
International Journal of Heat and Mass Transfer 48 (2005) 5297–5309

www.elsevier.com/locate/ijhmt
A numerical study on the fluid flow and heat transfer
in the confined jet flow in the presence of magnetic field

H.G. Lee a, M.Y. Ha b,*, H.S. Yoon c

a Air Conditioning Division, LG Electronics Co., 76 Sungsan, Changwon, Republic of Korea
b School of Mechanical Engineering, Pusan National University San 30, Chang Jeon Dong, Kum Jeong Gu,

Pusan 609-735, Republic of Korea
c Advanced Ship Engineering Research Center, Pusan National University San 30, Chang Jeon Dong,

Kum Jeong Gu, Pusan 609-735, Republic of Korea

Received 28 December 2004; received in revised form 20 July 2005
Available online 28 September 2005
Abstract

The present study numerically investigates two-dimensional fluid flow and heat transfer in the confined jet flow in the
presence of applied magnetic field. For the purpose of controlling vortex shedding and heat transfer, numerical simu-
lations to calculate the fluid flow and heat transfer in the confined jet are performed for different Reynolds numbers in
the absence and presence of magnetic fields and for different Prandtl numbers of 0.02 (liquid metal), 0.7 (air) and 7
(water) in the range of 0 6 N 6 0.05, where N is the Stuart number (interaction parameter) which is the ratio of elec-
tromagnetic force to inertia force. The present study reports the detailed information of flow and thermal quantities in
the channel at different Stuart numbers. As the intensity of applied magnetic fields increases, the vortex shedding
formed in the channel becomes weaker and the oscillating amplitude of impinging jet decreases. The flow and thermal
fields become the steady state if the Stuart number is greater than the critical value. Thus the pressure coefficients and
Nusselt number at the stagnation point representing the fluid flow and heat transfer characteristics also vary as a func-
tion of Stuart number.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Impinging jets have been used in many industrial and
engineering applications such as drying of papers, films
and foods, freezing of tissue, tempering of glass and
metal, cooling of gas turbine and combustor compo-
nents, and cooling of electronic components, because
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of their capability to enhance or suppress the heat and
mass transfer under relatively low pressure drops. The
advantage of impinging jet flow is easy to adjust the
location of interest and to remove a large amount of
heat (or mass) on the impinging surface due to the thin
hydrodynamic and thermal (or concentration) boundary
layers around the stagnation region. In recent years, the
power dissipation from the electrical and electronic com-
ponents becomes larger because of their high density.
The impinging jet is used as a promising candidate to re-
move more heat from the electrical and electronic com-
ponents. However, in electronic packaging, because the
space and size are limited, it is difficult to implement
ed.
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Nomenclature

B0 external magnetic field
Cf friction coefficient ðsw= 1

2 qV 2
jetÞ

Cp pressure coefficient ½ðpx � pjetÞ= 1
2 qV 2

jet�
D jet nozzle width
fx, fy Lorentz forces in x and y direction
H nozzle-to-plate spacing
L channel length
n normal direction to the wall
N Stuart number or interaction parameter
Nu local Nusselt number
p dimensionless pressure
Pr Prandtl number
Re Reynolds number (VjetD/m)
t dimensionless time
tp period of time integration
T dimensionless temperature
Tw bottom wall temperature
Tjet nozzle exit temperature
u, v dimensionless velocity in x and y direction

Vjet nozzle exit velocity
x, y Cartesian coordinates

Greek symbols

a thermal diffusivity
q density
r electric conductivity
m kinematic viscosity
/ electrical potential
sw wall shear stress

Subscripts/superscripts

RMS root mean square
stag stagnation point
w bottom wall

* dimensional value
– time-averaged quantity
jet jet
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properly the impinging jet which works at the low Rey-
nolds number under low operating pressure condition.

