
IV. FUSION SYSTEMS ENGINEERING

A. Fusion Reactor Systems Studies

M. A. Abdou, Applied Physics Division

During the third quarter of FY-1977, systems studies for tokamak power
plants have continued in both areas of detailed subsystems analysis and global
reactor parametric analysis. A trade-off study concerned with the neutron
wall loading and the structure lifetime was carried out. The primary energy
conversion subsystem study completed a series of analyses for a helium-cooled
stagnant lithium blanket concept. The plasma subsystem analysis was continued
and significant conclusions were reached. A study aimed at providing the
goals for the ERDA/DMFE alloy development program was completed and a summary
of the results is given in Chapter I, section B of this report.

A summary of the work carried out and sample results obtained in the
systems studies is given below.

1. Wall Load and Lifetime Goals for Tokamak Power Plants

M. A. Abdou, Applied Physics Division

A parametric systems study was carried out to investigate the impact of
major design parameters and the performance characteristics of reactor com-
ponents on the economics of tokamak power plants. Of particular importance is
the performance of the first-wall and the structural material in the blanket.
The following is a summary of the trade-offs concerned with the neutron wall
loading and the structure lifetime. The results provide a useful input to
determining the goals for structural alloy development.

The neutron wall loading, Pw, is strongly related to the reactor thermal
power, ?th» t h e s u r^ ac e area of the first wall, A^, the plasma power density,
P , and the plasma volume. The motive for a higher Pw capability is that it
mikes it possible to design higher power density, smaller size and potentially
more economical reactors. However, there are upper limits, on the highest
wall load that can be realized, arising from: (a) physics constraints on the
power density achievable in the plasma; and (b) limitations unique to tokamaks
on the sraallness of the reactor size. There are also limits on the usability
of a high Pw dictated by the structure cooling capability and its lifetime in
a harsh radiation environment.

An extensive parameter survey was made to determine the range of wall
loads producible in tokamaks. A sample of the results is given in Figure IV-1
which shows Pw as a function of the maximum toroidal field, Bm, for a reactor
with Pt« = 3000 MW(th). The results are shown at four values of plasma
average f3t: 0.04, 0.06, 0.08 and 0.1 for an aspect ratio of 4 and plasma
D-shape elongation, K, of 1.3. Pw varies from 1 to 9 MW/m

2 in the range
6 < Bnj < 13 T and 0.06 < Bt < 0.1. Other systems studies results indicate
that thê  optimum magnetic field is "» 9 T. At B^ = 9 T, Pw varies from
*v. 3 Mff/m̂  at & «• 0.06 to P ^ 5 MW/m2 at p = 0.1. For a larger power
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Figure IV-1. Neutron Wall Load as a Function of Toroidal-Magnetic Field
Strength and Plasma 3t. (P^ = 3000 MW(t), A = 4, K = 1.3
and inner blanket/shield thickness = 1 in).
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reactor with P^h - 7000 MW(th), Pw at B^ • 9 T varies from »v» 5 MW/m
2 at Bt *

0.06 to "v 8 MW/m2 at 8t - 0.1. The producible Pw is sensitive to the aspect
ratio, A. For ^ " 9 1 , 8t = 0.08, and K = 1.3 increasing A from 3 to 4 in-
creases Pw from i> 3 MW/m

2 to ̂  4 llW/w2 for Pth = 3000 MW(th). The wall load
decreases slightly as the plasma elongation, tc, is increased from 1 to 1.65*
Pw is particularly sensitive to Bt and P,.̂ . The uncertainties in the plasma
stability limit on @t and in the projected optimum plant power rating at the
time fusion is commercialized complicates the task of determining a target
wall load for structural alloy development.

The ANL general systems computer program, which can parameterize the per-
formance and economics of the entire tokamak power plant, was employed to
examine the economic trade-offs pertinent to the wall load and structure life-
time. A sample of the results is given in Figure IV-2 which shows the cost of
energy in mills/kWh as a function of neutron wall load (MW/m2) and structure
lifetime (MW-yr/m2). The cost of energy includes return on capital cost,
operation and maintenance cost and a prorated first-wall/blanket replacement
cost. The results in Figure IV-2 are based on total cumulative downtime for
wall/blanket replacement of 160 days. It is clear from Figure IV-2 that the
cost of energy always decreases as the structure lifetime increases but the
wall load at which the cost of energy is minimum depends on the structure life-
time.

