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Abstract
Purpose – This paper aims to concentrate on the impacts of a discrete heat source location on heat transfer
and entropy generation for a Ag-water nanofluid in an open inclined L-shaped cavity.
Design/methodology/approach – The governing partial differential equations for this study are
computed by the finite volumemethod.
Findings – The results show that increasing the inclination angle leads to a rise in heat transfer. It is clear
with the increase in the nanoparticles volume fraction that the thermal performance reduces, and it increases
when the inclination angle increases.
Originality/value – Because of the continuous literature survey, the authors have not found a study that
concentrates on the entropy generation in a wide variety of irregular ducts. Thus, in this paper, they present
the analysis of entropy generation in an L-shaped duct experiencing a mixed convective flow with a
nanofluid. The authors deal with this geometry because it is very useful in cooling systems of nuclear and
chemical reactors and electronic components.
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Nomenclature
AR = aspect ratio (H/L);
g = gravitational field (m s�2);
H = inner side of the channel (m);
k = thermal conductivity (W m�1 K�1);
L = outer side of the channel (m);
Nu = average Nusselt number;
Ri = Richardson number;
Re = Reynolds number;
Sl = entropy generation rate (WK�1m�3);
Sgen,m = total entropy generation rate;
T = temperature (K);
P = pressure (Nm�2);
u, U = velocity component in x-axis (m s�1, dimensionless);
v, V = velocity component in y-axis (m s�1, dimensionless);
x, y = Cartesian coordinates (m); and
X, Y = Cartesian coordinates (dimensionless).

Greek symbols
a = thermal diffusivity (m2 s�1);
b = coefficient of thermal expansion t (K�1);
e = performance criterion (Num=Sgen;mÞ;
w = volume fraction;
u = inclination of the channel;
m = dynamic viscosity (N s m�2);
H = temperature (dimensionless); and
r = density (kg m�3).

Subscripts
c = cold;
f = fluid;
h = hot;
l = local;
m = mean;
nf = nanofluid; and
s = solid nanoparticles.

Super subscripts
� = dimensionless.

1. Introduction
In past decades, the study of convection heat transfer is a useful subject because of its varied
applications in industries. Following are two advantages of convective heat transfer. First,
the dissipation area is greater than the conventional fins that enhance convection heat
transfer. Second, is the irregular motion of the fluid flow around the individual beads which
mixes the fluid more effectively (Cengel, 2007). Several industrial applications because of
heat transfer are enlisted, such as grain storage, filtering, drying of gasses, storage and
cooling of radioactive waste containers, soil cleaning using steam injection, building thermal
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insulation, electronic cooling, and many other (Incropera and Dewitt, 2011). Enhancement of
the heat transfer is one of the main purposes in some of the mentioned engineering devices.
The low thermal conductivity of conventional heat transfer fluids, commonly water, oil,
ethylene glycol, has restricted designers. Nanofluid heat transfer in various shapes of
cavities is one of very important new techniques for cooling electronic chips and for CPU
cooling. Bhattacharyaa et al. (2013) investigated the mixed convective and role of multiple
solutions in lid-driven trapezoidal enclosures.Wu and Ching (2010) examined the problem of
natural convection in a square cavity containing air and a barrier on top wall. Joseph and
Azdm Yucel and Ozdem (2003) have studied the natural convection in partitioned square
containers. For this study, they assessed a cavity with insulated horizontal walls and
sidewalls in two different temperatures with a few stairs on the bottom wall. Kandaswamy
et al. (2008) studied the natural convection in a square cavity with two baffles perpendicular
to each other. They concluded that an increase in the length of vertical baffle, heat transfer
would rise. In addition, the increase in the horizontal baffle length increasing leads to raise
the heat transfer when the baffle is lower than the center compartment. Nag et al. (1993) have
investigated a square cavity whose walls are in different conditions of temperature and a
horizontal blade is added to the warmwall.