There have been many experimental and numerical
studies to investigate the flow structures and heat trans-
fer mechanisms in detail to obtain the optimal operating
conditions of impinging jet for different industrial and
engineering applications [1–12]. Sparrow and Wong [1]
derived the mass transfer correlation for the impinging
slot-jet flows at the Reynolds number of 150 < Re <
950 using the naphthalene sublimation technique and
the analogy of heat and mass transfer. Bouainouche
et al. [2] carried out the numerical study based on the
RANS method to predict the wall shear stress produced
by a normal impinging thin plane turbulent jet on a flat
plate. They compared their computational results ob-
tained using different wall functions in their turbulence
model with experimental data and proposed a hybrid
law to predict the measured wall shear stress well in
the impinging region. Chen et al. [3] carried out the
experimental and numerical study to investigate the high
Schmidt-number mass transfer to a line electrode in lam-
inar impinging slot-jet flows for the slot-based Reynolds
number from 220 to 690. Their experimental and theo-
retical results show that the peak values in mass transfer
occur at a point one-half to one jet width away from the
stagnation point, which was not observed by the earlier
studies. Beitelmal et al. [4] performed an experimental
study to determine the effect of the inclination of an
impinging two-dimensional air jet on the heat transfer
from a uniformly heated flat plate. They determined
the local Nusselt number as a function of three parame-
ters: (a) inclination angle of the air jet relative to the
plate in the range of 90–40�, (b) nozzle exit-to-plate
spacing (z/D) in the range of 4–12 and (c) Reynolds
number based on the hydraulic diameter of the slot noz-
zle in the range of 4000–12,000. Phares et al. [5] pre-
sented a method for the theoretical determination of
the wall shear stress under impinging jets of the wide
range of Reynolds numbers and jet heights. They com-
pared their theoretically predicted results with available
wall shear stress measurements and found that the elec-
trochemical method in submerged impinging liquid jets
could predict the wall shear stress in the impingement re-
gion most accurately among any indirect methods and
determine an empirical relation describing the rise in
wall shear stress due to compressibility effects in imping-
ing high-velocity jets. Chattopadhyay and Saha [6]
investigated turbulent flow fields and heat transfer from
an array of impinging horizontal knife jets on a moving
surface using large eddy simulation (LES) with a dy-
namic subgrid stress model for various surface velocities
directed perpendicular to the jet plane. They found that
performance of the knife jet was better for a surface-
velocity-to-nozzle-exit-velocity ratio of 0.5 and with
increasing plate speed, Nu distribution tends to be more
uniform although the total heat transfer reduces. Hwang
et al. [7] conducted an experimental study to investigate
the effect of vortex pairing, which was generated by the
two methods of secondary shear flow and acoustic exci-
tation, on the flow and heat transfer characteristics of an
impinging jet. The control of vortex pairing enhanced or
reduced heat transfer from the impinging surface be-
cause of the change of flow structures. Choo and Kang
[8] measured directly the local velocities of the liquid
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sheet formed by two low-speed impinging jets using a
LDV. They investigated the spatial distribution of the
local sheet velocity as well as the effects of the impinge-
ment angle and jet velocity on the sheet velocity. Aldab-
bagh and Sezai [9] investigated the flow and heat
transfer characteristics of impinging laminar multiple
square jets through the solution of the three-dimensional
Navier–Stokes and energy equations in steady state for
different jet-to-jet spacings and nozzle exit to plate dis-
tances. Chiriac and Ortega [10] computed the steady
and unsteady flow and heat transfer due to a confined
two-dimensional slot jet impinging on an isothermal
plate using a numerical finite-difference approach for
different Reynolds numbers in the range of 250–750 at
the fixed Prandtl number of 0.7 and jet-to-plate spacing
of 5. The flow and heat transfer at the Reynolds num-
bers of 250 and 350 were steady whereas those at the
Reynolds number of 750 was unsteady and showed very
complex pattern with buckling, flapping and sweeping of
the jet due to vortex shedding and a non-linear interac-
tion between the jet and the channel fluid. The stagna-
tion Nusselt number is directly proportional to the jet
Reynolds number at the steady state condition, whereas
those at the unsteady condition are less dependent on
the Reynolds number. Chung et al. [11] performed direct
numerical simulations of an unsteady impinging jet to
study momentum and heat transfer characteristics by
solving the unsteady compressible Navier–Stokes equa-
tions using a high-order finite difference method with
non-reflecting boundary conditions. They investigated
the effect of primary and secondary vortices on the local
heat transfer and fluid flow. Beaubert and Viazzo [12]
computed the flow field of plane impinging jets at mod-
erate Reynolds numbers using large eddy simulation
technique with the dynamic Smagorinsky model for
two Reynolds numbers of 3000 and 7500. They calcu-
lated the instantaneous, mean values and turbulence sta-
tistics for dependent variables to investigate the fluid
flow and heat transfer characteristics in detail. Chatto-
padhyay and Saha [13] computed the flow field due to
an impinging jet over a moving surface at a moderately
high Reynolds number emanating from a rectangular
slot nozzle using the large eddy simulation technique
with a dynamic subgrid-scale stress model. They calcu-
lated turbulence quantities such as kinetic energy, pro-
duction rate of turbulent kinetic energy and the
Reynolds stress for different surface velocities to provide
an insight into the impinging jet turbulent flow.

