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ABSTRACT 

A cylindrical module concept was developed, analyzed, and incor-
porated in a tokamak blanket system that includes piping systems, vacuum 
boundary sealing, and support structures. The design is based on the 
use of state-of-the-art structural materials (20% cold-worked type 316 
stainless steel), lithium as the breeding material, and pressurized 
helium as the coolant. The module design consists of nested concentric 
cylinders (with an outer diameter of 10 cm) and features direct wall 
cooling by helium flowing between the outer (first-wall) cylinder and 
the inner (lithium-containing) cylinder. Each cylinder can withstand 
full coolant pressure, thus enhancing reliability. Results show that 
stainless steel is a viable material for a first wall subjected to a 
neutron wall loading of 4 MW/m2 and a particle heat flux of 1 MW/m2. 
Lifetime analysis shows that the first-wall design meets the goal of 
operating at 20-min cycles with 95% duty for 100,000 cycles. To reduce 
system complexity, a larger 20-cm-diam module also was analyzed for 
incorporation in the blanket assembly. Reliability assessment indicates 
that it may be possible to double the module in size from 10 to 20 cm in 
diameter. With a modest increase in coolant pumping power, a blanket 
assembly comprising 20-cm-diam modules can still achieve 100,000 operating 
cycles — equivalent to a 3.6-year design lifetime — with only one or two 
helium coolant leaks into the plasma. 
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SUMMARY 

This report documents the results of a tokamak b7.-anic.en design study 
conducted during FY 1978 and FY 1979. The objective of the study was to 
produce a reference design for the blanket system of a tokamak reactor. 

The goal for FY 1978 was to develop the concept for a reference 
blanket module capable of extended reactor operation when exposed to 
plasmas with neutron wall loadings up to 4 MW/m2. Furthermore, this 
concept was to accommodate the use of near-term materials and technologies. 
Formulating such a concept required that considerable attention be given 
to the coupled thermal and structural re , nses of the blanket module. 
The engineering design and analysis results obtained in FY 1978 show°d 
that the reference module concept developed that year could satisfy 
reasonable lifetime and performance goals such as might be expected in a 
utility environment. 

On the basis of these encouraging results, the program was extended 
to integrating the module concept into a blanket system, addressing such 
items as piping, structural support, vacuum boundary sealing, tritium 
extraction, and blanket maintenance. Also addressed was the effect of 
increasing the reference 10-cm-diam module size so as to lessen the 
complexity ol the system and enhance reliability. Additional thermal, 
structural, and magnetic analyses were performed to implement the FY 1978 
design study. The results of these efforts indicated that the cylin-
drical module concept could be integrated into a blanket system and that 
the module could be increased in size to approximately 20 cm in diameter 
and still achieve attractive structural and thermal performance. 

The Study 

Ac the outset, consideration was given to earlier parametric studies 
of possible coolant, breeder, and structural-material combinations. 
Stainless steel was selected as the structural material, liquid lithium 
as the tritium breeding material, and pressurized helium as the coolant — 
a combination considered to be near term. Existing blanket concepts 
incorporating this combination were reviewed to determine whether 

1 
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any could meet performance requirements developed for this study. These 
concepts are summarized in table form below. 

During the review of existing designs, two additional key design 
requirements were established that were considered significant in 
producing a design for power-reactor application: 

1. The lithium container of any module must be capable of withstanding 
full coolant pressure, because it was judged that a coolant leak 
could not be precluded and the module could become pressurized by 
the helium coolant. 

2. To assure reliability, it is essential that the lithium containment 
structure (module body) incorporate integral coolant circuits to 
prevent burnout related to thermal unbonding owing co helium bubble 
formation, which leads to excessive temperatures in the module 
structure. 

The review of existing concepts indicated that none could simultane-
ously satisfy both these criteria. In the process of evaluating designs 
against these key requirements, a cylindrical module concept evolved and 
was selected as the concept to be pursued and further developed. This 
concept (see the figure below) consists of a spherical-nosed outer 
cylinder surrounding an inner cylinder that contains the lithium. 
Helium flows between these concentric cylinders to cool both the lithium 
and the first wall of the outer cylinder. A flow baffle located between 
the cylinders minimizes the temperature rise of the inlet helium coolant 
and thus provides effective cooling of the front of the module, which 
faces the plasma. 

The reference cylindrical module, which is 10.2 cm (4 in.) in 
diameter and 75 cm (32.53 in.) long, was used for all initial design and 
analyses and for integration into a complete blanket system. The normal 
operating conditions for which the supporting thermal and structural 
analyses and performance assessment were made include the following: 

• helium coolant pressure — 5.5 MPa (54.4 atm) , 
• helium inlet temperature — 200°C, 
• maximum first-wall temperature — 450°C, 
• neutron wall loading — 4 MW/m2 (first-wall heat flux — 1 MW/m2) , and 

pumping power —<2.5% of blanket thermal power output. 



3 

Comparison of blanket module parameters and c 

Module concept 

First-wall 
particle 

heat flux 
(MW/m2) 

Neutron 
wall loading 

(MW/m2) 

Module 
internal 
pressure 
[atm (psi)] 

Coolant 
pressure 
[atm (psi)] 

Wall 
material 

Pumping 
power0 

m Coolant 
Bri 
ri 

ORNL EPR^ _ c 1.0 ^1-2 70 (1030) 316 SR 6.7 He V 

ORNL DEMO6 0.5-1.0^" 2-4 <1 LiOW SS U HITEC >: 

ORNL EBT3 0.37 1.47 0.07 (1.0) (S»1000) 316 SS 1.5-3 He l 

Culham (Mitchell and 
Booth)'2 

Helium-cooled module =2 8 U u Nb <3 He l 
Circulating-lithium-

cooled module 
~0.5 4 u u Nb U Li l 

General Atomic DPRJ 0.45 1.85 50 (735) 50 (735) Inconel 
718 

3-5 
(target) 

He > 

Westinghouse actinide 
burner^ 

0.43C 1.15 70 (1030) 70 (1030) 316 SS C 2.0 He N 

n ORNL cassette 0.7-1.0 3-4 «1 20-80 
(analyzed 
for 60) 

316 SS 1-2 He or 
HITEC 

Reference cylindrical 
module 

1.0 4 20-54 54.4 (800) 316 SS 2.2 He > 

Source: J. S. Karbowski ec al. Tokcenak Blanket Design Study: FX 78 Summary Report. Oak Ridge National Laborator 
a 1 

pump work 
thermal output 

^See C. A. Flanagan et al. Oak Ridge Tokamak Experimental Power Reactor Study — 1976, Part 4: Nuclear Engineerin 
Q 
First wall not integral with module. 

^U denotes "unknown" or "unspecified." 
eSee D. Steiner et al. ORNL Fusion Power Demonstration Study: Interim Report. Oak Ridge National Laboratory repc f 
JSeparate tubular first wall. 
^See E. S. Bettis et al. "A Practical Blanket Design for a Toroidal Fusion Reactor." In Proc. of the 7th Symposiu 

Institute of Electrical and Electronics Engineers, 1977; K. C. Liu. "Thermal Stresses and Cyclic Creep Fatigue in Fusi 
Problems of Fusion Research, vol. 2, pp. 1495-1500. New York: Institute of Electrical and Electronics Engineers, 1977. 

^See J. T. D. Mitchell and L. A. Booth. "Comparison of Direct and Indirect Cooling of Fusion-Reactor Blanket Cont 
Grenoble, France, October 24-27, 1972, EUR-4938, pp. 25-30 (1972). 

^Uses graphite reactor. 
JSee D. W. Kearney et al. Mechanical and Thermal Design of a Gas-Cooled Fusion Blanket Module. General Atomic Con fe 
Uses solid lithium alloy rods. 

1 
See R. P. Rose et al. Fusion-Driven Actinide Burner Design Study. Electric Power Research Institute report EPRI-

W N A denotes "not applicable." 
wSee D. Steiner et al. ORNL Fusion Power Demonstration Study: Interim Report. Oak Ridge National Laboratory repc 

Building: A Practical Blanket Design for a Toroidal Fusion Reactor." In Proc. of the 7th Symposium on Engineering Pre 
Electrical and Electronics Engineers, 1977; and R. W. Werner. ORNL Fusion Power Demonstration Study: The Concept of i 
October 1977. 

°First-wall side and lithium side, respectively. 
^For a neutron wall loading of 4 MW/m 2 and a 1.5% pumping power. 



of blanket module parameters and characteristics 

lant Pumping 
sure Wall power13 

(psi)] material (%) 

316 SS 
SS 

316 SS 

6.7 
U 

1.5-3 

Coolant 

He 
HITEC 
He 

B r e e d i n g 
r a t i o 

VL.15 
>1 

1.29 

F i r s t - w a l l 
t e m p e r a t u r e 

(°C) 

400 (max.) 
400 (max.) 

Wall 
thickness 
[in. (cm)] 

Coo]anL 
Icmperature 

CO 
breed in,; 
mater u L 

0.25 (0.64) 

J 
0.125 (0.3?.) 

200-3/0 

450-500 (max.) 
1 i 
l.i 
l.L 

. L :i um 
'•-cjvu r" 

in 
mOUUU' 

Nb 
Nb 

Inconel 
718 

316 SS e 

316 SS 

316 SS 

<3 
V 

3-5 
(target) 

2 . 0 

1-2 

2 . 2 

He 
Li 

He 

He 

He or 
HITEC 

He 

1.3" 
1.3* 

>1 

m NA 

>1.1 

505-650 
466-538 

0.18 (0.45) 

0.18 (0.45) 

=600 (max.) 0.197 (0.5) 

450 (max.) (2.0) 

400,500 

450 

(0.175) 
tubeP 

355-650 

35Q-o50 

275-585 

150-845 

=80-480 

0.062 (0.16) 200-435 

l.i 
l.i 

Li-Pb.-, 

NA 

Li 

Li 

Lit:: i urn 

MA 

Nb window 
and 
-du ̂ l-nr"; 

\8 Summary Report. Oak Ridge National Laboratory report ORNL/TM-6847. June 1979. 

?tor Study — 1976, Part 4: Nuclear Engineering. Oak Ridge National Laboratory report ORNL/TM-5575. December 197b. 

Im Report. Oak Ridge National Laboratory report ORNL/TM-5813. March 1977. 

• Fusion Reactor." In Proa, of the ?th Symposium on Engineering Problems of Fusion Research, voL. 2, pp. i-53-58. Sew York: 
rmal Stresses and Cyclic Creep Fatigue in Fusion Reactor Blanket." In Proa, of the ?th Symposium on 
>f Electrical and Electronics Engineers, 1977. 

idirect Cooling of Fusion-Reactor Blanket Containing Lithium." In Proa, of the 7th Symposium on Fusion Zea'^lcgu, 

led Fusion Blanket Module. General Atomic Company report GA-A14671. September 1977. 

Slectric Power Research Institute report EPRI-ER-451. 

>im Report. Oak Ridge National Laboratory report ORNL/TM-5813. March 1977- R, W. Werner. "The Cassette Blanket and Vacuum 
Proa, of the 7th Symposium on Engineering Problems of Fusion Research, vol 2 pp 1445-52. New York: Institute o f 
Power Demonstration Study: The Concept of the Cassette Blanket. Oak Ridge National Laboratory report OBja'TM-5964. 
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LITHIUM OUTLET-

STAINLESS STEEL SHIELD 

HELIUM INLET 
HELIUM OUTLET 

LITHIUM OUTLET 
LITHIUM INLET 

FLOW BAFFLE 

Reference cylindrical module. 

TF COILS 

BLANKET ASSEHBLY SUPPORT STRUCTURE 

Cross-sectional view of tokamak, showing the arrangement of 
reference cylindrical modules within the lithium blanket and the 
relationship of the blanket to the toroidal field coils. 
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The outer cylinder (first wall) is a very critical element of this 
design because of the high neutron loading and associated heat flux. A 
lifetime structural assessment of this design was performed, and lifetime 
margins of safety were determined for crack growth and brittle fracture. 
A •preliminary calculation of the potential effect of swelling of the 
first wall — which could influence the coolant flow gap — was also 
completed. For normal operating conditions, a positive margin of 
safety was obtained for each of the potential failure modes. [Margin of 
safety is defined by the relation MS = ~ 1* calculated posi-
tive margins (greater than zero) are acceptable.] The largest margin of 
safety obtained was for crack growth, next for brittle fracture, and 
finally for deformation from swelling. These results are summarized as 
follows: 

Margin of safety 

Failure mode 
lO-cm-OD 
module 

20-cm-OD 
module 

Crack growth 88 31 
Brittle fracture 3.3 2.0 
Change in flow channel gap owing 
to swelling 0.28 0.17 

The design o£ the reference module was also assessed for these 
other-than-normal operating conditions: off-design conditions, changes 
in cycle time, and incorporation of a divertor. In addition, the effects 
of loss of coolant and hypothetical plasma disruption were also addressed. 
Some key observations from this assessment are: 

• Structural lifetime margins of safety calculated for a postulated 10% 
reduction in helium coolant flow are essentially unchanged from the 
margins of safety calculated for the reference conditions. (See 
Table 2.5 in the report for details.) Thermal performance is improved 
slightly; however, the first-wall temperature increases ^20°C above 
the specified wall temperature. 
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At one-half power (2-MW/m2 neutron flux and associated first-wall 
surface heat flux of 0.5 MW/m2), the margins of safety increase sub-
stantially over those tabulated above, and the required pumping power 
is reduced from 2.2% to less than 1%. 
If the duration of the pulse is decreased by a factor of 10 (from 
19 min to 1.9 min) while the time between pulses remains 1 min and the 
number of pulses is increased to maintain the same total burn time, 
the margin of safety for crack growth is reduced by a factor of 10 
because of the greater number of cycles. Margins of safety for brittle 
fracture and excessive deformation — both affected by neutron fluence — 
do not change because the total cime at power remains the same. Con-
versely, the margin of safety for crack growth increases by a factor 
of 10 when the pulse is lengthened to 190 min because the total number 
of pulses is significantly reduced. 
With a 100%—efficient divertor, which would eliminate the 1-MW/m2 

surface-heat-flux loading during normal operating conditions, the 
margins of safety become virtually infinite for crack growth and 
excessive first-wall growth because the cyclic thermal stress is 
practically eliminated through lower first-wall temperatures. The 
margin of safety for brittle fracture is increased by a factor of 3 
because at the lower wall temperature (270°C) material properties 
degrade less. Pumping power decreases from 2.2 to 1.25% because first-
wall cooling requirements are substantially reduced. 
For a hypothetical plasma disruption assumed to occur in a 0.010-s 
plasma thermal pulse, incipient melting of the first wall can occur 
unless the heat flux is limited to approximately 20 MW/m2. 

• A postulated rapid loss of coolant (to 1% flow in 1 s) could be 
tolerated only if a rapid plasma shutdown (^400 ms) is initiated 
after loss of flow. 

About 67,000 modules the size of the reference module (10 cm iti 
diameter) would be needed to form a complete blanket assembly. A complex 
piping system would be required to accommodate the many coolant and 
lithium piping connections for this number of modules. To simplify the 
blanket and piping system, the reference concept was studied to determine 
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to what limits the module diameter could be increased. Thermal and 
structural performance considerations indicate that a 20-cm-diam module 
is near the maximum size that will still satisfy the design performance 
requirements. 

The 20-cm-OD module was analyzed in detail using the same parameters 
for coolant pressure and temperature, first-wall temperature limits, and 
neutron wall loading as were used in analyzing the lO-cm-OD module. 
Results of this analysis showed that the thermal performance for normal 
design conditions could be satisfied with a modest increase in pumping 
power (^3%, as compared with the 2.5% specified in the initial guidelines). 
Smaller, but still acceptable, structural margins of safety were obtained 
for crack growth, brittle fracture, and potential deformation of the 
first wall (as tabulated above). It is not necessarily practical to 
scale the module to very large diameters because of considerations such 
as the stacking of modules to minimize void fraction and to provide the 
maximum volume for lithium to achieve sufficient breeding. A module 
diameter of >̂20 cm, however, appears to be achievable and acceptable. 
(See Tables 2.4 and 2.6 for a summary of design and performance character-
istics for the 10- and 20-cm-OD modules.) 

Integration of the module into a blanket system design addressed 
stacking arrangements, piping layouts, assembly-disassembly, remote 
maintenance, alternative helium cooling schemes, removal of lithium for 
tritium recovery, and removal of the helium generated within the module. 
Structural considerations included the blanket structural support system, 
sealing of the blanket sectors between the plasma and outer vacuum 
boundary, and clamping of the sectors so as to assemble a complete 
blanket surrounding the plasma. Manufacturing feasibility was also 
considered as the design was developed. Design-related research was 
conducted to ensure that slow circulation of the blanket lithium was a 
reasonable approach to tritium recovery. Lithium circulation studies 
emphasized helium generation in the lithium, tritium extraction methods, 
tritium losses owing to decay, permeation through the module walls, 
achievable tritium inventory in the blanket, and cost of the blanket 
tritium inventory. Studies were also made to investigate the effect of 
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magnetically induced loads on the module stresses during both normal 
operation and disruptive excursions. 

Finally, a preliminary reliability assessment was performed on this 
blanket concept to systematically review the design for shortcomings and 
to estimate the frequency of module leaks, which could precipitate 
plasma quench. A failure mode and effects analysis of the key nodule 
components was completed. No important design oversights were uncovered. 
However, the investigation pinpointed items requiring particular attention, 
including special process and inspection control for the weld that 
attaches the outer cylinder to the mounting plate, rapid-response 
measures (<vl s) to restore f. helium coolant flow interruption, and 
component testing to verify the buckling strength of the thin-shell flow 
baffle. Point estimates of the expected frequency of module leakage 
into the plasma were calculated. The results were based on multiple 
sources of published generic failure data for piping and welds. The 
data were interpreted to the extent possible to discern the differences 
in failure-rate expectations for all modules in the blanket assembly for 
both 10- and 20-cm-0D modules. Finally, all aspects related to reli-
ability were weighed in the interests of generating overall conclusions 
about the proposed design. The comprehensive findings of the reliability 
assessment were: 

The design is generally sound. 
The frequency of module leakage leading to plasma quench is tolerable. 
The ideal module diameter is near, but less than, 20 cm in diameter. 

Conclusions 

On the basis of this design study we judge the reference cylindrical 
blanket concept to be viable and to merit additional study and experi-
mental development. Although the concept has not been fully investigated, 
the following conclusions justify the recommendation for further work: 

This study demonstrates the viability of a stainless steel blanket 
that uses a slowly circulating liquid-lithium breeder, is cooled with 
helium, and can operate at a neutron wall loading of 4 MW/m2. The 
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blanket can operate for the specified lifetime of 105 cycles at 95% 
duty (19 min on, 1 min off). 
The design is structurally efficient, is amenable to mass production, 
and is judged to be capable of being readily fabricated, inspected, 
and tested to the high quality-control standards necessary for blanket 
systems. 
The design of the blanket system incorporates replaceable assemblies, 
a feature consistent with the philosophy of reasonable assembly and 
maintenance. 
This concept appears to involve no major problems with circulating the 
lithium so as to extract the tritium^ 
A relatively straightforward approach for tritium recovery appears 
feasible for this design. The design can accommodate either a batch 
extraction process or a continuously flowing lithium system capable 
o£ extracting tritium at the low concentrations necessary for keeping 
the tritium inventory low (<1 kg). 
The tritium permeation losses with this low inventory are manageably 
small. 
Deterministic structural analysis shows acceptable positive margins of 
safety, indicating that the blanket is conservatively designed. 
A probabilistic reliability assessment indicates that with a 20-cm-0D 
module, only one or two leaks are expected to occur in the 3.6-year 
design lifetime of the blanket. This value is in line with the number 
of scheduled shutdowns anticipated; therefore, it is feasible to con-
sider performing maintenance during shutdown for repair of modules 
that develop leaks. 

Some disadvantages are associated with this concept: 

The requirement that each module withstand full coolant pressure 
results in the use of many modules and in considerable piping and 
connections for the coolant and lithium circulating systems. Easing 
this requirement might prove beneficial to the design. 
To compensate for the voids between the stacked cylinders, long 
modules — and thus a thicker blanket assembly — are required to obtain 
the lithium breeding volume desired. 
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The large number of modules adversely affects the system operating 
reliability and requiras more quality-control inspection, checkout, 
and time to assure that reliable components and assemblies are fabri-
cated. 

• The space envelope required for piping detracts from the space avail-
able for shielding the toroidal field coils. 
The extent to which the modules can be increased in diameter is 
limited by tradeoff considerations, such as thicker walls to with-
stand the coolant pressure vs increased thermal stresses resulting 
from the thicker walls. In addition, the stresses in the walls 
increase rapidly as the diameter increases because of magnetic effects 
on the module as module size is increased. 

Recommendat ions 

The progress made during this study suggests that work on the 
cylindrical blanket concept should continue so as to improve the design 
and to address issues that were not fully explored in this study. In 
addition, tests should be conducted to verify some of the analysis that 
has already been completed. Key recommendations are as follows: 

The optimum module size should be determined on the basis of structural 
and thermal performance (consistent with cylinder stacking to provide 
adequate lithium for breeding) and on reliability considerations. 
Because the shield design was not part of this study but is so 
intimately interwoven into any blanket design, a shield compatible 
with the reference blanket concept should be designed. 
The sector clamping-sealing concept should be developed to a higher 
degree of maturity. 

• Two-dimensional neutronics analyses should be performed to obtain better 
estimates of tritium breeding to aid in selecting module size. 
The use of a divertor to reduce the first-wall heat flux should be 
explored. This would likely allow a reduction in helium coolant 
pressure, thereby permitting larger modules. 
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The magnetic analysis should be extended to determine mechanical 
loadings on the modules and should consider the effect of both 
the modules and their support. 
The reflectivity of higher modes of cyclotron radiation should be 
calculated to determine if the module arrangement has any potentially 
adverse effects on plasma temperature and heating of the sides of the 
modules. 
A cost estimate should be developed for the blanket system concept. 

• Methods should be investigated for breaking the electrically conductive 
paths in the blanket. 

• Test programs should be implemented to confirm assumptions used in the 
analytical assessments of thermal performance and structural lifetime 
assessment of the blanket. 



IZ 
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1. INTRODUCTION 

This report presents the results of a two-year tokamak blanket 
design study jointly conducted by Westinghouse Electric Corporation and 
Oak Ridge National Laboratory (ORNL). The purpose of the study was 
(1) to produce a reference design concept for a tokamak blanket system 
that would operate under reactor conditions and (2) to assess the per-
formance and lifetime aspects of the design. The study ultimately is 
intended to bring state-of-the-art blanket concepts a step closer to a 
design for power reactor application. The blanket concept was limited 
at the outset to stainless steel structures, lithium as the tritium 
breeding material, and helium as the coolant. The use of state-of-the-
art materials and manufacturing technology was also inherent in the 
design. 

The study was performed in two phases, the first of which comprised 
selecting a blanket design concept — and particularly a basic blanket 
module, developing the module concept and supporting the development by 
analysis, and assessing the resulting design against the design require-
ments. During the first phase and continuing into the second phase, 
studies were conducted to improve the module concept by scaling the 
reference cylindrical module to a larger size to reduce system complexity 
and to enhance blanket reliability. Section 2 details the module design 
work and studies related to module size. 

Along with the module scaling studies, the second phase primarily 
emphasized integration of the reference module into a blanket system, 
with design emphasis on the piping system, vacuum sealing, and structural 
support. Also considered were manufacturing feasibility, assembly-
disassembly, and remote maintenance. Two other special tasks were 
included in the second phase. First, considerations for incorporating 
the lithium moderator system into the design were investigated to deter-
mine whether the circulating lithium system of the blanket concept 
constituted a reasonable approach to tritium recovery. Second, the 
magnetically induced loads and resulting stress in individual modules 
were investigated. Section 3 describes the work as it continued during the 
second phase. 
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A preliminary reliability assessment of the module was performed to 
evaluate predicted postulated frequencies of module failure for increasing 
module size. The intent was to gain insight as to the reduction in 
number of failures and improved reliability that could be expected as 
the module diameter was increased. In addition, failure modes and 
criticility effects analysis was performed on the key components to 
identify the critical modes of failure. This formalized approach helped 
to identify areas where design improvement should be concentrated. The 
reliability assessment is documented in Sect. 4. 

Conclusions resulting from the study are presented in Sect. 5. 
Also presented are recommendations for future work in the areas of 
design, analysis, and development, including test experiments to support 
future work in blanket design. 
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2. MODULE CONCEPT ENGINEERING DESIGN 

During the first phasevof the design study (FY 1978), we investigated 
the use of a cylindrical module as tfc«>. basic blanket component. Design 
guidelines were established for the module on the basis of earlier 
design work,1>2 a reference cylindrical module concept was developed, 
and thermal and structural analyses were performed to test the soundness 
of the concept. The reference concept was then used as a standard in 
studies to determine the largest effective module size. The size of the 
module determines the number of modules required, and so is a key to 
simplifying the blanket system and to enhancing its reliability. 

The subsections that follow summarize the cylindrical module design 
guidelines, describe the reference modiile, assess its advantages and 
disadvantages, discuss the thermal and structural analyses of the refer-
ence module and of two alternative concepts, and consider other factors 
that affect the determination of optimum module size. 

2.1 Module Design Guidelines 

Table 2.1 lists the design guidelines established in the first 
phase of the study. Of these guidelines, several merit special comment. 

