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ARTICLE INFO ABSTRACT

Keywords: The study on DCLL blanket in ITER is related to magneto-thermo-fluid-structure coupled field issue. A key

MHD effects element in the DCLL concept is the flow channel insert (FCI) which serves as an electrical insulator to reduce the

ECl magnetohydrodynamic (MHD) pressure drop, and as a thermal insulator to decouple the high temperature PbLi

Magneto-thermo-fluid-structure coupled field from the reduced activation ferritic steel (RAFS) structure. In the present work, 16 geometrical models of flow

Thermal deformation ducts are introduced to study the MHD flow and heat transfer in DCLL blanket in magneto-thermo-fluid-structure
coupled physical field. The PISO method on unstructured collocated meshes is applied to simulate the metal
liquid flow and heat transfer in the blanket. The consistent and conservative scheme is employed to solve the
incompressible Navier-Stokes equations with the Lorentz force included based on the electrical potential
formula. The finite element method is used to study thermal mechanical behaviors of FCI. The velocity
distribution, MHD pressure drop, electric current stream lines and temperature distribution in liquid blanket,
thermal deformations of FCI in various geometrical models under external strong magnetic field are investigated.
The pressure drop reduction factor is defined to analyze the influence of FCI structure on the MHD effects in the
liquid metal blanket. The nonlinear coupling effects among magnetic field, heat transfer and FCI structure are
revealed. The results show that thicker FCI and wider gap would increase the MHD pressure drops in bulk flow;
the thicker FCI has smaller displacement but its strain and stress change non-monotonously; the wider gap can
enhance the heat transfer performance but lead to larger stress in FCI. The optimal design is essential for the
structural safety and high heat efficiency of the system.

1. Introduction

MHD effect and heat transfer are two key issues in the design of
DCLL blanket [1-3]. The magnitude of the MHD pressure drops which
are proportional to the electric current density induced in the fluid is
determined by the resistance of the current patch. The MHD pressure
drops increase with the increase of wall conductance ratio because of
lower resistance compared to the insulating one. In order to reduce
MHD pressure drop, flow channel insert (FCI) made of SiC¢/SiC which
has relatively low electrical conductivity, is introduced to decouple the
liquid metal from the walls and to reduce the electric current. Another
main attraction of the FCI is related to low thermal conductivity of the
SiC¢/SiC, allowing for the reduction of heat losses from the breeder and
both increasing high bulk temperatures at the blanket exit and
decreasing the temperature of first wall in order to meet the design
limit [4].

In the past, several overviews of liquid metal MHD flows in fusion
relevant condition have been carried out, focusing on the blanket issues
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common to all types of liquid metal blankets, such as velocity and
temperature field distribution, the MHD pressure drop, complex
geometries flows and heat transfer [5-8]. Velocity profiles of MHD
flow in the front poloidal channel of the DCLL blanket were studied by
Smolentsev et al. [9] based on a 2D model for a fully developed flow.
However, it has been verified [10,11] that the liquid metal fluid in
rectangular duct relevant to fusion blanket using FCI made of con-
ductive or insulated walls with/without slot is a fully 3D flow. Pressure
gradient in the flow direction can be divided into two stages, including
changing pressure gradient of developing length around 4-5 times of
the half channel width and constant pressure gradient. The detailed
MHD and thermal issues of the SiC¢/SiC FCI analysis for Pb—Li flows are
also presented in [12] by Smolentsev. In this paper, two FCI modifica-
tions, one with no pressure equalization openings and one with a
pressure equalization slot, have been considered. They focused on
studying the effects of electric and thermal conductivity of the SiC¢/SiC
on the MHD pressure drop and reduction of heat leakage from the
breeder into the helium flows. The role of the pressure equalization
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openings have been discussed, too. In 2008, Smolentsev et al. [13]
summarized the important blanket feasibility issues, such as the MHD
pressure drop, heat leakages from PbLi into the cooling helium flows,
and the temperature distributions in the insulating flow insert and at
the material interface. They pointed out high interface temperature
between PbLi and the ferritic wall may exceed the allowable material
limits. Recently, Sutevski et al. [14] have studied two pressure
equalization (PE) mechanisms. The paper suggested that PE via electric
currents appears to dominate compared to purely hydrodynamic PE.
They addressed the impact of the FCI electrical conductivity, slot size,
and the duct length and recommended that a PES does not contribute
significantly to PE. However, research on the effects of FCI thickness or
gap width on the MHD and thermal issues, including MHD pressure
drop, heat transfer, thermal stresses and thermal deformation, has not
been achieved so far. After numerous 3D simulations, we find that the
influences of geometrical characteristics are nonlinear and the coupling
effects of FCI thickness and gap width play a key role on structural
safety and heat transfer efficiency.