Also, many researchers considered nanotechnology to be one of the prominent powers
that guide the following main manufacturing revolution of this century. Choi (1995)
analyzed the enhancement of thermal conductivity of fluids composed of nanometer-sized
particles (nanotubes, nanofibers, nanoparticles, nanowires, droplets etc.) suspended in a
base fluid which he named as “nanofluids”. The main aim of nanoparticles is to manipulate
the frame of the substance at the molecular scale with the aim for innovation in all industrial
application (electronics cooling, transportation, etc.) and in public endeavor such as
biological sciences, physical sciences and environment. In most of the classical heat transfer
base fluids like water, oil and ethylene glycol mixture, depressed thermal conductivity is a
major constraint in improving the execution and the compactness of electronic devices in
engineering applications. The suspension of the nanoparticles in the base fluids promotes
significantly the active thermal conductivity of the fluid and hence improves the heat
transfer features.

Following Bejan’s representation, the second law analysis focusing on the entropy
generation and its minimization can be utilized to convective flow and heat transfer (Bejan,
1982). Bejan concentrated on the various causes back entropy generation in applied thermal
engineering. Generation of entropy destroys obtainable work of system. Then, it does good
engineering significance of focus on irreversibility of heat transfer and fluid friction process.
There are only a very few works that discuss the second law examines in the presence of
nanofluid as a working fluid. The impact of heat transfer in flow of nanofluids over a
stretching surface in a porous medium is studied by (Sheikholeslami et al., 2014). (Ting et al.,
2015) investigated the entropy generation of viscous dissipative nanofluid flow in
microchannels. (Ismael et al., 2016) considered the entropy generation problem because of
conjugate natural convection conduction heat transfer in a square domain. The impacts of
heat sink/source and their lengths and locations and the entropy generation on mixed
convection flow and heat transfer in a cavity filled with a nanofluid were reported by
(Chamkha et al., 2017). Numerical investigation of water-alumina nanofluid natural
convection heat transfer and entropy generation in a baffled L-shaped cavity has been
studied by (Armaghani et al., 2016). (Armaghani et al., 2017) studied the entropy generation
and natural convection in an inclined partially porous layered cavity filled with a nanofluid.
They also investigated the entropy generation and natural convection of CuO-Water
nanofluid in C-Shaped cavity under magnetic field (Chamkha et al., 2016). Furthermore,
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conjugate natural convection in a nanofluid-filled partitioned horizontal annulus formed by
two isothermal cylinder surfaces under magnetic field has been investigated by
(Selimefendigil et al., 2017). They also studied the mixed convection in a partially heated
triangular cavity filled with a nanofluid having a partially flexible wall and internal heat
generation (Selimefendigil et al., 2017) and mixed convection of nanofluids in a three
dimensional cavity with two adiabatic inner rotating cylinders (Selimefendigil et al., 2018).
(Selimefendigil et al., 2016) considered mixed convection of a nanofluid-filled cavity with an
oscillating lid under the influence of an inclined magnetic field. Analysis of mixed
convection of a nanofluid in a 3D lid-driven trapezoidal cavity with flexible side surfaces
and inner cylinder was done by (Selimefendigil et al., 2017). (Noghrehabadi et al., 2017)
studied the effect of partial slip boundary condition on the flow and heat transfer of
nanofluids past a stretching sheet with prescribed constant wall temperature. They also
investigated the entropy analysis for a nanofluid flow over a stretching sheet in the presence
of heat generation/absorption and partial slip (Noghrehabadi et al., 2013). Unsteady
conjugate natural convection in a porous cavity boarded by two vertical finite thickness
walls was studied by (Zargartalebi et al., 2017). They extended their works by studying the
nanofluid heat transfer in a cavity using Buongiorno’s model (Pop et al., 2016; Tahmasebi
et al., 2018; Mehryan et al., 2018).

Because of the continuous literature survey, we have not found a study that concentrates
on the entropy generation in a wide variety of irregular ducts. Thus, in this paper, we
present the analysis of entropy generation in an L-shaped duct experiencing a mixed
convective flow with a nanofluid. We deal with this geometry because it very useful in
cooling systems of nuclear and chemical reactors, and electronic components.

