) GO TO 2
GO TO 4
END

Figure H-2 illustrates the values of Ri and H found from R? = 13 m,
l max *•

12 ar 16 coils, and different values of p 2 between 7.0 m and 8.5 m. This

fijure can also be used to find another value of R2 if Rj and H are fixed.

Foi example, suppose that it were desired that Rj - 3.17 m, H • 7.49 m.

One then draws on Fig. H-2 the line H /Ri « 7.49/3.17. That line will
UlaX

intersect the 12 coil curve at Rj = 3.04, H = 7 . 2 1 . R2 i s then given

bv 13 m x 3.17/3.04 = 13.56 m.
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2.6

Figure H-2. H as a function of Rj for R2 * 13 i
and for 12 or 16 coils.

H.2.3 Coil Cross Sections

The expressions for the TF coil cross sections have also been modified

in the magnet model. The total cross section A is given by:

A = ACu + Ass \ c (7)

where all cross sections are in m2, and A ^ , Ags> A ^ , and A y c are respectively

the cross sectional area of copper and superconductor, stainless steel support,

helium and insulator, and vacuum space and can. References (1) and (2) describe

the calculation of A C u and Agg. A ^ and A are estimated from the expressions:

A 0.64 A^ + 0.20 A
Cu ss vl/2

(8)

(9)
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H.2.4 Stored Energy

Finally, the expression for stored energy E in the magnet model (Eq. (11)

in reference (1), Eq. (34) in reference (2)) should be replaced by:

E = 2irB* (Rl + t/2)2 [R 2 (H R 2 _ 2R!ft) In (R2/Ri)
rosx m

+ (R| - R2) Q - ( 3 R 1 - 4 R 2 R X + Rj) HRi/2]/po(R2-R!)
2 (10)

where B is the peak toroidal field, t is the coil thickness,
max v

1/2
Hmax '-1 + <-1 " ̂ j ^ m a x * ]; vo

1/2
Hmax '-1 + <-1 " ̂ ^ a x * ]; vo is t h e f r e e s p a c e Permeability

and all other parameters are defined in Fig. H.I.

H.3 MODEL FOR OH COIL LOCATION AND CURRENT

STARFiRE is a steady state, rf-driven tokamak, without the large OH

solenoid characteristic of a pulsed tokamak reactor. However, pulsed operation

was considered as an option, and an initial design was developed for an OH coil

system similar to those of the ANL experimental power reactor (EPR) designs.

The system consists of a central solenoid (#1), three coils outward and upward

from the top of the solenoid (#2,3,4), a coil above the top of the TF coils,

(#5) and a coil outboard of the TF coils (#6), plus similar coils below

the midplane of the reactor. The solenoid supplies the required flux change

linked by the plasma, and the other coils cancel any field in the plasma

region due to the solenoid. General algorithms for the location and current

of such coils were developed, and appear here for possible future use on

pulsed systems.

H.3.1 The OH Solenoid

The total flux swing required of the OH coil system, A<j>, is determined

from the inductive volt seconds, the resistive volt seconds, and the expected

contribution of the EF coil system. The outer radius of the OH solenoid r2,

is determined by the TF coil design. It is generally equal to the inner radius

of the central support cylinder; but with a reduced OH solenoid current density

(representing allowance for additional structure for the transfer of force

through the OH solenoid), it can be taken as the outer radius of the support

cylinder.(5)
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The solenoid thickness, Ar, is given by:

Ar = */yoirJ[rl - *2 Ar + (Ar)
2/3] (11)

where J is the specified current density and generally the maximum flux $ «

A<}>/2. Eq. (11) must be solved iteratively; for the STARFIRE design, the cal-

culation converged at about one order of magnitude pe^ iteration. Peak field

in the solenoid, B Q H, is given by:

B Q H = uQJAr (12)

Finally the solenoid half-height, h l s xs taken to be

with H m a x and t as shown in Fig. H~l.

H.3.2 Locations of Other OH Coils

Coils #2, 3, and 4 are each taken to be out a distance Ar, as found by

Eq. (11), and up a distance 0.3 m from the previous coil. Coil #5 is located

at

rc = ^ (14)
max

Z = H + t/2 + 1.15 m; (15)
c max

and coil #6 is located at

r = R2 + t/2 + 0.5 m (16)
c *•

Z = (p2 + t/2) tan 0 (17)
c
Q = cos-^tl + 1.5 m/(p2 + t/2)]"

1) (18)

where H , R^ , R2,P2>
 a n d t a r e a s given in Fig. H-l.

max n
max
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H.3.3 Currents

The current Ij in coil #1 is given by:

Ar. (19)

We take 1 2 = 1 3 = 1 ^ ; thus there are three unknown currents, I2, 15, and I6

to be found. We determine them from the condition that the combined field

from all OH coils be zero in the midplane at r = R, the major radius, and at

r = R ± a, the outer and inner radios of the plasma.

Coils #2 through 6 are treated as filaments. Thus the field at point

(r, 0) due to the coils at (r , + Z ) with current I is given by:

B = 2vio kI[K + j (r + rc) k
2/2r -1 } E/(l-k2)]/4Trv^lT (20)

where k2 = 4 rr /[(r + r ) 2 + Z2] and K and E are respectively the complete
c c

elliptic integrals of the first and second kind.

