
III. FUSION SYSTEMS ENGINEERING

A. Fusion Reactor Systems Studies

M. A. Abdou, Applied Physics Division

The work to upgrade and document the systems code for tokamak power
plants has continued. A study has been completed to compare the performance
and economics of refractory alloys and stainless steel as structural materials
in the first wall and blanket. The results of the study are presented in
reference 1. The following is a brief summary of the results.

A reference reactor with the parameters shown in Table III-l and a primary
lithium coolant was chosen for this study. The performance and economics of
stainless steel and a vanadium alloy (representative of the refractory alloys)
as structural materials were compared by examining two cases. In the first
case, stainless steel is employed in the first wall, blanket structure, pri-
mary coolant piping and pumping, heat exchangers and the balance of the heat
transfer and transport system. In the second case, vanadium is used in the
first wall, blanket structure, primary coolant piping and pumps and the inter-
mediate heat exchanger (IHX). In the IHX the materials are switched so that
stainless steel (or any other conventional material) is employed in the bal-
ance of the heat transfer and transport system. This scheme is found to be
the most promising technique for utilizing the refractory alloys because:
(1) the liquid lithium coolant is always in contact only with the refractory
alloys. Problems of impurity transport that could arise if "material switching"
is made somewhere in the primary coolant piping are avoided; and (2) the
intermediate coolant loop, thermal energy storage, steam generator and power
loop employ a conventional less expensive material and state-of-the-art tech-
nology.

Table III-2 shows the reference parameters for the heat transfer and trans-
port system for the two cases of stainless steel and vanadium. The material
plus fabrication cost is assumed to be 30 $/kg for stainless steel and 440 $/kg
for vanadium in the first wall and blanket. The cost of the pumps, piping and
IHX for the primary loop in the case of stainless steel was taken from the
PLBR cost data (see reference 2). The cost of the vanadium primary loop was
assumed to be three times that of the stainless steel loop.

Figure III-l displays the cost of energy as a function of the total down-
time required to replace the first wall and blanket for L in the range 1-6,
where L is the ratio of the lifetime of vanadium to that of stainless steel.
The results in this figure show that: (1) if the downtime is > 150 days, a
significant saving in the cost of energy can be achieved by using the vanadium

M. A. Abdou, et al., "Systems Studies on Technology and Economic Aspects of
Tokamak Power Plants," Presented at the Third ANS Topical Meeting on the
Technology of Controlled Nuclear Fusion, May 9-11, 1978, Sante Fe, New
Mexico.

2
"Prototype Large Breeder Reactor and Target Plant-Phase I: Concept Selection,"
General Electric Company, NEDM-14117 (1976).
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Table III-l. Reference Reactor Parameters

Thermal Power, MW

Neutron Wall Load, MW/m

Major Radius, m2

Maximum Toroidal Field, T

et , %

Inner Blanket/Shield Thickness, m

Outer Blanket/Shield Thickness, m

4950

4

7.3

9

8

1

1.3

Table III-2. Reference Parameters for the Heat Transfer
and Transport System

Structural Material in the Blanket
and Primary Loop:

Primary Coolant

Intermediate/cycle

Maximum Structure Temperature, °C

Steam Temperature, °C

Thertnodynamic Efficiency, %

Net Electric Power, MW

Blanket Structure, vol-%

No. Coolant Loops

Stainless
Steel

Lithium

Na/steam

500

292

30.1

1420

10

4

Vanadium
Alloy

Lithium

Na/steam

620

442

34.4

1630

8

4
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L= LIFE TIME RATIO (V/SS)

100 150 200 250 300
DOWN TIME, days

Figure III-l. Dependence of the Cost of Energy on the Downtime for
(a) SS structure, and (b) Vanadium structure with life-
time ratio and the range 1-6. Results are for F = 3.
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alloy provided that It offers a factor of 2 or more improvement in the life-
time of the first wall and blanket structure compared to stainless steel.
(2) For downtime in the range of 100 to 150 days, a factor of 3 advantage in
the longevity of the first wall and blanket structure is required in order
for the vanadium alloy to offer a marked economic advantage over stainless
steel. (3) If the downtime is short, 50 days or less, the economic viability
of the vanadium alloy (and similarly all refractory alloys) is not assured as
it must offer a factor of 6 or greater better life than stainless steel.

1. Systems Studies of Fusion Reactor Tritium Facilities

R. G. Clemmer, Chemical Engineering Division

The computer program TCODE has now been fully integrated into the ANL
fusion reactor systems package. A report describing TCODE is in preparation.
Two papers that include descriptions of the tritium systems studies will be
presented at upcoming meetings.2' Work on this aspect of the systems studies
is now essentially complete for FY-1978.

R. G. Clemmer, "TCODE - A Computer Code for Analysis of Tritium and Vacuum
Systems for Tokamak Reactors," Argonne National Laboratory, ANL/FPP/TM-110
(1978).

2
M. A. Abdou, R. G. Clemmer, V. A. Maroni, et al., "Systems Studies on Tech-
nology and Economic Aspects of Tokamak Power Plants," Presented at the Third
ANS Topical Meeting on the Technology of Controlled Nuclear Fusion, May 9-11,
1978, Santa Fe, New Mexico.

3
M. A. Abdou, C. C. Baker, R. G. Clemmer, V. A. Maroni, G. Fuller, et al.,
"Impact of Technology and Maintainability on Economic Aspects of Tokamak
Power Plants," to be presented at the Seventh IAEA Conference on Plasma
Physics and Controlled Nuclear Fusion Research, August 23-30, 1978, Innsbruck,
Austria.

B. Development of Blanket Processing Technology for Fusion Reactors

The program under way in the Chemical Engineering Division to initiate
the development of processing technology for liquid lithium fusion reactor
blankets is continuing. Progress during the second quarter of FY-1978 is
summarized below.

1. Lithium Processing Test Loop (LPTL)

J. R. Weston and V. A. Maroni, Chemical Engineering Division

During the second quarter of FY-1978, the LPTL was brought up to con-
tinuous operation and at the time of writing had gone through 2000 consecutive
hours of service. A graphical representation of the time-temperature histories
for the reservoir tank, getter trap and cold trap is shown in Figure III-2.
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Figure III-2. Time-temperature Histories and Impurity Concentration
Profiles for the First 2000 Hours of LPTL Operation.

This graph illustrates the controlled temperature ramp-up during the first
400 hours and the gradual cooldown of the cold trap crystallizer section
during the initial series of cold trap/getter trap tests.

The only problems encountered thus far have been associated with the
burn-out of heaters on the getter trap and reservoir tank. These burn-outs
appear to be occurring due to a flaw in some of the heaters and steps to cor-
rect the problem are being taken with the help of the vendor. Because sub-
stantial excess heating capability has been built into the LPTL vessels,
these initial burn-outs did not cause a shutdown of the facility. The burned-
out heaters will be replaced during a scheduled maintenance period in early
May, at which time we also plan to complete construction of and fill the salt
tank.

