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NON-UNIFORM MAGNETIC FIELD
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ABSTRACT. In this paper FHD flow in a rectangular pipe constricted by two
analogous semi-cylinders attached to the left and the bottom walls is investi-
gated. The laminar, axial flow is produced by a constant pressure gradient, and
the flow is affected by a spatially varying non-uniform magnetic field caused by
two electric wires. The current-carrying wires are placed along the axes of the
semi-cylinders. The fully developed flow is studied on the 2D cross-section of
the pipe, a cavity, where the wires act as point magnetic sources. The pressure
equation is added to the mathematical model, and the velocity-pressure form
governing equations are numerically solved by the dual reciprocity boundary
element method (DRBEM). The Dirichlet type pressure boundary conditions
are approximated through a process using the radial basis functions and a fi-
nite difference. The flow, velocity, and pressure variations are investigated for
different magnetic field strengths and current ratios. The grid independence
study is also carried out. The proposed iterative scheme is capable of gen-
erating numerical results by performing a non-uniform discretization for the
boundary. Dense discretizations are applied at the places where the flow shows
a sudden fluctuation. It is shown by the numerical results that the flow and
the pressure variations are dominated by the strong magnetic source. With
an increment in the magnetic number, the planar flow is accelerated, the axial
flow is decelerated, and the pressure increases, especially around the strong
point magnetic source.

1. INTRODUCTION

The interaction of electromagnetic fields and the fluid mechanics may be grouped
into three main categories, namely electrohydrodynamics (EHD), magnetohydrody-
namics (MHD), and ferrohydrodynamics (FHD) [27]. Electrohydrodynamics theory
investigates the flow of electrically charged particles under the influence of electric
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fields. In EHD, the electrostatic force term plays a crucial role in the momentum
equations. EHD phenomena is used in designs of many engineering instruments
such as pumps, printing systems, flow meters, etc. The motion of electrically con-
ducting fluids in the presence of magnetic fields is the subject of magnetohydro-
dynamics. In MHD, the body force acting on the fluid is called Lorentz force.
Lorentz force retards the core flow and accelerates the side flows, thus equalizes
the total flow in pipes. Ferrohydrodynamics is an interdisciplinary subject hav-
ing an inherent interest of a physical and mathematical nature with applications
in printing [7], medicine [44], tribiology [14], separation science [47], cooling sys-
tems [32], microelectromechanical systems (MEMS) 48], etc. FHD investigates the
motion of electrically insulated (non-conducting) fluid under the effect of magnetic
polarization [27]. In FHD, there needs no presence of electric current flow in the
fluid, but the flow undergoes a fluctuation due to the material magnetization. A
ferrofluid is mainly composed of a carrier fluid (e.g. water) and nanoscale magnetic
particles (e.g iron, nickel) coated by a surfactant. Biomagnetic fluid dynamics is
also based on the FHD phenomena. Blood is the mostly known biomagnetic fluid
which possesses its magnetization property by the hemoglobin molecule.

The spatially varying non-uniform magnetic field generated by the current-carrying
wires applies a volumetric force to the fluid and has been used to control the flow in
pipes. The volumetric force, so-called the Kelvin force density, drives the magnetic
particles, and the translational and rotational motion of these particles are trans-
ferred to the ferrofluid. The resulting body forces alter the flow in pipes. Therefore
in applications where the flow regulation is substantial the ferrofluid is a preferen-
tial choice [6].

Much computational research has been carried out on the FHD flows in pipes due
to their vast variety of applications. The FHD flows in pipes are modeled in terms
of the continuity and the Navier-Stokes equations. If there is heat transfer, then the
energy equation is added to the system. The governing equations are coupled with
highly nonlinear partial differential equations (PDEs) containing diffusion, convec-
tion, and force terms. Therefore, approximate solutions are required to understand
the flow and the pressure behaviors. The pressure-linked pseudo transient method
(PLEM), finite difference method (FDM), finite volume method (FVM), and finite
element method (FEM) are mostly used numerical approaches to tackle the FHD
flows.