The OH solenoid is treated as a thin walled solenoid of height 2h and

mean radius b = v^ - Ar/2. The field at (r,0) due to the solenoid is
, (6)given by

B =-2yoJArr2/4ir (21)

where the solid angle Q i s given by:

n = 2ir-4[u2 + b2 + 2ub sin a ] " 1 ^ 2 [(u + bsin o)K-

-2 bD sin a] (22)

and

u2 = r 2 + h2

cos a = h/u

k2 = 4 ub sin a/(u2 + b2 + 2 ub sin a)

D = (K - E)/k2

Calculations with the magnet design program GFUN ' confirmed the

positions and currents calculated with this OH Coil model.
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H.4 CONTROL OF TOROIDAL FIELD RIPPLE THROUGH
TF COIL GEOMETRY AND FERRITIC IRON.

In general, it has been thought desirable to reduce ripple as low as

possible. However, in Chapter 6 it is shown that a suitable amount of

ripple may be desirable to produce a thermally stable plasma burn. In this

section the dependence of ripple on TF coil outer radius and on the number of

coils is described, along with the possibilities for reducing ripple with

ferritic iron.

H.4.1 Ripple Variation with TF Coil Outer Radius and Number of Coils

Figure H-3 shows the calculated mid-plane field ripple as a function of

radial position for the STARFIRE TF coil system (Rx = 3.17 m, R2 = 13 m,
(7 8*i

N = 12 coils), and also values obtained from GFinr * calculations for

TF coil systems approximated by the methods of Sec. H.2 with Rj = 3.04 m;

R2 = 12.5 m, and N = 12, 10, and 8 coils. As expected the ripple decreases

as the number of coils increases. However, the radial variation of ripple in-

creases as the number of coils increases. The ripple at r = 7 m and r = 9 m

was fitted to the following expressions:

12 Coils: SB/B = + 0.1429% exp {1.4319 (r - 7)}

10 Coils: SB/B = + 0.4471% exp {1.1816 (r - 7)} (23)

8 Coils: SB/B = ± 1.405% exp j0.9321 (r - 7)}

with r in meters.

H.4.2 Ripple Control with Ferritic Iron

(5 9}
It has been shownv * ' that incorporating some sections of ferritic iron

in the radiation shield of a tokamak reactor is an effective way of reducing

the toroidal field ripple.

Calculations for two preliminary STARFIRE designs, one with Rj = 2.785 m

and R2 = 14 m, the other with Ri = 3.04 m and R = 12.5 m, were carried out
(7 8}

with the GFUN ' program. In each case the number of coils and the amount

of iron were varied. The iron is taken to be 12 m in total height, rectangular

in cross section, and curved to fit just inboard of the outboard leg of each

TF coil. Tables H-l and H-2 show the field ripple in each case; the peak-to-

mean ripple (half the peak-to-peak) is given.
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±0.10% —
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Figure H-3. Field ripple (peak to mean) for STARFIRE
and for design variations.

The final decision was to choose R2 = 13 m and no iron rather than

R2 = 12.5 m with iron or R2 = 14 m with iron and fewer coils, primarily on

the basis of the large amount of space so much iron would occupy.

H.5 ELECTROMAGNETIC ANALYSIS
OF A HOLLOW LIMITER DESIGN

Section 8.4.6 described the electromagnetic effects on the solid limiter

which has been incorporated into the STARFIRE design. This section describes

the analysis of an earlier, hollow design It is included here both because

of the results, which were in part responsible for the change to a solid

limiter, and because different analytical methods have been used here than in

Sec. 8.4.6, which might be applicable in future design studies.
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Table H-l. TF Coil Ripple Reduction with Ferritic Iron.
Rl • 2.785 m, R2 = 14 m

Number of Coils

12

10

Iron dimensions
(m

1.46

1.61

1.86

1.74

1.98

2.57

2.42

3.04

x m x m)

none

x 1.46

x 1.46

x 1.46

none

x 1.74

x 1.74

x 1.74

none

x 2.18

x 2.18

X

X

X

X

X

X

X

X

12

12

12

12

12

12

12

12

Total mass of iron
(x 10* metric tons)

0

2.39

2.64

3.05

0

2.83

3.22

4.19

0

3.95

4.96

Field Ripple

+ 0.62%

± 0.13%

± 0.04%

* 0.23%

± 1.50%

± 0.48%

+ 0.20%

+ 1.16%

+ 3.65%

± 1.64%

+ 2.54%

Table H-2. TF Coil Ripple Reduction with Ferritic Iron.
12 Coils, Rj = 3.04 m, R2 = 12.5 m

Iron
(m

0.5 x

1.0 x

1.5 x

dimensions
x m x m)

none

1.44 x 12

1.44 x 12

1.44 x 12

Total
(x 103

mass of
metric

0

0.81

1.62

2.43

Iron
tons)

Field Ripple

+ 2.32%

± 1.92%

± 1.13%

+ 0.63%

H.5.1 Introduction

In a plasma disruption, the plasma current rapidly will transfer to the

first wall and blanket. Since the limiter lies within the first wall, current

will also be induced in the limiter, in an attempt to maintain the magnetic

flux within the conducting limiter. One effect of this induced current will

be a magnetic pressure which attempts to expand the limiter. In addition a

torque results from the interaction of the induced current with the toroidal

field.
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Actually two modes of induced current might be expected. In one, which

might be called the limiter mode, the current flows toroidally in one direction

on one side of the limiter and back on the other. In the other, called the

support mode, the current flows one direction in the limiter, crosses at each

end of the support, and returns across the support itse.lf.

