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Fatigue Life of the Plasma-Facing Components in PULSAR

Jeffrey A. Crowell, James P. Blanchard and the PULSAR team
Fusion Technology Institute
University of Wisconsin — Madison
1500 Johnson Dr.
Madison, WI 53706-1687

The PULSAR project is a multi-institutional effort to determine the advantages that can
be gained by building a tokamak with an entirely inductive current drive. This machine,
which would operate in a pulsed mode, would feature reduced capital and operating costs
as compared with steady-state devices requiring complex current drive systems. However, a
pulsed reactor would need an energy storage system and face greater structural demands from
cyclic fatigue. This paper presents the results of the fatigue analyses for the plasma-facing
components of PULSAR.

PULSAR features two major engineering designs: a liquid lithium-cooled, vanadium alloy
design and a helium-cooled, silicon carbide composite design. Results are given for each. It is
shown that the superior thermal and strength properties of the vanadium alloy allow a much
wider spectrum of design options. The SiC composite properties cause significantly more dif-
ficulty for the designer and, in particular, no credible design is found for a divertor fabricated
solely from the SiC composite. This conclusion is based on current (limited) data for the
thermophysical properties and fatigue strength of SiC fiber composites. The developments

in these composites needed to create a viable SiC composite divertor are discussed.

1 Introduction

Since the STARFIRE study, most tokamak reactor
studies have been conducted under the assumption
that non-inductive current drive was necessary for the
reactor to be economically feasible. Unfortunately,
the non-inductive current drives have proven to be
extremely expensive (due to their relative inefficiency
and elaborate hardware), perhaps exceeding the costs
incurred by designing for the pulsed operation of an
inductively-driven machine. The PULSAR study was
initiated to investigate this trade-off.

The pulsed nature of PULSAR introduces several
design issues that are not present in steady-state de-
vices. These issues include: fatigue in the poloidal
and toroidal field magnets, fatigue in any pumps and
valves that must by cycled during each reactor pulse,
thermal cycling of any component which undergoes
temperature transients during each pulse, and fatigue

in components which experience pressure fluctuations.

The magnet fatigue, identified as a critical issue dur-
ing this study, is dealt with elsewhere. With respect
to the pumps and valves, a portion of the shield has
been used to store heat between power cycles, thus
minimizing the number of components which must
undergo thermal and pressure cycles. This paper ad-

dresses the key remaining issue: thermal fatigue in
the plasma-facing components (first wall and diver-
tor).

There are two PULSAR engineering designs.
PULSAR-I is a helium-cooled reactor built from
SiC/SiC composite structural materials, while
PULSAR-II is a lithium-cooled reactor built from a
vanadium alloy structural material. In each of these
designs, high-cycle fatigue is an important consider-
ation for the 40,000 cycle life desired for each design
and must be considered in the thermo-structural de-
sign of the plasma-facing components. Fatigue data
is sparse for these materials, but in each case, data
has been found for similar materials in order to as-
sess the potential of these materials to withstand the
loads expected in PULSAR, as well as to estimate the
penalties that must be paid for using a pulsed device.

2 Methodology

2.1 Failure criteria

Both the stress limits imposed by fatigue consider-
ations and the allowable static stresses used in this
study follow the guidelines of the ASME Boiler and



Pressure Vessel Code [1]. For fatigue, the Code rec-
ommends a safety factor of two in the design stress or
20 in the number of cycles, whichever gives the low-
est design stress. In all cases considered for PULSAR,
the safety factor of two on stress is the limiting case.
The peak primary stresses (due to the coolant pres-

sure) are limited to the allowable stress intensity (Sp).

For the vanadium alloy design, the peak secondary
stresses (thermal + pressure stresses) are limited to
3Smt, although fatigue restrictions superseded this
limit under all the conditions that were studied. Cri-
teria for choosing secondary stress limits in the SiC
composite are not well defined. The ARIES-I study [2]
chose 2/3 of the longitudinal ultimate strength as a
limit for the combined primary and secondary stress
based on thermal-shock testing of this material; we
adopt that limit here.

Off-normal loads were not considered in this study.
In particular, disruptions have not been accounted for
in the analysis.

