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Abstract - In this study, a three-dimensional liquid metal (LM) magneto hydrodynamic (MHD) flow in a rectangular, 
electrically-conducting duct with sudden contraction under a uniform magnetic field is numerically examined. In spite of 
numerous analytic, experimental and numerical studies on MHD duct flows, detailed flow characteristics of LMMHD flows in 
rectangular ducts with sudden contraction of cross-section are not reported much. In the current study, detailed information on 
the flow velocity, pressure, Lorentz force, current and electric potential of the MHD duct flow is investigated with the use of 
commercial software CFX. Features of the MHD duct flow with sudden contraction under a uniform magnetic field are 
discussed in view of the interdependency of the flow variables involved. Besides, cases with different contraction ratios for  

sudden contraction are considered to investigate the geometrical effect on the pressure drop. The results show that with the 
increasing of the contraction ratio, the total pressure drop decreases. 
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I. INTRODUCTION 

 

Magneto-hydrodynamic (MHD) flows play a crucial 

role in the field of liquid metal fusion blankets. The 

liquid metal breeding blanket is one of the key 

components for power extraction, tritium breeding, 

and radiation shielding in fusion reactors [1]. DCLL 

(Dual-Coolant Lead-Lithium) [2], HCLL 

(Helium-Cooled Lead-Lithium) [3], and self-cooled 

lithium/vanadium [4] blankets are typical examples of 

liquid-breeder blankets. The pure lithium (Li) or the 

eutectic lead-lithium alloy (PbLi) LM is considered as 
coolant and as breeder material because of its high 

heat removal and adequate tritium breeding ratio [5]. 

However, for all fusion LM blanket components, 

magneto-hydrodynamic (MHD) effects, which is 

caused by the interactions of 

electrically-conducting-LM flow and a strong 

magnetic field used to confine plasma particles, will 

dominate the pressure drop, flow distributions and 

velocity profiles [6]. In fact, MHD effects and 

heat/mass transfer considerations are primary drivers 

of any LM blanket design. 
For the last several decades, experimental 

investigations and mathematical studiesfor LM 

blankets have been performed with some 

limitation,since experimental works require large-size 

facilities and mathematical studies may not solve fully 

three-dimensional flow characteristics well, 

Nowadays, numerical methods based on 

computational fluid dynamics (CFD) for three 

dimensional MHD flowshave been widely performed 

with various codes developed by different research 

groups [7 - 10]. Tassone et al. [7] numerically studied 

a MHD flow around an electrically insulated heating 
cylinder and bounded by walls of locally different 

electrical conductivity under inclined magnetic field. 

Ni et al. [8, 9] performed numerical analyses of 

LMMHD flows on a rectangular collocated grid 

system and on an arbitrary collocated mesh, 

respectively, with a good accuracy. Zhou et al. [10] 

developed a code named MTC that can simulate 3D 

MHD flow in rectangular ducts, and the results 

matched well with Hunt’s and Shercliff’s analytical 

solutions. These codes usually need to be modified to 

meet specifications of a particular problem. 

Lately, three-dimensional numerical works with the 

use of CFX code have been reported by the following 

researchers.Mistrangelo and Buhler [11] obtained the 
electric flow coupling in HCLL blanket concept in 

their numerical analysis, focusing on the description of 

velocity and current distribution in breeder units. Kim 

et al. [12] performed a code validation for CFX in a 

Test Blanket Module, and reported that CFX can 

predict the pressure drop well. Xiao and Kim [13] 

examined three-dimensional liquid–metal 

magnetohydrodynamic flows in a hairpin-shaped 

electrically-conducting duct, and found that the axial 

velocity in the side layer near the partitioning wall is 

higher than that near the outer walls. 
In spite of numerous analytic, experimental and 

numerical studies on MHD duct flows, detailed flow 

characteristics of LMMHD flows in rectangular ducts 

with sudden contraction of cross-section are not 

reported much. The goal of the current study is to gain 

an insight into the geometrical effect of the contraction 

ratio on the pressure drop and on the flow distribution 

in the contraction segment by utilizing CFX code. 

 

II. NUMERICAL CALCULATIONS 

 

A. Calculation Domains 
The duct geometry considered in the study is given in 

Fig. 1, where the width of the fluid domain is fixed to 
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be 100 mm (the sides perpendicular to the magnetic 

field), while the ratio of the height of the fluid domain 
in the contracted duct (the sides parallel to the 

magnetic field) to that in the un-contracted duct is so 

called contraction ratio, with the expression of H2/H1. 

The lengths of the un-contracted and contracted ducts 

are 0.6 m, which is long enough for fully developed 

condition to be obtained before reaching the 

contraction and exit. The thickness of the duct walls is 

5 mm. In the present study, three cases with 

contraction ratios 0.5 (for Case 1), 0.65 (for Case 2) 

and 0.8 (for Case 3) for sudden contraction are 

numerically investigated.  

 
A uniform magnetic field B0 = 0.9632 T is applied in 

the y direction, yielding the Hartmann number 1,000. 

The properties of the channel wall and working fluid 

are given in Table 1. 

 

B. Governing Equations  

The governing equations for a steady-state, 

incompressible, laminar flow of an 

electrically-conducting fluid under a magnetic field 

include the conservation of momentum, mass, charge 

and the Ohm’s law. 
 

