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The present study focuses on the analysis of two-dimensional Magnetohydrodynamic (MHD) flow past a
circular cylinder wrapped with a porous layer in different laminar flow regimes. The Darcy-Brinkman-
Forchheimer model has been used for simulating flow in porous medium using finite volume based
software, Fluent 6.3. In order to analyze the MHD flow, the mean and instantaneous drag and lift
coefficients and stream patterns are computed to elucidate the role of Stuart number, N and Darcy
number, Da. It is revealed that the magnetic fields are capable to stabilize flow and suppress the vortex
shedding of vortices. The N-Re plane shows the curves for separating steady and periodic flow regimes,
N¢r and disappearing of vortex, Ngiss. For validate the solution, the obtained Cp and St are compared with
available results of literature.

© 2015 Published by Elsevier B.V.

1. Introduction

Fluid flow around one or more cylinders in absence of magnetic
field has been extensively studied for several decades with a wide
range of experimental [1-4] and numerical [5-9] methods. It is
reported that the flow around a circular cylinder in absence of
magnetic field is steady for the range of Reynolds number
0 < Re < 46. However, for Re > 46 the flow becomes unstable such
that vortices shed periodically.

The study of magnetohydrodynamic (MHD) flow has received
considerable attention because of its application in industrial and
engineering such as stirring, pumping, crystal growth process and
cooling circuits of fast fission reactors [10-14|. Many efforts to
investigate MHD flows have been made in the past, based on
theoretical, numerical and experimental analysis. In 1832, Michael
Faraday set up a magnetohydrodynamic power generator with two
copper electrodes and placed them in the river Thames in London
and measured a voltage between them. After that, many in-
vestigators studied MHD flows for different configurations. The
study of streamwise magnetic fields is considered in [15,16] ex-
perimentally and in [17-22] numerically. Also good results for
transverse magnetic field can be found in [23,24] (experiments)
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and in [17,18,20] (numeric).

Yoon et al. [19] found when the uniform magnetic fields
aligned with the free stream are applied to the flow past a circular
cylinder, the Lorentz force acting on the flow damps the flow os-
cillation caused by the vortex shedding. They established the cri-
tical value for Stuart number N, (Stuart number “N” is the ratio of
electromagnetic force to inertia force), which makes the time-
dependent fluid flow and temperature fields steady, depends on
Reynolds number. As the intensity of magnetic fields increases, the
vortex shedding formed in the wake becomes weaker and the
oscillating amplitude of lift coefficient decreases. The authors
found pressure drag coefficient (Cpp) and drag coefficient (Cp)
decrease slightly with increasing of N when N < N. Grigoridis
et al. [20] proposed an extension of the immersed boundary (IB)
method that accounts for electromagnetic effects near non-con-
ducting boundaries in MHD flows. They called it MIB method. They
investigated the performance of MIB method and demonstrated its
potential for the computation of MHD flows in complex geome-
tries. They studied the flow of a conducting fluid past a circular
cylinder under streamwise and transverse magnetic fields. In the
steady flow regime, the value of drag coefficient was found to vary
according to (Nx+c)'? and the recirculation length according to
e~ ™ where N, is interaction parameter for streamwise magnetic
field and c is constant parameter. Hussam et al. [25] investigated
the dynamics and heat transfer characteristics of a quasi-two-di-
mensional MHD flow past a confined circular cylinder with a
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Nomenclature

B Magnetic field strength (T), B=BgR/r

Bo Constant magnetic field at surface of cylinder (T)
C A dimensionless coefficient (dimensionless)
d Thickness of porous layer (m)

D Diameter (m)

Da Darcy number (dimensionless), Da=K/D?

F Force (N)

f Wake oscillation frequency(s~—')

] Electrical current density (A/m?)

K Permeability (m?)

