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Abstract In liquid metal fusion blanket, the non-uniform
volumetric heat deposited by the fusion neutrons leads to
the non-uniform density distribution of liquid metal. With
the force of gravity, buoyant flows would happen. In the
fusion blanket where the magnetic field is up to 4T or even
higher and the Hartmann number is ~ 104, these effects
caused by the buoyancy will significantly influence the
flow and heat transfer characteristics. In this paper, a
module for magnetohydrodynamic (MHD) buoyant flow at
high Hartmann number was added to the code MTC. A
current density conservative scheme was used to ensure the
conservation of current, and the Boussinesq model was
used to simulate the buoyancy force. This code was vali-
dated by two benchmarks, and the results showed that it
can give an accurate simulation for MHD buoyant flows.
Main characteristics of buoyancy effects of MHD flows
were investigated, and the suppression of buoyant con-
vection by strong magnetic field was studied to understand
how the direction of magnetic field and electric conduc-
tivity of wall affects the suppression.
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Introduction

Fusion energy [1-3] is a potential choice of human energy
for its sustainable energy source, low risk of severe acci-
dents, short-lived radioactive waste. Also Fusion reactor is
a good choice for nuclear waste transmutation [4, 5] and
hydrogen production [6]. Blanket is a key component for
energy transformation and extraction in fusion reactor [7],
and the liquid metal breeder blanket concept [8—10] has
been studied extensively in the world due to their high heat
removal, adequate tritium breeding ratio, relative simple
design, potential attractiveness of economy and safety [11-
15]. However for magnetically confined fusion reactors, the
strong magnetic field used for confinement of the fusion
plasma will have impacts on velocity distribution, heat
transfer characteristics, pressure drop and the required
pumping power for the cooling system. The use of liquid
metal in the liquid blankets of fusion devices will lead to
MHD effects, which are among the most important con-
siderations in any liquid metal blanket concept [16].

For fusion blanket, the volumetric nuclear heat depos-
ited in blankets has a steep gradient, which makes the
liquid metal in blanket volume experience different
expansion and form non-uniform density distribution. With
the force of gravity, the non-uniform density forms buoyant
flow in liquid blanket [17]. In ITER and future DEMO
plants, the Grashof number, which stands for the ratio of
buoyancy force to viscous force, would reach 107 ~ 10"
[17, 18]. In the cases the buoyant flow would be compa-
rable to or even surpass the forced flow, and forms natural
convection or mixed convection. In liquid metal blanket
under strong magnetic field, the natural convection and
mixed convection are different with common fluid. Its
buoyancy characteristic is related not only to Gr, but also to
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Ha. The coupled effect of buoyancy and MHD is important
to heat transfer and flow of liquid blanket [19-21].

For MHD buoyant flow issues, most researches were
based on theory analysis or numerical simulation of simple
square duct at small Ha. Biihler [22] developed code IKET
based on CFD platform openfoam and investigated buoyant
flow in vertical duct under different magnetic fields.
Kharicha et al. [18] simulated MHD buoyant flow in HCLL
TBM, but the order of Ha was 102, which is far smaller
than the Ha in liquid blanket (~ 104). Smolentsev et al.
[17] investigated the mixed convection in DCLL blanket
with 2D model and DNS method to simulate turbulence at
small Ha. The inability to adequately simulate MHD
buoyant flow at large Ha and Gr is due to the complexity of
MHD buoyant flow.

In this paper, we developed a buoyant flow module
based on code MTC [23, 24], which is a CFD code for
MHD analysis. This code adopted the conservative scheme
for current and Lorentz force to get numerical conservative
current [25]. The buoyancy force was simulated by
Boussinesq model. This code was validated by two
benchmarks of MHD buoyant flow. One is MHD buoyant
flow in a vertical duct, which is a theoretical result [21] and
the Hartmann numbers in our simulation reach 2000. The
other is MHD natural convection in a cavity [26], which is
an experimental result with Hartmann numbers 0 ~ 460.
The simulations matched well with the benchmarks, which
show that the code has the ability to accurately simulate
MHD buoyant flow under high magnetic fields. Main
characteristics of buoyancy effects of MHD flows were
investigated, and the suppression of buoyant convection by
strong magnetic field was studied to understand how the
direction of magnetic field and electric conductivity of wall
affects the suppression.