Most of these previous researches are related to the
study to investigate experimentally and numerically the
fluid flow and heat transfer characteristics for various
types of impinging jets in the absence of applied mag-
netic fields. There are little studies to consider the effect
of applied magnetic fields on the fluid flow and heat
transfer of impinging jet in detail. One possible applica-
tion is the molten steel flow control using the electro-
magnetic brake (EMBR) system in a continuous
casting process, because the flow coming from the entry
nozzle submerged in the molten steel is very similar to
the impinging jet flow [14]. The EMBR is widely used
in a field of steel manufacturing.

In the present study, we investigated the effects of
magnetic fields on the fluid flow and heat transfer of
the confined impinging jet. We obtained the numerical
solutions for unsteady two-dimensional governing equa-
tions for the fluid flow and heat transfer using the finite
volume method. We calculated the instantaneous veloc-
ity vector and isothermal lines, time-averaged wall fric-
tion and pressure coefficients along the impinging wall,
and time-averaged pressure coefficient and Nusselt num-
ber at the stagnation point as a function of the magni-
tude of applied magnetic fields. The results obtained
for the case with applied magnetic fields are compared
with those without magnetic fields.
2. Governing equations

Fig. 1 shows the computational domain and coordi-
nate system for a two-dimensional confined impinging
jet considered in the present study. We solve the unsteady
two-dimensional dimensionless continuity, Navier–
Stokes and energy equations defined as

r �~u ¼ 0 ð1Þ

o~u
ot

þ~u � r~u ¼ �rp þ 1

Re
r2~uþ~f ð2Þ

oT
ot

þ~u � rT ¼ 1

Re � Prr
2T ð3Þ

The dimensionless variables in the above equations are
defined as

t ¼ V jett


D
; ~u ¼ ~u


V jet

; p ¼ p


qV 2
jet

; T ¼ T 
 � T w

T jet � T w

ð4Þ

In the above equations, q, Vjet, Tjet, Tw, and D represent
the density, inlet jet velocity, inlet jet temperature, bot-
tom wall temperature and jet width. The superscript *

in Eq. (4) represents the dimensional variables. ~u, T, p,
and t are the non-dimensional velocity vector, tempera-
ture, pressure and time. The above non-dimensionaliza-
tion results in two dimensionless parameters: Re =
VjetD/m and Pr = m/a where m and a 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 increas-
ing Pr. The purpose of the present study is to investigate
the effects of applied magnetic fields on the impinging jet



Fig. 1. Computational domain and coordinate system for a two-dimensional confined impinging jet.
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flow 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 Reynolds numbers con-
sidered in the present problem.

We assume that the magnetic field is parallel to the
z-direction with constant values and as a result the
Lorentz force ~f used in Eq. (2) and acting on the fluid
is defined as follows [14–16]:

~f ¼ Nð~J � ezÞ ð5Þ

r �~J ¼ 0 ð6Þ

~J ¼ �r/ þ~u� ez ð7Þ

r2/ ¼ r � ð~u� ezÞ ð8Þ

Using Eqs. (6) and (7), we can derive a Poisson equa-
tion (8). The Poisson equation is solved to get the elec-
tric potential /. The Lorentz force in the momentum
Fig. 2. Grid distribution and th
Eq. (2) induced by the magnetic field is obtained by
using Eq. (5). Here we can define additional dimension-
less parameter called as Stuart number or interaction
parameter, which is the ratio of electromagnetic force
to inertia force, as follows:

N ¼ rB2
0D=ðqV jetÞ ð9Þ

where r and B0 represent electric conductivity and exter-
nal magnetic field.
3. Numerical methodology

The central difference scheme with the second-order
accuracy based on the finite volume method is used for
the spatial discretization. A two-step time-split scheme
is used to advance the flow field. First the velocity is ad-
vanced from time level �n� to an intermediate level by
solving the advection–diffusion equation. In the advec-
tion-diffusion step, the non-linear terms are treated
explicitly using third-order Adams–Bashforth scheme.
The diffusion terms are treated implicitly using Crank–
e number of domain used.
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Nicolson scheme. Then a Poisson equation for pressure
is solved fully implicitly. The final divergence-free veloc-
ity field at �n + 1� is obtained with a pressure-correction
step. The temperature field is advanced in a similar man-
ner with third-order Adams–Bashforth scheme for the
advection term and Crank–Nicolson scheme for the dif-
fusion term [17].