The results of experimental tests on the LPTL during the second quarter
of FY-1978 are summarized below:



Cold Trap Heat Balance Testa: At the request of workers at HEDL who
are designing a cold trap for an FMIT support facility, a series of tests
were conducted to determine the thermal hydraulic performance of the LPTL
cold trap (see Figure III-3). As the cold trap is presently instrumented,
it is possible to measure lithium flow rate, inlet and outlet lithium tem-
perature, minimum crystallizer temperature and power input to the economizer
section as well as the flow rate, inlet temperature and exit temperature of
the cooling air. Typical results show that without any heat input to t V
economizer and with a lithium flow rate somewhere in the range from 1 to 4
gpm, the lithium temperature is reduced from 420°C at the cold trap inlet to
5 200°C in the crystallizer, but exits the trap at 390°C after recirculating
through the economizer. Although the balance between the heat lost in the
crystallizer and the heat carried off by the cooling air can only be made in
round numbers, it does appear that the actual lithium flow rate is greater
(possibly 1.7- to 2.0-X) than the empirically calculated flow rate determined
lor the type of flow meter used on the LPTL. (It will be possible to cali-
brate the LPTL flow meters more accurately after the salt tank has been brought
on line.) On the whole, the LPTL cold trap appears to be adequately designed
to achieve minimum cold trap temperatures (̂  195°C) at peak loop operating
temperatures (̂  500cC) for reasonable lithium flow rates (1 to 2 gpm).

Impurity Control Tests: The results of oxygen and nitrogen sampling
studies carried out during the first 2000 hours of LPTL operation are shown
in Figure III-2. Nitrogen rose to a level of ^ 2500 wppm during the first
500 hours, but has since shown a steady decline to something less than 700
wppm, which is well below the saturation solubility of nitrogen at a cold
trap temperature of 200°C. It is not clear at this time how much of the
apparent nitrogen control is due to the zirconium-packed getter trap and how
much is due to a re-equilibration of nitrogen between the lithium and the
chromium in the stainless steel. A series of experiments is being formu-
lated to help resolve this question.

Although the data for oxygen are limited to only two points, the oxygen
level also appears to be declining with time. While this decline seems to be
correlated with cold trap temperature, the measured oxygen levels are approx-
imately 10-X higher than the predicted saturation solubility^ at the corres-
ponding cold trap temperature. A series of experiments, wherein oxygen
samples are taken during controlled ramp-up of the crystallizer temperature,
is planned to provide a more definitive test of oxygen level sensitivity to
cold trap temperature.

R. M. Yonco, E. Veleckis and V. A. Maroni, Journal of Nuclear Materials, 57,
317 (1975).

2
R. M. Yonco, V. A. Maroni, J. E. Strain and J. H. DeVan, "A Determination of
the Solubility of Lithium Oxide in Liquid Lithium by Fast Neutron Activation,"
submitted for publication in the Journal of Nuclear Materials.
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Figure III-3. Diagram of the LPTL cold trap presently in use.
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Spectrochemical analysis of one lithium sample from the LPTL showed that
the major metallic impurities in the bulk lithium were aluminum (200 wppm),
calcium (80 wppm) and zirconium (200 wppm). It is worthy of mention here
that all sampling of the LPTL is done from the reservoir tank, using filter-
tipped samplers of the type described in previous publications.1*2 These
puv.ications also contain descriptions of the analytical methods currently
being employed.

2, Supporting Studies

R. M. Yonco, V. A. Maroni and R. W. Peterman , Chemical Engineering
Division

During the second quarter of FY-1978 the lithium mini-test loop (LMTL)
was returned to operation after refurbishing of the heating and leak sensing
systems. The LMTL (see reference 1 for a description) is currently operating
at 500°C in the main IOOD and 600°C in the zirconium eettsr tran. Samnling
studies aimed at determining nitrogen level sensitivity to getter trap tem-
perature have been initiated. The LMTL is approaching 7000 actual operating
hours since its startup in September of 1976.

Work on the development of the control circuits for the LPTL salt tank
is now essentially completed. The control system has been successfully tested
on the half-scale glass mock-up of the salt tank. Preparation for filming of
the mock-up in operation and for tests of stirring profiles is underway.
Bromobenzene containing dissolved iodine (to provide a pink color for con-
trast) and benzoic acid is used to simulate the salt phase. An ^ 10~3 normal
aqueous solution of NaOH is used to simulate the lithium phase. After intro-
duction of the aqueous base to the bromobenzene solution the titration reaction
betx^een NaOH and the benzoic acid is followed using bromcresol purple as an
indicator. The effects of stirring speed and stirrer shape can be studied
by timing the blue to yellow color change in the aqueous phase. These tests
are expected to provide insights concerning stirrer configuration, location
and speed that may be useful in selecting parameters for the LPTL salt tank
stirring system.

Undergraduate Cooperative Student from Northwestern University.

W. M. Stacey, Jr., et al., "Fusion Power Program Quarterly Progress Report:
July-September, 1976," Argonne National Laboratory, ANL/CTR-76-5 (January,
1977).

C. Safety Studies of Fusion Concepts

1. Analysis of Tritium Soaking Mechanisms

R. G. Clemmer, R. H. Land and V. A. Maroni, Chemical Engineering
Division

The new Overhoff tritium monitor originally scheduled for delivery in
early February has just been received. Check out of this monitor is in prog-
ress and the experimental studies described in the preceding quarterly progress
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report are about to get underway. Several modifications have been made to
the bench-scale air detritiation apparatus to provide greater flexibility
in testing oxidizer beds and moisture traps and to accommodate the new
tritium monitor.

2
A number of major improvements have been made in the computer code TSOAK.

This program, which calculates the effects of tritiated water formation/adsorp-
tion/release mechanisms on air detritiation operations, now has the capability
to track actual experimental data (from our test chamber and others) over the
entire time span of a tritium cleanup operation. The problem of plateauing
of the cleanup curve near the end of a simulated cleanup operation, described
in the previous report, has been resolved. Figures III-4 and II1-5 show the
results of an attempt to fit a previously measured cleanup curve obtained for
a controlled T release to our small test chamber.2 The dashed curve in
Figure III-4 represents an exact fit to the actual data, while the solid
curve in Figure III-4 delineates the ideal cleanup curve expected in the
absence of HTO adsorption and release effects. The dotted curve in Figure
III-4 tracks the amount of tritium soaked into the test chamber surfaces as

IDEflL TRT
CRLCULFlTED TRT

TOTRL TRITIUM RELERSE - 6.50*10 grams
ROOM VOLUME - 1.62x10° cu ft
PLOW RflTE - 3.53*10"2 cfm

10" 10' 10J

TIME flFTER RELERSE, MINUTES
10'

t—

<noto
u.o

Figure III-4. Air Detritiation Curves for a Typical Cleanup Operation Using
the Bench-Scale Test Chamber. The dashed curve exactly
matches the observed experimental curve.
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Figure III-5. Calculated Species Concentrations with Time for the Cleanup
Curves in Figure III-4.

a function of time. Figure III-5 shows the calculated variations in T 2, HT
and HTO concentrations with time. Although it is not presently within our
capabilities to measure (to any degree of accuracy) the T2, HT and HTO con-
centrations and the amount of soaked tritium (Figure III-4) , the results in
Figures II1-4 and III-5 (particularly the relative concentrations of HTO and
HT + T near the end of the cleanup operation) are generally consistent with
other experimental observations described in previous reports (see reference
2).