If the structure lifetime is limited to £. 5 MW-yr/m2 then the optimum
wall load is ̂  4 MW/m2. Increasing the structure lifetime makes it economically
attractive to operate at higher wall loads. For lifetimes > 13 MW-yr/m2, better
economics are obtainable by operating tokamaks at higher wall loads up to
Pw °» 8 MW/m

2 provided that efficient cooling of the first wall and blanket
structure is feasible. For these relatively long lifetimes (> 13 MW-yr/m2),
the economic gain per unit increase in the wall load is large up to Pw ^ 4 MW/m

2

and becomes smaller at higher Pw. At any given wall load a large reduction
(̂  30%) in the cost of energy is achieved by increasing the lifetime from 5 to
13 MW-yr/m2. The reduction in the cost of energy obtainable by further in-
crease in the structure lifetime is smaller but is still significant.

Based on the results of this study, goals for structural alloy development
can be recommended regarding the wall load capability, calendar lifetime (years)
and fluence lifetime (MW-yr/m2). The goals are classified into two categories:
(a) very important (Priority 1); and (b) important (Priority 2). Achieving
the goals in Priority 1 category ensures that the structural materials do not
pose appreciable limitations on the economic competitiveness of tokamak power
plants. Accomplishing the goals in the Priority 2 category will provide an
Important step in a comprehensive research and development program to improve
the utilization of the tokamak potential as a relatively inexpensive energy
source. The Priority 1 goals are 3 MW/m2, 4 yr and 12 MW-yr/m2. The Priority
2 goals are 5 MW/m2, 6 yr and 30 MW-yr/m2. These results are based on our
present understanding of tokamaks. Future results, experience and the burden
of economic competitiveness may require appreciable modification of these goals.
For example, material resources limitations, long-term radioactive inventory
problems and benefits of simpler designs obtainable with relaxation of require-
ments on frequency of shutdown and length of downtime may demonstrate a more
pressing need for longer structure lifetime.
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WALL LIFETIME, MW-yr/m'

Figure IV-2. Cost of Energy as a Function of Neutron Wall Load, Pw, and
Structure Lifetime (A = 3, K = 1.65, 3t - 0.14 and maximum
structure temperature « 650°C).
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2. Thermal Hydraulic Analyses of Lithium Blanket Concepts

B. Misra and V. A. Maroni, Chemical Engineering Division

A series of thermal hydraulic analyses were completed for a helium-cooled
stagnant lithium blanket concept. A primary objective of this study was to
make the coolant operating parameters and characteristics reasonably consis-
tent with existing HTGR experience. Table IV-1 contains a summary of results
with stainless steel as construction material and with the following sets of
conditions: CO the presence of or absence of a divertor (assuming that the
heat flux to the first wall is 25% of the neutron wall loading without a
divertor and 10% with a divertor), (2) maximum allowable structural temper-
atures of 500°C or 650°C, (3) thermal stress limits of 17 or 34 ksi, and
(4) heat transfer coefficient and friction factor multipliers of 2.2 and 4.0,
respectively. The asterixed parameters were fixed in the calculation and the
primary iteration was done by increasing the neutron wall loading until the
thermal stress limit at the first wall was exceeded. The geometry being ana-
lyzed is a transverse arrangement in which the first wall is a single layer
of tightly packed tubes and the blanket is in essence a sea of lithium with
appropriately dispersed, helium-carrying tubes. A realistic boundary con-
dition is set up so that there is no discontinuity in the thermal hydraulic
analysis at the first wall/blanket interface.

In the thermal hydraulic analysis of the first wall the coolant velocity
is fixed at 200 ft/s, the tube diameter is fixed at 25.4 mm (1 inch) and the
tube wall thickness is not allowed to be less than 1.25 mm (50 mil). In the
thermal hydraulic analysis of the blanket, the coolant void fraction,, VF, is
fixed at 5% and the temperature drop through the lithium, AT(Li), is set at
25°C. Trade studies on the latter two parameters have been completed for VF =
5, 7 and 10% and AT(Li) = 25, 50 and 100°C. These studies show that in terms
of maximum coolant exit temperature, VF = 5% and AT(Li) = 25°C are closer to
optimum than the other values tested. Other parameters that were fixed in
these analyses are given in Table IV-1. The coolant exit temperature, from
the first wall region, T(CE), may be represented empirically in terms of the
neutron wall loading, Pw, and the maximum allowable structural temperature,
T(MAX), by:

T(CE) = T(MAX) - 17.9*P - 21.9 (with divertor)
w

T(CE) = T(MAX) - 41.3»Pw - 21.4 (without divertor)

The coolant exit temperature from the blanket region is nominally 30 to 50°C
below the maximum structural temperature and seems to be relatively independent
of both wall loading and divertor scenario.

