Available online at www.sciencedirect.com

sc.ENCE@D.RECT®

International Journal of Heat and Mass Transfer 47 (2004) 4075-4087

International Journal of

I"EAT and MASS
TRANSFER

ELSEVIER

www.elsevier.com/locate/ijhmt

A numerical study on the fluid flow and heat transfer around
a circular cylinder in an aligned magnetic field

H.S. Yoon %, H.H. Chun %, M.Y. Ha ®*, H.G. Lee ©

& Advanced Ship Engineering Research Center, Pusan National University San 30, Chang Jeon Dong, Kum Jeong Gu,
Pusan 609-735, South Korea
® School of Mechanical Engineering, Pusan National University San 30, Chang Jeon Dong, Kum Jeong Gu,
Pusan 609-735, South Korea
¢ LG Electronics Co., Air Conditioning Division, 76 Sungsan, Changwon, South Korea

Received 12 March 2004; received in revised form 12 May 2004
Available online 2 July 2004

Abstract

The present study numerically investigates two-dimensional laminar fluid flow and heat transfer past a circular
cylinder in an aligned magnetic field using the spectral method to insure the accuracy of results. For the purpose of
controlling vortex shedding and heat transfer, numerical simulations to calculate the fluid flow and heat transfer past a
circular cylinder are performed for different Reynolds numbers of 100 and 200 and for different Prandtl numbers of 0.02
(liquid metal), 0.7 (air) and 7 (water) in the range of 0 <N < 10, where N is the Stuart number (interaction parameter)
which is the ratio of electromagnetic force to inertia force. The present study reports the detailed information of flow
and thermal quantities on the cylinder surface at different Stuart numbers. As the intensity of applied magnetic fields
increases, the vortex shedding formed in the wake becomes weaker and the oscillating amplitude of lift coefficient
decreases. The flow and thermal fields become the steady state if the Stuart number is greater than the critical value,
which depends on the Reynolds number. Thus the drag and lift coefficients and Nusselt number representing the fluid

flow and heat transfer characteristics also vary as a function of Stuart number.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The phenomenon of flow separation, bluff body wake
and prediction of heat transfer from a cylinder have
been intensely studied for a long time because of their
fundamental significance in flow physics and their
practical importance in aerodynamic and heat transfer
applications. Braza et al. [1]; Mittal and Balalchandar,
[2]; Williamson [3]. The generation and evolution of
vortical structures in the wake region have a big effect on
the drag, heat transfer, flow-induced vibration and noise
problems. Thus, to control the vortical structure in the
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wake properly is very important in the aspect of real
engineering application.

Various methods were suggested to control vortex
shedding in the wake, using endplate Stansby [4], splitter
plate Roshko [5]; Unal and Rockwell [6]; Gerrard [7];
Kwon and Choi [8], inhomogeneous inlet flow Gaster
[9]; Gerich and Eckelmann [10], blockage Shair et al.
[11], base bleed Wood [12]; Bearman [13]; Schumm et al.
[14], second cylinder in the wake Strykowski and
Sreenivasan [15], speaker Roussopoulos [16], suction
and blowing slots Park et al. [17] and rotation or oscil-
lation of the cylinder Tokumaru and Dimotakis [18];
Beak and Sung [19]; Kang et al. [20], Choi et al. [21].
Kwon and Choi [8] summarized well the characteristics
of these methods to the control the vortex shedding.

Recently, there have been some researches to apply
the magnetic fields to control the vortical structure in the
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Nomenclature

By external magnetic field

Cop pressure drag coefficient

Cpy friction drag coefficient

Cp drag coefficient (= Cp, + Cpy)