2. Mathematical formulation
As shown in Figure 1, the problem is a two-dimensional L-shaped duct. The x-axis coincides
on the bottom (horizontal leg) of the channel while y-axis coincides on the vertical leg of the
channel. The ratio of the inner side, H, to the outer side, L, is the aspect ratio AR of the
channel. In this study, we assume that the flow is slow and steady without any energy
generating and storing and there is no viscous heat loss. In addition, we consider the
nanofluid as a continuous environment with a thermal equilibrium within base fluid and
solid particles. The effect of convection is taken to be experienced under the effect of
Boussinesq’s approximation of density. Following [15], the governing equations are;

Figure 1.
Schematic of inclined
L-shaped cavity
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@u
@x

þ @v
@y

¼ 0; (1)

u
@u
@x

þ v
@u
@y

¼ 1
rnf

� @p
@x

þ mnf
@2u
@x2

þ @2u
@y2

 !
� rbð Þnf g T � Tcð Þsinu

 !
(2)

u
@v
@x

þ v
@v
@y

¼ 1
rnf

� @p
@y

þ mnf
@2u
@x2

þ @2u
@y2

 !
� rbð Þnf g T � Tcð Þcosu

 !
(3)

u
@T
@x

þ v
@T
@y

¼ anf
@2T
@x2

þ @2T
@y2

 !
(4)

where u and v are the velocity components along the x- and y- axes respectively, T is the
fluid temperature, p is the fluid pressure, g is the gravity acceleration,rnf is the density, mnf
is the dynamic viscosity, �nf is the kinematic viscosity.

2.1 Thermo-physical properties of nanofluid
The effective density, heat capacitance thermal expansion coefficient of the nanofluid are
given as (Armaghani et al., 2017):

rnf ¼ 1� fð Þr f þ f r p; (6)

rcpð Þnf ¼ 1� fð Þ rcpð Þf þ f rcpð Þp; (7)

rbð Þnf ¼ 1� fð Þ rbð Þf þ f rbð Þp; (8)

Thermal diffusivity,anf of the nanofluid is:

anf ¼ knf
rcpð Þnf

; (9)

In equation (9), knf is the thermal conductivity of the nanofluid which for spherical
nanoparticles is:

knf
kf

¼ kp þ 2kf
� �� 2f kf � kp

� �
kp þ 2kf
� �þ f kf � kp

� � ; (10)

The effective dynamic viscosity of the nanofluid is given by:

mnf ¼
m f

1� fð Þ2:5
; (11)

The thermophysical properties of Ag and water are shown in Table I. Ag nanoparticles is
used in this work because of its very high thermal conductivity for reaching high heat
transfer for cooling devices.
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2.2 Non-dimensional forms of equations
The following dimensionless parameters introduced:

X ¼ x
L
; Y ¼ y

L
; U ¼ u

uc
; V ¼ v

uc
; P ¼ p

rnf u2c
; H ¼ T � Tcð Þ

Th � Tcð Þ ;Ri ¼
Gr

Re2
;

Gr ¼ gb f L
3 Th � Tcð Þ
y 2f

;Re ¼ r f ucL
m f

;Pr ¼ �f
af

:

into equations (1)-(5) yield the following dimensionless equations:
@U
@X

þ @V
@Y

¼ 0; (14)

U
@U
@X

þ V
@U
@Y

¼ � @P
@X

þ mnf

rnf �f

1
Re

@2U

@X2 þ
@2U

@Y2

" #
þ rbð Þnf

rnf b f
Ri H sinu ; (15)

U
@V
@X

þ V
@V
@Y

¼ � @P
@Y

þ mnf

rnf �f

1
Re

@2V
@X2 þ

@2V
@Y2

� �
þ rbð Þnf

rnf b f
Ri Hcosu ; (16)

U
@H
@X

þ V
@H
@Y

¼ 1
PrRe

anf

af

@2H
@X2 þ

@2H
@Y2

� �
; (17)

where Pr is the Prandtl number, Re is the Reynolds number, Gr is the Grashof number. The
dimensionless boundary condition for equations (14)-(17) are written as:

The boundary conditions are:
� At rigid walls: U, V = 0;
� Inlet port: U=0, V=1 andH ¼ 0;
� Outlet port: V = 0, @U=@X ¼ 0060C@H=@X ¼ 0;
� At heat source: H ¼ 1; and
� Others:H ¼ 0.