In fact, the DCLL blanket endures affection from both external
strong magnetic field and large gradient neutron flux. The metal fluid,
FCI structure, magnetic field and heat source constitute a coupling
physical field. The high neutron flux formula from neutron analysis
[15] demonstrates the relation between space location and heat
magnitude. It implies that geometrical configuration of blanket would
cause the variation of not only metal liquid flow but also heat amount
from neutron reaction. The flow velocity field, temperature distribution
and thermal mechanical behaviors of FCI would change accordingly. In
this work, MHD of metal fluid, heat transfer and thermal deformation of
FCI are investigated applying 3D CFD simulating code and FE (finite
element) code.

The paper is organized as follows: Section 2 describes the general
MHD problems in liquid metal blanket applications, including geometry
and material properties. Section 3 introduces the mathematical formula
applied in this simulation, including governing equations in fluid field
and solid field, boundary conditions on fluid-structure interfaces and
the numerical method. The algorithm employed is stated and code
developed on the basis of FVM is validated in Section 4. Section 5
addresses the results and analyzes the particular MHD issues, including
MHD pressure drop, heat transfer phenomena, distribution of tempera-
ture field, heat leakage into He, and thermal stresses and deformation.
Section 6 summarizes the conclusion by analysis of the simulation.

2. Description for physical model

The configuration of simplified DCLL blanket channel model with a
FCI is illustrated in Fig. 1. In the cross-section view, the outer steel duct
is cooled by helium. Laminar flows of liquid metal through a straight
rectangular duct under a transversal strong magnetic field are con-
sidered. The FCI is separated from the ferritic wall by a thin gap filled
with liquid metal. These gaps can avoid strong mechanical interaction
between the FCI and the ferritic wall with lower temperature. In the
following parts, flow inside the FCI is called “bulk flow”, and flow
between FCI and ferritic wall is called “gap flow”.

In our simulation, liquid metal flows along the poloidal direction (z-
direction) with the length of the channel from z = 0 to 2000 mm. The
current simulation is performed with a uniform strong magnetic field
Byp = 1T paralleling to toroidal direction (y-direction), as shown in
Fig. 1. The inlet velocity u, is 0.06 m/s and inlet temperature is 733 K
for bulk flow and gap flow. The radial direction is set to be along x-
direction, as shown in Fig. 1. The physical parameters of the liquid
metal, FCI and ferritic wall are provided in Table 1.

As previously mentioned, FCI thicknesses and gap widths could
affect flow patterns under strong magnetic field, temperature distribu-
tions and structural stresses of FCI in the blanket module. On the other
hand, the pressure and temperature of fluid directly influence the
deformations and stresses of FCI structure. Therefore, study on the
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interactions of metal fluid and FCI structure plays dominant role in
blanket design. In order to investigate such influences caused by
geometrical characteristics, a series of models are carried out for
analysis of flow and heat transfer and structural optimization. In the
present work, we focus mainly on analyzing the effects of the FCI
thickness and gap widths on the MHD pressure drops and heat transfer.
Cases with 16 geometrical models are listed in Table 2. For the 16
designs, the volume of the simulation region
224 mm X 324 mm X 2000 mm is kept constant. Here, FCI thicknesses
are considered as 2 mm, 3 mm, 5 mm and 7 mm while gap widths are
2mm, 4 mm, 6 mm and 8 mm. The regions of bulk flow are adjusted
according to the thickness of FCI and width of gap.

