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ELECTROMAGNETOHYDRODYNAMIC MIXED
CONVECTION FLUID FLOW BETWEEN TWO
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ABSTRACT

A numerical model of the flow of electrically conducting fluid -salt water- (pure water+25% by weight NaCl)
under the influence of an imposed electric and magnetic fields is analyzed using computational fluid dynamic
techniques. A finite volume method is used to solve the Navier-stokes equations with the effect of Lorentz force
and energy equations for the fluid variables. The Vorticity stream function formulation is applied to discrete the
model equations. The algebraic equations are solved by using the Gauss-elimination method. The Lorentz force
is obtained by solving the Maxwell's equation and ohm's law via the same finite volume technique. The model
equations are solving using a self written FORTRAN CODE, which sclve the nonlinear algebraic equations.
Velocity profiles for a two dimensional flow are predicted for a different Hartmann's numbers at a constant
Reynolds's number, also at a different Reynolds's numbers at a constant Hartmann's number.
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The effect of External-Electrical current parameter Ef in accelerating or decelerating the flow is predicted. The
velocity distribution and temperature contours were computed for many cases under the effect of Ef. The

different ranges for the effects of the Ef were analyzing and discussed.

The model is valid for a laminar flow (Re= 50: 2000) with a wide range of the eﬁ'ected parameters Ha, Gr, and

Ef. The calculations are valid for any values for Pr, Ec.

The model allows studying the effect of operatmg parameters on ﬂuxd ﬂow and heat transfer characteristics

taking into account the effect of Joule and vrscous dissipating energy effect.

The model is validated by comparing its results with experimental results by PIV laser system, analytical results,
and with the theoretical results obtained by Dennis and Dulikravich,2000 [1] and other authors. The comparison

shows good agreement.

NOMENCLATURES
B, B, applied magnetic field intensity , tesla
C, specific heat, kI/kg.K
1 Dy hydraulic diameter, m
E electric field strength Volt/m
Ec Eckert Number
Ef external electric field factor
g gravity acceleration, m/s
Gr Grashof number
h Convection heat transfer coefficient, W/m> K
channel height , m
H. Hartmann number
J electric current density , A/m?
k the;rmal conductivity, W/m.K
LL dimensional, dimensionless length, m, (-)
Le ,Lorentz force, N '
. Nu local Nusselt number
P_ pressure, Pa "
P, Prandet] number
Q heat input, Joule
q heat source power per unit vo lurﬁe W/m®
Re Reynolds's number
T temperature, K
U,V dimensionless horizontal and vertical velocities
u, v dimensional horizontal and vertical velocities m/s -
X, Y, 2 dimensional coordinates, m |
XY, Z Dimensionless coordinates
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Greek symbols
y ' kinematic viscosity. m%/s
g dimensionless temperature
P Density, l‘cg/m3
v Dimensionless stream function
) Dimensionless Vorticity
o Electrical coﬁductivity, 1/0hm. m
o | thermal diffusivity of the fluid m%/s
¢. General variable
1B coefficient of volumetric thermal expansion of the fluid, 1/K

Subs'cripts
f fluid
m mean
tot total
Abbreviations
CCD Charge coupled device
DNS direct numerical simulation
EHD electrohydrodynamics
EMFD electromagnetofluiddynamics
EMHD electromagnetohydrodynamics
FVM finite volume method
MHD magnetohydrodynamics
ND- Neodym diode

"~ | RMS root mean squire
PIV particle image velocimetry
YAG | (yttrium —aluminum — garnet)

1. Ihtroduction

The study of fluids flow containing electric
the influence of an
field and

negligible magnetic . field is known as

charges under

externally applied electric
electrohydrodynamics or EHD. The study
of fluids flow influenced only by an

externally magnetic field is known as

magnetohydrodynamics or -MHD. While
the study of fluids flow under the
combined influence of the externally
applied electric and magnetic fields often
called
EMHD or Electromagnetofluiddynamics

EMEFD.

-‘Electromagnetohydrodynamics
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- Formally, EMHD deals with the combined

effects of electrically conducting fluids and
electromagnetic forces, and has been an

area of research since the late 1930s.