Radiation damage in the form of swelling, trans-
mutation, etc. limit both the first wall and divertor to
7.5 and 8.4 full power years for the SiC composite and
V alloy designs respectively. We anticipate a 7400s
cycle (72008 burn time and 200s dwell time), thus
the first wall and divertor would undergo 32,000 (SiC)
and 36,000 (V) cycles in this time. For this study, we
used 40,000 cycles as the goal for both designs.

2.2 Vanadium alloy properties

The thermal and mechanical properties of several va-
nadium alloys have been examined in previous stud-
ies [3-7]. Certain alloys have proved resistant to ra-
diation induced swelling and ductility loss and of-
fer low residual activation. Although data on the
physical properties of the PULSAR-II reference al-
loy V-4Cr-4Ti is scarce, the properties of V-15Cr-5Ti
are well-established and should be similar. Table 1
lists several of the physical properties of V-15Cr-5Ti.
The relatively high thermal conductivity, low ther-
mal expansion coefficient and low modulus make it
an excellent candidate for thermal loading applica-
tions. Note that although this alloy has a melting
temperature of 1890°C, concerns of irradiation em-
brittlement restrict us to less than 700°C.

Figure 1 illustrates the fatigue properties of unir-
radiated V-15Cr-5Ti. At 40,000 cycles, the allow-
able alternating stress (alternating stress = 1/2 stress
range) is 250 MPa. This is comparable to 316 stain-
less steel.

V-15Cr-5Ti SiC
composite

Thermal 26.8 @ 400°C 17.5
conductivity 28.0 @ 500°C
(W/m-K) 29.5 @ 600°C
Linear thermal 10.4 4.4
expansion (1076/K)
Elastic modulus 118 364
(GPa)
Poisson’s ratio 0.36 0.16
Allowable stress 1652 140°
intensity (Sm¢) (MPa)
Maximum allowable 700° 1100

temperature (°C)

2Smith et al. [3]
bARIES-I final report [2]

Table 1. Physical properties of V-15Cr-5Ti and
8iC/SiC composite.
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Figure 1. Fatigue data for unirradiated V-15Cr-5Ti
performed in-vacuum using fully-reversed, strain-
controlled loading [8].



2.3 SiC/SiC composite properties

Silicon carbide composites are attractive as structural
materials in fusion environments because of their low
activation, high operating temperature and strength.
However, at present they lack the fracture toughness
of metals and, thus, are relatively vulnerable to cyclic
loads.

The physical properties of composites are gener-
ally anisotropic. The ARIES study [2] calculated sev-
eral material properties of a 2-D SiC/SiC composite,
using the CLASS code [9] to convert the layer prop-
erties and configurations into equivalent orthotropic
properties. These computations yielded nearly iso-
tropic properties; thus, in this study we assumed an
isotropic material. The values used are shown in Ta-
ble 1. Note that SiC composites have an unusually
high modulus, which is detrimental to withstanding
thermal loads, but a low thermal expansion coefficient
that somewhat compensates.

At present, no SiC/SiC fatigue data is available.
However, Holmes [10] performed fatigue tests on unir-
radiated SiC fiber/SiaN4 matrix composites. His
results should be indicative of the SiC/SiC fatigue
strength and are used here to estimate the impact of
high-cycle fatigue on the design. In Holmes’ study,
the specimens were subjected to tensile fatigue, that
is, their mean stress was greater than their alter-
nating stress. To allow comparison to the (fully-
reversed) vanadium data, we have extrapolated the
data points by the Goodman relation [11] to an alter-
nating stress at zero mean with an equivalent fatigue
life. This data is shown in Figure 2.

The allowable alternating stress for 40,000 cycle
life is 65 MPa. Note this is approximately 1/4 of the
vanadium alloy’s value.

2.4 Configuration

Figure 3 illustrates the configuration of the first wall
reference designs. Both consist of tube sheets with
coolant flowing in the poloidal direction. Immedi-
ately behind the first wall is the beryllium multiplier.
The inner diameter of the coolant channels is 7.5 mm.
The vanadium alloy design uses liquid lithium as a
coolant; the SiC composite design uses helium. Note
that the SiC composite design includes a sacrificial
carbon-vapor-deposited (CVD) SiC layer to extend
the first wall life against erosion.