The principal indications from this study are that: (1) T(MAX) > 650°C
is essential for useful T(CE) with helium, i.e., T(CE) > 500°C; (2) without
a divertor Pw is limited to 2 to 5 MW/m

2 depending on allowable thermal stress
level (ignoring, or course, the effects of fatigue and crack propagation for
the time being); (3) in principal, considerably higher wall loadings can be
achieved with a reasonably effective divertor; (4) fabrication of the first
wall out of 50-rail tubing is assumed to be feasible (if the limit were 100 mil,
the allowable Pw values would drop by a factor of 2); and (5) the number of
tubes and gross tube weights for a reactor with a first wall area of -v. 100 m2

are extremely large.
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Table IV-1. Trade Study for Helium Cooled Stagnant Lithium Blanket Using Trans-
verse Cooling Channels Made of Stainless Steel: First Wall
Configuration is a Single Layer of Close-Packed Tubes*

(* Indicates fixed or Independent parameter)

Dlvertor Option

General Parameters

* Maximum Structural Temp., *C [T(MAX)1

* Helium Inlet Pressure* ksl

* Pump Power /Thermal Power. 7.

* Coolant 4T, °C

* Lithium 4T, *C l.'.t(Ll)|

Neutron Wall Loading, HW/o2 [Pwl

With Dlvertor

500

1.0

5

200

25

650

1.0

5

300

25

without Dlvertor

500

1.0

5

200

25

650

1.0

5

300

25

12.0 5.3 2.6 5.1

ON

First Wall Parametera

* Helium Tub* Dia., tan

* Helium Velocity. £t/s

* Thermal Stress, ftsl

Mall Thickness, mm

Channel Length, tt

HT. TR. Coeff,, BTU/hr.ft.2#F

Coolant tnlet Temperature, *C

Coolant Exit Temperature, #C[T(CE)1

Wall AT, *C

No. of Tubes, Hundreds*

Total Tube Weight, Tons

17

12.2

1693

171

371

53

32

25.4

200

1.25

34

13.2

1980

263

106

29

17

17.3

1510

;i?

517

50

22

25.4

200

1.25

34

18.5

1729

105

405

100

21

17

12.2

1679

173

373

53
32

25.4

200

1.25

34

13.1

1968

67

267

107

30

17

17.3

1507

220

520

50

22

25.4

200

1.25

34

18.4

1720

110

410

100

22

35 35

Blanket. Parameters

• Void Fraction, S (VFJ

Tube Diameter, rm

Wall Thlekneas, m

Channel Length, m

HT. TR. C.->eff. BTt)/hr.ft,2*F

Helium Velocity, ft/*

Coolant Inlet Temperature, *C

Coolant Exit Temperature, *C

Wall AT, 'C

Thermal Stress ksl

Ho. of Tubes, Thousands

Total Tube Weight, Tons

4.9

0.41

1.1

2541 .

251

259

459

8.0

2.7

939

74

3.4

0.37

0.6

2981

276

249

449

11.1

3.4

3435

96

5.2

0.42

1.5

2361

263

305

605

8.0

?.«

585

71

3.6

0.37

0.8

2769

290

295

595

10.0

3.4

2149

91

7.7

0.48

2.3

2068

220

268

468

6.0

2.0

174

54

5.4
0.43

1.3
2427

244

261
461
8.0

2.5
644

69

8.2

0.49

3.3

1924

231

316

616

6.0

1.9

109

52

5.8
0.43

1.8

2253

255
308

608
8.0

2.5

398
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Several other features of this study are worthy of note. (1) Whereas
the coolant velocity In the first wall was fixed at 200 ft/s, in the analysis
of the blanket it proved judicious to fix the coolant void fraction and as a
result the blanket coolant velocity had to be maintained as a dependent vari-
able. Nonetheless, the calculated blanket coolant velocities came out within
the range from 200 to 300 ft/s. (2) To perform a truly comprehensive design
analysis, the number, size and length distributions of the coolant channels
should be properly graded throughout the radially adjacent sub-regions of the
blanket. This type of analysis would show that the diameter and length of the
tubes would increase while the coolant velocity decreased as the distance
radially outward from the first wall increased. Grading was not attempted
for the cases summarized in Table IV-1, wherein the blanket heat transfer
analyses were set up mainly to accommodate the cooling requirements near the
first wall. In reality, the VF and AT(Li) values need not be constant through-
out the blanket and as a result the number of blanket tubes can be reduced
somewhat from the values given in Table IV-1. (3) Application of the mul-
tiplier factors for the heat transfer coefficient and frictional pressure
drop is based on the assumption that the interior tube walls can be roughened
or otherwise modified to augment heat transfer but not without a significant
impact on the pressure drop. Omission of these multiplier factors (i.e.
equating them to unity) generally results in substantial increases in coolant
velocity (to > 400 ft/s) and channel length (70 to 80%) with somewhat smaller
reductions in heat transfer coefficient (̂  30%) and coolant exit temperature
(A to 5%).

3. Plasma Subsystem Analysis

D. Ehst, Applied Physics Division

This quarter the plasma subsystems study achieved its initial objectives,
resulting in the conclusions summarized here and detailed in reference 1.