Because the hollow limiter is poorly represented by simple models such as

a solenoid or a filament, a more complex analysis had to be carried out. For

this purpose, the eddy-current analysis program EDDYNET ' was used, with

the limiter treated as a thin conducting shell.

The limiter is described briefly in Sec. H.5.2. In Sec. H.5.3 the pro-

gram EDDYNET is described, along with the method in which the limiter was

modeled for the computation. The calculated forces and torques are presented

in Sec. H-5.4.

H.5.2 The Hollow Limiter

The limiter runs toroidally around the outboard midplane of the tokamak,

extending inward from the first wall as described in Sec. 8.4. It is divided

into 0.5 m long sections; a single section is analyzed here. The full height

is 1.0 m, and the limiter extends about 0.28 m in from the first wall. A

simplified cross section of the limiter appears in Fig. H-4 a. It is made of

Ta-15W and consists of two layers 0.0015 m thick with cooling passages be-

tween. In the analysis, it is treated as a single layer 0.003 m thick.

H.5.3 Computation via EDDYNET

The computation has been carried out with the program EDDYNET, in which

the conducting surface is represented by a network of current-carrying line

elements. Consequently the solution of Maxwell's field equations reduces to

the simpler problem of solving Kirchhoff's circuit rules.

The limiter was modeled using the "shell" option of EDDYNET. A quadri-

lateral (in this case rectangular) mesh represented one quadrant of a limiter

section with the remainder included by symmetry. (Actually, in terms of the

available symmetry codes, it is one octant of two limiter sections, but as

the two are 8 m apart, they do not interact.) The height Z was specified as

a function pf radial coordinate y, as shown in Fig. H-4 b. The mesh contains

9 x 4 — 36 loops, as shown in Fig. H-4 c. The four on the left (Region 0A)
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Figure H-4. Modeling the hollow limiter
for the program EDDYNET

a. Cross-section of the limiter design.

b. Profile of the limiter model in the y-z
plane. OA lies in the plasma region;
ABCDE represents the wall of the hollow
limiter; EF represents the adjacent portion
of the first wall.

c. Rectangular mesh for eddy current calcula-
tion, projected on the x-y plane.
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represent the plasma region, with a very high resistivity. The eight on the

right (Region EF) represent the first wall, with effective resistivity

0.34 x 10"8 fim. The remainder represent the limiter (Region ABCDE), with

resistivity 14 x 10~8 ftm. The thickness is taken to be 0.003 m everywhere.

The poloidal field from the plasma is taken to be 1 T at the limiter

initially, uniform and in the Z direction. It is taken to decay instantane-

ously or exponentially with a time constant T .
o

H.5.4 Results

Seven cases were considered, for which parameters are summarized in

Table H-3. In the first three, the plasma current was taken to disappear

instantaneously. In the others, it was taken to decay exponentially with a

time constant x of 1 ms, 10 ms, or 100 ms. The cases differ also in the size
o

of At, the time step used in iterating through time. The number of time steps

N also appears in Table H-3.

Table H-3. Cases Considered

Case

1

2

3

4

5

6

7

o(ms)

0

0

0

1

10

10

100

At (ms)

0.01

0.02

0.10

0.01

0.01

0.02

0.02

Nt

659

659

659

653

653

791

653

For each case, the total power dissipated was determined each time step.

The normal component of field through each loop of the network, all the loop

currents, and all the line currents were also determined. The results for

cases 3, 4, 5, and 7 appear below; the other cases were compared with these

to confirm that the results do not depend on the size of At.
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H.5.4.1 Power

The power dissipated In the llmlter after an Instantaneous plasma current

disruption can be viewed as a sum over the normal modes of the limiter. After

a sufficiently long time, the power will decay with a characteristic time of

one-half the longest time constant. When that mode is subtracted from the

total power, the difference will decay with a characteristic time of one-half

the next longest time constant. If sufficiently precise values for power are

available, the subtraction can be repeated several times. The power was fit

in this way to four modes.

P = E Anexp (-2t/x ). (24)
n = 1

Characteristics of the four modes appear in Table H-4.

Table H-4 First Four Eddy Current Modes of the Limiter

Mode Name A (MW) 2/T (ms"1) x (ms) A T (Joule) Dominant after
n n n n n

60.

2.15

0.91

0.33

27

4700

3300

2400

60 ms

4 ms

1.4 ms

0.5 ms

1 "First Wall" 0.000 450 0.0333

2 "Support" 2.170 0.9317

3 "Limiter" 3.589 2.1883

4 Unnamed 7.358 6.0616

The quantity A T is a measure of the energy associated with each mode.

