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ABSTRACT

The present work investigates the effect of magneto — hydrodynamic
(MHD) laminar natural convection flow on a vertical cylinder in presence of heat
generation and radiation. The governing equations which used are Continuity,
Momentum and Energy equations. These equations are transformed to dimensionless
equations using Vorticity-Stream Function method and the resulting nonlinear system
of partial differential equations are then solved numerically using finite difference
approximation. A thermal boundary condition of a constant wall temperature is
considered. A computer program (Fortran 90) was built to calculate the rate of heat
transfer in terms of local Nusselt number, total mean Nusselt number, velocity
distribution as well as temperature distribution for a selection of parameters sets
consisting of dimensionless heat generation parameter(0.0 <0< 2.0), conduction —

radiation parameter (0.0 <N< 10.0), and the dimensionless magneto hydrodynamic
parameter (0.0 <M <1.0). Numerical solution have been considered for a fluid
Prandtl number fixed at (Pr=0.7), Rayleigh number (102 <Ra, <10° ) The results are

shown reasonable representation to the relation between Nusselt number and Rayleigh
number with other parameters (M, N and Q). Generally, Nu increase with increasing
Ra, M, N and Q separately. When the MHD, N, and Q effect added to the heat
transfer mechanism, the heat transfer rate increased and this effect increased with
increasing in Ra, MHD, N, and Q. The effect of magneto hydrodynamic, heat
generation and heat radiation on the rate of heat transfer is concluded by correlation
equations. The results are found to be in good agreement compared with the results of
other researchers.

(Fortran 90)
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INTRODUCTION

The problem of free convection
due to a heated or cooled vertical
cylinder provides one of the most basic
scenarios for heat transfer theory and
thus is of considerable theoretical and
practical interest. The free convection
boundary-layer over a vertical cylinder
is probably the first buoyancy
convective problem which has been
studied and it has been a very popular
research topic for many years.

Cooling of electronic devices to
that of solar energy collectors, missile
reentry, rocket combustion chambers,
power plants for interplanetary flight
and gas cooled nuclear reactors, have
focused attention on thermal radiation
as a mode of energy transfer and
emphasized the need for an improved
understanding of radiative transfer in
these processes on the other hand
magneto  hydrodynamics is also
motivated by  its  widespread
application to the description of space
(within the solar system) and
astrophysical plasmas (beyond the
solar system).

[Ganesan and Loganathan, 2002]
analyzed the interaction of free
convection with thermal radiation of a
viscous incompressible unsteady flow
past a moving vertical cylinder with
mass and heat transfer. It was found
that at small values of the Prandtl
number and radiation parameter (N),
the velocity and temperature of the
fluid increased sharply near the
cylinder as the time t increase, which is
totally absent in the absence of
radiation effects.

[Molla, 2005] describes the effect of
magneto hydrodynamic natural
convection flow on a sphere in present
of heat generation. Results indicated
that the local Nusselt number (Nuy)
decreases owing to increase the value
of heat generation Q and the local rate
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of heat transfer Nuy decreased slightly
as the value of magnetic parameter M
increased at different positions. The
velocity distribution decreased slightly
as the magnetic parameter M
increased, but near the surface of the
sphere velocity increased and became
maximum and then decreased and
finally approached to zero.

[Filar  etal., 2005] computed
numerically three-dimensional
convection of air inside a vertical
cylinder isothermally heated and
cooled from a side wall for both
magnetic and gravity fields. A single
electric coil was placed around the
cylinder to generate a magnetic field.
Convection was calculated for various
coil level and magnetic strengths. The
results indicated that effect of Magneto
hydrodynamic increased and lead to
increase the rate of heat transfer and
this 1s clear at higher wvalues of
Rayleigh number and both coil
elevation and Rayleigh number affect
the heat transfer rate extensively. The
maximum Nusselt number could be
obtained for the coil located at about
half of cylinder.

In the present study, the magneto
hydrodynamic, effect was investigated
for steady state laminar natural
convection external flow with presence
of heat generation and radiation on a
vertical cylinder, for thermal boundary
condition of constant wall temperature
and for (10° <Ra; < 10%), (0 <M <1.0),
(0<Q<2.0) and (0<N<10).