C. C. Baker, et al., "Fusion Power Program Quarterly Progress Report,
October-December, 1977," Argonne National Laboratory, ANL/FPP-77-7 (1977).

R. G. Clemraer, R. H. Land, V. A. Maroni and J. M. Mintz, "Simulation of
Large Scale Air-Detriation Operations by Computer Modeling and Bench-Scale
Experimentation," Argonne National Laboratory, ANL/FPP-77-3 (November, 1977);
also, published in abridged form in the Proceedings of the Seventh IEEE
Symposium on Engineering Problems of Fusion Research. October 25-28, 1977,
Knoxville, Tennessee; IEEE Publication No. 77CH1267-4-NPS (1977).
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D. MACKLIB-IV. A New Library of Nuclear Response Functions

Y. Gohar and M. A. Abdou, Applied Physics Division

A new library, MACKLIB-IV, of processed nuclear data for neutronics
analysis of nuclear systems has been generated. The library was prepared
using the new version of the MACK code, MACK-IV,^ and nuclear data from
ENDF/B-IV. The library includes all nuclear response functions for all
materials presently of interest in fusion and fusion-fission hybrid appli-
cations. The new library2 is a significant upgrade from the earlier version,
MACKLIB.3

MACKLIB-IV employs the CTR energy group structure of 171 neutron groups
and 36 gamma groups. A retrieval computer program is included with the li-
brary to permit collapsing into any other energy group structure. The library
is in the new format of the "MACK-Activity Table" that uses a fixed position
for each specific response function. This permits the user, when employing
the library with present transport codes, to obtain directly the nuclear
responses (e.g. the total nuclear heating) summed for all isotopes and inte-
grated over any geometrical volume. The response functions included in the
library are neutron kerma factor, gamma kerma factor, gas production and
tritium breeding functions, and all important reaction cross sections.

One of the significant improvements in MACK-IV is the provision for two
different calculational techniques for neutron kerma factors: (a) the nuclear
kinematics path that utilizes only the neutron data files in ENDF/B; and ( b)
the gamma production path that employs the gamma production files as well as
the neutron files. The ENDF/B-IV evaluations were reviewed for each material
and an appropriate calculational technique was selected to ensure the relative
validity of the results.

As an example, the neutron kerma factor, k , for beryllium is plotted in
Figure III-6 for three cases: (1) k based on ENDF/B-III data using the
nuclear kinematics path; (2) ^ based on ENDF/B-IV data calculated with the
nuclear kinematics path; and (3) k^ based on ENDF/B-IV data using the gamma
production path. Comparing ( 1) and (2), one notes that the changes in the
basic data from Version III to Version IV is very small. The neutron kerma
factor calculated in Case 2 is higher than that in Case 3 at high energies
(> 10 MeV). The reason is that no information on the individual levels

1 M. A. Abdou, Y. Gohar and R. Q. Wright, "MACK-IV, A New Version of MACK: A
Program to Calculate Nuclear Response Functions from Data in ENDF/B-IV
Format," Argonne National Laboratory, ANL/FPP-77-5 (1978).

2
Y. Gohar and M. Abdou, "MACKLIB-IV, A Multigroup Library of Nuclear Response
Functions," ANL/FPP/TM-106 (1978).

M. A. Abdou and R. W. Roussin, "MACKLIB: 100-Group Neutron Fluence-to-Kerma
Factors and Reaction Cross Sections Generated by the MACK Computer Program
from Data in ENDF FORMAT," Oak Ridge National Laboratory, ORNL-TM-3995.

R. W. Roussin, et al., "The CTR Processed Multigroup Cross Section Library
for Neutronics Studies," Oak Ridge National Laboratory, ORNL/RSIC-37 (1977).
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Figure III-6. Neutron Kerma Factor for Beryllium.

(partial level cross sections) are given in the neutron files for the (n,
charged particles) reactions. In this case it is clear that the results from
Case 3 are more accurate than those of Case 2 and, hence, the kerma factors
calculated from the gamma production path are adopted for inclusion in MACKLIB-IV.

The library also includes response functions for fissionable materials.
The neutron kerma factors for 235U, 232Th and 238U are displayed in Figure
II'f-7. Using the kerma factor methpdology for calculation of nuclear heating
in nuclear systems with fissionable materials should provide a significant
improvement over the approximate methods commonly used at present. Table
III-3 compares the neutron kerma factors in MACK-IV3 to those in the earlier
version of MACKLIB2 for several materials. The comparison is shown for
selected energy ranges where large differences occur. These differences
reflect a combination of effects due to changes in basic nuclear data between
Versions III and IV of ENDF/B as well as differences in calculational methods.

The library is useful as a tool for neutronics and photonics analysis in
many nuclear systems.
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Table III-3. Comparison of Neutron Kerma Factors in MACKLIB-IV and MACKLIB
for Several Materials in Selected Energy Groupsa»b

Energy Group (MeV)

Mat.

Be
6Li
7Li
10B

12C

Al

Nb

Cu

Pb

13.499-14.918

MACKLIB/IV MACKLIB

3.018

4.901

4.185

6.260

4.618

6.252

1.207

3.517

0.282

3.473

4.400

3.313

3.686

3.244

4.010

1.045

2.712

0.266

10.0-11

MACKLIB/IV

1.848

4.760

3.785

5.002

1.980

2.852

0.764

1.898

0.232

.052

MACKLIB

2.738

4.154

2.952

3.433

2.407

2.893

0.792

1.994

0.252

1.0026-1

MACKLIB/IV

0.516

1.684

0.408

1.118

0.350

0.148

0.082

0.096

0.041

.102

MACKLIB

0.521

1.782

0.416

1.518

0.364

0.206

0.093

0.101

0.047

a. All MACKLIB kerma factors are based on ENDF/B-III data but those of
MACKLIB-IV are based on ENDF/B-IV.

b. All neutron kerma factors in units of MeV-barn/atom.
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E. Energy Storage and Power Supply Requirements for Commercial Fusion Reactors

J. N. Brooks, Applied Physics Division

Detailed burn cycle studies of the startup and shutdown phases of the
reference 7-m reactor have been performed in order to define the driving sys-
tem requirements. For the present, SCR-type voltage sources have been assumed
to drive both the OH and EF coils. The role of oxygen contamination, startup
density level and neutral beam heating power on startup requirements has been
examined. In general, It has been found that all of the power supply require-
ments have been decreased over previous estimates. The role of resistive
volt-second losses in the plasma, which formerly dominated the choice of oper-
ating point, has been reduced substantially because of the new experimental
data and the simulated use of various cost-savings techniques. An example
of the power supply requirements, for one particular mode of operation (not
the optimum), are resistive volt-seconds for startup - 17 v-s (down from
125 v-s); EF maximum power - 1369 MVA (down from 3651 MVA); and EF stored
energy - 20 C,J (down from 4.6 GJ). The total power supply system cost, ex-
clusive of the neutral beam power supply cost, for this particular case is
$90 M, down from about $167 M.