∇   ⋅ u  = 0(1) 

ρu  ⋅ ∇   u  = −∇   p + J × B   + μ∇   2u  (2) 

∇   ⋅ J =0(3) 

J = σ −∇   ϕ + u     × B    (4) 

 

, where u  , ρ , p , J , B   , μ ,   σand ϕ  are the velocity 
vector, fluid density, pressure, current density vector, 

magnetic field intensity vector, dynamic viscosity, 
electric conductivity and electric potential, 

respectively. 

 

Substitution of the Ohm’s law into the equation of 

charge conservation gives the Poisson’s equation for 

electric potential 

 

∇   2ϕ = ∇   ∙  u  × B    (5) 

 

Therefore, Equations (1) and (2) can be solved 

together withEquation (5) for the variables of the 

pressure, velocity and electricpotential in the fluid 

domain, while ∇   2ϕ = 0  is valid for the electric 
potential (with zero fluid velocity) in the solid domain. 

 

C. Boundary Conditions 
In the present study, the outer surface of the flow 

conduit is electrically insulated from the outside. 

No-slip condition is applied at the fluid-solid interface. 

At the inlet the velocity is given to be 0.008m/s, 

yielding the Reynolds number 2553, while at the outlet 

the pressure is described to be zero Pa.The whole 

system including the fluid and channel walls is 

electrically insulated from the outside,which can be 

written as 

 

        ∂ϕ/ ∂n = 0(6) 

 
 

 
Fig. 1 Geometry of the duct 

 

 
density 

(kg/m3) 

dynamic 

viscosity 
(kg/ms) 

electric 

conductivity 
(S/m) 

duct 

wall 
  107 

liquid 
metal 

9500 1.786×10-3 7.7×105 

Table I Properties 

 

 
Fig.2Axial velocity (contour) and plane velocity (vector)in the 

y-z plane at x = 0.595 m in Case 1 
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Fig.3Electric potential (contour) and plane current density 

(vector)in the y-z plane at x = 0.595 m in Case 1 

 

 
Fig.4Axial velocityin the x-z plane at y = -0.025 min Case 1 

 

 
Fig.5Electric potentialin the x-z plane at y = -0.025 m in Case 1 

 

III. RESULTS AND DISCUSSION 

 

In the y-z plane at x=0.595m (located right before the 

contraction)the axial velocity in the upper part of the 

cross-section (i. e., right in front of the forward-facing 

wall) is quite low, while that in the lower part of the 

cross-section is higher with the highest velocities 

observed in two side layers, as shown in Fig. 2. The 

plane velocity in the negative y-direction is notable in 

the middle of the cross-section (i. e., near the leading 

edge of the contracted duct), which is due to the 
geometry of the contraction. 

The plane current density and the electric potential in 

the same plane is shown in Fig. 3. The plane current 

moves rightward with relatively higher density in the 

lower part of the cross-section in associated with the 

higher axial velocity herein.The highest electric 

potential is obtained in fluid regionnear the lower part 

of the right vertical wall, while the lowest electric 

potential is seen in fluid regionnear the lower part of 

the leftvertical wall. 

Figs.4and 5 display the plane velocity and electric 

potential in the x-z plane at y = -0.025 m. Because of 
the contraction the average velocity in the contracted 

duct part is higher than that in the un-contracted duct 

part (Fig. 4). Also, the peak velocities in the side layers 

in the contracted duct part is higher than those in the 

un-contracted duct part.As the fluid gets into the 

contracted part, the value of the induced electric 

potential increases, and the area of higher electric 

potential becomes larger in fluid region near the right 

side wall (i.e., near the lower wall in Fig. 5). 

In a region far from the contraction, the current inside 

the right vertical wall of the un-contracted duct moves 
upward in the upper part of the right wall and 

downward in the lower part of the right wall, with only 

vertical component, respectively. While in a region 

near the contraction, the current inside the right 

vertical wall of the un-contracted duct moves upward 

and downward obliquely with an axial component of 

the current (see Fig. 6), and a portion of the 

above-mentioned current passes through the 

forward-facing wall to reach the left vertical wall. As 

can be seen in Fig. 7, the forward-facing wall (where 

the current mostly moves in the negative z direction) 

serves as a medium for the returning path of the 
current induced in the fluid region. 

Figure 8 displays the axial pressure distributions in the 

three cases. In general, the axial pressure gradient 

(absolute value) in each case is higher in the 

contracted duct part because of higher z-directional 

current in association with the higher axial velocity 

therein. The axial pressure gradient in the 

un-contracted duct part in each case is almost the same 

from each other, while that is much different in the 

contracted duct part due to the different axial velocity 

in the contracted duct in each case. With the increasing 
of the contraction ratio, the pressure drop decreases 

significantly. 

 

IV. CONCLUSION 

 

In this study, numerically examined are 

three-dimensional liquid metal (LM) 

magneto-hydrodynamic (MHD) flows in a duct with 

sudden contraction under a uniform magnetic field 

applied parallel to the direction of the contraction. 

Here, detailed features of the LMMHD flow are 

examined in term of the velocity, current flow, electric 
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potential and pressure distribution. Cases with various 

contraction ratios are considered. Then numerical 
results showed that the pressure drop is significantly 

influenced by the contraction ratio: with the increasing 

of the contraction ratio, the total pressure drop 

decreases. The present work can be used as the 
guidance of modification or optimization of the 

contraction pipes in liquid metal blankets. 

 

 
Fig.6Current flow inside the wall near the contraction 

 

 
Fig.7Schematic of the current flow in region near the 

contraction 

 
Fig.8Axial pressure distributions 
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