In general we found that plasma power density in tokaraak reactors can be
insensitive to characteristics of the MHD equilibrium, if plasma beta is fixed,
and the following trends were observed.

1. Power density and ignition, n^x, are only slowly varying functions
of an/a<p for a fixed pressure profile. (Here we denote the pressure,
density and temperature profile widths by a, an and a™, respectively;
large parameter values represent narrow profiles.) We chose an =
0.3, representative of a relatively broad density distribution for
subsequent analysis.

D. Ehst, K. Evans, Jr. and W. M. Stacey, Jr., "A Systematic Survey of Tokamak
Reactor Physics Design Parameters," Argonne National Laboratory (to be pub-
lished) .
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2. Potrer density and n̂ x values become more favorable for peaked pres-
sure profiles compared to flat profiles. We set a = 1.4 as a typical
value, although future MHD stability analyses should indicate more
clearly which pressure profiles are actually attainable.

3. Power density is insensitive_to Zeff, except that ignition becomes
impossible (n-jj ->• ») at low ?e as Z e f f increases. By taking Zgff =
1.7, ignition is assured for T as low as 8 keV.

4. Power density tends to peak at Te «•• 13 keV (1 + ot-jO"*
1. This, plus

the fact that n^x is slowly varying for fe in the range of 8 to 15
keV, motivated our standard choice Te = 8 keV.

Reactor costs are strong functions of magnetic field, major radius and
blanket/shield thickness. Our choices among these parameters were influenced
by the nature of the MHD equilibrium and resulted in the following observations.

5. Triangularity of the plasma cross section has only mild effects on
plasma current for a fixed B and R; it has only small effects on
plasma volume and consequently does not change the B versus R curve
at constant reactor power. Thus, our arbitrary choice of a trian-
gularity versus ellipticity relationship was permissible for our
purposes. If high beta stability is significantly dependent on
triangularity, some other sequence of triangularity values could be
more pertinent.

6. Pressure profile effects are negligible on plasma current and B
versus R for 1.0 < a s 2.0.

7. We saw that 0t m a x must increase substantially as aspect ratio de-
creases in order to benefit from low aspect ratio designs. This is
especially true of small size, large field tokamaks.

8. For a fixed aspect ratio, the increase in reactor power with elon-
gation is evident even if $t does not increase with the ellipticitys
<. The high current requirements at large K are equally apparent.

9. Large increases in plasma current are required if the safety factor
is reduced; these may be compensated by increases in 6 .

One shortcoming of the present systems study is the inability to predict
the optimum path of investigation through the multidimensional parameter space.
For example, future stability studies may shed light on the proper relation-
ships among A, tc, d, q and a needed to maximize 8t. It also seems plausible
that the path of stability through MHD space may nave indistinct boundaries
since small deviations from the path may simply result in plasmas with mildly
degraded confinement properties. Finally, we stress that the data base pre-
sented here is best evaluated in the context of the overall power plant
parametric study in which the costs and benefits of different choices are
quantitatively examined.
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4. Plasma Driving System

J. Brooks, Applied Physics Division

An analysis of the driving system requirements for a typical commercial
fusion reactor was completed and a report2 was issued. The reactor is an
8-m major radius tokamak with a power output of 1000 MW(e). The reactor has
the conventional coil configuration of a central', solenoidal OH coil and an
EF coil externally located to the TF coil. Four different driving system
power supply configurations have been examined as to their suitability for
this reactor. The analysis used a plasma burn cycle dynamics code fully
coupled to a driving system code. For each power supply configuration, a
range of ohmic heating ramp times, At.,,, and neutral beam turn-on times, tg ,
was simulated. 0

In general, feasible startup times for this reactor are about the same
as for an EPR; OH reversal times of 1 to 4 s followed by a beam heating period
of about 5 s . The B requirements on the OH coil are considerably less than
for an EPR, basically due to the larger radius of the OH coil. The OH power
and energy requirements are similar to an EPR but the EF requirements increase
considerably. In general, there is a strong degree of coupling between the
driving system requirements and the details of the plasma physics, particu-
larly the temperature behavior and the MHD field requirements of the plasma.

Figure IV-3 summarizes the total driving system power supply cost as a
function of the OH ramp time for the different configurations. This data has
been generated by applying cost algorithms developed for the various hardware
components to the technological requirements found by the burn cycle analysis.
Figure IV-3 is for the case of the neutral beam turned on just after the OH
ramp, generally the best operating mode. The cost of each configuration is
extremely sensitive to the ramp time; this illustrates the need for a very
precise and coupled analysis of the plasma and the driving system. In general,
the cheapest operating point is the most cost effective.

All of the configurations studied use an SCR-type power supply for the
EF system and for the auxiliary (burn-phase) OH supply but differ in the type
of energy transfer device used in the OH system for startup and in the type
of central energy storage device.