The "support" mode and "limiter" mode are seen to be dominant. The "first

wall" mode enters only because the network mesh generator prohibits the first

wall from being truly vertical. Although it has the longest time constant,

it has a very small A T , and is not expected to distort the results signif-

icantly.
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H.5.4.2 Line Currents, Forces, and Torques associated with Eddy Current Modes

According to the last column in Table H-4, the first-wall mode dominates

after 60 ms. Thus the line-current pattern at 60 ms is that of the first-wall

mode. Similarly, the pattern at 4 ms is a combination of the first-wall and

support modes and that at 2 ms a combination of the first three modes. De-

noting by I the current associated with the mode n at time t = 0, we can

write

11 = 1(60 ms) exp (60 ms/xi)

1 2 = exp(4 ms/T2) [1(4 ms) -Ii exp(-4 ms/ri)] (25)

13 = exp(2 ms/T3)[1(2 ms) -Ij exp(-2 ms/xi) -I2 exp(-2 ms/T2)]

Figure H-5 indicates the pattern of the first three modes by showing

the lines in which Ix > 3 kA, I 2 > 50 kA, and I3 > 20 kA, although of course,

all modes have some current in almost all lines- The patterns in Fig. H-5

justify the names "First Wall Mode", "Support Mode", and "Limiter Mode."

The torque, N, on the limiter is due to the force in the vertical direc-

tion, F , which in turn is due to the interaction of the magnetic field in

the toroidal (X) direction and the current in the radial (Y) direction.

Fz = -/jyBxdV = BjSlyAy (26)

N = BT£xIyAy (27)

The forces and torques associated with the support and limiter modes at t = 0

for an instantaneous plasma disruption are shown in Table H-5. The toroidal

field at the limiter is 4.54 T.

Table H-5. Forces and Torques of Support and Limiter Modes

Mode F7(10
3Nt) N(103Nfm) N/F,(m)

_£ Z

Support 418.3 133.3 0.319

Limiter 110.A 51.3 0.465

For an exponential decay of plasma current with time constant T , the

limiter mode with time constant T will experience a torque

N(T = 0)
N •= ± _ ° T . [exp(-t/T> -exp(-T/to)] . (28)

o
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SUPPORTMODE (T = 2. l5tns,I0>50kA)

LIMITERMODE {r = 0.9lms, I o > 20 kA)

Figure H-5. Eddy current paths of normal modes
in limiter projected on x-y plane.
Positions A,B,C,D,E and F are defined
in Fig. H-4.

For a given plasma disruption time T , the torque as a function of time

t can be calculated from Eq. (28) for both the support mode (T = 2.15 ms)

and the limiter mode (T = 0.91 ms). These torques appear in Table H-6 for

the time t which maximizes the sum of the two torques..
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Table H-6. Peak Torques for Different
Plasma Decay Time Constants T ,
calculated from values with T »

o

x (ms)

0

1

2

5

10

20

50

100

t(ms)

0

1.5

1.8

3

4

5

7

8

N
Support

133.3

68.4

50.4

30.3

18.7

10.9

5.0

2.6

N-m)

51.3

15.1

11.5

5.8

3.4

1.9

0.8

0.4

184.6

83.5

61.9

36.1

22.1

12.8

5.8

3.0

The torques in Table H-6 are calculated from Case 3 of Table H-3, with

x * 0ms. However, peak torques can also be calculated directly from com-

putations with T = 1 ms, 10 ms, 100 ms (Cases 4, 5, and 7 of Table H-3).

These torques appear in Table H-7 along with the force and the equivalent

lever arm. Figure H-6 compares the results of the two methods of analysis.

The torques calculated directly are somewhat higher, especially for T = 1 ms,

because the direct calculation implicitly includes other modes in addition to

the support and limiter modes. ,

Table H-7. Peak forces and torques from

(ms) t(ms)

Computation with T > 0.

F(103 N) N(103 N«m) N/F(m)

1
10

100

1

4

8

252.1

66.4

9.1

93.3

23.2

3.2

0.37

0.35

0.35
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Figure H-6. Peak torque on the hollow limiter as a
function of plasma discharge time x .
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I.I. INTRODUCTION

In order to better understand the behavior of the plasma during the

electron cyclotron resonance heating (ECRH) breakdown period, and to better

quantify the requirements of the vacuum chamber pumpdown, back fill, and the

ECRH power supply system, a zero dimensional model of the breakdown process

has been developed. This model has been used to explore possible options and

alternatives, and it indicates that ECRH breakdown imposes only minimal

constraints on the plasma vacuum system and power supplies. Especially

encouraging is the fact that the plasma parameters resulting from the break-

down phase are compatible with the use of lower hybrid heating for the

remainder of the plasma preheat. An ECRH breakdown system is thus viable

in STARFIRE.

The breakdown model consists of a global balance for particles (ions,

electrons, and impurities), with separate energy balances for the background

plasma and the two resonance heated regions (see Fig. 1-1), the electron

ELECTRON
CYCLOTRON
RESONANCE _

Figure 1-1. Relative positions of the resonance regions in a typical tokamak
plasma. For larger systems such as STARFIRE the separation
between the resonances is reduced, and, in fact, the two reson-
ance regions may actually merge.
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cyclotron resonance (ECR) and the upper hybrid resonance (UHR). Energy input

is in the form of rf power that is systematically distributed over the

volumes defined by the resonance regions, and losses are due to leakage,

neutral ionization, and Impurity line and recombination radiation where

oxygen is taken to be the impurity. The balance equations are formulated as

a system of coupled, first order, ordinary differential equations, which are

time-integrated using a fourth order Runge-Kutta algorithm with a variable

timestep.