1. Structural material. The blanket structural material must 
operate reliably, must contain the coolant and breeding medium, must 
maintain the required purity in the plasma chamber, and must be replace-
able in the event of a failure. The structural material must be suited 
to a cyclic-loading environment and heat-transfer temperatures adequate 
for attractive power conversion. Twenty-percent cold-worked (CW) type 316 
austenitic stainless steel (316 SS) was selected as the primary structural 
material. This alloy was selected because its radiation-response char-
acteristics are fairly well known for the temperatures of interest. In 
addition, 20% CW 316 SS has been chosen as a reference material for the 
fusion energy Alloy Development for Irradiation Performance (ADIP) 
program. 
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Table 2.1. Performance and design guidelines for concept development 

Structural material 

Coolant 
Breeding medium 
Structural concept 
Vacuum enclosure 
Structural-material temperature 
limits 

Neutron wall loading 
First-wall particle heat flux 
Coolant outlet temperature limit 

_ . I pump work \ Pumping power ^ ^ o u t p u t J 

Tritium breeding ratio 
Duty cycle 
Operating mode 
Plasma shape 
Minor radius 
Elongation 
Aspect ratio 
Clearance [plasma to toroidal field 

(TF) coil] 
Number of TF coils 
Magnetic field 

First wall 

Tritium recovery 

Type 316 austenitic stainless 
steel 

Pressurized helium 
Lithium 
Modular 
External to blanket 
^450°C, first wall, radiation-

damage zone 
^500°C, low-radiation zone 
^550°C, maximum nonstructural 
4 MW/m2 

1.0 MW/m2 (without divertor) 
As high as practical; con-

sistent with material 
structural limits 

2.5% 

1.2 
20-min cycle, 95% duty 
Pulsed to 105 cycles 
"D" 

VL.5 m 

4 1.5 m 

16 
TF: 11 T maximum at winding 
PF: perpendicular to TF, with 
value of 10% of TF 

First wall to be part of 
blanket; no separate vacuum 
vessel inside blanket 

Designed for recovery without 
removing module 
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2. Coolant. Helium was selected as the coolant because the tech-
nology for its use has already been developed, it has no adverse effect 
on breeding, it. is electrically nonconducting, it presents no magneto-
hydrodynamic (MHD) problems, it has a low neutron-absorption rate, and 
it is compatible with the other blanket materials. The selection pro-
cess accounted for the high coolant pressures required with helium 
cooling and for the necessity of careful design to limit the pumping-
power demands. 

3. Breeding medium. Natural lithium metal was selected as the 
breeding medium because of its breeding capabilities and heat-transfer 
properties. 

4. Vacuum enclosure. A secondary vacuum enclosure was identified 
as part of the system to eliminate the need for making high-vacuum 
joints for assembly and disassembly of the blanket sectors.2-5 

5. Structural-material temperature limits. Because material prop-
erties change with irradiation at high temperatures,6 guideline tempera-
ture limits were established for various sections of the blanket. 
Maximum temperatures were specified as 450°C for the first wall, 500°C 
for lower-stressed regions, and 550°C for any other point in the structure. 

Several design requirements additional to those listed in Table 2.1 
were developed in the process of selecting the reference cylindrical 
module concept. Review and evaluation of some existing module design 
concepts led to the identification of problem areas that may be signifi-
cant: 

heat transfer. If conduction through the lithium breeder is the 
heat-transfer process used to cool the first wall, heat transfer 
may be adversely affected by an accumulation of generated helium 
between the first wall and the lithium. 

• pressurization of the lithium-containing module in the event of a 
helium-cooling-circuit failure. 
the potential for significant adverse magnetic loads in a pulsed 
magnetic field. 
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The following design guidelines were developed to address these 
potential problems: 

Walls should be directly cooled by the helium to permit effective 
heat transport from the first wall for the heat flux levels under 
consideration. 
The lithium module should be capable of withstanding the full coolant 
pressure, since a pressure boundary leak cannot be precluded. 
Smaller modules should be considered because they reduce magnetically 
induced loads and do not suppress the pulsing magnetic field. 

2.2 Reference Cylindrical Module 

In selecting a reference blanket module, we first reviewed blanket 
module concepts presented in published literature. Because none of 
these met thr- design guidelines that had been established — particularly 
the three additional guidelines enumerated above — we developed a new 
cylindrical module concept to serve as the reference for this study. 
Development of this concept also considered the effect of magnetically 
induced loads.''' Table 2.2 presents advantages and disadvantages of 
design concepLs discussed in the literature; Table 2.3 compares these 
concepts with the reference cylindrical module concept. The concept 
selection process has been described in detail in an earlier reporL.1 

2.2.1 Description of reference concept 

The reference cylindrical module is shown in Fig. 2.1; Table 2.4 
sumrnariV.es its design and performance characteristics. 

The referunre cylindrical module consists of a double-walled stain-
less steel cylinder with spherical ends designed to accommodate a helium 
coolant pressure of approximately 54 atm (800 psi) . The double-wall 
feature addressee the concern for efficiently cooling the walls within 
acceptable helium pumping power limits. This feature solves the problem 
of helium bubble formation, since both the inner lithium-containing 
cylinder and the outer first-wall cylinder are directly cooled by helium. 
Because the module is a combination of cylindrical and spherical shapes, 



Table 2.2. Advantages and disadvantages of fusion reactor blanket module concepts 

Unpreasurlzed Pressu.rlzed Hybrid 

Characterlstlcs 
ORNL 
EPR 

o m 
DEMO 

ORNL 
EBT 

Culham 
(helium 
gas 

circulation) 

General 
Atomic 
DPR 

Hestinghouse 
actlnlde 
burner 

ORNL 
cassette 

Advantages (LEGEND: + Good ° Fair • Bad) 

Close packing of blanket modules + + + o o + + 

Large nodules, less plumbing, fever units to work 
with + + + a o + o 

Double-wall construction between lithium and plasna NA + NA NA NA NA + 

Light-weight, stable configuration NA NA NA + + NA + 

Standardization of components • a a + + a + 

Machine-made welds 0 0 0 + NA o + 

Independent expansion of lithium chamber and first 
wall NA 0 NA NA NA NA + 

Lithium/metal volume ratio + + + o o + + 

Disadvantages (LEGEND: • High ° Medium + Low) 

Flat walls subject to thermal stress • a 9 NA NA a 0 
Corner stresses • a a NA NA a o 
Variety of sizes and shapes required a a a 0 NA a 0 
Cooling tube header welds having difficult geometry NA o NA 0 NA NA a 
Thermal stresses owing to different wall temperature a + a NA o o o 
Hot spots created by helium bubbles generated within 

the lithium a + a a NA NA + 

Difficult tube-bending arrangement a • a 0 NA NA NA 
Differential expansion between inner and outer walls NA o NA NA NA 0 + 

Interstitial Inserts required NA NA NA 0 a NA + 

Difficult bellows fabrication NA NA NA NA NA NA a 
Welds in high radiation fields • a a 0 NA a a 
Neutron streaming + + + + 0 + + 

Corrosive effects of coolant NA a NA NA NA NA NA 
Difficulty of replacement 0 o o 0 a o + 
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iparison of blanket module parameters and characteristics 

oolant Pumping 
essure Wall power" 
m (psi)] material (2) 

316 SS 
SS 
316 SS 

6.7 
V 

1.5-3 

Coolant 

He 
HITEC 
He 

Breeding 
ratio 

First-wall 
temperature 

<°C) 

Wall 
thickness 
[In. (cm)] 

Coolant 
temperature 

(*c) 
Breeding 
mat.'-rial 

•vl.15 
>1 
1.29 

400 (max.) 
400 (max.) 

0.25 (0.64) 
u-f 

200-370 
450-500 (max.; 

0.125 (0.32) 66-481 

Li 
Li 
Li 

Tritium 
recovery 

Drain 
module 

U 
V 

Nb 
Nb 

Inconel 
718 

316 SS° 

316 SS 

316 SS 

<3 
V 

3-5 
(target) 

2.0 

1-2 

2 . 2 

He 
Li 

He 

He 

He or 
HITEC 

He 

1.3* 
1.3* 

>1 

NA 

>1.1 

505-650 
466-538 

0.18 (0.45) 
0.18 (0.45) 

«600 (max.) 0.197 (0.5) 

450 (max.)C (2.0) 

400,500 

450 

(0.175) 
tubeP 

355-650 
330-650 

275-585 

150-845 

^80-480 

0.062 (0.16) 200-435 

Li 
Li 

LiyPbj, 
Li.Sii. 

NA 

Li 

Li 

Circulate 
lithium 

NA 

Nb window 
and 
capillary 

U 

78 Summary Report. Oak Ridge National Laboratory report ORNL/TM-6847. June 1979. 

teactor Study — 1976, Part 4: Nuclear Engineering. Oak Ridge National Laboratory report 0RNL/TM-5575. December 1976. 

iterim Report. Oak Ridge National Laboratory report ORNL/TM-5813. March 1977. 
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•Cooled Fusion Blanket Module. General Atomic Company report GA-A14671. September 1977. 

i. Electric Power Research Institute report EPRI-ER-451. 
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it can tolerate high pressures. Either cylinder is capable of with-
standing the total coolant pressure. Because the modules are relatively 
small, magnetically induced loads will be minimized. 

The outer cylinder has an outside diameter of approximately 10.2 cm 
(4 in.) and is approximately 75 cm (29.5 in.) long. The inner cylinder, 
which contains the liquid-lithium breeding media, is sized to create an 
annular void between the two cylinders (analogous to a thermos bottle). 
The wall of each cylinder, including the spherical ends, is approxi-
mately 0.16 cm (0.06 in.) thick. 

Installed between the two cylinders is a stainless steel baffle 
assembly. This baffle serves to create a counterflow path for the 
coolant. The coolant flows along the inside of the outer cylinder 
between the cylinder and baffle to cool the outer cylinder and first 
wall. It then flows between the baffle and the outside of the inner 
cylinder, cooling the inner cylinder and the lithium contained within it. 
The baffle assembly consists of two thin-walled cylinders with spherical 
ends. Each wall is approximately 0.38 cm (0.015 in.) thick. The smaller 
of the two baffle cylinders is enveloped by the larger and is positioned 
centrally by means of dimpled projections located on the inner surface 
of the outer baffle cylinder. The distance between the two baffle 
cylinders constitutes a dead space, which serves as thermal insulation 
between the inner and outer cylinders. Additional dimples located 
inside and outside the baffle assembly provide concentric centering of 
the inner and outer module cylinders. A hole 1.4 cm (0.6 in.) in 
diameter in the spherical nose end of the baffle assembly serves as a 
port to connect the passage between the outer cylinder and baffle to the 
passage between the baffle and the inner cylinder. 

The back end of the inner cylinder (the end farthest from the 
plasma) is welded to a funnel-shaped hub. This hub contains an inlet 
and outlet port for liquid lithium and six radially oriented ports 
connected to a central outlet passage for the helium coolant. Before 
the inner cylinder is welded to the funnel-shaped hub, appropriately 
shaped and oriented inlet and outlet tubes for handling the lithium are 
welded to' their respective ports. The liquid lithium enters and exits 
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the inner cylinder through two concentrically located tubes that pass 
through the center of the funnel-shaped hub and that terminate in a 
double-cavity manifold inside the helium outlet manifold. The design 
requires that these tubes be bent and positioned so that the inlet tube 
is located at the lowest point and the outlet tube is located at the 
highest point. The location and orientation of the blanket module with 
respect to the reactor's horizontal axis will determine the positioning of 
these tubes. Proper location of the inlet and outlet tubes is necessary 
to ensure proper circulation and recovery of the liquid lithium and to 
eliminate pockets of helium gas within the liquid-lithium cylinder. 

Several thick, washer-shaped shields having integral spacers and 
made of stainless steel are also fitted to the center post of the funnel-
shaped hub. These washers enhance breeding by reflecting neutrons, and 
they provide shielding for the rear structural members of the module; 
the integral spacers provide paths for circulation of the liquid lithium 
between the shields. 

Once the inner cylinder of the module is assembled, the unit is 
installed inside the double-walled baffle assembly. A deep-dished 
washer is then assembled over the hub of the inner cylinder and the 
outer periphery of the washer is welded to the mating end of the baffle 
cylinder. The small end of the deep-dished washer is provided with 
radial spokelike projections that serve to center the inner cylinder hub 
within the module outer hub. An insulating sleeve is fitted over the 
hub of the inner cylinder to thermally insulate the helium inlet gas 
from the helium outlet gas. The inner cylinder and baffle assembly is 
next fitted inside the module outer hub, which is also a circular funnel-
shaped structure. 

To complete the assembly of a cylindrical blanket module, the outer 
cylinder is fitted over the inner cylinder and baffle assembly, and the 
open end is welded to the flange section located at the front end of the 
module outer hub. The straight cylinder portion of the outer hub serves 
as the base for mounting the individual modules to a common mounting 
plate or tube sheet. 
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2.2.2 Design assessment 

This module design met the established guidelines for thermal 
performance and structural lifetime (see Table 2.1), with ^2.2% pumping 
power and positive margins of safety for 105 pulsed cycles. The concept 
was also assessed for performance under abnormal and off-design conditions. 
The performance was also assessed for conditions wherein the incorporation 
of a divertor eliminated the first-wall heat flux. Table 2.5 compares 
the reference module's performance for these conditions with its per-
formance under nominal conditions. 

2.2.3 Tritium breeding ratio 

Although detailed neutronics calculations were not performed during 
the study, one-dimensional transport calculations were made early in the 
development of the reference module concept to estimate the tritium 
breeding ratio. These calculations indicated a breeding ratio of slightly 
greater than 1.1. Because the goal was a breeding ratio of 1.2, the 
module length of the reference concept would need to be increased or 
otherwise modified to achieve the desired breeding ratio. The breeding 
ratios for the module design concepts listed in Table 2.3 vary from >1 
to 1.3 for blanket modules ranging in thickness from 0.5 m to 0.8 m. It 
appears reasonable, therefore, that the 1.2 target breeding ratio can be 
achieved with the reference cylindrical module design by lengthening the 
module to increase the lithium volume or by incorporating some other 
design modifications. Breeding adequacy should be verified by more 
detailed neutronic calculations before the final module size is selected. 

2.2.4 Advantages and disadvantages of the reference concept 

Among the ad ...ages of the reference design concept are the 
following: 

• The use of cylindrical modules resolves the high-stress problems 
associated with larger rectangular-shaped blanket modules. 



Table 2.5. Module response for various operating conditions 

Helium coolant 
outlet 

temperature 
<°C) 

First-wall 
peak 

temperature 
(°C) 

Maximum Li 
temperature 

(°C) 

First-wall margin of safety 

Condition 

Helium coolant 
outlet 

temperature 
<°C) 

First-wall 
peak 

temperature 
(°C) 

Maximum Li 
temperature 

(°C) 
Crack 

growth 
Brittle 
fracture 

Excessive 
deformation 

Pumping powera 

(%) 

Normal design 435 452 627 88 3.3 0.28 2.2 

10% flow reduction 465 470 655 ^88 ^3.3 •vO.28 2.0 

Loss of coolant (to 1% 
in 1 s) 448 @ 1 eb 690 & 1 sb 627 @ 1 sb -v3.3 <v0.28 NA 

Reduced power (50% of normal 
@ 34-atm coolant pressure) 450 420 550 8826 14.7 2.4 1.1% @ 34-atm 

coolant 
0.5% @ 54.5-atm 

coolant 

Hypothetical plasma disrup-
tiond (0.010-s pulse, 
5 MW/m 2, 1 x H T cycles) 439 500 627 43 2.5 ^0.28 NA 

Change in cycle duration 

190-min pulse, lO4 cycles 435 450 630 880 3.3 0.28 ^2.2 

2-min pulse, 106 cycles <435 <450 <630 8.8 3.3 0.28 

Incorporation of a divertor 440 270 633 CO 11.0 oo 1.25 

Source: J. S. Karbowski et al. Tokamak Blanket Design Study: FY 78 Summary Report. Oak Ridge National Laboratory 
report ORNL/TM-6847. June 1979. 
a , 

pump work 

thermal output 
^Function of time to shutdown. 
Margin of safety for 400-ms shutdown. 

^Function of heat flux assumed; values shown for 5 MW/m 2. 
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Direct helium cooling of the first wall protects the wall from 
overheating, and the concentric cylinder arrangement provides a double 
barrier between the lithium and the plasma. 
The small-module concept minimizes the forces on the lithium container 
that result from the magnetic loads produced when the field is pulsed. 
In the reference module, all weld joints are located near the rear so 
that no highly stressed weld is in a highly irradiated area. 

• The simple shapes of the module components facilitate fabrication 
using mass-production techniques. 
The module's weld geometry is adaptable to automatic-weld-machine 
processes, which result in a more reliable and automated production. 

• Metal contact between the hub and the circular manifold on the outer 
cylinder is kept to a minimum by the use of a thin seal. This 
reduces the heat transfer to the incoming cold helium and to the 
blanket module mounting plate. 

Some disadvantages associated with the reference concept should 
be noted: 

Although the cylinder design concept resolves the high-stress problems 
that occur with larger blanket modules, more cylinders are required 
for adequate blanket coverage. The additional cylinders in turn 
necessitate more piping and connections to the coolant and lithium 
systems. 

• Tight stacking of the cylindrical modules is necessary to minimize the 
void fraction. The inherent voids between cylinders require that 
longer modules be used to obtain the same effective lithium breeding 
volume. 

• The large number of modules may adversely affect the blanket system's 
operating reliability and may necessitate more quality control, 
testing, and time to ensure manufacture of reliable modules. 

• The piping system limits the amount of space available for the 
external shield. 

Some of these disadvantages pertain to the configuration of the modules 
within the blanket system; module configuration, or stacking, is dis-
cussed in greater detail in Sect. 3.2. 
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2.3 Alternative-Module-Size Studies 

Advantages associated with reducing the number of blanket modules 
and, thus, the complexity of the blanket system call for the development 
of larger modules that still meet design and performance requirements. 
Because the reference module is relatively small, an important part of 
our design study was devoted to investigating alternative module sizes. 
In particular, analyses were conducted to compare the thermal and 
structural characteristics of modules having outside diameters of up to 
20 cm with those of the reference lO-cm-OD module. Other module scaling 
considerations, such as first-wall surface area and lithium volume and 
void fraction, were also addressed. The alternative-size studies were 
begun during the first phase of the design study, and they continued 
through the second phase (FY 1979). 

2.3.1" Thermal studies 

In analyzing the thermal performance of modules having 15- and 
20-cm outside diameters, the modules were assumed to have the same 
cooling arrangement as the lO-cm-OD reference module. The coolant-
flow-gap sizes were varied, however, to keep cylinder wall temperatures 
within the allowable temperature limits. The following subsections (1) 
describe the method and model used in the thermal evaluations, (2) discuss 
the thermal characteristics of 15- and 20-cm-0D modules and compare them 
to the reference module, and (3) consider an alternative method of 
cooling the center region of the lithium volume by a separate and parallel 
coolant circuit. 

Method and model. Although the steady-state thermal performance of 
the reference module had been analyzed earlier,1'8 it was reanalyzed 
using a slightly improved model and more detailed nuclear-heating rates. 
The thermal conditions of all three modules were calculated using a 
coupled thermal and hydraulic computer code. The code solves the multi-
dimensional heat-conduction equation and the conservation equations of 
fluid flow and can analyze steady-state and transient operations. An 
axially symmetric, finite-difference model of each module was developed 
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for the computation. Input data comprise the nuclear-heating rates of 
the components; the surface particle flux; and the helium inlet pressure, 
enthalpy, and flow rate to the module. The model incorporates the tube-
sheet structure to which the module base is attached. This portion of 
the structure is cooled by incoming helium around the inlet annulus; 
exiting helium cools the support around tne center of the module. With 
this model, the module nose section is divided into more nodal points 
than it was in the model used for the earlier analysis.1'8 

In the fluid flow calculation, the well-known Dittus-Boelter heat-
transfer correlation and the Koo frictional-loss correlation were used.9 
To account for the turbulence generated by the protrusions that support 
the flow baffles between the module's two cylinders, the heat-transfer 
coefficient and the friction factor predicted by thes^ smooth-tube 
correlations were increased by 40% in the calculations. This is approxi-
mately the amount of enhancement observed in similar experiments.10 The 
loss coefficient at the turnaround from the outer flow annulus to the 
inner annulus was computed to be about one velocity head at the exit of 
the outer flow path and about 0.8 velocity head at the entrance to the 
inner flow path. These are rough estimates because there are no experi-
mental data based on the same flow geometry. 

The incident surface heat flux on the front wall of the hemisphere 
is taken to be 1 MW/m2 for a neutron wall loading of 4 MW/m2. The flux 
was assumed to be distributed circumferentially according to a cosine 
distribution. The total particle heat input equals that at the base 
area of the dome. 

Figure 2.2 gives the internal heat-generation rates for stainless 
steel and lithium owing to a neutron wall loading of 4 MW/m2. These 
heating rates are slightly lower than the preliminary values used in the 
earlier analysis.1'8 The integrated effect is that the heat generation 
in the module is approximately 9.7% lower. In addition, the stainless 
steel baffles described by the improved thermal analysis model are 
thinner than those of the previous model; this change accounts for 
about a 3.7% reduction in heat generation in the stainless steel baffles. 
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DISTANCE FROM BASE OF MODULE (cn) 

Fig. 2.2. Internal-heat-generation rates for module materials 
under a neutron wall loading of 4 MW/m2. 
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The total thermal power of the reference module, .ng the first-
wall heat flux, becomes 40 kW instead of 45 kW, as .eported previously. 

Thermal performance of the reference module. Figure 2.3 shows the 
steady-state material and coolant temperatures at; key locations in the 
module for the reference helium coolant inlet pressure of 5.52 MPa 
(800 psia) and inlet temperature of 200°C. The peak outer-cylinder wall 
temperature occurs at a point away from the center of the dome, owing to 
the increasing heat-transfer coefficient along the convergent channel at 
the back surface of the dome. The peak inner-cylinder temperature 
occurs near the joint between the inner hemisphere and the straight 
section of the inner cylinder, owing to the combined effect of the 
increasing helium coolant temperature and the high temperature of the 
lithium near the center of the hemispherical end. 

When the helium flow rate was varied in searching for the optimum 
flow-gap dimensions and for the operating flow rate that would minimize 
the pumping-power requirement, the outer-cylinder wall temperature 
reached the temperature limit of 450°C before the inner cylinder 
approached its temperature limit of 500°C. The outer-cylinder tempera-
ture is the controlling factor in the thermal design of the lO-cm-OD 
module. 

Temperatures for the tube-sheet structure closely follow the coolant 
temperatures because of minimal nuclear heating in the rear of the 
module. The pumping-power requirement for the reference module (assuming 
65% pump efficiency) is about 2.25% of the module's thermal power. 

The material temperature distributions along the cylinder walls and 
the helium temperature along the channels are shown in Fig. 2.4. These 
material and helium temperatures are slightly different from those 
obtained earlier,1'8 but the difference, which amounts to only a few 
degrees, is not significant. The helium pressure along the flow channel 
is shown in Fig. 2.5. The pressure losses along the straight sections 
of the cylinders are small. The major loss occurs at the convergent 
channel at the dome and through the turnaround hole in the baffle. The 
slight static-pressure increase, after the entrance to the inner gap, is 
due to the divergent flow area with the accompanying velocity drop. 



10 cm (4 in . ) 0D module - 75 cm long 

Fig. 2.3. Steady-state temperature distribution in the lO-cm-OD reference module. 
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Fig. 2.4. Axial temperature profiles of helium and of cylinder 
walls at reference operating conditions. 
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2.5. Helium pressure distribution in counterflow channel. 
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The reference reactor duty cycle consists of 19 min of plasma-on 
time and 1 min of plasma-off time (i.e., a 95% duty cycle). Figure 2.6 
gives the transient temperatures of the reference module structure, the 
lithium, and the helium during the plasma-off and the succeeding plasma-on 
periods, assuming a step change in thermal loadings as the plasma is 
terminated and initiated. As expected, the first wall responds rapidly 
to the particle heat flux because of the thin-walled structure. The 
lithium is cooled to about 220°C at the end of the 1-min plasma-off 
period and is still in the molten state. The helium exit temperature 
drops from 420°C to about 300°C. 

The figure shows that it takes about 2 to 3 min for the helium and 
material temperatures to reach their previous steady-state values once 
the plasma burn is resumed. As long as the plasma-on time is longer 
than 3 min, changing the burn time of a cycle will have no effect on the 
steady-state thermal conditions of the module. On the other hand, if 
the coolant inlet temperature could be maintained above 180°C (the 
melting point of lithium) with a long plasma-off time, the lithium at 
the cold spot will not reach the solidification point. It should be 
noted that the decay heat during the plasma-off period was not included 
in the calculation. The results obtained, therefore, are conservative. 

Thermal performance of the 15- and 20-cm-QD modules. With the same 
modeling technique and calculational method, modules with outer diameters 
of 15 and 20 cm were analyzed. The thickness of the outer cylinder of 
the larger modules was the same — 0.157 cm (0.062 in.) — but the thick-
ness of the inner-cylinder wall was increased to 0.254 cm (0.10 in.) for 
the 15-cm-OD module and to 0.508 cm (0.20 in.) for the 20-cm-OD module. 
Later structural analysis showed that the thickness of this wall could 
be reduced by adding stiffening rings. The thinner wall should facili-
tate cooling. 

The steady-state thermal performance of the 15-cm-OD module is 
quite similar to that of the reference module, except the pumping power 
is increased slightly to 2.4%. 