The PLEM was used to investigate the effect of a single current-carrying wire
placed below the rectangular pipe in [42]. It was reported that the solutions show
an oscillatory behavior on a common-grid. A mathematical model on the same
flow configuration for the electrically conducting fluid was presented in [41]. In
that paper, both uniform and non-uniform magnetic field effects on the biomag-
netic fluid flow were studied. It was concluded that the form of the magnetic field
gradient substantially determines the flow in the pipe. Mousavi et al. [23] used
a commercial software based on the finite volume methodology to investigate the
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biomagnetic flow in a three-dimensional pipe under the influence of a magnetic
field due to a single current-carrying wire. They obtained grid-independent results
by using a discretization covering the magnetic field accurately. The influence of
an alternating magnetic field that is generated by line source dipoles on a forced
convective ferrofluid flow was investigated by Goharkhah and Ashjaee [10] using a
control volume technique. They reported the flow acceleration along the surface as
the ferrofluid passes over the magnetic field section. Recently, A finite volume ap-
proach for a nanofluid flow through an annular pipe subjected to multiple magnetic
sources was presented by Soltanipour [40]. A control volume-based FEM solution
of a free convection ferrofluid flow in an enclosure subjected to multiple current-
carrying wires was presented in [37]. Loukopoulos and Tzirtzilakis [19] presented a
FDM solution of a biomagnetic fluid flow between two horizontal plates subjected
to a single current-carrying wire. Some other computational studies on magnetiz-
able fluids can be found in [1}3},15}/22}25}28,29}3336,38},39] .

The boundary elements method (BEM) [4] is an alternative to domain discretiza-
tion type methods such as FDM and FEM. In BEM, fundamental solutions are
required to transform the partial differential equations into boundary integral equa-
tions. After the insertion of the boundary conditions, a shuffling process is applied
to collect all the unknowns on one side of the equation. The resultant dense non-
symmetric linear equation is then treated by using an appropriate direct or iterative
solver. The boundary-only discretization advantage of the BEM reduces computa-
tional time and memory usage. When the partial differential equation is nonlinear,
containing body forces or time dependence, the corresponding BEM integral equa-
tion includes domain integrals. DRBEM has arisen to tackle this difficulty. In
DRBEM |[24], a simpler equation’s fundamental solution is employed and the re-
maining terms are treated through a series expansion using radial basis functions,
and then the reciprocity procedures are applied. The DRBEM has been applied
to many types of physical problems from elasticity to fluid dynamics. Some recent
advances in the DRBEM applications may be found in [2}/11}16L[21}31}45.|46].
The previous studies demonstrated that no consideration has been given to pres-
sure computations for FHD irregular cavity flows. Most of the present studies used
domain-type numerical methods which are computationally expensive. The novelty
of the present study is that low computational cost solutions for the velocity and
the pressure of FHD flow in an irregular domain are presented. Therefore, the flow
of a ferrofluid through a pipe subjected to a non-uniform magnetic field that is
generated by two variable electric wires is investigated. The effects of the magnetic
field strength and the current ratio variations are discussed. The pressure profiles
are presented for the first time in the literature. The current-carrying wires are
placed parallel to one of the horizontal and the vertical walls. The geometry of the
pipe is formed in such a way that the current-carrying wires do not touch the elec-
trically insulated walls. The fully developed flow is modeled on the two dimensional
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cross-section of the pipe that is taken vertical to the axial flow. The governing equa-
tions in primitive variables (velocity-pressure form) are discretized by the DRBEM,
and an iterative numerical solution procedure is suggested. It is observed that a
non-uniform discretization is required to capture the flow behaviors. The flow and
pressure variations are dominated by the electric wire possessing high current in-
tensity. The proposed numerical scheme is capable of generating grid-independent
solutions for the velocity and the pressure with less computational cost. This is the
first DRBEM study on the FHD flow in a pipe contracted by two semi-cylinders
carrying variable electric currents along their axes. The proposed numerical scheme
provides the pressure variation which is very important in engineering design. This
study is an extension of a presentation that is published as an abstract [30] at the
International Conference on Applied Mathematics in Engineering (ICAME’21).
The rest of the paper is organized in the following fashion. In Section [2 the physics
of the problem is introduced, and the construction of the mathematical model is
presented. The numerical solution procedure and the pressure boundary condition
approximations are explained in Section In Section [4] the numerical solutions
and discussions are presented. The consequences achieved from the present study
are collected in Section [Bl