The overall structure of the code is based upon ECRH preionization

experiments which have resulted in a nearly uniform plasma density

with a strongly heated resonance layer (Te t 60 eV) and

a colder background plasma (T ^ 10 eV). Initially the resonance layer is

at the position of the electron cyclotron resonance; however, as the electron

density builds, the heated region begins to move radially outward, finally

reaching an equilibrium position at the upper hybrid resonance, as shown in

Fig. 1-2. A detailed analysis of this transition is beyond the scope of the

E V B X B LOSS MODEL EMPIRICAL LOSS MODEL

PLASMA ROTATION

Figure 1-2. Illustration of two different loss models considered in the code.
For the E*v B X S case the loss mechanism is the outward drift
that particles experience in a simple torus, while for the
empirical case the loss mechanism is scaled to match experimental
observations.
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present study, but the code is thought to provide a reasonable representation

of the actual absorption physics due to the following method of calculating

the rf energy deposition.

Initially, all of the injected rf power is uniformly distributed in the

volume defined by the ECR (see Eq. 1-26 and Fig. 1-1). This description is

retained until the plasma density has built up to the point where either the

UHR layer has separated from the ECR layer or the absorbed rf power

density at the UHR (see Eq. 1-15) is greater than that at the ECR. From this

point on the UH absorption is increased in proportion to the square of the

density until it reaches 75% of the total rf power. (Typically the code is

set up such that the UH absorption reaches 75% of its maximum at a density of

2 x 1018 m " 3 ) . Beyond this point the 75/25 split between the UH/EC

layers is maintained, and the code is allowed to continue until a steady-

state solution has been reached.

Because the plasma density associated with this steady-state solution is

highly dependent upon the recycling of leaking particles back into the plasma,

a comment about the treatment of neutral recycling in the code is appropriate.

Recycling is a complex, little understood process that depends on several

factors including the amount of hydrogen initially contained in the wall, the

fraction of the particles reflected by the wall, the surface area of the
(2)

wall, and the cross section for gas release from the wall. ' Initially

only 50% of the leaking particles are expected to recycle; however, this

fraction rapidly increases to "" 100% as the wall becomes saturated. Since

the amount of hydrogen trapped in the wall at the beginning of each burn

cycle is unknown, the actual recycling fraction cannot be calculated. Fortu-

nately the trapped particle fraction can easily be made up through gas puffing;

therefore 100% recycling has been used in the present calculations. This means

that the final plasma density is comparable to the initial neutral density

increased by the ratio of the total vacuum volume to the plasma volume.

The details of the balance equations as formulated in the code are

presented in the following discussion. Units are MKS with temperatures in

eV unless otherwise noted.
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1.2. PARTICLE BALANCE EQUATIONS

The neutral, Ion, and electron densities are given by the following

equations:

at

dt

1 - f fx£ fH SH < 0 V >eH " fW fSW
<av>

eW

fH fSH

" fC ne nn <av>eC
So

<OV>eH + fW fSW ne »n <av>eW

fC ne nn <OV>eC ~ £

(I-D

(1-2)

ne = ni (1-3)

is the cold particle loss rate; fnu and fOIT are the fractional
on aw

In these equations Vp and V™ are respectively the volumes of the

plasma and the vacuum chamber; f , f , f are the fractional volumes of the
u w u

UHR layer, the ECR layer, and the remaining plasma volume (see Eqs. 1-25,

1-26);

increases in the ionization rates of the UHR and ECR layers, respectively,

due to interactions during slow down; <av> are the ionization rate
eu, w,c*

coefficients in each of the three regions of the plasma; S is the external

source of neutral particles; and the electron density is specified such that

charge neutrality is maintained.

A similar group of equations is obtained for the impurity ionization

states, normally taken to be oxygen, viz:

H
FSH ne °n <OV>0,1

" fW fSW °n <OV>0,1 " fC ne °n

(1-4)
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d O i = fH fSH
dt

I H / H H
ne °1-1 <OV>i-l, i + °i+l \a± + Yi "e

{ I H H H \
" °i \ < 0 V >i, ±+1 + °i-l + Yi-1 ne/j

fW fSH ne

w w w \ J
• a i - l + Y i - l n e /} (1-5)

fC ne

TC

Here 0 is the density of neutral oxygen; 0. the density of the i-th
n H.W.C 1

ionization state; <Ov> • i+1 are the ionization rate coefficients for the
H W C H W C

i-th state in each of the three regions; and a ' ' and y. ' ' are the

radiative and collisional recombination rates for interactions resulting in

an i-th state ion in each region. These rates are calculated from the

following relations given by Duchs and Griem:

/T<av>J .,., = S, l-±
re^i

,3/2

Y i = C i

Where T is the electron temperature in the respective regions.