The boundary conditions used in the present study
are defined as

Inlet : u ¼ 0; v ¼ �1; T ¼ 1

Upper wall : u ¼ v ¼ 0;
oT
on

¼ 0

Lower wall : u ¼ v ¼ 0; T ¼ 0

Lateral exit :
ou
ot

þ C
ou
ox

¼ 0;
oT
ot

þ C
oT
ox

¼ 0

ð10Þ

where C represents a mean value of velocities at the lat-
eral exits.
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Fig. 3. Time-averaged wall friction and pressure coefficients
ðCf and CpÞ along the lower wall at H/D = 5, Re = 125 and
250 in the absence of applied magnetic fields.
Fig. 2 shows the grid distribution and the number
of domain used in the present study. The number of
grid points used in the present calculation is 301 ·
201(x · y) and the number of domain used is 10. Grid
independence of the solution has been confirmed with
additional simulations on much less and finer grids.
The condition of CFL < 0.3 is chosen to determine the
non-dimensional time step used in the present calcula-
tions. The computations are advanced in time until it
is observed that the pressure and heat transfer coeffi-
cients have reached a statistically stationary state. The
developed computer code is parallelized based on the
message passing interface (MPI) to increase the compu-
tational speed [18]. The number of processors used is 5
in the x-direction and 2 in the y-direction, respectively,
as shown in Fig. 2. The same number of grid points is
allocated to each processor.
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Fig. 4. Time-averaged Nusselt number along the lower wall
ðNuÞ and time-averaged Nusselt number at the stagnation point
ðNustagÞ for different Reynolds number of 125, 250 and 375 at
H/D = 5 in the absence of applied magnetic fields.
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Once the velocity and temperature fields are ob-
tained, the local and time-averaged Nusselt number
are defined as

Nu ¼ oT
on

����
wall

Nu ¼ 1

tp

Z tp

0

Nudt ð11Þ

where n is the normal direction to the walls and tp is the
period of time integration.
4. Results and discussion

For the purpose of validation study of the present
computational results, the fluid flow and heat transfer
for the confined impinging jet without an applied mag-
netic field was tested for different Reynolds numbers
and their results are compared with the previous results
[10]. Fig. 3 shows the time-averaged wall friction and
pressure coefficients (Cf and CpÞ along the lower wall
for the case without the applied magnetic fields when
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Fig. 5. Time-averaged and root-mean-square values of pressure coe
ðNustagÞ as a function of Reynolds number at H/D = 10 and Pr = 0.7
H/D = 5 at Re = 125 and 250. The present predicted re-
sults for Cf and Cp represent well the results computed
by Chiriac and Ortega [10]. Fig. 4 shows the time-aver-
aged Nusselt number along the lower wall (NuÞ and
time-averaged Nusselt number at the stagnation point
(NustagÞ for different Reynolds numbers for the case with-
out the applied magnetic fields when H/D = 5. The pres-
ent predicted results for the time-averaged Nusselt
number along the lower wall and the time-averaged
Nusselt number at the stagnation point also represent
well the results computed by Chiriac and Ortega [10].
Even though the present validation study shows gener-
ally a good agreement between the present computa-
tional results and those of Chiriac and Ortega [10] for
Cf , Cp, Nu and Nustag as shown in Figs. 3 and 4, we
can observe some minor discrepancy between two
numerical results in the regions far from centerline. This
discrepancy might occur due to the difference in the
number of grid points and computational times used
in two different studies. The number of grid points used
in the present study is 301 · 201 in the x- and y-direc-
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tions, respectively, whereas the maximum number of
grid points used by Chiriac and Ortega [10] is
116 · 86. Thus our present computational results have
higher resolution than those by Chiriac and Ortega
[10]. For the viewpoint of computational time, the dis-
crepancy between the two results is very small when
we carry out the computation for a short time period.
However, we can observe some minor discrepancy in
the regions far from the centerline between two numer-
ical results when we carry out for a longer time period.
So we conjecture that the computational times used by
Chiriac and Ortega [10] may not be long enough.