EMHD addresses all phenomena related to
the interaction of electric and magnetic
fields with’ electricalfy conducting fluids.
When an electrically conducting fluid
moves through a magnetic field, it
produces an electric ﬁeld and subsequently
an electric current. The interaction between
the electric current and electromagnetic
ﬁelds creates a body force, called the
Lorentz force, which acts on the fluid

itself. In this case the phenomenon is

known as magnetohydrodynamics MHD,

but if the Lorentz force is created due to an
external electric and magnetic field, it is
known as Electromagnetohydrodynamics
EMHD.

The Lorentz force tends to suppress
turbulence to a certain extent and modify
the flow field. :EMHD flow control
provides a prospective method that could
be used in many industrial applications ,
ranging from power generation, propulsion
system to hypersonic vehicles and
atmospheric reentry vehicles, Setsuo
Takezawa et al, 1995 [2].

Numerical  simulations of many
important processes such as the growth of
single crystals, metal casting for aerospace
electrolysis,

applications,  aluminum

require sophisticated tools for coupled

. flu_id flow-

‘heat/mass  transfer —
electromagnetic  fields. In  summary,
computational EMHD is- vital ‘subject of
recent research with a long list of
interdisciplinary applications and scientific

problems.

In the last years, a growing interest has
been addressed to the study of EMHD
effects on mixed and natural convective
flows, such interest in the topic is due to
the large number of possible technological
applications, like in metallurgy, where the
quality of the materials, produced in
regime of controlled crystal growth, can be
influenced by the effect of an external
electromagnetic fields. Recently being
increased the efforts towards the
realization of nuclear fusion machines.
Effects of an EMHD in liquid metal flows
are studied to design properly critical
components, e.g. blankets of reactors, such
studies could be found in Sidorenkov et al,
(1995), [3] Kumrnamaru et al, (2004) [4],
Mao et al, (2008) [51, Sharma and Singh,

(2009), [6] and Vetcha et al, (2009), [7].

For the natural convection problem
solution, Aslan, 2010, [8] developed and
investigated a 2D nonlinear incompressible
magnetohydrodynamics code to solve the
steady 2D natural convection problems.
The developed code can be accurately used

for the solutions of MHD equations.
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Tﬁe heat transfer by mixed convection
with. the effect of electromagnetic fields
was invest_igéted in maﬁylv studies, e.g.
Saleh and Hashim, 2010 [9], Umavthi et al,
2011, [10], where the fully .'developed
mixed MHD. convection in vertical
chanpels was: investigated. They studied
and presented graphically the effect of
various param.eters such as Hartmann's
number, aspect ratio and buoyancy
parameter with considering the effect of

viscous dissipation and Joule heating.

A direct numerical simulation (DNS) code
‘was done by O'Sullivan and Biringen,
1997 [11] and developed by Schuster and

Luo, 2009, [12]. They used hybrid Fourier

pseudo spectral-finite difference
discretization scheme and fractional step
technique, to simulate a 2D MHD channel

flow.

The system is described by the MHD
equations which are a combination of the
Navier Stokes equations and the magnetic
induction equation, which is derived from
the Maxwell equations. The laminarization
effect of the imposed magnetic field is
studied and the heat transfer is
- incorporated into the code in order to
assess the effect of control on the heat

transfer properties.

The steady laminar flow of electrically
conducting incompressible fluid between
two parallel plates of a channel in the

presence of magnetic field was

investigated by Ganesh and Krishnambal,
2006 [13] and the solution for the case of

‘small Reynolds number and Hartmann's
number is discussed. Expressions for

- velocity components and the pressure were

obtained. The governing. nonlinear

quuations were solved numerically and the

graphs of axial and radial Velocity profiles

had been drawn.

In horizontal channels, the effect of
magnetohydrodynamics in " mixed
convection was investigated by Linga and
Murty, 2011 [14]. They investigated the
MHD heat transfer in fully developed
viscous flow of an ionized gas taking into
account different | geometrical
considerations. Rahman et al, 2011, [‘15],
investigated the effect of
magnetohydrodynamic in mixed
convection in a horizontal channel with an
open cavity. They obtained the numerical
solutions for a wide range of Rayleigh,
Reynolds and Hartmann numbers. The
average: Nusselt number at the heated
surface, the drag force and the mean

temperature of the fluid in the cavity are

calculated..

The present work is a 2D numerical and
experimental investigation of EMHD
mixed convection heat transfer in
horizontal channel. The objective of the
present work is to quantify the effects of
the ratio bétween the height and width of
the channel. Also, the effect of operating
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dimensionless pararheter's as Re, Ht, Gr,
Ec, Pr and external electric field factor Ef
on the fluid flow and heat -transfer

characteristics are presented.

