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摘  要

    对日本原子力研究所那珂研究所堆概念设计室正在进行的先进

稳态托卡马克堆 2（A-SSTR2）的包层及 SiC/SiC 复合材料第一壁

进行有限元分析和计算。使用有限元程序 ADINA 7.4 进行比较分

析和设计，通过对各种几何位形和材料敏感参数选择的二维计算分

析，建立了以最大温度和最大热/机械应力为基础的第一壁设计窗

口。为了满足水力学要求，最后选择了冷却剂管道尺寸为 4 mm×8
mm，相邻管道之间距离为 4 mm 的第一壁设计方案。这种方案对

应的热导率高达 50 W/m·K。
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ABSTRACT

    The finite element analysis and calculation is performed for the blanket first
wall made of SiC/SiC composite material for Advanced Steady-state Tokamak
Reactor 2, A-SSTR2, which is now conceptually designed in Naka Fusion Research
Establishment, JAERI. Comparison analysis and design window is analyzed by
using the finite element code ADINA 7.4. Through 2D calculation for various
geometrical configurations and sensitive material properties, a fundamental
guideline for first wall and blanket design is established with respect to maximum
temperature, thermal and mechanical stress for many configurations. To satisfy
hydrodynamic requirement, a4d4 (the dimension of coolant channel is 4 mm×8 mm,
and the distance between neighboring channels is 4 mm) is chosen as design point
for high thermal conductivity up to 50 W/m·K.

Keywords: First Wall, SiC/SiC composite material, Comparison analysis, Design window
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   INTRODUCTION

    Future Tokamak fusion reactor must be environmentally benign and
economically attractive and competitive. In the process of material option for
plasma-facing components in fusion reactor designs, some promising advanced
structural materials emerged after continuous strenuous endeavor around the world.
It seems that SiC/SiC composite material constitutes one of the most prominent
structural material candidates in ongoing fusion reactor designs. In ARIES-I[1],
ARIES-IV[2] and ARIES-AT [3, 4] power plant studies in U.S.A, DREAM[5], A-
SSTR2 [6] reactor studies in Japan, TAURO[7] and He-cooled pebble bed blanket
design studies[8] in EU, SiC/SiC composite material is used as major first wall
structural material. This material is viewed as high-risk, high-payoff endeavor for its
superior safety characteristics arising from its low induced radioactivity and
afterheat, and for its possibility of high performance through high temperature
operation[9]. Nevertheless, the major issues of SiC/SiC composite seem to be its
rather low thermal conductivity at high temperatures and under irradiation, and the
maximum allowable operating temperature as the first wall material of the blanket.
The first wall is subjected to very high heat flux and neutron wall loading during
operation, especially for reactor whose fusion power high up to GW level such as A-
SSTR2. In order to reduce thermal load, the first wall is as thin as a few
millimeters[10]. Therefore, the thermo-mechanical analysis of blanket first wall in
fusion reactor design is always a major topic.

In this paper, power flow in A-SSTR2 is analyzed, the balance of coolant mass
is extrapolated based on the inlet /outlet temperature and pressure drop of helium
coolant. The temperature and thermo-mechanical stress are calculated for various
dimensional blanket first walls made of the SiC/SiC composite material. Based on
properties of this structural material, a design window for A-SSTR2 is drawn. All
these calculation models are constructed and the corresponding temperature and
stress distribution are calculated by using finite analysis code, ADINA 7.4[11], in
which, a module called ADINA-T is used to perform temperature calculation, then
transferring this temperature result internally, the thermal stress calculation is
performed by another module, ADINA code.
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1  ADVANCED STEADY-STATE TOKAMAK REACTOR DESIGN

