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This paper is aimed to investigate the entropy generation in a MHD convective 
flow of Eyring-Powell fluid through a mildly constricted channel. The constriction 
is assumed to be of regular or irregular shape and is presented inside the chan-
nel wall. Mathematical model is developed using the basic laws of conservation 
of mass, momentum, and energy. The governing equations are normalized using 
appropriate set of dimensionless variables and solutions are obtained by regular 
perturbation technique. The solutions are further used to calculate the entropy 
expression associated with the Second law of thermodynamics. The heat transfer 
characteristics, like, temperature, isotherms, entropy generation number entropy 
lines and the Bejan number are analyzed for the variation in magnetic field, shape 
parameter, and material constants. It is observed that entropy production is maxi-
mum in the narrow part of the channel. Moreover, entropy generation rate is higher 
for the regular parabolic shape as compared to irregular shapes of constriction.
Key words: entropy generation, magnetic field, constricted channel,  

eyring powell fluid

Introduction

The flow through constricted regions is considered as the significant problem in fluid 
dynamics and thus widely studied by scientists working in mechanical engineering particu-
larly, in physiological fluids. Some well-known examples of constricted channels are venture 
tubes, weirs, water aspirators, gas stoves, and in biological and biomedical fields, capillaries 
of the human cardiovascular system, air-flow through the human airways, aortic insufficiency 
is a chronic heart condition or blood flow through a stenosis. In human body stenosis refers to 
the tightening and tapering of body passages, such as arteries, orifice, veins, heart valves, etc. 
Such phenomenon is encountered because of accretion of fatty and greasy substances inside 
the walls of arteries. This blockage disturbs the normal pattern of blood flow. Arteriosclerosis 
is a common disease which results by the accumulation of cholesterol and fats to form hard 
structures known as plaques that are holding asymptotic symptoms. Such plaques grow up with 
the passage of time and make the arteries stiffer and narrower and leads to serious problems 
such as angina, blood pressure, heart attack, stroke or even death. These plaques may have 
different shapes and sizes. Some mathematical models of blood flow through stenosis have 
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been developed in the noteworthy articles [1-5]. Due to the presence of electromagnetic fields 
in blood flow most of investigators assumed MHD in blood flow problems. In this regards, Sud 
et al. [6] showed that under the appropriate strength of moving magnetic field the flow velocity 
accelerates. Mekheimer and El Kot [7] examined the effects of magnetic field and Hall current 
on the physiological flow of micropolar through stenotic artery and concluded that large values 
of the Hartmann number have increasing effects on impedance and decreasing effects on blood 
flow velocity. Kumar et al. [8] proposed a study dealing with the oscillatory MHD blood flow 
through an artery carrying mild stenosis and critically studied the effects of magnetic force on 
different shapes of stenosis.

The study of entropy is extremely useful in biological thermodynamics to understand 
the flow characteristics at flow transitions such as constricted regions. The break downing of 
foodstuff in to constituents, and then developing cells, tissues and muscles increase the order in 
the body and thus reduce entropy. However, the human body convects heat to the environment 
due to the change in the temperature of the body and the environment. It consumes energy-com-
prising substances in the form of food and emits heat into space by excreting waste in the form 
of CO2, water, urine, and feces. Consequently, the overall entropy of the human body rises. This 
increase in the entropy of body affects the physiological fluids inside human body such as blood 
flow, transport of semen, passage of urine from kidney to bladder through ureter, swallowing 
food through esophagus, transport of lymph in lymphatic vessels, etc. Thermodynamically, in a 
closed system, entropy is produced by various factors. Bejan [9] identified different factors that 
cause entropy production in four different convective heat transfer configurations. The two major 
sources of entropy in a convective heat transfer phenomenon, the heat transfer rate and fluid fric-
tion, were discovered by Bejan [10]. Readers are referred to a worth reading book by Bejan [11] 
on the subject for deep understanding of the subject. Afterwards, numerous investigators [12-19] 
further explored the phenomenon of heat transfer and entropy generation in convective heat flow 
problems under various physical assumptions. Souidi et al. [20] conducted an entropy analysis for 
a peristaltic pump in a contracting tube. Recently, Munawar et al. [21] investigated production of 
entropy associated with second-law in a biological flow of variable viscosity fluid.

Most of the biological fluids are non-Newtonian fluids in nature. In this regard, Ey-
ring-Powell (EP) fluid [22] gained the importance among scientists because of its accuracy 
and consistency in calculating the fluid time scale at different polymer concentration. This was 
used by Yoon and Ghajar [23] to estimate the fluid time scale by experimental shear viscosity 
measurement. A few recent investigations dealing with EP fluid-flow are mentioned here for 
the interested readers [24-27]. The flow analysis of EP fluid in a constricted artery has recently 
been investigated by Saleem and Munawar [28]. Yet there is a room to study the thermodynam-
ical aspects of EP fluid in constricted channel flow. In this study we intended to accomplish 
this task by investigating the heat transfer and Second law analyses of EP fluid-flow through a 
constriction of regular/irregular shapes in the presence constant magnetic field. The governing 
equations of the current convective heat transfer problem are modeled and simplified under 
mild stenosis assumptions. The solution obtained by Saleem and Munawar [28] is used to solve 
the energy equation exactly.

