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ABSTRACT

The thermal-structural behavior and perfor-
mance of the SIRIUS-P power reactor first wall con-
cept is analyzed. The SIRIUS-P conceptual design
study is of a 1.0 GWe laser driven inertial confine-
ment fusion power reactor utilizing near symmetric
illumination of direct drive targets. Sixty laser beams
providing a total of 3.4 MJ of energy are used at a
repetition rate of 6.7 Hz with a nominal target gain
of 118. The spherical chamber has an internal ra-
dius of 6.5 m and consists of a first wall assembly
made from carbon-carbon composite material, and
a blanket assembly made of SiC composite material.
The chamber is cooled by a flowing granular bed of
solid ceramic materials, non-breeding TiO9 for the
first wall assembly and breeding LioO for the blan-
ket assembly. Helium gas (P = 0.15 MPa) is used
in a fluidized bed outside the reactor to return the
particles to the top of the reactor. A moving bed
is chosen over a fluidized bed because of its superior
heat transfer capability. The heat transfer in a mov-
ing bed depends on the level of agitation and on the
effective thermal conductivity of the solid material
and the interstitial gas, whereas in a fluidized bed,
it is entirely dominated by the thermal conductiv-
ity of the carrier gas. This work describes the three-
dimensional thermo-structural steady state analysis
of the first wall coolant tubes. The performance of
the first wall depends, under normal operating condi-
tions, on the thermal loading conditions and internal
coolant pressure loading conditions. The analysis uti-
lizes a commercial finite element analysis code with
complete 3-D modeling. The analysis shows that the
stresses are dominated by bending due to the inter-
nal pressure of the He gas; modifying the shape of
the tube from purely elliptical at the midplane, while
keeping the flow area constant, reduces the stresses. A

Fig. 1. SIRIUS-P reactor building showing the laser
beams and the reactor cavity.

comparison between the results of this 3-D model with
a previous 2-D study shows a pronounced effect on the
temperature distribution. On the other hand, the 3-D
model has a smaller effect on the stress distribution.
In general the design examined is shown to be capa-
ble of withstanding the loading conditions imposed,
although the effect of such factors as pulsed or par-
tially loaded operation should be carefully examined.

I. INTRODUCTION

SIRIUS-P (Fig. 1) has a unique first wall cooling
system design. The first wall assembly consists of 12
modules, each with an equal number of tubes which
cover the spherical shape of the chamber from top



Fig. 2. Cross section of the first wall assembly show-
ing the cross section of the first wall coolant tubing.

to bottom and have a constant cross-sectional flow
area along their entire length. The coolant is a mov-
ing granular TiOg bed of 300-500 pum particles in he-
lium gas at a pressure of 1.5 atm. The gas is moving
upward, while the granular solid material is moving
downward under gravity and hindered by the helium
gas flow in the opposite direction. The velocity of
the granular solid material is constant at <1.5 m/s.
According to the conservation of mass principle and
since this is an incompressible fluid, the flow cross-
sectional area must be constant. The general shape
of the SIRIUS-P chamber is spherical, therefore it is a
challenging task to achieve a constant cross-sectional
flow area in the first wall. An innovative idea for the
coolant tube geometry along its length has been intro-
duced (the details are discussed in [2] and [3]). The
shape of the cross-sectional area of the coolant tube
changes along its length to keep the cross-sectional
flow area constant. At the chamber midplane the
coolant tubes have an elliptical shape with the major
axis along the circumferential direction. The cross-
sectional area approaches a perfect circle near the top
and bottom. At the top and bottom the shape of the
cross-sectional area of the coolant tube is elliptical
with its minor axis along the circumferential direc-
tion (Fig. 2). This insures that the velocity of the

TABLE I
Parameters of SIRIUS-P Rankine Cycle

Coolant velocity (m/s) 1.17
Helium gas pressure (atm) 1.5

At the midplane
Bulk temperature of TiOg (°C)f 675
Surface heat flux (W/cm?) 151
Volumetric nuclear heating (W /cm?) 9.575
Heat transfer coefficient (W/cm?K)T 0.314
Coolant tube cross-section:
a (major axis) (cm) 12.35
b (minor axis) (cm) 1.99

At the lower extremity
Bulk temperature of TiOg (°C)f 834
Average surface heat flux (W/cm?)* | 151 cos 20°
Volumetric nuclear heating (W /cm?) 9.575
Heat transfer coefficient (W/cm?K)T 0.3102
Coolant tube cross-section:
a (major axis) (cm) 8.25
b (minor axis) (cm) 3.0

TThe calculations have been performed in Ref. 2.
iThe tangent is inclined 20° to the normal radial

direction.

granular bed is constant at the first wall where the
surface heat load from the x-rays and ion debris is
very high.

II. WALL MATERIAL AND POWER CYCLE

The first wall tubes are made of 4-D weave
carbon-carbon composite. The 4-D weave carbon-
carbon is constructed by running fibers in three direc-
tions in one plane, 60 degrees apart, commonly called
the U, V, and W plane. This results in a material with
differing properties in the in-plane and perpendicular
directions.

With the capability of high temperature perfor-
mance of the first wall assembly, two different power
cycles are considered, a conventional Rankine steam
cycle (SIRIUS-PR) and a helium gas Brayton cycle
(SIRIUS-PB). The first wall geometry stays the same
for both cycles. The first wall thickness is 1.0 cm. In
this study only the Rankine cycle will be considered.
Table I shows a summary of the parameters used in
this analysis.

