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In this research, the entropy production of the conjugate heat transfer in a porous
cavity with respect to heat source and solid wall’s locations has been studied
numerically. Three different cases of the cavity with finite walls thickness and heat
source locations are considered in the present study. For both cases one and two, the
cavity considered has a vertical finite walls thickness, while the cavity with the
horizontal finite walls thickness is considered for case three. For cases one and two,
the left sidewall of the cavity is exposed to heat source, whereas the rest of this wall
as well as the right sidewall are adiabatic. The upper and lower cavity walls are
adiabatic. For case three, the lower wall is exposed to a localized heat source, while
the rest of it is assumed adiabatic. The upper wall is cold, whereas the left and right
sidewalls are adiabatic. The flow and thermal fields properties along with the entropy
production are computed for the modified Rayleigh number (150 < Ran < 1000),
thermal conductivity ratio (1 < K, < 10), heat source length (0.2 < B £ 0.6), aspect ratio
(0.5 < AR < 2) and walls thickness (0.1 < D; £ 0.2 and 0.1 < D, £ 0.2) respectively. The
results show that, the maximum values of the entropy generated from fluid friction
develop close to the cavity wall-fluid interfacial, while the maximum values of the
entropy generated from heat transfer develop nearby the heat source region. The
average Bejan number (Beay) is higher than (0.5) for cases one and two. While for case
three, it was found to be less than (0.5). Also, the results show that as the modified
Rayleigh number, thermal conductivity ratio, heat source length and aspect ratio
increased, the fluid flow intensity in the cavity increased. While, it decreased when the
walls thickness increased. From the results, it is concluded that case three gives a
higher heat transfer enhancement. The obtained results are compared against another
published results and a good agreement is found between them.
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1. Introduction

Free convection is a fluid motion caused by buoyancy forces that results from the density
variations due to variations of temperatures in the fluid. During the past years, the analysis of the
thermal fields in the cavity filled with a fluid-saturated porous media received great interest, as it is
found in a wide range of engineering applications like solar power collectors, energy drying
processes, and pollutants dispersion. Detailed reviews of convection heat transfer applications in a
porous media are reported in the recently published books by Pop and Ingham [1], Vafai [2], Ingham
and Pop [3] and Nield and Bejan [4]. During the past years, many studies considered the free
convection in cavities filled with the porous media [5-12]. Furthermore, the analysis of the joint
conduction and free convection heat transfer in a cavity filled with a porous media received great
concern by considerable number of investigators as it is widely found in practical applications such
as buildings isolation, double-glazing windows, electronic devices cooling and cold storage
installations.

Saeid [13,14] numerically explored conjugate free convection in a vertical porous enclosure
bounded by finite walls. The authors reported that, the increment in both Rayleigh number and the
thermal conductivity ratio resulted in increasing the average Nusselt number. Al-Amiri et al., [15]
undertook numerical simulation of the steady conjugate free convection in 2D porous cavity. The
reported results suggested that, the Nusselt number was weakly correlated with aspect ratio,
whereas it was a strongly correlated with the thermal conductivity ratio (K:). Saleh and Hashim [16]
investigated the influence of wall conduction on the free convection in a square porous cavity being
internally heated at a rate directly related to the local temperature difference. It was found that, the
maximum fluid temperature increased with increasing thermal conductivity ratio and/or reducing
the wall thickness. Chamkha and Ismael [17] presented numerical simulation of the conjugate free
convection in a square porous enclosure subjected to internal heating by a solid isosceles triangular
domain located at the bottom left corner. They concluded that, the average Nusselt number and fluid
flow intensity was increased with Rayleigh number. Alhashash et al., [18] reported the conjugate heat
transfer in a square porous cavity with local heating and lateral cooling. The main objective of their
study was to determine the influence of bottom wall conduction. The authors deduced that, there
is a critical wall thickness for a high wall conductivity below which the increasing wall thickness
increases the heat transfer rate and above which the increasing wall thickness decreases the heat
transfer.