To the best of our knowledge there
is no previous work was found that
studies the case of external flow on a
cylinder taking the effect of MHD and
the effect of all the parameters
gathered a comparison was done
between the result of the present study
for the variation of Nu with Ra; and the
correlation of [Mc Adams, 1954] with
deviation of 5% for the case of no
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MHD, radiation and heat generation
and another comparison between the
present study and the work of
[Ganesan, 2002] with and without
radiation and for no MHD and no heat
generation which gives a deviation of
1.7% with radiation and 1.5% without
radiation..

MATHEMATICAL MODEL

The mathematical modeling will be set
for laminar natural convection heat
transfer on a vertical cylinder. The
buoyancy effect caused by the density
variation produces natural circulation
resulting in the fluid motion relative to
the bounding solid surface. The
buoyancy forces behave as body forces
and are included as such in the
momentum equation. Under these
conditions the continuity, momentum
and energy equations are coupled.

The density is considered as linear
function of temperature so that the
usual Boussinesq's approximation is
taken as [Singh and Ajay, 2003]:

p=p(1-p-T1.]) (1)
g, =0 )
9, =980 -T,) 3)

Continuity Equation

The equation of conservation of
mass in the cylindrical coordinates is
given as:

1 0

ow
—:O
r or )+

0z
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Momentum Equation

By using Navier-Stokes' equation
in the cylindrical coordinates (r, z), the
equation of conservation of
momentum  in  the  cylindrical
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coordinates (the radial (r) direction) is
in the following form:
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Where (f;) is the electromagnetic

force in (r) direction [Branover,
1978]:
2
- o,Bu ©6)

yo,

The equation of conservation of
momentum  in  the  cylindrical
coordinates (in the axial (z) direction)
is in the following form:

oW oW 1 oP
Uu—+W—x=————

or 0z p 02

1 0] ow o*w
vi——|r + ~ |+

r or or 0z

gﬂ(T o TOO)+ fz
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Where (f,) is the electromagnetic
force in (z) direction [Branover,

1978]:
2
f- o,Byw
P
Energy Equation
The energy equation in the
cylindrical coordinates takes the

following form:



(8)

The volumetric rate of heat generation
is given as:

q =Qu(T - T.)

()]
Where Qo is the heat
generation/absorption and is a

constant. [Molla, 2005].
The radiative heat flux g, is given as:
[Brewster, 1992].

g = _2ooT"
' 3K ‘or
(10)

Where (K) is the mean absorption

coefficient and (o) is the Stefan-
Boltzmann constant.

DIMENSIONLESS PARAMETERS
AND EQUATIONS
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AR

Journal of Engineering

W:W_'j
a
HZT—TOO]
TW_Too
2 2
o) fo- o)
pa pPCp o
K K
40T;
M :GoBflz
oo’

Dimensionless Continuity Equation
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Dimensionless Momentum Equation
In (r) Direction
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Dimensionless Momentum Equation
In (z) Direction
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Dimensionless Energy Equation
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Vorticity Transport, Stream
Function and Energy Equations

The governing equations in
dimensionless form above were written
in terms of dependant variables (U, W,
P and@). It may be recommended to
eliminate pressure term (because it will
be a non linear term in momentum

equation) [Patanker, 1980]. By
converting momentum equations to
vorticity ~ transport  equation by

differentiate momentum equation in (r)
direction with respect to (z) and
momentum equation in (z) direction
with respect to (r) and subtract them
from each other and make use of
continuity equation and vorticity
definition:

w_u

oR oz
(15)

Uw) G(Wa))_
Rz

PrRa,%+Ma)+
oR
2
o 0 (10Ro)) &'
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Also, by use of vorticity definition (15)
and the definition of stream function,

(l// ) which satisfy continuity equation,

(16)

the vertical and radial velocities can be
written as follows respectively:
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wo_Llov
R 6R
(17)
u-Llov
R 0Z
(18)

So by substituting the velocity
components (17) and (18) in equation
(15), stream function equation resulted
as:

oy Loy,
R OR

(@)
3
(3]

(19)

