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ABSTRACT: This study presents new insights into structures of magnetohy-
drodynamics flow in a double lid-driven L-shaped cavity under an oriented
magnetic field. The governing equations are presented using the stream function-
vorticity approach and solved numerically. Radial basis function-finite differ-
ence method utilizing polyharmonic splines is proposed to achieve local re-
finement. Flow topologies are examined for problem parameters, including
the inclination angle, Hartmann number, and Reynolds number. The results
indicate that as the strength of the magnetic field increases, the Lorentz force
becomes the dominant factor, making the impact of the Reynolds number on
flow negligible. The strength and inclination angle of the magnetic field play
crucial roles in influencing the flow structure by altering the number, position,
and type of critical points.

KEY WORDS: Domain decomposition, L-shaped cavity, Magnetohydrody-
namics (MHD) flow.

1 INTRODUCTION

Incompressible laminar flow in an L-shaped geometry problem was initially con-
sidered by Perng and Street [1]. A coupled multrigrid domain splitting method
is employed to calculate the velocity-pressure form of the Navier-Stokes equation.
HriberSek and §kerget [2] showed that the boundary domain integral method (BDIM)
is applicable to find solutions to flow problems in complex geometries, including an
L-shaped cavity. The convection problems in an L-shaped cavity are numerically
solved to investigate the heat transfer [3—7]. Moreover, the Lorentz force term is
added into the convection equations to examine the impact of the magnetic field on
the convection problem in an L-shaped cavity. Selimefendigil and Oztop [8] stud-
ied the effect of the magnetic field on the driven flow of nanofluid convection in an
L-shaped cavity. The numerical computations are carried out for different values of
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Hartmann, Richardson, and internal Rayleigh numbers, inclination angle of the cav-
ity and magnetic field, solid nanoparticle volume, and aspect ratio of the cavity. It
is reported that the inclination angle of the magnetic field has a significant effect on
the heat transfer. The impact of the oriented magnetic field on mixed convection in
hybrid nanofluid of A1203-Cu/Water is studied by Armaghani et al. [9]. It is shown
that the best heat transfer is obtained when the inclination angle of the magnetic field
is 7. Saleem et al. [10] and Khan et al. [11] obtained numerical simulations of the
heat transfer of the natural convection flow in an L-shaped cavity filled with Cu-water
nanofluid using the COMSOL package. Khan et al. [12] considered the entropy gen-
eration and heat transfer in an L-shaped enclosure to optimize thermal system design
by using the FEM and artificial neural network.

Deliceoglu and Aydin [13] studied the flow bifurcation and eddy genesis in an L-
shaped cavity with slip conditions for the top and bottom walls. Stokes and Navier-
Stokes equations are solved by using a Galerkin FEM for different values of Reynolds
number and the aspect ratio of the cavity. They depicted that problem parameters
change the structure of the flow pattern. Moreover, they analyzed the flow pattern of
the same problem taking the no-slip boundary condition for the bottom wall in [14].
Stokes equation is solved analytically using an infinite series of eigenfunctions to
analyze the impact of the length of the L-shaped cavity on streamlines. Deliceoglu
et al. [15] investigated the utilization of topology to represent flow patterns in an
L-shaped cavity with the top and bottom walls moving in the same directions. The
topological behavior of the streamlines of the Stokes flow is shown in various ranges
of heights of the cavity. The effects of the Reynolds number on the flow pattern in
the L-shaped cavity are included by Bhopalam and Perumal [16]. Lattice Boltzmann
method is applied to solve the Navier-Stokes equations for the variations of Reynolds
number and the aspect ratio of the cavity. Flow structures are also depicted in the
cavity with three different types of bottom wall conditions.

Various domain decomposition methods have been used in solving engineering
problems. Cheng and Shaikh [17] presented the scheme based on the non-overlap
domain decomposition method. They used the coarse mesh difference scheme at
the interface grids and the fine mesh difference scheme at the interior mesh points.
Chniti et al. [18] dealt with a local improvement of domain decomposition meth-
ods for 2-dimensional elliptic problems for which either the geometry or the domain
decomposition presents conical singularities. Chniti [19] also studied derive appro-
priate second-order transmission boundary conditions near the corner used in do-
main decomposition methods to study the reaction diffusion problems with strong
heterogeneity in the coefficients in a singular non-convex domain with Neumann and
Dirichlet boundary condition.