Entropy production minimization relied upon 2" law of thermodynamics which states that all
process are irreversible processes. The entropy generated in the thermal convection due to the heat
transfer and friction losses, and therefore a portion of energy is lost throughout the process because
of irreversibility [19]. Varol et al., [20] explored the entropy generated from the conjugate free
convection in cavity with vertical solid walls having various thicknesses. They reported that, high
Rayleigh numbers enhanced the heat transfer and total entropy generation rate. Kaluri and Basak
[21] presented a numerical study about the entropy generated from the free convection in porous
square cavities being discretely heated. They found that, at low Darcy and Prandtl numbers, the
entropy generated from heat transfer was dominating. In contrast, the fluid friction irreversibility
was dominating at high Prandtl and Darcy numbers. Kaluri and Basak [22] investigated the entropy
production of laminar free convection flow in porous square cavities with distributed heat sources.
The authors reported that, the entropy generated from the heat transfer irreversibility was
dominating because of the conduction at low Darcy number. While, the entropy generated from the
fluid friction irreversibility was dominating when Darcy number increased. Basak et al., [23] explored
the influence of various thermal boundary conditions on entropy production in porous cavity free
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convection flow. Five different boundary conditions were considered. It was deduced that, the
entropy production rates for uniform heating case were higher than that for non-uniform heating
cavity. Basak et al., [24] undertook numerical simulation of entropy production in free convection of
a porous media confined in a tilted square cavity. The authors reported that, maximum heat transfer
and minimum entropy production occurred for (® < 30°) cavities at high Darcy number (i.e., Da =
1073) and low Prandtl number (i.e., Pr = 0.025). Lam and Prakash [25] numerically investigated the
free convection and entropy production in a porous cavity with heat sources. The authors concluded
that, when the conduction was dominating, the entropy production in the cavity was dominated by
the heat transfer irreversibility and high Bejan number, while the entropy production was dominated
by the fluid friction irreversibility when the convection was dominant. Basak et al., [26] explored the
entropy production of conjugate free convection in a square cavity with different wall thickness. The
authors noticed that, the maximum entropy generated from the heat transfer occurred close to the
solid-fluid interfacial, while the maximum value of the entropy generated from the fluid friction
occurred in the vicinity of the walls. Zahmatkesh [27] investigated the orientation impact on natural
convection flow in an oblique porous media. The vertical walls of the cavity were subjected to
differential heating, while the horizontal ones were adiabatic. Four inclination angles were
considered m/4, 3m/4, 5n/4, and 7m/4. For all studied cases, the author observed that the
irreversibility was dominated by fluid friction effects. It was concluded that, cavities with hot top wall
and cold bottom walls achieved the best thermal performance according to first and second law of
thermodynamics. Japaret al., [28] attempted to minimize the entropy generation in Sinusoidal ribs
micro-channel by employing secondary channel geometry. To investigate the impact of cavities, ribs
and secondary geometry on entropy generation, the authors compared thermal performance of
three different designs of micro channels. Namely, rectangular ribs micro-channel heat sink,
sinusoidal cavities micro-channel heat sink and sinusoidal cavities ribs micro-channel heat sink. The
performance of this three designed were compared with the convectional design. The authors
reported that, entropy generation for all three new designed were less than the conventional one,
and hence the new designs are thermally efficient than the convectional one. The best thermal
performance was achieved by sinusoidal cavities ribs micro-channel heat sink as it produced the
minimum entropy generation. Recently, Armaghani et al., [29] numerically analyzed the entropy
generation of Cu — water nanofluid in |- shaped cavity due to MHD natural convection. The top wall
of the cavity was maintained at low temperature and a part of the lower wall was exposed to uniform
heat flux, the rest of the walls were considered adiabatic. The authors studied the influence of
Hartmann number, nanoparticle volumetric fraction, size of heat source, angle and location of
magnetic field on entropy generation. They concluded that, exerting an angle for the morganatic field
had a favorable influence on the thermal performance of the studied system. Yang et al., [30]
analytically analyzed heat transfer and entropy generation of double layer porous media inside a
tube. The tube wall was subjected to a constant heat flux. The authors investigated the influence of
different parameters (such as, Biot number, Darcy number and conductivity ratio) on heat transfer
and entropy generation. They observed that, when Biot number was small, and Darcy number of first
layer was smaller than that for second layer, the total entropy generation rate for a tube filled with
double layer was less than that for a tube filled with single layer of porous medium. Dutta et al., [31]
researched the influence of non-uniform heating on natural convection and entropy generation in a
rhombic enclosure filled with a porous medium. Both left and right walls of enclosure were preserved
at low temperature, while top and bottom walls were exposed to non-uniform, varying temperature
with unequal phase angles. The authors presented their results for a range of Rayleigh number, Darcy
number, and phase deviation angles. It was found that, heat transfer contributed significantly in
irreversibility, and location of maximum entropy strongly depended on phase angle.
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More recently, Lukose and Basak [32] used the finite element method to investigate the impact
of container shape on entropy generation of porous medium. The authors considered different nine
containers having the same area and identical heating. For all cases, only the bottom wall of the
container was subjected to cold temperature, while the rest of the walls are adiabatic. Two different
Darcy numbers were considered. It was reported that for low Darcy number, entropy generation due
to fluid friction was dominating at the container center, while for high Darcy number, it was
dominating all throughout the container. Containers having curved walls were found to be thermally
more efficient compared to other containers. AlImuhtady et al., [33] explored entropy generation of
magneto hydrodynamic convection in tilted trapezoidal cavity subjected to heating by triangular fin
and filled by variable porous medium. The working fluid was a mixture between Al;03 — Cu
nanoparticles. The authors investigated the influence of inclination angle, volumetric volume
fraction, and the variable porous media porosity (varies exponentially with the smallest distance to
the closest wall), and permeability (function of nanoparticle size). They concluded that, heat transfer
rate was inversely proportional to the inclination angle, and entropy generation due to heat transfer
was always dominant near the heated fins for all studied cases. Sheikholeslami et al., [34] attempted
to enhance heat transfer of nano-material by modifying the design of a multi helical tape tabulator.
The authors mainly investigated the influence of multi helical tape width and inlet flow velocity on
thermal characteristics of nanofluid in a tube. It was concluded that, the increment in tape width
ratio resulted an increasing entropy generation due to friction by (58.9 %). While, it was reduced by
(89.95 %) when the pumping power was augmented and the tape width ratio was 0.098.
Sheikholeslami et al., [35] numerically analyzed entropy generation and heat transfer of nanofluid
through a solar collector with twisted tapes. The results were presented for a range of turbulator (1
- 4) and Reynolds numbers (400 — 20000). The authors observed that, the usage of twisted tapes
enhanced the flow of nanofluid and enhancing heat transfer rates and increasing pressure losses. It
was also noticed that, the exergy loss was reduced due to the usage of twisted tapes and nanofluid.