Values for the coefficients S., a., C., and the ionization potential

X. of the i-th state of oxygen are given in Table 1-1.
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Table 1-1. Constants in Rate Coefficients

°-l °JL °_± \ °J> °_6 °_Z
Xi (eV) 30.0 47.3 68.7 104 128 739 871

S± (m3 sec"1) 1.0(-13) 1.6(-14) 3.8(-15) 2.0(-15) 6.1(-16) 3.8(-16) 1.3(-16)

a± (m3 sec"
1) 3.5(-20) 9.2(-2O) 1.6(-19) 2.2(-19) 3.4(-19) 1.0(-19) 1.8(-19)

c± (m6 sec"1) 9.1(-42) 8.8(-42) 8.3(-42) 6.2(-42) 7.1(-42) 2.6(-43) 2.9(-43)

In this table the numbers in parentheses indicate the power of 10 that

is associated with the coefficient, and constants for ground state oxygen

are not given because a and y a r e small, while values of X._ and

<ov>n 1 may be taken from the corresponding values of hydrogen. The
U,J.

<ov>n 1 for hydrogen is simply multiplied by the number of equivalentu,i
electrons in the oxygen ionic configuration.

In Eqs. 1-1 thru 1-5, particles are assumed to be exchanged between

layers, but they are only lost from the cold region at a rate given by T .

Two separate models have been developed for calculating this loss rate, and

they are illustrated schematically in Fig. 1-2. The first is obtained by

considering the outward E X B drift of particles in a simple torus, where

E _ is the electric field set up by the gradient drifts of the various species.

The vertical potential is thought to build up to a level where it is of the

order of the average energy of the hot electrons in the resonance layers. The
-»- -»•

confinement time is then found by dividing the corresponding E_D X B drift
ViJ

velocity into the equivalent circular radius of the plasma, a, and is:

TC - TEXB " 1'° V (I"9)

This simple description of the plasma loss mechanism during breakdown

predicts a much faster plasma build up than has been observed in ECRH preion-

ization experiments on ISX. For this reason an empirical confinement scaling

has also been developed which compares more favorably with the ISX results.

This has been accomplished by combining an anomalous loss term, which is

calculated from the flute growth rate, with an empirical scaling, similar to

Alcator confinement, that has been adjusted to match the ISX results. The

confinement time for this model is then:
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TC " TEMP * 6' 5 X 1 0

In this form the first term represents the confinement for a flute

unstable plasma, which is thought to exist before the poloidal rotation can

effect a pseudo rotational transform, and the second term is based on an

empirical fit to results from the Alcator experiment. ' The key differ-

ence between this model and the first one is the attempt to include two

distinct periods in the plasma evolution. The first period is characterized

by flute instabilities which give a short confinement time. This configura-

tion then gives way to a more quiescent period as the interchange instability

spreads out the sharp density gradients caused by the rapid ionization in

the neighborhood of the resonance layer. During the quiescent period the

increased mobility of the hot, resonance heated electrons is thought to cause

them to be lost at a faster rate than the cold ions. This, in turn, will

cause the plasma to assume a positive potential and begin to rotate, thus

canceling the vertical electric field and enhancing particle confinement.

As the density continues to build, the second term in the expression for

T begins to dominate the first, and by proper adjustment of the coeffi-

cents Y., Y,> and Y, the buildup rate and the steady-state conditions

observed in the ISX experiment can be duplicated. The justification for the

empirical model thus comes from its normalization with the available experi-

mental data.

1.3. ENERGY BALANCE EQUATIONS

In order to provide a more realistic description of the absorption of

ECRH energy in the plasma, the electron energy balance is broken down into

three separate components. The first two are for the upper hybrid and

electron cyclotron resonance layers:

• PUH + PWH " PRH " PIH " PIEH " ?LH (I-H)

PEC + PHW " PRW " PIW - PIEW " PLW
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and the third is for the cold, background electrons:

p + p — p — p — p — p
HC WC *RC IC IEC LC.

These are coupled with the ion energy balance to complete the model:

2 dt lniK1i fHPIEH
£CPIEC " pcx PLI.

(1-13)

(1-14)

The terms in these equations represent volume averaged power densities
—19

in MKS units (Boltzmann's constant is thus k - 1.6 x 10 J/eV), and they

are defined in the following discussion. F and P_,_ are the input power
UH EC

densities to the upper hybrid and electron cyclotron resonance layers. Since

i> 100% absorption is expected, they are calculated by splitting the total rf

power between the two layers in a "representative" fashion and dividing by

the respective layer volumes Vu and V,,, thus:
n W

UH

rf w

0.75 £ r f M

PUH < PEC

PDH > PEC

(1-15)

EC =

Prf / V
w

rf Hf]
PUH < PEC

PUH > PEC

(1-16)

In these equations the density ratio n /n_ is used to represent the

development of the upper hybrid layer. The density ri is an arbitrary
18 -3

constant, which is normally set equal to 2 x 10 m , and the ratio is

set equal to one for n > XL.. This corresponds to the assumption that

the UHR layer absorbs 75Z of the injected rf power for electron densities

above 2 x 1018 m~3, with the remaining 25Z being deposited in the ECR layer.