Fig. 5 shows the time-averaged and root-mean-square
values of pressure coefficient, Cp; stag, and Nusselt number
at the stagnation point, Nustag, as a function of Reynolds
number for the case without the applied magnetic fields
at H/D = 10 and Pr = 0.7. When 50 6 Re 6 150, the
fluid flow and heat transfer are steady, and Cp; stag and
Fig. 6. Instantaneous velocity vectors at Re = 250 and H/D = 10 fo
(d) N = 0.01 and (e) N = 0.03.
Nustag increase as the Reynolds number increases. If the
Reynolds number increases from 150 to 175, the fluid
flow and heat transfer change their mode from the steady
state to the unsteady one, and Cp; stag and Nustag decrease
very rapidly. When ReP 175, the fluid flow and temper-
ature fields still become time-dependent and the root-
mean-square values of Cp; stag and Nustag increases due
to increasing unsteadiness with increasing Reynolds
number. The values of Cp; stag keep decreasing slowly with
increasing Reynolds number at ReP 175, compared to
the rapid decrease in Cp; stag when the Reynolds number
increases from 150 to 175. When ReP 175, the values
of Nustag have the minimum value at Re = 200 and then
increases again with increasing Reynolds number. The
slope of increasing Nustag at ReP 200 is lower than that
at 50 6 Re 6 150.

Fig. 6 shows the instantaneous velocity vectors at
Re = 250 and H/D = 10 for different N values in the
r different N values. (a) N = 0, (b) N = 0.0025, (c) N = 0.005,
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presence of magnetic fields. Fig. 6(a) shows the instanta-
neous velocity vector for N = 0 corresponding to the
case without the applied magnetic field to compare its
results with those for the case in the presence of mag-
netic fields. For N = 0, the jet flow is highly time-depen-
dent and the symmetry of the flow is broken. The jet
core is distorted, and the primary vortices emanating
from the jet shear layer are alternately shed on both
sides of the jet. As the flow is deflected from the wall
after the jet impinges on the lower wall, a wall jet is
developed. The wall jet flow is separated from the wall
because the flow is retarded by the wall shear stress.
The detached wall jet flow is partially re-entrained into
the jet, forms a pair of recirculating zones and interacts
with the primary vortices, giving rise to very complex
unsteady vortical motions as shown in Fig. 6(a). If the
constant magnetic fields are applied to the confined
impinging jet in the z-direction, the forces defined by
Fig. 7. Instantaneous temperature fields at Re = 250, Pr = 0.02 and
(c) N = 0.005, (d) N = 0.01 and (e) N = 0.03.
Eq. (5) can be expressed as for the present two-dimen-
sional problem:

fx ¼ �N
o/
oy

þ u
� �

; f y ¼ �N � o/
ox

þ v
� �

ð12Þ

Thus the forces induced by the magnetic fields act on
the jet flow in the opposite direction and damp the
movement of jet flow. When N = 0.0025 corresponding
to the weak magnetic field, the instantaneous flow field
is still time-dependent and shows a non-symmetric pat-
tern similar to the case of N = 0. However, the extent
of unsteady behavior is greatly decreased when N in-
creases from 0 to 0.0025. If N is increased further to
0.005, the unsteadiness of flow is very weak. As a result
the jet flow approaches to the steady state and shows al-
most the symmetric pattern. When the magnetic field is
strong as NP 0.01, the jet flow becomes steady and
symmetric. The pattern of jet flow for NP 0.01 is very
H/D = 10 for different N values. (a) N = 0, (b) N = 0.0025,



H.G. Lee et al. / International Journal of Heat and Mass Transfer 48 (2005) 5297–5309 5305
similar to that of steady jet flow obtained at the lower
Reynolds number. When N = 0.03, the applied magnetic
field is so strong that the jet flow cannot arrive at the
stagnation point at the lower wall at the Reynolds num-
ber of 250 due to the strong Lorentz force.