Configuration No. 1, which uses a homopolar generator for the OH energy
transfer device and an energy storage inductor (ESI) as the central storage
element, results in the smallest power supply cost: $105 M for a A t ^ of 3 s.
The energy storage requirement for the homopolar generator, fo,r this case, is
Ugg* = 1460 MJ, the EF power requirement is P^* - 1568 MVA, Bm|x =2.5 T/s
and the ESI storage capacity is 9460 MJ. Based on the OH flux swing used
during startup, a burn time of about a half hour would be possible.

2
J. N. Brooks, W. M. Stacey, Jr. and R. L. Kustom, "Plasma Driving Systems
Requirements for Commercial Tokamak Fusion Reactors," Argonne National
Laboratory, ANL/FPP/TM-87 (1977).
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In configuration No. 2 an SCR power supply is used instead of a homo-
polar generator, as the OH transfer element. At the cheapest operating point,
AtoH s 2.3 s, the cost is about $25 M more than for configuration No. 1. This
is basically because the SCR supply costs more than the homopolar generator.
The requirements for this case are V™3* = 2100 MVA, P||x = 1568 MVA, Bg|x =
2.0 T/s, and ESI storage - 8350 MJ.

Configuration No. 3 is the most conventional in terms of available tech-
nology. Here a motor-generator-flywheel set is used as the central energy
storage device along with an SCR-type power supply for the OH transfer element,
Although the requirements for this configuration, exclusive of the MGF set, ar<
the same as for configuration No. 2, the cost is much higher and nearly double
that of the cheapest operating point using a homopolar generator-ESI combinatic
This large additional cost is due almost entirely to the cost of the generator
portion of the HGF set. Furthermore, the cost estimates for this configuratioi
assume a vdtage compatible power supply-MGF-set combination, i.e. with no
transformers used. If transformers were needed the cost of configuration
No. 3 would be even greater.

In configuration No. 4a a dump resistor is used as the OH energy trans-
fer device, together with an ESI as the central storage device. Use of a dump
resistor, which has an essentially trivial cost, eliminates the need for a
symmetric OH current swing during startup (needed for the other transfer de-
vices), and so permits the full design value of the OH flux swing to be used.
The potential burn time is therefore increased to about one hour. The use of
a dump resistor, however, requires a shorting switch in the OH circuit. If
this switch must be solid state, as has been assumed, it will be expensive.
Also, the range of ramp times for a single dump resistor is limited to fairly
short times and this increases the EF requirements. For these reasons, con-
figuration No. 4a is comparatively expensive, about $185 M for the cheapest
case. This may or may not be worth the doubled burn time. Requirements for
this case are B0H = 3.4 T/s, Pg|

x = 2576 MVA. If four resistors are used to
obtain a variable resistance during startup as in configuration No. 4b, the
maximum OH voltage during startup can be lowered and the ramp time increased.
This saves on EF supply cost relative to configuration No. 4a but involves
higher switch costs. The cheapest case for configuration No. 4b costs about
the same as configuration No. 4a. The allowed burn time is also about 1 hr.;
5 = 2.0 T/x and Pmax = 1568 MVA are lower, while circuit complexity and control
would be somewhat greater.

B. Development of Blanket Processing Technology for Fusion Reactors

J. R. Weston, C. J. Wierdak* and V. A. Maroni, Chemical Engineering Divisii

The program underway at the Argonne National Laboratory to initiate the
development of processing technology for liquid lithium breeder blankets is
continuing. Progress during the third quarter of FY-1977 is summarized below.

Student Aid from Illinois Institute of Technology.
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1. Lithium Processing Test Loop (LPTL)

3 4
Work on the LPTL ' is progressing in good accord with the schedule. The

support structures, the vessels, the flow meters and the EM pump have all been
installed and the interconnecting pipe sections (received from the vendor in
May, 1977) have been welded into place. Radiography of the field welds has
been completed and the acceptability of all welds has been verified and docu-
mented. Tack welding of the heating cable assemblies to the vessels is nearing
completion. Couplings for all of the cover gas access ports on the vessels are
being fabricated and installed in preparation for evacuation and leak checking
of the entire loop system. Installation of the counter weighting supports for
the EM pump, flow meters and pipe sections is also nearing completion. All of
the control circuits have been assembled and are presently being inserted into
the electronics racks. The power bus and circuit breaker systems that will
provide both primary and standby emergency power to the LPTL facility have been
installed. Plans have been made to have an outside vendor prepare the 15 gal-
lons of salt (LiF-LiCl-LiBr) required for startup of the salt tank.-*'* The
salt is scheduled for delivery in October, 1977. Designs for the reservoir
tank sampling system and the salt tank electrode assemblies have been formu-
lated and fabrication is progressing. All LPTL related documentation and test
results, including, system descriptions, fabrication specifications, radiography,
drawings, operating procedures, etc., are being maintained in a permanent file
for future reference. Work remaining to be done on the LPTL prior to startup
includes: (1) installation of the cover gas handling systems, (2) wrapping of
the vessels and pipe sections, (3) coupling of the instrumentation consoles to
the loop, and (4) filling of the dump tank with lithium.