1. 1  A-SSTR2 power plant
    Advanced Steady-state Tokamak Reactor 2, A-SSTR2 [6], a compact high power
CS-less fusion reactor, is conceptually designed by the Department of Fusion
Plasma Research, Naka Fusion Establishment, JAERI, with plasma major radius
RP=6.2 m, minor radius aP=1.5 m, fusion power about 4.0 GW, plasma current up to
12 MA, normalized beta βN≤4.0 and toroidal magnetic field 11 T (peak value 23 T in
magnets), twice as that of ITER-FEAT[12] design. The outstanding feature of this
socio-economically attractive fusion reactor made up of 12 toroidal sectors
corresponding to the 12 TF coils is that high temperature (20 K) superconductivity
coils are applied and that low activation material SiC/SiC composite material is used
as first wall, V-ally for shell, TiH2 for shield and F82H for vacuum vessel, which
mitigate the difficulty associated with the maintenance of Tokamak systems arising
from configuration complexity and material radioactivity. The average neutron wall
loading is 6 MW/m2, and the peak value is 8 MW/m2, while the maximum fluence is
12 MW/m2 for plant availability 75%. Surface heat loads on the blanket first wall
and the divertor plate is estimated to be less than 1 and 5.0 MW/m2, respectively.
Thermal efficiency of A-SSTR2 is approaching 50%. Each sector of blanket has its
own horizontal maintenance port, allowing replacement of the full sector without
opening the cryostat or disassembling other components such as the coil system.
However, how to raise the plasma current to the flattop without using CS (central
solenoid) is a leading issue for A-SSTR2 design. CS-less looks simple in design,
similar as spherical torus design, but it may cause a serious drawback practically.
Available current drive for A-SSTR2 are less efficient NBI and ECRH, although
LHRF is much more efficient as a non-inductive drive method, it is not usable in
fusion reactor[13].
1. 2  Power flow in A-SSTR2

The blanket of A-SSTR2 is similar as that of DREAM[14], a preceding power
plant conceptually designed by the same group in Naka Fusion Establishment,
JAERI. One of the differences is that the tritium breeder lithium metatitanate,
Li2TiO3, in blanket is used instead of Li2O ceramics. Neutron multiplier material
(beryllium), tritium breeding material and shielding material (SiC/SiC) are packed in
the module as small size pebbles of diameter 1 mm for Be and Li2TiO3, and 10 mm
for SiC/SiC, initially. This leads to the selection of a coolant velocity of 50 m/s and
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the corresponding pressure drop is about 30 kPa/m, which results in a total pressure
drop in the blanket less than 0.1 MPa. A-SSTR2 plasma-facing components are
subjected to higher heat flux than in ITER. The power flow in A-SSTR2 is shown in
Fig. 1 and Table 1. Power flow shown here gives heat flux onto the first wall and
divertor plate is not more than 1.0 and 5.0 MW/m2, respectively. Confinement
improvement allows high PIMP, and detached divertor plasma brings high PRMT. Then
the heat flux to divertor is mitigated. Helium coolant supplied from the inlet pipe of
cooling ring firstly flows through the sidewall and first wall channels, and then
flows into the module through the porous partition wall and cools the blanket
internals before exiting through the outlet pipe of the ring, as shown in Fig. 2.

Table 1  Plasma power flow in A-SSTR2

Pα Alpha Heating Power 800 MW

PAUX Current Drive Power 60 MW

PSYN Synchrotron Radiation Power 100 MW

PBRM Bremsstrahlung Radiation Power 100 MW

PIMP Impurity Line Radiation at plasma edge 200 MW

PSOL Power Flow into SOL 460 MW

PRMT Impurity Line Radiation at Divertor Region >360 MW

PDIV Power Flow into Divertor Plate <100 MW

       

     Fig. 1  Power flow in A-SSTR2             Fig. 2  Coolant flow schematic
                                              in A-SSTR2 outboard blanket
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2  THERMO-MECHANICAL ANALYSIS OF FIRST WALL

    As we know, the shielding blanket/FW has the following functions:
    (1) It removes surface heat flux and nuclear heating to keep material
temperature and stresses within allowing limits;
    (2) It reduces the nuclear responses in the conducting magnets and vacuum
vessel;
    (3) It contributes to the passive stabilization for the plasma MHD Instabilities.

Also the shielding blanket/FW structure must endure the huge electromagnetic
force due to a plasma disruption and/or a vertical displacement event (VDE) for
elongated plasma. It is very important to perform the temperature and thermal and
mechanical stress calculation and analysis of the first wall (FW) of the advanced
steady state Tokamak reactor in order to construct a database on these aspects as the
guideline of the coming detailed blanket design of A-SSTR2 with respect to the
choice of specific design window. Plenty of calculations by use of the ADINA code
were carried out and hundreds and thousands of data necessary for the construction
of the database were obtained. Nonetheless, these calculations are also good
reference for other blanket designs. In the primary geometry of A-SSTR2 first wall,
the following schematic configuration Fig. 3 is taken into account:

   

                     (a)                                            (b)

Fig. 3  (a) Model of First Wall; (b) 2D calculation model

In Fig. 3 (a) two coolant channels are shown in the middle of the first wall,
plasma heat flux is from the upper direction, and the dimension of the rectangular
channel is 2a×a, while the distance between neighboring channels is d. However, the
thickness of first wall in the whole calculation is fixed at L0=20 mm. Fig. 3 (b)
shows the FEM model for thermal calculation. In these calculations, the center of
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the coolant channel is in the middle of the first wall. The properties of the structural
material of the first wall, SiC/SiC composite, are listed in Table 2.