F. Blanket/Shield Design Evaluation for Commercial Fusion Reactors

1. Blanket/Shield Design Study

D. L. Smith, R. Clemmer, S. D. Harkness, J. Jung, J. Krazinski,
H. C. Stevens and C. K. Youngdahl, Fusion Power Program

A study of tokamak reactor first wall/blanket/shield technology has been
initiated in cooperation with McDonnell Douglas Astronautics Company (MDAC).
The objectives of this program are the identification of key technological
limitations for various tritium-breeding-blanket design concepts, establish-
ment of a basis for assessment and comparison of the design features of each
concept, and development of optimized blanket designs. The approach being
used involves a review of previously proposed blanket designs, analysis of
critical technological problems and design features associated with each of
the blanket concepts, and a detailed evaluation of the most tractable design
concepts.

Initial phases of the program involve the evaluation of tritium-breeding
blanket concepts according to the proposed coolant. The ANL effort is presently
evaluating liquid-lithium-cooled blanket designs while MDAC is evaluating
helium-cooled designs. A joint effort has been undertaken to provide a con-
sistent set of materials property data that will be used for analysis of all
blanket concepts. The neutronics and tritium processing analyses are being
conducted at ANL and the overall systems analyses are being coordinated by
MDAC.

A generic 2400 MWt tokamak power reactor with a major radius of 7.0 m,
a minor radius of 2.3 m, and a slightly elongated plasma is used for the blanket
analyses. Other reactor design parameters are summarized in Table III-4. The
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Table III-4. Basic Machine

Major radius

Minor radius

Aspect ratio

Elongation factor

Vacuum scrape-off region

Maximum toroidal-field
region

Plasma volume

Wall area

Toroidal beta

Poloidal beta

q(o) = 1

Plasma current

Average electron temperature

Average ion temperature

Average ion density

Average alpha particle
density

Average electron density

Peak thermal power

Peak average neutron wall
loading

Peak average total wall
loading (no divertor)

Design

7.0 m

2.33 m

3.0

1.3 m

0.2 m

9 T

950 m3

729 m2

0.07

1.75

11.6 MA

8 keV

7.95 keV

1.5 x 10 2 0 in"3

3.2 x 10 2 0 s-m"3

1.87 x 10 1 8 m~3

1.93 x io2° m"3

2380 MW

2.41 MW/m2

3.26 MW/m2

1.71

30 minutes

1 minute
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impact on blanket design produced by a nonbreeding inner blanket and displace-
ment, of breeding volume by a divertor are being evaluated parametrically.

The two main aspects of the materials considerations are the specification
of the design criteria and a compilation of materials property data. The stress
criteria are based on elevated temperature design criteria specified by the
ASME Boiler and Pressure Vessel Code. The structural materials, tritium breeding
materials, and coolants being considered are summarized in Table III-5. Each of
the five structural alloys listed are considered as representative of a class
of alloys and are not necessarily assumed to be optimum. Results from the
complete blanket analysis will indicate which properties of each alloy class
are limiting the operating conditions and blanket lifetime.

A nuclear analysis of the tritium-breeding performance has been made for
the three breeding systems, viz., liquid lithium, Li2O, and Li Pb . The anal-
ysis focused on three major categories: (1) trend of variation or breeding
ratio with breeding zone thickness, (2) effects of a graphite reflector and
beryllium neutron multiplier on the breeding ratio, and (3) impact of tritium
breeding on the minimum blanket/shield thickness requirements for protection
of the toroidal-field coils. Preliminary results for a reference blanket with
no reflector or neutron multiplier indicate that the minimum blanket thick-
nesses required to attain a breeding ratio of unity are 0.33, 0.22, and 0.10 m
for Li, Li,0, and Li7Pb?, respectively. Figure III-8 shows the breeding ratios
attainable as a function of blanket thickness for the three breeding materials.
Results are shown for three cases, viz., the reference blanket, an 0.20-m thick
graphite reflector (outside the blanket) and an 0.05-m thick beryllium neutron
multiplier behind the first wall. Breeding ratios in excess of 1.4 are attain-
able with all three breeding materials. These relatively high breeding ratios
will be necessary for blanket designs that incorporate a divertor and do not
breed in the inner blanket.

The effects of fractional fuel burnup and doubling time on the required
breeding ratio have been analyzed. Figure III-9 is a plot of the required
breeding ratio as a function of fractional burnup for selected doubling times.
For a low fractional burnup of 1%, which is typical of a reactor with a divertor,

Table III-5. Reference Materials Considered in Blanket Design Study

Structural

Fe-Alloy:

Ni-Alloy:

Ti-Alloy:

V-Alloy:

Nb-Alloy:

Materials

316 SS

IN 625

Ti 6242

V-15Cr-5Ti

Fs-85

Breeding Materials

Liquid Lithium

Solid Li2O

Solid Li?Pb

Coolants

Liquid Lithium

Helium

Water (Steam)

Liquid Sodium

Molten Salt
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an effective breeding ratio of 1.2 is required for a doubling time of 5 y.
For a higher fractional burnup of 6-8%, which is typical of a reactor without
a divertor, an effective breeding ratio of only 1.05 is required for a doubling
time of 5 y. As a consequence, the tritium inventory required for a reactor
with a divertor is substantially larger than for a similar reactor without a
divertor.

The analyses of critical aspects of mechanical design, thermal-hydraulic
considerations, and stress considerations in lithium-cooled blanket concepts
have been initiated. Three types of blanket configurations; viz., complete
wedges of the torus, large blanket slabs and small blanket modules; are being
evaluated in the mechanical design. The complete wedge configuration consists
of twelve blanket segments corresponding to the number of toroidal-field coils.
The large slab configuration consists of the minimum number of blanket seg-
ments, i.e., 96-144, that can be removed from the reactor without disassembling
the toroidal-field coils. The small module configuration consists of a rela-
tively large number, possibly 1800, of blanket segments that can be easily
handled. The impact of these three blanket configurations on the mechanical
design are being evaluated in terms of fabrication, manifolding, maintenance,
repair, etc. The impact of vacuum wall position on blanket design is also
being evaluated. The three vacuum wall concepts considered are the first wall,
the outer edge of the blanket in the high temperature region, and outside the
blanket in the low temperature region.

Emphasis of the thermal-hydraulic and stress analyses is being placed on
the first-wall region of the blanket. This effort includes evaluation of first-
wall design on the thermal response of the structural wall, effects of coolant
flow pattern on the thermal response of the structural wall, and effects of
materials variations on the acceptable stress and operating levels. Time-
dependent first-wall surface heat fluxes for designs with radiatively-cooled
liners and multiple limiters have been compared with those for bare walls. A
radiatively-cooled liner substantially reduced the thermal cycling and, hence,
the thermal stresses, induced in the structural wall compared to a bare wall.
However, the thermal cycling and maximum temperatures of the liner become
critical. Multiple limiters that cover a fraction, e.g., 5-20%, of the first
wall possess some advantages. The limiters can withstand higher surface heat
fluxes than a full liner, since the limiters can thermally radiate heat from
their front surface to exposed bare first walls. Also, thermal inertia pro-
vided by the limiters tends to reduce the magnitude of thermal cycling of the
bare structural wall. The present calculations are devoted to optimization
of the number and size of limiters. A second major advantage of the multiple
limiter concept is the smaller size or number compared to that of a full liner.