The aforementioned studies, the flow behavior and heat transfer of nanofluids in
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L-shaped cavities are considered. Analysis of flow topology is generally restricted to
the Navier—Stokes or Stokes formulations in the absence of a magnetic field. In [20],
the influence of a magnetic field on Stokes flow in an L-shaped cavity with a mov-
ing top lid only is examined. The convective terms are neglected due to the Stokes
approximation. In contrast, the present study examines the effect of an oriented mag-
netic field on the flow topology in an L-shaped cavity with both the upper and lower
lids in motion. Besides, the governing equations include convective terms, represent-
ing MHD flow. In this method, polyharmonic spline basis functions with polynomial
augmentation are adopted, eliminating the need for shape parameters and enhancing
numerical robustness. Therefore, this study makes a novel contribution to numeri-
cal modeling of MHD flows in non-convex geometries, providing new insights into
lid-driven cavity dynamics under magnetic influence. This contributes to the opti-
mization of designs in various engineering applications where such configurations
are used.

2 GOVERNING EQUATIONS OF MHD FLOW

The two-dimensional, time-independent flow in an L-shaped cavity filled with a vis-
cous, incompressible, and electrically conducting fluid is considered in the presence
of the oriented magnetic field. The top and bottom walls have movement in different
directions (S = —1) or in the same direction (S = 1). The problem is configured in
Fig. 1a. The non-dimensional MHD equations obtained by the momentum equations
including Lorentz force term [21,22] are

(1) V-7=0 VU =Vp+Re(q V)T - MU xH)xH.

where U = (u,v,0) is the velocity field, p is the pressure and ﬁ is the applied mag-
netic field. In these equations, the nondimensional parameters are Reynolds number
(Re = lu;/v) and Hartmann number (M = luHo (o /pv)*/?), in which I, u; and Hy,
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Fig. 1. Divided flow domain with boundary conditions in lids: (a) L-shaped geometry; (b)
Square geometry.
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p, v, i and o are characteristic length, characteristic velocity, magnetic field inten-
sity, density, kinematic viscosity, magnetic permeability and electrical conductivity,
respectively.

Equations in (1) can be expressed in the stream function-vorticity (¢) — w) form
as

@  V=-w,
3) V2w =Re(Pywy — Ypwy)

+ M?(—sin? o yy — 25in0ccos a Py — cos? o )
where « is the inclination angle of the magnetic field.
3 METHOD WITH LOCAL RBF

3.1 RBF-BASE FINITE DIFFERENCE

In the finite difference method (FDM), a partial derivative of an unknown function
(Lu) at a point z. can be calculated by using a linear combination of the values of the
function at the n— nearest grid locations included with z. itself, which is given by

n
4) ,Cu]mc ~ Zwlul
i=1

Coefficients of unknown functions w; in (4) called the weights and are determined
by using radial basis functions (RBF). The weights w; are obtained by following the
system based on the stencil {x;}" ;.

pUlzr—zall) - @l —2al) | | wn Lo ([lze = z1])
o) : : N : 5
@ (lzn —z1l) -+ @ (llzn — zall) Wn Lo ([lze — znl)
A
where ¢ is a radial basis function and, ||.|| is the Euclidean distance. There are many

types of RBFs which are Multiquadratics (MQ) (¢ = v/r2 + £2), Inverse MQ (¢ =
1/\/ 72 + £2), Gaussian (i = e~ ") and polyharmonic splines (PHS) (¢ = r2/+1).
Some RBFs include predefined shape parameters ¢ that influence the system solution
(5). Therefore, we focus on the usage of PHS with polynomial augmentation up to
degree p. If we consider approximating differential operator £ with PHS polynomial
augmentation, the system (4) can be rearranged as follows:
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where w and L are n x 1 column vectors generated by w; and Lo (||z. — zi]|),
P is n x m matrix containing multivariate polynomial terms of total degree less
than or equal to p in each row, PT is transpose of P, ¢ and Lp are also m x 1
column vectors produced by ¢ and L£p;(xc). The scalar p and m express the highest
degree of the polynomials p;(x),7 = 1,2, ..., and total number of polynomial terms
in augmentation, respectively. The number of polynomial terms m in 2D can be

2 . . . .
evaluated as m = (p ; ) For instance, the set of multivariate polynomials is

p(x) = {1, z,y, Ty, T2, yQ} related to p = 2. After solving the system, we eliminate
the weights ¢. The discussion on unisolvency conditions and RBF-FD weights are
stated in [23-26].