Stuart number (dimensionless), N=¢B?D/(pU..)
Pressure (Pa)

Radial coordinate (m)

Cylinder radius (m),R=D/2

Reynolds number (dimensionless), pU..D/u
Strouhal number (dimensionless), = f D/U,,
Time (s)

Velocity vector (ms~')

Velocity (ms~1)

SECTQEIIT Z

Greek symbols

M Dynamic viscosity (kgm~'s~1)
v Fluid kinematic viscosity (m?s~1), v=y/p

Fluid density (kg m—3)

Porosity (dimensionless)

Cross-radial coordinate (dimensionless)
Electrical conductivity of the fluid (1/£2m)
Vorticity (1/s)

g aTmD™

Subscripts/superscripts

ave Average

c particle

cr Critical

d,D Drag

diss Disappearance
f Fluid

F Forchheimer
L Lift

p Pressure

R Recirculating
s Solid

v Viscous

[0) Vorticity (1/s)

Free stream

Clear fluid domain

Porous domain
Porous-wrapped solid cylinder

+N =g

strong magnetic field for Reynolds number 50 < Re < 3000, Hart-
man number (the ratio of electromagnetic force to the viscous
force) 0 <Ha < 1200, and blockage ratio 0.1 < < 0.4. They used
rectangular duct confining a circular cylinder placed at the centre
of the duct parallel to the transverse direction and perpendicular
to the flow direction. One of the walls oriented parallel to the
magnetic field is heated to a constant wall temperature Tw
whereas the other surfaces are thermally insulated. Their results
revealed that the heat transfer rate (from the wall) is strongly
dependent on the Hartmann number, and that the pressure loss
(the difference in pressure drop across identical channels with and
without a circular cylinder generated by adding a cylinder to the
channel) increases with the Hartmann number and found transi-
tion from steady to unsteady flow regimes that is determined as a
function of Hartmann number and blockage ratio.

Several studies have also been undertaken to study purely
hydrodynamic flows in porous media [26,27]. Bruneau and Mor-
tazavi [28-31] investigated the passive control of vortex shedding
from a cylinder using a porous sheath. The presence of the porous
layer decreases the shear effects in the boundary layer and im-
proves the vortex shedding, reducing the wake instabilities and
the damaging effects of the vortex induced vibrations on the body.
Sobera et al. [32] investigated flow at subcritical Re=3900 around
a circular cylinder, surrounded at some fixed small distance by a
porous layer with a hydraulic resistance typical for that of textile
materials. Yu et al. [33] investigated flow past and through a
porous square cylinder. They found recirculating wake existing
downstream of the cylinder is completely detached from the body
under a certain range of parameters. Rashidi et al. [34] simulated
the fluid flow and forced convection heat transfer around and
through a square diamond-shaped porous cylinder. In their study,
Reynolds and Darcy numbers are varied within the ranges of
1 <Re <45 and 10~ < Da < 10~ 2 respectively. The porosity (¢) is
0.5. They found that the drag coefficient decreases and flow se-
paration from the cylinder is delayed with increasing Darcy
number. Valipour et al. [35] investigated flow around and through

a porous diamond-square cylinder numerically. Their numerical
results indicate that the wake length and pressure coefficient de-
crease when Darcy number increases. Some researchers in-
vestigated the effects of magnetic field on fluid flow and heat
transfer inside a porous medium. For example, Abd-Alla et al. [36]
studied the effects of both rotation and an external magnetic field
on peristaltic flow inside a porous medium. It was found that the
spin velocity decreases with an increase in Hartmann number.
Jiang et al. [37] investigated the effects of a magnetic field on
thermomagnetic convection of air inside a porous square en-
closure. They observed two vortexes with different intensities and
rotational directions inside the porous enclosure at higher values
of magnetic force. Ramesh and Devakar [38] investigated the ef-
fects of magnetic field on the flow through the porous medium
inside an inclined asymmetric channel. Their results indicated that
the best pumping rate is occurred at higher values of the magnetic
field. Valipour et al. [39] performed a study on Magnetohy-
drodynamics flow and heat transfer around a solid circular cylin-
der wrapped with a porous layer. They applied the least square
method [40-42] to suggest empirical equations for average Nusselt
number. Note that the effect of Darcy numbers and magnetic field
are taken into account.