Cip pressure lift coefficient

Cir friction lift coefficient

C. lift coefficient (= Cy, + Ciy)

Cp pressure coefficient

D cylinder diameter

S Jo Lorentz forces in radial and circumferential
direction

n normal direction to the wall

N Stuart number or interaction parameter

Nu local Nusselt number

(Nu) surface-averaged Nusselt number

(Nu) time and surface-averaged Nusselt number

P dimensionless pressure

Pr Prandtl number

r, 0 dimensionless radial and circumferential
direction

Ra Rayleigh number

St Strouhal number

t dimensionless time

t period of time integration

T dimensionless temperature

Ty cylinder surface temperature

Ty free stream temperature

U, Uy dimensionless radial and circumferential
velocity

U, free stream velocity

w cylinder surface

X, y Cartesian coordinates

Greek symbols

o thermal diffusivity

p thermal expansion coefficient
o density

o electric conductivity

v kinematic viscosity

Wy wall vorticity

Subscripts/superscripts

cr critical value

max maximum

min minimum

* dimensional value

- time-averaged quantity

wake. They investigated the effect of magnetic fields on
the flow structure past a cylinder. Lahjomri et al. [22]
carried out an experimental study and showed that an
aligned magnetic field leaded to the suppression of
vortex shedding. Shatrov et al. [23] and Mutschke et al.
[24-26] investigated the flow instability in the wake in
the presence of magnetic fields from their numerical
studies. They carried out the stability analysis using the
numerical simulation techniques for the time-dependent
two- and three-dimensional flow. Depending on the
magnitude of applied magnetic fields in the two-dimen-
sional flow region, the vortex shedding can be sup-
pressed or eliminated and as a result the flow becomes
stabilized.

Most of previous researches to study the effect of
magnetic fields on the flow past a cylinder are mainly to
investigate the change of flow structure in the whole flow
field. However, their studies did not give the detail
quantitative information about the flow variables such
as drag and lift coefficients, Strouhal number, pressure
coefficient and wall vorticity on the cylinder surface in
the presence of magnetic fields. Studies on the heat
transfer from a cylinder in the presence of magnetic
fields are also little.

In the present study, we investigated the effects of
magnetic fields on the fluid flow and heat transfer past a

cylinder. We obtained the numerical solutions for un-
steady two-dimensional governing equation for the flow
and heat transfer using the accurate spectral method.
We calculated the drag and lift coefficients, Strouhal
number, pressure coefficient, wall vorticity and Nusselt
number as a function of the magnitude of applied
magnetic fields.

2. Governing equations

Fig. 1 shows the computational domain and coordi-
nate system used in the present study. We solve the
unsteady two-dimensional dimensionless continuity,
Navier-Stokes and energy equations defined as

Mass conservation:

0 0
& () + 25 =

0
or

= (M)

r—momentum conservation:

Ou,  Ou? 1 0(u,uy) w —u2

o o r 00 r

_op 1 ) u, 2 Ouy

= r |V i aog | T @



H.S. Yoon et al. | International Journal of Heat and Mass Transfer 47 (2004) 4075-4087 4077

- 2y O
= e h
E’il = -
S =
=, a E )
i & iE
S = a i
st e e !
1T g g
g g 2
< 1\ & B
v AP
N K G
79 P

Fig. 1. Flow geometry and coordinate system along with
boundary conditions.

O0—momentum conservation:
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Energy conservation:
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The dimensionless variables in the above equations are
defined as

M—ur u _ue _ P

r_Uoo’ H_Uocv p_onzc~
t"Uy T — Ty

f=t p o Tl (5)
D T.— T.. D

In the above equations, p, U, T, T;, and D represent
the density, free stream velocity, free stream tempera-
ture, cylinder surface temperature and cylinder dia-
meter. The superscript * in Eq. (5) represents the
dimensional variables. u,, ug, T, p, t, r and 0 are the non-
dimensional radial velocity, circumferential velocity,
temperature, pressure, time, radial direction and cir-
cumferential direction. The above non-dimensional-
ization results in two-dimensionless parameters: Re =
U,D/v and Pr =v/a, where v and o are the kinematic
viscosity and thermal diffusivity. In the simulations to be
reported here the Prandtl number, Pr, has been taken to
be 0.02, 0.7 and 7 corresponding to liquid metal, air and
water, respectively. Pr= 0.7 is corresponding to air
which is not electrically conducting. However, Pr = 0.7
is considered as just an intermediate numerical value in
order to demonstrate the tendency for increasing Pr. The
Reynolds number of Re = 100 and 200 are considered.

The purpose of the present study is to investigate the
effects of applied magnetic fields on the forced convec-
tion around a cylinder and as a result the effect of
buoyancy is ignored in the present study. We limit
attention to the case of incompressible flow of constant
thermodynamic and transport property for the fluid. We
also assume that the flow is two-dimensional and
invariant along the spanwise direction for the low Rey-
nolds numbers considered in the present problem.