The dimensionless energy
equation (14) can be transformed to
another form by substituting the
continuity equation (I11) in it as
follows:
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Boundary Conditions;
The imposed boundary conditions

(illustrate in Fig. (1) and Table (1)),
rewritten in terms of stream function

and vorticity
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(No slip condition)
o=y =U=W=0
0=1 (Constant wall

temperatures)

NUMERICAL SOLUTION

The method of the numerical
solution taken is the Finite Difference
technique for solving the set of
equations[Patanker, 1980].

a,0,_,,+a,0,, +
a,0, ;+a,0,;  +
a0|J+1 _O
(21)
Where:
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Where the parameter (Q) is the
over relaxation coefficient and its
value is (1< Q < 1.5).

The local Nusselt number at the
heated wall:

00
= (ﬁ)
(35)
The average Nusselt number along a

single channel wall is defined
by[Schwab,1970]:

NT = —1j '"Nu dz
| 0
(36)

The overall heat transfer
can be calculated by:

Q=2z NU
(37)

YYAA
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RESULTS AND DISCUSION
Effect of Different Parameters on

Heat Transfer.
Streamlines and Isotherms.

Fig.(2a and b) show the streamlines
and isotherms for different values of
Ra; without radiation, heat generation
and magneto hydrodynamic (MHD).
The mechanism of the flow occurs
when the fluid near the hot wall is
heated causing the density to be
decreased and the fluid will be start to
move upward nearby the hot wall
towards the cold wall. It can be seen
that the values of streamlines and
isotherms at the cylinder surface
increased when Ra; increased. The
isotherms will be closer to the cylinder
and its value decreased from the
surface to the ambient as Ra; increased.
Fig. (3) and Fig.(4) show the effect of
radiation for different values of Ra; and
with no heat generation and MHD. It is
clear that the increase of radiation
cause a distinct increase in the values
of streamlines and a wide region of
temperature distribution in the lateral
direction for Ra; (10%) but for higher
Ra; the region of temperature
distribution will be decreased and the
streamlines will be closer to the
cylinder.

A slight increase in streamlines and
isotherms are shown in Fig. (5) and
Fig. (6) when MHD increases for
different values of Ra; for the case of
no radiation and heat generation. The
flow exhibits a simple circulating
pattern rising a long the hot wall and
descending along the cold wall of the
cavity. It is interesting to note that as
the strength of the magnetic field
increases the central streamlines are
elongated  horizontally and the
temperature stratification in the core
diminishes. The isotherms are almost
parallel and are nearly conduction like
and this is due to the suppression of
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convection by the magnetic field. For
higher Rayleigh number and Ilow
MHD, the thermal boundary layers are
well established along the side walls
and the temperature stratification
exists. This is because convection is
the dominant mode of heat transfer at
high Rayleigh number. From these
figures, it is also observed that for
higher Rayleigh number the effect of
MHD on the temperature distribution
is not prominent compared to that in
the case of small Ra;.

The Variation of Mean Nu with Ra,.
The variation of total mean Nusselt
number Nu with Ra; is shown in
Fig.(7a) with and without radiation for
no heat generation and MHD. The
increase of Nu is very clear when
radiation effect is included and it is
about 18%.

The variation of total mean Nusselt
number Nu with Ra; is shown in
Fig.(7b) with and without heat
generation for no radiation and MHD.
The increase in Nu when the effect of
heat generation is included and it is
about 2.68 % for Ra = 10% and this
percent continued until Ra > 10* then
decreased and the curves coincides.
Fig.(7c) shows the variation of total
mean Nu with Ra; with and without
MHD for no radiation and heat
generation. The increase in Nu by
0.2% with MHD included is
insignificant and the curves seem to be
coincides.

The Effect of MHD on Nu Including
Other Parameters

Fig.(8 a and b) show the variation of
Nu with MHD for different values of
Ra; and heat generation with no
radiation. When heat generation
included the effect of MHD increased
and cause to increase the rate of heat
transfer and this is clear at higher
values of Ra; but for the situation of
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applying radiation, Nu increase as the
heat generation and Ra; increase but
MHD has no effect.

