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The second law analysis for the combined convective heat transfer in a non-Newtonian boundary-layer flow over a
wedge embedded in a porous medium is presented. Velocity and temperature fields are solved numerically under the
similarity assumption. These results are used to compute the entropy generation number Ns, irreversibility ratio ø, and
the Bejan number Be for a range of values of the viscosity index (n), streamwise distance (x), buoyancy parameter (λ),
and viscous frictional parameter, G. The results show that the Bejan number increases with the viscosity index and the
buoyancy parameter.
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1. INTRODUCTION

Exergy analysis is pure thermodynamics. It relies on the
laws of thermodynamics to establish the theoretical limit
of ideal or reversible operation and the extent to which the
operation of the given system departs from the ideal. The
departure is measured by the calculated quantity called
destroyed exergy or irreversibility. This quantity is pro-
portional to the generated entropy. Exergy is the thermo-
dynamic property that describes the useful energy con-
tent or the work-producing potential of substances and
streams. In real systems exergy is always destroyed par-
tially or totally when components and streams interact.
The minimization of entropy generation requires the use
of more than thermodynamics; fluid mechanics, heat and
mass transfer, materials, constraints, and geometry are

also needed in order to establish the relationships between
the physical configuration and the destruction of ex-
ergy. Reduction in exergy destruction is pursued through
changes in configuration. In the field of heat transfer, the
entropy generation minimization method brings out the
inherent competition between heat transfer and fluid flow
irreversibilities in the optimization of devices subjected to
overall constraints.

A study of thermodynamic irreversibilities is an im-
portant factor in the design of thermal systems. Entropy is
a measure of molecular disorder within a system, which
translates into the amount of energy not available to be
converted into work. Therefore the main objective is to
determine possible ways of minimizing it. The method
utilized to achieve this purpose is known as entropy gener-
ation minimization or thermodynamic optimization. This
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NOMENCLATURE

Be Bejan number x dimensionless axial distance
Cp specific heat, J/kg K y dimensionless vertical distance
f dimensionless stream function
g gravitational acceleration, m/s2 Greek Symbols
k thermal conductivity, W/m K α thermal diffusivity, m2/s
k∗ porosity of the porous medium β coefficient of thermal expansion, 1/K
n viscosity index θ dimensionless temperature
Ns dimensionless entropy generation µ∗ effective viscosity, Pa s

number ø irreversibility ratio
Pe Peclet number ρ density of the fluid, kg/m3

qo heat flux at the wall, W/m2

Sg entropy generation rate, W/m3 k Subscripts
T temperature, K w wall value
u axial velocity, m ∞ conditions far away from the surface

method is a combination of the basic principles of ther-
modynamics, heat transfer, and fluid mechanics in order
to analyze the irreversibilities present in real devices, con-
centrating special attention in finding the physical quanti-
ties that can be modified to optimize their specific perfor-
mance.

Bejan (1979, 1980) focused on the reasons behind
entropy generation. Generation of entropy destroys the
available work of a system. Therefore it is necessary
to understand the function of entropy generation mech-
anisms. Bejan (1979) presented a simplified analytical
expression for entropy generation rate in a circular pipe
for a Newtonian fluid. Sahin (1999) considered the vari-
able viscosity effect on entropy generation rate in a cir-
cular pipe. Nag and Kumar (1989) presented second law
optimization methods for duct flow processes. Mahmud
and Fraser (2006) studied entropy generation in a circular
pipe for power law non-Newtonian fluids. Gorla and Pratt
(2007) presented the second law analysis of heat transfer
of a non-Newtonian, laminar falling liquid film along an
inclined plate.

The present work has been undertaken in order to
study entropy generation for the combined convection
heat transfer in non-Newtonian fluids over a vertical
wedge embedded in a porous medium. We have consid-
ered the power law (Ostwald-de Waele) model for the
non-Newtonian fluid. Using this model, the shear stress

is given byτ = µ ∗ (∂u/∂y)
n, whereµ∗ is the effective

viscosity andn the viscosity index. Here,n < 1 denotes
shear thinning fluids called pseudoplastic fluids, whereas
n > 1 denotes dilatant fluids. Conditions for similarity
are derived and the transformed momentum and energy
equations are solved numerically. The entropy generation
rate was evaluated and the entropy generation number, ir-
reversibility ratio, and Bejan number were computed.