In the literature, three cases of streamwise, transverse, and
spanwise magnetic field have been studied. However, very few
papers were published related to the effect of magnetic field,
created by electric current passed through the wire. This paper
presents the results of an extensive numerical study of flow
around porous-wrapped circular cylinder (wire) in the presence of
the magnetic field of current. The effect of magnetic field (mag-
netic field around current-carrying wire) on several hydro-
dynamics parameters, such as the drag coefficient, lift coefficient
and the streamlines in the laminar flow regime have been in-
vestigated in this literature.
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orous layer
Solid cylinder

Fig. 1. Schematic diagram of the computational set-up.

2. Numerical analysis
2.1. Problem statement

The system of interest is a two-dimensional circular cylinder
with diameter “D” wrapped with a porous layer with thickness
“d=0.5 R”. Incompressible fluid of density p, molecular viscosity y
and electrical conductivity o is considered. Far from the cylinder,
the flow is unidirectional and uniform. Flow with upstream velo-
city U, flows around a circular cylinder wrapped with porous
layer (Fig. 1). In this study following assumptions were made:

® The fluid is considered to be continuum and conductor of
electricity.

® The cylinder is very long such that the flow is invariant along
the spanwise direction.

® The fluid flow is unsteady and it limits to the cases of in-
compressible flow of constant transport property.

® Polarization currents are ignored.

® The porous medium is considered to be rigid, homogeneous and
isentropic and saturated with the same single-phase as that in
the homogeneous fluid.

® The direction of the magnetic field around current-carrying
wire is given by the right-hand rule so, the magnetic field
source is placed at the center of cylinder and it is assumed that
By is the magnetic intensity at surface of cylinder and B varies as
1/r (? = Boéé\g). Note that for long cylinder the second as-
sumption is consistent.

e The layer of porous around solid cylinder is larger than the
characteristic radius of the medium's pores and satisfied the
volume-averaging equations used in this study [43].

2.2. Governing equations

The flows in the homogeneous fluid region and in the porous
region are governed by Navier-Stokes equations and Darcy-
Brinkman-Forchhiemer extended equation. The governing equa-
tions are divided into two zones, the clear fluid zone and the
porous medium zone [44]; hence two sets of equations were
considered here. A set for clear domain, which are indicated by

subscribe Eq. (1), and another set for porous medium, which are
denoted by subscribe Eq. (2).
Governing equations for the clear fluid domain are as follows:

2.2.1. Governing equations for the clear domain
Mass conservation equation:

V.U =0 )

Momentum equation [45]:
0{,’1 S - - -
p— +pur. Vig= = V.P+uVuy+ (J xB)
at ——

LorentzForce (2)

— - .
Where (J x B) is the Lorentz force.

2.2.2. Governing equations for porous zone
Mass conservation equation:

V.U =0 3)

Momentum equation:

L i
ou u u; - - p -
L%, /:—2. V2= _vVv.P- ﬁuz + ﬁV2u2 - ——1p
e ot e e K VK
DarcyTerm  rinkmanTerm  ForchheimerTerm (4)

Where Da and Re are the Darcy number and the Reynolds number
respectively and are defined by:

pa= X e 2k
D U (5)

Note that the local average velocity and intrinsic average ve-
locity can be linked by the Dupuit-Forchheimer relationship
[46,47] as u=¢eU.

Where U is an averaged velocity over the volume occupied by
the fluid phase.

2.3. Governing parameters

Stuart number or interaction parameter, N, which is the ratio of
electromagnetic force to inertia force and expressed as [19,48]:

N oBo’D
PUs (6)
The Forchheimer coefficient, C, is defined by [33]:
G = 1.75

V150€3 @)

The porosity (¢) and Darcy number (Da) could be related
through the Carman-Kozeny relation given by [33,39,46,49]:
_ 1 e
150 (1 - ¢)? ®)

Where K is the permeability and D, is the characteristic diameter
of a particle in the permeable medium, each of which may be of
100 pm in diameter.