Figure 2.7 graphs the thermal performance of the 20-cm-OD module. 
For this module, the inner-cylinder wall temperature becomes controlling. 
When the helium flow rate and flow-gap dimensions were varied, the 
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Fig. 2.6. Transient thermal conditions during a plasma-off and -on 
cycle. 
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Fig. 2.7. Steady-state thermal performance of 
the 20-cm-OD module. (Circled points indicate the 
operating conditions at which the structure tempera-
tures were satisfied.) 
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inner-cylinder temperature reached its temperature limit first, since with 
the 20-cm-OD module, more heat is generated in the lithium within the 
cylinder relative to the available surface area for cooling than with the 
lO-cm-OD module. The operating-point pumping-power requirement is 
about 2.8%. Material and helium coolant temperature at key locations in 
the module at this operating point are shown in Fig. 2.8. The maximum 
lithium temperature is about 957°C, which is below the metal's boiling 
point of 1310°C. This indicates that the module can be made even larger 
before the lithium temperature reaches the boiling point at the hottest 
spot. Structural considerations, however, limit the cylinder size for a 
given helium pressure (see Sect. 2.3.2). 

Comparison of the 10-, 15-, and 20-cm-0D modules. The flow-gap 
distributions for the three modules are shown in Fig. 2.9. The gap 
dimensions range from 0.076 cm (0.030 in.) to 0.30 cm (0.12 in.). Such 
"fine-tuning" of flow gaps may not be readily achieved in actual practice. 
However, this illustrates the sensitivity of the thermal conditions of 
the module to flow geometry. Experimental flow tests of the design are 
necessary to obtain heat-transfer and frictional-loss data for the final 
design evaluation of the concept. 

Table 2.6 summarizes the design and performance characteristics of 
the 20-cm-01> module. Comparison of the thermal characteristics listed 
in this table with those listed in Table 2.3 for the reference module 
shows that the thermal performance of the two modules is very similar. 
Scaling up from 10 to 20 cm increases the pumping-power requirement from 
2.25% to 2.82%. The difference is mainly due to the higher pressure 
loss at the coolant-flow-channel turnaround. In both modules, the 
maximum outer-cylinder temperature is approximately at the allowable 
limit of 450°C. In the lO-cm-OD module, the maximum inner-cylinder 
temperature is about 20°C below the limit, since the helium flow rate 
required to cool the outer wall to its temperature limit would cause 
overcooling of the inner cylinder. In the 20-cm-OD module, both the 
inner and the outer cylinders operate at their respective limits simul-
taneously through a combination of adjusting the coolant-flow-gap dis-
tribution and the flow rate. Whereas the helium flow rate for the 
20-cm-OD module increased by a factor of less than 4, its thermal power 
increased four times. The helium exit temperature for the 20-cm-QD 



20 cm (8 in . ) OD module - 75 cm long 

Fig. 2.8. Steady-state temperature distribution in the 20-cm-0D module. 
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Fig. 2.9. Helium flow-gap distributions for the 10-, 15-, and 
20-cm-QD modules. 
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Table 2.6. Characteristics of the 20-cm-C)D cylindrical module 

Module dimensions 
Material 
Material thickness 

Outer cylinder 
Inner cylinder 
Flow baffle 

Breeding material 
Coolant 

Design characteristics 
^20 cm OD x 75 cm long 
Type 316 stainless steel 

0.16 cm (0.062 in.) 
0.51 cm (0.200 in.) 
Double thickness, 0.038 cm (0.015 in.) 

each 
Liquid lithium 
Pressurized helium 

Module thermal power 
Coolant pressure 
Neutron wall loading 
First-wall particle heat flux 

Cin> Coolant temperature (T._, T 
Coolant flow 
Flow-channel gaps 

Inlet pass (variable) 

Outlet pass (variable) 

Material temperature 
Outer cylinder (first wall) 
Inner cylinder 
Lithium (maximum, minimum) 

Tritium breeding ratio 
„ . ( pump work \ Pumping power o u t p u tJ 

Performance characteristics 
163 kW per module 
54.4 atm 
4 MW/m2 
1 MW/m2 
200°C, 438°C 
131 g/s 

out 

0.216 cm (0.085 in.) to 0.139 cm 
(0.055 in.) 

0.305 cm (0.12 in.) to 0.152 cm 
(0.060 in.) 

451°C 
502°C 
957°C, 496°C 
Not calculated 

2.82% 
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module is, therefore, about 17°C higher than that of the reference 
module. It appears that a module with an outside diameter larger than 
20 cm would require more than the scaled-up flow to keep the inner 
cylinder from exceeding the specified temperature limit; thus, the 
pumping-power requirement would be significantly higher. 

Pumping power. As indicated above, increasing the size of the 
module in turn increases the pumping-power requirement, given a neutron 
wall loading of 4 MW/m2. At this neutron wall loading, the diameter of 
the basic reference module cannot much exceed 20 cm, because the maximum 
lithium temperature within the 20-cm-OD module is only about 300°C below 
the metal's boiling point. However, if the same blanket design is 
applied to a reactor with a lower neutron wall loading, such as 2 MW/m2, 
the module's performance would be improved. Notably, the module could 
operate with a lower helium pressure and a higher inlet temperature. 

Figure 2.10 shows pumping-power requirement as a function of module 
size, wall loading, and coolant conditions. At a wall loading of 
4 MW/m2, extension of the pumping power curve indicates that the pumping-
power requirement increases rapidly with increasing module size because 
of the greater amount of heat contained within a larger module. At a 
wall loading of 2 MW/m2, two helium inlet pressures were analyzed: 5.52 
and 3.45 MPa (800 and 500 psia). In both cases, the helium inlet temper-
ature was increased to 250°C. When the inner and the outer cylinders 
were operated at their respective temperature limits, the pumping-power 
requirement for either case was below that for a wall loading of 4 MW/m2, 
even though the helium inlet temperature was higher. 

At a lower helium pressure, not only could the module be made much 
larger than 20 cm, but the service life would be significantly improved. 
At a higher helium inlet temperature, the blanket outlet temperature is 
also higher. This would result in a higher power-conversion-cycle 
efficiency, as discussed below. 

Power conversion cycle. To convert the blanket thermal power to 
electricity, a conventional indirect helium-to-steam turbine-generator 
cycle was considered. The helium coolant temperature in this blanket 
design is not high enough for an efficient direct helium gas turbine 
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Fig. 2.10. Module pumping power as a function 
of size, wall loading, and coolant conditions. 
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cycle, and the other advanced power conversion systems have not been 
fully developed for large-scale application. 

Tt is assumed that an energy buffer and storage system can be 
designed to keep che lithium outlet temperature constant throughout the 
blanket's 95% duty cycle. For the reference module, the helium inlet 
temperature is 200°C and the blanket outlet temperature is 421°C. The 
temperature distribution along the primary and the secondary sides of 
the steam-generator heat exchangers is shown in Fig. 2.11. In this 
figure, the water and steam temperatures are plotted against the enthalpy 
in the heat exchangers. The helium temperature distribution on the 
primary side has been superimposed in the figure. The feedwater inlet 
temperature is assumed to be 121°C (250°F) and the pinch temperature 
difference to be 18°C. The steam pressure in the steam generator is 
^2.41 MPa (350 psia), and the superheat of the steam is ^135°C. With 
these steam conditions, the best-estimate gross cycle efficiency is 30%. 

As discussed above, the lithium inlet temperature can be increased 
to 250°C in a reactor with a wall loading of 2 MW/m2. For a lO-cm-OD 
module, the helium outlet temperature becomes 470°C. With these blanket 
coolant temperatures imposed on the primary side of the steam generator, 
the achievable steam conditions are a pressure of 5.52 MPa (800 psia) 
and 110°C of superheat. The gross cycle efficiency is 36%. This 
represents an increase of 20% in gross cycle efficiency. 

For a reactor with a wall loading of 4 MW/m2 and approximately 
67,000 lO-cm-OD modules, the total blanket thermal power is 2700 MW(t). 
With a gross cycle efficiency of 30%, the gross electric power is 
810 MW(e) (0.30 x 2700 = 810). With a pumping power of 2.25% of the 
thermal power, the coolant pumping-power requirement is 61 MW(e) 
(0.0225 x 2700 = 61). Assuming a 50% increase to account for the pressure 
losses outside the blanket in the primary loop, the total blanket pumping 
power is 91 MW(e). The available power (i.e., the difference between the 
gross electric power and the pumping-power requirement) is thus 719 MW(e). 
If about 100 MW(e) is required to operate the reactor, the net electric 
power output of the plant would be about 600 MW(e), resulting in a net 
cycle efficiency of 22.2%. It should be noted that the steam pressure 
of 2.41 MPa (350 psia) is very low from the standpoint of the state-of-
the-art steam-turbine technology. Whether a turbine unit for this low 
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Fig. 2.11. Helium-to-steam power conversion cycle configuration. 
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steam pressure could be manufactured and operated today must be investi-
gated. For a reactor with a wall loading of 2 MW/m2, the steam turbine 
would operate at a steam pressure of 5.52 MPa (800 psia), with a gross 
cycle efficiency of 36%. This is within the range of modern steam-
turbine technology. If the design is applied to a tokamak having a 50%-
efficient divertor (with a neutron wall loading of 4 MW/m2 and a first-wall 
heat flux of 0.5 MW/m2), the helium inlet and outlet temperatures can be 
increased, resulting in a gross cycle efficiency of 34.5%. 

Additional cooling path. The results presented in the previous 
sections indicate that the peak lithium temperature in the 20-cm-OD 
module is about 957°C, or 350°C below the boiling point. For an even 
larger module (assuming the structural requirements could be satisfied), 
additional cooling would be needed. We investigated a scheme wherein a 
second counterflow cooling tube is added at the center of the lithium 
volume to augment the cooling provided by the main coolant flow in the 
annulus between the two concentric cylinders. The helium coolant enters 
the bore of the center tube at the base of the module, turns around at 
the tip of the module, then exits along the outer annulus of the tube. 
Figure 2.12 illustrates this cooling arrangement, which involves no 
additional interface piping. 

A preliminary calculation was performed to determine how large the 
module may be when che peak lithium temperature is set at 1200°C (100°C 
below the boiling point to account for uncertainties). Consider a 
cross-sectional plane of the module at the location where the inner-
cylinder wall temperature is maximum (near the transition joint between 
the dome and the straight section of the inner cylinder), as shown in 
Fig. 2.13. Neglecting the axial heat conduction, the heat generated 
essentially will be removed radially by the two cooling surfaces located 
at Rj and R2- The circle with the null radius R^ is the adiabatic 
circle, from whi,ch heat flows to the two coolant streams. The analytical 
solution given in an earlier report can be used to calculate the radial 
temperature distribution for a given set of coolant conditions.11 

Consider the following conditions: 

T 2 = 330°C 
(same as for the 20-cm-OD module) 

h2 = 0.47 W/cm2-°C 
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Fig. 2.12. Additional cooling path concept for the cylindric. 
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Fig. 2.13. Additional cooling path arrange-
ment, cross-sectional view. 
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Ti = 220°C 

hL = 0.59 W/cm2-°C 

Rx = 1.27 cm 

Q"' = 9.20 W/cm3, (same lithium heat-generation 
rate at the given location) 

Setting the peak lithium temperature at R^ = 1200°C, the calculated 
results are: R^ = 6.2 cm, R2 = 15.2 cm, and wall temperatures of 540°C 
at Rj and of 480°C at R2. These conditions satisfy the structural-
material temperature limits and indicate that the inner-cylinder diameter 
can be about 30.4 cm with a peak lithium temperature of 1200°C. Including 
the outer cylinder, the overall module diameter is about 32 cm. 

The additional pumping power required for the center-tube coolant 
was estimated to be about 0.2% of the thermal power of the new module. 
The pumping power for the main flow in the outer annulus should not be 
more than that for the 20-cm-0D module, because the heat-transfer 
coefficient (I12) considered in the calculation was the same as that for 
the 20 —cm—OD module at the same location. The coolant—flow—mass velocity 
required to provide the same value of heat-transfer coefficient should 
be approximately the same. 

The above preliminary calculations indicate that this additional 
coolant path appears to be promising and to warrant further design 
development and analysis in the event a module larger than 20 cm in 
diameter is considered. 

2.3.2 Structural studies 

Attempts to increase the outside diameter of the reference module 
and thereby to reduce the complexity of the blanket system can be success-
ful only if the module's structural life is not significantly compromised. 
Structural evaluation of the reference module concept was completed 
during the concept's development.1 This evaluation particularly 
addressed leakage of helium coolant into the plasma owing to crack 
growth and brittle fracture in the first wall. The ANSYS computer 
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program was used to derive beginning-of-life (BOL) structural response 
during plasma on-off cycling for a worst-case duty cycle.12 A hypothe-
tical, semicircular surface crack, with a depth equal to 25% of the wall 
thickness, served as the basis for quantifying the crack growth and 
brittle fracture. The current fast-fission-materials data base for 20% 
CW 316 SS was assumed to be representative of the material properties 
that might be expected in a fast-fusion neutron spectrum. For a neutron 
flux of 4 MW/m 2 and a heat flux of 1 MW/m 2, the first-wall structural 
evaluation showed positive margins of safety against crack growth and 
brittle fracture for 105 plasma on-off cycles, corresponding to 3.8 
years of full-time reactor operation (3.6 years at power). Fundamental 
to this first-wall structural evaluation was the premise that the 
acceptability of a single mcuule may be extended to all modules in the 
reactor in terms of protecting against coolant leakage into the plasma. 

Structural studies to evaluate alternative module sizes compared 
the structural behavior of the lO-cm-OD reference module with that of 
the 20-cm-OD module considered in the thermal studies (see Table 2.6). 
Structural parameter values for modules with outside diameters greater 
than 10 cm but less than 20 cm can be expected to lie between the values 
for the reference module and those for the 20-cm-OD module. Structural 
evaluations were performed for these module components: the first wall, 
the zone of the cylinder affected by the circumferential weld (or 
"weld-affected zone"), the flow baffle, and the inner cylinder. 

First wall. The structural behavior of the first wall of the 
2i)-cm-0D module was evaluated for a worst-case duty cycle. This duty 
cycle was established through analysis of pressure, swelling, and thermal 
loads. Magnetic loads are negligible under normal plasma operating condi-
tions and, thus, were not considered. As with the lO-cm-OD module, the 
first wall of the 20-cm-OD module is constructed of 20% CW 316 SS 0.16 cm 
thick. 

The pressure and swelling loads for the first wall of the 20-
cm-OD module were found to be the same as those of the reference module. 
First-wall thermal loads are represented by the through-the-wall tempera-
ture differences during plasma on-off cycling. With a plasma heat flux 
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of 1 MW/m 2, the same as for the reference module, the thermal design for 
the first wall of the 20-cm-C)D module sought to maintain the maximum 
metal temperature of 450°C by providing adequate coolant flow. The 
maximum through-the-wall temperature difference during plasma-on was 
71°C for the first wall, a temperature identical to that for the 
reference module. For plasma-off conditions, the temperature difference 
in both the 10- and 20-cm-0D modules reduces to zero. 

Thus, the worst-case duty cycle for the 20-cm-OD module was found 
to be the same as for the reference module: 

• Pressure load — constant at 5.52 MPa from beginning of life (BOL) to 
end of life (EOL); 

• Swelling load — 1.8% volumetric increase at EOL owing to a fast-fusion 
fluence (E > 0.1 MeV) of 12.25 x 10 2 2 n/cm2; 
Thermal load — cyclic through-the-wall temperature difference of 71°C. 

Table 2.7 summarizes the results of the first-wall structural 
evaluation, comparing reference module values for crack growth, brittle 
fracture, and change in flow-channel gap (excessive deformation) with 
those of the 20-cm-OD module. The following subsections describe how 
beginning-of-life (BOL) stresses were calculated for the evaluation and 
discuss the details of the evaluation itself. 

Beginning-of-life stresses. The beginning-of-life (BOL) structural 
response of the first wall of the 20-cm-OD module was determined by 
simple ratioing of the reference module's response, as calculated early 
in the design study. The BOL stresses of interest were those associated 
with plasma on-off cycling. 

For plasma-on conditions, the worst-case BOL stress state in the 
first wall of the reference module occurs at the inside surface adjacent 
to the tip of the spherical nose, with a membrane pressure (cr^) and 
bending thermal stresses (afe) of 113.8 and 202.8 MPa, respectively. 
In the first wall of the 20-cm-OD module, the membrane pressure stress 
is doubled because of the twofold increase in the module's diameter. 
The bending thermal stress remains the same, however, since the through-
the-wall temperature differences are the same. Thus, the BOL stresses 
for plasma-on conditions are: a = 227.6 MPa and o, = 202.9 MPa. 
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Table 2.7. First-wall structural evaluation 
of 10- and 20-cm-QD modules 

Structural change 

Module Allowable Calculated Margin of safety*2 

lO-cm-OD (reference) 
module 

20-cm-QD module 

Crack growth 

40 x 10-1+ cm 0.45 x 10-lf cm 
40 x 10_l+ cm 1.24 x 10-u cm 

88 
31 

lO-cm-OD module 
20-cm-0D module 

Brittle fracture 

256.5 MPav£m 59.65 MPaVcm 
256.5 MPaVcm" 84.19 MPav£m" 

33 
2.0 

lO-cm-OD module 
20-cm-0D module 

Change in flow-channel gap 

0.023 cm 
0.042 cm 

0.018 cm 
0.036 cm 

0.28 
0.17 

a. Margin of safety = allowable calculated - 1 . 
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For plasma-off conditions, first-wall bending thermal stress (a^) 
for the larger module vanishes as the through-the-wall temperature 
difference collapses. However, the membrane pressure stress (cr ) 
remains because the coolant flow is maintained. Thus, the BOL stresses 
'for plasma-off conditions are: a = 227.6 MPa and a, = 0 MPa. 

t D 

Estimates of BOL stresses in the first wall of the 20-cm-OD module 
cannot be validly obtained through linear ratioing of reference module 
values unless the equivalent (CT

eq) stress is less than the proportional 
elastic limit (PEL) of the 20% CW 316 SS. The stress state in the 
spherical nose is equibiaxial, where the equivalent stress (°eq) 
given by: c g = o^ + o^. The maximum equivalent BOL stress occurs 
during plasma-on conditions. Thus, a = 430.5 MPa. The tensile 
property correlations13 for 20% CW 316 SS irradiated in a fast-fission 
neutron spectrum give the PEL (ksi) as a function of temperature [T (°F)], 
and fluence (E > 0.1 MeV, <j>t x 10 2 2 n/cm2) by the relation: 

logioPEL = 2.233 + 0.1288 logi0(<j>t) - 5.05 x 10_1|T . 

The PEL increases rapidly from BOL to EOL owing to strengthening from 
neutron irradiation. At BOL, the PEL is minimum and is approximated in 
the correlation fluence (<|>t = 0.2 x 10 2 2 n/cm2). For a metal tempera-
ture of 450°C, the PEL is 360.3 MPa. Similarly, at an EOL fluence 
(<|>t = 13.25 x 10 2 2 n/cm2) the PEL at 450°C is 618.3 MPa. Thus, the 
equivalent stress in the first wall of the 20-cm-0D module is greater 
than the PEL at BOL, but less than the PEL at EOL. Accordingly, the 
validity of ratioing reference module stresses to obtain respective 
20-cm-OD module stresses is questionable at BOL. However, because of 
the ductility of 20% CW 316 SS at BOL, resulting discrepancies in the 
calculated stresses would not be considered significant since inelastic 
strain can be safely accumulated. More important is the questionable 
validity of linear elastic fracture mechanics (LEFM) methods in estimating 
BOL crack growth. However, LEFM methods are considered valid for 
assessing potential brittle fracture at EOL. 
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Crack growth. The LEFM approach was used to evaluate the potential 
for leakage of coolant into the plasma by crack growth in the first wall 
of the 20-cm-C)D module. As with the reference module, this approach was 
based on a hypothetical, semicircular surface crack equal to 25% of the 
0.16-cm wall thickness; the stress-intensity factor (K) is given by 
the relation:1 

K = 0.22(1.03a + 0.70a,_ + 1.13P)MPaVcm . t b 

For the first wall of the larger module, the maximum stress intensity 
factor ( K

m a x ) occurs during plasma-on, and the minimum stress-intensity 
factor (K m i n) occurs during plasma-off. For the BOL stress states 
identified above, the following stress-intensity factors result: K

m a x
 = 

84.19 MPav^m and K . = 52.95 MPaVcm. m m 
- The fatigue-crack growth rate (da/dN) as a function of the stress-

intensity-factor range (AK) for 20% CW 316 SS in an inert environment is 
given by the relation: 

13.18 x 1 0 - 2 1 (AK) 6 * 531B j cm/cycle , 

where 

/ K . \ °- 3 5 

AK = K ( l - F 5 ^ ) max \ K J \ max / 

For the first wall of the 20-cm-0D module, the fatigue-crack growth rate 
is 1.24 x 10 - 9 cm/cycle. At EOL following 105 plasma on-off cycles, the 

i. 
increase in crack depth (Aa) is 1.24 x 10" cm. With a BOL crack depth 
(aQ) of 0.16 cm, the allowable increase in crack depth (0.1aQ) is 40 x 

cm. Accordingly, Aa < 0.1a , and coolant leakage by crack growth 
is not expected. 

Brittle fracture. For EOL brittle fracture in the first wall of 
the 20-cm-0D module, a maximum stress-intensity factor (K ) of 84.2 max 
MPavcm occurs during plasma-on. Assuming that an EOL plane-strain 
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fracture toughness (K ) of 384.7 MPas/cm is representative of 20% CW 1U 
316 SS irradiated to a fast-fusion fluence (E > 0.1 MeV, <f>t = 13.25 x 
10 2 2 n/cm 2) at 450°C, the allowable (2/3KIC> is 256.5 MPav^m. Accord-
ingly, K < 2/31L. , and coolant leakage by EOL brittle fracture is 

IQclX 1L 
not expected. 

Excessive deformation. In the first wall of the 20-cm-OD module, 
the nominal gap (GQ ) between the flow baffle and fir:--t wall adjacent to 
the tip of the spherical nose is 0.14 cm. The allowable gap change 
(0.3 G ) is 0.042 cm. The first-wall outward growth (6„) owing to 

O £> 
irradiation-induced creep and swelling at EOL was estimated from reference module values by assuming a linear ratioing of membrane pressure stresses. 
For the lO-cm-OD module, <5„ was 0.018 cm; because of a twofold increase b 
in membrane pressure stress, 6_, for the 20-cm-01) module was 0.036 cm. £j 
The latter value essentially represents the entire gap change (AG) for 
the larger module, since the flow baffle dimension does not change 
significantly. Accordingly, AG < 0.3Gq, and acceleration of crack 
growth and brittle fracture by hot spots developed by changes in flow-
channel gaps is not expected. 

Weld-affected zone. The earlier structural evaluation of the 
reference module was limited to the severely loaded spherical nose and 
the adjacent cylindrical region. An important feature of the module's 
first-wall design is the high PEL and yield strength of 20% CW 316 SS as 
compared with solution-annealed (SA) 316 SS. The cold-worked condition 
is achieved through a combined spinning and drawing process, so as to 
form the spherical nose to the cylinder without a circumferential weld. 
Attaching the module to the tube sheet, however, does require a circum-
ferential weld at the base of the module. With electron-beam welding, 
the cylinder zone expected to be affected by the welding process should 
be contained within 0.35 cm of the weld. Accordingly, a loss of cold-
worked properties in this thermally softened region must be anticipated. 
For the alternative-size studies, the structural integrity of the weld-
affected zone was evaluated for the reference module, and the results 
were extrapolated to the 2Q-cm-0D module. 
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As with first-wall structural studies, the evaluation was performed 
for a worst-case duty cycle that was determined through analysis of 
pressure, swelling, and thermal loads: 

• Pressure load — constant at 5.52 MPa from BOL to EOL. 
Swelling load — negligible volumetric swelling at EOL, given an EOL 
fast-fusion fluence (E > 0.1 MeV) of ^4.85 x 10 2 0 n/cm 2. 
Thermal load — negligible through-the-wall cyclic temperature 
differences. Thermal analysis showed an essentially uniform tempera-
ture of 200°C in the weld-affected zone during plasma on-off cycling. 

This worst-case duty cycle was found to apply to both the reference and 
the 20-cm-OD modules. 

Table 2.8 summarizes the results of the structural evaluation of 
the weld-affected zone, comparing reference module values for primary 
stress and local strain with those of the 20-cm-OD module. The data 
indicate positive margins of safety for normal operating conditions. 
The following subsections describe how local membrane and bending stresses 
were calculated for the evaluation and discuss the details of the evalua-
tion itself. 