According to the above extensive literature survey, the case of the conjugate free convection with
entropy production in a tilted porous cavity with finite walls and a localized heat source is not
considered yet. The primary objective of this research is to study the entropy generated from the
heat transfer and fluid friction for three different cases of tilted porous cavity depending on the
positions of the heat source and solid walls. Also, suggesting the optimum position of the heat source
and the thickness of finite solid walls to improve heat transfer and minimize entropy production.

2. Mathematical Modelling
2.1 Governing Equations and Geometrical Configuration for The Three Study Cases

The current paper considered three different cases of the cavity depending on the locations of
the heat source and solid walls. For both cases one and two, the cavity considered has a vertical finite
walls thickness, while the cavity with a horizontal finite walls thickness is considered for case three.
For both cases one and two, the left sidewall of the cavity is exposed to heat source, whereas the
rest of the wall is adiabatic. The right sidewall is cold and the other walls are adiabatic. For case three,
the lower wall is exposed to a localized heat source, while the other sections of the same wall are
adiabatic. The upper wall is cold, whereas the other walls are assumed adiabatic. The cavity is filled
with a fluid-saturated porous media. The cavities are of height (H), width (W) (i.e., AR=H/W) and
tilted at an angle (®) as presented in Figure 1(a) to Figurel(c) respectively. It was assumed that, all
thermo-physical properties of the working fluid are constant, excluding the density that follows the
Boussinesqg approximation. Another important assumption is that a local thermal equilibrium
between the porous media and the fluid is assumed.
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Fig. 1. Computational domains and coordinate system, (a) Case one, (b) Case two, (c) Case three

The non-dimensional continuity, momentum, and energy equations read [36]
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These dimensionless parameters are defined as:
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2.2 Boundary Conditions

(A) Cases one and two:

The non-dimensional boundary conditions for cases one and two read:

(1)

(2)

(3)

(4)

i.  Theright tilted sidewall is preserved at a constant cold temperature.

at X =1 and 0<Y <16, =0,¥=0

(5)
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ii.  For case one, the heat source is localized at the bottom section of the left tilted sidewall of
the cavity, whereas the remaining part is considered adiabatic.