2. PHYSICAL PROBLEM AND MATHEMATICAL MODEL

A laminar, steady, fully developed flow of an electrically insulated, magnetizable
fluid is considered in a long rectangular pipe. Two semi-cylinders with radiuses 7
are located in the middle of the left and the bottom walls. Two electric wires (W3
and Ws) are passing through the axes of the semi-cylinders. The pipe walls are
electrically insulated. The 3D flow configuration is presented in Figure

y
/N
wire 2 a O
z
7 X
wire 1

FiGure 1. Fully developed flow in a pipe



534 P. SENEL

The flow is driven by a constant pressure gradient in the zZ—direction, and it
is under the influence of a non-uniform magnetic field that is generated by the
two wires carrying electric currents with different intensities (I3 and I3). The fully
developed flow is modeled on the 2D cross-section of the pipe. On this cross-section
(cavity), wires behave alike as point magnetic sources. Each section of the cavity
boundary is smooth. Figure [2] displays the 2D problem geometry.

L/2

FIGURE 2. Problem geometry

The FHD flow in a cavity is defined by the continuity and Navier-Stokes equa-
tions containing the dimensional velocity V(z,y) = (a(z,¥),9(Z, ), w(Z,y)) and
the pressure P(Z,¥,2) [27]. Once the flow reaches a fully developed state, the
velocity and the pressure of the fluid do not vary in the pipe axis direction.

L, W

u%+vm=—1w+u<%+a2u>+“°]\zaﬁ (2)
oz oy p OT 0z? = 0y2 p 0z’

u(‘?l)+v(91):_1(915+y<821)+32v> oM OH (3)
oz oy p 0y 0z2 = 0y? p 0y’

Ow _Ow 1P *w 0w

G+ ey =0 (5 ) W
where p and v are the density and the kinematic viscosity of the fluid, g is the
magnetic permeability of vacuum, and H is the magnetic field intensity. M = yH is
the magnetization where x is the magnetic susceptibility of the fluid. Since the fluid

is electrically insulated the force terms on the right-hand side of the momentum
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equations are containing only the magnetization force in FHD. This mathematical
model does not have an analytical solution.
In fully developed flows pressure P can be written as [9]

Since the axial flow is generated by a constant pressure gradient, one has
0P 0P

50 P, = constant . (6)

The components of the magnetic field H = (H,(7,%), H,(Z,7),0) generated by
infinitely long, thin wires carrying steady electric currents I; and I flowing in the
same direction are given by [17}/206]
2 s 2 o
: 1 1i(y — bi) S 1 I,(z — @)
Hy=—— . Hy=— (7
o Gar b T mGars b

where (a;,b;), i = 1,2, are the locations of the point magnetic sources around the
cavity. The point magnetic sources have different strengths. The intensity of the
magnetic field generated by the two point magnetic sources is defined by

H=\/H2+ 02 8)

For the numerical simulations following non-dimensional variables are introduced
alL oL oL, PL? H

z
= — u = v = w = = = —_——,
L’ v’ v’ v’ pv2’ Hy

(9)

T = y Y= y R R

~| 8
=

Here, L is the height of the cavity, and Hy = I /(27 L).
The governing equations in the dimensionless form are

ou Ov

7 oy 0, (10)
g?;+g2;b:g];+u$+vgzlt—MnH%ij, (11)
(Z:;.FngZ_?;—Fug—i-vg?j—MnH%I;, (12)

Z?;+Z?£:Pz+u?:+v?;, (13)
where Mn is the magnetic number defined by
Mn — HoXHGL? (14)

v2p
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To investigate the pressure variation within the cavity, the equation of pressure is
obtained. Eqs and are differentiated with respect to x and y, respectively.
The resultant equations are added and some terms are canceled using the continuity
equation. Then, the pressure equation is obtaied