Table 2  Material properties of SiC/SiC composite

Parameter Symbol Specification

Thermal conductivity λ/W·m-1·K-1 10～50

Specific heat C/J·kg-1·K-1 1200

Density ρ/kg·m-3 2500

Young’s modulus E/GPa 200

Poisson’s ratio υ 0.2

Tensile strength σu/MPa 300

Allowable stress (=2/3σu) σm/MPa 200

Heat transfer coefficient h/W·m-2·K-1 5000

Thermal expansion coefficient β/k-1 3.3×10-6

Allowable temperature T/℃ 1100

2. 1  Temperature calculation
    In order to investigate the detailed variation sensitivity of temperature and
thermal stress with respect to the parameters of material properties and nonstructural
geometry, a plenty of analytical calculations were carried out and some important
conclusion can be drawn:
    (1) The surface temperature of first wall decreases with increasing thermal
conductivity sensitively if the conductivity is less than 25 W/m·K and increases
with increasing first wall thickness;
    (2) The surface temperature of first wall increases with the same increment as
the coolant temperature identically;
    (3) The thermal stress of first wall decreases with increasing thermal
conductivity and increases with increasing first wall thickness sensitively;
    (4) Thermal stress is independent with coolant temperature.
    Since internal heat generation in the first wall and blanket is generally very
large, a comparison of numerical and analytical calculation was performed to
investigate the effect on the surface temperature of first wall based on the following
parameters:
    Surface heat flux: 1.0 MW/m2;
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    Heat generation: 10.0 MW/m3;
    Coolant temperature: 300 ℃;
    Heat transfer coefficient: 6000 W/m2·K

The maximum surface temperature of first wall from both numerical and
analytical calculations for different first wall thickness, 4 mm and 6 mm, as the
thermal conductivity dependence are shown in Fig. 4. It can be seen that the effect
of internal heat generation on the surface temperature of first wall is not obvious,
while the difference between the results from analytical and numerical calculations
with internal heat comes from a slightly different formula used to calculate
temperature. Hence the main factor of the first wall temperature is plasma heat flux,
not internal nuclear heat generation. Fig. 5 shows the temperature distribution for
configuration a8d8 (configuration for a=8 mm and d=8 mm). It can be seen that the
positions of maximum temperature change with different thermal conductivity for (a)
20 W/m·K and (b) 50 W/m·K even for the same calculation condition: heat flux,
1.0 MW/m2; heat transfer coefficient, 5000 W/m2·K, and coolant temperature, 700
℃. On the other hand, this characteristic is also shown for different heat transfer
coefficient.
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Fig. 4  Surface temperature of first wall from both numerical calculation
and analytical calculation for different first wall thickness: 4 mm and 6 mm.

Different lines represent the results from different considerations.
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                 (a)                                          (b)

Fig. 5  Temperature distribution for a8d8

The positions of maximum temperature change with different physical properties: thermal conductivity

for (a) 20 W/m·K and (b) 50 W/m·K. Calculation condition: heat flux, 1.0 MW/m2;

heat transfer coefficient, 5000 W/m2·K, and coolant temperature, 700 ℃.

2. 2  Thermo-mechanical Stress Calculation
    Compared with temperature calculation, thermal stress calculation is more
time-consumed and complex. Not only would nodal boundary condition (fixity) be
applied one by one to the nodes in the bottom lines in FEM models, but also several
constrained equations would be added to the upper lines in order that the nodes in
the lines will move or have strain simultaneously. Additionally, the right bottom
point is fixed in all directions.
    The mechanical load is 10 MPa coolant pressure in the coolant channel. After
temperature calculation was completed using ADINA-T module, transferring the
result to another module, ADINA, automatically calculates thermal and mechanical
stress. As for the stress distribution, the Tresca stress is concerned. And the
maximum value of the Tresca stress varies greatly depending on different FEM
models. It is found that the position of the maximum stress also changes as well.
Either at the left bottom corner of the model, or the left upper corner, or the right
upper corner, or the right bottom corner of the coolant channel. This can be seen
from Fig. 6, where (a) is a8d8 model and boundary condition for stress calculation;
(b) Tresca stress distribution for heat flux 1.0 MW/m2 and thermal conductivity 50
W/m·K; (c) Tresca stress distribution for heat flux 0.5 MW/m2 and thermal
conductivity 20 W/m·K for comparison. Heat transfer coefficient and coolant
pressure are 5000 W/m2·K and 10 MPa, respectively, for both cases.
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                  (a)                                              (b)

