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ABSTRACT

An analytic parametric scoping tool has been developed for
application to first wall (FW) design problems. Both tfnrmal
and disruption force effects are considered. For the high heal
flux and high disruption load conditions expected in the
International Thermonuclear Experimental Reactor (ITER)
device, Vanadium alloy and dispersion-strengthened copper
offer the best stress margins using a somewhat flattened
plasma-facing configuration. Ferritic steels also appear to
have an acceptable stress margin, whereas the conventional
stainless steel 316 does not appear feasible. If a full semicircle
shape FW is required, only the Vanadium and ferritic steel
alloy have acceptable solutions.

INTRODUCTION

The FW design process involves consideration of
competing effects; namely, disruption-induced forces (that
favor thicker wall solutions) and thermal loads (that favor
thinner walls). As an aid to finding an acceptable overall FW
design, we have developed a systematic trade-off method. This
method involves analytic modeling of the primary drivers in
FW design and treats the FW components that a designer is
free to pick as variables (subject to bounds). Standard
optimization methods [1] may then be applied to analyze the
design space and find a solution. The method discussed here
simultaneously includes the effects of multiple stresses
(thermal, fluid pressure, and disruption-induced), allows
multiple FW parameters to vary, and includes configurational
constraints. By automating the initial design procedure in this
fashion, large parameter spaces can be examined to find a
starting design point. This method is only meant to serve as
an initial guide in the FW design process and is not meant to
replace detailed design efforts.

Below we summarize the models used in this
analysis. Cases are examined for coolant flowing through a
channel, bounded by an arch that faces the plasma (see
Fig. I). Example cases are shown for different FW materials.
For high heat fluxes (> 50 W/ cm2), Vanadium (V15CR5TI),
ferritic steel (HT-9) and dispersion-stengthened copper
(Cul5725) have feasible solutions. These solutions tend to
result in thick FWs (from 6 mm for HT-9 to over 10 mm for
Cu 15725). Also, the FW tends more toward a flat plate
(instead of a full semicircle arch) to minimize
disruption-induced load.

II. MODEL

The model uses analytic methods [2] to calculate
stresses in the FW. These stresses arise from three different
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Fig. 1 Schematic of the FW geometry used in parametric
analysis.

causes: thermal-induced stresses, coolant pressure-induced
stresses, and plasma disruption-induced stresses. We use the
equations for stress in an arch with fixed end and solve for the
maximum stress that occurs at the fixed ends. This model is
based on the current engineering design activity (EDA) concept
that uses a thick ring to support the blanket and FW. This
ring severely limits the radial (hence, circumferential) growth
of the FW, which closely approximates the fixed end
condition. The equations used in this model are described in
detail in [3].

A. Thermal Stresses

We first consider stresses in the (x-y) plane shown in
Fig. 1. We assume that the back plate and the inside surface of
the FW are at the same temperature. The only temperature
gradient is between the plasma-facing side of the FW and the
inside (i.e., coolant-facing side) of the FW. We consider
stresses from both (a) the bulk temperature rise T o of the
plasma-facing arch, relative to Ihe temperature of the radial
plates (Case 5m, Table 18 of [1]) and (b) stress from a
temperature gradient about T o (Case 5n, Table 18 of [1]). We
denote the stress (in the x-y direction) from the uniform
temperature rise as crr/i- This tends to be small compared to
the other thermal stresses and is primarily bending. The stress
from the temperature gradient is denoted OT2 and is entirely
bending. The stress for this case is

OT2 = ( T 2 - T i ) a E / { 2 ( l - v ) ) ,
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where a is the coefficient of expansion, E is Young's
modulus, and v is Poisson's ratio. We have added the (1 - v)
factor in the denominator to account for the three-dimensional
(3-D) effects. There is also a compressive thermal stress in the
poloidal direction (073). In the model these properties are
scaled with temperature using the formula from 13].