Local membrane and bending stresses. Membrane and bending stresses 
owing to internal coolant pressure from BOL to EOL were estimated for the 
weld-affected zone of the reference module through calculations of the 
local stress state in a thin-walled cylindrical shell attached to a 
rigid support.11* For a cylinder of radius R and wall thickness t under 
an internal coolant pressure P, the local stress state as a function of 
the distance x from the rigid support is given by the relations: 

a = PR 
m,L 2t ' 

o m,H [1 - (cos BX + sin 0x)e~Bx] 

3PR (cos ($x - sin gx)e -0x and 
° b' L V3(l - v2)t 
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Table 2.8. Structural evaluation of the weld-affected 
zone of 10- and 20-cm-QD modules 

Primary stress Local strain 

Allowable Calculated Margin of Allowable Calculated Margin of 
Module (MPa) (MPa) safety"' (%) (%) s.ifotv" 

lO-cm-OD (reference) 
module 122 86.3 0.41 3 0.19 J3.i 

20-cm-0D module 122 86.3 0.41 5 O.IV J5.3 

• t c ^ allowable , Margin of safety = — z — ; - 1 . ' calculated 
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b ' H v/3(l - v2) 
3PRv , a • 0 v "3x (cos px - sin Bx)e 

where 

(a t ), (o ,J = membrane longitudinal stresses, membrane hoop m.L m,H stresses; 

(a, ), (a ) = bending longitudinal stresses, bending hoop D,L b • H stresses; 

B = 4 Z 3 ^ 1 - "2> ; and 
V R 2t 2 

v = Poisson's ratio. 

The local-stress-state variation in the weld-affected zone of the 
lO-cm-OD module is dependent on the parameter 8. For a cylinder radius 
(R) of 5 cm, a thickness (t) of 0.16 cm, and a Poisson's ratio (v) of 
0.3, the value of B is 1.44/cm. Figure 2.14 plots the calculated mem-
brane and bending stresses in the reference module's weld-affected zone. 

To compensate for reduced mechanical properties because of welding, 
the design of the 20-cm-OD module provides for increased cylinder thick-
ness through cold working at the base of the module. The thickened 
region is 2 cm long, with a wall thickness of 0.32 cm. Thus, the 
parameter B is 0.72/cm. Figure 2.15 shows the membrane and bending 
stresses for the 20-cm-0D module. 

Primary stress and local strain. The structure of the weld-affected 
zones in the 10- and 20-cm-0D modules was evaluated solely in relation 
to the primary-stress and local-strain limits for core components of 
liquid-metal fast breeder reactors (LMFBRs).15 Unlike the highly 
irradiated first-wall spherical nose, the weld-affected zone is relatively 
unirradiated and ductile at EOL. Further, thermal-stress cycling during 
plasma on-off conditions is negligible. For the weld-affected zones, 
primary-stress and local-strain limits are set to prevent coolant from 
leaking into the plasma by ductile rupture under steady coolant pressure. 
Thus, an LEFM approach to study the fatigue-crack growth of a hypothetical 
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DISTANCE FROM BASE OF MODULE, x (cm) 

Fig. 2.14. Membrane and bending stresses 
the weld-affected zone of the reference module. 
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DISTANCE, x (cm) 
Fig. 2.15. Membrane and bending stresses 

in the weld-affected zone of the 20-cm-QD module. 
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surface crack and to assess brittle fracture owing to a loss in ductility 
because of neutron irradiation is not required. 

For the weld-affected zone of either module, the primary stress 
limit is given by: 

P L + Pb ^ °- 5 5 Kt SF • 

where 

PT = local-membrane-stress intensity; 

P^ = local-bending-stress intensity; 

Sp = stress intensity limit, or the lesser of 1.66 x the yield 
strength (S) and the ultimate strength (S^); 

K t ss 1.25. 

For SA 316 SS having properties at 200°C representative of the weld-
affected zone,16 the yield stress (Sy) is 106.9 MPa, and the ultimate 
stress (Su) is 413.8 MPa. Thus, the stress intensity limit (Sp) is 
177.5 MPa. The sum of the local-membrane-stress and the local-bending-
stress intensity limits (PL + Pfe) is 122 MPa. With the weld-affected 
zones adjacent to the tube sheet treated as a local discontinuity, the 
local bending stresses (a^ ^ and o^ are treated as secondary (Q) 
stresses. Thus, the local-bending-stress intensity (P^) is zero. 
To obtain the local-membrane-stress intensity (P^), the greater of the 
membrane stresses (o , or o TT) over the 0.35-cm length of the weld-m,L> m,H 
affected zone is required. Figures 2.14 and 2.15 show that for both 
10- and 20-cm-QD modules the local membrane longitudinal stress (a T ) m, L 
is the greater, with a value of 86.3 MPa. Accordingly, (P. + P, ) < Li b 
0.55K S.,, and coolant leakage into the plasma by ductile rupture is not t r 
expected. 

The local-strain limit for the weld-affected zone in the 10- and 
2Q-cm-0D module is given by: 

AE < 5% , 
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where 

Ae = accumulated inelastic strain. 

The Bree simplified inelastic method was used to estimate the strain in 
the weld-affected zone.15 Considering the local longitudinal membrane 
and bending stresses as local-membrane-stress and secondary-stress 
intensities, maximum values over the 0.35-cm weld-affected zone occur at 
the junction of the cylinder and the tube sheet (x = 0) (see Figs. 2.14 
and 2.15): P = a = 8 6 . 3 MPa; Q = a, T = 3 1 2 . 3 MPa. For SA 316 SS, L m,L b,L 
the weld-affected zone in both modules shows a yield strength (S^) of 
106.9 MPa at 200°C. Thus, the primary (x) and secondary (y) to yield-
strength stress ratios are: x = P L/S y = 0.82 and y = Q/Sy = 3.0. The 
inelastic strain (AE) associated with the stress ratios (x,y) is given 
by: 

At 200°C, Young's Modulus (E) of SA 316 SS is given as 10.6 x 10^ MPa. 1 7 

Thus, Ae = 0.0019 or 0.19%. Since the coolant pressure is not cycled, 
the EOL accumulated inelastic strain (Ae) is 0.19%. The local-strain 
limit is 5%; accordingly, AE < 5%, and coolant leakage into the plasma 
by ductile rupture is not expected. 

Inner cylinder. The cylindrical module's inner cylinder, which is 
filled with liquid lithium for tritium breeding, is externally loaded by 
the pressure of the helium coolant. The module must be designed to 
prevent the buckling of the inner cylinder under this load. When the 
lithium in the cylinder is pressurized, failure through buckling is time 
independent, caused by the loss of lithium pressure. When the lithium 

S 
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is not pressurized, buckling is time dependent, caused by thermal and 
irradiation—induced creep, in either case, preventing module failure 
through buckling of the inner cylinder must be accomplished through the 
use of as little structural material as possible; otherwise the amount 
of lithium available for breeding is unnecessarily compromised. 

Because this design study assumes pressurized lithium, the structural 
evaluation of the lO-cm-OD reference module, with extrapolation to the 
20-cm-OD module, addresses time-independent buckling. The evaluation was 
conducted for the following worst-case duty cycle, determined through an 
analysis of pressure, swelling, and thermal loads: 

• Pressure load — constant at 5.52 MPa from BOL to EOL. 
• Swelling load — EOL volumetric increase of 1.8%. Analysis showed 

that the EOL fast-fusion fluence (E > 0.1 MeV) varies along the length 
of the inner cylinder from 13.25 x 10 2 2 n/cm2 at the nose to 4.85 x 
10 2 2 n/cm2 at the tube sheet. Thus, the swelling load is character-
ized by a volumetric increase of 1.8% at the nose, decreasing to a 
negligible value at the tube sheet. 

• Thermal load — small through-the-wall temperature differences. 
Analysis showed negligible through-the-wall temperature differences, 
with inner-cylinder temperatures reaching 500°C. 

Figure 2.16 illustrates the structural model developed for analyzing 
the inner cylinder. Model nomenclature is as follows: 

P = external pressure 
R = mean cylinder radius 
t = wall thickness 
d = width or depth of stiffener cross section 
L = stiffener spacing 
E = Young's Modulus. 
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Fig. 2.16. Structural model of the inner cylinder. 
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The subsections that follow discuss the equations used in the structural 
analysis and present the results for 10- and 20-cm-OD modules. 

Buckling equations. Extensive analysis is required to formulate 
exact time-independent buckling equations for thin-walled cylinders 
reinforced by equally spaced flexible rings. Because such an effort was 
not considered justified, only a simple analytical approach was used. 
This approach considered separately the buckling of the cylindrical 
shell between the stiffener rings and yet required the stiffener ring to 
carry the full pressure load between the rings. The simplified buckling 
equations are given below.17 

i o -. • j ti r, ~ 0.807 Et2 f t 1. Cylinder wall: P ^ ^ — — J - . 

Ed1* 2. Stiffener rings: P n T H „ = 
R I N G 4LR3 

3. Stiffener-ring dimension and spacing: The relation between the 
stiffener-ring dimension (d) and cylinder thickness (t) is unique for 
the assumption of equal buckling pressures, i.e., P = PR ING' Thus, 
d = 1.34 R0.375t0.625# T h e stiffener-ring dimension (d) is related to 
the spacing (L) by the equation: 

d = 4 / p R ° . 7 5 L ° - 2 5 
v E 

Numerically, the nominal helium coolant pressure is 5.52 MPa. Considering 
a 1.5 factor of safety for the coolant pressure, the pressure (P) taken in 
the analysis is 8.28 MPa. The Young's Modulus (E) of SA 316 SS at a metal 
temperature of 500°C is 15.17 x 10h MPa. 1 6 For the 10- and 20-cm-OD 
modules, plots of the stiffener-ring dimension (d) vs cylinder-wall thick-
ness (t) and stiffener-ring spacing (L) are illustrated in Figs. 2.17 and 
2.18, respectively. 

4. Metal-to-lithium volume fraction: The volume fraction (n) of 
metal to lithium is given by the relation: n = 2/R t + d2/L. Expressing 
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CYLINDER WALL THICKNESS, t (cm) 

Fig. 2.17. Stiffener-ring dimension and cylinder-
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STIFFENER-RING SPACING, L (cm) 

Fig. 2.18. Stiffener-ring dimension and spacing. 
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the cylinder thickness (t) and stiffener-ring dimension (d) in terms of 
the stifr^ner spacing (L) gives: 

n = ? i I P_ - ' ** R-O.M.it + l 7Q p0.5 ( 1 \°'5 T-0.5 11 [ \0.807E/ R L V0-b07Ej L 

For the i v - and 20-cm-0D modules and the numerical values of pressure 
(P) and Young's Modulus (E), it is observed that the volume fraction 
actually decreases as the module size increases. A plot of volume 
fraction (n in %) vs stiffener-ring spacing (L) is presented in Fig. 2.19. 

Structural evaluation. Structural evaluation of the inner cylinder 
of the 10- and 20-cm-OD module is a direct process, since the stiffener-
ring dimensions and spacing are designed to protect against time-inde-
pendent buckling. The inner-cylinder design of the reference module 
includes a cylinder-wall thickness of 0.16 cm, a stiffener-ring dimension 
of 0.78 cm, and a stiffener-ring spacing of 13.5 cm. For the 20-cm-0D 
module, the wall thickness of the inner cylinder remains 0.16 cm, whereas 
the stiffener-ring'dimension becomes 1.0 cm and the spacing 4.6 cm. 
Thus, the margins of safety [(allowable * calculated) - 1] for the inner 
cylinders of the reference and the 20-cm-OD modules are 8.2 and 7.5, 
respectively. 

Flow b a f f l e . The 10- and 20-cm-OD cylindrical modules include a flov 
baffle to divide the helium coolant into a first and second pass. With 
the pressure drop occurring primarily in the 180° bend at the nose of the 
module, the flow baffles are exposed to an external pressure. Of 
interest is the potential buckling of the flow baffles under the pressure-
drop-induced external loading. In anticipation of buckling, the flow 
baffles include local protrusions that function as supports to transfer 
the pressure-drop loading to both the first wall and inner cylinder so 
as to place the flow baffle in a higher-than-fundamental buckling mode. 
However, it is difficult to demonstrate flow-baffle structural integrity 
by simple analytical methods. For a flow-baffle thickness of 0.04 cm 
and a pressure drop of 0.1 MPa, simple conservative analysis indicates 
that protrusions on a 4-cm triangular pitch are necessary to preclude 
buckling in modules of either size. Experiments are required to 
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Fig. 2.19. Volume fraction and stiffener-ring spacing. 
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confirm these simple analytical predictions. Accordingly, a detailed 
structural evaluation of the flow baffles is not considered justified at 
this time. 

2.3.3 Other considerations 

The thermal and structural analyses indicate that a cylindrical 
module with an outside diameter larger than 10 cm would be feasible. In 
selecting the optimum size, however, the effect of module size on other 
factors must be considered. These include: (1) first-wall surface 
area and (2) lithium volume and void fraction. 

First-wall surface area. Changing the module's outside diameter 
from 10 to 20 cm results in a fourfold decrease in the number of modules 
in the blanket; but because the circumference of the module is doubled, 
the surface area decreases inversely with the module diameter. This 
relationship is illustrated in Fig. 2.20, which shows module-surface-
area ratio vs module diameter for modules ideally stacked on a triangular 
pitch around the plasma. The area ratio is defined as the ratio of the 
total surface area of the module divided by the projected area of the 
base to which the module is fastened. This projected area would be 
essentially the same as the equivalent area of the vacuum vessel if the 
fi-..t wall were replaced by a smooth-surface vacuum vessel. Each module 
is _oined to its supporting structure by a circumferential weld, and the 
total length of this weld will be inversely proportional to the 
module diameter. The blanket, as currently conceived, comprises 48 
individual sectors that can be removed between the 16 toroidal field 
coils. Thus, the module size cannot exceed an outside diameter of 
approximately 50 cm within the sector. It can be seen, therefore, that 
the surface-area ratio would not be reduced beyond approximately 5 for 
the 50-cm module as compared with 27 for the 10- cm-OD module. Because 
the foregoing analyses indicate that a 20-cm-0D module is about the 
maximum limit in size, the ratio would be reduced to 13.6, or one-half 
that of a lO-cm-OD module. Larger modules are desirable from the stand-
point of vacuum pumping, because a smaller surface area would be 
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MODULE DIAMETER (cm) 

Tig. 2,20. Effect of outside diameter on module 
surface area. 
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expected to have less contaminated surface, which must be removed to 
enhance pumping. (Pumping considerations are discussed in Sect. 3.1.) 

Lithium volume and void fraction. If cylinders are arranged in a 
closely packed triangular-pitch array, the void in the triangular cusp 
between the cylinders represents about 9.3% of the total area. The 
blanket design under consideration, however, divides the torus into 
sectors, and stacking efficiency must be reconsidered to account for the 
additional void area at the edge of each sector. For the reference 
module, the total void fraction is 17%. For larger modules, the void 
fraction would be greater because of the edge effect; less space would 
then be available for lithium in the blanket, and tritium breeding would 
be diminished. This effect can be minimized by sizing the module so 
that its diameter is equal to the width of the section in which the 
modules are packaged divided by some whole number of modules. Packaging 
efficiency would also be improved if the number of blanket sectors could 
be reduced by increasing the width of each sector; the edge effect would 
thus be alleviated by reducing the number of joints between sectors. 
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3. INTEGRATION OF MODULES INTO A BLANKET SYSTEM 

The second phase of the design study (FY 1979) was primarily devoted 
to formulating a blanket system that incorporated the cylindrical 
module. This section: (1) discusses design guidelines used to develop 
the blanket system concept, (2) describes the blanket system and its 
ancillary elements, (3) defines a blanket maintenance concept, 
(4) describes a tritium extraction system that uses circulating lithium, 
and (5) summarizes studies made to describe the magnetic load envelope 
for the cylindrical module blanket concept. 

3.1 Blanket Design Guidelines 

Because of the high coolant pressure required to cool the modules, 
pressure-containing components in the blanket should be cylindrical for 
structural efficiency. The blanket's support structure should be 
responsive to the heavy blanket assembly dead loads. Design of the 
structure and piping should incorporate floating supports or flexible 
sections to the extent possible to minimize thermally induced loads. 

The blanket should be designed to permit remote disassembly and 
maintenance; accordingly, modularized subassemblies should be used. The 
blanket should be designed for servicing with the toroidal field (TF) 
coils in place. Mechanical joints should be used, where practical, to 
facilitate maintenance, removal, and assembly; welded joints must be 
used, however, where necessary for reliable operation. 

The following guidelines address the auxiliary blanket systems, 
including the helium coolant and the lithium circulating systems, and 
outline the sealing arrangement and vacuum pumpdown requirements for the 
vacuum boundary. Some guidelines for the design of the external shield 
and for manufacturing are also presented. 

1. Helium coolant system. The coolant system must be. large enough 
to feed all modules without excessive pressure drop, but must allow 
space for shielding between the bl£.r,:~et and TF coils. To the extent 
possible, the high-temperature exit gas and the lower-temperature inlet 
coolant should be aermally isolated from one another to prevent pre-
heating the coolant, which would compromise first-wall cooling. The 
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piping and manifolding arrangement should be compatible with modularized 
construction of the blanket subassemblies and should be designed to 
minimize leaks. 

2. Lithium circulating syste*n. Tritium must be recoverable without 
removing modules from the blanket. A piping and manifolding system is 
necessary to circulate the lithium through the module and on to some 
external processing station where the tritium can be removed. The 
circulating velocity must be kept low to minimize pumping power when the 
lithium is circulating through the magnetic fields; the piping should be 
sized accordingly. The lithium inlet and outlet ports within a given 
module should be located to minimize stagnant regions. 

An inherent shortcoming of some earlier blanket concepts was the 
lack of provisions for removing the helium gas that is a by-product of 
tritium generation within a lithium blanket. If this helium were allowed 
to accumulate within the cylindrical modules, it could displace the 
lithium and reduce the amount of breeding within the blanket. To simplify 
the module and blanket plumbing, the helium should be removed by the 
lithium circulating system to avoid any additional piping. 

3. Sealing arrangement. Owing to an external vacuum enclosure 
outside the blanket assembly, a perfect hermetic seal between the plasma 
and the area outside the blanket is not mandatory. Because somt leakage 
between the high plasma vacuum and the intermediate-vacuum region is 
tolerable, mechanical seals should be used, where appropriate, to 
facilitate maintenance. 

4. Vacuum pumpdown. The main toroidal plasma chamber must be in a 
high-vacuum state (VLO-8 torr) before a plasma pulse. For a given gas 
load between pulses owing to the outgassing of the chamber walls, the 
required vacuum pumping speed S^ is given by 

_ ^ C qout 
P 
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where 
P„ = base pressure, D 

ApC - total wall area "pumped" by the vacuum pumps, and 
q o u t = the specific outgassing rate per unit surface area. 

The "smooth" surface area of the vacuum chamber (assuming a toroidal 
vessel with no modules or convolutions) is "̂ 500 m2, but with lO-cm-OD 
blanket modules, the surface area is ̂ 12,500 m2. For = 10~8 torr and 
q = 10-5 torr-liters/s*m2, the corresponding values of S are 5 x lO1* out p 
liters/s and 1.25 x 106 liters/s, respectively. The surface area for 
20-cm-OD modules is half that for lO-cm-OD modules, yielding a value of 
Sp of 6 x 105 liters/s. 

For a high-duty-cycle operation, the pumping speed must allow the 
chamber to return to base pressure following pulse termination. The 
time required for this to take place can be estimated as follows: 

V P 
0 0 PC , FILL tp = 2.2 — log10 - p — 

P ii 

V _ 
P F I L L (torr) x 10"23 n e (m"3) , 

PC 

where 
Vp̂ , = plasma chamber volume, 

PFILL = P* e s s u r e at plasma initiation, 
Vp = plasma volume, and 
n e = average plasma density. 

For V p c = 520 m3, Vp = 420 m3, n g = 2 x 102° m-3, and tp ^ 30 s, the 
required speed (S^) is ^2 x 105 liters/s and the fill pressure (P„TTT) " r ILL 
is ^5 x 10" 3 torr. Thus, even for the "smooth" torus, a pumping speed 
of about 200,000 liters/s is required for a high duty cycle. 

The effective pumping speed per pump is approximately 30,000 
liters/s for a pump connected via a duct 2 m long, 61 cm in diameter, 
and composed of a 2-m2 cryopanel. Thus, at S = 2 x 105 liters/s 
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(minimum speed), 7 pumps are required, and at Sp = 1.25 x 106 liters/s, 
42 pumps are required. For the 20-cm-OD module, 21 pumps are required. 
The ducting of the pumps will necessarily reduce the blanket wall coverage 
fraction. These scoping calculations indicate that pumping requirements 
in the range considered are not unreasonable. 

Pumping requirements might substantially increase if a helium leak 
develops in one or more of the blanket modules. Thus, it is important 
to estimate the helium leak rate that could be tolerated by the system. 
For the higher vacuum pumping speed (Sp = 1.25 x 106 liters/s), if the 
effective helium pumping speed is one-tenth that for the hydrogen 
isotopes, a speed of S H e = 1.25 x 10s liters/s is possible for helium. 
If during the plasma-off time a leak results in a helium partial pressure 
(PHe) of one-tenth of the fill pressure (PpILL)» the tolerable helium 
throughput is approximately 

Q,. = P„ x S = 63 torr«liters/s . He He He 

Based on viscous flow, if a hole 0.002 cm in diameter developed in a 
blanket module, a leak of ^6 torr-liters/s would result. Thus, it is 
estimated that as few as five such leaks could hinder the effective 
operation of the vacuum pumps for the plasma chamber, indicating the 
need to maintain leak-proof integrity of the modules. Five such leaks 
(or the equivalent) would necessitate the use of additional pumps to 
maintain plasma performance. In addition, the blanket assembly design 
should avoid virtual leaks to minimize pumping requirements. Any 
appreciable volumes of "dead" space must be sealed from the plasma 
volume or must be well vented through the use of gas flow paths with low 
impedance to facilitate pumpdown. 

5. External shield. Design of the external shield was not spec-
ified as a part of this study. Because the shield is so intimately 
coupled with the blanket, however, its presence cannot be ignored here, 
particularly as it affects the space envelope. The blanket should be 
designed with shielding considerations in mind. The blanket itself 
should contain some shielding to help protect the structure between the 
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blanket and the external shield from overheating. Any blanket piping 
must be carefully designed to minimize the thickness of the blanket and 
thus to provide space for adequate external shielding to protect the 
toroidal field coils. The radial build required for the blanket-shield 
combination has an impact on the size of the bore of the TF coils and of 
the major radius of the tokamak and can significantly affect the cost of 
the dev ice. For this reason, the shield and blanket should be designed 
in parallel so that the design of one does not adversely compromise the 
performance of the other. 

6. Manufacturing. The blanket design guidelines specified the use 
of state-of-the-art materials (type 316 stainless steel) so that the 
blanket can be made within a reasonable time frame. Consistent with 
this philosophy, the design should reflect existing and efficient welding 
and fabrication techniques. Because the pressurized—cylinder concept 
limits the module size, thousands of modules will be required. It is 
important, therefore, to consider mass production and automatic welding 
of components to minimize cost. Wherever possible, the design should 
incorporate features amenable to efficient, automated, and complete 
quality-control inspection to assure reliable blanket components. 

3.2 Description of Reference Blanket System 

The blanket concept developed during this study incorporates the 
cylindrical module concept presented in Sect. 2. The modules collec-
tively form a lithium blanket housed in a segmented toroidal support 
structure. The support structure is, in turn, encircled by the toroidal 
field (TF) coils. Figure 3.1 shows the relationship of the blanket and 
its support structure to the TF coils. 

The following subsections describe (1) the support structure and 
how the modules are mounted within it to form the blanket, (2) the 
helium coolant system, (3) the lithium circulating system, and (4) the 
vacuum boundary sealing. Shielding is also discussed at the end of the 
section. 
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Fig. 3.1. Reference blanket concept. 
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3.2.1 Blanket and support structure 

The lithium-filled modules that constitute the blanket are mounted 
on 48 D-shaped structural sectors. Figure 3.2 is a cutaway view of a 
filled blanket sector, showing the smaller components that make up the 
blanket and support structure. As the figure indicates, the modules are 
mounted on plates to form blanket subassemblies, and these subassemblies 
are then mounted on the blanket sector. Each sector is tapered such 
that when the 48 D-shaped structural sectors are assembled they form a 
solid torus (Figs. 3.1 and 3.3). The blanket sector is fabricated using 
straight sections in place of arched pieces to form the curved leg of 
the "D." Using straight sections allows for closer packing of the 
cylindrical modules. The blanket subassemblies are bolted to the inner 
peripheral surface of the D-shaped structural sector so that the spher-
ical nose of each cylindrical module is pointing to the plasma. In 
addition to supporting the blanket subassemblies, the D-shaped sectors 
house the piping headers for supplying helium and lithium to the indi-
vidual blanket subassemblies. Each D-shaped sector with the blanket 
subassemblies attached weighs approximately 78.5 tonnes, including the 
weight of the lithium. 

The 48 D-shaped sectors are supported on 16 concrete pedestals 
interconnected by a system of beams to form a circular structure that 
interlaces the TF coils. The pedestals are located between the TF coils 
and contain brackets that locate and retain short sections of structural 
beams. Fitting all the beams in place between pedestals completes a 
support base consisting of two circular tracks to support the 48 D-shaped 
sectors. Bearing pads are attached to the two circular structural 
tracks to form seating surfaces for each blanket sector. On the bottom 
surface of the sectors are located corresponding pads fitted with roller 
bearings. Because of the weight distribution, one roller bearing is 
located on the sector's inner-leg pad and two roller bearings are used 
on the pad located near the outer leg. Each roller-bearing assembly is 
capable of carrying 68 tonnes. The roller bearing assembly described 
here is comparable to those manufactured by Hilman Equipment Co., Inc., 
model no. 5-OT. To provide for radial expansion and contraction of the 
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Fig. 3.2. Blanket sector assembly concept. 
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Fig. 3.3. Blanket structural support sectors, plan view. 
(See Fig. 3.10 for view of section A-A.) 
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D-shaped sectors, the bearing pads on each sector and on the circular 
tracks are designed to incline radially toward the center of the torus. 
This inclined plane will provide a constant inward force on the blanket 
sectors because of their weight. As the torus formed by the 48 sectors 
grows circumferentially, owing to thermal expansion, each individual 
sector will move radially outward on the roller bearings. As the 
structure cools, the sectors will move radially inward because of the 
inclined plane of the bearing pads. 