2. ANALYSIS

Consideration is given to the mixed convection from a
permeable vertical plate embedded in a non-Newtonian
fluid-saturated porous medium. The coordinate system
and flow model are shown in Fig. 1. We consider
the Darcy model assuming low velocity and poros-
ity. The governing equations under the Boussinesq and
boundary-layer approximations are given by Nakayama
and Koyama (1991):

∂u

∂x
+

∂v

∂y
= 0 (1)

∂un

∂y
= γ

∂T

∂y
(2)

u
∂T

∂x
+ v

∂T

∂y
= α

∂2T

∂y2
(3)
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FIG. 1: Flow model and coordinate system.

The nondimensional quantitiesx, y, u, v, andT are re-
lated to their dimensional counterpartsx̄, ȳ, ū, v̄, andT̄
by

x =
x̄

L

y =
ȳPe1/2

L

u =
ūL

αPe

v =
v̄L

αPe1/2

T =
k(T̄ − T̄∞)

q0L

Pe =
ū∞L

α

γ =
ρk∗gxβ

q
0L

µ∗Kū∞
= Buoyancy parameter

gx = g cosϕ = x component of

acceleration due to gravity (4)

The boundary conditions are given by

y = 0 : v = 0,
∂T

∂y
= −Q(x) = xλ

y → ∞ : u → u∞, T → 0 (5)

whereQ = qw/(q0Pe
1/2) = Dimensionless surface heat

flux.

We assume thatu∞(x) = Cxm,

whereC is a constant. (6)

Proceeding with the analysis, we define the following:

η = y · x
λ−n
2n+1

ψ = f(η) · x
λ+n+1
2n+1

T = θ(η) · x
n(2λ+1)
2n+1 (7)

We have
u = f ′(η) · x

(2λ+1)
2n+1

v = −x
(λ−n)
2n+1

{
(n+λ+1)

2n+ 1
· f+ (λ−n)

(2n+1)
· η · f ′

}
(8)

The equations of motion then become

(f ′)n = xmn−n(2λ+1)
2n+1 + γθ (9)

θ′
′
+

(
λ+ n+ 1

2n+ 1

)
fθ′ − n (2λ+ 1)

2n+ 1
f ′θ = 0 (10)

The transformed boundary conditions are given by

f(0) = 0, θ′(0) = −1

f ′(∞) = xm− 2λ+1
2n+1 , θ(∞) = 0 (11)

To make Eqs. (9)–(11) independent ofx, or to seek sim-
ilarity solutions, we setm = (2λ+ 1) / (2n+ 1). Then
we have

(f ′)n = 1 + γθ (12)

θ′
′
+

(
λ+ n+ 1

2n+ 1

)
fθ′ − n(2λ+ 1)

2n+ 1
f ′θ = 0 (13)

The transformed boundary conditions are given by

f(0) = 0, θ′(0) = −1

f ′(∞) = 1, θ(∞) = 0 (14)

Equations (12) and (13) were solved using the fourth-
order Runge-Kutta numerical procedure. More details of
the numerical solutions are documented by Gorla (1999,
2000).

The entropy generation rate is given by

S′′′
g =

k

T̄ 2
0

[(
∂T̄

∂x̄

)2

+

(
∂T̄

∂ȳ

)2
]
+
µ

T̄0

(
∂ū

∂ȳ

)n+1

(15)
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Therefore

S′′′
g

kT̄ 2
0

q20
= NC +NY +NF (16)

where

NC =

{
n(2λ+ 1)

2n+ 1
· x

n(2λ−1)−1
2n+1 · θ+ λ− n

2n+ 1

× x
n(2λ−1)−1

2n+1 · η · θ′
}2

NY = Pe · (xλθ′)2

NF = G · Pe
3(n+1)

2 ·
{
x

3λ+1−n
2n+1 · f ′′

}n+1

G =
kT0µ

q20

( α
L2

)n+1

NC is the entropy generated in the axial direction;NY in
the normal direction to the wedge surface, andNF due to
fluid friction.