B. Stress from the Fluid Pressure

The stress arising from the fluid pressure is calculated
using the equations of Case 5h in Table 18 of [2]; that is from
a uniform outward force. Here we consider only the head
pressure effects from the fluid and denote the stress arising
from this force as crfiuid-

C. Disruption-induced Stresses

We consider here the stresses resulting from currents
appearing in the FW structure during a plasma disruption.
There are three components of these stresses. First, a radially
outward force from the poloidal component of the halo
currents crossed with the toroidal field (which adds to the fluid
pressure stresses). We use the same equations from [2] as used
in the fluid pressure case above to model this. We denote the
stress from this effect as ahalo- The radial force from the
toroidal-induced current (crossed with the poloidal field) causes
a stress that we denoted <TtOr- There is also a shear stress, TyZ,
caused by the radial component of disruption currents crossed
with the toroidal field. This tends to be the largest of the
disruption-induced stresses.

D. Stress Components

For the cases that use the formula from [2] (i.e., <rn,
O"T2, tffluid. °halo, andOtor )> we resolve the forces into the
stress components in the tensile, lateral, and vertical shear
components. The solutions to the formulae from [1] provide
the horizontal (H) and vertical (V) loads, and the angular
moment (M). For each of these cases we calculate a bending
stress:

][m]tfw
2[m] (1)

a tensile stress (x direction):

Otensile = (-H [N] cos(9) + V[N] sin(6)) / A |m2); (2)

and a shear stress:

Tzy = (H [N] sin(G) + V[N] cos(6)) / A[m2,.

where A is the FW cross-sectional area = tfw x 1 m (i.e., unit
length) and 9 = the FW arch half angle (see Fig. 1).

E. Stress Combinations and Limits

Three combinations of these stress components are
constrained in this analysis. For each of these combinations

we find the principal stresses (in three dimensions) s\, S2, and

S3 and then take the maximum of (Isj - S2'. 'si - S3I, Is2 -
S3H.

The combination of only the primary membrane
stresses (op), including only the tensile and shear components
arising from the disruption forces and the fluid pressure is
constrained by

(4)

where S m is presently calculated as two-thirds of the yield
strength.

We also restrict the combination of primary and
bending stresses from the fluid and disruption forces (including
tensile, shear, and bending),

op+B < 3/2 S m . (5)

Finally we restrict the combination of Primary plus Bending
plus Secondary stresses (crp+B+S)t0 -De

o-p+B+S < 3 •m- (6)

This later combination includes thermal, fluid pressure, and
disruption effects.

F. Configurational Limits

The number of FW segments in a toroidal sector is

g = 2 n [Rfw - rfw (1 - cos(8)) ] /
24 x 2 rfw sin(6) + lfw) , (7)

where Rfw is the radius of the FW [= 4.8 m for the inboard
side for all cases, rrr is the radius of FW curvature (see Fig. 1)
and 24 toroidal sectors have been assumed here]. The number
of FW segments per sector impacts the calculated stress and
can be varied parametrically.

G. Finite Element Model Comparison

The simple arch model equations employed
previously assume fixed ends. In practice these ends are
attached to long (~ 40-cm) radial arms connected to a rigid
hardback, which may move. To test this fixed-end assumption,
we compared the results from the arch equations to a finite
element model analysis for a typical geometry expected in the
ITER-EDA. This comparison shows the fixed end assumption
lobe good (see [3]).

(3) H. Solution Method

We find solutions to the above stress constraints
using existing mathematical techniques. In particular we use
the equation-solving optimization packages in the SuperCode
systems code [1]. The default problem is to find the
minimum yield stress for which the stress combination
equations (4, S, 6) and the configuration constraint
(equation 7) are satisfied. In this solution process we allow
the FW thickness, radius of curvature, and the angle 6 to vary.
It is also possible to scan these quantities parametrically.