3. Mathematical formulation for magneto-thermo-fluid-structure
coupled field

For the magneto-thermo-fluid-structure multi-physical field, the
effect of strong magnetic field is reflected in pressure and shear stress
of fluid by Lorentz force. The heat source produced by neutron reaction
impacts the deformations and stresses of the structure by bulk flow. So,
the fluid field and solid field can be considered to be two main parts of
the coupling field. The external magnetic field, metal fluid and
neutronic heat flux coexist in fluid field. The solid field includes FCI
structure and temperature field. Herein, the sequential method is used
to simulate fluid flow, temperature distribution and thermal deforma-
tion of FCI and investigate the fluid-structure interaction.

3.1. Governing equations for MHD flow

The flow of viscous incompressible electrically conducting fluid
under a uniform external magnetic field can be described by the Navier-
Stokes Egs. (1) and (2), representing the conservations of momentum
and mass. And electrodynamics Egs. (3) and (4) state the Ohm's law and
charge conservation [16]. The two sets of equations are coupled by
Lorentz force (J X B) and induced electric current field u x B. The
energy equation is described by formula (5).
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Here u, p, J, @, T are the main variables according to velocity vector,
kinetic pressure, electric current density, electrical potential and
temperature, respectively. B stands for the magnitude of external
magnetic field. Fluid properties are v, 0, K, Cp, p, corresponding to
the fluid viscosity, electric conductivity, thermal conductivity, specific
heat capacity and fluid density. Q is the thermal load deposited by the
high neutron flux, Q=3 X 107¢" 106 +8) where b is the half length of
bulk flow along the X direction.

In this work, a dimensionless parameter, Hartmann number
Ha = aB./c/pv, is employed to express the balance of forces established
between the electromagnetic force and the viscous force.

3.2. Governing equations for solid structure

Geometric equation for small deformation in FCI considering
temperature effect is

1
Ejj = E(d” + dj,i) + aAT&,J (6)

where, ¢; represents strain tensor, and d; represents displacement
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Fig. 1. Configuration of poloidal duct with silicon carbide (SiC) flow channel insert (FCI).

vector, and AT describes the temperature variation of solid structure
and a is thermal expansion coefficient. §; is the Kronecker delta.

} @)

FCI is made of SiC material. As described by Abdou et al. [17], SiC is
the candidate material for FCI because of its good electrical and heat
insulating characteristic. And its constitutive relation meet generalized
Hooke law in elastic state. Considering the small deformation of FCI
structure, the constitutive equation would describe the linear relation
between strains and stresses.

bij
S

J
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Here, 0; is defined as stress tensor. G is shear modulus and A = Eu/
[(1 + (@A — 2u)] is Lame constant. © = ¢; is volumetric strain and u is
Poisson ratio.

And the equilibrium equations of structure satisfy

ojj+ F=0 9

where, F; is the ith component of volumetric force.
3.3. Boundary condition

A uniform velocity and temperature are specified as inlet boundary
condition, and the pressure at outlet is set to be zero. On the gap flow-
outer wall of FCI structure interface and bulk flow-inner wall of FCI
structure interface, solutions are coupled by ensuring the continuity of
wall temperature, wall electric potential and wall normal current.

Tf =T, (10)
4, = df an
Py = Py 12)
Table 1

Physical parameters of the materials.

Table 2
Geometrical parameters (millimeter) for the front poloidal channel of the reference DCLL
blanket.

FW 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

Gap 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8

FCI 2 2 2 2 3 3 3 3 5 5 5 5 7 7 7 7
jn,f = jn,w (1 3)

Here, Ty and T, express temperature of fluid and structure wall. ¢
and ¢, express electric potentials of fluid and structure wall. j, r and
Jn,w express normal currents of fluid and structure wall. g, and gf
describe heat fluxes on solid section and fluid section of fluid-solid
interface, respectively.