2. Expérimental Work

Particle Image Velocimetry PIV is a well-
established technique for the
measurements of instantaneous planar
velocity fields and has been reviewed by a
number of authors as Raffel et al., 1998
[16]. In it simplest form, the flow
illuminated with a double pulsed light
sheet and the positions of tracer particles
" are recorded with a CCD camera viewing

normal to the plane of the sheet. The main

displacement vector of the particle images ~

within each small region, divided by the
laser pulse separation time, gives the local
flow velocity vector. In the present work,
the images taken by the camera were
- processed with PIV  cross-correlation
technique using interrogation area of
32x32 Pixels. Measurements are performed
using a model of a Perspex rectangular
channel; the used cross section has 60 mm
height, 120mm width and 300mm length.
The laser sheet has two measuring planes
one is horizontal to measure the side plane
velocity and the other is vertical plane
which is the main plane for flow which is
compared with the numerically calculated
velocity  field. ~ The test  section,
electromagnet device, positive/negative

electrodes, camera and laser source are

shown .in Fig. (1). the layout of the used

test rig and measuring system is shown in
Fig. (2). '

A double pulse ND: YAG laser was used
to set-up the light sheet. The output energy
is 30 mJ (for each pulse) at 532 nm with
pulse duration of 6ns. The essential
element for the generatioh of tl:le light
sheet is a cylindrical lens. Combinations of
lenses were used to generate thin light
sheets of high intensity. The adjustment of
the light sheet thickness was done by
adjusting the separation between the two
spherical lenses. The PIV velocity
measurements reported here are the
ensemble means of 20 realizations since
averaged values (mean and RMS) show
good convergence for at least 20 cycles.
Twenty instantaneous velocity fields were
measured at each cross section and
different conditions. The velocity fields
were investigated at different operating
conditions. The ensemble-mean velocity at
each point on the grid, <V (x, y) >, is then
computed as the mean of the instantaneous

velocity values at each grid point, or

Fn= Y] Ngf 7 (x,y) Where 7,
(%, y) Is the instantaneous velocity at the
(%, y) grid node in the ith realization and N
is the total number of realization (N=20 in
the present work). Where, <u>, <v> are the
two components of <y (X, y)> in the

vertical cross-. :ction measurement plane.
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Fig.1 Particle Image Velocimitry (PIV) and tested cross section.

1-Monetor

2-AC/DC Electric current bridge

3- Condenser

4- Input current key

5- Variac I
6- Variac I

7- Laser sheet

8- Centrifugal pump
9-Delivery pipe °

10- Electromagnet
11- U tube

12- Orifice meter
13- Storage tank
14~ Honey comp
I5- CCD camera

16- Laser arm

17- Power supply

18- Laser tube
19- PIV CPU system
© 20- Key board

Fig.2 Layout of the experimental test rig and visualization system (PIV)
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3. MATHEMATICAL MODELING

The Electromagnetohydrodynamics
EMHD mixed convection flow through
two-dimensional channel is assumed to be
represented by a steady, viscous,
incompressible, and laminar. The effect of
thermal radiation is not considered. The
considered governing equations are the
momentum  and

continuity, energy

equations.  Constant thermo-physical

properties are assumed. -

As shown in this Fig. (3),. two parallel
plates are extending in X and Z directions,

‘the electrically conducting fluid flows in

the X direction, the constant transverse

magnetic field is imposed in the Z-

direction and a constant DC external

I VYVYYYY

M. 51

electric field applied orthogonally on the

direction of flow and magnetic field.

3.1 Statement of the problém

The schematic of the coordinate system
and the - corresponding physical
configuration. are shown in fig. (3).
External water enters the channel with
uniform  velocity U, and constant
temperature T, and leaves the channel
carrying the heat dissipated due to the
temperature difference between the inlet
temperature and the walls temperature,
also due to the heat dissipated due to the

Joule heating and viscous dissipating

energy.

l ) FRONT VIEW

SIDE VIEW

Fig.3 Physical configuration and coordinates system

3.2 Full Set of EMHD Equations:
The considered simplifying assumptions

are steady, two dimensional, laminar,

incompressible, and fully developed
Hartmann flow and the physical properties
of the fluid are independent of the

temperature and constant. The fully
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3.5 Boundary Conditions:

The dimensionless of the initial and

boundary conditions are given as:

Af the channel inlet:

X=0ad 0<Y
T=T

s_l and
=1,V =0, 8=0

At the wall surfaces

96

ra =0,U =V =0 (Insulated)

At the channel exit sectxon UV and 9 are

extrapolated.