HI RESULTS

The methodology just described is applied 10 the FW
design for several representative tabulations. First we examine
the stress margin' for four structure materials: stainless steel
(SS 316), HT-9, Vanadium (V15Cr5Ti), and Glidcop
dispersion-strengthened copper (Cu 15725). We consider a case
with a 5O-W/cir)2 heat load (corresponding to a 2-MW/m^
wall load), a 12.5-MA/s disruption rate, and using six wall
segments per sector. These conditions correspond to the worst
expected conditions in the ITER EDA. Figure 2(a) shows the
Margin of Safety (MOS = required yield strength/actual
allowable yield strength - 1) vs the FW thickness. When the
MOS > 0, the design is potentially feasible. (Note that for
these conditions, with SS 316, there is no feasible case.) The
Cul5725 case has a large MOS at wall thicknesses > 10 mm,
but this may not be allowed due to the large toroidal electrical
conductivity of this configuration, and resultant problems in
providing poloidal flux to the plasma.
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Fig. 2(a) Margin of Safety (i.e., the allowable yield
strength/required stress - 1) vs the wall thickness for
SS316, HT9 , V15Cr5Ti, and Cu 15725 FW
materials (at 50-W/cm 2 heat load and
12.5-MA/sdisruption rale).

The cases shown in Fig. 2 allow the FW angle (9) to
vary. Tn«:> optimum half-angle tends to be near 40° for low
thicknesses where the disruption stresses dominate and
increases to its maximum possible value of 90° for large
thicknesses, where the thermal stresses dominate. A primary
reason this angle tends to decrease when disruption loads are
significant is an effort to reduce the radial component of the
current flowing in the FW. When this current is crossed with
the toroidal field, a large shear stress is introducer1 where the
FW joins the radial plates. If this angle is held fixed at 90',
the MOS tends to drop, and the V alloy is the only candidate
with a MOS > 0.

1 Margin of safety is defined to be (allowable stress/required
stress) - 1
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Fig. 2(b) Thermal stress in poloidal direction corresponding
to the cases in Fig 2(a).
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Fig. 2(c) The disruption stress from Iioroidal X Bpol for the
cases in Fig. 2(a).

Some typical stress component variations arc shown
in Figs. 2(a) amd (c). As the wall thickness increases, the
stresses from the disruption currents and from the fluid head
pressure decrease [Fig. 2(b)). The usual increase of the thermal
stresses with increasing wall thickness is seen in Fig. 2(c).
Near the optimum thickness (i.e., where the MOS is
maximized), both the Primary membrane stress constraint and
the (Primary + Bending + Secondary) stress corr>!raint tend to
be met. The combination of Primary plus Bending stresses is
always below its limit. We note that as the FW thickness
increases, the temperature gradient across it increases, and the
allowable stress (at the peak temperature) tends to decrease.

A different parametric scan is shown in Fig. 3. Here
we show the maximum permissible heat flux vs the wall
thickness for the different candidate materials. These cases
assume a 12.5-MA/ms disruption rate. At the maximum heat
flux, the required yield strength is equal to the allowable yield
stress. The Cu 15725 has the highest permissible heat flux,
but only at large thicknesses (which may not be feasible, as
discussed). This large heat flux capability is due to the large
thermal conductivity of Cul5725, relative to the other
materials (the large conductivity means lower thermal stresses
arise for a given heal flux). If we fix the FW angle 8 at 90",
only the V and HT-9 materials he „ any solutions.
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Fig. 3 Maximum allowable surface heat load for various
materials, with 12.5-MA/ms disruption rate.

IV SUMMARY

An analytic parametric scoping tool is developed for
application to FW design problems. Both thermal and
disruption force effects are considered. Also, a flexible
numerical optimization package is included, which enhances
the flexibility of the problem formulation.

For the high heat flux and high disruption load
conditions expected in the ITER device, Vanadium alloy and
dispersion-strengthened copper offer the best stress margins.
Ferritic steels also appear to have an acceptable stress margin,
whereas the conventional SS 316 does not appear feasible.
These conclusions are based on the assumption that a flatter
FW arrangement (than presently envisioned for the
ITER-EDA) is acceptable. If a full semicircle shape FW is
required, only the Vanadium and ferritic steel alloy have
acceptable solutions.
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