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Abstract — The influence of second-order velocity slip of
magnetohydrodynamic flow involved in liquid-metal was
numerically investigated. A commercial Computational Fluid
Dynamics (CFD) code, STAR-CCM+ 13 was used. The MHD flow
of Galinstan (GalnSn - Gallium-Indium-Tin) an electrically
conducting liquid-metal fluid in the presence of a magnetic field
was investigated. The variations of velocity within the second-
order velocity slip parameters were found to be influenced by the
local variations of the magnetic field. It was determined that the
second-order velocity slip persists due to an increase in the thermal
boundary layer. The numerical results were compared to
published literature and were in good agreement.
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l. INTRODUCTION

Magnetohydrodynamic (MHD) flows are fluids that
electrically conductive in the presence of magnetic forces. The
fluid flow of MHD as liquid metal is an interaction between the
electromagnetic field and the fluid velocity field [1]. Slip flow is
generally a nonphysical quantity termed as the slip length, which
is a measure of the distance beyond the surface where velocity
turns zero [2]. The slip of non-Newtonian fluids is best shown
using the lattice Boltzmann (LB) simulations and Molecular
Dynamics (MD) for the molecular-scale and intermolecular
interactions [2]. Turkyilmazoglu showed that the shrinking sheet
MHD slip flow of non-Newtonian fluid in the limit of no-slip
coincides with the presence of a magnetic field that has
considerable effects on velocity and temperature fields [3] [4].

The study of non-Newtonian Casson fluid under transverse
magnetic field [5] has importance in many processes exist in
different branches of science and technology. The investigation
of the MHD flow of an electrically conducting fluid over a
stretching surface is quite important in cooling systems of liquid
metal [6].

The current study focuses on MHD fluids (electrically
conducting fluid at room temperature) to investigate variations
of velocity within the second-order velocity slip parameters. A
numerical approach was taken to investigate the MHD flow in a
mold design like the Faraday’s open-cycle MHD generator with
segmented electrodes [7] as shown in Figure 1.
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Il.  NUMERICAL PROCEDURE

A. Geometry

The topology was created in Autodesk Inventor 2017 and
imported to STAR-CCM+ 13 for Multiphysics module
simulation of electromagnetism and hydrodynamic analysis. The
magnetic arrangement and the electrodes are shown in Figure 1.
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Figure 1. Faraday’s open-cycle MHD generator with
segmented electrodes [7].

B. Governing Equations

The governing equations of the steady flow of a liquid—metal
as being articulated by Gedik et al [8], are present as:

Continuity equation

V-V=0 1)

Conservation of momentum:

p(0V/6, +(V-V)V) = -VP+ V-V +[IxB] (2
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Maxwell first law:
VxB =pel V-B=0 3
Ohm’s law:
J = 6[E+VxB] (4)

Where:

p is the density of the liquid-metal, V the velocity vector, n
is the viscosity, the current density, B the total magnetic field of
B = Botb. By and b are the applied external and induced
magnetic field, respectively. E is the electrical field, pe is the
magnetic permeability and ¢ the electrical conductivity. The
induced magnetic field is neglected due to the small magnetic
Reynolds number approximation.

Ha =B L (o/pe)*? 5)

The dimensionless Hartmann number (Ha) is normally used
to characterize the ratio of electromagnetic force to the viscous
force in magnetohydrodynamic

Where:
L is the characteristic length of the MHD model.

Alam et al [9] presented the parameter of the slip as:

3(n—-1)
n 2
A= (6)

v 2
Where n is a Casson parameter, a non-dimensional power-
law is for fluid classification. A further deviation from unity
indicates how far the fluid has deviated from being a Newtonian

fluid. The Casson parameter would be:

n <1 is pseudoplastic fluids; n > 1 for dilatant fluids and n =
1 is a Newtonian fluid. [9].

C. Mesh grid sensitivity study and Model validation

The grid sensitivity for the mesh structure, as noticed in
Figure 2, elements of 204 748; 399 134; 454 078 and 488 367
were investigated for changes in the outlet pressure were of less
than 8%. A grid of 368 185 elements was selected as suitable
due to fewer fluctuation changes which account to a stable and
accurate model. It further assists with the conservation of
computing power.