2p % OH\?> (9H\®> _ 0*H &*H.__ (dou\® [0\ _ovou
—+===Mn(| — — H—4+—=—)- =) | =) 2—+.
6x2+5y2 n<(3x> +(8y) + (8$2+3y2 ) (3:E> (3y> Ox Oy
(15
The flow patterns in 2D cavities are visualized by the stream function V¥ isolines

(streamlines). The stream function satisfies the continuity equation and is linked

with the planar velocities in x— and y—directions as
ov ov
=—, =——. 16
“ dy v or (16)

From the continuity equation, the stream function equation is generated
*V  9PT du Ov

— = — . 17
0x? * oy? Oy Ox (17)
Non-dimensional forms of the magnetic field components are
y—b Yy —bo
H, = — —1I, , 18
Y R T ) R Py 1)
Hy: r — ap Tr — az (19)

Py I R oy A P PR oy

where I, = Iy /I; is the current ratio, (ay,b1), (az,bs) are the positions of magnetic

sources and
H:,/H%%—Hg. (20)

No-slip boundary condition is applied on the cavity walls, thus
u=v=w=U=0 on S (21)

Here, 02 stands for the boundary of the cavity Q. Dirichlet-type pressure boundary
conditions are obtained approximately by using a finite difference scheme and the
radial basis functions. The details for the pressure boundary condition computa-
tions are given in the next section.

3. APPLICATION OF THE DRBEM

The governing partial differential equations —7 , and are trans-
formed into boundary integral equations by the DRBEM. The governing equations

are rewritten in the Poisson type as
V2R = bpg, (22)
where R denotes u, v, w, p, or . by is the right-hand side of the equation for R

containing convection and force terms. For the sake of practice, the construction
of the DRBEM discretized system has been presented on this sample equation.
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Eq. is weighted by the fundamental solution of the Laplace equation (u* =
(1/2m)In(1/7), |24]) and then the Green’s first identity is applied to achieve

ciRi+/Rq*de/u*a—RdF: 7/ bru*dS, (23)
r r on Q

with T' = 9Q and ¢* = du*/On notations. ¢; = 8/27 where 6 radian is the internal
angle at the source point 7. ¢; = 1/2 on the smooth part of the boundary and ¢; = 1
for the interior nodes.

br is approximated by using linear radial basis functions f;(r;) = 1+ ryj,

(rij = \/(xi — ;)% + (y; — y;)?) to eliminate the domain integral on the right-hand
side of Eq. . The corresponding particular solutions 1, satisfy v2aj = f;.
Then, by using the collocation technique one gets an approximation for bg as

N+L N+L
br~ Y (ar)if; = Y (ar);V7iy, (24)
j=1 j=1

where (ar);’s are the unspecified coefficients. Here, N is the number of boundary
nodes and L is the number of interior nodes.

Substituting the approximation in [24]into the integral equation 23] one has Laplace
term on the right-hand side of the equation . Green’s first identity is applied
again and the irregular boundary is discretized by the constant elements. Then,
the corresponding boundary integral equation is obtained

N N OR N+L N
cR; + Z Rq*dl’ — Z/ u*a—dr = Z (ar)j(citiyy + Z/ U;q™dl
k=1"Tk k=17Tk n j=1 k=1L
N N
—Z/ w2 gy (25)
st Tk 87?,

Considering all of the nodes, Eq. gives
bR = FOLR. (26)

Here, br and agr are (VN + L) x 1 vectors. (N + L) x (N + L) sized DRBEM
coordinate matrix F is constructed from the radial basis functions as F;; = f;;.
According to Micchelli’s Theorem |20], F is invertible.
Thus, the vector of unspecified coefficients ag is calculated from Eq. as

R — F_le- (27)

Considering all the discretization nodes and using equations and the
system of matrix-vector equations are obtained

ou N a1, 0D ou ou OH
Hu- G2% = (HU - GQF (L + oS8 4 v — MnHS 2
U Gan (HU — GQ) (8x+u8x+vay n &T)’ (28)
ov o A _1,0p Ov v OH
Hv G% = (HU - GQ)F (8y + ug +v8y MnH 9y ), (29)
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Ow [ A ow ow
Hw-G— = (HU — F-! ow ow
ap 3H 2 aH 2 au 2
_ [ T A -1 o oH ) (Ou
Hp - G- =(HU - GQ)F (Mn((ax) T < ay> + HV2H) (83@)
v\> ov Ou
- <3y> 20y (31)
ov . . ou o
U — P _ F—l e Yv
HY - G5 = HU-GQF (5 - 7). (32)
The entries of (N + L) x (N + L) sized DRBEM matrices are
Hij = cidij +/ q*dl;,
) I, 2 (33)
G = / uwdlj, Gyu= %(ln(f) +1).

