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ABSTRACT. The thermal-hydraulic performance of a lithium cooled

cylindrical first wall module has been analyzed as a function of the incident

neutron wall loading. Three criteria were established for the purpose of

defining the maximum wall loading allowable for modules constructed of

Type 316 stainless steel and a vanadium alloy. Of the three, the maximum

structural temperature criterion of 75O°C for vanadium resulted in the

limiting wall loading value of 7 MW/m2. The second criterion limited thermal

stress levels to the yield strength of the alloy. This led to the lowest

wall loading value for the Type 316 stainless steel wall (1.7 MW/ra2). The

third criterion required that the creep-fatigue characteristics of the module

allow a lifetime of 10 MW-yr/m2. At wall temperatures of 600°C, this lifetime

could be achieved in a stainless steel module for wall loadings less than

3.2 MW/m2, while the same lifetime could be achieved for much higher wall

loadings in a vanadium module.
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Recent system analysis studies [1] have identified a. 10 MW-yr/m2 as a

desirable first wall lifetime goal for the achievement of economic fusion-

based electricity production. This same study revealed strong economic in-

centive for the attainment of lifetimes of 30 MW-yr/m2 at wall loadings up

to 6 MW/m2.

The purpose of the present work is to assess some of the material.

properties requirements that are necessary to the achievement of these goals.
t

In particular^ properties representative of a vanadium alloy and an austenitic

stainless steel have been considered in terms of their implications for both

a maximum wall loading limit and a first wall lifetime. This assessment was

based on a modular, lithium-cooled first wall design and resulted in wall

loading limits defined by a temperature, thermal stress and creep-fatigue

criteria (Table 1). The maximum temperature limitations of 600°C for

stainless steel and 750"C for a vanadium alloy were set on the upper side

of the range dictated by mechanical property and compatibility considerations.

Of the three criteria, the maximum wall loading on a vanadium module (7 MW/m2)

was determined by the 750°C limitation on wall temperature. The stainless

steel module, on the other hand, was restricted to wall loadings less than

1.7 MW/m2 by the requirement that the thermal stress not exceed the materials

yield strength.

The creep-fatigue analysis showed that if stress relaxation were included

in the study, then lifetimes of the materials were governed by their fatigue

properties. Thus the allowable wall loading to achieve a 10 MW-yr/m2 life

increased with increasing burn times. For a one minute burn time stainless

steel walls are limited to 2 MW/m2 wall loading while vanadium alloys can

sustain loadings up to 10 MW/m2 based on the creep-fatigue analysis and the

use of unirradiated property data [1].
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Important variables included in the analysis that led to the conclusions

presented in Table 1 were the end geometry and amount of restraint associated

with the first wall module, the maximum temperature allowable in a system

representative of either an austenitic stainless steel or a vanadium alloy,

the wall loading, the burn time, the presence or absence of stress relaxation

and the maximum magnetic field. The cell wall thickness was set at 3 mm

based on the results of previous work [2] that minimized the primary stresses

induced by the pressure of the coolant and the thermal stresses developed

through the wall. This same, body of work established a cell diameter of

0.5 m and an inlet tube diameter of 0.1 m as near optimum. These values have,

therefore been assumed in this study. A summary of the geometry and per-

formance parameters assumed in the study are listed in Table 2.

The thermal-hydraulic calculation combined a pressure loss calculation

that integrated along the coolant flow path and a two-step heat transfer

analysis. In the two-step heat "transfer study, a one-dimensional steady state

calculation was used to establish the coolant velocity and the general

thermal characteristics of the system while a three-dimensional analysis was

reserved for the front of the cylindrical blanket module in order to define

the temperature gradients developed in the wall at different times during

the burn cycle.

Since the lithium flow pattern at the first wall boundary layer is a

major uncertainty, two widely different heat transfer coefficients (8510

and 56,700 W/ni2«K) between the flowing and stagnant lithium layers were

assumed in order to determine the sensitivity of the temperature gradient

to this parameter. The results of this analysis supported the assumption

of the higher value as the lower value led to thermal gradients within the

lithium sufficient to set up convective flow currents.



A typical result of the thermal hydraulic analysis is presented as

Figure 1 where the temperature at different positions in a stainless steel

first wall are plotted as a function of time. For the assumed burn cycle

(Figure 1) the first wall temperature is seen to drop to a value close to

the coolant inlet temperature before the following burn cycle is initiated.