This is consistent with theory and experiment for the injection of randomly

polarized rf energy, and it is due to single pass absorption of the extra-

ordinary wave in the UHR layer.
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The remaining four positive terms in the three electron energy balance

equations (.V , P.-., Par and Pu_) represent energy exchanged between the

three regions. Initially (because of the low plasma density) the DBR layer

cannot be separately identified from the ECR layer, and ?„„ and P,_, are
lilt HW

zero. As the plasma density builds, however, the rf power density in the

UHR layer begins to differ from that in the ECR layer, and in small machines

the layers actually separate (see Fig. 1-1). These effects, together with the

differences between the energy exchange for the two assumptions on plasma

behavior during breakdown (see Fig. 1-2), are accounted for in the formulation

of the ?.,u and P,_, terms which become:

fRH fW PLW e*P (" A / Vo TSH>/ fH (I-17>
P
WH

The f and f terms are both 0.5 for the E^ X B case of Fig. 1-2,and f

and 1.0 and 0 respectively for the empirical case, while the exponential

factors account for the change in the energy exchange between layers as they

separate. This depends on the distance between the layers A, and on V Q T S H t

the average distance drifted in a slowing down time. The value of the

slowing down time is calculated from:

TSH = 2 Dc k T
H/(

PIH + PDH + PRH + P I E H ) (1-19)

The other two energy exchange terms account for the fraction of the

resonant electrons' energy that is given to the cold electrons during slow

down. They can be written for the E^g X t case as:

P(H,W)C = [ 1 - ° - 5 exp (-A/voTSH]TL(H,W) f(H,W) PD(H,W)/T(H,W) fC (1"20)

and for the empirical case as:

P - T f P / x f (1-21)
HC LH H DH/ H C

Pwc - [1.0 - exp < - A / V a | > ] TLH ftf PDMytw f c (1-22)
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In these relations T L f H „<. represents the net energy loss time for hot

electrons in the cold region, viz:

TL(H,W) * TC TS(H,W)/[TC + TS(H,W)]*

., represents the cold electron drag, i.e.,

D(H,tf) = !•* * 10 ne ln A [T ( H, W )- * C] /[
T(H,W) + T

C ] •P

T . is the loss rate for the UHR and ECR layers (given by Eq. 1-31), and

the remaining terms are common to all three layers.

Each of the above equations depends upon the volumes of the resonance

layers, V/t] u x, through the volume fractions f,n u N. These volume fractions

are given by:

f * V IV = 4 i r h B U /V ^T-?S^
rj| "ul V D •* it o »„„ « u / V.,, yj. £.?}

f., = \

where R is the plasma major radius; b is the vertical dimension of the

plasma cross section; V i« the plasma volume; R f̂i - R (1 + u
2 /2 U

2 )

is the radius of the UH resonance (where <D and u are the electron
pe ce

plasma and cyclotron frequencies); and W/tI „, are the widths of the reson-

ance layers which are defined in Eqs. 1-32 and 1-33.

The first loss term, PD/U u „., corresponds to the radiative and three

body recombination, the collisional excitation, and the line radiation losses

associated with the oxygen impurity atoms. These losses are again taken from

the model of Diichs, et al. and are:
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RJl L, i+1 °i

f(H,W) 2 x exp (-16/TA)

+ 0 4 exp (-16/Tj) + 0 5 exp (-20/Tj) + Og exp (-12/T*)

+ 0 6 exp (-83/TJO + 20? exp (-575/TA) + 20g exp (-655/Tji)

(1-27)

Here & cakes on the values H,W, and C for the UHR, ECR and cold regions

respectively; k Is again Boltzman's constant (1.6 x 10~19 J/eV); x.,

<°v> , o Y. are taken from Table 1-1; and x is the ionizatlon

potential of hydrogen (13.6 eV). The power loss predicted by this equation

for a steady-state population of ionization levels is shown in Fig. 1-3.

10-3'

,0-32 _

10-33 -

,0-34
10° 10' 10*

ELECTRON TEMPERATURE - . V

Figure 1-3. Line radiation, three body recombination, and collisonal
excitation power loss for oxygen, as a function of electron
temperature.
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The second loss tern, PT,U „ _,., is related to the first and corres-
J.V.H,W,OJ

ponds to the power lost through ionization of hydrogen, viz:

PI(H,W,C) = f(H,W) ne nn <av>e(H,W,C)kWr (1-28)

In this expression <°v> . . is the electron ionization rate coeffi-

ev.n,w,o;

clent for hydrogen in each of the three regions and W is the energy lost

during ionization which is take to be 20 eV.

The uhird loss term represents the energy transferred from the electrons

to the ions in each layer:p m " 3'1 x 1O"34 ln A ne n. (T^ - T.) /

and the fourth term is the leakage:

PLf. - f % M /

where again I is replaced by H,W, or C for the UHR, FL1, or cold regions.

Expressions for the. UHR and ECR loss rates are cast In the general form:

TL(H,W) = W<H,W)/VD

where W. . is the characteristic width of the respective layer, and vQ is

the average drift velocity of electrons in that layer. From Ref. 5:

2 2

(1-32)

(1-33)

R is then the major radius of the plasma and B the toroidal field

strength on centerline, with u and a again representing the elec-

tron plasma and cyclotron frequencies and f__ (= 2AB/B ) the width of the
EC o ^ ^

cyclotron resonance region. Values for v_ are calculated from the E X B

motion of the plasma and are given by:

WH

WW

RQ

= 16

fEC

(0

0) 2

ce
R =o

=

0 .