2. Support Activities

The lithium mini-test loop (LMTL) described in previous progress reports '
was shut down after ** 6000 hours of operation for repair of an electrical short
in the leak detection system and for upgrading of the trace heating lines to
permit more efficient high temperature operation. Inspection of the exterior
surfaces of the reservoir tank, loop, piping and welds (all 300-series stain-
less steel) showed no evidence of deterioration due to penetration or embrittle-
ment. One of the two Nupro T-series bellows-sealed valves on the LMTL had
withstood in excess of 200 operating cycles up to the time of shutdown. A
number of lithium samples were extracted from the LMTL during the six week
period prior to shutdown, and chemical analyses (similar to those reported in
the preceeding progress report^) on these samples are now being completed.

Adaptation of the half-scale glass model of the salt tank to permit tests
of the microprocessor control circuit is nearly finished. The microprocessor
has been programmed and checked out with a test board. The gas pressure con-
trol systems have been assembled and are presently being leak checked.

W. M. Stacey, Jr., et al., Fusion Power Program Quarterly Progress Report
January-March, 1977, Argonne National Laboratory, ANL/FPP-77-1 (1977).

W. M. Stacey, Jr., et al., Fusion Power Program Quarterly Progress Report -
October-December, 1976, Argonne National Laboratory, ANL/FPP-76-6 (1976).
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C. Safety Studies of CTR Concepts

I. Charak, Reactor Analysis and Safety Division

In this quarter, the first wall thermal model was successfully used to
calculate the cyclic temperature variations associated with an EPR-type burn
cycle. Also, bench-scale tests were performed to assess the validity of the
containment building tritium-cleanup model and to suggest adjustments to
the model and/or parameters.

1. First-wall Thermal Model
3

As noted in the previous quarterly report, thermal transients on the
first-wall system are being studied with the CINDA-3G code.5 CINDA-3G is a
general purpose code which solves the diffusion equation using finite-dif-
ference techniques. It is extremely flexible in that the user has available
more than 100 built-in subroutines to accomplish a great variety of calcu-
lations. In addition, the user can provide FORTRAN subroutines for added
flexibility.

The modeling and calculational effort is focused on two major aspects of
the system:

(a) quasi-steady-state temperature distribution under postulated
burn-cycle conditions.

(b) transient temperature distribution under abnormal operating
conditions, e.g., plasma dump on the first wall.

In this quarter, effort was concentrated in the first area. In particular,
several wall configurations were studied as an adjunct to the ongoing ANL/EPR
design effort. The results of these calculations are detailed temperature
distributions, in time and space, through the first wall/vacuum wall system.
These temperatures can then be used to calculate the cyclic wall stresses due
to the periodic heatup-cooldown cycles associated with the burn dynamics.

An example of one such calculation is given in Figure IV-4. This case
consists of a 0.5-cra thick graphite first wall (also referred to as the
"liner") which radiates its heat to a 2-cm thick water-cooled stainless steel
vacuum vessel. The burn was assumed to be uniform for 65 s, with a 15-s
dwell time. The energy deposition corresponded to an average neutron wall
loading of 1 MW/m2, with a commensurate radiation and transport surface flux
of 0.25 MW/m2 on the first wall. A low value for graphite thermal conductivity
(0.01 cal/cm-s-°K) was used for conservatism. In this case, we have plotted
the hottest graphite and hottest steel temperatures. Some of the main re-
sults are summarized in Table IV-2.

Chrysler Corporation, "Chrysler Improved Numerical Differencing Analyzer
for Third Generation Computers," Engineering Department Technical Note,
TN-AP-67-287 (October, 1967).

70



o
or

3100

3000

2900

2800

2700

2600

2500

2400

2300

1
_ 1.

2.

—

- /

—

!

1
HEATING
LOADING

1 I 1

CORRESPONDS TO \

WATER TEMP = 600 °F

/

1

1
MW/m2

^ ^

^ \
GRAPHITE LINER

^ S T E E L VACUUM

3IIDM TIMF
3UnlM 1 IMC.

