
Some Stress-Related Issues in Tokamak Fusion Reactor First Walls*

by CONF-870812--17

DE87 011461

Saurin Majumdar
Argonne National Laboratory

Argonne, I l l inois 60439 USA

w

CO

5

3

_r a « § .2 -

i_ >, of 'C ai" E "3 —

g l l l l l l l
° 2 ~

K> C c

• T! - .S S O

o C u >.

-̂  . - ._ BJ

<= — O

<" E .2

>.•= b -2 c %
C C 3 y 4)

w K/i - J c a>
B S C

" • S i .

Bipin Pai
Purdue University

Caluniet, Indiana 46323 USA

Robin H. Ryder
Gk Technologies

San Diego, California 92138 USA

O fc-

— O o .ti .*-*
_g g c c U

S1

P 2
C Oo.

Q a ^ v a

| - DO O
1 .£ S
° o i
o <S •-
U o°

O

IV"
- •= - S -

£ o .2 !S w

E E

January 1987

The submitted manuscript has been authored
by a contractor of the U. S. Government
under contract No. W-31-109-ENG-38.
Accordingly, the U. S. Government retains a
nonexclusive, royalty-free license to publish
or reproduce the published form of this
contribution, or allow others to do so, for
U. S. Government purposes.

Submitted for presentation at the Division N (Fusion) of the 9th
International Conference on Structural Mechanics in Reactor Technology
(SMIRT), August 17-21, 1987, Lausanne, Switzerland.

*Work supported by the U.S. Department of Energy/Office of Fusion
Energy.

^DISTRIBUTION OF THIS 30CUKENT IS UML1MITE



Some stress-related issues In Tokamak fusion reactor first walls

SAURIN MAJUMDAR
Argonne National Laboratory, Argonne, Illinois 60439, USA

BIPIN PAI
Purdue University, Calumet, Indiana 46323, USA

ROBIN H. RYDER
GA Technologies, San Diego, California 92138, USA

1 INTRODUCTION

Recent design studies of a tokamak fusion power reactor by Baker et al.
(1980) and of various blankets by Smith et al. (1985) have envisioned
surface heat fluxes on the first wall ranging from 0.1 to 1.0 MW/m , and
end-of-life irradiation fluences ranging from 100 dpa for the austenitic
stainless steels to as high as 250 dpa for postulated vanadium alloys.
Some tokamak blankets, particularly those using helium or liquid metal
as coolant/breeder, may have to operate at relatively high coolant
pressures so that the first wall may be subjected to high primary stress
in addition to high secondary stresses such as thermal stresses or
stresses due to constrained swelling. The present paper focusses on the
various problems that may arise in the first wall because of stress and
high neutron fluence, and discusses some of the design solutions that
have been proposed to overcome these problems.

2 PROBLEMS RELATED TO STRESS

The basic problems of the first wall dua to stress are related to the
potentially high surface heat flux and irradiation induced swelling and
creep. In the present paper, irradiation induced volumetric swelling is
assumed to be driven by neutron fluence ($t) and irradiation induced
creep strain is assumed to be driven by $t as well as stress.

In most materials, the swelling strain rate is rather low up to an
incubation fluence beyond which runaway swelling (=sl%/dpa) sets in
(Smith et al. 1985). No such incubation effects are observed for the
irradiation induced creep. The irradiated mechanical properties, and
the temperature and stress limits of the three most promising alloys -
austenitic stainless steel (PCA), ferritic steel (HT-9) and vanadium
alloy (V-15Cr-5Ti) - have been discussed by Smith et al. (1985) and
Majumdar (1985) .