J
Here, 0;; is the Kronecker delta and [ is the length of the constant element. The
diagonal entries of G are computed analytically due to the singularities of the
integrals. ﬁij = '&ij and Qij = qij, (ji]' = 8111]/871
Using the advantage of DRBEM, all the space derivatives of the unknowns in Egs.
— are treated by using the approximation

R = F¢, (34)

where R represent u, v, w, or p and £ denotes an unspecified coefficient vector.
Then one has
—1 al

an 877F R, (35)
with n being x or y.
Once all the DRBEM constructions are completed Dirichlet type boundary condi-
tions are inserted, and all the problem unknowns are carried to the left-hand side.
This process is called shuffling. Then, one obtains a full linear system Ax = b.
The (N + L) x (N + L) sized coefficient matrix A is dense having no special form.
Thus, the resultant linear system is numerically solved by the LU decomposition
method with less computational cost.
An iterative solution process is applied. Initially, planar velocity components are
taken as zero everywhere. As can be observed from Egs. and in this
case, magnetization forces are balanced by the pressure gradients [27]. The it-
eration process is started with dp/dz = MnH(0H/0x) + 10712 and 9p/dy =
MnH(0H/dy) + 10712 initial values for the pressure gradients. Firstly, planar ve-
locity equations (Eq. and ) are solved. To treat the nonlinear terms,
unknown velocities are taken from the previous iteration level and their space
derivatives are taken from the new level. Boundary conditions for the pressure
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are computed repeatedly in each iteration level by using newly obtained planar ve-
locity nodal solutions. Then, the pressure equation (Eq. (31)) is solved. Lastly, the
axial velocity and the stream function equations (Egs. (30) and , respectively)
are solved with given boundary conditions. At each level, previously computed
problem unknowns are used in the subsequent equations. Pressure is relaxed as a
weighted summation of the nodal values taken from the previous and new iteration
levels, p*+t1) = rp(*+1) 4 (1 — 7)p(™) where 0 < 7 < 1. The stopping criterion for
the iterative process is

[+ — 2O

112 [|oo

where z represents u, v, p, or ¥ and n is the number of iteration.

<1073, (36)

Py

[av
Dpi
> —
— Az ;
= [ Pi e——Po| X
8w, =
0 [95)
Pi
[2v
*W Do

FIGURE 3. Pressure boundary condition approximation

Pressure boundary conditions are obtained by using Eqgs. and . Pressure
gradients are approximated by a forward or backward difference and the terms
containing the space derivatives of the planar velocities are approximated by the
DRBEM coordinate matrix F. Formulations of approximate boundary conditions
for the pressure are found for each side of the cavity (Figure [3)) as

OH

SIDET: pi"™ = p{™ — Ay(Sv™tY 4 MnH 50 (37)
y

SIDE II:  p{" ™) = p{™ 4 Az (Su) + MnH52), (38)
X

. . OH
SIDE I p{"™ = p{™ + Ay(So™+D + MnHa—y), (39)
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n n OH
SIDE IV: p{"™ = p(™ — Az(Su(*+D) 4 MnH ), (40)
x
where p; is the closest interior node to the corresponding boundary node p, and
OF OF OF OF OF OF
S — 7F 1 F 1 F 1 F 1 (’I’L+1) F 1 ’I’L+1) F 1 41
ox or 8y oy or dy (41)

with u™*tY and v(™*1) being the diagonal matrices constructed from u— and
v—velocity nodal solutions at the (n + 1)st iteration, respectively.

P, = —8000 is taken as in and (a1, b1) = (0.5,0), (az,b2) = (0,0.5) are
the placement of point magnetic sources around the cavity. The radiuses of the
semi-cylinders are r = 7/L = 0.1.