O- l

6.4 x 10"2]

04 Ro

i

Ro n /Be o

O T(H,W)/VD " ^ O T ( H W ) / l B
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where a is the equivalent circular radius of the plasma, i.e.,

a = / Plasma cross sectional area/ir. (1-35)

The three electron heating terms also appear in the ion energy balance

weighted by their respective volume fractions. The remaining terms in the

ion energy balance correspond to charge exchange (P^v) and leakage (P T T).
CX LI

Charge exchange losses are calculated from:

P = y n. n <av> k T., (1-36)
CX 2 x n cx i

where <°v> is the rate coefficient for charge exchange, and the ion

leakage is equivalent to that for electrons, viz:

PLI " 1 ni k V V (1-37)

1.4. MODEL VERIFICATION

In order to lend credibility to the plasma buildup calculated by the

computer model, a comparison was made with experimental data for ECRH break-

down in the ISX-B tokamak. ' The experimental results

indicate that the plasma buildup occurs over a millisecond timescale,

reaching a final steady state where n ^ 5 x 10 1 8 m~3, T ^ 60 eV,

and T % 10 eV. The results of the computer calculation for the E ? X B

loss model and the empirical loss model are shown in Figs. 1-4 and 1-5,

respectively. These figures illustrate that both models provide a reasonable

picture of the final steady-state conditions; however the buildup rate is

nearly an order of magnitude faster than the experiment in the E y X B

case. For this reason the empirical model of Fig. 1-5 was developed, and

(as is shown) it compares much more favorably with the experiment.

Several aspects of the computer model are also illustrated by the test

cases and should be noted here. The most striking is the behavior of the

temperature in the UHR layer, Tu, as shown in Fig. 1-5. Initially the

model assumes that T is equal to the temperature in the ECR layer, T .

As the plasma density builds, however, the resonance layers separate and

there is a sharp decrease in T . This occurs because the UHR layer is much
ii
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narrower than the ECR layer and, consequently, has a reduced confineaent

time. Immediately after the separation the energy exchanged between the ECR

and UHR layers helps to maintain Tu at ^ 150 eV. The continuing increase

in density reduces this energy exchange by increasing the separation distance

between the layers and decreasing the energy of the transferred electrons,

so that TH finally decreases to a minimum value of •>* 30 eV. At this

point the UHR layer begins to absorb a larger fraction of the rf input power

and T,, begins to increase. The rise in T continues until the power
IB -5

deposited in the UHR layer reaches 75% of the total (at n& ~ 2 x 1O
10 m 3 ) .

Beyond this point a slow decline in T occurs (due to the gradual increase
n

in plasma density) until steady state is reached at T ^ 60 eV. Similar

behavior of T is observed in Fig. 1-4 for the Ey X B model; however, the

increased rate of density buildup compresses the features into a shorter

timescale.

A second important aspect of che breakdown model is the rapid increase

in T and T after the microwave power is turned on. This is due to the
H W

low initial density in the plasma. In the model the initial plasma density

is assumed to be 0.1% of the neutral density, but in actuality the initial

plasma density will be much lower than this vilue. The artificially high

initial density in the model is necessary to avoid thermal runaway of the

resonance electron population, something which is not a problem in present

ECRU breakdown experiments. Apparently enough of the input microwave power

is dissipated in the vacuum chamber and in nonlinear loss processes (effects

which are not included in the present code) to prevent the production of a

runaway electron population that inhibits plasma buildup.

Because the experimental buildup measurements were taken with a probe

present in the plasma, it is not clear whether they provide an accurate basis

for normalizing the computer model. In addition, the steady-state behavior

of the two models is nearly the same as in the experiment. The only significant

difference is in the value of T where the E_R X B model predicts a 20 eV

temperature as compared to 10 eV for the empirical model and the experiment.

For these reasons both descriptions have been applied to the STARFIRE prob-

lem, with the surprising result that the models are virtually indistinguish-

able. This is because the plasma buildup rate is much faster than the
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Figure 1-4. Time history of key plasna parameters during breakdown for the
ISX experiment, as calculated using the t _ X ft loss model.
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Figure 1-5. Time history of key plasma parameters during breakdown for the
ISX experiment, as calculated using the empirical loss model.
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particle loss rate, for both the E ? X B and the empirical models, in a

large device such as STARFIRE. Neutral ionization and impurity radiation are

thus the dominant loss mechanisms. Since these losses are the same in both

cases, the models are essentially equivalent. For this reason, only cases
->• - >

corresponding to the E X B model have been considered in the STARFIRE

studies, presented in Sec. 6.3.4-

1.5. CONCLUSIONS

A zero-dimensional model of plasma breakdown with microwaves at the ECR

has been developed. This model has been normalized to available experimental

data, and it not only provides a reasonable description of the transient

plasma behavior during the breakdown period, but also reproduces the quasi-

steady-state parameters observed in the experiment. Application of the model

to STARFIRE indicates that, in large machines, plasma preionization utilizing

ECRH is an attractive alternative to avalanche breakdown. This is especially

true for STARFIRE where the use of lower hybrid current drive allows substan-

tial reductions in the size and complexity of the OH coil set.
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