1 1 1

WALL

1

1

WALL

\

TIME —
1

800

780

760

740

0 10 20 30 40 50 60 70 80
BURN CYCLE TIME, s

Figure IV-4. Peak First Wall/Vacuum Wall Temperatures.
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Table IV-2. First Wall/Vacuum Wall Temperature Differences [F(C)]

Across
liner

Across
steel

Liner hot
spot

Steel hot
spot

End

556

98

of Burn

(309)

(54)

—

—

End of

266

83

—

—

Dwell

(148)

(46)

Change Over

479

43

Burn Cycle

__

—

(266)

(24)

Effort was begun to treat the thermal effects of a plasma dump. The
model under development considers the following scenario:

(a) At some point in the burn cycle, the plasma is disrupted,

(b) all the stored thermal energy and some fraction (up to 1.0)
of the stored magnetic energy in the plasma is dissipated on the surface of
the first wall*^

(c) the time scale for (b) will be treated as a parameter over the
range currently thought to be reasonable (perhaps 100 us to 10 ms),

(d) the dump area will also be treated parametrically,

(e) the pulse heating on the first wall surface, if severe enough,
will ablate the surface,

(f) based on (e), first-wall lifetime estimates can be made based
on a judgment of the frequency of dumps over a given time period. By the
same token, if the first wall.and the pressure boundary become a single
vessel, then the potential for loss of containment can be evaluated and
factored into subsequent safety analyses.

Later refinements may treat the dissipation of magnetic energy (i.e., I2R
heating) more realistically as a volume-distributed source.

72



2. Analysis of Tritium Soaking Mechanisms

V. A. Maroni, R. G. Clemmer and R. H, Land, Chemical Engineering
Division and J. M. Mintz*

Efforts to develop an understanding of the potential effects of various
reaction and soaking mechanisms following sizeable accidental tritium releases
to large enclosures (representative of projected fusion reactor buildings)
have continued during the third quarter of FY-1977. In order to provide a
test of the computer model for air detritiation analysis presented in previous
progress reports, a bench-scale experiment was set up to simulate, at least
in part, the conditions anticipated for large enclosures following a tritium
release. The experimental assembly, diagrammed in Figure IV-5, consisted of
a *\» 40 liter cubical plastic desiccating box with a flat plexiglass door
clamped to one face of the box and sealed by a circumferential rubber gasket.
This box (hereafter referred to as the enclosure) was attached to two separate
gas circulation loops. One loop (monitoring loop) was connected directly to
a flow-through type tritium monitor (Triton Model 955B) having its own inter-
nal circulation pump. The other loop (processing loop) consisted of a flow
meter, an oxidizer bed (Hopcalite) operated at ̂  550°C, a moisture trapping
bed (Linde 4a molecular sieve) operated at 0°C and a diaphragm-type circu-
lation purap. Typical experiments were carried out by: (1) injecting enough
tritium as HT to raise the tritium level in the enclosure to from 1000 to
3000 yCi/m3, (2) circulating the enclosure atomosphere through the monitoring
loop until a stable tritium signal was achieved, and then (3) starting up
circulation through the processing loop.

To a first order of approximation, a cleanup operation, carried out in
the manner described above, should proceed with a simple exponential dependence
on time, that is

where N™, is the measured tritium concentration at any time, t, e is the
efficiency for remc al of tritium from the process loop stream, Q is the volu-
metric flow rate and V is the effective volume of the enclosure. In actual
practice the uncertainties in measuring Q and V (at best a few percent in each
case), coupled with the fact that the value of e is near unity, make it dif-
ficult to determine the extent to which equation (1) is obeyed. This is
important because when the trapping efficiency is only slightly less than
unity a significant amount of tritiated moisture can be transported back to
the enclosure. The consequences of these uncertainties should be borne in
mind when considering the results described below.

Figure IV-6 shows the results of a typical detritiation simulation on the
enclosure. The apparent obeyance of equation (1) persists from the starting

Industrial participant from the General Atomic Company.
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point (t • 0, NT = 1300 pCi/m
3) to an NT value roughly 40 times lower, after

which a pronounced tailing of the cleanup curve is observed. Based on (1)
the best estimates that can be made of the enclosure volume (including the Kanne
chambers in the tritium monitor) and (2) the measured flow rate, the processing
efficiency derived for this experiment was <v» 96%. During other experiments
like the one in Figure IV-6, one or the other and in some cased both of the
processing steps (oxidation and water stripping) were temporarily by-passed.
When both processing steps are by-passed at a point in time after the tailing
has begun, the tritium level in the enclosure usually tends to rise slowly
with time, sometimes increasing overall by as much as 50 to 100%. Further,
most of the residual tritium that is present after tailing has been reached,
can be removed from the enclosure simply by reinserting the molecular sieve
bed alone. This result implies that near the end of these simulated cleanup
operations a large fraction of the tritium present in the enclosure is in the
oxidized form (HTO) — perhaps the result of incomplete trapping.