4. NUMERICAL RESULTS AND DISCUSSIONS

The influences of magnetization force and current ratio variations on the FHD
cavity flow are investigated for various combinations of Mn and I.. Numerical
results are illustrated in terms of velocity, pressure, and stream function contour
plots. The computer code is validated with the existing literature, a grid inde-
pendence study is carried out, and an appropriate non-uniform discretization is
suggested.

‘
B
////"I"t,‘ t“ \\\\\\\

(K 0‘\

0 —
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

FIGURE 4. Square cavity flow subjected to unique point source
Mn = 90.

The validation of the numerical procedure and the written computer code is
carried out for an FHD square cavity flow subjected to a unique point source that
is placed at (0.5, —0.05). Figure 4| displays the flow and pressure behaviors when
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Mn = 90. A good agreement is observed in the flow behaviors between the present
study and the existing literature [42].

The magnetization force pushes the fluid towards the top wall therefore the flow
on the transverse plane is separated into two symmetric vortices rotating in opposite
directions. The movement of the fluid particles in front of the point magnetic source
causes highly concentrated pressure at the bottom of the cavity. The u—velocity
is divided into two vortices and the v—velocity is expanded through the channel
section forming a boundary layer in front of the magnetic source. For small Mn
values, axial velocity shows a parabolic profile.

The grid independence test is carried for N = 192,240, 288,336, 384. The nu-
merical solutions for the pressure and the planar velocities are compared along
the z = 0.25 line for Mn = 10, I, = 1. Figure [§] shows that N = 336 gives
grid-independent solutions.

u-velocity profile on x=0.25 v-velocity profile on x=0.25

N-384 N-384
N=336 | | N=336
— — —N-288 47— — —N-288
1.5 N=240| 7 N=240
N=192 N=192

0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1

10 pressure profile on x=0.25

© N=384
N=336 | |
— — —N=288
100 N=240| |

N=192

120

80

60

40

20 P\

FIGURE 5. Grid independence test along the x = 0.25 line for
Mn =10, I, = 1.

Table [I] displays the number of iterations needed to achieve solutions with a
tolerance of 1073 for Mn = 10, I, = 1. It is observed that the number of iterations
increases almost linearly as the number of boundary nodes advances. Effects of
magnetic sources on the pressure and velocity behaviors are investigated for various
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N=192 | N=240 | N =288 | N =336 | N =384
573 670 812 957 1106
TABLE 1. Number of iterations for different N when Mn = 10,

I.=1.

combinations of current ratios I, and moderate values of magnetic numbers Mn.
The boundary of the 2D computational domain is non-uniformly discretized by
constant elements. In constant element discretization, the approximate solution is
constant on each element and the points where the unknown values are considered
(nodes) are in the middle of the element. This property enables one to deal with the
corners of the irregular cavity. Each element is taken from the smooth part of the
boundary section. Figure [6] shows samples for the discretization of the boundaries
and the choices of the interior nodes. More interior nodes are taken at the places
where the flow is expected to show a sudden fluctuation according to the strengths
of the point magnetic sources and the cavity corners. In the case of the same current
intensities (e.g. (a) I, = 1) the discretizations are dense near the corners of the
cavity. When one of the point magnetic sources is stronger than the other (e.g. (b)
I, = 0.2) more interior nodes are taken in front of the semi-circles.

(a)

FIGURE 6. Sample discretizations of the boundary and the choice
of the interior nodes. (a) I, =1, (b) I, = 0.2. Mn = 10.

The number of boundary elements is increased with Mn. At most N = 400
boundary and L = 9888 interior nodes are used for the discretization. The numer-
ical solutions are achieved using a 64GB RAM computer.

Figure [7] shows velocity, pressure, and the stream function contour plots when
both magnetic sources have the same strength (I, = 1). The magnetic sources
push the fluid through the opposite walls and apply the same magnetization force.
This causes the division of the flow on the transverse plane into vortices that are
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50, 90.