Figs. 7–9 show the distribution of instantaneous
dimensionless temperature fields for different Stuart
numbers of N = 0–0.03 and different Prandtl numbers
of Pr = 0.02, 0.7 and 7 at H/D = 10 and Re = 250.
The thermal gradient and heat transfer rate on the lower
wall increases with increasing Prandtl number for both
cases with and without the applied magnetic fields.
When N < 0.005, the temperature fields are time-depen-
dent and non-symmetric with respect to the vertical cen-
terline with shedding phenomena, because the flow is
time-dependent at these Stuart numbers as shown in
Fig. 6. When Pr = 0.02, because the thickness of thermal
Fig. 8. Instantaneous temperature fields at Re = 250, Pr = 0.7 and
(c) N = 0.005, (d) N = 0.01 and (e) N = 0.03.
boundary layer is much larger than that of velocity
boundary layer, the temperature fields are not much af-
fected by the velocity fields and the thickness of thermal
boundary layers formed on the lower wall and along the
centerline is large. As a result, the temperature fields are
widely distributed in the whole region of channel with
relatively small temperature gradient and we can observe
the relatively weak unsteadiness compared to the com-
plex and strong unsteady flow fields. When the Prandtl
number increases to 0.7 at N < 0.005, the temperature
fields follow the flow fields because the thickness of ther-
mal boundary layer has almost the same order of mag-
nitude as that of hydraulic boundary layer. Thus the
temperature fields at Pr = 0.7 show a very complex
and unsteady pattern when N < 0.005, compared to
those at Pr = 0.02. The thermal boundary layers formed
along the centerline and on the lower wall for Pr = 0.7
H/D = 10 for different N values. (a) N = 0, (b) N = 0.0025,
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becomes thinner than those for Pr = 0.02. As a result,
the thermal gradient and heat transfer rate on the lower
wall for Pr = 0.7 are larger than those for Pr = 0.02. If
the Prandtl number increases further to 7 for N <
0.005, the thermal boundary layer thickness is much
smaller than the hydraulic boundary layer thickness
and the temperature fields do not follow the flow fields
as shown in Figs. 6 and 9. Thus the value of instanta-
neous temperature for N < 0.005 at Pr = 7 is close to 1
in the almost whole region of channel and we can ob-
serve the very thin thermal boundary layer close to the
lower wall where the temperature changes in the range
of 0–1. When NP 0.005, the temperature fields become
the steady state with a symmetric pattern with respect to
the vertical centerline for different Prandtl numbers of
Pr = 0.02, 0.7 and 7, because the flow is not time-depen-
dent. If N increases in the range of NP 0.005, the ther-
mal gradient and heat transfer rate on the lower wall
decrease because the damping effect of applied magnetic
fields increases.

Figs. 10 and 11 show the instantaneous wall pressure
coefficient and Nusselt number (Cp, stag and Nustag) at the
stagnation point, respectively, as a function of dimen-
sionless time for different Reynolds numbers at H/D =
10 and Pr = 0.7 in the absence of applied magnetic
fields. When the Reynolds number is 50 and 100, Cp, stag
and Nustag are not time-dependent and have constant
values because the fluid flow is steady as above-men-
tioned. However, if the Reynolds number increases to
175 and 250, Cp, stag and Nustag change as a function of
time because the flow is time-dependent. The amplitude
of oscillating Cp, stag and Nustag at Re = 250 is larger
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Fig. 10. Instantaneous wall pressure coefficient at the stagna-
tion point (Cp, stag) as a function of time for different Reynolds
numbers at H/D = 10 in the absence of applied magnetic fields.
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Fig. 11. Instantaneous local Nusselt number at the stagnation
point (Nustag) as a function of time for different Reynolds
numbers at H/D = 10 and Pr = 0.7 in the absence of applied
magnetic fields.
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Fig. 12. Instantaneous wall pressure coefficient at the stagna-
tion point (Cp, stag) as a function of time for different N values at
H/D = 10 and Re = 250.
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than that at Re = 175, because the unsteadiness in-
creases with increasing Reynolds number.