The applied magnetic field is parallel to the x-direc-
tion with constant values and as a result the Lorentz
forces f, and fj acting on the fluid is defined as

fi = Nu,(sin 0)* + g sin 0 cos 0] (6)
fo = Nug(cos 0)* + u, sin 0 cos 0] (7)

The detailed derivation for above Egs. (6) and (7) can be
found in Mutschke et al. [24,26]. Here we can define
additional dimensionless parameter called as Stuart
number or interaction parameter, which is the ratio of
electromagnetic force to inertia force, defined as

N = oB:D/(pUs.) (8)

where o and B, represent electric conductivity and
external magnetic field.

3. Numerical methodology

A spectral methodology is used for the spatial
discretization. A spectral Chebyshev discretization is
defined along r-direction. The grid points are the Gauss—
Lobatto points corresponding to Chebyshev expansion
and are therefore non-uniformly distributed defined as

n(i— 1)

_ <Ii<N.
N,—l}’ 1<i<N, 9)

Fi = —COS {
A Fourier expansion is used along the periodic cir-
cumferential direction defined as

H/ZJLJ, 0<]<N()*17 L()=27t (10)
TN
A two-step time-split scheme is used to advance the
flow field. First the velocity is advanced from time level
‘n’ to an intermediate level by solving the advection-
diffusion equation. In the advection-diffusion step, the
non-linear terms are treated explicitly using third-order
Adams-Bashforth scheme. The diffusion terms are
treated implicitly using Crank—Nicolson scheme. Then a
Poisson equation for pressure is solved fully implicitly.
The final divergence-free velocity field at ‘n + 1’ is ob-
tained with a pressure-correction step. The temperature
field is advanced in a similar manner with third-order
Adams-Bashforth scheme for the advection term and
Crank—Nicolson scheme for the diffusion term.
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In all the simulations the initial velocity field is taken
to be the potential flow and the initial thermal field is
taken to be uniform free stream temperature. The vortex
shedding is initiated by providing a small ‘conveyor-belt’
type of slip velocity on the body, which varies sinusoi-
dally for a short period of time Mittal and Balachandar
[2]. On the surface of the cylinder, no-slip and no-pen-
etration boundary conditions are enforced for the
velocity field, while isothermal boundary condition
(T =1) is enforced for the temperature. The computa-
tional outer boundary is placed at » = 20 and it serves
both as inflow (for —n/2<0<=/2) and outflow (for
n/2<0< — n/2) boundary. Over the inflow section a
uniform isothermal (7 = 0) inflow is specified and at the
outflow section it is important to specify a well-posed
non-reflecting boundary condition capable of convecting
large vortical disturbances out of the computational
domain. Here we employ the buffer domain technique as
described in Mittal and Balachandar [2], who tested the
effectiveness of the inflow and outflow boundary con-
ditions in detail. They showed that quantities like lift,
drag and Strouhal number of vortex shedding are
independent of the size of the computational domain
and that the buffer domain boundary conditions allow
for smooth advection of the vortical structures past the
outflow boundary without any spurious reflection. The
dimensionless time step used in the present calculation is
0.002 and the number of grid points used is 121 x 164
(r x 0) for Re = 100 and 151x 164 (r x 0) for Re = 200,
respectively. Grid independence of the solution has been
confirmed with additional simulations on much finer
grids. The computations were advanced in time until
it was observed that the drag, lift and heat transfer co-
efficients have reached a statistically stationary state.

Once the velocity and temperature fields are ob-
tained, the local, surface-averaged, time-averaged, and
time and surface-averaged Nusselt number are defined
as

w t
=20 <Nu>:i/ NudS M:l/pNudt
on wall w 0 tp 0

S
<Nu>:_/ (Nu) dt (11)
t Jo

where n is the normal direction to the walls, W is the
cylinder surface and ¢, is the period of time integration.

4. Results and discussion
4.1. Fluid flow

Fig. 2 shows the distribution of instantaneous vor-
ticity for different Stuart numbers of N =0, 0.1 and 0.2
at the Reynolds number of 100. When N =0 corre-
sponding to the case without applied magnetic fields, the

(b)

()

Fig. 2. Instantaneous vorticity contours at (a) N =0, (b)
N =0.1 and (c) N = 0.2 for Re = 100.

flow is time-dependent and we can observe the vortex
shedding in the wake. If the magnetic fields are applied
to the cross flow over a cylinder, the vertical force acts to
the negative y-direction at the upper part of centerline
(x = 0) and to the positive y-direction at the lower part.
This vertical force caused by the magnetic fields in-
creases the resistance for the cross flow over a cylinder.
As a result, when N = 0.1, the boundary layer thickness
formed on the cylinder surface increases and the vortex
street formed in the wake region is elongated in the
streamwise direction with decreasing vortex strength.
The flow is still time-dependent at the Stuart number of
N = 0.1. If the Stuart number is increased further to 0.2,
the flow is stabilized and changes its distribution from
the time-dependent pattern with vortex shedding in
the wake at N =0 and 0.1 to the steady state with a
symmetric shape along the centerline (x = 0).