3.2 NUMERICAL METHODS
We consider that L-shaped flow region consist of three sub-regions ({21, Q2, Q3) and

interfaces (I'y,I'2) as 2 = Q1 U Qo U Q3 U UT'9 shown in Fig. la

O ={(zr,y): 0<2<0.5,0<y<ha},
Qo ={(z,y): 05 <2z <1,0<y<ha},
Q3 ={(z,y): 05 <z <1,h <y<O0},

and
I'' ={(05,9):0<y<hs}, TI'yo={(x,0):05<z<1}.

Step size set h = 0.5/N, hi = h1/N*, h, = ha/2N and the set of grid points is
N = MU AN U AU AN U A" such that
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M ={(ih,jh3):1<i< N —-1,1<j<2N —1},
Ny ={(ih,jh5) : N+1<i<2N —-1,1<j<2N —1},
N ={(ih,jh])  N4+1<i<2N —-1,1<j < N* -1},
M ={(0.5,jk3) 1 1< j < 2N — 1},
N5 =A{(ih,0): N +1 <i<2N — 1},
where .41 U .45 U 43 is related to sub-region while .4,* U 45" is the set of interface
points. The coupled equations (2)-(3) are solved by using 5-point central difference
for each sub-region €21, {29, 23 and RBF-enhanced F.D. for the interfaces. For de-

tailed information about the method, see [20]. The boundary conditions for the lids
and stationary walls are

uDy =190, =0 1<i<N-1

7,2N_

M ey =045) =0, 1<j<2N-1 (ih, jh5) € A,
ul) =yl =0, 1<i<N-1
ugg?v—l YR =0, N+1<i<2N -1

(8) o " (ih, jh3) € A5,
o) = 0,45 =0,1<j<2N ~1
u{D = Swlﬁi)_o,z\fﬂgigmq
I11) (I1T) . . s

9) véNj =iy =0, 1<j<N -1 (ih, jh}) € As.
oy =y =0, 1<i<NT -1

The matching conditions between the sub-regions

10 057] %w .) _w((f;)] 1<j<2N —1,(0.5,5h%) € A}

Yl =D, W) = Wl N 11 <i < 2N —1,(ih,0) € Ay
hold at the interfaces for a continuous solution. Boundary conditions of the vorticity
are derived from the Taylor expansion of the stream function, as listed in Table 1.

4 FLOW CHARACTERISTIC IN ASPECT OF TOPOLOGY

In addition to the computational results, the aim is also the investigation of the stream-
line in terms of the topological aspect along the flow. In the analysis, the term "’bi-
furcation of the flow” refers to the transformation in the structure of the stagnation
points at which the velocity components vanish. Flow patterns at the origin are deter-

oy , oy

mined by the standard Hamiltonian systems © = — = 0, y = ——=— = 0. In these

oy Ox
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Table 1. Wall conditions of the vorticity for sub-regions of the cavity

TP — 8 + 9
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systems, the linear part of ¢y = Z a; j z'y’ gives the types of inflow critical points.

i+5=0

Their types depend on the determinant of the positivity of the Jacobian matrix, such
that if the determinant of the Jacobian matrix |J| is positive, its type is a center; if
|J| < 0itis a saddle, as shown in Fig. 2a.

In the case of |J

terms of 1 are required to decide the character of the flow patterns. In the case of zero
eigenvalue with geometric multiplicity one, this refers to a simple linear degeneracy.
Brgns and Hartnack [27] used the canonical transformation to classify the possible
degenerate patterns and their unfoldings. It is found that the center point transforms

() 2L » ooeoo

(©) \/ \/ >‘< @ LN

Fig. 2. Streamline topology near stagnation points.

—

order
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into three critical points with a saddle and two centers or vice versa in the normal
form of order 3. This bifurcation is called the cusp bifurcation (C.P) and is shown in
Fig. 2b.