The local Nusselt number is defined as:

Nul ¼ � knf
kf

@H
@Y

� �
Y¼0

; (18)

And the average Nusselt number is defined as:

Table I.
Thermo-physical
properties of water
and Ag nanoparticles

Property Water Ag

r (kg.m�3) 997.1 10500
Cp (J.kg

�1.K�1) 4179 235
k (W.m�1.K�1) 0.613 430
B� 10�5(K�1) 21� 10-5 5.1
m � 10�4(kg.m�1.s�1) 8.9 –
a� 10�6(m2.s�1) 0.14 149
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Num ¼ 1
L0

ðB
A

NuL dX; (19)

2.3 Entropy generation expressions
The entropy generation in the flow field is caused by the non-equilibrium flow imposed by
boundary conditions. According to Chamkha et al., (2016), the dimensional local entropy
generation, can be expressed by:

Sl ¼
knf
T2
r

@T
@x

� �2

þ @T
@y

� �2
" #

þ mnf

Tr
2

@u
@x

� �2

þ @v
@y

� �2
( )

þ @u
@y

þ @v
@x

� �2
" #

;

(20)

and the non-dimensional form of above equation can be written as:

S*
L ¼ knf

kf

@H
@X

� �2

þ @H
@Y

� �2
" #

þ mnf

m f

Br
X

2
@U
@X

� �2

þ @V
@Y

� �2
" #

þ @U
@Y

þ @V
@X

� �2
( )

;

(21)

Where:

SL;c ¼ kf DTð Þ2
L2
0Tr

2
; S*

L ¼ SL
SL;c

; Tr ¼ Th þ Tc

2
; X ¼ DT

Tr
; DT ¼ Th � Tc; Br ¼ muc2

kDT

Also total entropy generation and thermal performance criteria are:

Sgen;m ¼
ð1
0

ð1
0

S*
LdXdY (22)

« ¼ Num
Sgen;m

(23)

3. Numerical solution
We used the collected grid finite volume method for the numerical solution of the governing
equations. The computational domain has been uniformly discretized using displaced
network method with the central difference scheme to discretize diffusive terms and up-
wind scheme for convective terms. The SIMPLE algorithm was followed for pressure
velocity linkage. The numerical efforts were achieved by an in house-built FORTRAN
computer code (FORTRAN 90). An iterative procedure was invoked with the following
convergence criterion:

X
j

X
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d nþ1 � d n

d nþ1 ji;j
" #2vuut

# 10�8; (24)

where d is U, V or H. Once the variables U, V and H are computed, the Nusselt number,
entropy generation and the performance criterion are calculated.
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4. Validation
4.1. With other published work
The numerical solution is achieved by computing the Nusselt number for L shaped
cavity by using in-house computer code by FORTRAN. Figure 2 exhibits the rate of
heat transfer coefficient. For the validation of the present work the result is compared
with the earlier published work of (Kasaeipoor et al., 2015) for T-shaped enclosure with
fixed value of Re (Re =100) and various values of Ri and AR. It is found that the present
result is in good agreement with the result of previous published work (Kasaeipoor
et al., 2015).

4.2. Grids sensitivity study
For code verification, the grids study is done for current work. The mean Nusselt number is
obtained for various grid size for Re = 50 and 200. Table II presents the mean Nusselt
number for different values of fixed parameters Ri = 1, AR = 0.5,u ¼ 30 and w = 0.04.
However, for computation we used a grid size of 120� 120.

Table II.
The mean Nusselt
number for Re = 50
and 200 with Ri = 1,
AR = 0.5, u ¼ 30
and f = 0.04

No. of grids 40� 40 60� 60 80� 80 100� 100 120� 120 140� 140 160� 160

Re = 50 10.953 11.134 11.228 11.285 11.331 11.331 11.331
Re = 200 14.847 13.372 12.760 12.475 12.324 12.324 12.324

Figure 2.
Comparison with
Kasaeipoor et al.,
2015 at Re = 100,
T-shaped vented
cavity
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5. Results and discussion
The present section illustrates the streamlines, isotherms, isentropic contours and mean
Nusselt number, global entropy generation for fixed values of pertinent physical parameters
like Ri, AR and X0 . In the present discussion the nanofluid volume fraction number is fixed
at f = 0.06. Here, the base fluid is water.

5.1. Inclination angle (u ) and nanoparticle volume fraction effect assessment
Figure 3 illustrates the streamlines, isotherms and isentropic contours of the nanofluid in the
L shaped enclosure for different u (u = 0, 30, 60 and 90). Figure 4 exhibits the local Nusselt
number for different values of u . The results demonstrate, in overall L shaped cavity’s
dimensional ratio increasing would raise Nusslet number. It is clear to observed that as u
increases the Nusselt number increases near the plate but the profiles decreases upto a
region X = 2.5 and then increases to meet the inadequate boundary conditions.