In the initial assembly of the sectors to form the blanket torus of 
the tokamak, the following sequence of operations is required. After 
the TF coil system is assembled and connected, the structural beams that 
support the blanket sectors are interlaced inside the bore of the TF 
coils and seated on the concrete pedestals. The bearing pads are then 
attached to the structural beams at their predetermined locations. Using 
an overhead crane and proper rigging fixtures, the first D-shaped sector 
with its bearing pad and roller bearings attached is lifted up to clear 
the base structure and moved radially inward between two adjacent TF 
coils until it is located over the two structural-beam support tracks. 
The D-shaped sector is then moved circumferentially along the structural-
beam support track until its side face is located midway under a TF 
coil. After minute adjustments are made to position the sector according 
to predetermined measurements, cne sector assembly is lowered until it 
rests on the structural-beam support track. The unit is locked into 
place to prevent any further radial movement of the roller bearings on 
the inclined bearing pads, and the rigging is removed. This sequence is 
repeated with a second D-shaped sector, positioning this sector under 
the adjacont TF coil and leaving a space between the two installed 
blanket sectors for the third sector. Once the second unit is positioned 
and locked into place, the rigging is removed and attached to a third 
blanket sector assembly. After the third sector is properly rigged, it 
is lifted and moved radially into place between the two previously 
installed blanket sectors. The sequence of operations used to install 
the three D-shaped sectors is repeated at the other TF coil locations 
until all 48 D-shaped sectors are installed. Removal of the locking 
devices on each roller bearing is performed on the 48 D-shaped sectors 
to complete the sector assembly operations. 
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Figure 3.4 illustrates a blanket subassembly. The adjacent-side 
faces of the subassembly mounting plate are corrugated to permit close 
stacking of the cylindrical modules as the subassemblies are attached to 
the D-shaped support structure. The cylindrical blanket modules are 
attached to the mounting plate by fitting and welding the straight 
cylindrical sections of the module outer hub into the 7.62—cm—diam 
(3.0-in.) holes located on a triangular pitch of 10.2 cm (4.0 in.). 
The mounting plate, which determines the size of the blanket module 
subassembly, is sized to contain six rows of cylindrical modules and 
varies in width from 111.8 cm (44 in.) to 50.8 cm (20 in.), depending on 
the plate's location on the D-shaped structural sector. Each subassembly 
is self-contained in that it has common interconnecting manifolds for 
both the liquid lithium and helium. 

Module stacking. For efficient tritium breeding, it is essential 
that the module arrangement minimize the void between modules. The 
triangular-pitch configuration of the modules on the mounting plate 
(Fig. 3.4) was developed to accomplish this. Figure 3.5 shows the space 
envelope occupied by the reference lO-cm-OD cylindrical modules. This 
figure, together with Fig. 3.6 — a developed plan view of the D-shaped 
sector — was used in determining the reference module layout and the 
number of modules in each section of the sectors; the two figures also 
provided dimensions for calculating the void fraction between modules. 
Figure 3.6 also shows the overlapping of various module lengths in the 
transition areas of the flat surfaces of the blanket sector. Because of 
the wedge, or tapering, of the sectors, the outer rows of cylindrical 
modules in adjacent sectors either converge or diverge, depending on 
whether they are located on the outer or inner leg of the D-shaped 
sector. To minimize the void between cylindrical modules in these 
areas, the location of the modules along the edge of the sector is 
alternated as shown in Fig. 3.6. A typical convergence of the modules 
on the outer leg of the blanket sector is shown in the plan view in 
Fig. 3.5. 
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Fig. 3.4. Blanket subassembly. 



Fig. 3.5. Space envelope for the blanket modules on a blanket 
sector, upper half (elevation and plan views). 
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Fig. 3.6. Developed length of one-half the blanket sector. 
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Reference modules of four different lengths are used in the tri-
angular transition (sects. B and C, Fig. 3.5) to best utilize the space 
envelope in these areas. Shorter modules are also used on the straight 
sections of the support sector wherever feasible for the same reason. 
Table 3.1 lists the number of modules and lengths used in each section 
noted in Fig. 3.5. For comparison of sections, the table also lists the 
void fraction associated with each section of the module support sector. 
This void fraction is computed as the void space around and between the 
cylindrical portion of the modules divided by the space volume available 
for the cylindrical portion of the modules. The average void fraction 
between modules using this concept is approximately 17%. Figure 3.7 is 
a cross section of a typical full-size blanket module, showing the 
percentages of lithium, stainless steel, helium, and voids for various 
sections along the length of the module. The void fractions noted in 
this figure are for the interstitial spaces between cylinders and do not 
include any areas within the outer cylinder. 

As noted earlier, cylindrical blanket modules larger in diameter 
than the reference module were also considered in this design study. In 
addition to a structural design analysis of the larger-diameter module 
(see Sect. 2.3.2), assessments of the void fraction associated with 
modules 20.3 cm (8.0 in.), 18.6 cm (7.3 in.), and 17 cm (6.7 in.) in 
diameter were also performed. Figure 3.8 compares the area void fraction 
for typical sections of a blanket support sector. The 18.6- and 17-cm-OD 
modules were selected as the most promising in minimizing the void 
fraction because the selected diameters were even multiples of the 
widths of the straight sections of the sector. It should be remembered 
that if the larger-diameter modules were considered for a tokamak of 
12 TF coils rather than 16, the blanket support sectors would be wider, 
and better stacking of the larger-diameter cylinders might, thus, be 
realized. An in-depth evaluation of the void fraction for modules of 
other diameters was not performed; therefore, the comparisons shown in 
Fig. 3.8 are based on areas rather than volumes and do not account for 
any convergence or divergence of the modules. 



100 

Table 3.1. Summary of reference module sizes and locations 
within the blanket sector 

Section of 
blanket lector 

Available apace 
envelop* par 

section (a3) 

Number of 
modulea and 
lengthe pat 

lection 

Volume of 
all module! 
per section <m3> Void fractions 

2a 

3 

4 

4a 

5 
6 

0.764 

0.068 

0.067 

1.529 

0.054 

0.052 

0.899 

1.209 

98.5 0 75 cm 
11.5 g 51.5 cm 
10.5 0 66.4 cm 
5 @ 56 cm 
5.5 0 40.8 cm 
5.5 @ 40.8 cm 
5 @ 56 cm 
5 @ 56 cm 
5.5 @ 40.B cm 
5.5 0 40.8 cm 
5 8 56 cm 
210 0 75 cm 
17 8 66.4 cm 
4 0 56 cm 
3.5 0 40.8 cm 
4 @ 40.8 cm 
3.5 0 56 cm 
4 8 56 cm 
3.5 8 40.8 cm 
3.5 0 40.8 cm 
4 0 56 cm 
110.5 0 75 cm 
7.5 8 66.4 cm 
12B.5 0 75 cm 
36 0 66.4 cm 

0.660 

0.061 

0.061 

1.280 

0.044 

0.044 

0.664 

0.917 

13.6 

10.3 

10.3 

16.3 

18.5 

16 

26.1 
24.1 

Totalt 702 * 2 • 1404 x 48 eagmenta • 67,392 modulea. Average void fractlona: 17X. 

'Section numbers refer to Fig. 3.5. 
\ void {taction. - <«vall«bl. apace per section) - (volume of modulee pet section? 

available apace per aectlon 
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Fig. 3.7. Typical blanket module cross section showing percentages of material and voids. 
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Fig. 3.8. Comparison of module-stacking void areas. 
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Subassembly manifolds and piping. The subassembly manifold and 
piping systems are the outgrowth of several design concepts considered 
in this study. These earlier concepts are explained in Appendix A. As 
originally conceived, the blanket subassembly comprised three rows of 
modules, rather than six. Increasing the subassembly size to six rows 
reduced the number of piping connections and provided a better system 
for interconnecting the blanket module manifolds. 

Figure 3.9 shows the blanket module with the subassembly manifolds 
attached. One manifold of circular cross section is used to inter-
connect the helium outlet ports of all blanket modules in a single row 
of a module subassembly. Likewise, two similar manifolds in parallel 
and bridge-connected at one end connect the helium inlet ports of all 
the blanket modules in three adjacent rows. Each individual blanket 
module is connected to the helium inlet manifold by two short tubes, 
rather than by one tube, to provide sufficient flow to the module without 
increasing the flow velocity. A double-compartment manifold for the 
lithium inlet and outlet is located inside the helium outlet manifold to 
facilitate connections with the lithium inlet and outlet tubing located 
concentrically in the helium outlet tube of each blanket module. All 
blanket module subassembly manifolds are made in two halves for access 
to the individual welded connections from each blanket module. 

Two schemes for connecting the subassembly manifolds to the periph-
eral headers that circumvent the D-shaped blanket sectors were developed 
as part of this study and are shown in an elevation view in Fig. 3.10. The 
top half of the elevation view shows a piping arrangement that uses the 
two-halves concept. With this arrangement, the top half of the header 
pipe is removed to attach and weld the connecting pipes from the sub-
assembly manifolds to the bottom half of the header pipe. Once the 
welds are completed and inspected, the top half of the header pipe is 
installed and welded along the two longitudinal seams to complete the 
piping system. This system is applicable to both the helium and lithium 
piping systems. The lower half of Fig. 3.10 shows a concept whereby a 
series of flanged elbows are used to complete the headers around the 
D-shaped sector. In the flanged elbow concept, the straight part of the 
header between the flanged elbows is an integral part of the blanket 
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H E L I U M L I T H I U M 

Fig. 3.10. Peripheral header arrangement for blanket sector, 
section A-A. (See Fig. 3.3 for plan view.) 
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subassembly. Figures 3.11 and 3.12 show tlic arrangement in more.' detail. 
Incorporated in each flanged elbov is a beLlows arrangement to piovMe 
for alignment. Metal O-rings are used between bolLed i lange.s to r.iai , a 
seal-tight connection. The major advantage of this system o v e r t h e 

split pipe with welded connections is in the assembly and dis;u,:;i'».M\ , 
blanket module subassembly from the blanket sector. Removal o! a hi a m . i 
subassembly requires only the removal o£ the elbows leading into ami out 
of the subassembly to be removed. As noted earlier, the straight part 
of the header piping is an integral part of the subassembly and, in, re-
fore, can bo inspected and pressure-Le.sLed prior to installing the 
subassembly in the blanket scctor. 

A helium flow velocity of three times the velocity through tin 
individual blanket modules was used to eliminate the need for e>;r, i \, • 1 , 
larger header pipes around the periphery of the D-shaped sector. 
Figure 3.13 shows the pipe sizes for various portions of the header 
pipe. 

3.2.2 Helium coolant system 

In tracing the helium coolant path from the subassembly manifold 
(Fig. 3.9), the pressurized helium enters the outer hub of the module 
through two tubes attached to the cone-shaped end of the hub. The 
coolant then, enters an annular plenum chamber bounded by the hub of the 
inner-cylinder assembly and the straight cylinder portion of Lhe outer 
hub and proceeds along the outer annulus in the mouule formed by the 
baffle assembly and the outer cylinder. As the coolant travels along 
the outer annulus to the spherical end of the module, it removes heat 
from the outer cylinder. 

The heat flux into the outermost wall remains reasonably low except 
near the spherical end cap at the nose. In the nose region of the inlet 
annulus, where the surface heat flux is highest, there must be a corre-
sponding increase in flow velocity brought about by decreasing the 
clearance between the baffle and the outer wall. The baffle is shaped 
as it rounds the bend in the spherical nose section to maintain the 
velocity to the proper value, assuring proper cooling. 
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Fig. 3.11. Blanket subassembly and manifolds, p'lja 
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S E C T I O N B " B 

Fig. 3.12. Blanket 
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SECTION B" S 

Fig. 3.12. Blanket subassembly and manifolds, side view. 
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L2. Blanket subassembly and manifolds, side view. 
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Once the helium reaches the spherical end, it passes through a hole 
1.4 cm (0.6 in.) in diameter at the end of the baffle assembly and 
returns between the baffle assembly and the inner cylinder. As the 
helium traverses this inner path, it picks up heat from the cylinder 
walls and also cools the lithium. The heated helium coolant then enters 
the helium outlet plenum at the rear of the inner cylinder and exits to 
a central port in the hub of the inner cylinder through six radially 
positioned circular passages. 

3.2.3 Liquid-lithium circulating system 

Liquid lithium in the inner cylinder of the blanket module is the 
medium used to breed tritium. Two small-diameter tubes, one located 
inside the other, connect the inner cylinder to a double-compartment 
manifold located inside the helium outlet manifold to complete the 
liquid-lithium flow system. 

Figure 3.9 illustrates the lithium flow path. Liquid lithium from 
one compartment of the lithium manifold flows through the central tube 
of the two-tube system into the inner cylinder. The length of the tube 
and location of the end of the tube is important for proper lithium cir-
culation and helium removal and is determined by the location of the 
blanket module in the blanket sector. The liquid lithium is circulated 
through the cylinder and exits through a small outlet tube that connects 
to a center tube surrounding the lithium inlet tube. Location of the 
small outlet tube is also important since the location determines the 
circulating path inside the cylinder. 

During the process of breeding tritium from liquid lithium, helium 
gas is also generated in sufficient quantities to accumulate in the 
lithium. Formation of helium gas pockets on the inside of the cylinder 
will affect the local heat transfer from the lithium only slightly, but 
more importantly, excessive helium will displace the lithium and reduce 
the breeding volume. It is for this reason that the outlet-tube location 
must always be at the highest point in the cylinder, as determined by 
the blanket module location in the D-shaped sector. After the lithium 
and helium gas bubbles pass out of the cylinder through the central tube 
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17.5 

238 

18.7 
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Fig. 3.13. Peripheral helium header pipe sizes. 
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surrounding the lithium inlet tube, the mixture is fed into the second 
compartment of the lithium manifold. The two compartments of the lithium 
manifold are individually pipad to a peripheral header that transports 
the lithium. The lithium is pumped at: a low velocity and when the 
magnetically induced loads on the liquid lithium are at a minimum to 
minimize pumping power. 

3.2.4 Vacuum boundary sealing 

In the blanket concept, the first plasma vacuum boundary is formed 
by the sealing between the 48 moveable blanket sectors. There will also 
be a second vacuum boundary outside the blanket. This outer vacuum, 
which provides thermal insulation for the headers and a means for 
scavenging any leaking tritium or helium, greatly simplifies the sealing 
between the sectors. Leakage paths, which would be intolerable with 
atmospheric pressure outside the blanket sectors, are now acceptable. 
The inner vacuum boundary is necessary to reduce the volume that must be 
pumped to create the vacuum of 10~8 torr desired for the plasma. A vacuum 
of 10-3 torr is considered adequate for the external vacuum. This 
section considers only the sealing at the first vacuum boundary, since 
this boundary is part of the blanket design. 

As can be seen in Fig. 3.14, the plasma chamber is formed by 
inserting the wedge-shaped sectors between the toroidal field coils. 
When the sectors are in place, the inner leg of the blanket and part of 
the top and bottom legs are hidden under the TF coils and are inaccessible 
for the performance of any manual operations, such as welding or bolting 
together the flanges of the sectors. In this modular blanket design, 
the sealing of the flanges must be accomplished from outside the blanket 
because the modules must fit closely together and because there is no 
way to reach a sector-to-sector seal located at the base of the modules 
from the inside of the plasma chamber. This inside approach has been 
used on the Tokamak Fusion Test Reactor (TFTR) and other tokamak vacuum 
vessels that have smooth metal walls. 

Automatic seal welders and weld cutters, which can walk their way 
along the flange, have been developed from some nuclear steam generator 
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Fig. 3.14. Sector clamping arrangements, plan view. 
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applications. In the case of the reference blanket, their use would 
require the development of special machines, because provision must be 
made for the machine to be pulled out should it become lodged in an 
inaccessible area. The machine would also have to be specially designed 
so that it could go around the square corner at the top and bottom of 
the center leg, and it would have to work upside down when welding on 
the bottom flanges. The welder and weld cutter each move approximately 
15 cm per minute. Since the perimeter of each flange is ^25.4 m 
(1000 in.), 2.8 h would be required to complete the separation or 
seal welding of each sector. This may be an acceptable time period. 
Each of the operations could be performed in one pass. The main short-
coming of welders in making the flange seals is that a clear space of at 
least 10 cm must be left beyond the outer edge of the flange to permit 
the passa£?. of the welder. Because the space at the center leg is the 
most critical space in the entire tokamak, it should be used for something 
more important than welder clearance. It would be better used to permit 
an increased radial build on the TF coil and to reduce the TF stresses; 
it could also be used for additional shielding in the blanket so that 
the TF-coil refrigeration requirements could be reduced. These consid-
erations motivated the search for nonweld methods of sector sealing. 

Remotely actuated mechanical seal. The Helicoflex seal, an all-
metal mechanical seal manufactured by Cefilac Joints Fragere Industry of 
France, can provide the quality of sealing necessary for this application 
and can be obtained in the length required. The main requirements for 
the successful application of this seal are that the seal be uniformly 
loaded at about 10 kN/cm and that the surface finish of the seal and the 
seal faces be protected from any damage. This means that the seal must 
not slide over the seal faces during assembly. The seal must be com-
pressed by a clamping movement that is perpendicular to the seal plane. 

These requirements are met by the design shown in Figs. 3.14-3.16. 
In this design, a screw and nut are used to pull the flanges together 
and to develop the seal compression pressure. 

Because the screw? and nuts are inaccessible and cannot be driven 
by conventional tools, it is proposed that each screw be driven by its 
own individual actuator. These actuators would be spaced every 15 cm 



100 



100 

Fig. 3.16. Sector flange seal arrangement. 
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along the sector flange as shown in Fig. 3.14. A common square shaft 
would go down through the string of clamping screw actuators so that all 
the actuators in some convenient length of the periphery can be driven 
by a common gear motor. The sequence of events for the assembly of a 
sector would be as follows. The sector is moved into position radially 
until the clamping screws are approximately lined up with the clamping 
nuts; the sector side plates should just be in contact. Power is then 
applied to the gear motor. This causes the screws to be driven out of 
the protective holes (see Fig. 3.16), across a short gap between the 
flanges, and into the threads of the nut. The screw is driven until the 
flexibly mounted flange is firmly seated against the rigid flange. The 
Helicoflex seal will then have the desired compression. 

Flexible flange and seal actuator. Figure 3.16 illustrates the 
features of the concept of the flexible flange and the seal actuator. 
In the design concept, the sealing screw is withdrawn into the actuator 
when the sector is inserted into position radially. This is absolutely 
essential since the movement of the sector is radial and the sector 
should not rub against the seal. After the sector is in position, the 
actuator will turn the screw so that it advances out of the hole and 
crosses the gap between the flanges and engages the nut. The nut is 
loosely constrained so that it can be pushed around by the conical point 
on the screw until the axis of the nut is lined up with the axis of the 
screw and the nut threads are engaged. The nut is loosely constrained 
axially, but it is spring loaded toward the. screw so that the screw can 
engage the nut without deflecting the flexible flange. The screw threads 
in the actuator that drove the nut are no longer in contact with the 
screw threads and the screw head is in contact with the stiff flange. 
The screw then is driven further by a spline until the flexible flange 
is pulled solid against the stiff flange, just as it would be with a 
manually installed screw and nut. 

The actuators can be of the same design as the commercially avail-
able powered screwjacks, such as those manufactured by Lear, Inc. They 
consist of a worm wheel to drive the screw and a worm to drive the worm 
wheel. The worm is driven by the square shaft. A slip clutch must be 
added to the standard actuator for this application. Because all of the 
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nuts will not tighten at the same time, provision must be made for the 
square drive shaft to continue to rotate until every nut is tight. The 
clutch will slip on those screws that have tightened first. All nuts 
will be tightened to the same torque to provide uniform flange pressure 
since this torque is determined by the clutch. The detail design of the 
actuator modifications must be the subject of further blanket develop-
ment. 

Advantages of the powered-screw seal actuator. The powered screws, 
in effect, clamp the two flanges together. Standard hydraulic clamps 
are available that could probably accomplish this, but they provide a 
clamping force only when the hydraulic pressure is applied. The screw 
is self-locking and retains the clamping pressure when the power is shut 
off on the gear motor. The hydraulic fluid in a hydraulic clamp is 
subject to damage by radiation and possibly by the high temperature of 
the.blanket. The screw-type clamp can be built with dry bearings 
throughout to limit damage by radiation or heat. 

Plasma vacuum boundary sealing. In earlier designs (see Appendix A), 
the primary vacuum, or plasma vacuum, extended into the piping and 
manifold region of the D-shaped sector. This increased the vacuum 
pumping loads, and it was considered advantageous to seal off this area 
from the plasma vacuum area. To isolate the piping and manifold section 
from the plasma area, a means was developed for sealing the corrugated 
gap between adjacent mounting plates. A structural cross bar was 
designed to straddle the corrugated gap formed by adjacent subassembly 
mounting plates with sufficient overlap onto adjacent mounting plates to 
provide a sealing surface for a metal 0-ring and clamping bolts. The 
structural cross bar is fitted and welded between the sector side plates, 
flush with the inner edges of the blanket-sector side plates. One 
structural cross bar is located at every gap formed by two adjacent 
subassembly mounting plates. An 0-ring groove is milled into the outer 
face of the mounting plate and follows the peripheral contour of the 
plate. The mounting plate also contains drilled and tapped holes 
adjacent to the 0-ring groove for mounting to the inner surface of the 
D-shaped sector and cross bars. The bolting and seal ring arrangement 
is shown in Figs. 3.11 and 3.12. The metal 0-ring considered for this 
design is of the Helicoflex design. 
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3.2.5 Shield 

The shielding of the blanket from the TF coils was not a subject of 
the design work in this study. However, because the shielding has a 
direct influence on the design of the blanket modules and associated 
structures, the space requirements and location of the shield were 
considered. The area of the D-shaped blanket sector located radially 
outward of the peripheral headers is reserved for shielding. In this 
design, approximately 25 cm (9.8 in.) is available for shielding. In 
addition, 15 cm (5.9 in.) of circular stainless steel discs are assembled 
inside each cylindrical module to provide shielding for the rear 
structural members of the module and to enhance the breeding by reflect-
ing neutrons back into the liquid lithium. 

3.2.6 Manufacturing processes 

With the reference concept, about 67,000 cylindrical modules are 
used in a complete blanket assembly. This number of modules requires 
that volume manufacturing techniques be considered in the design. The 
intent here is not to specify how the blanket modules are to be manu-
factured, but to point out that manufacturing and assembly were con-
sidered in developing the design concepts described in this report. The 
following processes for manufacture of each of the components are given 
only as possible means of achieving an end product. 

The inner and outer cylinders used in this module concept have 
spherically closed end caps at one end and have full-diameter openings 
at the outer end. This design lends itself to a one-piece deep-draw 
manufacturing process for each cylinder. The open ends are welded to 
circular hubs and flanges that can be mass-produced on turret-type 
turning machines. The cylindrical baffle assembly with the dimpled 
surface can also be produced by a deep-draw process and by swaging the 
cylinder to size it and to produce the required dimple dimensions. The 
lithium inlet and outlet tubes can be formed by standard bending machine 
procedures. The circular shield discs used inside the lithium cylinder 
can be produced on existing turret lathes with standard tooling setups. 
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The mounting plate, to which the modules are attached, is machined 
using existing tape-controlled boring mills. The circular cross-section 
manifolds that interconnect the individual blanket modules are made in 
two parts. Each part is designed so that it can be stamped and formed 
from stainless steel plate using appropriate dies and presses. The two-
part construction of the manifolds was selected to permit welding of the 
module tubes on the inside surface of the bottom half of the manifold 
before the top half is welded in place. This makes the welds accessible 
during initial assembly. During disassembly of the blanket subassembly, 
the welds are again made accessible for remote welding and cutting 
operations after the top half of the manifold is removed. This is 
accomplished by cutting the peripheral seal joining the two manifold 
halves (see Figs. 3.11 and 3.12). 

The modules are welded to the mounting plate by means of circular 
seal welds using state-of-the-art seal welding machines. All weld 
joints used in constructing the cylindrical blanket module are designed 
and located so that the entire assembly can be accomplished by using 
automated welding processes. 

3.3 Blanket Maintenance Concept 

The blanket service and maintenance philosophy is based on a 
modular rather than a unit assembly-disassembly operation. 

Sector removal and replacement. In the event a cylindrical blanket 
module develops a problem necessitating shutdown, the D-shaped blanket 
sector containing the questionable blanket module is identified and the 
supply and return lines for the helium, lithium, and cooling water are 
disconnected. Adjacent sectors are locked into position to prevent any 
radial movement owing to the inclined plane of the roller bearings. The 
lithium lines are capped to prevent loss of the lithium from the blanket 
modules. The lithium is contained within the blanket modules during the 
removal and installation of the sector. The seal welds or clamped-
flange arrangement used to vacuum-seal the 48 sectors are cut ox de-
coupled, freeing the sector from the remainder of the assembly. If the 
sector containing the questionable blanket module is located midway 
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between two adjacent TF coils, it can be removed radially outward from 
the reactor and transported to a preplanned work area. The sector can 
then be replaced by a spare assembly and the reactor returned to opera-
tion by reversing the disassembly procedure. If the questionable 
blanket module is in a sector located under the TF coils, the disassembly 
process is continued by removing the adjacent D-shaped sectors. Because 
the sectors located on either side of the middle unit are partially 
encompassed by the TF coils, these sectors must first be translated 
sideways to the midposition and then moved radially out from the reactor. 
The sector containing the questionable blanket module is replaced under 
the TF coil by a reversal of the removal procedure, and the center 
sector is replaced. In this case, the reactor is again made operative 
by connecting the necessary supply lines and rebolting or welding the 
seals between the sectors. 