Simultaneously, non-slip boundary conditions are applied for
velocity and Neumann conditions are set up for pressure on fluid-
structure interfaces.

The thermal condition of FCI and FW at z = 0 and z = 2000 mm is
set to be insulation % = 0, while the outside walls of the FW are set to
satisfy convective boundary condition.

oT
K— +nhT-T,,)=0
on T T 14)

Here, h is convective heat transfer coefficient. The temperature in
the helium flows T,y is fixed to be 400°C, and the heat transfer
coefficient in the helium flow is 4000W/m?-K.

Because the normal component of current density is zero, Neumann
condition of electrical potential is specified for the insulated walls

W _y

on (15)

Density (kg/ Dynamic viscosity Electrical Specific heat

Thermal conductivity  Elastic modulus Poisson's ratio Thermal expansion

m®) (kg/(m's)) conductivity (S/m) capacity (J/(kg’K)) (W/(mK)) (GPa) coefficient (K™ 1)
Liquid 9500 0.001786 850,000 190 16
metal
FCI 2500 0.0001 1200 8 2E2 0.2 3.3E-06
FwW 7850 1,230,000 480 30
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4. Numerical algorithm and code validation
4.1. Algorithm for metal fluid flow

In the build-up of the present numerical code, PISO [18] algorithm
is introduced to treat the pressure-velocity coupling equations including
the Lorentz force term in fluid field. The finite volume method is
employed to discrete the incompressible Navier-Stokes equations,
electrodynamics equations and energy equation in the node-based
formulation. 3D simulating code is developed on the basis of Open-
FOAM. The PISO loop consists of an implicit momentum predictor
followed by a series of pressure solutions and explicit velocity correc-
tions. The loop is repeated until a pre-determined tolerance is reached.
During the loop, the Lorentz force term is treated explicitly as an
additional force term.

In simulation of MHD effect, the calculation of Lorentz force at
moderate and high Hartmann numbers is a very challenging part. In the
work, the electric Poisson equation is solved according to the consistent
and conservative scheme [19-21] by satisfying boundary conditions
(12) and (13).

In order to guarantee the continuity of temperature and heat flux at
the interface, boundary conditions (10) and (11) are introduced to
calculate the temperature distribution in FW-gap flow-FCI-bulk flow
coupled physics field.

4.2. Grids for coupled field

Because of external magnetic field, the metal fluid flow is impacted
by induced Lorentz force. The sharp velocity gradient occurs near side
wall which is paralleled to the magnetic field. Therefore, for the present
work, the grid spacing is decreased greatly closer to the wall to ensure
that the great gradient can be captured accurately, as shown in Fig. 2.

4.3. Simulation for structural deformations and stresses

For solid field, finite element method was used to solve deforma-
tion, stress and strain in FCI. In order to improve the accuracy of
computation, 20 node hexahedral elements are applied to investigate
the mechanical behaviors of FCI under coupled field of temperature and
fluid flow. In this process, both thermal effect and pressure impact from
fluid are considered. On the fluid-structure interfaces between either

Fig. 2. Meshes in gap flow-FCI-bulk flow coupled field.
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gap flow and FCI or bulk flow and FCI, the following boundary
conditions are satisfied.

Ty =T pr =Dy (16)

4.4. Validation

To validate the code developed for the solution for MHD flows, two
benchmark problems are simulated. A solution of MHD flow in pipe
channel is employed to check the accuracy of the developed code with
non-orthogonal meshes. The simulation results match the reference
solutions [22] very well, as seen in Fig. 3.

The second problem is Hunt's analytical solution of MHD flow in
ducts [23]. The goal is to check the ability of the code for MHD flow
with high Hartmann number. The velocity profiles of Ha = 20,000
shown in Fig. 4 is in good agreement with Hunt's solution.