Near a fixed wall with a simple linear degenerate point, Hartnack [28] exhibited
two kinds of bifurcation series in the normal form of order 4. The first is the formation
of bubble merging (B.M), that is, two on-wall saddle points produce a heteroclinic
link with a center near them. The second is the transformation to bubble creation
(B.C.), in which merging occurs by the coalescing of two on-wall saddle points.
These situations are physically interpreted as shown in Fig. 2c-Fig. 2d, respectively.
In addition, a global bifurcation (G. B.) occurs when an off-wall saddle point has the
same stream function value as a critical point on the wall. Eddy generation on side
wall of cavity is expressed with S.E. abbreviation.

5 NUMERICAL RESULTS

In this work, the successive over-relaxation (SOR) is utilized as an iteration method
to solve the system generated by the numerical method. The iteration starts with
the initial values of vorticity w® and stream function ¢/°. V?i) = —w is solved
for each sub-region, then the boundary conditions in Table 1 are specified for the
vorticity. The new value of the vorticity w"*! is obtained from equation (3) for
{Qi},_1 5 5. The same process with updated boundary conditions is applied to the
interface’s,{f‘i} i—1,2 With the specified method. The iteration continues until the con-

Fig. 3. A scenario of vortex formation near the step in L-shaped cavity for S = —1: (a)
hi = —0.5, hg = 1.2;(b) hy = —0.5, hg = 1.35; (¢c) h1 = —0.5, hg = 1.45;(d) h; = —0.5,
he = 1.46; (e) hy = —0.5, ho = 1.5; (f) by = —0.5, he = 1.54; (g) hy = —0.5, he = 1.6.
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dition [jw™ ™! —w™||_/[|w™ ||, < 1077 holds for each sub-region. In each iter-
ation step, the new value of stream function-vorticity is obtained with the relation
oF (i, 5) = ¢* (i, §) + YRF(i, j), where R¥(i, j) is the residual term, ¢* (4, ) is the
problem primitives at mesh point (7, j) in the kth iteration, ~y is a relaxation param-
eter. The value of the relaxation parameter is taken as ¥ = 2.5 x 10~° by trial and
error. This algorithm is coded in the MATLAB version R2022a and the visualization
of the stream function is created in the Tecplot 360 software. The code validation is
also established in Fig. 3 for S = —1 with the results of Deliceoglu and Aydin [13].

To verify the grid independence of the proposed method, the norm of stream func-
tion (||9||) are obtained for grid sizes N = {20, 25, 30,35} given in Table 2. The
results show that the infinity norms of the stream function values are consistent across
all tested grids. So, the aspect ratio of the cavity and step size in the sub-regions are
fixed hy = —0.2, ho = 0.8 and N = 25, N* = 13, respectively, in all computations.
Different types of flow patterns and bifurcations are generated in the cavity with sta-
tionary Reynolds number (Re = 100) and moderate Hartmann number (M) for both
case S=—land S = 1.

Table 2. The variation of the infinity norm of the stream function depends on the grid size

(NvN*) ||1/}1||oo ||1/J2Hoo H¢3||oo

(20, 10) 0.08890 0.098666 0.051654
(25,13) 0.08887 0.098740 0.051823
(30,15) 0.08882 0.098732 0.051917
(35,18) 0.08876 0.098655 0.051944

5.1 BENCHMARK RESULTS FOR DIVIDED LID-DRIVEN CAVITY

Before the calculations, it is necessary to determine the RBF parameters required for
the method such as the degree of PHS, the highest degree of polynomial in augmen-
tation, and the number of points lying stencil. In theory, one node is required for each
polynomial. However, this causes the singularity of the matrix (6), [24,25]. There-
fore, the stencil size is considered to be twice the number of polynomial terms, as
suggested by Flyer et al. [25]. Throughout the paper, the weights for the Laplacian
operator (V?) are calculated using the MATLAB code given in [25].

To establish RBF parameter, the method is employed to lid-driven square cavity
which is divided into two regions €21 o with the boundary I' as shown in Fig. 1b. A
uniformly distributed node layout is taken; hence the mesh size for each sub-region is
given as 25 x 50. Also, the coupled equations (2)-(3) transform into the Navier-Stokes
equations in the absence of a magnetic field (M = 0) and are solved iteratively.
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Table 3. Results of v at the center (¢).) and w at the middle of lid wy;4 for Re = 100