Other results from this analysis are presented in Table 3 for Type 316

stainless steel and a vanadium alloy as a function of the neutron wall

leading, F (where 25% of the value of P is assumed to be deposited on the

wall). A high heat transfer coefficient of 56,800 W/m2«K between the stagnant

and flowing lithium layers was assumed for these calculations. The results

shown in Table 1 clearly illustrate the fact that the use of Type 316 stain-

less steel as a wall material results in the generation of much higher thermal

stresses than if a vanadium alloy were used. This is a particular problem for

stainless steel when viewed in terms of the yield strengths of the two materials

(117 versus 352 MPa).

The wall loading limits (Table 1) associated with the maximum tempera-

ture and thermal stress criteria were derived from calculations of this type.

The thermal-hydraulic analyses used in establishing these limits assumed a

minimum cell inlet temperature of 235°C and allowed a total temperature rise

within the coolant of 225°C for the stainless steel cell and 325°C for the

vanadium case. The time-temperature profiles calculated for use as input to

the creep-fatigue analysis were derived from the same assumptions of minimum

coolant inlet temperature and allowed temperature rise but were conducted in

a manner to give the maximum cell outlet temperature for each wall loading

under the premise that this would lead to the most thermodynamically efficient

system.



The temperature gradients determined to result from different wall

loading conditions were converted to thermal stresses for a cylindrical

blanket module that contained a hemispherical end cap making a variable

angle a with the side wall. The geometry of the first wall spherical cap

is shown in Figure 2. In general the shell will be subjected to a biaxial

stress field which will vary linearly through the thickness due to bending.

The edge of the shell is assumed to be supported by a lateral spring of

stiffness K-, and a rotational spring of stiffness KL.. By varying the values

of IC, and IC,, one can analyse the shell for a free edge or clamped edge

boundary condition..

. The difference in stresses developed in a stainless steel module that

is free (Figure 3) compared to one that is clamped (Figure 4) is significant.

Reactor designers should note the value of clamping first wall modules

through the use of some sort of retention ring in order to minimize thermal

stresses. The semiangle, a, that the hemispherical cap makes with the module

has a significant influence on the stresses generated in the module only for

the free-standing case.

The creep-fatigue loading of a fusion reactor first wall is strongly

influenced by the radiation enhanced relaxation of the thermal stresses.

This phenomenon has the effect of reducing significantly the thermal stress

during the burn cycle (when radiation enhanced creep is a factor) and causing

.rather high residual stresses during the down time. Since, besides the

absence of radiation during the dwell time, the wall temperatures are lower

than during the burn, the overall creep damage is much reduced if stress

relaxation is included in the analysis. An example of the rate at which

radiation enhanced creep would be expected to relax the thermal stresses

present during the burn is shown for stainless steel in Figure 5.



For the reasons just stated, whether or not stress relaxation is accounted

for has significant effect on the expected wall performance. Figures 6a and 6b

compare the creep-fatigue performance of a clamped stainless steel module at

different wall loadings. For the case where no stress relaxation is assumed

creep damage limits the wall performance at 600°C with the result that the

length of the burn cycle has little influence on the total time to failure.

In contrast, when stress relaxation is accounted for, fatigue damage at both

500 and 600°C is the dominant factor. In this case, extending the burn cycle

has a major effect on the wall lifetime.

In terms of the properties assumed [1] for the vanadium alloy, this

analysis shows that the performance of a first wall module constructed from

this material would not be limited by the expected creep-fatigue loading.
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Table 1. Wall Loading Limits for a Lithium Cooled First Wall

Wall Loading
Limit for

Type 316 Stainless
Steel, MW/m2

Wall Loading
Limit for

Vanadium Alloy,
MW/m2

Criterion

Thermal Stress
(= Yield Stress)

1.7

> 15

Maximum
Temperature
Limit

SS = 600°C
V - 750°C

3.7

7

Creep Fatigue Limit
10 MW-yr/m2

60 Minute Burn Cycle
Scatter Factor => 4

.1

500°C

3.2

650°C

> 10

600°C

3.2

750°C

> 10

Creep Fatigue Limit
10 MW-yr/m2

1 Minute Burn Cycle
Scatter Factor • 4

500°C

2.0

650°C

10

600°C

2.0

750°C
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Table 2. Reference Design Parameters for Comparisons of Stainless
Steel and Vanadium Alloy Systems