2.1 Temperature and thermal stress

The first wall of tokamak reactors may be subjected to erosion due to
charged and neutral particle fluxes from the plasma. If allowance is to
be made for these possible erosion losses of the first wall, the maximum



permissible thickness, and consequently the life, can become limited by
thermal stress considerations. The basic surface heat load capabilities
of a solid first wall made of the three alloys are compared in Fig. 1
for the case where the first wall is modelled as a fully constrained
flat plate subjected to a neutron wall loading of 5 MW/m2. The temper-
ature of the first wall at the coolant interface is taken as 250°C for
PCA and HT-9 and 350°C for V-15Cr-5Ti. Because of its superior tensile
strength and higher thermal conductivity, V-l5Cr-5Ti can sustain the
highest surface heat flux followed by HT-9 and PCA. It should be noted
that if the temperature of the first wall at the coolant interface is
significantly higher than those assumed here, the maximum permissible
surface heat fluxes may be less than those shown in figure 1, because
they can become limited by the maximum allowable material temperature
rather than by the maximum allowable thermal stress.
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Fig. 1

Variation of allowable surface
heat flux with the thickness of
a fully constrained first wall
made of PCA, HT-9 and V-15Cr-5Ti.

Thickness (mm)

2.2 Irradiation induced creep

The effects of irradiation induced creep on the first wall deformation are
demonstrated in Fig. 2 where the stress plotted on fhe abscissa re-
presents the average primary stress (load-controlled) in the first wall.
If the first wall is designed to carry the maximum allowable stress
(100-200 MPa) based on yield, ultimate, and thermal creep strengths,
then significant irradiation induced creep strains (>5%) will be de-
veloped by the end of life for all three materials. Whether such large
strains can be tolerated will depend on the particular blanket design,
and may conceivably require imposing an additional limit on the allow-
able primary stress based on permissible deformation of the first wall.

2.3 Irradiation induced swelling

Irradiation induced swelling can introduce significant stresses in the
first wall in two ways. First, because of the exponential decay of the
neutron flux with distance from the first wall, the first wall has a
much higher swelling rate than the rest of the blanket. In the extreme,
the first wall may be idealized as a fully constrained flat plate. If
in such a plate the elastically generated stress due to swelling is
continuously relaxed by irradiation induced creep, the
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Fig. 2

Comparison of the irradiation
induced creep strains in PCA,
HT-9, and V-15Cr-5Ti accumu-
lated by the end of their
respective lives at various
stresses.

3000 100 200
Stress (MPa) ,

resultant stress increases asymptotically with fluence to a maximum
stress whose magnitude depends on the material parameters. Because of
their low swelling rates prior to the incubation fluences for runaway
swelling, the maximum swelling stresses up to the incubation fluences
are rather low in PCA, HT-9, and V-15Cr-5Ti. However, if the relaxing
effects of irradiation induced creep are not taken into account, even
such low swelling strain rates can eventually lead to unacceptably
elastically computed stresses.
The second source of stress due to swelling is the development of a

large non-linear distribution of swelling strain rate through the
thickness of the first wall because of a significant temperature drop
through the first wall and the dependence of the incubation fluence for
runaway swelling on temperature. As a result, large stresses can
develop in a flat plate that is subjected to a gradually increasing
fluence even if the distribution of fluence is uniform and the plate is
completely free to deform. An example of the development of stresses
with fluence in such a first wall made of PCA is shown in Fig. 3. The
stresses are high even though the beneficial effects of irradiation
induced creep are taken into account. In most design studies, the
possibility of occurence of such high swelling stresses is precluded by
limiting the maximum permissible fluence for this material to 100 dpa.
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Fig. 3

Stresses due to swelling
in a completely uncon-
strained plate (PCA) with
a through thickness temp-
erature gradient from 400°
to 550°C. The incubation
fluence for runaway
swelling (1%/dpa) is
assumed to vary linearly
with temperature from
150 dpa at 400°C to 100 dpa
at 550°C.

2.4 Irradiation induced creep-buckling

An additional problem arising from the combined action of irradiation
induced swelling and creep is the possiblity of creep buckling of the
first wall. It can be demonstrated by idealizing the unsupported span
of a first wall as a one-dimensional column which is subjected to a
uniform and constant swelling rate but is constrained in length. For a



pin-ended column, the maximum displacement at the center at time t,
w(t), normalized by its initial displacement (wQ) is given by:

(1) w(t)/wf

where E and A are material parameters, aQT is the Euler elastic buckling
stress, and a is the swelling stress. Unless properly designed, the
transverse displacement of the first wall can grow exponentially with
fluence to a very large value even before the onset of runaway
swelling. However, since the driving force for the buckling is con-
strained swelling, it is a case of displacement-controlled rather than
the more serious load-controlled buckling.