" 0
at X =0 and 0<Y <Bgq =—2=-1,¥=0
475 (6)
at X =0andB<Y <1, %=0,1P:0 (7)
X

iii.  Forcase two, the heat source is localized at the upper portion of the left tilted sidewall of the
cavity, whereas the remaining part is assumed adiabatic.

065

for X =0 and0<Y <(E-0.5B), =0, ¥ =0 (8)
" 895
for X =0 and (E-05B)<Y <1, q =W=—1,l11=0 (9)

iv.  Lower and upper walls of the cavity are considered adiabatic.

0<X<D
at Y =0,1 and 1 , %20, ¥Y=0 (10)
(1—D2) <X<1l| oY
69f
atyY :0,1 and D1SXS(1-D2) , W:O’ ¥Y=0 (11)

v. At theinterface lines, the following boundary condition is used

26
65 =0 , —1-=Kyp S5 forX=Dy, X=1-D, and 0<Y <1 (12)

1 2
(B) Case three:

The non-dimensional boundary conditions for this case read
i.  The upper wallis preserved at a constant cold temperature.

at Y =1 and 0=X Slé’s =0, ¥ =0 (13)

ii.  The heat source locates at the right section of the lower wall.

at ¥ =0and (E-05B)<Xx<1, q":%:—lﬁho (14)
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iii.  The other parts of the lower wall are assumed adiabatic.
= o6 _
at ¥ =0 ang 0<X <(E -058B) 875:0,‘1’—0 1s)

iv.  Left and right tilted sidewalls are adiabatic, i.e.,

at X =0,1 and 0=¥=<D , %zo, ¥Y=0 (16)
(1-Dy)<Y<1 oX
aef
at X :0,1 anleﬁYS(l-Dz) , WZO,\PZO (17)

v. At theinterface lines, the following boundary condition is used

0. —o. % 00s 0<X <1
s =6 aT:KraTatY :Dl'Y :l—D2 and 0<X < (18)

2.3 Local and average Nusselt numbers

The local and average Nusselt numbers of the fluid for both cases one and two can be written as

00 L
Nug = (—W)x =D, 1-D, Nu, ZJ-ONdeY (19)

The local and average Nusselt numbers of the solid wall for case one can be written as

1 1 8B
Nug =| — ,  Nug = [ NugdY (20)
Oy X -0 B o

The local and average Nusselt numbers of the solid wall for case two can be written as

1 1t
Nug :[] , Nug = — NugdY (21)
s o B JE-05B

While, for case three, the local and average Nusselt numbers of the fluid phase at the interface
regions can be written as

Nu; =( %% N }N dX
ug = (- _ us =[Nu
f oy )Y_Dl,l—Dz , f : f (21)

And the local and average Nusselt numbers of the solid wall for case three can be written as
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N —1 Nu 1 r NucdX
u — , = 23
S O ), o S gJe-osg S (23)

2.4 Entropy Generation
2.4.1 Entropy generated from the heat transfer

The non-dimensional local entropy generated from the heat transfer in the solid and fluid phases
read [36]:

2 2
. 06 00
SGK{( j(” (29)
oX oY
2 2
y [(fj (fj } 25)
oX oY

The local entropy generated from the heat transfer is obtained by adding both the local entropy
generated from heat transfer in the solid wall and fluid phases.

