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ABSTRACT

The purpose of this work is to investigate the entropy generation in a conducting fluid
flowing along an inclined heated plate in the presence of a magnetic field. The upper surface of the
liquid film is considered free and adiabatic. Velocity and temperature profiles are obtained and used
to compute the entropy generation number profiles. The effects of the applied magnetic field and its
inclination on entropy generation are examined.
Keywords: Entropy, Inclined plate, Liquid film, Magnetic field, Thermodynamic analysis.

NOMENCLATURE

a thermal diffusivity (m?.s™) Greek symbols

B magnetic field (T) a magnetic field inclination (rad)
Br Brinkman number ) liquid film thickness (m)

Cp specific heat (J.kg.K™) AT reference temperature difference
g gravitational acceleration (m.s™) dynamic viscosity (kg.m™.s™)

U
re  Peclet number A thermal conductivity (W.m™.K™)
q wall heat flux (W.m?) 0 inclination angle of the plate (rad)
e dimensionless temperature
0

S entropy generation rate (W.m=.K*
¢ Py 9 ( ) dimensionless temperature difference,

T temperature (K)

i1 velocit 1 AT Ty
w  axialvelocity (ms) »  density of the fluid (kg.m?)
U dimensionless axial velocity .
o Subscripts
X axial distance (m)
. . L b bulk value
X dimensionless axial distance ] |
y transverse distance (m) n Mmaximum value
) . . 0 reference value
Y dimensionless transverse distance
1. INTRODUCTION

Entropy generation is closely associated with thermodynamic irreversibility, which is
encountered in all heat transfer processes. Different sources are responsible for generation of
entropy such as heat transfer and viscous dissipation [1, 2]. The analysis of entropy generation rate
in a circular duct with imposed heat flux at the wall and its extension to determine the optimum
Reynolds number as function of the Prandtl number and the duty parameter were presented by
Bejan [2, 3]. Sahin [4] introduced the second law analysis to a viscous fluid in circular duct with
isothermal boundary conditions.

In another paper, Sahin [5] presented the effect of variable viscosity on entropy generation
rate for heated circular duct. A comparative study of entropy generation rate inside duct of different
shapes and the determination of the optimum duct shape subjected to isothermal boundary condition
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were done by Sahin [6]. Narusawa [7] gave an analytical and numerical analysis of the second law
for flow and heat transfer inside a rectangular duct. In a more recent paper, Mahmud and Fraser [8,
9] applied the second law analysis to fundamental convective heat transfer problems and to non-
Newtonian fluid flow through channel made of two parallel plates. The study of entropy generation
in a falling liquid film along an inclined heated plate was carried out by Saouli and Aiboud-Saouli
[10]. As far as the effect of a magnetic field on the entropy generation is concerned, Mahmud et al.
[11] studied the case of mixed convection in a channel.

The purpose of this article is to analyze the effect of the inclination of the magnetic field on
the entropy generation in a fully developed liquid film flowing along an inclined heated plate.
Expressions for dimensionless velocity and temperature, entropy generation number obtained.

2. PROBLEM FORMULATION AND ANALYSIS
The problem concerns a fully developed Newtonian, laminar, liquid film flowing along an

inclined heated plate in the presence of a transverse uniform magnetic field B having an inclination
a With the axial axis. The magnetic Reynolds number is assumed to be small, so that the induced
magnetic field is neglected and the Hall effect of magnetohydrodynamics is ignored. Neglecting the
inertia terms in the momentum equation compared to the body force and the magnetic term, the
momentum equation is then:

2
,uau—(zy)—aBzuz(y)sinza+pgsin6’=0 @
y
subjected to the following boundary conditions:
No-slip condition u(0)=0 (2a)
ou(o) _

Free surface 0 (2b)

y
The velocity profile is obtained by integrating Equation 1 and using the boundary conditions given
by Equation 2. It may be written:
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Introducing the following dimensionless variables for the wvelocity and the transverse

distance U () _u) Y =% , the dimensionless velocity becomes:

Up

cosh(Ha sin &) cosh(Ha sin a(1-Y )) (4)
cosh(Ha sin a)—l
where Ha is the Hartmann number defined as:
Ha — Bé‘\/E and u, - g sin @ (cosh(Ha sin a)—lj (5)
H a

" oB2 sin? cosh(Ha sin o)

U(Y)=

Using the following dimensionless variables:

ax y u(y) T(x,y)— Ty
X= , Y==, Ur)=—2, 0(x,y)=—"220 6
s r=g vt el =T ©)
where AT is a reference temperature difference defined as:
qo
AT =1— 7
. (7)

The energy equation can be written in the following dimensionless form:
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00(x,Y) 8%0(x,Y)
X  ay2

subjected to the following boundary conditions:

@(O,Y):O,Mz—l,%:o 9)

oY
a ﬁcosh(Ha')— cosh(Ha'(1-Y )) B BrHa'? ﬁcoshz(Ha’)
cosh(Ha')~1| 2 Ha'? (cosh(Ha’)—l)z

U(y) + BrHa? sin® aU?(Y ) (8)

O(X,Y)=C1X +

: (10)
cosh(2Ha'(1- Y))+Y7 J+cy+cC

5 cosh(Ha')cosh(Ha'(1-Y ))+ 1
8

Ha Ha'?

where C, and C are constants of integration.

Using the boundary conditions (9), it is found that:

Ax— A4 A1 Ap — Ar A
_ 3 4,C2= 1414 2413 (11)
A - A, A -4,

G

In the above expression 4;, 4,, B, and B, can be defined by:

A

sinh(Ha ') cosh(Ha ') BrHa'? ( 2
Ha

Nei N NE
1= Ha'(cosh(Ha')_l)v 2 = cosh(Ha')—l’ 3= (cosh(Ha’)_1)2 —cosh(Ha )smh(Ha ) _4Ha' smh(ZHa )j 1
(12)
72
Ag =L(Cosh2(Ha’)+£J
(cosh(Ha')—l)2 2
The boundary conditions defined by Equation 9 leads the following condition on the bulk mean
temperature:
0,(0)=0 (13

Substituting Equation 10 in Equation 13 and using Equation 9, the constant of integration is then:

. ' 2
C= < - {smh(Ha )}— Brita [ cosh(Ha')sinh(Ha')—
(cosh(Ha')-1)|  Ha'® (cosh(Ha')—l)2 Ha'® (14)
) a BrHa'? 1 2 1
———sinh(2Ha') |- + —cosh“(Ha')+—
16Ha"® ( )] 6(cosh(Ha')-1) (cosh(Ha’)—l)2 | 6 (') 12 ]
where Ha' = B5\/Esin a
7]
According to Woods [13], the entropy generation rate for the present case is:
2 2
A |(or (x,y)jz oT(x )\ |, u(ou(y))”  oB*

Sg =—= L =2 = 15

¢ Tozl( a ) o ) 'nle ) TR (49)
The dimensionless entropy generation number is defined by the following relationship:

2
Ns =210 s (16)
using the dimensionless velocity and temperature, Equation 22 can be rewritten as:
2 2 2 2
Ng = 1 [a@(x, Y)j J{GQ(X, Y)J LB [GU(Y)j JBrHa” 2 (17)
P\ oX oY o\ oy o)

NS:NC+N+YNF+NB (18)

where Peand Q are respectively the Peclet number and the dimensionless temperature difference.
Nc and Ny, are respectively the entropy generation numbers due to the conductive heat in the axial
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and the transverse directions. N is the entropy generation number due to the fluid friction and N

is the entropy generation due to the magnetic effect.