Figs. 12 and 13 show the instantaneous wall pressure
coefficients and Nusselt number (Cp, stag and Nustag) for
different Prandtl numbers of 0.02, 0.7 and 7 at the
stagnation point, respectively, for different values of N
as a function of dimensionless time at H/D = 10 and
Re = 250. The time history of Cp, stag and Nustag during
the dimensionless time of 1400 6 t 6 1500 corresponds
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Fig. 13. Instantaneous local Nusselt number at the stagnation
point (Nustag) as a function of time for different N values at
H/D = 10 and Re = 250: (a) Pr = 0.02, (b) Pr = 0.7 and (c)
Pr = 7.
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to the case without applied magnetic fields (N = 0). The
flow and temperature fields at t = 1500 for the case of
N = 0 are used as initial conditions to calculate the fluid
flow and temperature fields in the presence of applied
magnetic fields. The value itself of Nustag for both cases
with and without applied magnetic fields increases with
increasing Prandtl number because the thermal bound-
ary layer thickness and thermal gradient on the lower
wall increase. However, when the time history of Nustag
changes its shape from the unsteady to the steady pat-
tern as N increases in the presence of magnetic fields,
the general trend in the change of Nustag is generally sim-
ilar for different Prandtl numbers. If we apply the mag-
netic field of N = 0.0025, the flow is still time-dependent,
but the unsteadiness and the oscillating amplitude of
Cp, stag and Nustag decrease very quickly due to the
damping effect of applied magnetic fields, compared to
the case of N = 0 in the absence of applied magnetic
field. When the applied magnetic fields increase above
NP 0.005, the flow approaches the steady state, and
Cp, stag and Nustag for all three cases of Pr = 0.02, 0.7
and 7 reach the constant value.

Figs. 14 and 15 show the time-averaged pressure coef-
ficient and Nusselt number for different Prandtl numbers
of 0.02, 0.7 and 7 at the stagnation point (Cp; stag and
NustagÞ, respectively, as a function of N at H/D = 10
and Re = 250. If we increase the strength of applied mag-
netic field in the unsteady region, the unsteadiness and
swinging motion of jet decrease and the jet has more
opportunities to impinge on the stagnation point. As a
result the values of instantaneous and time-averaged wall
pressure coefficients and Nusselt number at the stagna-
tion point increase with increasing N in the presence of
relatively weak magnetic fields of N < 0.005, and have
a maximum value when N = 0.004. However, if the flow
becomes steady in the presence of relatively strong mag-
netic field of NP 0.005, the instantaneous and time-
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Fig. 14. Time-averaged wall pressure coefficient at the stagna-
tion point (Cp; stagÞ as a function of N number at H/D = 10 and
Re = 250.
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Fig. 15. Time-averaged local Nusselt number at the stagnation
point (NustagÞ as a function of N number at H/D = 10 and
Re = 250: (a) Pr = 0.02, (b) Pr = 0.7 and (c) Pr = 7.
averaged wall pressure coefficients and Nusselt number
at the stagnation point decrease with increasing N, be-
cause the flow cannot reach the stagnation point well
and the thickness of thermal boundary layer increases,
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due to increasing damping effect of magnetic field in the
presence of strong magnetic fields. Similar to Nustag, the
absolute magnitude of Nustag depends on the Prandtl
number and increases with increasing Prandtl number
due to increasing thermal boundary layer thickness.
5. Conclusions

The present study numerically investigates the char-
acteristics of two-dimensional fluid flow and heat trans-
fer in the confined impinging jet in the presence of
magnetic fields. Numerical simulations to calculate the
flow and thermal fields in the confined jet are carried
out for different Reynolds and Prandtl numbers in the
presence of 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 in the confined jet.

When the uniform magnetic fields normal to the
channel are applied to the jet flow, the Lorentz force act-
ing on the flow damps the flow oscillation caused by the
vortex shedding. As a result, the jet flow oscillation in
the channel is first weakened, eventually resulting in a
steady and symmetric flow. There exists the critical Stu-
art number, which makes the time-dependent fluid flow
and temperature fields steady, depending on the Rey-
nolds number.

As the Stuart number increases in the range of
N < 0.005 when H/D = 10 and Re = 250, the flow and
temperature fields are time-dependent, the unsteadiness
and swinging motion of jet decrease and the jet has more
opportunities to impinge on the stagnation point. As a
result the values of instantaneous and time-averaged
wall pressure coefficients and Nusselt number at the
stagnation point increase with increasing N in the range
of N < 0.005.

As the Stuart number increases further in the range
of NP 0.005 when H/D = 10 and Re = 250, the flow
and temperature fields become a steady state. The damp-
ing effect of applied magnetic field on the confined jet
flow increases with increasing Stuart number in the stea-
dy region, making the strength of jet impinging on the
lower wall weaker. As a result, the instantaneous and
time-averaged wall pressure coefficients and Nusselt
number at the stagnation point decrease with increasing
Stuart number in the unsteady region.
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