PHS r3 PHS »? PHS 7
n  time 1/)6 Wiid time 1/1(: Wiid time 1,[}(: Wiid

6 11.39s -0.063927 -9.5212 12.14s -0.068128 -3.5924 11.53s -0.063632 -6.6842
12 11.58s -0.065159 -6.7567 11.55s -0.065205 -6.6982 11.55s -0.065228 -6.6570
20 11.52s -0.065249 -6.6851 11.54s -0.065237 -6.6834 11.62s -0.065228 -6.6808
30 11.62s -0.065223 -6.6888 11.68s -0.065224 -6.6932 11.61s -0.065224 -6.6945
42 11.64s -0.065223 -6.6971 11.63s -0.065225 -6.7023 11.83s -0.065226 -6.7037

[, OO I R

In Table 3, the benchmark results of the stream function in the center domain (¢).)
and the vorticity in the middle of the lid (wy;q) for Re = 100 are shown. The results
are compared with those obtained by Luchini [29]. He presented a new discretization
scheme and gave ¢, = —0.06415 and wy;q = —6.822 with 41 x 41 the total number
of points for the second-order central difference scheme. Then he obtained ¥, =
—0.066545 and w;;q = —6.5636 as extrapolated values. It is clear that the results are
consistent.

Table 3 shows that the CPU times required for the solution are quite close. There
is no specific change in time, depending on the size of the stencil and the degree of
PHS and polynomial. In addition, an increase in the degree of PHS has a small effect
on the solution. The closest case to the results of Luchini [29] at any degree of PHS
is the third-order polynomial with the stencil size of 20. Flyer et al. [24] also stated
that with low-order polynomial augmentation stencil size improves accuracy but not
convergence rate. Therefore, the calculations use the third-order PHS (%) augmented
with polynomial terms up to order three (p = 3), but the stencil size is chosen to be
three times the number of polynomial terms (n = 30) for the L-shaped.

5.2 CASE 1: DOUBLE LIDS IN THE OPPOSITE DIRECTION (S = —1)

In Fig. 4, flow patterns are presented in the case at which lids moving in opposite.
For cases M = 25 and o = 0°, the flow within the cavity exhibits three center-
type stationary points. Two of them near the top and bottom walls rotate clockwise
due to the lids effect, while the other one at the center rotates counterclockwise.
When M = 50, the vortex in the middle undergoes a transformation: it splits into
two saddles with a center due to the cusp bifurcation. By gradual increase of the
Hartmann number, when M = 100, the number of center-type stationary points in
the cavity reaches five. It is observed that when the angle of the magnetic field is
o = 45°, the effect of the magnetic field decreases. In fact, a separatrix structure
is observed with a saddle-type in the middle of the cavity and center points near the
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Fig. 4. Stream function contours in the cavity under the magnetic field with Re = 100 for
S=-1

lid. As the Hartmann number enhance, separation bubbles appear around the corner
and on the right fixed wall. By the influence of the magnetic field, vortex formation
around the step occurs under the global and cusp bifurcations. Applying the magnetic
field to the flow field at & = 90° results in a large separatrix structure as o = 45°.
However, in this scenario, the upper stagnation point almost aligns with the lower
moving lid, and as the magnetic field effect intensifies, the impact of the step and the
cover on the flow diverges: streamlines aligned with the lower lid tend to straighten
longitudinally, whereas stream lines aligned with the step straighten transversely.

The influence of Re on flow bifurcation is also analyzed. Fig. 5a indicates stream-
lines for the variations of Re and M for o = 0°. In the absence of the magnetic field
(M = 0), augmentation of Re changes the flow topology. Indeed, cusp bifurcation
occurs about Re = 500 and bubble creation is generated on the right wall. The main
vortex of the flow goes to the center of the cavity. On the other hand, the secondary
vortex enlarges with an increase in Re. However, the flow bifurcation remains the
same for a high Hartmann number ()M = 50) since the Lorentz force dominates the
effect of Re.
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Fig. 5. Impacts of Re and M on a) streamlines b) v — v profiles for S = —1.

In Fig. 5b, u and v velocities profiles are plotted along x = 0.5 and y = 0 for
different values of Re, M and «. As seen, u attains the lowest minimum value at
Re = 500, M = 0 since the increase in Re causes the enlargement of the secondary
vortex. When the magnetic field effect is taken into consideration, the impact of Re
diminishes and v velocity becomes almost zero along x = 0.5. In the v velocity
profiles, the maximum and minimum values are altered due to the formation of vor-
tices. v velocity values decrease regardless of the direction of the magnetic field.
However, the flattening tendency effect is more pronounced with a diminishing in-
clination angle. A horizontally applied magnetic field causes the v values to be zero
along x = 0.