Fig. 3 shows the time history of lift coeflicient for the
Reynolds number of 100. The time history of Cy during
the dimensionless time of 175 <¢< 200 corresponds to
the case without applied magnetic fields (N = 0). The
flow field at ¢+ = 200 for the case of N = 0 is used as an
initial condition to calculate the fluid flow in the pres-
ence of applied magnetic fields. If we apply the magnetic
field at N =0.06 corresponding to the case with rela-
tively weak magnetic strength, the period of Ci. becomes
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Fig. 3. Time history of lift coefficients for different Stuart
numbers at Re = 100.

larger with decreasing oscillating amplitude as time goes
on, compared to the case without the applied magnetic
fields. Cp still maintains its time-dependent oscillating
pattern at N = 0.06. However, if N is further increased
to 0.3, the oscillating amplitude of Cp decreases very
rapidly and Cp approaches to zero at the dimensionless
time of ¢t > 210, corresponding to ten-dimensionless time
later after the magnetic field is applied to the flow field at
t =200. Thus the flow becomes steady at the dimen-
sionless time of ¢ > 210 for N = 0.3.

Fig. 4 shows the Strouhal number variation as a
function of Stuart number at the Reynolds number of
100. As shown in Fig. 3, an oscillating period of Cp in-
creases with increasing N corresponding to the increas-
ing magnetic field intensity. As a result the Strouhal
number decreases almost linearly with increasing N,
which is another evidence to prove that the flow is

0.18

0.16
1%
0.14
0.12|||||||||||||||||||
0 0.05 0.1 0.15 0.2
N

Fig. 4. Variation of Strouhal number as a function of Stuart
number at Re = 100.

stabilized as the magnitude of applied magnetic fields
increases.

Fig. 5 shows the time-averaged wall vorticity (o) as
a function of circumferential direction 6 for different
Stuart numbers at the Reynolds number of 100. Here,
overbar—denotes the time-averaged quantity. Here
0 = 0° and 180° represent the rear and front stagnation
points as shown in Fig. 1. When 0 <N < N, the flow
past a cylinder is time-dependent, and time-averaged
wall vorticity around the top and bottom parts of cyl-
inder (6 ~ 130° and 230°) decreases with increasing N as
shown in Fig. 5(a), because the boundary layer thickness

-
\V]

wW
A o » o©

'
o)

60 120 180 240 300 360

O M

—_
D
~
-
N
<=}

—_
N

(0]
o & ©
O M T T T T T T T T T

,
A

'
[oe]

T N T T T N T T T T T T T B
60 120 180 240 300 360
(b) 0

4L
N

12

= W N

(=]

I
I
===

ey
7
<7/
\~//
A
L/
12 v b v b v b v BT by

60 120 180 240 300 360
(c) 0

W,
o
LI L I B

o

Fig. 5. Time-averaged wall vorticity as a function of 6 for
(a) 0N <0.16, (b) 0.2<N <1 and (c) 2< N <10 at Re = 100.
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and gradient of circumferential velocity increase due to
increasing flow resistance to the cross flow over a cyl-
inder. Here N, is a value of the Stuart number, at which
the flow changes its pattern from the time-dependent to
the steady state, depending on the Reynolds number. N,
is 0.18 at Re =100 and 0.3 at Re = 200, respectively.
When N, < N <1, the wall vorticity at the upstream
region from the front stagnation point of 6 = 180° to
0 ~ 116° (and 0 ~ 244°) keeps decreasing similar to the
case when 0 <N < N, because the velocity boundary
layer thickness increases owing to increasing flow resis-
tance with increasing N. However, the wall vorticity at
the downstream region from 6 ~ 116° (and 0 ~ 244°) to
the separation point increases as N increases at
Na < N <1, because the flow is squeezed by the vertical
force acting on the cylinder, the vortex street is elon-
gated more in the streamwise direction and the thickness
of velocity boundary layer decreases. The circumferen-
tial location, 05, ., at which the wall vorticity o,, has a
maximum value, is still at the upstream region when
N, < N < 1. If the Stuart number is increased further to
2 < N <10, the wall vorticity decreases at the upstream
region from the front stagnation point to 6 ~ 120° (and
0 ~ 240°) and increases at the downstream region from
0 ~ 120° (and 6 ~ 240°) to the separation point with
increasing N, similar to the case when N, < N<1.
However, as N increases in the range of 2 <N < 10, the
location of 0, . moves to the downstream region from
the upstream region at N, <N <1, because the
squeezing effect caused by the vertical force in the
presence of magnetic fields increases with increasing N.
The change of wall vorticity in the wake region from the
separation point to the rear stagnation point for differ-
ent Stuart numbers is very small.