Reactor Major Radius 8.0 m

Central Core Radius 3.0 m

First-Wall Radius 3.4 m

Maximum Toroidal Field 8 T

Fraction of Neutron Wall Loading

Deposited on First Wall 0.25

Blanket Thickness 0.6 m

Shield Thickness 0.9 m

Basic Design Modular Cells

Cell Wall Thickness 3 mm

Cell Diameter 0.5 m

Inlet Tube Diameter 0.1 m

Minimum Inlet Temperature 235°C

Maximum Allowed Coolant. Temperature

Rise (stainless steel system) 225°C
Maximum Allowed Coolant Temperature
Rise (vanadium system) 325°C



Table 3. Results from Transient Thermal Hydraulic Analysis of a

- Lithium Cooled First Wall

Type 316
Stainless Steel Vanadium Alloy

Neutron Wall Loading
MW/m

Coolant Inlet
Temperature °C

Cell Pressure MPa

Maximum Through Wall
Temperature
Gradient, °C

Thermal Stress MPa

Maximum Structural
Temperature, °C

280 280 280

0.28 0.34 0.41

41 78 116

69 145 214

3 5 8

327 327 243

0.62 0.93 1.38

66 106 166

55 97 152

409 486 560 577 688 776
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Figure 3. Distribution of Stresses lnaa Free Stainless Steel First Wall with Semiangle of

45° During (a) Downtime and (b) Burn Time for a Wall Loading of 1.55 MW/m2.



5 0 -

.40 -

30 -

20

10

8
Ul HO

-20

-30

-40

-50

Q

0

<rf LITHIUM SIDE

0-4 PLASMA SIDE

<rg LITHIUM SIDE

a PLASMA SIDE

J 1

501-

40

30

20

10

HMHHl-B-P' P-O-O-

V)

a -10

0 7.5 15.0 22.5 30.0 37.5 45.0

(a)

-30

-40

-50 I J j
7.5 150 22.5 30.0 37.5 45.0

$ (DEG)
(b)

Figure 4. Distribution of Stresses in a Clamped Stainless Steel First Wall with Semiangle

of 45° during (a) Downtime and (b) Burn Time for a Wall Loading of 1.55 MW/m2.



48

40
S.S. 2.35 MW/m2 MAX TEMP » 600 °C I-MIN BURN

RELAXATION DUE TO THERMAL CREEP _

•RELAXATION DUE TO RADIATION -
ENHANCED CREEP

10r\ 10' . 10= 10"

Figure 5. The Effect of Stress Relaxation on the First Wall Stress Present During

the Plasma Burn.



10'

n:

10s

I01

I-MIN BURN

60-MIN BURN

500 °C

1.0

10 MW-yr/mz

Tmox - 6 0 0 C

7

f a 60-MIN BURN

I
2.0 3.0

WALL' LOADING (MW/m2)

Figure 6a. The Expected Time to Failure of a Stainless Steel

Module due to Creep-Fatigue Damage for the Case

Where no Stress Relaxation i s Assumed to Occur.



10'

10

5io6

I
JO

10s

T
Tmox * 6 0 0 °C

6 0 - MIN BURN

I-MIN BURN

yr/mz

1.0 2.0 3.0

WALL LOADING (MW/m2)

Figure 6b. The Expected Time to Failure of a Stainless Steel

Module due to Creep-Fatigue Damage for the Case

Where Stress Relaxation i s Accounted.



K > M -

UIs »<
s
oui « 0 1 0 -

1 0 * -

166

O
2.4

1 1

\

ALL CURVES
IOMW-yr/m2

1 1

I r
V-25Cr, I-MIN

° Tmo« m

A T m o x •

x/ \
-WITH STRESS

RELAXATION

1 _

1

BURN
650 *C _

750*C

\>

•£>

•WITHOUT STRESS
RELAXATION '

EXCEEO
LIFETIME

1 1 1
2.8 3.2 3-6 4.0 4.4

WALL LOAOINC (MW/m2)

4.8

Figure 7. The Expected Lifetime of a Vanadium First Wall

Module due to Creep-Fatigue Damage for Analyses

that Both Accounted and Ignored Stress Relaxation

Effects.