Component replacement. The sector containing the questionable 
blanket module is further disassembled. The outermost shield panel of 
the sector in line with the questionable blanket module subassembly is 
removed. This is done by cutting the necessary seal welds. Removal of 
this shield panel and the adjacent shielding materials provides access 
to the module subassembly manifolds and mounting bolts. The piping 
connections joining the module subassembly to the sector header pipes 
are disconnected either by cutting the welded pipe joints or removing 
the interconnecting elbows. Next, the module subassembly is attached to 
a handling fixture and the bolts securing the module subassembly to the 
inner surface of the sector are removed. By manipulating the blanket 
module subassembly and handling fixture, the module subassembly is 
removed from the sector. To do this, the module subassembly is 
moved radially to the center of the structure until the assembly clears 
the cylinders of adjacent module subassemblies. Removal of more than 
one module subassembly may be required if the questionable assembly 
is located at points on the structural sector where the orientation of 
the module subassemblies changes. The questionable subassembly is 
replaced with a new unit by reversing the disassembly procedure and 
installing a new 0-ring. The refurbished sector, with attached blanket 
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module subassemblies, is then tested and placed in storage as a replace-
ment unit. At this time, the severity of the damage to the questionable 
module assembly is further evaluated and the decision made for further 
repairs or for discarding the entire assembly. Further disassembly 
would require removal of a section of the subassembly manifolds above 
the questionable module to provide access for cutting the weld that 
attaches the cylindrical module to the mounting plate. 

Maintenance equipment considerations. The blanket will be serviced 
and maintained remotely. Shielded vehicles containing remote manipulators 
will be required in the vicinity of the reactor. The manipulators must 
be capable of performing torquing operations for removing and installing 
bolts. The manipulators must also have the dexterity for positioning 
and locating remote cutting and welding machines for cutting and welding 
longitudinal seals around the sectors if welded seals are employed in 
this area. Cranes and track-wheeled dollies capable of supporting a 
minimum of 100 tonnes will also be required in the reactor compartment. 

Because of these remote handling requirements, the cylindrical 
blanket module has been designed so that it can be disassembled by 
starting at the outer periphery of the sector and working radially 
inward. Circular seal welds are used wherever possible so that existing 
technology for remote circular cutting and welding machines can be used. 
Manifolds are designed in two halves so that the outer half can be 
removed to expose the circular welds joining the feeder lines of the 
individual modules to the bottom of the lower half of the manifold. 
This technique provides a straight in-line approach for the cutting and 
welding of these joints and eliminates blind or underside hand welding. 
This design also provides for visual inspection of the welds as the 
units are being reassembled. 

Work areas and storage for the sectors will be required near the 
reactor compartment. These areas will have to be shielded and serviced 
by 100-tonne cranes and contain manipulators for performing assembly and 
disassembly operations of the blanket subassemblies from the D-shaped 
blanket sector. Remotely controlled circular welding and cutting 
machines capable of servicing various diameter seal welds will be 
required in the work area. Cutting and welding machines that can make 
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longitudinal cuts and welds will also be required. Hydraulic-pressure 
testing facilities with capacities of approximately 68 atm (1000 psi) 
must be available in the work area for testing the reassembled blanket 
modules and associated manifolds. A piping and storage system for 
charging and discharging the blanket module liquid-lithium cylinders 
will also be required. Detailed descriptions of typical assembly and 
disassembly equipment are covered elsewhere.1 

3.4 Design-Related Studies 

During FY 1979, studies were conducted concerning (1) the removal 
of tritium and helium from the lithium in the blanket and (2) stresses 
and pressures arising from the pulsating magnetic field. The following 
subsections describe these studies and discuss their findings. 

3.4.1 Lithium processing for tritium and helium removal 

An investigation was made to establish whether the cylindrical 
blanket module concept was amenable to the development of a system that 
could provide lithium processing to recover the generated tritium and 
helium. * The scope of this effort involved: 

1. definition of a circulation scheme for pumping the lithium through 
the reactor magnetic fields without incurring excessive pumping 
pressures or losses; 

2. establishing the tritium inventories expected in this design for 
the defined lithium circulation rates; 

3. establishing that practically achievable tritium inventories do not 
lead to high startup costs, tritium permeation through the blanket 
structure, oi large decay losses; and 

4. establishing that there are tritium extraction methods to process 
the lithium at che concentrations defined by achievable circulation 
rates. 

Design considerations for the lithium circulating system. Table 3.2 
gives reactor parameters relevant to the blanket lithium system. The 
primary goal in the design of the lithium system for the cylindrical 
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Table 3.2. Key parameters related 
circulating system 

to the lithium 

Reactor thermal power 2700 MW 
Global tritium breeding ratio 1.1 
Tritium production rate @ 4-MW/m2 

neutron wall loading, 95% duty 
cycle 

448 g/day, A(T/Li) 
3.6 wppm/day 

Helium production rate @ 4-MW/m2 

neutron wall loading, 95% duty 
cycle 

595 g/day, A(He/Li) 
4.8 wppm/day 

Total reactor lithium inventory 1.23 x 105 kg 
Area of stainless steel structure 

exposed to lithium 
13,900 m 2 

Area of stainless steel structure 
exposed to plasma 

15,550 m 2 

Volume of stainless steel structure 
exposed to lithium 

25 m 3 

Reactor helium coolant inventory 1000 kg 
Mean thickness of module wall 0.16 cm 
Module wall temperature 200-500°C 
Module mean lithium temperature 450°C 
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module was to establish that the reactor lithium could be processed to 
recover tritium (T) at a rate such that blanket T inventories would not 
add appreciably to the T inventories required in the vacuum and plasma 
fueling systems. The motivation in seeking to accomplish this is 
related to such design considerations as: safety, capital expenditures 
for tritium during startup, decay losses during fuel accumulation, and 
permeation losses through the structure into the primary coolant circuit. 
In addition, the helium-generated species in the lithium must be accommo-
dated so that large gas pockets do not accumulate at any lithium structural 
interfaces. 

Of the above considerations, probably the one most important in 
influencing reactor tritium inventories is that of the make-up require-
ments for tritium fuel before reactor-bred tritium becomes available 
from blanket processing. This consideration involves both tritium 
availability and capital expenditures. Reports by the Hound Facility 
and Battelle, Pacific Northwest Laboratories, describe Department of 
Energy facilities for tritium production at Savannah River; Hanford, 
Washington; and elsewhere.2'3 These reports do not explicitly cite the 
tritium production capabilities of the facilities nor, more importantly, 
do they specify how much tritium might be available for diversion to a 
fusion power demonstration reactor program. Despite this apparent lack 
of precise information, an estimate of the annual U.S. tritium production 
capability on the order of 5 to 20 kg appears reasonable.2-tt At this 
level of production, tritium requirements for the reactor described in 
this study — with a 407 g/day burn rate — and for various vacuum and 
plasma fueling system components could constitute a significant demand. 
This is particularly so if blanket tritium accumulation intervals are 
expected to be long. From a cost standpoint, the impact of long processing 
intervals should be of at least equal concern. In Fig. 3.17, the capital 
expenditures for tritium are shown against the blanket processing interval 
for various unit costs of tritium. The $7200/g indicated is the current 
price that DOE charges for tritium.2 The other unit costs reflect 
estimates that might be typical of increased production to support a 
fusion demonstration effort. Thus, the daily cost of reactor fuel would 
be $2.9 million, $1.2 million, and $0.4 million for a unit tritium cost 
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Fig. 3.17. Capital expenditures for consumed 
tritium fuel before reactor-bred fuel is available. 
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of $7200/g, $3000/g, and $1000/g, respectively- In view of these consid-
erations, the motivation for providing frequent breeder tritium extrac-
tion is apparent. 

Another consideration influencing the determination of prudent 
tritium inventories in the lithium system is the reduction in the instan-
taneous breeding ratio owing to decay during the accumulation interval 
between the time the tritium is born until it eventually is used in the 
reactor. Because of the relatively long half-life of tritium, the 
effects on the actual breeding ratio would not be significant except for 
long accumulation intervals. In Fig. 3.18, the blanket accumulation 
interval is plotted against the actual breeding ratio for an instan-
taneous breeding ratio of 1.1 as calculated for this design. As 
expected, this effect becomes significant only when the accumulation 
interval is several hundred days or greater. 

Another design consideration investigated to determine its influence 
on a design tritium inventory was permeation loss through the 14,000 m 2 

of module surface in contact with the liquid lithium. One of the 
lithium-system variables that determines the tritium permeation rate is 
the mean concentration of the tritium in the lithium; i.e., as the 
average lithium processing rate decreases, the permeation of the tritium 
through the container walls into the primary coolant increases propor-
tionally. In Fig. 3.19, the permeation rate for the entire reactor 
cylindrical module assembly is plotted against the average tritium 
concentration in the blanket lithium. The permeation through the modules 
would increase the cooling-system T/He concentration at about 1.6 wppb/ 
day for each wppm of tritium maintained in the blanket. For example, if 
the lithium were circulated at a rate of 1.42 kg/s, the complete lithium 
inventory would be processed through the tritium extraction system in 
one day. At this circulation rate, the mean T/Li concentration in the 
blanket would be maintained at ^3.6 wppm. Under these conditions, the 
total tritium permeation through the module walls would proceed at the 
rate of 1.6 x 10 - 2 g/day. This permeation rate would increase the T/He 
concentration at 1.6 wppb/day. 

These estimates of tritium leakage through the cylindrical modules 
should be considered conservative. The analysis considered the walls of 
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Fig. 3.18. Degradation of tritium breeding 
ratio owing to decay during accumulation in the 
blanket. 
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Fig. 3.19. Tritium permeation rate through module 
walls into primary cooling system. 
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the cylindrical modules to be devoid of any artificial or naturally 
occurring surface that would tend to inhibit the mass transfer of the 
tritium through the structure. 

The major concerns of this tritium permeation into the primary 
coolant would be realized in the potential biological hazards associated 
with cooling-system leakage and accumulation of the tritium in the steam 
generator system. To control this situation, a primary-coolant purifi-
cation system capable of tritium removal would be required. The leakage 
rates at low T/Li concentrations, as indicated in Fig. 3.19, would 
probably allow sufficient control by diversion of a small flow of the 
primary coolant for processing on a continuous basis. 

As cited in Table 3.2, approximately 600 g/day of helium will be 
generated in the lithium breeder material. Provisions have been made in 
the cylindrical module design to r e m o v e this generated helium by placing 
the lithium-extraction conduits in each module; as helium bubbles 
formed, the bubbles would migrate to the lithium-exit conduit and be 
swept away with the circulating lithium. Conceptually, there appears to 
be no difficulty in accomplishing this; however, because the modules are 
assembled in the reactor at different orientations with respect to the 
way the helium bubbles would naturally migrate, provisions for locating 
these conduits would be simpler if the helium could be kept in solution 
in the lithium by pressurization. Figure 3.20 shows the time required 
to achieve saturation in the lithium breeder vs module internal pressure. 
At one atmosphere, 35 s are required to initiate bubble formation. Even 
at 50 atm, only 29 min are required. The figure is based on average 
He/Li concentrations, and the significant helium production gradients 
that would be expected in the nose region of the modules would reduce 
these times even more. 

Because of this very low solubility (He/Li),5 it does not appear 
feasible to derive any benefit by attempting to circulate the lithium at 
a rate adequate to prevent helium bubble formation. 

Lithium extraction and processing. The advantages of maintaining 
small tritium inventories and hence low T/Li concentrations are clear. 
The extent to which this can be practically accomplished for liquid-
lithium breeding systems largely depends on the circulation rate at 
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Fig. 3.20. Time required to saturate blanket 
lithium with helium at 500°C. 
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which the lithium can be pumped throu; .eactor magnetic fields 6 - 8 

and on the capability of the T/Li axtisr i.ion process to recover the 
tritium at the resulting low T/Li concentrations.9'-0 

Figure 3.21 shows the pressure drops typical of lithium-extraction 
conduits of a size of interest for the cylindrical blanket module 
concept. In this figure, the family of curves labeled 1 through 24 h 
corresponds to the circulation rate that would completely exchange the 
lithium in the reactor during that time period. One should note that 
very modest pressure drops are indicated even for 1-h turnovers. The 
magnetic field in the vicinity of the blanket module varies from 2 to 
4 T. The figure, which assumes flow through a uniform transverse 
magnetic field of 4 T for lithium at a mean temperature of 500°C, 
predicts maximum expected pressure drops.6 

Small-scale T/Li extraction experiments using either a tritium 
getter or an electrolytic-molten-salt technique have demonstrated 
efficient tritium removal from liquid lithium at the sub-wppm level.9'10 

Provided that a successful development program can scale these processes 
to the sizes necessary for a reactor-sized lithium system, blanket 
tritium inventories of less than 1 kg appear feasible for the cylindrical 
blanket module concept. 

3.4.2 Stresses and pressures owing to pulsating magnetic field 

Insofar as we are aware, no analysis has been performed to assess 
stresses and pressures in stationary lithium blankets owing to transient 
magnetic fields, which account for the fluid behavior of the lithium. 
The reference blanket configuration provided an excellent opportunity to 
perform such an analysis because the cylindrical module geometry makes 
the procedure relatively tractable. The analysis is based on Maxwell's 
equations, the Navier-Stokes equation, and Ohm's law. For most of the 
cases and spatial regions dealt with here, inertia effects, induced 
magnetic fields, and viscous effects can be neglected, and the analysis 
thus can be simplified. Such treatment permits dealing with factors 
that cannot be treated when the medium is assumed to be a rigid solid; 
these particularly include: 
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Fig. 3.21. Unit pressure drops required to cir-
culate lithium breeder through the blanket system. 
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1. forces that are affected by fluid motion; 
2. forces that arise from currents flowing in the confining walls; and 
3. pressure distributions in the fluid, including negative pressures 

(which could lead to cavitation). 

Two cases were analyzed. In both cases, the toroidal field was 
taken to be constant in time and normal to the cylinder axis. In one 
case, the time-varying poloidal field was taken to be along the axis of 
the cylinder (Case A), and in the other case, to be perpendicular to 
both the toroidal field and the axis of the cylinder (Case B) (Fig. 3.22). 
The cylindrical geometry of the modules permitted derivation of relatively 
simple analytical expressions. The derivations, which assumed cylinders 
of infinite length, showed that superposition of the two cases is possible 
and that end effects appear to be of second order. The following 
numerical treatment illustrates that, of the two cases, one component is 
dominant, so it is unnecessary to accomplish the acutal superposition. 
This analysis is covered in detail elsewhere.11 

The poloidal field is assumed to change between zero and maximum 
value in three different values of elapsed time. The largest value for 
elapsed time corresponds to normal operation, and the other two values 
correspond to the most- and least-severe disruptions anticipated.12 

These values and the corresponding rates of change of poloidal fields 
are: 

Operating mode Bp 

Normal operation 0.18 T/s 3.3 s 
Least-severe disruption 25 T/s 0.024 s 
Most-severe disruption 6000 T/s 10_,+ s 
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Fig. 3.22 Orientation of magnetic field rela-
tive to modules. 
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For valid solutions, the following conditions must prevail:11 

Interaction parameter N = B 2 O T / P J * 1 

Hartmann number M = BTaVo"/n ** 1 
Conductance ratio e = a T/oa < 1 w 
Magnetic Reynolds number R m = poa2/x < 1 

We obtain the following: 

Elapsed time, 
T ( S ) N M R E m 

3.33 670,000 26,800 0.0026 0.011 
0.024 4,840 26,800 0.367 0.011 
10-lf 20.2 26,800 88 0.011 

using 

B T = 6 T (toroidal field) 
a = 2.8 x 10e mho/m (electrical conductivity of fluid) 
p = 500 kg/m3 (fluid density) 
a = 0.05 m (module radius) 
n = 3.5 x 10"4 Pa«s (viscosity) 

a w = 106 mho/m (electrical conductivity of wall) 
T = 0.0016 m (wall thickness) 
L = 0.65 m (length of cylinder) 

All the criteria are met except that the value R = 0.367 is m 
marginal and the value R^ = 88 is clearly invalid. Despite this inval-
idity, several values of interest, including pressure and stress, for 
T = lO"*4 s were calculated realizing that these values would be higher 
than the actual values. 

The following equations were derived to evaluate the magnitude of 
stresses and pressures in the cylindrical modules: 
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VP = oazB B (negative pressure) (1) o P P 

t = Laa B_B (torsional shear stress) (2) w l p 

5 a3 • 

Aa = BpBp k°°P stress) (3) 

o a • a, = 1.023 B B (ring bending stress) (4) b T2 P P 
The largest values obtained for Case B are presented in Table 3.3. 

Significance of results. The stress values for the most severe 
disruption case are unreasonable, but they are known to be overestimates 
because the value of R^ is ̂ 1. It can be expected, however, that the 
values will be substantially greater than those for the case where 
Bp = 25 T/s. Conclusive estimates would require further analysis. Most 
of the other results are nearly negligible, with the exception of the 
ring-bending-stress value of 15,200 psi, which is large enough that it 
could influence design or possible failure. It should be noted that the 
bending stress of 109 psi cycles from positive to negative (see Table 3.3), 
and so the strain range, which correlates well with fatigue failure, is 
that associated with a stress of twice this value. So far, this discus-
sion relates only to the values obtained when B and size are as used in 
this report. 

Scaling considerations. Because the size of the reference module 
dictates that a large number of them will be required — with consequent 
reliability implications — it is pertinent to examine the effect of 
increased module size. Doubling the module diameter and thickness 
results in a fourfold increase in pressures and stresses. For normal 
pulsing, no objectionable values result. For the least-severe disrup-
tion, the negative MHD-induced pressure begins to be comparable with 
atmospheric pressure, and thus the module could require some external 
pressurization. The value of stress owing to ring bending becomes 
4 x 108 Pa (60,800 psi), which is too high. One needs to examine larger 
modules in a different light. In regions of the blanket near the plasma, 
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Table 3.3. Magnitude of stresses and pressures for various 
poloidal field change rates (Case B) 

Magnitude [Pa(psi)] 
Description of stress 

or pressure Equation B = 0.18 T/s 
P 

B = 25 
P T/s B = 6000 T/s 

P 

Negative module pressure 
3.15 x 106 tending toward cavitation 1 284 13,100 3.15 x 106 

in the lithium (0.041) (1.9) (457) 
Shear stress owing to 

1.17 x 109 torsional moment on 2 35,100 4.88 x 106 1.17 x 109 

cylinder (5.1) (707) (170,000) 
Change in hoop stress owing 

1.64 x 106 to change in fluid 3 4920 6.84 x 105 1.64 x 106 

pressure (0.72) (99) (24,000) 
Ring bending owing to non- 4 755,000 1.05 x 108 2.52 x 1010 

uniform internal pressure (109) (15,200) (3.66 x 106) 
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it is expected that, for thermal reasons, wall thickness will be limited 
to a number that is not much greater than that used in this report. If 
the thickness of the wall could be doubled, the value of Eq. (A) shows 
that the bending stress goes as a^/T2; so, if we also increase the value 
of "a" by a factor of 5, the bending stress owing to normal pulsing 
becomes 1.20 x 108 Pa (17,000 psi). It is suggested that these considera-
tions will rule out very large modules. It is expected that the prospects 
for flat-sided large modules would be even worse. 
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4. RELIABILITY ASSESSMENT 

Two of the principal tools of reliability engineering were applied 
to support design decisions made during the two-year blanket study: (1) 
classical failure mode and effects analysis, applied to the blanket 
assembly according to an established Westinghouse divisional procedure, 
and (2) numerical availability estimates, based in this case on component 
failure rate data obtained from a search of the open literature. Although 
broad insights were sought, the primary emphasis of the reliability 
assessment was to assist in the selection of module size and to estimate 
the expected frequency of shutdowns resulting from module leaks. 

4.1 Failure Analysis 

The failure mode analysis (FMA), which included effects and criti-
cality assessments, was performed for the most critical of the reference 
module components, namely, the outer cylinder, the inner cylinder, the 
flow baffle, the lithium inlet tube, and the lithium outlet tube. (For 
a description of the reference module, see Sect. 2.) The instrumentation 
and controls (I&C) associated with the blanket assembly were not consid-
ered as separate components for the FMA. However, important electric-
power-supply and I&C considerations, as they potentially affect the 
performance reliability of mechanical components, were included. Data 
yielded by the analysis comprised: failure modes, effects of failure on 
higher assemblies, qualitative importance or criticality of a given 
failure mode, and measures for reducing a failure to an acceptably low 
likelihood or to one with tolerable effects. 

The Westinghouse Advanced Energy Systems Division Procedure RMP no. 
6-0, Rev. B, "Failure Mode, Effect and Criticality Analysis," was 
followed in performing the FMA. This procedure — reproduced as 
Appendix B — was modified to better suit this particular application. 

Figure 4.1 is an example of the data sheet used to record the FMA 
findings; the complete set of data sheets for the reference module is 
presented in Appendix C. Because the choice of module size is a parti-
cularly significant design decision, entries have been made, where 



FAILURE MODE, EFFECT AND CRITICALITY ANALYSIS 
- a m i CLIWO ® - LITN1W OUltd <UU © 

Title Ident. Code Description, Sketch a Reference' 
System: 
Assembly: 

Part: 
Materials: 
Function: 

Tokamak Fusion Reactor 

Blanket Assembly Module 
Outer Cylinder (First Wall'i Item ( J 
20* Cold Worked. Type 316 S ta i n l ess Steel 

Channels Helium Coolant Flow and Separates Helium From Plasma 
Related Analysis Sheet No.: _ 

— WMUI m m —— xi n* ramp 
— inmui PW Kill*. l«ir 

Inside-He, 5.b HPa (b4.4 ataj, 200-45CC, Cutslde-plasma 
Operating Conditions a Environmcnt:yacumn. 4 HM/m' nn.trnr ft..., 1 Muz-? m,. p . -Mr i . h e a t By 

rlur,trronij mignatic field. 
Peter p. Zananick 

HfllU. ounti KM 

Dale: July 1 qjq St"" J of 3 

Failure Mode Possible Ceuse Sysleic Effect Cr.'.î ai'.y 
Fe-itureo -f tv.-':, r. !< 

ArdA.r !J.: r. J" i ze ̂c Jai'rer.̂e/EiTc 
Outer cylinder wall 
cracks/ruptures 

Form 59653 A 

Severity or number of 
thermal cycles (super-
imposed on normal 
pressure load) 

Overpressure 

Material defect 

Unexpected radiation 
effects (uncertainty In 
radiation level and in 
effects of irradiation) 

Local annealing (reduced 
strength) 

Plasma disruption 

Helium leakage into plasma, 
resultant quenching 

with ACT Structural margin of safety 

S 18=) Sfil!: Sf 
for incremental crack growth. 

10 cm (4") module - 3.3 
20 cm (8") module - 2.0 

for brittle fracture. 
Helium system overpressure 
protection system will be 
designed per A5ME Code with 
pressure relief devices as 
required. 

Haterlal procurement to 
follow strict material 
specifications with rigorous 
inspection requirements. 

Conservative assumptions made 
with best available irradiated 
data. Irradiation effects in 
eluded in structural margin 
quoted above. 
Held process will control 
heat affected zone temperature 
by means of carefully develop 
ed and enforced welding pro-
cedures. 

Small likelihood of occurrence 
reduces concern. 

OJ M 

Plant protection against 
plasma disruption is 
essential for viability of 
the concept. 

Fig. 4.1. Data sheet used for failure mode analysis. 
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appropriate, for both the lO-cm-OD and 20-cm-0D modules. The analysis 
includes an identification of the effect of system-level off-design 
conditions on module components. 

For this analysis, the first three columns of the form were com-
pleted as described in RMP no. 6-0 and are self-explanatory. Columns 
identified in RMP no. 6-0 as "qualification test" and "acceptance test" 
were eliminated. A "criticality" column was added to show the effect of 
a given failure mode on the safety and major objectives of the blanket 
design. The entry codes for this column are as follows: 

Category Potential effect of failure 

1 Loss of life of operating personnel. 
IS Safety and hazard monitoring systems 

are required to function in case of 
a failure in the related operating 
system(s) to prevent loss of life 
of operating personnel. 

2 Immediate termination of fusion 
reaction. 

3 Performance is degraded and orderly 
fusion-reactor shutdown is possible. 

A None of the above. Includes modest 
degradation of performance and/or 
the ability to repair at a 
convenient time. 

The "frequency of occurrence" column was completed with a subjective 
assessment of the probability of occurrence of a given mode on a scale 
of 1 to 10, with 1 being the most likely event and 10 the least likely. 
The "status" column is marked "NACT" (no action required) where rapid 
plant-operator response is not required. An "ACT" (action required to 
detect, minimize, or eliminate a failure mode) entry signals a need to 
rapidly detect and respond to a failure or to incorporate indicated 
measures into the system as the design moves into its final stages. The 
final two columns are completed in keeping with RMP no. 6-0 instructions 
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and are concerned with features that mitigate given failure modes or 
with recommendations for further action. 