2. An Analysis of the Relationship Between Available Materials Properties
and Allowable Fusion Reactor Design Conditions

S. D. Harkness, B. Cramer*, J. Davis*, D. Kummer*, S. Majumdar and
B. Misra, Fusion Power Program

A study was conducted to define the limitations in system performance that
resulted from the selection of either type 316 stainless steel or an idealized

McDonnell Douglas Astronautics Company, St. Louis, Missouri.
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vanadium alloy for a lithium-cooled tokamak fusion reactor system. These
studies resulted in a definition of the physical properties for fatigue,
creep-fatigue, crack growth and creep rupture that were required to achieve
a goal life of 10 MW-yr/m2. The fatigue and creep-fatigue properties of
annealed stainless steel appear marginal while the expected vanadium prop-
erties appear quite adequate. The potential benefits of both cold work and
irradiation on the fatigue properties of type 316 stainless steel were
identified. The crack growth analysis again showed that the type 316 stain-
less steel properties may be in need of improvement. The creep rupture re-
quirements were found to be in line with the limited available data on
irradiated stainless steel.

a. Introduction

Available material properties often limit the designers ability to con-
struct an economical, efficient system. The current work is an attempt to
begin to quantify the limits imposed on a tokamak fusion reactor design by
the selection of type 316 stainless steel as the structural material. Specif-
ically the cyclic loading inherent to tokamak operation was analyzed for its
effect on the lifetime of the first wall structure. System study^'^ analysis
has shown that there is strong economic incentive to achieve a minimum of a
% 10 MW-yr/m2 lifetime at a wall loading of at least 2 MW/m2. The results of
the present assessment of creep-fatigue and crack growth properties indicate
that as presently understood, the use of annealed type 316 stainless steel
may limit the development of an economic commercial tokamak reactor design.

The conclusions reached by this study were based on a thermal-hydraulic
analysis of both cylindrical and U-bend, lithium-cooled first wall modules.
The stress analysis based on the thermal histories calculated for different
burn cycles was then used as input to the estimates of the creep-fatigue and
crack propagation behavior.

The following highlights emerged from the creep-fatigue analysis:

1. Based on the use of unirradiated properties, annealed type 316 stain-
less steel must be limited to wall loadings of less than 2.5 MW/m2 for
a 1-minute burn cycle if a 10 MW-yr/m2 life is to be achieved. The
availability of a 6-minute burn cycle would allow wall loadings of
3.6 MW/m2 while a 60-minute burn cycle would enable 7 MW/m2 wall
loadings, based on a fatigue criteria.

2. Coldworking type 316 stainless steel is expected to allow higher wall
loadings (up to ^ A MW/m2 for the 1-minute burn cycle case).

3. The irradiation strengthening of annealed type 316 stainless steel may
result in higher allowable wall loadings (up to "\> 4.6 MW/m2 for the
1-minute burn cycle case).

M. Abdou, "Parametric Systems Analyses for Tokamak Power Plants," Argonne
National Laboratory, ANL/FPP/TM-97 (1977).

o
G. M. Fuller, "Fusion Reactor First Wall Systems Analysis," ER-582 (November,
1977).
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4. Vanadium alloys are not expected to be limited by their fatigue proper-
ties due to the relatively low thermal stresses that are generated.

5. Radiation enhanced stress relaxation is expected to cause the first wall
to be only stressed by the primary coolant pressure during the burn. The
large stresses resulting from the radial temperature gradient are only
present during the down time. This phenomenon serves to minimize the
amount of expected creep damage.

The Universal Slopes equation approach was taken as a means of assessing
the relative effects of irradiation hardening and metallurgical state on the
fatigue properties of type 316 stainless steel, as recently outlined by
Michel and Korth."* The equation developed for estimating both the effects
of initial coldwork and irradiation hardening is as follows:

A T c ° u M -0.12 , 1 n0.6 .. -0.6 ,,,
Aet = 3.5 — N f + — D Nf (1)

where

au = ultimate tensile strength, MPa

E = Young's Modulus, MPa

N. = cycles to failure

D = ductility parameter, In e

e = uniform strain (%)

The ductility parameter was chosen as the uniform elongation to reflect
the possible importance of dislocation channeling processes to both fatigue
crack, initiation and propagation.

Both coldworking and irradiation have the effect of increasing the ultimate
tensile strength while reducing the ductility (uniform elongation) compared to
the unirradiated properties of annealed type 316 stainless steel. In order to
study these effects on the fatigue life of stainless steel, Eq. 1 was used to
generate the curves presented in Figure 111-10. The source of tensile data
was the Nuclear Systems Materials Handbook.^ The predicted effect, in both
cases, is a reduction in low cycle performance and an enhancement in the high
cycle regime. This enhancement could have a beneficial effect on the expected
fatigue life of the material. As shown in Figure 111-10, wall loadings below
the level at which the 10 MW-yr/m2 curves intersect the fatigue curve, appro-
priate for the material condition will allow a 10 MW-yr/m2 or greater lifetime.
Thus, for a one-minute burn cycle, wall loadings up to ^ 4.6 MW/m2 would be

D. J. Michel and G. E. Korth, "Effects of Irradiation on Fatigue and Crack
Propagation in Austenitic Stainless Steels," in Radiation Effects in Breeder
Reactor Structural Materials, p. 129 (1976).

Nuclear Systems Materials Handbook, Vol. I, Design Data (October, 1975).
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allowable based on the irradiated tensile properties of annealed 316 stain-
less steel and 'v 4 MW/m2 based on the unirradiated properties of 20% cold-
worked 316 as compared to a limit of "•> 2.5 MW/m2 for unirradiated annealed
type 316. Similarly for the 6-minute burn cycle allowable wall loadings,
based on the fatigue criterion are 5.7, 5.5 and 3.6 MW/m2 for the three
cases, respectively.

Major points emerging from the crack propagation analysis included:

1. For a wall loading of 2 MW/m2 a reduction in expected crack propagation
rates of a factor of 40 may be necessary if a 10 MW-yr/m2 lifetime is
to be achieved for a system with a 6-minute burn cycle. Crack propagation
therefore appears to be the life-limiting property for a stainless steel
first wall structure.

2. Crack propagation is not expected to be governed by fracture toughness
considerations.

3. Crack growth rates in lithium may be significantly slower than the avail-
able data that were obtained in air. Experimental data on irradiated
material taken in the expected reactor chemical environment are badly
needed.

Fracture mechanics analyses were used to determine first wall life as a
function of the crack growth variables. In this analysis the growth of initial
flaws is calculated in a stepwise manner until either (1) the crack size ex-
ceeds the structural thickness, at which time a coolant leak is assumed to
occur or (2) the calculated stress intensity exceeds the material fracture
toughness at which time fracture occurs. Fracture toughnesses will probably
be high relative to required values. This property should, however, receive
attention in material testing programs due to possible effects of irradiation
embrittlement.