Following an initial series of experiments of the type shown in Figure IV-6,
an electrical feed-through was adapted to the enclosure to permit operation
(inside the enclosure) of a circulation fan and a calrod heated stainless
steel plate with ̂  200 cm2 of surface area. Results of clean-up operations
performed on the enclosure for various sets of operating conditions involving
the fan and heated plate are shown in Figure IV-7. Operation of the far
during detritiation (case B) seems to enhance the tailing effect, possibly
by accelerating the rate of the reaction/adsorption/release mechanisms in-
volving HT and more importantly HTO. Surprisingly, operation of the hot plate
at ̂  200°C (case C) demonstrated little obvious effect on the detritiation
operation relative to case P.. Although the hot plate might be expected to
cause an increase in the rate of HTO formation it also raises the enclosure
temperature by t- 20°C which would tend to reduce the amount of adsorbed HTO.

Efforts are presently underway to match the measured detritiation curves
with the computer model described in earlier progress reports.^** Initial
results on this task have indicated the need for considerably larger HT +
H20 £ n + HTO rate constants and HTO sticking probabilities than the values
derived and reported previously.3»*

D. Cross-Section Measurements and Techniques

1. Evaluated fo;p) Cross Sections of t>6Ti, **7Ti and

D. Smith and A. Smith, Applied Physics Division and C. Philis* and
0. Bersillon*

Microscopic evaluated neutron cross sections for the reactions l*sTi(n;p)lf6Sc,
J+7Ti(n;p)lf7Sc and tt8Ti(n;p)'t8Sc have been obtained from threshold (or zero
energy) to 20 MeV. The results have been presented in graphical and numerical
(ENDF format) form. The microscopic evaluated cross sections were compared
with measured fission-spectrum-averaged values.

Bruyeres-le-Chatel.
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2. Comments on the Energy-Averaged Total Neutron Cross Sections of
Structural Materials in the Few MeV Range

A. Smith and J. Whalen, Applied Physics Division

Broad-resolution total neutron cross sections of carbon, iron and titanium
were measured with varying sample thicknesses from * 1 to A MeV. Energy-
averaged cross sections; were deduced to accuracies of < 1 percent. The carbon
values are consistent with previously reported precision measurements. The
measured energy-averaged iron and titanium values are larger than the calcu-
lated energy average of: some previously reported higher resolution measured
and evaluated cross sections by as much as 10 percent. These differences may
be indicative of a physical phenomenon which has implications on the design
of neutronlc systems.

3. Analysis of the Sensitivity of Spectrum-Average Cross Sections to
Individual Characteristics of Differential Excitation Functions

Donald L. Smith, Applied Physics Division

A simple procedure for analyzing the sensitivity of computed spectrum-
average cross sections to detailed properties of excitation functions for
threshold nuclear reactions commonly used in reactor dosimetry is described.
The approach is based upon consideration of two energy-dependent functions F
and G defined by the formulas

F(E) f
•f.

and G(E) = I o'(e)<Ke)de,

where a is the differential excitation function, a* is its first derivative
with respect to energy and <J> is the neutron spectrum used in computing the
spectrum-average cross section <o>. This procedure is shown to be useful in
identifying specific needs for improved differential data and as a tool to be
employed in performing evaluations.

4. Determination of the Energy Scale for Neutron Cross Section Measure-
ments Employing a Monoenergetic Accelerator

J. W. Meadows, Applied Physics Division

Persistent disparities between the energy scales used for broad spectrum
neutron source studies has prompted an investigation of various factors which
affect the determination of an energy scale for monoenergetic accelerators.
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Yield curves and neutron energy spectra have been calculated for some (p,n)
reactions commonly used as neutron sources or for energy calibration purposes.
These calculations take into account the energy spread of the incident proton
energy loss. It is shown that when thresholds are observed by detecting the
0 deg. neutron yield the best results are obtained by plotting the square of
the yield against the proton energy and extrapolating to zero yield. A linear
plot can be in error by 1-2 keV if the energy spread of the proton beam is
large.

5. Titanium-I; Fast Neutron Cross Section Measurements

P. Guenther, D. Havel, A. Smith and J. Whalen, Applied Physics
Division

Energy averaged total neutron cross sections have been measured from
=* 1.0 to 4.5 MeV with few percent statistical accuracies. Differential elastic
neutron scattering angular distributions have been measured from 1.5 to 4.0 MeV
at incident neutron energy intervals of < 0.2 MeV. Differential cross sections
for the inelastic neutron excitation of "states" at 158±26, 891±8, 984±15,
1428+39, 1541±30, 1670+80, 2007±8, 2304±22, 2424+16 and 2615±10 keV were
measured for incident neutron energies from 1.5 to 4.0 MeV. Additional
"states" were observed at approximately 2845 and 3009 keV. An energy-averaged
optical-statistical model was deduced from the measured values and the impli-
cations of its use in the context of the strong fluctuating structure has
been investigated.
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