Findings of the failure mode analysis are as follows: 

• State-of-the-art materials, fabrication processes, and inspection 
techniques can be used to create adequate blanket modules in the 
proposed configuration. 
Though they remain positive, structural margins for the 20-cm-0D 
module are reduced, as compared with those of the lO-cm-OD 
module. On the other hand, fewer piece parts are required and 
inspectability is enhanced with the larger modules. 

• The module outer wall is sensitive to loss of helium flow, such 
as might occur through pump failure, flow blockage, or power 
failure. Restoration of flow or fusion-process shutdown is required 
within seconds to preserve outer-wall structural integrity. 
Presuming that such rapid shutdown of the reaction is not feasible, 
protective design features that respond extremely rapidly are 
required to restore flow and/or electric power. This applies to all 
module sizes. 

• Plasma disruption is another major threat to the blanket modules. 
For modules of any size, plant design must minimize the likeli-
hood of this kind of event for the blanket design to be practicable. 

• Resistance to flow-baffle buckling depends on the integral 
dimpling pattern for stiffening and r.upport. The buckling strength 
of the flow baffle would be inadequate if the baffle — with walls 
only 0.038 cm thick — were in the form of a simple cylinder. The 
dimpled configuration defies valid analytic modeling. Consequently, 
buckling adequacy of the flow baffle must be established by full-
scale component testing. 

• Stringent fabrication process controls are required to ensure that 
the correct lithium inlet and outlet tube configuration are mated 
with the appropriate module location. 
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4.2 Availability Studies 

In the availability studies, existing component failure data were 
used to develop a point estimate of expected repair frequency for the 
blanket module. A literature search was undertaken to find failure data 
related to the blanket module design features so as to provide a broad 
quantitative estimate of mean time between failures. It was judged that 
the two kinds of mechanical-component data most related to the module 
design were failure data on piping and on welded joints. Because of the 
quality-engineering measures anticipated to be applied to the module 
components and welds, the higher-quality data, as represented b^ nuclear 
and military applications, were chosen as most relevant. Furthermore, 
it was judged that data concerning piping that carries water-steam, oil, 
or relatively benign gases were most appropriate. The most meaningful 
form of expressing the availability estimates was judged to be in terms 
of mean time between failures. 

The results comprised point estimates — that is, estimates without 
a statistical confidence interval — for the span of operating time 
expected between blanket module failures that require repair. More 
precise predictions would depend on the availability of more near?uv 

related failure information in statistically significant quantities. 
Table 4.1 lists the predicted mean time between failures for various 

components and systems. These estimates have been deduced from failure 
rates as given in six different sources and in eî .ch case apply to the 
total blanket assembly. Although the data sources used by the referenced 
sources overlap somewhat, the failure rates generally have been derived 
from diverse raw data and can be considered to represent fairly indepen-
dent technical opinions. It is important to note the variation in the 
units used to express failure rates in the table; there is no consistency 
among the various sources in this regard. 

It might be appropriate to add the estimate for weld failure to the 
estimate for piping failure, as given in the table, to arrive at a total 
failure rate for the assembly. However, the piping is expected to have 
many welds, either joining the piping segments or as piping seam welds. 
Therefore, with weld failures expected to be integral with the piping 



136 

Table 4.1. Estimates of mean time between failures 

Mean time between 
failures (years) 

lO-cm-OD 20-cm-C>D 
Component Failure rate module module 

Linear weld*2 1.6 x 10~10/h-in. of weld 
(6.3 x 10"9/h-m of weld) 0. 9 1.7 

Welded connections 
(military)^5 1.7 x 10~9/h-in. of weld 1. 0 4.0 

Q Piping (nuclear) 1.5 to 2.0 x 10~8/h-100 D 1. 5 12 

Piping systems 
(nuclear)^ 9.8-year average failure-

free service of piping 
systems 9. 8 9.8 

Piping6 

10~9/h-section^ <3-in. diam. 10~9/h-section^ 1. 7-17 6.8--68 
>3-in. diam. 10~10/h-section^ 1. 7-17 6.8-•68 

Piping (nuclear)^ 1.3 x 10"5/year-ft 
(4.3 X 10-5/year-m) 

0. 5 1.9 

aJ. R. Penland and A. H. Hansen. A Preliminary Estimate of the DEMO 
Blanket Reliability. Science Applications, Inc. May 18, 1979. 

^Rome Air Development Center. Nonelectronic Reliability Notebook. Rome 
Air Development Center report RADC-TR-75-22. January 1975. 

CJ. G. Melvin and R. B. Maxwell, eds. Reliability and Maintainability 
Manual Process Systems. Atomic Energy of Canada Limited report AECL-
4607. January 1974. 

^W. S. Gibbons and B. D. Hackney. Survey of Piping Failures for the 
Reactor Primary Coolant Pipe Rupture Study. General Electric Company 
report GEAP-4574. May 1964. 

eU.S. Nuclear Regulatory Commission. Reactor Safety Study3 An Assessment 
of Accident Risks in U. S. Commercial Nuclear Power Plants, Appendix 3. 
U.S. Nuclear Regulatory Commission report WASH-1400 (NUREG-75/014). 
October 1975. 

f J"Section" is defined as the piping between two major components in 
the piping system and can be interpreted as being conservatively 
applied to this case. 

^S. H. Bush. "Reliability of Piping in Light Water Reactors." In Proa, 
of Symposium on Reliability Problems of Reactor Pressure Components3 
Vienna3 October 10-13, 1977. Vienna: International Atomic Energy 
Agency, 1977. 
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failure experience, it was judged that each of the failure rates listed 
in Table 4.1 could be taken as an estimated mean time between failures 
for the blanket module as a whole. As an additional note, the data 
extracted from the literature indicate that larger piping has histori-
cally experienced a lower failure rate than has smaller piping. This 
trend was judged to be applicable to the range of diameters considered 
for the blanket modules. 

The range of estimates in the table can be seen to be 0.5 to 17 
years between failures for the lO-cm-OD module and about 2 to 68 years 
for the 20-cm-0D module. It is important to remember that these estimates 
of mean time between failures are not precise or based on statistical 
failure data for components of exactly the same design as those consti-
tuting the reference blanket assembly. However, the estimate is based 
on extensive service experience with hardware produced through component 
fabrication processes analogous to the ones that will be applied to the 
blanket modules. 

Suggested interpretations of the range of estimates presented in 
Table 4.1 are as follows: 

• Favoring the low (conservative) end of the calculated ranges of 
mean time between failures, about eight plasma-side local 
failures of the blanket assembly can be expected for the 
reference module during the planned 3.8 years of experimental 
operation. For the 20-cm-0D module, one or two such failures 
can be expected during the 3.8-year period. 
Service experience with analogous hardware favors the larger 
module size, both from the point of view of large versus 
small piping and from the point of view of decreased total 
length of weld. 

4.3 Reliability Implications of Module Size 

An important design decision related to the blanket assembly is the 
choice of the diameter of the blanket module. Although the intent was 
to study all elements related to the reliability of the blanket assembly 
within the limitations of the preliminary nature of the study, special 
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attention was paid to the choice of an ideal module size. The following 
reliability considerations entered into the module size recommendation: 

1. Although not explicitly represented in the work reported in 
this section, there are two intuitive and conflicting effects related to 
the overall surface of the blanket-assembly pressure boundary. Whereas 
increased surface area in turn must incrrase the availability of failure 
sites, an increase in surface area is associated with a decrease in 
module diameter. As can be seen elsewhere in this report, the smaller 
diameters are associated with reduced pressure-boundary stresses, 
obviously a trend toward reduced likelihood of failure. The balance 
between these competing effects is not easily quantified. 

2. The service experience with piping failures shows a reliability 
improvement per unit length of piping with larger piping (within limits). 
The reasons for the difference are not obvious, but must arise from the 
differences in fabrication processes and inspectability of the piping. 
The failure data that imply higher reliability for larger piping are 
quite consistent. 

3. Clearly, a reduced total length of weld can be expected to 
enhance assembly reliability against leakage into the plasma volume. 

A. An increase in module size will reduce the total number of 
parts in the blanket assembly. Such a reduction in complexity almost 
always improves reliability. 

5. An increase in module size increases the stresses and, there-
fore, decreases the structural margins in the equipment. This condition 
tends to increase the likelihood of a local failure and so creates a 
trend that opposes the arguments just stated favoring larger modules. 

6. The current overall tokamak geometry sets some practical 
incremental values for the module diameters that allow efficient packing. 
Two such values are 12.7 cm (5 in.) and 16.9 cm (6.7 in.). A 20.3-cm-0D 
(8-in.) module does not support effective packing objectives. Although 
superficially this is a performance consideration (volume of lithium 
available for breeding), there is a reliability implication in that 
other measures to make up for the lost performance might degrade 
reliability. 
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An integrated treatment of these six items in a quantitative form 
currently is not feasible. The following, however, represents our 
judgment — based on the reliability studies — concerning module size: 

* The lO-cm-OD module is smaller than optimum. 
The 20-cm-0D module, at a size where the structural margins are 
falling rapidly, is near an upper limit on module size. 

• A module with an outside diameter about 18.5 cm ' 2.5 cm would appear 
optimum. 



I'40 
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5. CONCLUSIONS AND RECOMMENDATIONS 

Consistent with the objectives of this study, a viable design 
concept was developed for a blanket system that can operate under a 
reasonable set of reactor conditions. This concept can serve as a 
standard against which to evaluate other concepts to the same degree. 
It is difficult to design a blanket to perform under the conditions 
established for this study — in particular, high first-wall loading, 
pressurized modules, helium coolant, and low pumping power. Thermal 
performance, structural lifetime, disposition of generated helium, 
lithium recovery, reliability, and maintenance were addressed to varying 
degrees. Within the bounds of the study, the reference design was shown 
to perform satisfactorily against the specified design and performance 
guidelines. Reliability likely can be improved by increasing the module 
size, and performance and structural lifetime guidelines (for the larger 
module design) can be met with a small increase in pumping power. 

The following is a list of significant conclusions concerning 
•specific issues addressed in the study. 

The Cylindrical Module 

77K: Wi. i 
ijr-tfjOftnanua 

The cylindrical module concept developed in the study 
is structurally efficient, amenable to analysis, and 
simple in shape; can be readily fabricated and 
evaluated by testing; and is adaptable to mass pro-
duction. 
The lO-c.m-OD reference module design satisfies the 
thermal performance design guidelines. 
The module sixe can be increased to 20 cm in diameter 
with a m o d e r a L e i n c t e a s i ' (to <37.) in pumping powor. 
I'uriher Increase in module size would increase 
pumplnp, power roiisJderab 1 y unless a separate central 
cooling circuit, is added. 
To minimize: pumping-power requirements, variable 
cool/lilt flow-gap distribution is necessary to improve 
lion transfer at locations of peak temperatures. 
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For small-diameter (10-cm) modules, the outer cylinder 
wall temperature is limiting. Conversely, for large-
diameter modules (^20 cm), the inner cylinder wall 
temperature is limiting. 
Coolant pressure loss occurs mainly at the flow path 
turnaround and is sensitive to the flow resistance 
there. Experimental data with the same flow geometry 
are needed to obtain applicable frictional loss and 
heat-transfer correlations to verify and improve 
design analysis. 
Although it appears feasible to cool a module as large 
as 32 cm in diameter using a separate and parallel 
coolant flow channel through the center of the lithium 
volume, because of structural considerations the 
module should be scaled to 20 cm and not incorporate 
the additional cooling circuit. 
For the 10-cm-OD reference module, a first-wall 
temperature of 450°C can be achieved with a coolant 
inlet temperature of 200°C at ^2.3% pumping power 
and a coolant outlet temperature of 421°C. At these 
temperatures and operating with an indirect helium-
to-steam power conversion system, the gross cycle 
efficiency is about 30%. If the module design is 
applied to a tokamak having a 50%-efficient divertor, 
a neutron wall load of 4 MW/m2, and a first-wall heat 
flux of 0.5 MW/m2, the helium coolant inlet and outlet 
temperatures can be increased. The corresponding 
gross cycle efficiency is 34.5%. 
Stainless steel is a viable structural material for 
a neutron wall loading of 4 MW/m2 and a first-wall 
heat flux of 1 MW/m2. Under these conditions, the 
design meets the goal of 105 20-min cycles with 95% 
duty, based on considerations of crack growth and 
brittle fracture at an operating temperature of 450°C. 
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The module can reliably withstand full coolant 
pressure; thus, it satisfactorily addresses the key 
requirements of preventing breach of the lithium 
container in the event of failure of high-pressure 
coolant circuits, which was a concern in earlier 
designs. 
The module should be limited to an outside diameter 
below 20 cm to provide reasonable structural margins 
of safety. 
Scoping analysis indicates that a tritium breeding 
ratio greater than 1.1 can be obtained for the 
reference module. (Additional neutronics analysis 
is required to verify the breeding ratio for larger 
modules.) 
The method of first-wall cooling is not sensitive to 
the accumulation of helium generated within the 
lithium, which compromised cooling in earlier designs. 

The Blanket System 

Structural support of the modules as replaceable sub-
assemblies is judged a reasonable approach to blanket 
assembly and maintenance and is compatible with 
remote handling techniques. 
Sealing between the plasma and the outer vacuum boundary 
appears possible. 
The space required for manifolding and piping limits 
the available envelope in which to package the 
external shield. 
There appear to be no major problems associated with 
providing adequate tritium processing for the reference 
blanket design. 
The approach for tritium recovery appears feasible 
either with a batch extraction system or with the lithium 
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continuously flowing at low velocity. The approach 
also appears adaptable to either an electrolytic molten 
salt or yttrium getter tritium extraction technique. 
Startup costs and decay and permeation losses would be 
small because of the system's low tritium inventory 
(<1 kg). 
Scaling tritium processing concepts to a large, working 
reactor system will certainly require a considerable 
development effort. The only operating experience 
with circulating liquid-lithium systems has been for 
relatively small-scale experimental loops. Such 
operational problems as plugging have already been 
encountered in these systems. Certainly such problems 
as this will have to be resolved before a circulating 
liquid-lithium breeder system can demonstrate suffi-
cient reliability for reactor application. 

Reliability 

Failure mode and effects analysis of the key module components indi-
cates no important shortcomings in the design, although some elements 
requiring especially good process control or timely plant responses 
to off-design conditions have been identified. 
From module failure frequency calculations based on generic failure 
data for piping and welds, it is estimated that about eight leaks 
into the plasma will occur over the 3.6-year design lifetime of the 
lO-cm-OD module and one or two such failures will occur over the 
lifetime of the 20-cm-OD module. 
Since the module failure rate is on the order of the time expected be-
tween scheduled maintenance and shutdown, it appears feasible to 
perform scheduled maintenance during shutdown for repair. 
Combining the failure frequency estimates, structural margin trends, 
and practical geometric considerations, the optimum blanket module 
diameter is judged to be 18 cm ± 2.5 cm. 
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It is recommended that the design effort be continued, particularly 
in the areas of structural support, maintenance, shield design, and 
piping systems with larger modules. The following are recommended tasks 
to support further work in the areas of design, development, analysis, 
and testing. 

Design and Development 

Stacking patterns should be developed for larger modules to improve 
neutronic performance and to reduce the number of modules, penetra-
tions, manifolds, connections, and feet of piping to enhance the 
system reliability in a manner consistent with meeting structural 
lifetime requirements and breeding capacity. To increase the 
stacking efficiency, larger blanket sectors should be considered. 
For this study the reactor was assumed to have 16 TF coils. To 
permit the use of larger blanket segments, 12 coils should be 
considered. 

• A module should be fabricated to verify that the 20% CW 316 SS can 
be produced in the design configuration and to verify flaw detection 
capability to support the analytical assumptions for flaw growth 
propagation. 

• Models and mockups should be produced to verify assembly-disassembly 
capability and to develop a better perspective relative to piping 
design and interfacing components. 

• A shield design concept should be developed that is compatible with 
the blanket concept to make most efficient use of space available 
for both the blanket and shield assembly. 

• The helium coolant pressure or wall loading or both should be reduced 
(possibly using a divertor) to provide for a larger module or higher 
margins of safety. 
The sector clamping-sealing concept should be developed to a higher 
degree of maturity. 

• Test programs should be implemented to confirm assumptions used in 
the analytical assessments of thermal performance and structural 
lifetime of the blanket. 
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Analysis 

Two-dimensional neutronics analysis should be performed to obtain 
better estimates of tritium breeding to establish final module 
size. 
More detailed analysis should be performed to better quantify MHD 
interactions of the complete blanket and shield assemblies to define 
total structural responses of the blanket system owing to pulsing 
magnetic fields. Design methods of reducing the effects of magnetic 
transients on the blanket system should also be explored. 
The reflectivity of higher modes of cyclotron radiation should be 
calculated to determine if the module arrangement has any potentially 
adverse effect on plasma temperature and heating of the sides of the 
modules. 

Testing 

The cylinder and flow baffle assembly should be constructed and 
tested to verify the capability of the design to withstand buckling 
loads. 
The geometry of the flow paths in the region of the nose of the 
module should be simulated and tests performed to verify the pressure 
loss and the heat transfer coefficients to support the thermal 
analysis assumptions relative to first-wall cooling and pumping 
power. Single-hole and multiple-hole configurations should be 
studied to find minimum loss geometry. 

• Simple representative stainless steel surface-crack specimens 
should be tested in the 400-500°C temperature range for fatigue and 
creep crack growth to verify structural analysis assumptions. 
A full-scale module test should be designed and carried out with 
the appropriate thermal heat input to the first wall to verify 
module performance. 
The concept should be committed to adequate hardware testing to 
provide a candidate blanket concept for inclusion in the Engineering 
Test Facility (ETF) for verification testing. 
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Appendix A 

DISCUSSION OF DESIGN FEATURES OF EARLIER CONCEPT 

This appendix discusses the various features and designs of the 
cylindrical blanket module concept that evolved during the study of the 
blanket module design. Advantages and disadvantages are identified for 
those features and designs that led to the design concept presented in 
the body of the report. 

In the earlier concepts of the cylindrical blanket module, three 
rows of blanket modules make up a subassembly (Figs. A.l and A.2). The 
helium is piped into a plenum chamber that consists of a boxed-in 
structure, one wall of which is the subassembly mount plate. The helium 
outlet ports from the three rows of cylindrical modules are attached to 
three manifolds located inside the helium inlet plenum. The manifold 
cross section is a modified ellipse with flat ends. The top plate of the 
subassembly plenum chamber contained ten threaded bosses that serve a 
twofold purpose. Extending through the bosses are pipes with Marman-
type flange connections. One pipe, a helium supply, leads directly into 
the subassembly plenum chamber. Three helium outlet pipes passing 
through three other bosses are connected to the three helium outlet 
manifolds. Three lithium inlet pipes and three lithium outlet pipes 
pass through the remaining six bosses in the top plate of the plenum 
chamber to complete the piping arrangement to a typical blanket module 
assembly. 

To attach the blanket subassembly to a D-shaped structural sector, 
the ten threaded bosses, each equipped with an O-ring, are extended 
through a mating structural plate that forms the inner surface of the 
D-shaped structural sector. Nuts of sufficient thread diameter to pass 
over the Marman-type flange connection to each of the extending helium 
and lithium pipes are threaded to the bases to pull the module subassembly 
into place on the D-shaped sector. The peripheral header piping located 
in the outer portions of the D-shaped sectors have mating pipe and 
flange connections to complete the inlet and outlet supplies of helium 
and lithium to each blanket subassembly. The O-ring on each threaded 
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Fig. A.l. Cylindrical module design concept with plenum chamber, plan view. 
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SECTION D-D 

Fig. A.2. Cylindrical module design concept with plenum ch< 
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design concept with plenum chamber, side view. 
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boss provides the vacuum seal between the plasma area and the internal 
area of the D-shaped sector that houses the peripheral headers. 

On the plus side, this earlier design concept is feasible, and the 
common plenum chamber eliminates three interconnecting manifolds for the 
helium supply to the three rows of blanket modules. This design also 
provides a method for attaching the subassemblies without additional 
bolting. The following deficiencies became evident, however, when the 
design was analyzed thermally and hydraulically: 

The rectangular-shaped plenum chamber required excessively thick 
walls and reinforcement to sustain the pressures of the inlet helium 
coolant. 
The inlet helium was subjected to the heat loads from the outlet 
helium manifolds located within the plenum chamber. 
The outlet piping of the helium and lithium passing through the top 
cover of the plenum chamber transferred heat into the walls of tho 
rectangular plenum, which also added to the heating of the helium 
inlet gas before it entered the blanket modules. 
The temperature gradient between the outlet pipes and the bosses on 
the top cover of the plenum chamber created a thermal stress problem 
of the weld joint in these areas. 
Access to the ten clamping nuts was difficult once the peripheral 
header pipes were installed in the D-shaped sector, making removal 
of a subassembly difficult. 

The manifold and piping system was redesigned to eliminate or 
minimize these problem areas. These design changes are shown in 
Figs. A.3 and A.4. The changes consisted of eliminating the helium 
inlet plenum chamber and attaching the subassembly blanket module 
mounting plate directly to the D-shaped structural sector. Each row of 
the blanket modules was equipped with separate manifolds of circular 
cross section for the helium inlet and outlet supplies. Bellows were 
added to each interconnecting pipe between the module manifolds and the 
peripheral piping system to facilitate aligning and locking the Marman-
type pipe flanges. 
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Fig. A.3. Cylindrical module concept with subassembly manifold, plan view. 
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Fig. A.4. Cylindrical module concept with subassembly manifold, side view. 
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After evaluating this approach it was concluded that the bellows 
and Marman-type clamps should be eliminated to maximize the space for 
shielding. The final design concept that emerged from these design 
interactions is that discussed in the body of this report. 



155 

Appendix B 

WESTINGHOUSE ADVANCED ENERGY SYSTEMS DIVISION 
RELIABILITY PROCEDURE 6-0 

Failure Mode, Effect, and Criticality Analysis 
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© RELIABILITY METHODS & PROCEDURES 

ADVANCED ENERGY SYSTEMS DIVISION 
Westmghouse Electric Corporation 
P.O. Box 10864. Pittsburgh. Pa. 15236 

RMP No. 6 - 0 Rev. B 

Effective Date 07/01/78 

Supersedes: 
No. 6-0A Date 0 3 / 3 1 / 7 7 

SUBJECT FAILURE M O D E , EFFECT A N D CRITICALITY A N A L Y S I S 

1.0 PURPOSE 

1.1 To describe the methods to be used in conducting and documenting fai lure mode 
effect and cr i t ical i ty analyses (hereafter cal led Failure Mode Analysis and 
abbreviated as F M A ) . 

2.0 POLICY 

2. 

2.2 

FMA shall be conducted on a l l system designs cri t ical to the achievement of 
program objectives when specified as a contractual requirement. 

overal 

2.3 

The Reliabil i ty section of Product Assurance shall have the responsibility for FMA. 
Other departments, such as design groups, may conduct F M A ; however, these 
analyses shall be reviewed and concurred wi th by Rel iabi l i ty when FMAs are con-
tractually required. Reliabi l i ty shall assist other departments performing FMA upon 
request. 

Results of FMA shall be documented for use in design act iv i t ies, test planning and 
qual i ty engineering. 

3 .0 GENERAL 

3.1 Failure Mode Analysis provides a systematic means to study the effects of fai lure of 
parts, components, and subsystems in terms of effect and cr i t ica l ity to system perfor-
mance. Causes of potential failures are also identif ied during the analysis procedure. 
F M A starts with an identif ication of a fai lure of an item within a system and analyzes 
the effect and cr i t ica l i ty of the failure to the system. A fai lure cause analysis on 
the other hand, starts with the identif ication of total system failures and then an 
exploration is made down through the subsystems for causes (see RMP 7 - 0 ) . 

Approved: 

M a n a g e r . E n g i n e e r i n g 

Approved: 

\CcT/'frvOcsCa 
M a n a g e r . Product A s s u r a n c e 

Form 5 9 0 8 5 B Page 1 oi 4 
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@ RELIAB1LTY METHODS & PROCEDURES 
ADVANCED ENERGY SYSTEMS DIVISION 
Westinghouse Electric Corporation 

RMP No. 6-0 Rev. 

Effective Date 0 7 / 0 1 / 7 8 

3.2 FMA" s may be conducted at any phase of a design, starting with a system conceptual 
design. In the conceptual design phase, the details of the design may not be known 
and preliminary analysis at this stage considers only the effects of a part ial or complete 
loss of function for each major element ("black box") of design. 

3 .3 The results of F M A ' s can be used ef fect ive ly in areas such as the fo l lowing: 

a) Provide input to configuration analysis, where a design selection is to be made. 

b) Provide input to design reviews assuring that a l l c r i t ica l fa i lure modes are 
considered. 

c) Provide ident i f icat ion of failures requiring addit ional safety evaluations. 

d) Provide ident i f icat ion of failures to be studied in more deta i l by computer 
malfunction studies. 

e) Provide guidance for development, proof, and qua l i f ica t ion test planning. 

f) Provide a basis for total system evaluation including the fac i l i t ies necessary 
for test. 

g) Provide guidance for further evaluation such as stress analysis or testing. 

h) Provide a basis for review of non-conforming mater ia l . 