The PULSAR divertor designs are similar to the
first wall configurations. The vanadium divertor has
a larger inner diameter (10 mm). The SiC divertor is
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Figure 2. Fatigue data for SiC/SizN4 composite cal-
culated from tests at a non-zero mean stress by
the Goodman relation. Experiments were in air at
1200°C [10].

made of free-standing tubes with an inner diameter
of 5mm. In addition, the sacrificial layer is absent
from the SiC divertor design.

2.5 Boundary conditions

The manner in which the first wall and divertor are
supported has a significant influence on their thermal
stresses and, thus, fatigue life. The tubes must con-
nect to headers at either end of the tube sheet, the
weight of the wall must be supported and the wall
must be secured to withstand disruption loads. Thus,
to some extent, expansion and bending of the com-
ponents will be resisted. If expansion is constrained,
very large stresses result. Thus, we have presumed
that the design permits free expansion. This should
not be an unrealistic requirement for the weight and
disruption load supports, although it will make the
design of the headers difficult.

If the tube sheets of Figure 3 are unconstrained
(simply supported), one-sided heating (from the plas-
ma) will cause them to bend about the x- and z-
axes. The design details of the structural supports
will strongly influence the constraint on this bending
and the resulting stress in the material. However, we
can bound the stresses by considering two extreme
cases: fully constrained (“no”) bending and uncon-
strained (“free”) bending. The no-bending boundary
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Figure 3. First wall reference design for PULSAR.
(a) vanadium alloy (b) SiC composite

condition produces the highest stresses. The plasma-
facing surface of each tube is placed in biaxial com-
pression and the blanket-facing surface is placed in
biaxial tension. Because the temperature does not
vary linearly through the wall, even free-bending in-
duces thermal stresses in the material. They are the
lowest stresses attainable for this design.

If we assume continuous tube sheets run the full
height of the reactor wall, then supports must be
placed periodically along the tubes to control disrup-
tion-induced stresses. Thus, bending of the first wall
about the x-axis of Figure 3 will not be possible. This
suggests another boundary condition which permits
free-bending about the z-axis and no-bending about
the x-axis. This “mixed” bending condition will pro-
vide a lower bound on the stresses in the first wall be-
cause of resistance to bending about the z-axis. Note

that mixed-bending generates stresses intermediate
to no-bending and free-bending results. Thus, for
the first wall, the stresses are bound by no-bending
and mixed-bending results.

As a practical matter, the no-bending and mixed-
bending results do not differ greatly because the out-
of-plane component of the thermal stresses exceeds
the in-plane components. (Note the large moment of
inertia about the x-axis as compared to that about
the z-axis.)

2.6 Stress analysis

The stresses in the plasma-facing components of
PULSAR were evaluated by the ANSYS finite ele-
ment code. The use of three-dimensional elements
was ruled out due to their computational burden.
However, two-dimensional elements, as given, are un-
able to simulate the desired boundary conditions be-
cause the out-of-plane strains of different elements
cannot be coupled to each other. Out-of-plane ther-
mal strains can be calculated once the tempera-
ture distribution is known, but to accurately include
Poisson effects in the model a different approach is
needed. This approach is to first compute the model
with no out-of-plane strains, then use the resulting
temperature and 2-D stress distribution to determine
the out-of-plane strains. Finally, apply loads to the
model s0 as to simulate the out-of-plane strains. If
accurate Poisson effects are important, they can be
determined by iterating this procedure.

2.7 Loads

Table 2 shows the peak radiative and neutron heat-
ing loads that the plasma-facing components are ex-
pected to absorb. In addition, the beryllium multi-
plier conducts part of its internally generated heat
to the blanket-facing side of the first wall, applying a
heat flux of .135 MW /m? to this surface. The neutron
heating in the first wall was found to have a negligi-
ble effect in comparison to the radiative heat load.
Note that the SiC composite design must tolerate a
coolant pressure 5 times higher than in the vanadium
design.