Fig. 6 shows the time-averaged separation angle as a
function of Stuart number at the Reynolds numbers of
100 and 200. When the flow is time-dependent with
relatively weak strength of applied magnetic field, the
separation angle increases slightly, meaning that the
separation point moves slightly to the upstream direc-
tion due to increasing velocity boundary layer thickness
with increasing N. The change in the separation angle is
very small when the strength of applied magnetic fields is
relatively weak. However, if the Stuart number is in-
creased further, the flow becomes steady, the separation
angle decreases and the separation point moves to the
downstream direction, due to increasing squeezing ef-
fects with increasing N. The change in the separation
angle is relatively large when the strength of applied
magnetic fields is strong, compared to the small change
in the separation angle when the strength of applied
magnetic fields is weak. The present calculation results
for the separation angle as a function of Stuart number
at Re =200 agree well with the computational results
obtained by Mutschke et al. [26] to show the validity of
present calculation.
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Fig. 6. Time-averaged separation angle as a function of Stuart
number at Re = 100 and 200.

Fig. 7 shows the time-averaged pressure coefficient
(Cp) as a function of circumferential direction 6 for
different Stuart numbers at the Reynolds number of 100.
The value of Cp at the front stagnation point of § =0
does not depend on the strength of applied magnetic
fields and has a constant value of 1. This means that all
the momentum of free stream is converted to the pres-
sure at the front stagnation point, irrespective of
the cases with and without applied magnetic fields. The
value of Cp for different Stuart numbers decreases in the
favorable pressure gradient region, reaches a minimum
value in the zero pressure gradient region and increases
in the adverse pressure gradient region. Pressure distri-
bution along the surface has a deep relation with the
wall vorticity distribution. If the velocity gradient of

o Park et al.(1998)

|
|
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0 60 120 180 240 300 360
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Fig. 7. Time-averaged pressure coefficient as a function of 6 for
different Stuart numbers at Re = 100.
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circumferential velocity and wall vorticity increase, the
absolute pressure gradient in the circumferential direc-
tion also increases, resulting in increasing pressure dif-
ference between the stagnation and 6 points. When the
Stuart number increases in the range of 0 <N < 0.2, the
wall vorticity in the favorable pressure gradient de-
creases and as a result Cp increases in the whole region
on the cylinder surface with increasing N. When the
Stuart number is increased to 1 and 5, the wall vorticity
at the upstream of favorable pressure gradient region is
smaller than that at N = 0.2, whereas the wall vorticity
at the downstream for N = 1 and 5 is larger than that for
N = 0.2, as shown in Fig. 5(b) and (c). Thus, Cp at the
upstream of favorable pressure gradient region for
N =1 and 5 is larger than that for N = 0.2, whereas Cp
at the downstream of favorable pressure gradient region
and at the adverse pressure gradient region for N =1
and 5 is smaller than that for N = 0.2. The value of Cp in
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Fig. 8. Time-averaged drag coefficients as a function of Stuart
number at (a) Re = 100 and (b) Re = 200.

the adverse pressure gradient region for N = 5 is much
smaller than that for N =0, 0.1, 0.2 and 1, due to the
strong effect of magnetic field on the flow past a circular
cylinder. The present results for Cp distribution for
N =0 agree very well with the calculation results ob-
tained by Park et al. [27] to show another validity of
present calculation.