Governing equations

Consider a 2-D incompressible flow of EP fluid through a constricted channel as de-
scribed in [28]. The width of the channel is measured to be 2d0. The x-axis is taken along the 
wall length while y-axis is chosen normal to the wall. A uniform magnetic field of intensity B0 
is applied in the perpendicular direction of the flow assuming small magnetic Reynolds number. 
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The lower and upper walls of the channel are held at constant temperatures T1 and T2, respec-
tively. Mathematically, the shape of constriction due to mild stenosis is given:
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where h′(x′) and d0 represent the channel width with and without stenosis, respectively. The 
other parameters b, m, and a tell the length, shape and location of stenosis, respectively. More-
over, δ′ is maximum height of stenosis which can be reached at position x׳ = a + b/m1/(m-1), where  
m = 2 corresponds to parabolic shape while other values of m represent irregular shape of ste-
nosis.

Taking viscous dissipation into account the governing equations are given [28]:
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where p′ is the fluid pressure, μ – the coefficient of viscosity, ρ – the density, Cp – the specific 
heat, k – the thermal conductivity, β – the material constant, and C* – the fluid time scale pa-
rameter. 

Introducing the following non-dimensional variables:
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where M, ϕ, B, D, and Br represent the Hartmann number, the amplitude ratio, dimen-
sionless material constants for EP fluid model, and the Brinkman number, respectively. 
 Using (6), the governing eqs. (3) and (4) take the form:
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 Similarly, eq. (5) gets the following:
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and eq. (1) gives
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We use the perturbation solution reported in [28] for eqs. (8) and (10), however eq. 
(9) could be solved exactly using the build-in command DSolve of the symbolic computational 
software MATHEMATICA. The solution expression is not being reported in order to keep 
simplicity of the script.

Entropy analysis

Following Bejan [10], it is assumed that the entropy in the channel is produced due 
to major sources, namely, heat transfer and fluid viscous effects. Accordingly, the expression of 
total volumetric local rate of entropy generation is given:
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After using quantities (6) in eq. (12) and dividing with the characteristic entropy, SG0, 
we get the total entropy generation number:
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where α is the dimensionless temperature difference. The average entropy generation number 
is given:
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The Bejan number expressed in eq. (15) is bounded between the range 0 to 1. Within 
this range it exhibits discriminating features of fluid friction vs. heat transfer irreversibilities.

Results and discussion

The solutions of problem are used to discuss various heat transfer characteristics, like, 
temperature, entropy and the Bejan number, in the constricted region with the help of graphs. 
Figure 1 illustrates the effect of EP material parameter B on velocity profile. It shows decreas-
ing behavior in the velocity as B increases. Figures 2 and 3 depict a 3-D view of temperature 
profile for parabolic and irregular stenotic channel, respectively. It can be seen that temperature 
attains highest value in the narrow part as compared to the wider part and this happened due 
to the increased convection process when fluid enters in the narrow part. When fluid enters in 
the narrow part its velocity increases which helps in augmenting the convection process. This 
behavior could be seen from figs. 4 and 5 (for both parabolic and irregular stenosis cases) where 
velocity is shown to be maximum in the constricted region. Figure 6 shows the contour graph 
of isotherms for parabolic and irregular shapes of stenosis. It is quite clear from the figure that 
temperature is maximum in the narrow part of the constriction and near to the lower heated wall 
of the channel for both cases.
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Figure 1. Effect of varying material parameter B 
on the velocity profile

Figure 2. A 3-D view of temperature profile when 
Br = 1, M = 1, B = 0.5, D = 0.05, δ = 0.2, and m = 2
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Figure 3. A 3-D view of temperature profile when 
Br = 1, M =1, B = 0.5, D =0.05, δ = 0.2, and m = 11

Figure 4. A 3-D view of velocity when Br = 1,  
M = 1, B = 0.5, D = 0.05, δ = 0.2, and m = 2
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Figure 6. Isotherm lines for regular shape; (a) and irregular shape, (b) stenosis

Figures 7 and 8 reflect a 3-D glimpse of entropy generation, NG, for the two different 
shapes, parabolic (m = 2) and irregular (m = 11). The figures show that the entropy production is 
maximum at the narrow region of the channel and reduces in the wider parts. Moreover, entropy 
generation is maximum near the walls and is minimum at the center of the channel. To disclose the 
fact that which kind of shape of stenosis gives highest rate of entropy production we plotted fig. 
9. It is observed from the figure that the entropy generation takes its highest value for parabolic 
shape (m = 2) and it decreases as the shape parameter takes larger values (irregular stenosis). It 
is also observed that variations in entropy are more noticeable at the channel boundaries rather 
than the channel center. Same behavior of entropy production is depicted in fig. 10 which displays 