Methods and Models

This buoyant flow module was developed based on code
MTC, which is a parallel C ++ code for 3D MHD anal-
ysis. The code was composed of three modules: flow field
solution, electric potential solution and temperature solu-
tion. The flow field solution adopted PISO methods, which
is a traditional CFD method fit for transient flow. The
electric potential solution was implemented specially with
current conservative scheme and was the most important
module for MHD flow simulation. The temperature solu-
tion was implemented traditionally.

Physical Model of MHD Flow

The physical model of MHD flow in this paper was under
several assumptions:

1. The liquid metal flow was incompressible.
The density of liquid metal was simulated by Boussi-
nesq model, while other physical properties such as
electric conductivity, viscosity, heat conductivity were
assumed constant at the temperature range.

3. The magnetic field induced by changing electric field
was small relative to the strong external magnetic field.

4. The viscous dissipation and Joulean heating were
neglected in the temperature equation.

Under these assumptions, the flow of liquid metal under
the influence of strong external magnetic field was gov-
erned by the following equations:

Momentum equations:
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Continuity equation:

V-u=0 (2)
Temperature equation:
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Ohm’s law:

J=-Vo+uxB (4)

And the current density was conservative, such that
A¢:V~@xé> (5)

In above equations, u, p, T were the non-dimensional
velocity vector, pressure and temperature scaled with
characteristic velocity uy, pu%, AT respectively. Let L be
characteristic length, n be fluid kinematic viscosity and ¢
be fluid conductivity, then Re = upL/n was the Reynolds
number, Ha = LBy+\/c/pn was the Hartmann number
which stands for ratio of Lorentz force to viscosity force,
Pe = pc,upL// was the Peclet number which stands for
ratio of convective heat transfer to diffusive heat transfer.

The forcef in Eq. (1) is the buoyancy force. According to
Boussinesq model (p,, — p) =~ pf(T — Ty), we get

f = g’ ﬁ (T - Toc)‘
Solution Methods

The process of MHD simulation includes flow field solu-
tion, electric potential solution and temperature solution.
The solution of temperature field is common and is not
introduced here. The flow field was calculated with the
PISO (pressure implicit split operator) algorithm, which is
fit for transient compressible flow or incompressible flow.
PISO gives true solution of transient process. With this
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algorithm, we can get the transient process of MHD flow.
The electric potential needs accurate solution since MHD
flow is greatly influenced by Lorentz force and sensitive to
currents. Here a current conservative scheme was adopted
to get conservative currents. The electric potential equation
is a Poisson equation. To get a highly conservative current,
this Poisson equation needs to be solved more accurate
than usual. To improve the solution efficiency, AMG
methods were adopted to solve Poisson equation.

Results and Discussion

This code used two MHD buoyant flow benchmarks for
validation. Benchmark 1 is theoretical MHD buoyant flow
in a vertical duct. Benchmark 2 is experimental MHD
natural convection flow in a cavity.

Results Discussion for Benchmark 1

In the first benchmark [21], MHD buoyant flow in vertical
ducts was tested. Effects of the direction of temperature
gradient with respect to the orientation of magnetic field
and the influence of electric conductivity of walls on the
flow structure were investigated. The vertical duct is shown
as Fig. 1. Two opposite walls were kept at different con-
stant temperature values, so that a heat flux was established
between them and other walls were adiabatic. The tem-
perature gradient can be parallel or perpendicular to the

Z
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Fig. 1 Structure of vertical duct
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imposed magnetic field. Since there were no average flow
in this case, so the velocity scale was chosen according to
buoyancy force and magnetic field as uy = p,gfAT/Ba.

In Fig. 2a, MHD buoyant flow with electric conducting
wall and VT L B was simulated. The simulation result
matches well with the theory data. In Fig. 2, we changed
the direction and strength of magnetic field and electric
conductivity of wall. By comparing the results in Fig. 2, we
found the following conclusions:

(1) Magnetic field suppresses buoyant flow: This con-
clusion is not so clear in Fig. 2 since the velocity is
scaled by uy = pogBAT/Bc. If the original velocity
is shown, we would see that, with increasing
magnetic field, the velocity would decrease.