3. RESULTS AND DISCUSSION
The effect of the Hartmann number Ha on the spatial distribution of the entropy generation

number is plotted in Figure 1. As the Hartmann number increases the entropy generation number
increases in the transverse direction and the apparition of minimums near the heated plate becomes
clear. The entropy generation number does not become nil at the upper surface of the liquid film
although it is free and adiabatic. This is because the application of the magnetic field creates
additional entropy at the upper surface.
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Figure 1. Effect of the Hartman number. Figure 2. Effect of the Brinkman number.

Figure 2 illustrates the effect of the Brinkman number Br on the spatial distribution of the
entropy generation number. For a given transverse position, the entropy generation number is
higher for higher Brinkman number. In all cases the heated plate acts as a strong concentrator of
irreversibility.
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Figure 3. Effect of the dimensionless group.  Figure 4. Effect of the magnetic field inclination.
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The effect of the group parameters Br£2 ' on the spatial entropy generation number is
depicted in Figure 3. An inspection on this plot reveals that the entropy generation number presents
minimums near the heated plate. For a given transverse position, the entropy generation number is
higher for higher group parameter. The effect of the magnetic field inclination on the entropy
generation number is illustrated in figure 4. As it can be seen, the higher the inclination of the
magnetic field, the higher is the entropy generation number.

4. CONCLUSION

This paper presents the application of the second law analysis of thermodynamics to a falling
liquid film along an inclined heated plate in the presence of an inclined magnetic field. The effects
of the Hartmann number, Brinkman number, the group parameter and the inclination of the
magnetic field entropy generation number are discussed.
From the results the following conclusions could be drawn:

a) The entropy generation number increases as Brinkman number increases.
b) The entropy generation number increases as Hartmann or the group parameter increases.
C) The entropy generation number increases as the magnetic field incraeses.

REFERENCES

1. A. Bejan, 1982, Second-law analysis in heat transfer and thermal design, Adv. Heat Transfer, vol.
15, pp. 1-58.

2. A. Bejan, Entropy generation minimization, 1996, CRC Press, Boca Raton, New York.

3. A. Bejan, 1979, A study of entropy generation in fundamental convective heat transfer, J. Heat
Transfer, vol. 101, pp. 718-725.

4. A. Z. Sahin, 1998, Second law analysis of laminar viscous flow through a duct subjected to
constant wall temperature, J. Heat Transfer, vol. 120, pp. 76-83.

5. A. Z. Sahin, 1999, Effect of variable viscosity on the entropy generation and pumping power in a
laminar fluid flow through a duct subjected to constant heat flux, Heat Mass Transfer, vol. 35, pp.
499-506.

6. A. Z. Sahin, 1998, A second law comparison for optimum shape of duct subjected to constant
wall temperature and laminar flow, Heat Mass Transfer, vol. 33, pp. 425-430.

7. U. Narusawa, 1998, The second-law analysis of mixed convection in rectangular ducts, Heat
Mass Transfer, vol. 37, pp. 197-203.

8. S. Mahmud, R. A. Fraser, 2003, The second law analysis in fundamental convective heat transfer
problems, Int. J. Therm. Sci., vol. 42, pp. 177-186.

9. S. Mahmud, R. A. Fraser, 2002, Thermodynamic analysis of flow and heat transfer inside
channel with two parallel plates, Exergy, vol. 2, pp. 140-146.

10. S. Mahmud, R. A. Fraser, 2002, Inherent irreversibility of channel and pipe flows for non-
Newtonian fluids, Int. Comm. Heat Mass Transfer, vol. 29, pp. 577-587.

11. S. Saouli, S. Aiboud-Saouli, 2004, Second law analysis of laminar falling liquid film along an
inclined heated plate, International Communications in Heat and Mass Transfer, vol. 31, pp. 879-
886.

12. S. Mahmud, S. H. Tasnim, H. A. A. Mamun, 2003, Thermodynamic analysis of mixed
convection in a channel with transverse hydromagnetic effect, International Journal of Thermal
Sciences, vol. 42, pp. 731-740.

13. L. C. Woods, Thermodynamics of fluid systems, 1975, Oxford University Press, Oxford.