Fig. 8 shows time-averaged drag coefficient (Cp) as a
function of Stuart number (N) for different Reynolds
numbers of 100 and 200. The drag coefficient (Cp)
consists of the sum of pressure drag coefficient (Cp,) and
friction drag coefficient (Cpy). If N < N, the pressure
and Cp in the wake (corresponding to the adverse
pressure gradient region) increases with increasing N as
shown in Fig. 7. As a result Cp, and Cp decrease slightly
with increasing N when N < N. If the Stuart number
increases at N > N, Cp in the wake decreases and as a
result Cp increases very rapidly. When the Reynolds
number is 100, Cp has a minimum value at N = N,
(where N, = 0.18). The minimum value of Cp is 1.128,
which is 16% less than the value of Cp corresponding to
the case without applied magnetic field (N = 0). If the
Reynolds number is increased to 200, the minimum
value of Cp at N = N, (where N, = 0.3) is 0.98, which is
a decrease of 26% compared with the value of Cp, for the
case of N = 0. The present calculation results for Cp, are
compared with the computational results obtained by
Mutschke et al. [26] as shown in Fig. 8(b). The agree-
ment between two results is very good.

Fig. 9 shows the maximum value of total, pressure
and friction lift coefficients as a function of Stuart
number for the Reynolds number of 100. Here the
maximum value of lift coefficients corresponds to the
amplitude of oscillating lift coefficients after they reach a
quasi-steady state. If the applied magnetic fields increase
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Fig. 9. Maximum lift coefficients as a function of Stuart
number at Re = 100.
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with increasing Stuart number, the Lorentz force acting
on the flow past a circular cylinder to the cross
streamwise (y) direction becomes larger and makes the
strength of vortex in the wake weaker. As a result, the
lift coefficients keeps decreasing with increasing Stuart
number and become zero when N > N,. This result
represents that, when N < N, the flow without and with
applied magnetic fields is time-dependent. However, if
the Stuart number increases at N > N, the flow in the
presence of applied magnetic fields changes its distri-
bution to the steady state.

4.2. Heat transfer

Figs. 10-12 show the distribution of instantaneous
dimensionless temperature fields for different Stuart
numbers of N =0, 0.1 and 0.2 and different Prandtl
numbers of Pr = 0.02, 0.7 and 7 at Re = 100. When the
Prandtl number increases from 0.02 to 7, the thickness
of thermal boundary layer decreases and as a result the
temperature gradient (heat transfer rate) around a cyl-
inder increases. When N < N, the temperature fields
are time-dependent and show shedding phenomena in
the wake, because the flow is time-dependent at these
Stuart numbers. When Pr = 0.02, the unsteadiness is

0.25

0.25

(b)

0.2

Fig. 10. Instantaneous temperature contours for different Stu-
art numbers of (a) N =0, (b) N=0.1 and (c) N =0.2 at
Re =100 and Pr = 0.02.

(b)

(c)

Fig. 11. Instantaneous temperature contours for different Stu-
art numbers of (a) N =0, (b) N=0.1 and (¢) N=0.2 at
Re =100 and Pr=0.7.

very weak, because the thickness of thermal bound-
ary layer is much larger than that of velocity boundary
layer and as a result the temperature boundary layer
is not much affected by the velocity boundary layer.
If the Prandtl number is increased to 0.7 and 7 at
N < N, the temperature fields follows the flow fields
and the unsteadiness becomes larger due to decreas-
ing thermal boundary layer thickness with increasing
Prandtl number. When N > N, the temperature fields
become a steady state for different Prandtl numbers
of Pr=0.02, 0.7 and 7, because the flow is not time-
dependent.

Fig. 13 shows the time-averaged local Nusselt num-
ber, Nu, as a function of circumferential direction 0 for
different Stuart numbers at Re = 100 and Pr = 0.02. The
distribution of Nu has a deep relation with wall vorticity
distribution shown in Fig. 5. If the wall vorticity in-
creases with increasing N, the thermal boundary layer
thickness decreases and as a result Nu increases. The
opposite is also true. As N increases in the range of
0< N < N, the wall vorticity decreases and as a result
Nu decreases. However, as N increases in the range
of N, < N <1, the wall vorticity decreases at 116°<
0<180° (and 180° < 0<244°) and increases at 0°<0
< 116° (and 244° <0<360°), as shown in Fig. 5(b).
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()

Fig. 12. Instantaneous temperature contours for different Stu-
art numbers of (a) N =0, (b) N=0.1 and (c) N =0.2 at
Re =100 and Pr="1.