Sg =S, +S, (26)
2.4.2 Entropy generated from the fluid friction

The local entropy generated from fluid friction irreversibility in the fluid phase is defined as [20]:

S ={4[ o j } (27)
oX .0Y

Where, (SII,) is the local entropy generated from fluid friction in the fluid phase and (¢) is called

irreversibility distribution ratio that is defined by Basak et al.,[26]

2
;
g1 (%j (28)
ke \w(aT)

In the present work, (Sf{,) is calculated by using Eq. (27) and (¢= 103) [21,28].

2.4.3 Total entropy generation and the average Bejan number

The total entropy generation (Stot ) is obtained by adding the local entropy generated from the
heat transfer to that generated from fluid friction:
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f
Stet =S¢ +Sy (29)

The global total entropy generated from heat transfer and fluid friction is calculated by the
integration of local entropy production rates (s 9) and (S\f{,) over the domain Q..

Sotot = J.Q Spd 2 (30)

f
Sytot = IQS wd Q (31)
The global total entropy generation reads
Stot,.0 =Sot0t TS wtot (32)

While, the average Bejan number (Be,, ) reads [36]

S49,tot
Beav = (33)
Stot ,Q

3. Discussion of Results
3.1 Numerical Solution, Mesh Dependence Study and Method Validation

The numerical solution was performed based on the Finite Difference Method (FDM) [37] and by
using an in-house personal code, completely developed by the authors. Uniform mesh distributions
are utilized for the entire cavity. The influence of grid size resolution is tested to adopt the proper
grid size as shown in Figure 2. The grid size varies from (40 x 40) to (200 x 200) and the number of
grids that is adopted in the present work is (140 x 140). To validate the mathematical model used in
the current study, our results are compared against the results reported by Saeid [14] for streamline
and isotherm contours at [P = 0°, Ran=1000, K= 1 and D1= D,= 0.2]. Also, another comparison is
obtained for the entropy generated from the fluid friction and heat transfer between the present
study results and Zahmatkesh [27] at [P = 45°, Ram= 100 and R4= 4]. Both comparisons resulted in a
very good agreement as presented in Figure 3 and Figure 4.
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Fig. 2. Nu; and Nu, against number of grid points at [ ® = 30°, Ram= 1000, K.= 1, B= 0.2, AR=1
and D;= D,=0.1]
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Zahmatkesh [27]
Fig. 4. Comparison of entropy generated from fluid friction
and heat transfer between the current study and Zahmatkesh
[27] at [P = 45°, Ran= 100 and Rq = 4]

3.2 Case One
3.2.1 Streamlines, isotherms, and entropy production results

Figure 5 displays streamlines contours (¥ ), isotherms contours (6) and local entropy generated

from fluid friction (S ) and heat transfer (S, ) for different modified-Rayleigh numbers and for [® =

30° Kr=1,B=0.2,E=0.1, AR=1 and D; = D; = 0.1]. It was noted that, whereas the (Ranm) increases
from (Ram=150) to (Ram = 500), the maximum absolute value of the stream function rises from [|‘I’|

omax=1.27] to [|‘l’| “max = 2.88]. This is caused by the increment in the flow circulation strength when

the modified-Rayleigh number increased. In fact, for high value of (Ram), the effect of both the
buoyancy force and free convection in the porous media tend to be very strong which leads to an
increment in the stream function values. With regards to isotherms, it is clear that whenever the
modified-Rayleigh number is relatively low [Ram = 150], the isotherms are in general have a regular
shape. This is mainly because of weak influence of the convection as the conduction heat transfer is
dominating. However, for relatively high values of modified-Rayleigh number [Ram=1000], the
isotherms shape is clearly changed, and the convection is dominant.

In regards to the behavior of entropy generated from fluid friction and heat transfer, it was noted
that as the modified-Rayleigh number increases from [Ram = 150] to [Ram = 500], the maximum values

of entropy generated from fluid friction increase respectively from [Sy , max=0.0542] to [Sy
max=0.331] at the lower section of the left sidewall on the solid wall- fluid interface region. Similar,

but with a slight increase in values of (S ) is noticed near the other walls. Again, it may be observed
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that the effect of (Ram) is very weak on (S ) contours in the center of the cavity. This is due to the

minor influence of the friction between the fluid and the walls, as a result the values of ( Sy ) at this

region are reduced. For the entropy generated from heat transfer contours, it was noted that the
position of the heat source in the lower section of the left sidewall plays an important role in
accumulating (S, ) contours at this zone. This is caused by the high heat transfer at this region which
tends to enhance the values of (S, ) at this location. For regions that located far from the heat source
location, the effect of (S, ) becomes insignificant due to the weak influence of the heat source which
leads to diminish the effect (S, ). Also, insignificant effect of (S,) is observed with the fluid phase
and the right sidewall as a result of the low value of temperature gradient.