3 First wall results

Figure 4 shows the results of the first wall fatigue
analysis in terms of maximum permissible heat flux
as a function of wall thickness. For the vanadium



PULSAR-II PULSAR-I
(V alloy) (sic
composite)
First wall heat flux 0.27 0.37
(MW /m?)
Divertor heat flux 4.1 3.3
(MW/m?)
Neutron heating 8.4 6.3
(MW /m?)
Coolant pressure 2 10
(MPa)
First wall heat 10,000 3,153
transfer coefficient
(W/m?.K)
Divertor heat 34,700 15,600

transfer coefficient
(W/m?K)

Table 2. Thermal and mechanical loads and proper-

ties of the first wall and divertor designs.
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Figure 4. First wall maximum permissible heat flux
vs. wall thickness for (a) vanadium alloy and (b) SiC
composite for .5 mm and 1 mm thick CVD layer (wall
thickness does not include CVD layer).




alloy structure (Figure 4a), the maximum wall thick-
ness is in excess of 2mm which allows erosion rates
(presently uncertain) to be more than 240 pm per
year. The SiC design does not perform as well as
vanadium but is acceptable. Figure 4b shows results
for .5mm and 1 mm CVD coating thicknesses. Ero-
sion of SiC must be slower than 130 um per year for
this design (assuming .5 mm CVD).

The most damaging stresses for fatigue in the va-
nadium design were located on the plasma-facing sur-
face. This is a result of the cycling between tensile
stress when the plasma is off and large out-of-plane
compressive stresses when the plasma is on. By con-
trast, the highest primary stresses are on the coolant
channel surface. The SiC composite first wall had a
more complex stress distribution due to the sacrifi-
cial layer. In general, the highest stresses were in the
blanket-facing wall.

4 Divertor results

The divertor presented a much more substantial chal-
lenge to the materials because the heat fluxes are
about an order of magnitude larger. Fortunately,
the divertor is a relatively small component as com-
pared with the first wall. Higher coolant velocities,
internal fins, and other heat transfer enhancements
that would require unacceptable pumping power in
the first wall were employed here to raise the heat
transfer coefficients. Their values are listed in Ta-
ble 2. Further, much shorter modules might be used
so that free-bending conditions could be approached.

However, the vanadium alloy divertor will not re-
quire a special tube design. As Figure 5a indicates,
wall thicknesses up to 1.4mm are acceptable under
no-bending conditions.

Unfortunately, even with a five-fold increase in
heat transfer coefficient (3000 to 15,000 W/m3K)
and completely unconstraining supports, the SiC com-
posite design fails to tolerate the divertor’s heat flux
at any wall thickness (see Figure 5b). For free-bending
boundary conditions, the curve reaches a maximum
at 2.75 MW/m?. An improvement of 19% in the per-
missible heat flux is needed (in addition to some kind
of erosion protection).

The largest thermal stresses in the divertor are a
strong function of both the heat transfer coefficient
to the coolant and the thermal conductivity. As these
parameters are increased, the maximum stresses are
reduced. Figure 6 illustrates the increases in these

Maximum Permissible Heat Flux (MW/m2)

0 i i I I ) 1 A I I

0 02 04 06 08 1 12 14
Wall Thickness (mmy)

(a)

Maximum Permissible Heat Flux (MW/mZ)

0 02 04 06 08 1 12
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Figure 5. Divertor maximum permissible heat flux
vs. wall thickness for (a) vanadium alloy and (b) SiC
composite.
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Figure 6. Minimum heat transfer coefficient and ther-
mal conductivity required for a viable SiC composite
divertor under free- and no-bending conditions (that
is, with very compliant and very rigid supports).

parameters needed to make a viable divertor (assum-
ing a 1 mm thick tube wall). The analysis shows that
further improvements in the heat transfer coefficient
will not improve the design unless the thermal con-
ductivity can also be increased. In fact, the thermal
conductivity must be at least 256 W/m-K for a free-
bending design to become acceptable. As Figure 6
shows, a design constrained from bending would re-
quire drastic improvements in these parameters; for a
successful SiC composite divertor, short tube lengths
and compliant headers are imperative.

5 Conclusions

Our investigation found that both PULSAR first wall
designs were acceptable provided erosion rates are
limited to 240 um per year for the vanadium alloy
design and 130 um per year for the SiC composite
design. The vanadium divertor was also acceptable,
though erosion must be less than 160 um per year if
the divertor is to last 40,000 cycles. The SiC com-
posite divertor is not acceptable. Design of a viable
SiC composite divertor will require a thermal conduc-
tivity greater than 25 W/m-K, still greater improve-
ments in the heat transfer coefficient, tubes short
enough and headers compliant enough to approach
free-bending conditions and very low erosion rates.
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