Figure 2. Mesh generated tetrahedral elements of 454 078
cells

The model was validated from a single magnate arrangement
as seen from Figure 3 and Figure 4 shows an external application
of magnetic fields of OT. It can be seen that the velocity increases
along the length of the pipe when the magnet field is excluded.
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Figure 3.Velocity distributions along the length of the pipe,
Gedik et al [8]
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Figure 4. Velocity distributions along the length of the pipe
at B =0T, the current study



I1l.  RESULTS AND DISCUSSION

A. Velocity distribution

Figure 5 shows how the velocity magnitude increases in the
region of the magnet. It from O m/s as an initial value, although
the inlet velocity was set at 0.1 m/s. Its velocity profile depicts a
laminar type (the region of the magnet) and a turbulent type after
the magnet towards the outlet. The proximity of the electrode to
the outlet attracts the x-component of the velocity from its
electrical potential.
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Figure 5. Velocity vector for 5V potential at 1.12T

This makes the velocity of the MHD to increase [7]. The
electric field further shapes the boundary layer of the MHD by
the walls to proving that the applied magnetic field is manifested
as thermal energy at the boundary layer [9]. This phenomenon
shows that in the absence of slip, the governing equations
collapse onto the no-slip study considered [10].
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Figure 6. No-slip and slip velocity magnitude of 5V at the
outlet

B. Magnetic and Electric fields

The isosurface of seen in Figure 7 indicates a distribution of
the magnetic field. It can be deduced that along the z-direction
(negative direction) the flow will experience its transverse
pullback towards the inlet. This is because the magnetic field
generates the Lorentz force that opposes the flow [5] [11].
Therefore, its strength can be a determining factor in the breakup
of the boundary layer of the MHD fluid and how much on it can
decelerate the flow [12].

Figure 7. lIsosurface of the magnetic field around the
aluminum casting for 5V potential at B = 1.12T
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Figure 8. The electric field generated from a B = 1.12T
magnet and electrodes with 5V potential

The electrical field is shown in Figure 8. Factually, the
electrical potential across the electrodes will lead to an
intensified current density [7] [13]. This result in increased
velocity magnitude of the MHD fluid. It can be used to increase
or decrease the force exerted on the fluid [14]. In that way, there
can be a manipulation of the fluid flow by a careful arrangement
of magnets [15].

IVV. CONCLUSION

The electric field is perpendicular to both the magnetic field
and the direction of the longitudinal velocity in the boundary
layer. It is responsible for increasing the slip because it reduces
the shear stresses between the surface of the fluid [3]. Galinstan
as a dilatant fluid exhibits the same velocity decrease due to the
Lorentz force and it stretches the boundary layer. The inertial
effects appear to be more relevant and can enable the
computation of the slip length due to an induced magnetic field.

The magnetic field B(x) in the x-direction being
perpendicular to the laminar boundary layer pulls the fluid. It
also means that the increase in the magnetic field causes the
velocity to decrease. This can be seen as a means of controlling
the velocity of the fluid.



The authors will be in the future investigate the secondary-
velocity of MHD under the influence magnetic field on the
below-mentioned fields of studies. The study will still be a
numerical approach to find:

a) The effects of varying Hartmann number as an
influence of Lorentz force that opposes the flow [16].

b) Lorentz force on the MHD fluid in the boundary layer
on how the boundary layer separation can be controlled using
the magnetic field [17].
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V1. NOMENCLATURE

A Slip parameter, (-)
D Hydraulic diameter, (m)

B Magnetic flux density vector, (T)



Bo

Applied magnetic field, (T)

Induced magnetic field induction vector, (T)

Applied external electrical field intensity vector, (V/m)
Hartmann number

Electrical current density vector, (A/m?)

Characteristic length of the MHD, (m)

Casson parameter, (-)

Pressure gradient, (Pa)

\ Velocity vector, (m/s)

X,y,z Coordinate

Greek letters

7 Dynamic viscosity, (kg/ms)

P Density, (kg/m®)

o Electrical conductivity, (1/Qm)

e Magnetic permeability, (H/m)