4. Numerical solution:

A finite volume method FVM, .

procedure discussed by Patanker, 1980,
[19] and Versteeg and Malalasekera, 1995,
[20] has been used for discretizing the
governing equations. The computational
domain in two- dimensions has been
discretised using control volumes of
uniform size. Convection-diffusion terms
have been treated by the central
differencing  scheme. The governing
equations are integrated over the control
volume with the use of linear interpolation
inside the finite element, and the obtained
algebraic equations are solved by the
Gauss- Seidel method. The above
mentioned numerical method has been
implemented in a self-written FORTRAN
computer code which, solve non-linear
partial differential equations in two

dimensions. The domain is subdivided into

a number of control volumes each
associated with a grid point. The governing
equations are integrated over control
vblume, shown in Fig. 4, the following
general form for the diffusion —convection
equation, (13) is used to solve the model

equations:
a0
@ s 2y )= L ( ax) a3
+a‘;(r‘;—$) (s,,+s,,<p)

The two terms in the lefi-hand side of

equation (13), are the convection terms,

- while the first term and second terms of the

right-hand side represent the diffusion

terms, the third is the source term.

In figure 4 the points P, E, W, N and S

denote the points with the coordinates

(i5j)’ (i+1)j)’ (i-lij)’ (i,j+1): and (ls."l)
respectively.

(l-,_]-l) | jv_‘ —

Fig. 4 Grid system for the computational

domain
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In equation (13), central difference for the
diffusion terms and upwind difference for
the convection terms are used, then,
general form of algebraic equation is given

as.
agPy +a,Py

Dy = lap (1)
+a,0, +a;d,+b

where ap,d;,a,,a,,a; and "b"

are the coefficients of -the equivalent

algebraic equations.
4.1 Vorticity Equation w:

. Applying then previous technique on the

momentum equation (10), the algebraic

form of the Vorticity can be given as

follows:

Qg +ay 0y
0, = /a,
+ayoy +aS(.os+b (15)

4.2 Stream Equation y:

Applying previous technique for the stream
equation (13), the algebraic form of the

stream function, v, has the following form:

Ve=(@gVg+tay,yy

(16)
taygyy tagyg)a,

4.3 Velocity Components U and V:

In order to get the values of the velocity
components in the X and Y direction,
applying previous technique on the Eq.10,
the algebraic form of the U and V can be

given as follows:

Yn — Vs
= —= 17
P TAY (17)
_ Y w -V g
Ve = 2 A X (18)

4.4 Temperature Equation 0:

Finally, applying previous technique on the
dimensionless energy Eq.(6), the algebraic
form of dimensionless temperatures, 6p,
can be given as follows:

0p =(a gl +ayb,

+ayby +agbhg)a , (19
The obtained algebraic equations of the
Vorticity, stream function, temperature,
and velocity components are solved using
the Gauss-eliminating method. An iterative
solution procedure is employed to obtain
the steady state solution of the considered
problem. The convergence criteria used for
all field variables (p=y, @, 6) for every

point is:

SRR @

where e is the tolerance; M and N
are the number of grid points in the x and y

directions, respectively.

In order to ensure the grid-independence
solutions, a series of trial calculation
conducted for different grid size: 51x101,
101x201, 151x251 and 401x501. The
results of the average Nusselt numbers
using different grid arrangements are 5.06,
5.1575, 5.2565 and 5.2573. It observed that
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difference between the.result of the grid
I51x251 and that of the grid 401x501 is
less than 0.015%. Consequently, to
optimize appropriate grid refinement with
computational efficiency, the grid 151x251

is chosen for all computations.
5. Model Validation:

The accuracy of FVM and FORTRAN
code was tested against the analytical
solution for Poisuille-hartmann flow of a
conducting and viscous fluid between two
stationary plates with uniform external
- magnetic field orthogonally to the plates.
Assuming the wall at y=0 and y=H and

that the fluid velocity on the walls is zero

and that the fluid moves in X direction
under the influence of a constant pressure
gradient, as shown in fig.5 illustrated the
computed and analytical velocity profile. It

is appears in a very good agreement

12

12 4
14

Qaa 4
3
a5 4
@) Computed
— Amnalytical

as 4

L2 T r T v T v r v v
0 o1 B2 D3 o8 BS @6 BOY @ D@ 1
y/H

Fig.5 analytical and computed v. profile

The comparing between the flow fields
obtained with PIV for the fully developed
flow with and without the effect of the
electromagnetic Lorentz body force, in the
main plan, we note that the velocity has the
maximum value in the most of the channel
regions and the boundary layer is
compressed due to the action of the
Lorentz body force which creates a new
boundary layer proportional with the

inverse of the Hartmann's number. As
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shown in fig. 6(a-b), the accuracy of the
nu_merical. model also is :veriﬁed by
comparin_g the temperature contours of the

'present work and the temperature contours

a. V-profile experimental (PIV), (L/H=5)

M. 57

' calculated by Brian H. Dennis and George -
S. .Dulikravich, 2001 [1] this could be

founded in fig. 8 (a-b) the companson
shown a good agreement

05

RN
—~- WL
ST
L
SR
L
SHULHILE
~— S
s
I,

=3

=
o
on
~
on
>
on
o

b. V- profile computed with code

Fig.6 comparison between (PIV) measured and computed velocity profiles

a. Computed temperature contour, present work

b. Temperatures contours Brian et al. 2001 1]

Fig.7 Comparison between temperature contours for present work (a) and Brian et al.
2001 [1], at (Gr/Re = 10, Ha = 1000)

6. Results and discussion:

Fig.8 (a-b) illustrates PIV flow field in two
measuring planes, first, the vertical or main
plane in which the velocity distribution
looks like the ve.locity exit from a honey-
- comb and the secondary plane which is
known as M shape velocity profile appear

due to the Lorentz force which decelerates

or accelerates the flow field depending on
the values of external electric current
factor. For the represented case, the flow
field is measured with PIV laser system by
applied magnetic field which creates an
induced electric current, coupled with the
applied magnetic field to create Lorentz

body force. The creating force opposes
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"»th‘é’ ﬂow -dviré.étidn and éré;cltihg' new
feat'ufes for flow field.  These
characteristics represent reductioh of the
boundary layer thickness in the main and
side plane. The new boundary layer is
smaller than the hydrodynamic fully
developed case and proportional to the
inverse of Hartmann number in main plane

“and with the inverse of the Hartmann

Mansoura Engineering Journal, (MEJ), Vol. 37, No 4, December 2012

squire’ root | in side- plahe. The
electromagnetic force creating a high
velocity gradient near the solid walls. This
due to the combined effect of Lorentz force
and the buoyancy force. Figsi8 (a & b)
show also the fully developed velocity
distributions before the main and side
plane to appear the difference between the

flow with and without électromagnetic

forces.

a. PIV fully developed and main flow plane

b. PIV fully developed and side plane

Fig. 8 main plane (a) and side plane (b) with fully developed case before them measured by PIV
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-5~ MHD V Profile
- fuly developed V. profke

Fig.9 Computed fully developed flow with and without Lorentz force

Fig.9 represents comparison between the (magnetic field) has a compacted
parabolic fully developed inlet velocity boundary layer and the maximum velocity
profile which has the maximum value 1.56 founded in most regions outside the
of the inlet average velocity. It shows that boundary layers and its value depends
the profile under the induced electric field upon the value of Hartmann number.
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Fig.10 Computed vel., field Re = 50, Ef = 0, Pr =7, Gr = 1000 at different Hartmann numbers

In Fig.10 the velocity fields were presented different values of the Hartmann number

at constant Reynolds's number, Re = 50 for from, 0 — 3000. It appears that the
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maximum velocity values decrease as the for the Lorentz force and buoyancy force
Hartmann number increases. In addition, which create the high values of velocity
thickness decreases when Hartmann gradient near the walls. These features
number increases and the profile is flat. increase as Hartmann number increases.

These features are due to the higher values

14

ag

R &0, Bt O i), B0
el

i
¢

Fig. 11 Velocity profiles at Re = 50 and different values of Hartman number

In Fig.11 the velocity profiles shown for . Hartmann increases the boundary layer
different Hartmann number. It shows that thickness decreases this decreases also the
the maximum velocity decreases and the thermal boundary layer thickness and this
profile becomes more flatting as the enhancement the heat rates.