Drag coefficient is defined as follows [50,51]:
F,

CD=CDV+CDP=%
7#UsD ©)

Here, subscripts “p” and “v” denotes the pressure and viscous
forces, respectively. The drag force per unit length on the cylinder
is calculated as [7]:
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_ DU‘X’ 2r

Fy - (= ppU, €os 0 — 2uw sin 0)do

(10
The wake oscillation frequency “f’ is parameterized by Strouhal
number:

st= 12

U, an
2.4. Boundary conditions

To minimize the effect of outer boundaries, the radius of the
computational domain is defined as 50 times of the cylinder dia-
meter (Fig. 1). The governing Egs. (1)—(4) are subjected to the
following boundary conditions:

On the surface of the solid cylinder (r=1):

U=0 12)

Along the upstream boundary (uniform flow):

for%<6<37”:>ur1: Ccos 0, Uy = — Siné a3)
Along the downstream boundary:
ou ou
for—-Z<o<Zs B9 %%
2773 or or (14)

Region in which the porosity varies rapidly are generally as-
sociated with the boundary between a porous medium and either
a homogeneous fluid or a homogeneous solid. Those regions can
be conveniently treated in terms of momentum jump condition
[52,53]. For this purpose the stress jump condition OTW (Ochoa-
Tapia and Whitaker) [54,55] is applied at the porous-fluid inter-
face:

ou ou
pfle Mo _ g By, + pypul
e on on JK
M~ Y~ N —
Porous fluid interface 15

In which f#; and f, are adjustable parameters that both are
order 1 [55,56] and ug; and ug, are the Darcy velocity component
parallel to the interface and fluid velocity component parallel to
the interface respectively. The continuity of velocity and normal
stress prevailing at the interface is given by [33]:

=1 (16)
pOUr %:0
€ on on a7

In which u;; and u;; are the Darcy velocity component normal
to the interface and fluid velocity component normal to the in-
terface respectively [33].

3. Numerical methodology

In the present computation, governing Egs. (1)-(4) with the
relevant boundary conditions are to be solved numerically by
using Finite-Volume based software Fluent 6.3. “Pressure-based
solver” has been used to solve governing equation sequentially
[57].

Staggered grid system is used where the velocity component
are stored at cell faces while pressure and temperature are stored
at cell center. The SIMPLE algorithm is utilized for pressure-velo-
city de-coupling and iteration [58]. The discretization of the gov-
erning equation is accomplished by means of second-order up-
wind (SOU). The first order upwind scheme has been used for
discretization of the MHD term in governing equation.
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Fig. 2. Mesh distribution in the computational domain near the cylinder.

Lower under-relaxation factors ranging from 0.2 to 0.3 are
chosen. For convergence, the summation of residuals are assumed
to be < 10~ for all equations. The numerical simulation was used
to find the hydrodynamics of the flow, velocity distribution; then
other parameters such as drag coefficient and streamlines were
determined.

4. Grid independence study

Fig. 2 shows a non-uniform and uniform grid distribution along
the r- and @-directions near the cylinder. The whole computational
domain was divided into two sub-domains, 1 and 2 for clear and
porous domain respectively. The grid in the radial direction were
stretched with dense grid in r-direction with 6r=0.003. To ensure
a grid-independent solution, the problem is tested for different
grid sizes for both solid cylinder and porous-wrapped solid cy-
linder. The results of this test are available at Rashidi et al. [44] and
Valipour et al. [39]. Finally, a suitable grid size was chosen for the
final solution.

6
—S— Present Smubtion
s == Zdravkovich,
4
S 3F4
-
1

oAA..l....lAA.

0 50 100 150 200 250 300

Fig. 3. Drag coefficient (Cp) as a function of Reynolds numbers for flow through a
solid circular cylinder.
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5. Validation

Validation was performed against published results to ensure
the accuracy of the present formulation. Fig. 3 shows the variation
of Drag coefficient with Reynolds number together with [52] re-
sults and have good agreement. Also, more validations are avail-
able at Rashidi et al. [44] and Valipour et al. [39].

6. Results and discussion

In the present study, the following values for the flow para-
meters are considered:

Reynolds number: Re=0-400, Darcy number: Da=10"%-10"2,
Stuart number: N=0-10

6.1. For solid cylinder

In absence of magnetic field, Fig. 3 shows the drag coefficient
(Cp) as the function of Reynolds number in the range 0 < Re < 400.
The comparison against the results of Ref. [52] shows an excellent
agreement. It is obtained that drag coefficient (Cp) is 1.34 at
Re=100. There are large number of literature exists where the
researchers applied streamwise or transverse magnetic fields [17-
21].