III. THERMAL AND STRUCTURAL ANALYSIS



Cavity first

Fig. 3. A sketch of the cavity first wall showing the
modeled area and the detailed shape of the coolant
tube cross-sections.

The analysis uses a commercial finite element
analysis code (ANSYS),! with complete 3-D model-
ing. The 3-D finite-element thermal and static stress
analysis have been performed for only one of the first
wall coolant channels because of the symmetry in the
geometry of the first wall. Moreover, because of sym-
metry in the thermal and static loading, only one half
(poloidally) of the coolant channel is considered in
the finite-element model. Also, because of the higher
coolant temperature in the lower half of the spher-
ical chamber, we only consider the lower half of a
coolant channel in the thermal and static stress cal-
culations. Figure 3 shows a sketch of the cavity first
wall identifying the area modeled. The detailed shape
of the coolant tube cross-section at three key locations
along the coolant channel is also shown. In the model
the geometry of the cross sectional area changes con-
stantly (keeping the internal flow area constant) from
an oblong shape (with the larger dimension in the
circumferential horizontal plane) at the reactor mid-
plane to a perfect circular shape at about 70° mea-

(a) (b)

Fig. 4. (a) The first 15° of the model starting at the
cavity midplane and (b) the lower part of the model.

sured from the cavity midplane and ending at the
lower extremity, with an elliptical shape with its ma-
jor axis in the radial direction. Figure 4 shows the
first 15° of the model starting at the cavity midplane
and the lower part of the model starting from the 65°
location to the coolant channel lower extremity.

IV. RESULTS AND DISCUSSION

The unique shape of the coolant channel reveals
quite a few interesting results. The amount of nuclear
heat loading, surface and volumetric, absorbed by a
single coolant channel basically depends upon several
factors:

(a) Intensity of the surface heat flux (constant in
this case).

(b) Projected area per unit height of the coolant
channel; numerically it is equal to the coolant channel
outer width that is constantly decreasing as we move
towards the lower extremity.

(¢) Intensity of the volumetric heating per unit
volume (taken as an averaged constant value in this
case, because of the relatively small dimensions of the
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Fig. 5. The variation of the coolant bulk temperature,
volumetric heating, surface heating and the total nu-
clear heating.

Fig. 6. The temperature distribution at 70° location.

coolant channels compared to the rather large dimen-
sions of the reactor cavity).

(d) Volume of the coolant channel per unit height;
numerically, it is equal to the coolant channel average
circumference.

Figure 5 shows the variation of the coolant bulk
temperature, volumetric heating, surface heating, the
total nuclear heating along the coolant channel and
the maximum surface temperature. Note that the
minimum value of the volumetric heating per unit
height occurs, as expected, at the 70° location where
the coolant channel cross section is a circle (mini-
mum volume of the coolant channel per unit height).
On the same figure, the variation of the surface heat
per unit height reflects its strong correlation with
the coolant channel outer width. The total amount
of heat carried by the coolant actually decreases as
the coolant moves away from the cavity midplane to-
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Fig. 7. The stress distribution along the fibers, nor-
mal to the fibers and along the coolant channel.

wards the lower extremity. This means that the wall
temperature gradient must decrease, accordingly, the
same way the input heat load does. In the mean-
time the coolant bulk temperature increases as the
coolant moves away from the cavity midplane towards
the lower extremity. This combination of increasing
coolant bulk temperature and decreasing wall tem-
perature gradient as the coolant moves away from the
cavity midplane towards the lower extremity results
in a nearly constant peak first wall temperature.

A scoping analysis has been performed to inves-
tigate the effect of the thermal stress alone. This
scoping analysis confirms our findings in a previous
2-D study,?? that the thermal stresses has a minute
effect on the total stresses. The results of the stress
analysis are for the combined effects of thermal and
static loading during steady state operation. Figure 6
shows the finite element model and the correspond-
ing temperature distribution at 70° location. The
temperature has been greatly affected by the three
dimensional treatment of the problem. More than a
10% reduction in the peak steady state temperature
of the first wall is encountered due to consideration of
the third dimension in this analysis. Figures 7 and 8
show the stress distribution along the fibers, normal
to the fibers and along the coolant channel in the EL-
EMENT frame of axis. These figures (7 and 8) clearly
demonstrate the fact that the best cross-section is a
circle; notice that the minimum stresses always occur
around the 70° location where the coolant channel
cross-section becomes a circle. The analysis shows
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Fig. 8. The shear stress distribution along the fibers,
normal to the fibers and along the coolant channel.

that the maximum tensile stress is 74.85 MPa along
the fibers compared with 85.6 MPa along the fibers in
the 2-D model, which reflects more than a 14% reduc-
tion in stresses along the fibers due to consideration
of the third dimension. Table II shows a summary
and comparison of the results of both the thermal and
structural analysis as performed with 3D analysis and
the original 2D analysis.*

VI. CONCLUSIONS

(1) All of the thermal stresses (normal to fibers,
along fibers and shear stresses) are minute compared
with the stresses due to static loads.

(2) It is expected that the highest stresses occur
at midplane because the shape of the cross-sectional
area is the flattest at that point (a/b = 6.21 at
the midplane compared to a/b = 2.74 at the lower
extremity).

(3) The stresses are dominated by bending due to
the internal pressure of the He gas, and the stresses
are proportional to the largest characteristic dimen-
sion in the cross-sectional area.

(4) It is also evident that 3D modeling for
the whole coolant tube including bi-axial stresses is
needed to obtain more complete results.

(5) The design is capable of withstanding the
loading conditions imposed, although the effect of
pulsed or partially loaded operation should be care-
fully examined.
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