To validate the finite element solver applied in the solid region, a
thermal stress case of tube is conducted. In this case, a thick wall tube
with inner radius r, and outer radius r is considered. The temperature
difference between its inner surface and outer surface is T, and the
tube has thermal insulated and traction-free ends. The material of the
tube has elastic modulus E, Poisson's ratio g and linear thermal
expansion coefficient a. The radial, toroidal and poloidal directions
are described by subscripts r, ¢ and z, respectively. According to classic
elasticity theory [24], the radial, toroidal and poloidal thermal stresses
along the radial direction can be denoted as follows.

- "
EaT, [n? Tz -1
o= _2(1 -2 T 1
T a7
E R
EaT, |In5 2t
% =~ n T3
21— w| W% T ow_
p,
| a 142 (18)
EaT, |2In 'r” 1 2
o, = — 7 +
20 —w| m2 n _
i fa ra? (19)

In this work, a case with steel tube under 60 K temperature
difference between inner and outer surface is presented for validation.
With appropriate grids, good accuracy can be obtained here. As can be
seen in Fig. 5, numerical results of radial, toroidal and poloidal thermal
stresses all have good agreements with analytical results. And the
average numerical error in this case is within 0.5% compared with
analytical solutions.

5. Simulation results and analysis
5.1. Basic MHD effects

When insulated FCI is introduced into the blanket, the stream line of
current is cut off due to the low electrical conductivity of FCI. The FCIs
decouple electrically the PbLi flow from the steel walls by interrupting
the current paths towards the conducting walls. In the insulated ducts,
the flows fully match the Shercliff flow. There are four current loops
which is asymmetry because of different conductivities of FCI and wall
located in the lower and upper sections of the gap. As shown in the
Fig. 6(b), velocity inside insulated FCI is almost uniform which is much
smaller than that outside FCI. In the Hartmann gaps, the flow is almost
stagnant. However, in each side gap, it can be found that a lower
velocity jet located at the electrically conducting wall and a higher
velocity jet located at the non-conducting wall.
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5.2. MHD pressure drop

MHD pressure variation along the poloidal direction is shown in
Fig. 7. In order to investigate the effects of FCI on pressure drop
reduction, we also calculated a case without FCI for comparison. It can
be seen clearly, an insulated FCI can greatly decrease pressure
difference, comparing with the no-FCI case. FCI would have strong

impact on the pressure in bulk flow, Hartmann gap flow and side gap
flow. The reason is that electric insulated FCI change the electric
potential and electric current distribution. The Lorentz force changed
would break the equilibrium of force in fluid field. Correspondingly,
pressure distribution of fluid is changed.

A MHD pressure drop reduction factor R is defined to describe the
effect of pressure drop reduction compared to case with FCI.

_ (dp/dz) no_pci
(dp/dz)pe;

Where, (dp/dz)rc; represents the MHD pressure drop of bulk flow with
FCI and (dp/dz)no — rcr represents the MHD pressure drop for the case
without FCI. Fig. 8 shows that the MHD pressure drop reduction factor
reaches the highest value, 116.2, when the FCI thickness is 2 mm and
the gap width is 2 mm. In contrary, the reduction factor reaches the
lowest value 108.2 when the FCI thickness is 7 mm and the gap width is
8 mm. It is clear that there exist small differences among the pressure
drop factors for 16 blanket models. But any one of 16 models can
reduce the pressure drop over 100 times.

Fig. 9 shows the comparison of MHD pressure drop in bulk flow and
Hartmann gap flow for different FCI thickness and gap width. The
pressure drop Ap means the max difference between inlet pressure and
outlet pressure. As illustrated in Fig. 9(a), thicker FCI and wider gap
will lead to larger pressure drop in bulk flow. For the same gap width,
as the increase of FCI thickness, the size of the bulk region shrinks.
Accordingly, smaller metal fluid flow region reduces the current loops
and the current density and Lorentz force increase as a result. It is the
same reason for the case of increasing gap width. Fig. 9(b) shows that
wider gap would reduce pressure drop in gap flow while FCI thickness
affect little to gap flow pressure drop with the same gap width.
Compared with pressure drop in gap flow, pressure drop of bulk flow
can be neglected. Consequently, in order to reduce pressure drop and
pumping power in the blanket module, we have better to choose a

wider gap.