)

FI1GURE 7. Velocity and pressure profiles for I, =1, Mn = 10

and the boundary layers are formed. Four sym-

metric vortices that are rotating in opposite directions are generated. Magnetic

symmetric about the y = x axis,
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FIGURE 8. Velocity and pressure profiles for Mn = 10, I, = 0.2,0.5,1, 2.

sources suppress the effects of each other, and therefore two small vortices appear
at the left bottom corner of the cavity. Pressure is high around the semi-circles due
to the large velocity gradients in these areas. Axial flow shows a parabolic profile
obeying the shape of the cavity. u— and v—velocity behaviors are similar due to
the symmetric location of the point sources. When the ratio of the currents is kept
fixed and the magnetic number increases, the magnetic field strengths of both wires
increase at the same rate. Thus, an increment in Mn accelerates the planar flow
(u and v velocity advance) and retards the axial flow around the semi-circles. The
pressure in the cavity increases. Strong vortices are developed on the transverse
plane as Mn advances. This is a well-known effect of the increment in the magnetic



FHD FLOW IN AN IRREGULAR CAVITY 545

PR
N EE

FIGURE 9. Velocity and pressure profiles for I, = 0.5,2 and Mn = 10, 30.

field strength.

The effect of the magnetic field generated by two wires with different current
intensities is investigated for a fixed Mn. This corresponds to the case when I is
kept constant and I changes. Figure [8|shows the flow and the pressure profiles for
I.=1,/I, = 2,1,0.5,0.2. Generally, the flow and pressure behaviors are dominated
by the strong point magnetic source. When one of the point magnetic sources is
two times stronger than the other one (I, = 0.5,2) two vortices develop in front of
the dominant source that is analogous to the unique point source case. The weak
source force the fluid to divide the vortex in front of it. Pressure concentration is
high near the strong source. The flow retardation in the axial direction is mainly
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observed in front of the dominant point magnetic source. Planar velocity profiles
are generally dominated by the strong source, except for a little deformation caused
by the weak source. When the current intensity of the point source below the cavity
increases (comparing I, = 0.5 and I, = 0.2 cases) the magnetization force applied
by the strong source is increased and the flow is dominated mainly by the strong
bottom point magnetic source. The flow in the cavity nearly behaves as if there
was a single-point magnetic source. Pressure around the week source decreases.

In Figure[J] the effect of the magnetic number increase is investigated when one
of the sources is two times stronger than the other (I, = 0.5 and I, = 2 cases). An
increase in Mn advances the force applied to the fluid in the cavity and accelerates
the planar flow. At the same time, axial velocity decreases due to the kinetic energy
transfer in the axial direction into the transverse plane. The pressure in the cavity
increases, and the axial flow retardation is significant, especially near the dominant
magnetic source.

5. CONCLUSION

In this study, FHD flow in a rectangular duct constricted by two semi-cylinders
under the influence of a non-uniform magnetic field is investigated. The flow is
modeled in the velocity-pressure formulation and the numerical results are obtained
using the DRBEM. The Dirichlet type pressure boundary conditions are computed
by using a first-order finite difference scheme and the radial basis functions. The
system of nonlinear PDEs is solved iteratively, and the nonlinear terms are treated
by using the DRBEM coordinate matrix. The grid independence test is carried
out, and it is found that N = 336 gives grid independent solutions for Mn = 10
and I, = 1 case. The number of boundary nodes needs to be increased according
to the magnetic number due to the alternations in the flow and pressure profiles.
The influences of the magnetic field strength and the current intensity ratios are
researched for moderate values of Mn. It is found that the velocity and the pres-
sure profiles are dominated by the strong point magnetic source. An increment in
the magnetic field strength results in an accelerated flow on the transverse plane,
retardation in the axial flow, and an increase in the pressure, especially in front
of the strong point magnetic source. When the strength of one of the sources in-
creases further, the flow behaves as if it was under the influence of a single point
magnetic source, and the pressure around the weak source decreases. The proposed
numerical scheme is capable of catching flow fluctuations, and the boundary dis-
cretization nature of DRBEM provide solutions with a less computational cost. In
the present study, the FHD flow is investigated in an irregular cavity with smooth
boundary sections. In the subsequent works, it is worthy to research the effects of
the unsmooth boundary [13,/18,/43] and analyze the hydrodynamic instability of the
present FHD flow [5,(8l[12].
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