The required crack growth properties are compared with properties for
irradiated 304 stainless steel provided in the Nuclear Systems Materials Hand-
Book^ and adjusted for cyclic frequency effects. The approach was to calculate
time to coolant leakage based on each of several crack growth rate versus
stress intensity range curves and then select the curve, through interpolation,
which yielded the desired life. A ratio of minimum to maximum stress in the
cycle (R ratio) of 0 was used in the calculations.

The resulting effect of stress level on required crack growth properties
is shown in Figure Ill-ll(a). The three crack growth lines shown are those
required at operating stresses of 70, 210 and 350 MPa using a scatter factor
of 4.0 on life. Variables assumed in establishing these curves are a wall
life of 5 years or 10 MW-yr/m2 (20 years for a scatter factor of 4 ) , a struc-
tural thickness of 0.25 cm, an initial flaw depth (aQ) of 0.125 cm, and a
flaw aspect ratio of 0.5. Also shown in the figure is a shaded area corres-
ponding to the available crack growth properties for steel tested in air.
Shown in Figure Ill-ll(b) is a cross-plot of the crack growth rates taken at
a stress intensity range of 11 MN/(m)3/2 (10l*PSl/in). Horizontal lines cor-
responding approximately to temperatures for the steel data are also shown.
These results show combinations of stress and temperature at which the presently
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available properties would meet the life goal. One combination, for example,
would tie "50 tTPa at a temperatvnre o£ approximate"^ "i5O° C (."Figure 1X1-11 ("h)) •

Acceptable stress levels range from about 40 to LOO MPa, however, these
stresses are below those wYiich will exist in first wall components. At a
stress level of 210 MPa, which might ba typical at wall loadings of 2 MW/m2

and wall thickness of 0.25 cm, a property improvement of approximately a
factor of 40 is required. The results shown in Figure III-ll are based on
constant elastic stresses in the first wall during the plasma burn.

b. Creep-Fatigue Property Requirements

The cyclic stresses imposed by representative tokamak burn cycles were
analyzed in terms of both known and estimated creep-fatigue properties for
type 316 stainless steel as well as for a generic vanadium alloy. The initial
thermal stress imposed on a clamped hemispherical module as a function of wall
loading is presented in Figure 111-12. These stresses will be rapidly reduced,,
by radiation enhanced creep processes such that after only a few hundred hours

S. Majumdar, B. Misra and S. D. Harkness, "Thermal Stress and Creep Fatigue
Limitations in First Wall Design," IAEA Conference on Fusion Reactor Design
(1977).
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(a) Ultimate strength, annealed type 316 stainless
steel at fluences 2 30 dpa at 500°C.

(b) Ultimate strength, annealed type 316 stainless
steel at fluences a 30 dpa at 600°C.

(c) Minimum yield strength at 500°C, 20% coldworked
type 316 stainless steel.

(d) Ultimate strength, annealed type 316 stainless
steel at 500°C.
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stainless steel at 600°C.

(f) Ultimate strength, annealed type 316 stainless
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(g) Yield strength, annealed type 316 stainless steel
at 500-600°C.

77



the stresses imposed during the burn are reduced to near zero. This results,
however, in the module being under stress during the down part of each cycle.
The stresses are equal in magnitude but of opposite sign to the original
thermal stresses so that the plasma side of the first wall is in tension and
the lithium side in compression at the stress levels shown in Figure 111-12.
Though this situation may change after the on-set of swelling" depending on
the detailed interaction of swelling and creep processes, it was assumed for
the purposes of the present study that the module is unstressed (except for
the relatively low primary coolant pressure stresses) throughout its life
during the burn pulse. The restriction of loading to the off-burn period of
the cycle reduces the amount of projected creep damage because only thermal
creep will occur, that the wall will be at lower temperatures than are present
during the burn and the off-burn times are relatively short. Thus, the ex-
pected effect of the cyclic thermal stresses on a tokamak first wall becomes
a fatigue rather than a creep-fatigue problem.

It should be noted that significant strengthening of annealed type 316
stainless steel by irradiation does not occur in the 400-600°C temperature
range until an exposure of ^ 6 dpa or a half of MW/m2 has been achieved. Thus,
it may be that during the initial stages of operation a tokamak might be
limited to jrall leadings of ^ 2 MW/m2 followed by the higher limits dictated
by the irradlate'd properties. This point must await experimental fatigue
property determination as well as more information on other potentially life
limiting properties.

A similar creep-fatigue analysis has been conducted for a generic vanadium
alloy-''" using a compilation of available fatigue and creep-rupture properties.
It was found that very long fatigue life is expected for vanadium alloys, due
principally to the fact that the thermal stresses are ^ 50% lower than those
found in austenitic stainless steels at the same wall loading.

c. Crack Growth Property Requirements

Surface flaws must be expected in any engineering structure. Therefore,
it is important that crack growth properties of the first wall are adequate so
that coolant leakage into the plasma chamber will not occur during the life of
the structure. Effort was directed at identifying the crack growth properties
required to attain a 10 MW-yr/m2 first wall life. Emphasis was placed on
addressing the impact of stress, structural thickness, initial flaw size and
flaw aspect ratio on crack growth property requirements.

Required crack growth properties were generally treated as design inde-
pendent although the range of values assigned to the variables were those
typical of first wall components. Burn and nonburn times of 90 minutes and
6 minutes, respectively, were used for the purposes of calculating cyclic
frequencies in comparing present 316 stainless steel crack growth data with
the required properties. Actual stresses and operating parameters will have

S. D. Harkness, D. Kummer, et al., "The Establishment of Alloy Development
Goals Important to the Commercialization of Tokamak-based Fusion Reactors,"
Argonne National Laboratory, ANL/FPP/TM-99 (1977).
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to be determined for each candidate first wall design for purposes of com-
paring with required crack growth rates.

Due to the combined effects of thermal creep, irradiation creep, and
swelling which occur in the first wall structure during the plasma burn, ten-
sile stresses will exist in :he first wall during the nonburn part of the
cycle. The required crack growth rate was determined as a function of stress
intensity range for a tensile stress history in a U-bend cell at a neutron
wall loading of 2.5 MW/m2. The time dependent stress history upon which
these required properties are based was determined using inelastic analysis.
This curve is compared with the stainless steel data in Figure 111-13. The
data range for steel shown in the figure is based on a lower hold time cor-
responding to the nonburn period. In this case the cyclic frequency used was
0.083 cpm based on a 6-minute hold time and assumed equal time unloaded
(1/12 = 0.083 cpm). The resulting comparison in Figure 111-13 indicates
that considerable improvement in properties is also required even when creep
is considered. With respect to this failure mode, however, irradiation and/
or thermal creep increase wall life.

Better properties (lower crack growth rates) will be required at higher
wall loadings. As wall loading is increased the allowable stress at a given
temperature, is also increased. The reason for this is that shorter lives
(in years) are required at the higher neutron wall loadings (e.g., 2.5 years
at Pn = 4 versus 5 years at P =2) to meet the 19 MW-yr/m2 life requirement.
However, relations between the wall loading and first wall conditions must
also be considered. That is, higher thermal stresses will be associated with
higher wall loadings.