Fig.(9 a and b) show the variation of
Nu with MHD for different values of
Ra; and heat radiation with no heat
generation. For all values of Ra; the
effect of heat radiation to increase the
rate of heat transfer when MHD
increase.

The Variation of Dimensionless
Temperature with Cylinder Radius.

Fig.(10a, b and c) shows variation of
dimensionless temperature with R at
center length of cylinder Z=0.5 and Ra,
=10°. Fig (10a) shows the effect of
heat radiation on dimensionless
temperature at no Q and MHD where
increasing the value of heat radiation
increase the dimensionless temperature
and maximum increases at R=0.916 by
32.4% as N increases from 0.0 to 10.0.
In Fig (10b) the effect of heat
generation Q on  dimensionless
temperature is shown for no MHD and
N. increasing the value of heat
generation increase the dimensionless
temperature and maximum increases at
R=0.713 by 18.48% as Q increases
from 0.0 to 2.0. Fig (10c) shows the
effect of MHD on dimensionless
temperature for no Q and N where the
increase of MHD cause to increase the
dimensionless temperature and
maximum increases at R=0.651 by
11.83% as M increases from 0.0 to 1.0.

The Variation of Dimensionless
Velocity profile with Cylinder
Radius

Fig.(11a, b and c) shows the variation
of velocity profiles with R at center
length of cylinder Z=0.5 and Ra, =10°.
Fig. (11a) shows that the velocity
profile is influenced considerably and
increase when the value of the heat
generation Q increases. But near the
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surface of the cylinder velocity
increases  significantly and then
decreases slowly. The maximum

values of the velocity are 0.652, 0.743,
and 0.805 for Q=0.0, 1.0, and 2.0
respectively which occur at R=0.248,
here it is observed that the velocity
increases by 24.48% as Q increases
from 0.0 to 2.0. In Fig (11b) the
velocity distribution decrease slightly
as the magnetic parameter
M=(0.0,0.5,1.0), increase in the region
R €{0,2} but near the surface of the

cylinder velocity increases and become
maximum and then decreases slowly to
the end of the cylinder. The maximum
value of the velocity are 0.652, 0.581,
and 0.4808 for M=0.0, 0.5 and 1.0
respectively which occur at R=0.25,
here the velocity decrease by 35.6% as
M increases from 0.0 to 1.0. Fig.(11c)
shows that the wvelocity profile is
influenced considerably and increases
when the value of heat radiation
parameter N increases. But near the
surface of the cylinder velocity
increases  significantly and then
decreases slowly to the end of the
cylinder. The maximum values of the
velocity are 0.652, 0.252, and 0.154 for
N=0.0, 5.0, and 10.0 respectively
which occur at R=0.249, here it is
observed that the velocity increases by
89.52% as N increases from 0.0 to
10.0.

A correlation has been set up to give
the average Nusselt number variation
with Ra, M and N and Q. This
correlation is made by using the
computer program (DGA v1.00).

Nu — 4'775 Ra0.0575 + 0.0046 M 0.973 + 0.0346 N 1.487 +

For Ra=10’
equation become.

Nu = 4.775Ra*®” +

0.013M +0.0745 N'* +
0.04Q

the correlation
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COMPARISON OF THE RESULTS
To the best of our knowledge there is
no previous work studied the case of
external flow on a cylinder taking the
effect of MHD. A comparison was
done between the result of the present
study for the variation of Nu with Ra
and the correlation of (Mc Adams,
1954) which is shown in Fig.(12) with
a deviation of 5% for the case of no
MHD, radiation and heat generation.
Fig.(13) shows a comparison between
the present study and the work of
[Ganesan, 2002] with and without
radiation and for no MHD and no heat
generation which shows an increase of
Nu with Ra; for a deviation of 1.7%
with radiation and 1.5% without
radiation. The results for all the
previous figures show good agreement
with other researches.

CONCLUSIONS

From the results of the present
work and for the cylinder that
described previously, the following
conclusions can be obtained:

1. The totals mean Nusselt
number (Nu) increases by
53.5% with the increase of
Rayleigh number (Ra;) from
10° to 10°.

2. The totals mean Nusselt
number (Nu) increases by 18 %
with the increase of radiation
parameter (N) from 0 to 10.

3. The total mean Nusselt number
Nu increases by 0.2 % with
increase MHD parameter M

from O to 1.
4. The totals mean Nusselt
number (Nu) increases by

2.68% with the increase of heat
generation parameter (Q) from
0 to 2.