                                          (c)

Fig. 6  (a) a8d8 model and boundary condition for stress calculation; (b) Tresca stress
distribution for heat flux, 1.0 MW/m2; thermal conductivity: 50 W/m; (c) Tresca stress

distribution for heat flux, 0.5 MW/m2; thermal conductivity: 20 W/m·K. Heat transfer
coefficient and coolant pressure are 5000 W/m2·K and 10 MPa for both.

3  DESIGN WINDOW

    As for current A-SSTR2 design, in order to explore the optimal blanket first
wall design, plenty of temperature and corresponding thermo-mechanical
calculations were performed for various geometrical configurations. In Fig. 3, the
dimensions of a and d change from 1 to 20 mm, while L0 is fixed at 20 mm. At the
same time, two values was set for heat flux: 0.5 and 1.0 MW/m2 (keep internal heat
generation 10 times as heat flux quantitatively). Taking into account current material
properties of SiC/SiC composite, the thermal conductivity was chosen: 20, 40 and
50 W/m·K. Heat transfer coefficient and coolant temperature were always set at
5000 W/m2·K and 700 ℃, respectively.

Fig. 7 shows that maximum temperature and mechanical stress change with
geometrical parameters, a and d for calculation condition: heat flux, 0.5 MW/m2 and
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thermal conductivity, 40 W/m·K. It is found that maximum temperature changes
with configuration greatly while Tresca stress responds insensitively for a specific
value, e.g. 100 or 200 MPa in figure. When a is about 7 mm, the maximum Tresca
stress is near 100 MPa, and when a is 11 mm, the Tresca stress nearly fixed 200
MPa. Therefore, if the design is improved when heat flux is no more than 0.5
MW/m2 and thermal conductivity is larger than 40 W/m·K, the design window
(defined as a range within which the relative maximum thermal and mechanical
stress is lower than its allowable maximum value, for SiC/SiC composite, maximum
temperature and stress less than 1100 ℃ and 200 MPa, respectively) is very wide.
Even for maximum temperature of 1000 ℃, only if a is less than 11 mm, the design
can satisfy thermal condition. The shorter a, the smaller the stress, however, the
greater a and/or d, the higher the temperature.
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Fig. 7  Maximum temperature and maximum Tresca stress for various geometrical
configuration. x-axis is the distance between neighboring coolant channel

and y-axis represents coolant channel dimension (2a×a)
Computational condition: heat flux, 0.5 MW/m2; internal heat generation, 5 MW/m3; thermal conductivity: 40

W/m·K; heat transfer coefficient, 5000 W/m2·K; coolant temperature: 700 ℃; and, coolant pressure, 10 MPa.

Solid lines show maximum temperature while dash lines show maximum stress.

    If loads are fixed, thermal conductivity decreases from 40 to 20 W/m·K, what
does result change? Fig. 8 shows this case. The design optional range lies in the
zone which is surrounded by the dash lines, 4≤a≤11 mm and d<16 mm generally,
for maximum temperature lower than 1000 ℃ and maximum Tresca stress lower
than 200 MPa. And Fig. 9 shows the changing of the design zone. It can be seen that
the window shrinks greatly.
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Fig. 8  Maximum temperature and maximum Tresca stress
for various geometrical configuration

Computational condition: heat flux, 0.5 MW/m2; internal heat generation, 5 MW/m3; thermal conductivity: 20

W/m·K; heat transfer coefficient, 5000 W/m2·K; coolant temperature: 700 ℃; and, coolant pressure, 10 MPa.
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Fig. 9 Variation for design windows with respect to maximum temperature and Tresca stress

when thermal conductivity decreases from 40 to 20 W/m·K
Computational condition: heat flux, 0.5 MW/m2; internal heat generation, 5 MW/m3;

heat transfer coefficient, 5000 W/m2·K; coolant temperature: 700 ℃; and, coolant pressure, 10 MPa.