Figure 111-13. Evaluation of Expected Crack Growth Properties
in Terms of a Time Dependent First Wall Stress
History.
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The effect of structural thickness on required crack growth properties
at a stress of 210 MPa is shown in Figure 111-14. Required properties for
three thicknesses, are compared with the data for stainless steel. The cross-
plot of thickness versus required crack growth rates at AK = 11 MN(m)3/2 (101*
PSl/En) in Figure III-l4b shows that even at greater thicknesses the available
crack growth properties do not approach those required.

Similar effects were also noted for the variables ao (initial flaw depth)
and a/2c (flaw aspect ratio). That is, even for relatively small initial
flaws, a considerable improvement in crack growth properties is required. As
initial flaws approach zero the improvement required is reduced and generally
tends to agree with findings discussed with respect to fatigue property
requirements.

Data applied in the comparisons are based on tests in air. Effects of
environment, therefore, need to be considered since the first wall in a fusion
reactor will contact a low partial pressure of energetic hydrogen on one side
of the wall and coolant such as liquid lithium on the other side. The degree
to which environment can affect crack growth rates is shown in Figure 111-15.'
Contact with sodium improves resistance to crack growth by about a factor of

D. S. Priddle and M. V. Wiltshire, Intevnational Journal of Fraatuve (697)
(1975).
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Figure 111-14. The Effect of Wall Thickness on the Crack Growth Rates Required
to Achieve a 10 MW-yr/m2 Life.
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Figure 111-15. A Comparison of Crack Growth Rates in Air
and in Sodium.

7 at the stress intensity range of 11 MN/(m)3/2 (104PSIv^Ln). This improve-
ment, if is applies to the actual reactor environment, would reduce the gap
between existing and required properties as discussed in this section. How-
ever, much more needs to be known about environmental effects, including the
effects of energetic hydrogen isotopes.

3. Fusion Reactor Blanket Design Study

R. G. Clemmer, Chemical Engineering Division

This part of the ANL/MDAC blanket studies program has involved analyses of
commercial reactor tritium inventories and development of guidelines for required
tritium breeding ratios. Also, a "fuel-pin" type of breeding blanket was
analyzed with respect to tritium inventories and tritium production require-
ments. Currently the suitability of Li-Pb alloys as breeding materials is
being assessed.

Tritium Breeding Requirements; TCODE was used to calculate tritium in-
ventories as a function of fractional burnup for a hypothetical commercial
reactor. The blanket inventory was assumed to be 10 kg. The required ratio
was then calculated (including decay losses) for various tritium inventory
doubling times. As is shown in Figure 111-16, at very low fractional burnup,
the inventory becomes quite large and, as a result, relatively high breeding
ratios appear to be necessary. In reactors having no active impurity control,
the fractional burnup (FB) could be as high as 10%, and a breeding ratio (BR)
of 1.05 would be sufficient to provide inventory doubling in five years.

81



at

z
Q
UJ
LU
CC
OQ

Q
UJ
QC

3
O
UJ
CE

1.00
2 4 6 8

FRACTIONAL BURNUP,%

10

Figure 111-16. Effect of Fractional Burnup and Doubling Time Upon
Required Breeding Ratio for a 3000 MW(th) Tokamak
Reactor.

82



However, with a divertor or gas blanket impurity removal scheme, FB could con-
ceivably be less than 1.0%. If FB = 1.0%, a BR of 1.20 is required to double
the tritium inventory in five years. If we assume FB 5 2%, then a breeding
ratio of 1.10 will double the tritium in five years or less.

Fuel Pin Breeding Scenarios: It has been suggested that the breeding
material in a fusion reactor could be encased in a "fuel-pin" type assembly
that would be removed from the blanket periodically to recover the bred tritium.
This approach might be useful in easing some of the difficulties associated
with in-situ recovery of tritium from solid breeder materials. A computer
program, TPIN, has been written for the purpose of analyzing the implications
of this concept. The time between pin processing operations, the months of
fuel reserve on hand, the number of identical reactors operating together,
the breeding ratio, and the fuel cycle tritium inventories were all used as
input variables. The only tritium depletion mechanism built into TPIN was
the tritium 3-decay loss (processing losses were assumed to be zero). Selected
results are shown in Table III-6. It is clear that the inventories are a
strong function of the time that the pins remain in the blanket. In order to
take advantage of the fuel pin approach, it would be desirable to leave the
pins in the blanket at least six months. This implies a total tritium inven-
tory of about 90 kg for the base case plant in Table III-6. Under these con-
ditions, one reactor will require a breeding ratio (BR) of 1.20 to double its
tritium inventory in 5 years, and BR > 1.10 to double at all. Further, the
figures at the bottom of Table III-6 show that a breeding ratio of 1.10 will
not be sufficient if the fuel cycle inventory is allowed to lise as high as
50 kg.

The results in Table III-6 can be combined to calculate the annual growth
rate in the number of new reactors that can be brought on-line with the bred
tritium. If a growth rate of 10% is required, then the breeding ratio must
be > 1.20 for semiannual pin replacement. It appears that the "fuel-pin" con-
cept requires increased tritium inventories, makes tritium production difficult,
and uses tritium less efficiently than continuously processed blanket concepts.
For these reasons, the concept may only be applicable to Li-Pb or Li2O blan-
keted reactors where breeding ratios in excess of 1.2 appear to be readily
achievable. •'••̂

S. D. Harkness, Argonne National Laboratory, personal communication.

2
J. C. Jung, Argonne National Laboratory, personal communication.

4. Evaluation of Steam as a Potential Coolant for Non-breeding Blanket
Designs

H. C. Stevens, B. Misra and C. K. Yc ngdahl, Fusion Power Program

A number of alternate blanket designs and cooling concepts are under inves-
tigation at the Argonne National Laboratory for the tokamak-type fusion power
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Table III-6. "Fuel Pin" Fusion Reactor Breeding Scenarios for 3000 MW(th) Plant

Months of Pin
Operation

1

3

6

6

6

12

12

12

12

6

6

6

6

Months Fuel
Reserve

1

3

1

J

6

1

3

6

12

6

6

6

6

No. of
Reactors

1

1

6

2

1

12

4

2

1

1

1

1

1

Tritium needed
to start plant,

28

50

28

50

84

28

50

84

155

. 5

.7

.5

.7

.8

.5

.7

.8

.8

68.3

77

87

117

.3
1

. J

.3

Tritium in
Fuel Cvcle,

kg

17.5

17.5

17.5

17.5

17.5

17.5

17.5

17.5

17.5

". .0

:o.o
20.0

30.0

Time to

Bre
1.05

7.0

27.0

11.5

*

add a
ecling R

1.10

2.75

ft.O

3.5

7.U

15.5

4.0

9.0

25.5

„

10.0

12.5

16.5

Plant
atio

1.

1.

2.

1.

5.

2.

3.

, vr.

20

25

5

5

5

0

0

0

6.0

13.0

Maximum Tritium Inventories, kg
Breeding Ratio

1.05

28.9

51.6

84

84

85

150

150

150

153

.7

.9

.7

.0

#2

.9

.7

1.10

29.4

53.2

87.9

88.1

156.2

156.5

157.2

160.0

72.8

81.6

91.3

120.5

1.20

30.5

56.4

94.

94.

95.

168.

169.

169.

172.

?

5

2

9

1

8

6

*Negative tritium production {i.e., consumes more tritium than is bred).