5.3. Effects of geometry configuration on the heat transfer

In order to study the effects of FCI thickness on the heat transfer, 16
configurations mentioned above are conducted. Temperature field in
bulk flow, gap flow, FCI and ferritic steel wall will be analyzed. The key
points in the heat transfer optimizations are focused on improvement of
exit temperature of liquid metal, minimization of heat losses from the
liquid metal, lower fluid-solid interface temperature which should be
below corrosion limit of solid material and reduction of temperature
stresses in the FCI.

The typical temperature distributions at the outlet and in the
poloidal-radial plane of the flow channel are illustrated in Fig. 10(a)
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(b) velocity field

Fig. 6. The distribution of velocity field, electric potential and current streamlines at outlet (FCI 2 mm, gap 8 mm).
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and (b), respectively. As can be seen, in the bulk flow, temperature field
varies intensely in the radial (X) direction while changes gently in the
toroidal (Y) direction. However, in both radial and toroidal direction,
the changes in temperature field are large near the inside ferritic steel

wall cooled by the helium flows. Because of the heat transfer by the
liquid metal, temperature filed achieves the peak value at the exit.

To analyze the effects of FCI thickness on improvement of tempera-
ture of liquid metal, temperature distribution in the vicinity of first wall
(FW) at the exit and the temperature on first wall inside surface are
drawn in Fig. 11(a) and (b). Increasing the FCI thickness, the bulk flow
carries more heat and exit temperature increases. Heat leakage from
bulk flow into gap flow and steel wall is reduced and gap flow
temperature and temperature on the first wall surface decrease,
consequently. The max temperature at the exit is affected obviously
by FCI thickness and increases as the FCI thickness increases, because
thicker FCI becomes a better thermal insulator. To the same energy
poured into the system, the exit temperature becomes higher. Mean-
while, the increasing of FCI thickness results in a lower max interface
temperature. This is because that the function of FCI for preventing the
high energy transfer transversely from bulk flow to Fe wall becomes
stronger as the thickness of FCI increases.

The velocity fields near FW drawn in Fig. 12(a) imply that wider gap
would lead to higher jet velocity in side gap flow, which enhance the
heat transfer performance. The reason is that gap flows with higher
velocity would carry more heat away from the duct. Meanwhile, the
convective heat transfer performance between helium and steel wall
would be better and plays an important role to the temperature of the
first wall. The gap flow temperature and the bulk flow temperature near
the hotter side wall of FCI are reduced. The temperature variations are
shown in Fig. 12(b).

Changes of the exit temperature due to various gap widths are small.
When gap is wider, the cross-sectional area and flow rate in gap will be
larger, and heat transfer can be enhanced, thus temperature on first
wall will be lower, as illustrated in Fig. 13. Overall, wider gap is still
preferred because of the lower interface temperature.

The peak temperature at the interface between Fe and gap flow for
all the 16 cases are shown at Fig. 14. The increasing of FCI thickness
prevents the high energy transfer transversely from bulk flow to Fe wall
which reduces the heat transfer efficiency. With the increasing of the
gap width, the velocity of jet flow in side gap increases which enhances
the effects of heat transfer and decreases the temperature at the
interface between Fe wall and gap flow. The interface temperature
reaches the highest value 530°C, when the FCI thickness is 2 mm and
the gap width is 2 mm. Otherwise, when the FCI thickness is 7 mm and
the gap width is 8 mm, the interface temperature reaches the lowest
value 460°C. The data shows that thicker FCI and wider gap is
beneficial for the FW safety.
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Fig. 10. Temperature field in the blanket channel.