5. Dimensionless temperature 0
increases by 18.48 9% with
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increase heat generation
parameter Q from 0 to 2 at
R=0.5.

6. Dimensionless temperature (0)
increases by 11.83 % with the
increase of (MHD) parameter
(M) from O to 1 at R=0.5.

7.  Dimensionless temperature (0)
increases by 32.4 % with the
increase of radiation parameter
(N) from 0 to 10 at R=0.5.

8. When Rayleigh number (Ra)

increase the effect of MHD, radiation

and heat generation decrease on total
mean Nusselt number (Nu).
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Table (1) Boundary Conditions

Line S} 1 ® W,U
AB 20 _ 0 0.0 0.0 0.0
oR
BC 1.0 0.0 1 Sy 0.0
o=——--
Z R’
CD 1.0 0.0 _ 1 %y 0.0
RozZ*
DE 1.0 0.0 __162_1// 0.0
Z R’
EF 20 _ 0 0.0 0.0 0.0
oR
FG 0.0 oy _ 0 0.0 0.0
oz
GH 0.0 oy _ 0 0.0 0.0
oR
HA a6 _ 0 oy _ 0 0.0 0.0
oz oz
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Fig. (1) Boundary condition of the problem
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6 -5.35283 6 0.375
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4 -6.42345 4 0.25
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2 -7.49408 2 0.125
1 -8.02939 1 0.0625

Fig. (2a) Streamlines and isotherm for Ra;=10? ,M=0, N=0, Q=0
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Fig. (3) Streamlines and isotherm for Ra;=10> , M=0 , N=5 , Q=0
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Level Stream g = | T Level Temp.
15 -2.54464 | / / / h 15  1.37887
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Fig. (6) Streamlines and isotherm for Ra;=10" , M=1, N=0 , Q=0
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Fig (8) The variation of Nu with MHD for different values of Ra and Q
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NOMENCLATUR
LATIN SYMBOLS
Symbol Description Unit
Cp Specific heat at constant pressure kJ/kg K
fr Electromagnetic force in (r) direction m/s”
fz Electromagnetic force in (z) direction m/s’
Acceleration due to gravity m/s’

Heat transfer coefficient W/m-.°C

R-direction directory -

Z-direction directory -

Thermal conductivity W/m.’C
Mean absorption coefficient m’
Length of cylinder m
Dimensionless Magneto hydrodynamic parameter -
Indicate the unit vactor m

Dimensionless Conduction-Radiation parameter -

Average Nusselt number(Nu=hl/k) -

Air pressure N/m’

Normalized air pressure -

Prandtl number(Pr=v/a) -

Flm|~1elolole 2 |B=|7 22| |B| =R R = |~ |=

Radiative heat flux \
Overall heat transfer W
Dimensionless overall heat generation -
Heat generation/absorption W/m’.°C
Volumetric heat generation W/m’
Radial direction m
Dimensionless Radial direction -
3 -
Rayleigh no. (Ral _Pro ﬂ(TV; ~T.) j
1%
Air temperature K
Ambient temperature K
Radial velocity m/s
Dimensionless Radial velocity -
Vertical velocity m/s

Dimensionless Vertical velocity -

Nodes number in r-direction -

Nodes number in z-direction -

Vertical direction m

NN (<[> (= |Cl= |74

Dimensionless Vertical direction -
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CREAK SYMBOLS

Symbol Description Unit
o Thermal diffusivity m’/s
B Coefficient of thermal expansion K’
€ Emissivity -
0 Dimensionless temperature -
A Radii ratio -
v Viscosity kg/m.s
v Kinematics' viscosity m’/s
p Air density kg/m’
c Stefan-Boltzmann constant W/m” K*
\ Dimensionless stream function -
® Dimensionless vorticity -

Subscript
Symbol Description Unit
(1)) Grid nodes in (1,z) direction -
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