Thus Nu decreases around the front stagnation point
(144°<0<216°) and increases at the downstream
(0°< 0 < 144° and 216° < < 360°), as N increases in the
range of N, < N<1 as shown in Fig. 13(b). When
0<N <1, Nu has a maximum value at the front stag-
nation point of 6 = 180° and decreases as we move in
the streamwise direction from the front stagnation to the
rear stagnation point, irrespective of the magnitude of
the applied magnetic fields. If N is increased further to
2 <N <10, the distribution of Nu as a function of 0
shows the similar pattern to the case of N, < N<1,
giving decreasing Nu around the front stagnation point
and increasing Nu at the downstream as N increases.
However, the circumferential location, 0y, , at which
Nu has a maximum value, moves from the front stag-
nation point at 0 < N < 1 to the downstream direction at
2< N <10.

Figs. 14 and 15 show the time-averaged local Nusselt
number, Nu, as a function of circumferential direction 0
for different Stuart numbers at P = 0.7 and 7, respec-
tively. The Reynolds number used is 100. The thickness
of velocity boundary layer does not depend on the
Prandtl number variation. However, the thickness of
thermal boundary layer decreases with increasing
Prandtl number. Thus, in the absence of applied mag-
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Fig. 13. Time-averaged local Nusselt number as a function of
0 for (a) 0SN<0.16, (b) 0.2<N<1 and (¢) 2<N<K10 at
Re =100 and Pr = 0.02.

netic field (N = 0), the distribution of Nu from the front
stagnation (0 = 180°) to the separation points for dif-
ferent Prandtl numbers of 0.02, 0.7 and 7 has a generally
similar shape, showing that Nu has a maximum value at
the front stagnation point and decrease as we move
from the stagnation to separation point. When Pr = 0.02
at N =0, Nu keep decreasing as we move from the
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Fig. 14. Time-averaged local Nusselt number as a function of
0 for (a) 0SN<0.16, (b) 0.2<N<1 and (¢) 2<N <10 at
Re =100 and Pr=0.7.

separation to rear stagnation points. However, if the
Prandtl number is increased to 0.7 and 7 at N =0, Nu
has a minimum value around the separation point and
increase as we move from the separation to rear stag-
nation point due to the mixing effect in the wake region.
The value of Nu in the wake region at N = 0 for Pr =7
increases more rapidly than that for Pr= 0.7, because
the thermal boundary layer becomes much smaller than
the velocity boundary layer and responds very quickly to
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Fig. 15. Time-averaged local Nusselt number as a function of
0 for (a) 0SN<0.16, (b) 0.2<N<1 and (¢) 2<N <10 at
Re =100 and Pr=17.

the variation of velocity boundary layer as the Prandtl
number increases. If we apply the magnetic field, the
variation of Nu for different N from the front stagnation
to the separation point at Pr=0.7 and 7 is generally
similar to that at Pr = 0.02. As N increases at Pr = 0.7
and 7, Nu increases around the locations, where the wall
vorticity increases, whereas Nu decreases around the
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locations where the wall vorticity decreases. However, as
the Prandtl number increases, the extent of variation in
Nu for different N becomes larger as shown in Figs. 14
and 15, because the temperature fields respond more
quickly to the variation of flow fields. When Pr = 0.02,
the distribution of Nu in the wake region does not de-
pend on the variation of N. However, as N increases at
the Prandtl numbers of 0.7 and 7, the value of Nu in the
wake region decreases, because the size of wake de-
creases due to the movement of separation point to the
downstream direction as shown in Fig. 6.

Fig. 16(a) shows the time and surface-averaged
Nusselt number, (Nu), as a function of Stuart number N
at Re = 100 and Pr = 0.02. The variation of (Nu) shows
different behavior at different sections of N, because the
flow and temperature fields have different distribution
depending on N. When N < N, where N = 0.18, the
flow and temperature are time-dependent and the local
Nusselt number Nu in Fig. 13 decreases as N increases.
The value of (Nu) decreases slowly as N increases in the
range of weak applied magnetic fields around N = 0.
However, the decreasing rate of (Nu) increases gradually
as N increases further in the range of N < N,,. As a re-
sult (Nu) has a parabolic shape at N < N,,. The value of
(Nu) has a minimum value of 1.31 around N = N,
which is 3% less than the value of (Nu) at N =0.
However, if N > N, the flow and temperature fields
becomes a steady state. As N increases at N > N, (Nu)
increases because the increasing rate of local Nusselt
number Nu at the downstream region is larger than
the decreasing rate of Nu around a front stagnation
point.