2.5 Global stress effects

Up to now all stress analyses of the first wall have been carried out on
the basis of a simplified plate or beam theory. In reality, the first
wall and the blanket respond as a single structural unit and cause
additional stresses that are not reflected in the simple analyses. For
example, typical deformations of an inboard and an outboard blankets are
shown in Fig. 4 (Baker et al. 1987). The inboard and the outboard
blankets are assumed to be structurally independent and supported at the
coolant inlet at the bottom. Since both the blankets share a common
coolant manifold at the outlet, the mismatches in deformations will
create additional stresses in the blankets and the first walls which can
only be calculated by a global analysis of the blankets taking into
consideration the details of how the blankets are supported and
connected to the manifolds.

COOLANT OUTLET

COOLANT INLET

PLASMA ON PLASMA OFF

Fig. 4

Deformations
(highly magni-
fied) in a
Tokamak in-
board and out-
board blankets

7.2m due to ther-
mal stress and
irradiation
induced creep
and swelling,
solid lines
refer to ini-
tial unde-
formed blankets.

3 POSSIBLE SOLUTIONS

The objective of design solutions for the problems of high thermal and
swelling stresses in the first wall is to explore possible ways by which
the effective stiffness of the first wall can be reduced. Two such
design solutions are considered in the present paper.



3.1 Grooved first wall

Providing orthogonal grooves on the first wall facing the plasma repre-
sents a potential solution to the high temperature and thermal stress
problem (Majumdar, 1985). Detailed 3-D finite element analyses of a
plate with square grooves have shown that the thermal stresses in the
region between grooves are reduced substantially so that exceeding the
material temperature limits locally at the plasma edge may be
justified. On the other hand, Fig. 5 shows that large stresses can
develop at the root of the groove. The narrower the groove the closer
it approximates a crack with higher stress concentration factors. An
acceptable compromise may be the blunted groove which not only has a
reduced stress concentration factor like a wide groove but also protects
the root of the groove from direct exposure to the plasma as effectively
as a narrow groove.
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Fig. 5

Distribution of stresses in
three types of grooved first
walls of PCA with a surface
heat flux of 0.5 MW/m2.

Distance from tip of groove (mm)

3.2 Corrugated first wall

An alternate approach to reduce the stiffness of the first wall is to
corrugate the first wall (Creedon 1983). Toroidal corrugations reduce
the stiffness of the first wall in the toroidal direction. However, to
contain the coolant pressure load in the toroidal direction, this design
has to be used in conjunction with a "strong back" (Smith et al. 1985),
which is a U-shaped stiff structure spanning in the toroidal
direction. The contours of maximum principal stresses from a detailed
2-D analysis of a single corrugation of V-15Cr-5Ti are shown in Fig.
6. These stresses are primarily uniaxial in the poloidal direction, and
the maximum stress represents a substantial reduction from the maximum
biaxial stresses existing in a non-corrugated design (Smith et al.
1985).
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Distribution
of the prin-
cipal stresses
in a single
corrugation of
V-15Cr-5Ti
subjected to a
surface heat
flux of
1 MW/m2 and a
coolant pres-
sure of 5 MPa.

4 CONCLUSIONS

Potential problems due to high temperature and thermal stress may arise
in the first walls of future tokamak power reactors if large thicknesses
are necessary to allow for erosion losses. High stresses may also be
created by irradiation induced swelling. These problems can be poten-
tially solved by either providing orthogonal grooves or by corrugating
the first wall. However, both these designs involve introducing notches
in the first wall. Therefore, life-limiting factors such as the loss of
ductility due to irradiation, and the initiation and propagation of
cracks due to cyclic loadings have to be considered in detail before
these options can become viable.
Irradiation induced creep can cause large strains in the first wall

in the presence of a high primary stress. However, it helps to keep the
elastically computed swelling stresses from becoming unacceptably
high. But together with swelling it can lead to creep buckling of the
first wall.
Global structural details such as the overall blanket supports and

manifolding of coolant inlet and outlet pipings have to be considered
for a full evaluation of the stresses in the first wall and the blanket.
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