Hartmann number increases. As the

R
2

05 1 15 2 25 3 35 4 45 5 0 05 1 15

> X/H
Fig.12, Computed te...,,/., «.stributions for Re =50, Ef= 0, Pr =7, Gr = 1000 at different

Hartmann numbers Ha
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Figure 12 represents. the temperature
contours at a constant Reynolds . number
(Re = 50) for 'diﬂ‘e:ent' values for the
Hartmann number (Ha = 0 - 3000). All
temperatures contours in this case
computed with no effect to the external
electric field parameter (Ef = 0). Results
showed | that as the Hartmann number
increases, the Lorentz force created by the
cdupling between the induced electric field
and the applied magnetic field increases.
This force action opposite the flow
direction and alters the heat fransfer
. characteristics, due to the decelerating of

the flow velocity. A direct result for the

increasing of the induced current s -

creating an internal heat flux in the flow
so, the temperature distribution and
temperature difference between the inlet
temperature To and the fluid temperature T
at any position is larger than the difference
between the inlet and wall temperature.
Due to that, as the Hartmann's number, Ha
increases the average Nusselt number, Nu

decreases.

The relation between the Nusselt number
Nu and the Hartmann number Ha depends
on the value of external electric field
parameter, when the effect of external

electric field is taken into consideration.

When the value of externa!l electric field
parameter Ef is more than zero but less

than unity, it is enhancement heat transfer

and average Nusselt number Nu increases
as Ef increases. This is due to that the
external electric field which decreases the
Joule dissipating energy, this showed good
in Fig.13 for temperature contours, one
could notes that the temperature levels

decreases as Ef increases.

Just the value of external electric field
parameter Ef reaches unity, it is found that
the electric fields do not have any effect on
the flow since the effect of external electric
field deleting the effect comes from the
induced field so, at this value for Ef; it is
found that the Joule dissipating energy is

vanished.

As electric field parameter values more
than unity, the Joule dissipating energy
increases and the average Nusselt number
decreases and this alters the heat transfer.
But as showed in Fig.13 although the
Nusselt number decreases in this case but
the high levels of temperature contours do
not reach the channel walls and this protect

the channel from overheating.

Figure 14 represents two velocity profile
each at a Reynolds's number Re = 50 and
Hartmann's number, Ha = 1000. The first
at external electrical factor Ef = zero while
the second at Ef = 6. From the figures we
get that the applied external electrical field
has not a significant effect on the shape of
the velocity distribution while its effect

illustrated good in the temperature contour.
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. Fig.13, Computed temp., contours for Re = 50, Gr =1000, Pr = 7, Ha=1000 at different External
Electric field Parameter Ef
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Fig.14 Computed velocity distributions for Re = 50, Gr=1000, Pr =7, Ha = 1000

for Ef = (0&6)

6. Conclusions

The

mixed convection flow through rectangular

Electromagnetohydrodynafnios

channel is studied experimentally and
The

equations of the model consist of the mass,

solved  numerically. governing
momentum - and energy equations. The

Vorticity-stream function formulation is

used and the finite volume technique is
applied to discrete the model equations.
The algebraic equations are solved by

using the Gauss-elimination method.

Forced convection heat transfer to an
EMHD fluid of a flat duct is investigated
in the present work. Both Joule heating and

viscous dissipation are taken into
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consideration. Influence of the Hartmann
number, Reynolds number and external
electric field parameter. on temperature
profile and [ocal Nusselt' number are

discussed.

When the value of external electric field
parameter is equal to zero, the rate of heat
transfer is altering -and average Nusselt
number is decreaéing with the increasing

of the induced electric current.

In case of effect of the external electric
current, the rate of heat transfer and flow
- velocities depend on the current value and

direction. When Ef is negative, the current

decreases the rate of heat transfer, and -

altering its characteristics, also lowering
the flow velocities since the channel

working as an electromagnetic generator.

When the external electric parameter
Pem equal to unity, the energy obtained
from the applied external current is equal
to the energy of flow and the channel is not
affect with the electric field and the Joule
dissipating energy is vanished. The
channel is working as an electromagnetic

flow meter.

The heat transfer rate and Nusselt number
are largely effect and increase with
increasing of the external electric field
parameter up till a certain value less than
unity depends on the Ha number effect.
After this value, Joule dissipating energy is

increasing and average Nu decreased.
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When Pgy values increase over than unity,
the channel is working as an

electromagnetic accelerator.

The model is valid for any values of
Prandtl, Eckert, and Grashof numbers. The

comparisons between the measurements of

the present work and other published

results show good agreement.
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