(2) High electric conductivity of wall suppresses buoy-
ant flow effectively: By comparing velocity in
Fig. 2a, b, we can see that, the velocity in duct with
perfectly electric conductive walls is smaller by two
orders of magnitude than velocity in duct with
electric insulating walls. The reason is that, when the
wall is perfectly electric conductive, the current and
Lorentz force would be large, which is the direct
force suppressing buoyant flow.

(3) The buoyant flow in the case with VT || B is smaller
than the case with VT L B. The reason is related to
the current circuit in the duct. When VT || B, the
current J near the wall is parallel to the wall, where

the Lorentz force f =J X B is opposite to the
buoyancy force and hinder the buoyant flow. On the
other hand, the currents near the opposite wall are in
the opposite direction to currents near this wall,
which is fit for large current circuit in the duct, as
shown in Fig. 3a. When VT L B, the current J near
the wall is perpendicular to the wall. Though the
Lorentz force is opposite to the buoyancy force, the
currents near the opposite wall are in conflicting
direction to currents near this wall, and can’t form
large current circuit. Instead four small current
circuits are formed as shown in Fig. 3b. The current
intensity of large current circuit is much stronger
than small circuit, so the suppression is larger.

Results Discussion for Benchmark 2

The second benchmark by Okada [26] is natural convection
of molten gallium suppressed under an external magnetic
field as shown in Fig. 4. In this experiment, the heat
transfer rates of natural convection of molten gallium were
measured under various strengths of heating rates and
directional magnetic fields. Molten gallium was filled in a
cubic enclosure of 30 mm x 30 mm x 30 mm where one
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Fig. 2 Buoyancy-driven MHD flow in duct, a VT L B and electric conducting wall, b VT L B and electric insulating wall, ¢ VT || B and

electric insulating wall

Fig. 3 Electric current
streamlines of buoyancy-driven
MHD flow in duct, a VT 1 B,
bVT| B
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vertical wall was uniformly heated and an opposing wall
was isothermally cooled, with otherwise insulated walls.
An external magnetic field was impressed either perpen-
dicular or parallel to the heated wall. For the modified
Grashof number <4.24 x 10° and the Hartmann number
<461, the average Nusslet numbers were measured.

Fig. 4 Natural convection in
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The measured Nusslet numbers were compared with
simulation results in Fig. 5. The relative error between
them was below 10 %, which proved the validity of the
code. Figure 5 shows that with increasing magnetic field,
the Nu would decrease, which shows the natural convec-
tion is suppressed by this magnetic field. By comparing
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Fig. 5 Nusselt number in natural convection in cavity, simulation data vs. experiment data, a VT || B, b VT L B

Fig. 5a, b we can see that Nu number with VT L B is
much larger than the case with VT || B, which means that
the buoyant flow with VT L B is much stronger than the
case with VT || B. This is in accordance with the phe-
nomenon observed in the benchmark 1.

Summary

To analyze MHD buoyant flow in fusion liquid metal
blankets, a buoyant flow simulation module in code MTC
was developed. This code was validated by two bench-
marks of MHD buoyant flow. The first benchmark was
MHD buoyant flow in differentially heated vertical chan-
nels, which was a serial of theoretical results with Hart-
mann numbers ~ 10°. The second benchmark was MHD
natural convection flow in a cavity, which was an experi-
mental result with Hartmann numbers 0 ~ 460. This code
gave an accurate simulation of MHD buoyant flow, which
demonstrates its ability to accurately simulate MHD
buoyant flow under high magnetic fields. Main character-
istics of buoyancy effects of MHD flows were investigated,
and the suppression of buoyant convection by strong
magnetic field was studied to understand how the direction
of magnetic field and electric conductivity of wall affects
the suppression. In general, the buoyant flow in the case
with VT || B was more effectively suppressed than the case
with VT_LB, and high electric conductivity of wall sup-
pressed buoyant flow more effectively than walls with low
high electric conductivity. This analysis was validated both
by the theoretical benchmark and the experimental
benchmark, and this understanding of MHD buoyant flow
was valuable for improving heat transfer of liquid blanket.
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