1 2
reactors. ' Most of these studies addressed the relative merits of a wide
range of coolants (e.g., liquid lithium, helium and pressurized water) and
structural materials (e.g., austenitic stainless steel and vanadium-based
alloys). As the first generation of fusion power plants are likely to be
non-breeding types, we have extended our studies to evaluation of steamJ as
a potential coolant with stainless steel and more recently with nickel-based
alloys such as Inconel 625 as the blanket material.

The principal functions of the proposed blanket systems for these reactors
are to provide a relatively thin zone (30 to 50 cm) of high density shielding
material that can function at elevated temperatures (up to 650°C) in a wav that
permits the retrieval of most of the thermalized neutron aaJ gamma energy as
sensible heat. Conceptual design and analysis of potentially useful blanket
configurations complete with appropriate maintenance scenario that could per-
form these functions has been a major undertaking within the EPR studies con-
ducted to date. The blanket design considered (see Figure 111-17) in the
analysis is composed of monolithic Inconel 625 blocks, 0.25-m in the radial
direction, 1-m in the toroidal direction and 1.2-m in the poloidal direction.
Coolant flows in the poloidal direction through an array of bored channels.
Since the heat generation rate decreases exponentially with radial location,
the flow area of the coolant channels and their spacing are varied radially to
make the temperature distribution in the blanket block as uniform as possible.

A set of six coolant channels with iteratively adjusted cross-sectional
areas and interchannel distances was evaluated during the first round of
analyses.

A computer code capable of solving a set of three-dimensional thermal
hydraulic equations was used to establish the transient and quasi-steady state
temperature distribution within the blanket block. Because of the large ther-
mal inertia of the blanket blocks, the overall thermodynamic efficiency of the
power conversion system and the size of the thermal storage system depends
significantly on the D-T burn cycle. Hence, to investigate the effort of the
burn cycle on the performance of ANL/EPR, the following three burn cycles,
each with 15-s dwell time, were considered: (1) 65 s, (2) 120 s, and (3)
600 s. The neutron power profile was provided by neutronic calculations for
the ANL/EPR. The thermal hydraulic and power cycle analyses are based on
the assumption that the vacuum wall, and the vertical inner and outer blanket
is cooled by pressurized water while the horizontal upper and lower blanket

W. M. Stacey, Jr., et al., "Tokamak Experimental Power Reactor Conceptual
Design," Argonne National Laboratory, ANL/CTR-76-3 (August, 1976).

2
W. M. Stacey, Jr., et al., "EPR-77, A Revised Design for the Tokamak
Experimental Power Reactor," Argonne National Laboratory, ANL/FPP/TM-77
(March, 1977).

3
B. Misra, C. K. Youngdahl, H. C. Stevens and V, A. Maroni, "Thermal Hydraulic
and Mechanical Analysis for Near-Term Fusion Reactor Blanket Designs,"
Trans. Am. Nua. Soc, 2J_, p. 72 (1977).
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SUPERHEATER SECTIONS (INCONEL)

COOLANT FLOW
IN CHANNELS

PRESSURIZED WATER COOLANT
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1/16 TYPICAL REACTOR SEGMENT

Figure 111-17. Schematic of EPR Blanket/Superheater.

serves as the energy source to superheat steam from 300°C to approximately
500°C without exceeding the maximum allowable temperature of 650°C for Inconel
625. *

A significant drawback of many of the previous conceptual design and
scoping studies of tokamak-type fusion power reactors-'-'^'-''" is that they
have not taken into consideration the effect of thermal-hydraulic design on
the thermal stress distribution within the blanket block. It is known from
mechanical response analysis that severe thermal stresses can be present
within the blanket blocks when the coolant channel distribution is selected
to meet only the thermal hydraulic criteria and stress concentrations are
highly sensitive to coolant channel arrangement. Hence, thermo-mechanical
analyses were carried out in conjunction with thermal hydraulic analyses in
selecting the coolant channel arrangements.

R. F. Mattas, Personal Communication, Argonne National Laboratory (1977).

C. A. Flanagan, et al., "Oak Ridge Tokamak Experimental Power Reactor
Study - 1976," Oak Ridge National Laboratory, ORNL/TM-5575 (December, 1976),

C. C. Baker, at al., "Experimental Power Reactor Conceptual Design Study,"
General Atomic Company, GA-A13534 (July, 1975).
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The results of the thermal hydraulic and power cycle analyses show that
the thermodynamic efficiency approaching 41.5% can be achieved based on steam
as the coolant. The results of mechanical analysis show that preliminary
thermal mechanical optimization of blanket block design can be accomplished
at the conceptual design level using relatively simple computational methods
and improvements in strain levels can be accomplished without any significant
change in thermal hydraulic performance. Of course, numerous questions per-
taining to tritium containment must be fully addressed before this approach
to power cycle operation could truly be considered acceptable. It appears
from a cursory analysis that a Rankine cycle using steam directly from the
blanket system presents no more serious tritium containment problems than a
closed loop helium driven Brayton cycle, which has, in the past, been employed
in numerous designs of advanced power conversion systems for commercial fusion
power reactors.

G. Cross Section Measurements, Evaluations and Techniques

1. Fast-Neutron Total and Scattering Cross Sections of Elemental
Titanium

P. Guenther, P. Moldauer, A. B. Smith and J. Whalen, Applied Physics
Division

Energy-averaged total-neutron cross sections of elemental titanium are
measured from - 1.0 to 4.5 MeV with statistical accuracies of ^ 1 percent.
Differential-elastic-neutron-scattering angular distributions are measured
from 1.5 to 4.0 MeV at incident energy intervals of * 0.2 MeV. Differential
cross sections for the inelastic-neutron excitation of "states" in titanium
at: 158 ± 26, 891 ± 8, 984 + 15, 1428 ± 3y, 1541 ± 30, 1670 ± 80, 2007 ± 8,
2304 ± 22, 2424 ± 16 and 2615 ± 10 keV are measured in the incident-neutron
energy range 1.5 to 4.0 MeV. Neutrons corresponding to additional states at
approximately 2845 and 3010 keV were qualitatively observed. The experimental
results are interpreted in terms of an energy-averaged optical-statistical and
coupled-channels models including consideration of collective vibrations. The
implications of these models and their use in the context of strong fluctuating
structure are discussed.

2. Nuclear Data for High-Energy Neutron-Damage Sources*

A. B. Smith and D. L. Smith, Applied Physics Division, and
L. R. Greenwood and R. R. Heinrich, Chemical Engineering Division

The conceptual design of a proposed U.S. facility for high-energy neutron
damage studies is described briefly. This facility would utilize the (d + Li)
process as the neutron source and thereby provide a continuous output of ^ 2 x
lO1^ high-energy neutrons per second. Nuclear data needs in the areas of neutron
production, shielding and dosimetry for high-energy neutron damage sources such
as the proposed U.S. facility are considered. The existing differential data
base for several fast-neutron dosimeter reactions is reviewed briefly. Guide-
lines for future accuracy requirements in this area are also provided.

* This is the abstract from an invited paper presented at the NEANDC Meeting,
Oak Ridge National Laboratory, April 3-7, 1978.
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