Figure 5 exhibits the effect of mean Nusselt number for various values of the inclination
angle u . In a particular case, for u = 0, the present result is in good agreement with that of

Figure 3.
Streamlines,

isotherms and
isentropic contours
for Ri = 1, u = 30,

AR= 0.5, X0 = 0.15
(water(—) and
[nanofluid(- - -)]

Discrete heat
source location
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earlier published results of (Armaghani et al., 2016). Further, as u increases from 0-90 the
Nusselt number decreases significantly. It is clear from the expression that the values of sin
(u ) increases within that region, therefore, mean Nusselt number decreases. It is clear to
show that increasing u leads to a rise in heat transfer. In addition, nanoparticles addition
causes to Nusselt number growing which shows we can increase nanoparticles volume
fraction percentage for cavity’s cooling.

One of the most important characteristics of the medium i.e. volumetric entropy
generation in the presence of u and nanoparticle volume fraction is to be discussed.
While discussing the effect of entropy generation following (Woods, 1975) we have
disregarded the contribution because of heat at constant pressure since the present
discussion is confined to incompressible liquid only. Figure 6 exhibits the entropy
generation for different values of u . It is observed that as nanoparticle volume fraction
increases, the entropy level also increases, whereas reverse effect is encountered as u
increases.

The effect of the inclination angle uð Þ and nanoparticles volume fraction percentage on
« (« ¼ Sm=Num) is shown in Figure 7. « shows the thermal performance and it is introduced
by Ismael et al.(Tahmasebi et al., 2018). It is clear with nanoparticles volume fraction
increasing, « reduces and it increases when l increases. Whereas, an increase in u causes
the local thermal performance to increase slightly but as the nanoparticle volume fraction
increases, the thermal performance of the nanofluid reduces.

Figure 5.
Mean Nusselt
number for various
values of inclination
angle (u )

Figure 4.
Local Nusselt number
for different
inclination angle (u )
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5.2. Effects of heat source location
In this section, we have studied the effect of X0 on the local Nusselt number, streamlines,
isotherms, isotropic contours, average Nusselt number and entropy. In this part, we consider
nanoparticle volume fraction f = 0.06, Ri = 10, Re = 200, AR= 0.8, u = 90.

Figure 8 presents the streamlines, isotherms and isotropic of a L shaped cavity for f =
0.06 and other fixed physical parameters as shown in the figure. The effect of X0 is shown
for various profiles. It is observed that the as X0 increases the intensity level also increases
for both nanofluid andwater inside the cavity.

The thermal performance of nanofluid with respect to nanoparticle volume fraction for
various values of X0 is shown in Figure 9. It is interesting to observe that the three layer
linear characteristic is remarked in the cavity and also seen that as X0 increases the thermal
performance also increases. Therefore, it is concluded that no significant effect is marked for
nanoparticle volume fraction.

Figure 10 illustrates the effect of X0 on average Nusselt number with respect to
nanoparticle volume fraction. As a result, average Nusselt number increase linearly as

Figure 7.
Effect of inclination

angle (u ) with respect
to nanoparticle

volume fraction on «

Figure 6.
Entropy generation
number for various
values of inclination

angle (u )
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nanoparticle volume fraction increases whereas reverse effect is encountered for X0 i.e.
Nusselt number reduces as X0 increases.

6. Conclusion
Mixed convection of Ag-water nanofluid in an inclined L-shaped channel is studied
numerically using the finite volume method. The results have led to the following
concluding remarks:

Figure 8.
Streamlines,
isotherms and
isotropicat Ri = 10,
Re = 200, AR= 0.8,
u = 90 [water (—)
and nanofluid (- - -)]
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� When the inclination angle increases from 0-90, the Nusselt number decreases significantly.
� Via increasing nanoparticle volume fraction, the entropy level also increases

whereas the reverse effect is encountered as the inclination angle increases.
� When the nanoparticles volume fraction increases, « reduces and it increases

when the inclination angle increases. As a result, the average Nusselt number
increases linearly as the nanoparticle volume fraction increases whereas the
reverse effect is encountered for X0, i.e. the Nusselt number reduces as X0
increases.
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