Fig. 16(b) and (c) show the time and surface-aver-
aged Nusselt number, (Nu), as a function of Stuart
number N for different Prandtl numbers of 0.7 and 7 at
Re = 100. As the Prandtl number increases, the thermal
boundary layer thickness decreases as previously ex-
plained and as a result (Nu) increases. When N < N,
the distribution of (Nu) for Pr=0.7 and 7 shows a
similar parabolic shape to that for Pr = 0.02. However,
as N increases in the range of N, < N < N, . where

N is the Stuart number at which the (Nu) has a

(M) iy

minimum value, the value of (Nu) for Pr=0.7 and 7
keeps decreasing, unlike to the case for Pr = 0.02, be-
cause the increasing rate of Nu at the downstream region
is smaller than the decreasing rate of Nu around a front
stagnation point and in the wake region. As N increases
in the range of N > N, e (Nu) increases, because the

increasing rate of Nu at the downstream region becomes
larger than the decreasing rate of Nu around a front
stagnation point and in the wake region. When Pr = 0.7,

Niw is about 3 and (Nu)_. is 4.8, which is 8.6% less

than that corresponding to the case without applied
magnetic field (N = 0). When Pr =7, N(W is about 5
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Fig. 16. Time and surface-averaged Nusselt number as a
function of Stuart number of (a) Pr=0.02 (b) Pr=0.7 (¢)
Pr=1.0 at Re = 100.

and (Nu)_. is 10.5, which is 14% less than that for

min

N=0.
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5. Conclusions

The present study numerically investigates the char-
acteristics of two-dimensional laminar flow and heat
transfer past a circular cylinder in an aligned magnetic
field using the spectral method. Numerical simulations
to calculate the flow and thermal fields over a cylinder
are carried out for different Reynolds and Prandtl
numbers in the presence of aligned applied magnetic
fields. The results with the applied magnetic fields are
compared with those without magnetic fields in order to
investigate the effects of applied magnetic fields on the
fluid flow and heat transfer characteristics past a cylin-
der.

When the uniform magnetic fields aligned with the
free stream are applied to the flow past a circular cyl-
inder, the Lorentz force acting on the flow damps the
flow oscillation caused by the vortex shedding. As a
result, wake oscillation are first weakened, eventually
resulting in a steady flow with two narrow and elongated
eddies. There exists the critical Stuart number N, which
makes the time-dependent fluid flow and temperature
fields steady, depending on the Reynolds number.

As the Stuart number increases in the range of
N < N, the flow and temperature fields are time-
dependent and their oscillating amplitude decreases,
resulting in decreasing Strouhal number and lift coeffi-
cients. The distribution of time-averaged pressure and
drag coefficients and Nusselt number has a deep relation
with that of wall vorticity along the cylinder surface.
Because the wall vorticity along the cylinder surface
decreases with increasing Stuart number at N < N, the
time-averaged pressure coefficient, time-averaged local
Nusselt number, and time and surface-averaged Nusselt
number increase whereas the time-averaged drag coeffi-
cient decreases. The time-averaged separation point
moves slightly to the upwards with increasing Stuart
number at N < N,,.

As the Stuart number increases further in the range
of N > N, the flow and temperature fields becomes a
steady state. The wall vorticity decreases around the
front stagnation point and increases at the downstream
region with increasing Stuart number. As a result, as the
Stuart number increases at N > N, the time-averaged
pressure coefficient increases at the upstream and de-
creases around the wake region, and the time-averaged
drag coefficient increase. The separation point moves to
the downstream direction and as a result the size of wake
decreases with increasing Strouhal number at N > N,.
The time-averaged local Nusselt number decreases
around the front stagnation point and in the wake re-
gion with increasing Strouhal number at N > N and
increases at the downstream region before the separa-
tion point. The extent of variation in the time-averaged
local Nusselt number along the cylinder surface for
different Stuart numbers becomes larger as the Prandtl

number increases. The time and surface-averaged Nus-
selt number has a minimum value at N = N, when
Pr =0.02. However, if the Prandtl number increases to
0.7 and 7, the Stuart numbers, at which the time and
surface-averaged Nusselt number has a maximum value,
become larger than N,.
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