Solid lines represent thermal conductivity 40 W/m·K, while dash lines 20 W/m·K. 1000 ℃

and 200 MPa are allowable maximum temperature and stress for SiC/SiC, respectively.

When heat flux increases to 1.0 MW/m2, Fig. 10 and Fig. 11 show
corresponding results. Fig. 10 shows results for thermal conductivity 20 W/m·K.
The resultant temperature and thermo-mechanical stress are both larger than
allowable values greatly. For this case, even coolant temperature decrease to 300 ℃,
it is difficult to find a solution. It is noted that stress is independent on coolant



143

temperature. However, when the thermal conductivity increase to 50 W/m·K, a
design window locates in the zone which is surrounded by the maximum
temperature line (1100 ℃) and maximum Tresca stress line (200 MPa) among the
zone 2 mm<a<11 mm and 3 mm<d<17 mm, as shown in Fig. 11. The minimum
optional configuration parameter is a4d4. Taking into accounting inlet/outlet coolant
temperature, 600 ℃/900 ℃, the corresponding coolant velocity in the first wall is 80
m/s, while the related heat transfer coefficient is a little higher than 5000 W/m2·K
under the pressure 10 MPa, this will result in lower maximum temperature in the
model. Thus, a4d4 is recommended for current design.
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Fig. 11 Maximum temperature and
 maximum Tresca stress for various

geometrical configuration
Computational condition: heat flux, 1.0 MW/m2;

internal heat generation, 10.0 MW/m3; thermal

conductivity: 50 W/m·K; heat transfer coefficient,

5000 W/m2·K; coolant temperature: 700 ℃; and,

coolant pressure, 10 MPa. Solid lines show

maximum temperature and

 dash lines show maximum stress.

    Finally, Fig. 12 shows maximum mechanical stress resulted only from coolant
pressure, 10 MPa. It is very interesting to see that when the dimension of coolant
channel is fixed, the mechanical stress almost keep constant with changing distance
between neighboring coolant channels. Fig. 13 is the maximum shear stress (i. e.,
Tresca stress) distributions for configuration a6d6. It can be seen that the stress
distribution is completely symmetry.
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 Fig. 10 Maximum temperature and
maximum Tresca stress for various

geometrical configuration
Computational condition: heat flux, 1.0 MW/m2;

internal heat generation, 10.0 MW/m3; thermal

conductivity: 20 W/m·K; heat transfer coefficient,

5000 W/m2·K; coolant temperature: 700 ℃;

and, coolant pressure, 10 MPa. Solid lines

show maximum temperature, dash lines

show maximum stress for 300 MPa
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Fig.12  Maximum mechanical stress (Tresca stress) resulted from coolant inner pressure 10
MPa for various geometrical configurations. 200,100 and 50 MPa are shown.

Computational condition: thermal conductivity, 20 W/m·K; heat transfer coefficient, 5000 W/m2·K.

Fig. 13  Tresca stress distribution resulted from only coolant pressure 10 MPa for a6d6

4  CONCLUSION AND DISCUSSION

    GW level high power CS-less reactor, A-SSTR2 is a representative socio-
economically attractive new-generation fusion reactor with much environmental
concern. Advanced Tokamak configuration with high bootstrap current and high
temperature superconductivity were applied in concept design based on preceding
DREAM and A-SSTR designs. SiC/SiC composite material was chosen as the first
wall because of its superior safety characteristics from its low induced radioactivity
and afterheat. High heat flux to the first wall and divertor plate is a major problem.
Temperature calculation and thermo-mechanical stress analysis of the first wall were
performed using finite element methods. Design windows were explored for
nominal heat flux 1.0 MW/m2 and possibly improved value, 0.5 MW/m2 in the
ongoing design, with different thermal conductivities, which can lead to the results
within allowable values for structural material. Finally, configuration with coolant
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channel dimension 4 mm×8 mm and distance between neighboring channel 4 mm
is chosen for current A-SSTR2 design. The corresponding coolant velocity is 80 m/s,
coincident with heat transfer coefficient under 10 MPa pressure.
    Through 2D calculation for various geometrical configurations and sensitive
physical properties, a fundamental guideline for first wall and blanket design are
established with respect to maximum temperature, thermal and mechanical stress for
many configurations. In particular, the outline of design window for specific
structural material is a useful reference for future A-SSTR2 first wall design.
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