5.4. Effects of the FCI thickness and gap width on mechanical behaviors of
FCI

Fig. 15 illustrates that the radial displacements would not change
obviously with increasing gap width. Because the temperature differ-
ence through FCI thickness depends on both the heat amount carried
away by poloidal flow of metal fluid in bulk and gap and heat transfer
with the FW cooled by Helium coolant. Although the velocity of gap
flow is higher and the MHD effect is enhanced when the gap width
changes from 2 mm to 8 mm, the temperature differences through the
hotter side wall have very small variations. Therefore, there exist some
slight radial displacement changes (can be seen in Fig. 15(a) and (c)) on
hotter side wall of FCI when gap width is increased. Meanwhile, wider
gap can only increase the toroidal displacement of Hartmann wall
slightly as shown in Fig. 15(b) and (d).

The Mises stresses of side wall and Hartmann wall are displayed in
Fig. 16. When gap is thinner, the velocity of gap flow is lower. The
strain and stress of FCI are bigger because of the slightly increasing of
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temperature difference through the FCI thickness.

The radial displacements on hotter side wall and toroidal displace-
ments on Hartmann wall are demonstrated in Fig. 17(a) and (b), while
Fig. 17(c) and (d) are the contours of displacement vector sum. The
displacements of structure mainly depend on two factors: structural
stiffness and temperature difference through the wall thickness. When
increasing the FCI thickness, the temperature differences through the
FCI hotter side wall change very small. The stiffness of FCI plays
dominant role in the displacements. Hence, the thicker FCI would have
smaller radial displacements in hotter wall because of its better
stiffness, as illustrated in Fig. 17(a). While in Fig. 17(b), temperature
factor dominates the stiffness factor and lead to larger toroidal
displacement in thicker FCIs. Comparing with the Fig. 15, it can be
found easily that the FCI thickness has stronger influence on the heat
transfer and mechanical behaviors of FCI than the gap width does. The
maximum radial displacements of hotter side wall are about 10 times of
the maximum toroidal displacements of Hartmann wall. And from
Fig. 17(c) and (d), we can see that radial and poloidal displacements
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overwhelm the toroidal one in the displacement vector sum distribu-
tion.

Fig. 18 indicates that stresses on side wall increase monotonously
with the wall thickness increasing. However, for the stresses on
Hartmann wall, the differences are much smaller. The 5 mm and
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7 mm thick FCI can lead to slightly larger stresses than the 2 mm and
3 mm FCI. Moreover, since the thickness of FCI affects not only heat
transfer but also fluid flow velocity, non-monotonic changes of stresses
can be seen on the Hartmann wall when FCI thickness increases. The
nonlinear coupling effect also results in the non-monotonic changes of
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displacement gradient and strain (see Fig. 19(a)), although the non-
linear effect has no evident influence on monotonic variation of toroidal
displacement v.s. FCI thickness (see Fig. 19(b)).

6. Conclusions

Coupling magneto-thermo-fluid-structure fields are analyzed by
using of CFD and FEM. A direct simulation of 3D liquid metal flow in
the Dual Coolant Lead Lithium blanket is conducted to study the MHD
effects and heat transfer influenced by geometry configuration of
blanket. The basic effects on the velocity distribution, electric current
streamlines and temperature distribution in blanket and thermal
deformations of FCI structure are investigated. Summing up the results
and analysis, the following conclusions are shown:

(1) Both thicker FCI and wider gap would increase the MHD pressure
drops in bulk flow. The thickness of FCI has little influence on the
pressure drop in gap flow. All 16 models can decrease pressure drop
over 100 times compared to the cases without FCI.

(2) Although the thicker FCI has smaller displacement, its strain and
stress would change monotonously because of the nonlinear
coupling effect of fluid flow velocity and heat transfer.

(3) The wider gap would lead to higher jet velocity in side gap flow,
which enhances the heat transfer performance. But wider gap may
lead to larger stress in FCI.

(4) According to the effects caused by the FCI thickness and gap width,
like MHD pressure drop, heat transfer efficiency and structure
safety, we suggest the blanket structure with 5 mm FCI and 6 mm

gap.

Although the increasing of FCI thickness or gap width can enhance
the heat transfer, it could be harmful to structural safety. Thus, it is
necessary to study coupling effect in magneto-thermo-fluid-structure
field, which plays an important role in ITER design.
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