3 .4 The specific procedures for conducting the analyses w i l l vary wi th the end ob ject ive 
of the system being analyzed and the phase of the design at the t ime of the analysis. 
A l l analyses, however, should include the fo l lowing: 

a) Determination of the function for each part or subsystem in the system being 
cons idered. 

b) Determination of a l l conceivable modes of fa i lure . 

c) Determination of their effects at the system level as we l l as at the level of the 
item being considered. 

d) The cr i t ica l i ty of each fa i lure mode in terms of its ef fect on the system perfor-
mance. 

e) A l l conceivable causes of each fai lure mode, including, when feasible , proposed 
methods to e l iminate or reduce the probabi l i ty of the fa i lure mode causes 
occurring. 

Form 5 9 0 5 9 B Page _2_ of 4 
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f) An estimate of the probabi l i ty of the fa i lure mode occurr ing, which may be c 
categor izat ion of probabi l i t ies IM terms of high, low or n i l , or may be q u a n t i -
ta t ive if adequate data is a v a i l a b l e . 

g) The means to detect or observe fa i lure cause condit ions. 

4 . 0 P R O C E D U R E 

4 . 1 The fol lowing paragraphs in this section describe the essential aciions for conducting 
fa i lure mode, e f fec t and c r i t i c a l i t y analyses. 

4 . 2 The results of analyses conducted shall be recorded on an analysis work sheet. AE5D 
Form 59653A (Attachment "A" ) or a work sheet similar in form shall be used. 

4 . 3 In conducting an analysis, the part shall be ident i f ied (spaces 1 through 6 on Form 
5 9 6 5 3 A ) . The par t 's material composition shall be noted when app l icab le (space 7 
on Form 59653A) and the functional requirement at specif ied operating conditions 
and environments shall be listed (spaces 8 , 9 and 10 on Form 59653A) . 

4 . 4 A physical description of a l l conceivable modes of fa i lure for each part re levant to 
the functional requirements shall be recorded (space 14 on Form 59653A) . A mode 
of fa i lure is def ined as any degradation of the part . 

4 . 5 For each fa i lure mode ident i f ied, the possible cause(s) of fa i lure shall be postulated 
and recorded (space 15 on Form 59653A) . 

4 . 6 The effect of individual fa i lure modes in system performance shall be determined and < 
br ie f ly stated (space 16 on Form 59653A) . Consideration w i l l be g iven to secondary 
failures which result from a primary fa i lure. 

4 . 7 The effect of individual fa i lure modes on needed accomplishments during the q u a l . 
test program (space 17 on Form 59653A) and actual acceptance operation (space 18 on 
Form 59653A) shall be postulated and categorized according to codes developed for 
each AESD project (Reference Attachment B). 

4 . 8 The frequency of occurrence of fa i lure modes shall be predicted and recorded (space 
19 on Form 5 9 6 5 3 A ) . If adequate data is a v a i l a b l e a quant i ta t ive number shall be 
used, otherwise, the probabil i ty of a fa i lure mode occurring should be categor ized 
in terms of h igh, low or ni l occurrence (Reference Attachment B). 

4 . 9 Correct ive ac t ion required to e l iminate or minimize individual fa i lure modes shall 
be br ie f ly d e t a i l e d . Act ion status (space 20 on Form 5 9 6 5 3 A ) , detai ls of design 
feature or act ion to detect and /or minimize fa i lure mode occurrence or e f fect 
(space 21 on Form 5 9 6 5 3 A ) , and specific actions taken or in the process of being 
taken (space 22 on Form 59653A) shall be established and recorded. Consideration 

Form S90S9B Page 3 of 4 
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Effective Date 0 7 / 0 1 / 7 8 

Rev. B 

shall be given to previously recorded fai lure mode effect, severity and occurrence 
information. 

Special attention should be given to means of detecting fai lure or degradation states 

for a part. 

4 . 1 0 Modifications in design, process or quality control specifications shall be reviewed 
to determine the effect on failure mode analysis. The analysis of a modification shall 
determine the following: 

a) Effect on previously noted failure modes or causes. 

b) Any new failure modes or causes introduced by modification. 

4.1 1 The results of fai lure mode effect and cri t ical i ty analyses shall be summarized and 
transmitted as appropriate to other activit ies. 

5 . 0 D O C U M E N T A T I O N 

5. 1 The results of al l analyses shall be documented in draft form on Form 59653A and 
transmitted to Design & Analysis, Q u a l i t y Assurance, Project Management and other 
affected activities for review as necessary. Following review by these activit ies, 
Reliabil i ty shall incorporate pertinent comments and issue contractually required 
FMAs. 

Form S 9 0 5 9 B Page 4 of 4 
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Title 

FAILURE MODE. EFFECT A N D CRITICALITY ANALY5IS 

Idem Code Descript ion, Sketch oi Reference 

System: (1) (2) 

Assembly: P) (4) 

Part: (5) <61 
Materials: 

Function: (8) 

Related Analysis Sheet No.: 

Operating Conditions & Environment: 

( ?) 
(10) By. (ID Dole-

(13) 
(12) Sheet: of 

Failure Mode 

(M) 

Possible Cause 

(15) 

Effect 

System 

(16) 

Qualif icotiol 
Test 

(17) 

Accept. 
Test 

(18) 

Freq. Of 
Occur. 

(19) 

Status 

(20) 

Features Or Action To 
Detect And/Or 

Minimize Occurrence /£f;ec( 

(21) 

Specific Actions 
Taken Or In Process 

(22) 

Form 59653A 



ATTACH'TIT A, RHP 6-0, Dev. B, dated 07/01/78 Page 2 of Z 

FAILURE MODE, EFFECT AND CRITICAHIY ANALYSIS 

(Continued) 

f> Went. Code: Date: Sheet: of 

Failure Mode Possible Cause 

Effect 

Stotul 
Features Or Action To 

Detect And/Or 
Minimize Occurrence/Effect 

Specific Actions 
Token Or In ftoceii 

Failure Mode Possible Cause System Qualification 
Tell 

Accept, 
Test Occur. Stotul 

Features Or Action To 
Detect And/Or 

Minimize Occurrence/Effect 

Specific Actions 
Token Or In ftoceii 

(14) 

Form 59653 (Attachment Sheet) 

(15) (16) (17) 

i » 

(18) (19) (20) (21) (22) 
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ATTACHMENT B RMP 6 - 0 , Rev. B 
Sheet \ of 2 

RECOMMENDED FAILURE M O D E EFFECT C O D E EXAMPLES 

Column Code Detailed Description of Code 

17 CRIT Critical-Causes discontinuation of test phase in progress 
without meeting major test objectives and with possible 
safety effects of concern. 

MAJ Major-Same as CRIT but without possible safety effects 
of concern. 

I No significant effect. 

U Unknown 

Prefix Suffix 

18 S Prevents meeting both primary performance requirements 

and performance requirements of emergency Return Mode. 

1 Prevents a l l operating modes listed below. 

2 Prevents start/restart. 

3 Prevents full power run. 

4 Prevents controlled shutdown (including scram). 

5 Prevents cooldown. 

M Prevents meeting primary performance requirements; wi l l 

meet performance requirements of Emergency Return Mode. 

1 Prevents a l l operating modes listed below. 

2 Prevents start/restart. 

3 Prevents full power run. 

4 Prevents controlled shutdown (including scram). 

5 Prevents cooldown. 

| No significant effect. 

N o suffix required. 

U Unknown 
No suffix required. 
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ATTACHMENT B RMP6-0, Rev. B 
Sheet 2 of 2 

Frequency of Occurrence/Corrective Action Codes - A l l AESD Programs 

Column Code Detailed Description of Code 

19* H High frequency of occurrence of fai lure. 

M Medium frequency of occurrence of failure. 

L Low frequency of occurrence of fai lure. 

I Frequency of failure is insignificant or incredible 
to occur. 

U Frequency of failure is unknown 

* A quantitative failure rate number shall be inserted 
in lieu of the code when the rate is known or predicted. 

20 CMPLT Corrective action to detect and/or minimize occurrence/ 
effect of failure has been completed. 

CNSDR Corrective action to detect and/or minimize occurrence/ 
effect of failure is under consideration. 

ACT ( ) Required corrective action to detect and/or minimize 
occurrence/effect of failure has been defined. For details, 
refer to Corrective Action serial number included within 
parenthesis. 

N A C r N o action required. 

U Corrective action to detect and/or minimize occurrence/ 
effect of failure is unknown. 
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Appendix C 

DATA SHEETS FOR FAILURE MODE, EFFECT, AND CRITICALITY 
ANALYSIS OF REFERENCE CYLINDRICAL MODULE 



Title 

FAILURE MODE. EFFECT AND CRITICAtlTY ANAtv$|5 

Idenr Code Desct ipfton. V«etĉ  o» Rrletence 

• — jro »,!«*» 0 

System: 
Assembly: 

Part: 

Materials: 

Function: 

Tokamak Fusion Reactor 

Blanket Assembly Module 

Outer Cylinder (First Mall) Item 0 

201 Cold Worked. Type 316 Stainless Steel 

Channels Helium Coolant Flow and Separates Helium from Plasma 

Related Analysis Sheet No.: Inside-He, 5.b m (bM atm). Z00-450'C. 6utslde-"prain 
Operating Conditions & Environment;vacuum. 4 MU/m; ma» r.wifror f 1 , 1 hu/.: » . . p . , . , , i „ heat 

strong imgnetin " * J 

Failure Mode 

Outer cylinder wall 
cracks^ruptures 

Form 59653 A 

I ut,strong tmgne FW4r 'C t rr r y,|n1, i 

Possible Cause 

Severity or number of 
thermal cycles (super-
imposed on normal 
pressure load) 

Overpressure 

Material defect 

Unexpected radiation 
effects (uncertainty in 
radiation level and in 
effects of irradiation) 

Local annealing (reduced 
strength) 

Plasma disruption 

LIT*-

Helium leakage Into plasma, with 
resultant quenching 

St ruc tu ra l margin of s a f e t j 

$ (S-j S8Si;: W 
tor Incrcotnta) crack growth. 1C ti- (i ) nodulr • J, J 

?'j kit. (U ) mod,.Ir • i.li •or !»Hile fracture. 
Hf1 luff syltep Onerpressurr protection systen »tl1 tm designed per AiKt Code tft pressure relief de»icev ai required, 
Naterial procurement to fo!1o« strict Mtfru'. specificatloni n'.' < ")orou\ Inspection requlr̂t-i f ».% 
Conservatlie avSK'ption̂  'Ur • HI belt a»allaMc irradiated d»ta. Irradiation effnts " eluded In structural rar̂-" quoted iboit. Weld process » l l i i g r t r u l rat affected iOi><- trrpr'i'.,ir tr r«an'. of carrfull; JrMlcr-ed ind enforced wl,1i('; prti. cedures. 

likelihood if uc. j r r r r . r I'l-dûrs tonceri 
the 



Part: Outer Cylinder 

FAILURE MOOt. EFFECT AND CHITICAIIIY ANALYSIS 
(Continued! 

Id.nl. Cod. Item Q Sheet ot ) 

Failure Mode 

Outer cylinder wall melts 

Possible Cause 

Loss of flow 

Form 59653 (Attachment Sheet) 

- Plasma disruption 

Local deformation of 
outer cylinder of baffle 
which impedes coolant 
flow or deformation 
which increases flow 
area at spherical head 
turnaround, reducing 
convective cooling. 

Jystco Effec Crl'! i*y 

Helium leakage into plasma, with 
resultant quenching 

ACT 

At t/ r Ml-i-.u- '-<- irr»r.< 
Structural Integrity requires 
plasma shutdown or restora-
tion of flow within a Hv 
seconds if coolant flow is 
Interrupted. 
Rapid response sensors to 
detect loss of flow or loss 
of power i re required. 

Fast-activating aunilt lry 
helium supply system (e .g . , 
incorporation of in accumu-
lator) or backup power supply 
required assuming rapid 
plasma shutdown U intoWr 
able. 
Snail likelihood ot 
occurrence reduces concirn 

Swelling marnin Is Q.28. 
Deformation far lesi llkel> 
than swelling. 
Clearances between baf ' l r 
and cylinder Insured by 
dimpling on baffle ptcces 

LOSS ot power without 
rapid r e s t o r a t i o n causes 
p lan t problems l»r n-orc 
important than blanket 
coolant flow interrupt*™. 

Plasma d i s r u p t i o n cauii ' i 
p lant problims 'lr more 
important lhan blanket 
iMxi.le damage 

o< -vl 



FAILURE MODE, EFFECT A N D CRITICALITY ANALYSIS 

(Continued) 

Part: Outer Cylinder Ident. Code: I^EM (7) DOTE July, 1979 Sheet j 0 I 3 

F a i l u r e Mode Pos s ib l e Cause System E f f e c t Cri- -. Occur. . '.V.-Jf 
.l<Mi'-ur<.*- i" At--11 :̂. . 

i rt-1.1 Aj, 1 'o r 
K i t i c L r . ' ' - u r r - M - f l i f , " • 

A.\ i ' ra, r.'. 

Outer cylindtr-to-manifold 
weld fa l l s 

Stress fai lure 

Overheating 

-cfective weld 

Helium leakage into plasma, with 
resultant quenching 

? s ACT Thermal stresses lower thin 
at spherical turnaround 
because of reduced thermal 
transients. Cylinder Hall 
locally thickened near weld 
to reduce Joint region dis-
continuity stresses. 

Sane as above. Sheet J, 
"LOSS Of Flow". 

Weld procedure control and 
special post-process weld 
integrity inspections eust 
insure weld quality. 

Crit ical nature of this 
weld just i f ies special 
measures to guarantee oetd 
integrity. 

Form 59653 (Attachment Sheet) 

oo 



fAUAM KAODt, WHC1 AND CRH1CAIHV ANALYSIS 
-OUTD (TLLMT* © 
-V IM*Mi l l 1UK ® noun mun i« nm 

Title Ident Code Description, Sketch 01 Reference-

Tt.-umak Fusion Reactor 

Blanket Assembly 

Flow Baffle Item © 

Type 316 Stainless Steel 

System: 

Ajsembly: 

Port: 

Mateiials: 

Function: Guides Helium Coolant Flow Along Outer and Inner Cylinder Halls. 
, . . . ,, ~ increases Coolant Velocity at First Wall Spherical Nose Related Analysis Sheet No.: _ _ 

Operating Condition. & Environment: Hell urn 5.6 HPa(54.4 atm), ^f-IOO'C. , , , .. i * .. . Peter P. Zemanick -ftS-psi) magnetic fiM]d Dote: July. 1979 Sheet: 

Failure Mode Possible Cause System Lt'fee*. rr- i. 
Keatureo Or Ao*. Lor. 7c 

Uetccl Aiil/-r 
Mlnittisc '..ceurrencf/Krf':" Al.i ' rj-

Flow b'atfle deforms Radiation induced 
swelling 

Deformation under load 

Local overheating of outer cylinder 
or lithium breeding material due to 
convective cooling anomalies 

ACT 

Misassembly 

Buckling 

Baffle temperature is below 
350"C threshold for 
swelling. 

Shape and material 
adequately resists excessive 
elastic deformation. 

Assembly procedure and 
baffle dimples insure proper 
as-assenbled clearances. 

Dimple pattern in baffle 
protects against buckling. 

Baffle buckling margin is 
negative I f dimples are 
ignored. Laboratory verifi-
cation of dimpled baffle 
buckling resistance is 
required. 

Form 59653 A 

H o> 10 



FAILURE MODE, 

Title Idenr. Code 

System: Tokamak Fusion Reactor 

Assembly: Blanket Assembly Module 

fart: Inner Cylinder Item 6 ) 

Description, Sketch or Reference 

Materials: Solution flnneale.. Typa 316 Stainless Steel 

Function: Contair... Lithium Breeolnq Material and Separates Lithium from Helium Coolant 

R'.-loted Anolysis Sheet No.: 
* c„„:,„„„,.„>. Insfdc-Lfqufd lithium, 461-627°C, pressure unspecified Operating Conditions & Env.ronment: h e l < U B t 2 n 4S0°Ct 5.4 HPa (53 atm) 

onui niw» 

By Peter P. Zemanfc* 

Hurts O 

Dale- July. 1979 Sheet: of Z 

Fai lure Mode Possible Cause System Effec". Cr.-.: 
1 r A '...•! To 

IvtL-rt Ariti/Cr 
: nini?.- U.'currei.ce'ii'l'ej* 

.•I.ULJ A T . 
Vrr.-r '.. 

Inner cylinder wall 
cracks/ruptures 

Inner cylinder wall 
collapses 

Form 59653 A 

Loss of helium pressure at 
O.D. or lithium over-
pressure at I.D. 

Severity ot number of 
thermal cycles (superim-
posed or normal pressure 
load) 

Material defect 
Unexpected radiation 
effects (uncertainty In 
radiation level and in 
effects of irradiation) 

Overpressure at O.D. 

Press'ire loss at I.D. 

Lithium leakaqe into helium system ACT 

Helium leakage into lithium system; 
inadequate cooling of outer cylin-
der 

ACT 

Should helium pressure be 
lost, cyl'nder is designed to 
carry full pressure load; 
system will recover before 
creep occurs. Lithium system 
provided with overpressure 
protection. 
Structural margins against 
thermal cycling significantly 
greater than for outer cylin-
der. which is structurally 
adequate. 
Same as outer cylinder entry. 
Problem under control for 
outer cylinder; inner 
cylinder radiation environ-
ment less severe. 

inner cylinder t.O. is 
normally pressurized, main-
taining small AP across 
inner cylinder wall. Also, 
helium system is equipped 
with overpressure protection 
devices. 

Inner cylinder wall designed 
with adequate short time 
(relative to creep) buckling 
resistance with internal 
reinforcing rings. 

O 



FAILURE MODE. EFFECT AND CRITICALITY ANALYSIS 

(Continued) 

Port: Inner Cylinder Idem. Code; I t e m © Dote: July. 1979 Sheet: , of , 

Fai lure Mode Possible Cause System Effect C r i t i c a l l t y Fre-j. :r 
Occur. . >-atus 

Features Or Action 1'. 
Delect An'J/Or 

Minimize Occurrence/fcffect 
Kecucr crimed Ar t In.-. 

M CofnneiAi; 

Inner cylinder wall melts 

Ftxm 59653 (Attochment Sheet) 

Loss of helium flow Lithium leakage into helium system 
and accelerated overheating of outer 
cylinder 

2 9 ACT Helium temperature and 
llthiun pressure measurements 
may indicate problem. More-
ever, outer cylinder is much 
riore likely to melt f i rst if 
helium flow is insufficient, 
and plasma quench would 
occur. 

H 



System: 
Assembly: 
Port: 

Mottfiols: 
Function: 

FAILURE MODE, 

Title Idem. Code 

Tokamak Fusion Reactor 
Blanket Assembly Module 

Lithium Outlet Tube* Item @ 

Solution Annealed, Type 316 Stainless 5teel 

-am* cuinxii Q 

Description, Sketch or Reference: 

Provides for Circulating Lithium Through Module and Venting of Generated Helium 

Related Analysis Sheet No.: 
Operating Conditions & Environment: Liquid lithium. 461-627"C. pressure unspecified 

«0U( NXMUNFI nut 

MUM* mitt 
. Nil lift OtfTirt 

— citHtuH *m 
HlllUM Mid 

By Peter P. Zenanick 

-IflNlB CUl-CfB 0 

Dote: August 1979 Sheet: 1 o f 2 

Fai lure Mode Possible Cause System Effect "riticality Froq. ; r 
Occur. 

Features ur Action To Detect And/Or Mininiie Occurrence/Effect 
Recommended Act ior. t\ad Comments 

Tube breaks (inside 
module) 

Tube blocks 

'Length, shape, and position 
design provides that openinc 
tritium) and opening of outl 
Fotm 59653 A 

Fatigue due to cyclic 
loadings 

Defective tube-to-hub 
weld 

Material embrittlement 

Debris 

Lithium freezing 

of lithiun inlet and outlet of inlet tube is located a et tube is at highest point 

Regarding lithium circulation 
(tritium recovery) function, 
tr ivial effect with leakage path, 
moderate effect with complete break. 
Regarding helium venting function, 
large leakage path or complete 
break would cause major volume of 
individual module to f i l l with 
helium gas displacing breeder 
material. Heat removal depends on 
helium flow between cylinders only 
and would not be impeded; moreover, 
breeding reduction is limited to 
single module with broken tube. 

Lithium circulation prevented; 
tritium and helium accumulate in 
module. Cooling function does not 
depend on lithium circulation. Loss 
of tritium production and recovery 
limited to single module with 
blocked tube. 

tubes differ depending on the location lowest point (to promote good lithium (to promote good lithium circulation a 

NACT 

10 NACT 

and orient! 
circulatioi 
id remove hi 

tion of the 
and subsequ 

Hum gas p o e t 

ndividual b 
nt good rec^ 
ets). 

Ultrasonic and dye pene-
trant examinations will 
minimize risk of init ial 
defects which could cause 
growing cracksor early 
fatigue failure. 

Meld quality assured by 
qualified procedures and 
lOOt inspection. Small 
leak no problem. 

Embrittlement much less 
likely than for inner and 
outer cylinders which are 
closer to plasma. 

Reduced flow area is 
adequate for lithium circu-
lation. System could 
contribute small debris 
compared to tube flow area. 

Lithium would thaw shortly 
after startup and permit 
circulation. 

anket module. Tube ivery of generated 

Tube conditions should be 
studied in detail for magnetic 
field or fluid pulsations 
which could vibrate tubes. 
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Part: Lithium Outlet Tube Idem. Code: Item (?) Dote: Auoust 1979 2 of 2 

Fai lu re Mode Possible Cause System Ef fec t ; r i t i c a i i t y Frerj. Of 
Occur. Sta tus 

Features Or Action To 
Detect And/Or 

Minimize Ou;urrence/Errect 
Recommended Action 

And CommentR 

Mismatch of outlet tube 
configuration with module 
location 

Assembly error Same effects as tube breaking 
inside module 

4 g NACT Fabrication controls are 
required to insure 
correct match between 
lithium outlet tubes and 
module orientation. 

O 
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FAILURE M O D E , EFFECT A M D CRIT ICAL ITY A N A L Y S I S 

Ident. Code Description, Sketcn or Reference 
System: Tokamalc Fusion Reactcr 

Assembly: Blanket Assembly Module 

Port: Lithium Inlet Tube* Item © 
Moterials: Solution Annealed, Type 316 Stainless Steel 

Function: Ducts Lithium Into Module and Promotes Circulation 

Related Analysis Sheet No.: 

Operating Conditions & Environment: Liquid lithium. 461-627°C. pressure unspecified By. P e t e r P. Zemanick 

ntiiui rwrr 
M I I I U M W / R I N 

iitHiui ma? 
L̂ up milt 

Hfi 11* ot/rtu niMji 
» • IVfi 0 

Dote- August 1979 Sheet 

Fai lure Mode Possible Cause oystaa Effect. Critar-ali ty r r - ' i . : r ^r . 1 r.. 

Kir:::: ire ccurr«rv^c/h:: i 

r • i. r 11 '.t-'j » * . ii 

Tube breaks (inside module) 

Tube blocks 

'Length, shape, and position 
design prov-'des that openin 
tritium) and opening of out 

Fatigue due to cyclic 
loadings 

Defective tube-to-hub 
weld 

Material embrittlement 

Debris 

Lithium freezing 

of lithium inlet and outlet 
of inlet tube is located a 

et tube is at highest point 

Small leakage path has no important 
effect. Complete break of tube has 
minor effect on circulation of 
lithium and recovery of generated 
tritium. Heat removal depends on 
helium flow between cylinders only 
and would not be impeded. Moreover, 
srall effect on tritium recovery is 
limited to single module with broken 
tube. 

Loss of lithium feed and circulation 
in module for tritium production. 
Cooling function does not depend on 
lithium circulation. Loss of 
tritium production limited to single 
module with blocked tube. 

tubes differ depending on the locatioi 
: lowest point (to promote good lithiur 
(to promote good lithium circulations 

4 

4 

and orient 
circulatio 

id remove he 

9 

10 

tion of the 
i and subsequ 
lium gas pock 

NACT 

NACT 

individual b 
»nt qood rec 
ets). 

Ultrasonic and dye pene-
trant examinations will 
minimize risk of init ial 
defects which could cause 
growing cracks or early 
fatigue failure. 

Weld quality ussured by 
qualified procedures and 
1001 inspection. Small 
leak no problem. 

Embrittlemert much less 
likely than for inner and 
outer cylinders which are 
closer to plasma. 

Reduced flow area is 
adequate for lithium circu-
lation. System could 
contribute small debris 
compared to tube flow area. 

Lithium would thaw shortly 
after startup and permit 
circulation. 

lanket module. Tube 
wery of generated 

Tube conditions should be 
studied in detail for magnetii 
field or fluid pulsations 
which could vibrate tubes. 
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(Continued) 

Port: Lithium Inlet Tube Idem. Code- I t e m © Dote: August iq7Q Sheet- 2 of 2 

F a i l u r e Mode Poss ib le Cause System E f f e c t C r i t i c f t l i t y F r e i , il ott t tus 
r 'e l turca Or Action To 

t ie tect And/Or 
Minimize Occurreric^/feffcct 

ht'COlrjLL'tVlecl Ht,'1.i<-;li 
An 1 ''jrjr.*--r.t.; 

Mismatch of inlet tube 
configuration with module 
location 

Form 59653 (Attachment Sheet) 

Assembly error Same effects as tube breaking 
inside module 

4 9 NACT Fabrication controls are 
required to Insure 
correct match between 
lithium fnlet tubes and 
module orientation. 
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