Figure 6 depicts the impact of Hartmann number on the vorticity contours for a
fixed Re = 100 and o = 0°. In the absence of the magnetic field, the flow is char-
acterized by strong rotational zones near the top and bottom lids. The interaction
between opposite lids causes more complex and asymmetric vorticty lines. An in-
crease in the Hartmann number results in damped vorticity distribution and leads to
smoother and more stable flow lines resulting vortex zones.

M=0 M=25 M=50 M=75 M=100
A
O

Fig. 6. Vorticity contour for S = —1 with fixed Re = 100.
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5.3 CASE 2: DOUBLE LIDS IN THE SAME DIRECTION (S = 1)

For S = 1, streamlines associated with flow patterns formed under the magnetic field
are exhibited in Fig. 7. The cavity contains two vortices rotating in opposite direc-
tions relative to each other for M = 25 and o = 0°. As the magnetic field strength
increases, M = 100, the flow motion slows down and the number of vortices through
the domain increases as in S = —1. The separation line near the corner separates the
oppositely moving vortices when the angle between the magnetic field and the flow
region is 45°. With the gradual increase in M, the vortices in the flow get closer to
the moving lids, as in the previous case. However, although the effect of the mag-
netic field is the same for S = —1 and S = 1, the effect on the streamline topology
is different. Indeed, for « = 45°, the vortex formation process is started with the
separation bubble near the corner in the previous case, whereas a cusp bifurcation
is occurred for S = 1. In addition, although the topological structure of the flow is
the same as for @ = 90° with v = 45°, as the magnetic field strength increases, a
successive nested cusp bifurcation appears at the centre-stagnation point close to the

:
=)

. N
=

Fig. 7. Stream function contours in the cavity under the magnetic field with Re = 100 for
S=1.
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upper lid.
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Fig. 8. Impacts of Re and M on a) streamlines b) v — v profiles for S = 1.

The impacts of Reynolds and Hartmann numbers on the streamlines are also ex-
amined for S = 1 in Fig. 8a. It is observed that the increase in Re does not have
an important impact on the flow bifurcation, contrary to the case of S = —1. As the
Reynolds number rises, the center of the vortices near the moving top and bottom
walls shift.

Figure 8b shows the velocity profiles for several values of Re, M and «. The
impacts of the physical parameters are the same as in the results for S = —1. The
maximum and minimum values of v occur near the right wall of the cavity and the
left wall of the leg of the cavity instead of the left wall and the right wall, respectively,
due to the direction of movement of the bottom wall (S = —1,1).

In Fig. 9, the variation of the strength of the horizontally applied magnetic field
on the vorticity is illustrated for Re = 100. For M = 0, more symmetric vorticity
contours are observed compared to results in the case of S = —1 in Fig. 6. Itis
shown that the direction of the moving lid plays an important role in the complexity
of the vorticity contours. Due to the increase in Hartmann number and decrease in
velocity of the fluid, vortex zones become apparent as in S = —1. The impact of the
magnetic field on the equivorticity lines is similar to the case of S = —1 since the

M=0 M=25 M=50 M=75 M=100

—

Fig. 9. Vorticity contours in the cavity under the magnetic field with Re = 100 for S = 1.
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Lorentz force suppresses the rotational motion and damps the vorticity.

6 CONCLUSION

This study examined that the influences of the strength and the direction of the mag-
netic field on the flow bifurcation in L-shaped cavity which has a double lid using a
numerical method with improvement. The derivative operator at the interface points
is approximated by more points contributing to the derivative, and these contribu-
tions are found using RBF-FD. Numerical scheme is employed to depict the stream-
lines and velocity profiles for the variations of Re, M and «. It is reported that the
Hartmann number and the inclination angle of the magnetic field play an important
role in the classification of the stagnation points by modifying the quantity, location,
and nature of critical points in both cases (S = —1,1). However, a slight increase
(Re < 500) in the Reynolds number does not alter the flow topology in an L-shaped
cavity with the same direction of movement. It is also seen from the v — v velocity
profiles that the magnetic field reduces the effect of the Reynolds number. In addi-
tion, the retardation impact on the flow is more pronounced for the application of a
horizontal magnetic field.
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