For 2-D flow along x-y plane (refer Fig. 1), the Lorentz forces f;
and fy acting on the fluid is defined as:

Streamwise field:

E = N (U (sin 6)? + g (Sin 6 Cos 6)) (18)

Fy = N(u1(Sin 0 Cos 0) + 11y1(Cos 0)%) 19)
Transvers field:

E = N (uy1(Cos)?> — ug(Sin @ Cos 6)) (20)

F) = N (U (Sin 0 Cos ) — Uy (Sin 6)?) 21

In this study, the magnetic field has been considered with in-
teraction parameters denoted as Ng (=N), the Lorentz force (in
clear domain) is shown as:

Magnetic field around current-carrying wire:

_ RfunN
2r? 22)

F=

Eq. (22) shows that the Lorentz force acts opposite of radial
velocity (u,) and squeezes the fluid around cylinder into the cy-
linder in radial direction. Note that in this case there is no Lorentz
force in O-direction. For better understanding of this effect, Fig. 4
shows the distribution of instantaneous recirculation pattern for
different Stuart numbers of N=0-0.22 with step 0.04 and N=5,
7 and 10 at Re=100. When N=0 corresponding to the purely
hydrodynamic case, the flow is time-dependent [19], by applying
the magnetic field the radial Lorentz force (F,) squeezes (sup-
presses) the fluid around the cylinder and increases the resistance
for the cross flow over a cylinder. If the Stuart number increased
further to 0.22, the recirculation grows up and the flow changes to
the steady state and symmetric form. In range N > 0.22 the flow is
completely steady, in this range, separation occurs earlier and
separation points move upstream as the intensity of magnetic field
is increased, it happened also in streamwise and transverse mag-
netic fields in previous studies [19] and [20]. At last, there is no
vortex and flow will be similar to very low-Reynolds laminar flow.

= ==
m
)
M
—— i Aoy

e N=0.18

=———

m
>

N=5

_— ———————"N=10

Fig.4. Instantaneous recirculation patterns for the flow over cylinder at Re=100
with different Stuart numbers.
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(Dashed line refer to time of applying the magnetic field).

The Lorentz force acts in radial direction and opposes the radial
motion and suppresses the vortex shedding mechanism. Accord-
ing to the Fig. 4, at N=10 there is no wake and the flow will be
similar to creep flow regime. In Fig. 5 for Re=100, by applying the
magnetic field at t=150 s the Lorentz force acts oppose the flow
and by increasing “N” the lift coefficient (C,) is reduced. It has been
shown for N=0, 0.04, 0.08, 0.18, 0.22, 0.5 and 5 obviously. It is

shown for N <0.22 the flow is unsteady. By applying N=0.22 at
t=150 flow after about 150 seconds at t=300 will be steady and C,
has zero value, for N=0.5 it happened after 83 s. At large number
of Stuart number the flow will be steady very fast, it is shown
obviously for N=5

For the weak magnetic fields the flow remains unsteady about
N=0.21 and at N=0.23 flow is completely steady, it is observed
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and [12] respectively. The effect of the magnetic field on lift and
drag coefficients around solid circular cylinder can be summarized
in Fig. 6(a, b). Fig. 6a shows by increasing N the lift coefficient
decreases sharply and then limits to zero.

In Fig. 6b, Cp decreases slightly with increasing N until
N < N=0.22. When N=0.22 the Cp is the minimum value equal
to 1.113 and it is 16% less than Cp value when there is no magnetic
field (N=0). Also by increasing N > N.=0.22 Cp values increase
and its value is about 3.7 when N=Ng;ss="7.2 and is 63% more than
Cp value in absence of magnetic field.

Fig. 7 shows the N-Re graph for magnetic field at different Re
numbers. As shown in Fig. 7, the graph is divided into three re-
gions. The critical line of transient (I) unsteady to (II) steady flow
starts at Re=48-400 and N=0.01-0.55. The critical line equation
can be expressed as N =0.005Re®”°. This region can be named
“weak magnetic field” (N < N;). The shear stress force decreases
monotonically and thus drag coefficient decreases and has mini-
mum value at N=N, for all Re numbers 48-400. Vortex dis-
appearance line is border between (II) steady region with sym-
metric vortex and (Ill) steady with no vortex. This line can be
expressed as Ngiss=0.783Re®#”. Onset of vortex for solid cylinder is
at Re=5.3 and results show by applying N=0.12 vortex will dis-
appear. The flow with Re=400 at N=13.2 the vortex will dis-
appear. These regions (Il and III) are called as “strong magnetic
field regions”.