Figure 5. A 3-D view of velocity 
when Br = 1, M = 1, B = 0.5,  
D = 0.05, δ = 0.2, and m = 2

Figure 7. A 3-D view of NG when α = 0.2, Br = 1, 
M = 1, B = 0.5, D = 0.05, δ = 0.2, and m = 2

Figure 8. A 3-D view of NG when α = 0.2, Br = 1, 
M = 1, B = 0.5, D = 0.05, δ = 0.2, and m = 11
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contour lines of entropy generation rate for parabolic shape 10(a) and irregular shape 10(b) at  
m = 2 and m = 11, respectively. From fig. 11, it can be examined that NG increases with an increase 
in EP parameter, B, however, the effect of B is dominant in boundaries and negligible at the center 
of the channel. To see the discriminating effects of heat transfer and fluid friction irreversibilities 
we plotted the Bejan number in fig. 12. It shows that heat transfer irreversibility is dominant in 
the center of the channel while the fluid friction irreversibility dominates near-walls. Moreover, as 
parameter B increases fluid frictional irreversibility increases. This is due to the strong shear stress 
at larger values of EP constant.
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Figure 11. Effect of parameter B on entropy 
generation number NG

Figure 12. Effect of B on Bejan number
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Figure 13 shows the temperature, θ, de-
creases as the Hartmann number, increases. Such 
type of behavior is seen due to lower flow rate at 
higher magnetic field for which convection phe-
nomenon becomes slow. Figure 14 portrays that 
as the Hartmann number increases the entropy 
generation number NG increases near the channel 
walls and then a point of inflection occurs at mid-
half of the channel after which NG decreases. The 
same behavior is seen at the upper half part of the 
channel. To examine the comparative effects of 
the heat transfer and fluid friction irreversibilities 

the Bejan number is plotted in fig. 15 for variations in the Hartmann number. From the figure it is 
found that heat transfer irreversibility rises as the magnetic field increases. Such type of outcome 
is quite expected since large Hartmann number contributes in lowering the fluid temperature and 
increasing the temperature differences which results in rise of heat transfer irreversibility.

Conclusions

In this article a complete thermodynamical analysis has been made for the convective 
heat transfer of EP fluid-flow through a constricted channel in the presence of magnetic field 
effect. The main objective is to discuss the entropy production in a stenotic channel having 
different structures of stenosis. We conclude the following results.

 y The temperature and velocity are maximum in the narrow regions of the channel for both 
parabolic and irregular shapes of stenosis. 

 y The entropy production is maximum in the narrow part of channel and decreases in the 
wider part. 

 y The parabolic shape of stenosis causes larger entropy production as compared to the irreg-
ular shapes.

 y The EP material constant B also produces entropy and the fluid friction entropy augments 
as this constant increase.

 y The magnetic field helps in increasing the heat transfer irreversibility. 
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Nomenclature

a – stenosis location, [m] 
b – stenosis length, [m]
B – dimensionless EP material parameter
Be – Bejan number
Br – Brinkman number
B0 – applied magnetic field, [T]
c0 – reference velocity, [ms–1] 
C * – EP time scale parameter (s–1)
Cp – specific heat capacity, [JK–1]
D – dimensionless EP material parameter
d0 – channel width without stenosis, [m]
h – dimensionless stenosis height 
h′ – channel width with stenosis, [m]
k – thermal conductivity, [Wm–1K–1]
M – Hartmann number
m – shape parameter
Nsavg – average entropy number
NG – entropy generation number
p – dimensionless pressure
p′ – fluid pressure, [Nm–2] 
S⋅ ‴ gen – volumetric rate of entropy, [JK–1]
SG0 – characteristic entropy, [JK–1]
T – temperature field, [K]

T1 – lower wall temperature, [K]
T2 – upper wall temperature, [K]
u – dimensionless velocity component
u׳ – velocity component along wall, [ms–1]
v – dimensionless velocity component
v′  – velocity component normal to wall 
x′  – independent variable along wall, [m]
y′  – independent variable normal to wall, [m]
x, y – dimensionless independent variables
∀  – area of integrated region, [m2]

Greek symbols

α – dimensionless temperature difference
β – EP material constant, [m2N–1]
δ׳ – maximum height of stenosis, [m]
θ – dimensionless temperature field
μ – dynamic viscosity, [kgm–1s–1]
ρ – density of fluid, [kgm–3]
σ – electrical conductivity, [Sm–1]
τ – EP shear stress tensor, [Nm–2]
ϕ – amplitude ratio
∀ – area of integrated region, [m2]
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