The irreversibility ratioϕ is the ratio of entropy gen-
erations due to the fluid friction to the entropy generation
due to heat transfer:

ϕ = NF /(NC +NY ) (17)

For 0 ≤ ϕ < 1, the heat transfer dominates the ir-
reversibility ratio and the fluid friction dominates when

ϕ > 1. The case where both the heat transfer and the
fluid friction have the same contribution to the entropy
generation is characterized byϕ = 1.

Bejan number (Be) is the ratio of heat-transfer irre-
versibility to the total irreversibility due to heat transfer
and fluid friction:

Bejan number=
(NC +Ny)

(NC +NY +NF )
=

1

(1 + ϕ)
(18)

3. RESULTS AND DISCUSSION

The spatial distribution of the entropy generation num-
berNs is shown in Figs. 2–5. The entropy generation de-
creases in the transverse direction to the wedge surface
and approaches zero at the boundary-layer edge where
the effects of viscosity and heat conduction effects are ab-
sent. Augmentation of energy exchange between the flow
and the walls contribute to an augmentation of entropy
generation via the augmentation of temperature gradient
near the walls.Ns increases with streamwise distance (x),
Peclet number (Pe), and viscous friction number (G). Ns

decreases with the power law index (n) and the buoyancy
parameter (λ).

Both fluid friction and heat transfer contribute to the
entropy generation. The irreversibility ratio ø indicates
whether the fluid friction or heat transfer dominate in en-
tropy production. Figures 6–9 show the distribution of
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FIG. 2: Effects ofn andx on the entropy generation rate.
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FIG. 3: Effects ofλ andx on the entropy generation rate.
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FIG. 4: Effects of Pe andx on the entropy generation rate.
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FIG. 5: Effects ofG andx on the entropy generation rate.
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FIG. 6: Effects ofn andx on the irreversibility ratio.
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FIG. 7: Effects ofλ andx on the irreversibility ratio.
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FIG. 8: Effects of Pe andx on the irreversibility ratio.
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FIG. 9: Effects ofG andx on the irreversibility ratio.

the irreversibility ratio within the boundary layer. Pseu-
doplastic fluids (n < 1) display higher values of ø than
dilatant fluids (n > 1). This is due to the difference in the
rheological character of the non-Newtonian fluids. The ir-

reversibility ratio ø increases withx, λ, Pe, andG. The
Bejan number Be profiles are shown in Figs. 10–13. Be-
jan number increases withn andλ and decreases withx,
Pe, andG.
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FIG. 10: Effects ofn andx on the Bejan number.
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FIG. 11: Effects ofλ andx on the Bejan number.
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FIG. 12: Effects of Pe andx on the Bejan number.
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FIG. 13: Effects ofG andx on the Bejan number.

4. CONCLUDING REMARKS

In this paper we have applied the second law of thermo-
dynamics for the combined convective heat transfer in a
non-Newtonian boundary-layer flow over a wedge em-
bedded in a porous medium. The criterion for the exis-
tence of similarity solutions for the velocity and temper-
ature fields is derived. The entropy generation number
Ns, irreversibility ratio ø, and the Bejan number Be are
computed for a range of values of the viscosity index (n),
streamwise distance (x), buoyancy parameter (λ), and vis-
cous frictional parameter (G). The results show that the
Bejan number increases with the viscosity index and the
buoyancy parameter. Maximum entropy generation is lo-
cated near the walls where the Nusselt number is maxi-
mum or thermal heat exchange between the flow and the
surface is maximum. The analysis of entropy generation
by examining the influence of the pertinent parameters
in this study would be a useful analytical tool for engi-
neering design and performance evaluation of such heat
exchange devices based on the second law of thermody-
namics, which is essential for more effective use of avail-
able energy by reducing the destruction of useful potential
work.
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