6.2. For solid cylinder wrapped with a porous layer

In this section the flow field is considered for fixed value of
porous layer thickness d=0.5R for range of 0 <Re <400. The
variation in St with Re for solid cylinder with and without porous
layer is shown in Fig. 8. For solid cylinder, by increasing in Re the
St is increased and results show the variation of St with Re for solid
cylinder wrapped with a porous layer is similar to solid one. St
values for cylinder wrapped with porous layer are less than solid
cylinder and a significant reduction in St values between solid
cylinder and cylinder with porous layer is evident. Also increasing
in Da causes to reduce in the St values due to damping effect on
vortex shedding frequency.

The Instantaneous recirculation patterns for the pure hydro-
dynamic flow over cylinder wrapped with porous layer at Re=100
for Da=1e-5, 5e-3 and 1e-2 are shown in Fig. 9. Recirculation flow

—_— N=0.19
J—

——— N=5
I

e —— N=7
I
e — N=10

Fig. 12. Instantaneous recirculation patterns for the MHD flow over porous-
wrapped solid cylinder (Da=5e-3) at Re=100.

behind the cylinder for Da=1e-5 is larger than lower Da values
and by increasing Da the separation point moves downstream.

Fig. 10 shows the Cp and Cg values as a function of Re for solid
cylinder and porous-wrapped solid cylinder. It is evident that drag
increases with increase in surface area. As it is shown the Cg va-
lues are less than Cp value for solid cylinder with diameter D+2d
and more than Cp value for cylinder with diameter D. It can be
expressed that the drag values for wrapper-porous cylinder are
lower than a solid cylinder of an equal radius. For example, the Cp
value of cylinder with diameter D+ 2d at Re=100 is equal to 1.49,
which is higher than porous-wrapped solid cylinder with same
diameter and solid cylinder with diameter D.

The present simulation indicate that the Re,; for solid cylinder
is around 48 as shown in Fig. 11. For rigid cylinder with diameter
D+2d (d=0.25D) the critical Reynolds number is 72(=1.5 x 48).
For porous-wrapped solid cylinder with Da=1e-6 the Re, is near
72. By increasing in Da from 1e-6 to 1e-2 the Re values decrease.
Re,, for wrapper-porous cylinder with Da=1e-2 is 48.3 and it is
0.3 more than rigid cylinder with diameter D.
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Fig. 12 shows the Instantaneous recirculation patterns for the
MHD flow over cylinder wrapped with porous layer at Re=100 for
different N and fixed Da=5e-3. When N=0 the flow is purely
hydrodynamic and flow is time-dependent. If the magnetic is
applied to the flow over porous-wrapped solid cylinder, the Lor-
entz force acts to the radial direction toward cylinder and this
force increases the resistance of flow over cylinder. By increasing N
further to 0.19 the flow changes to steady state and vortex shed-
ding will be disappear. Thus the N for porous-wrapped solid
cylinder with Da=5e-3 is 0.19 and less than its value for rigid
cylinder 0.22.

7. Conclusion

The laminar flow with vortex shedding over a porous-wrapped
solid cylinder in a magnetic field was investigated for Reynolds
and Stuart number up to 400 and 10 respectively. The important
findings of this research are listed as follows:

e The value of interaction parameter, N, depends on the Rey-
nolds number.

® By increasing the value of N in the range of N < N, St, G, and Cp
decreases and length of recirculation increases until the flow
becomes steady.

® By increasing N further in the range of N> N, the flow be-
comes completely steady state and when apply the magnetic
field C; reaches zero value.

e The St number of porous-wrapped solid cylinder is less than
that of the rigid cylinder and also when Da is decreased, St also
decreases.

® The drag coefficient is higher for the porous-wrapped solid
cylinder than solid cylinder in all range of Re.

® N for porous-wrapped solid cylinder is less than the value of
solid cylinder.
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