The flow, thermal fields and the local entropy generated from fluid friction and heat transfer are
represented in Figure 6respectively for various values of the aspect ratio and for [® = 30°, K- =1, Ranm
=1000, E=0.1, B=0.2 and D1 = D>=0.1]. It was noted that, as the aspect ratio is increased from [AR
=0.5] as shown in Figure 6(a) or when the cavity has a rectangular or a slender shape [i.e., AR < 1] to
a shallow one [i.e., AR > 1] as presented in Figure 6(b), the flow circulation increases from [|‘P| ‘max =

2.31] for [AR = 0.5] to [|¥| ,max = 6.26] for [AR = 2]. In fact, for relatively small aspect ratio [AR = 0.5],

the cavity becomes small and consequently the flow circulation region is reduced. While, for higher
values of aspect ratio [AR =2], the cavity size increases which causes to enlarge the region of the flow
circulation inside the cavity. Thus, it may be deduced that influence of aspect ratio becomes
significant and strong for relatively high values of aspect ratio. So, due to the above reasons, the
values of the stream function increase as the aspect ratio increases. With regards to isotherms, it was
observed from Figure 6(a)and Figure 6(b)that the isotherm lines become more curved especially at
the heat source position when the aspect ratio increases. This indicates a strong thermal field
especially at the heat source position. Thus, it is deduced that as the value of aspect ratio increased,
the convection effect increased also.

With respect to the entropy generated from fluid friction and heat transfer, it was noticed that

the values of (Sy ) increase as the aspect ratio increases especially at the lower section of the left
sidewall where the heat source is placed. The values of (S ) increase from [0.228] when [AR = 0.5]

to [1.482] when [AR = 2]. This result points out that, (Sy ) increases as the aspect ratio increases.
Therefore, one can observe a clear increase in the buoyancy and the free convection effects when
the aspect ratio increases. This increasing leads to increase the friction phenomena between the flow

vortices and the cavity walls and as a result the values of (Sy ) increases. Also, it is clear that the

contours of (Sy ) enlarge close to the parallel verticals walls. Moreover, it may be noticed that (S,)
contours are highly agglomerated closed to the heat source position. This is a direct result of the high
temperature gradient at this location which increases the values of (S, ). In addition, it is clear from
Figure 6(a)and Figure 6(b)that the influence of (Sy ) and (S, ) is absent in the center of the cavity.

This indicates that, this region is still maintained at the state of the equilibrium. While, the cavity
walls and the region of the heat source exhibit a high irreversibility and a state of the non- equilibrium
phenomena is dominating.
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° X X
mf = 0.19358, Nu, = 3.65877
(a) Ram =150

X X
N_uf =0.19519, Nu, = 5.05051
(b) Ram =500
Fig. 5. Streamlines contours (w ), isotherms contours
(#) and local entropy generated from fluid friction

(Sy ) and heat transfer (S, ) for various values of (Ram)
and for [B=0.2,D;=D,=0.1,K, =1, AR=1,d=30°, E=
0.1]
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() and local entropy generated from fluid friction

(Sy ) and heat transfer (S,) for various aspect ratio

and [B=0.2,D:=D,=0.1, K, =1, Ran=1000, ® = 30°, E =
0.1]

129



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 84, Issue 2 (2021) 116-151

Figure 7 illustrates streamlines contours (¥ ), isotherms contours (¢) and local entropy

generated from fluid friction (S ) and heat transfer (S, ) for various values of walls thickness and

[® =30° AR =1, Ram = 1000, E = 0.1, B = 0.2 and K, = 1]. The conduction was dominating with
increasing walls thickness. From these figures, it may be noticed that the intensity of the fluid flow is
reduced with higher walls thickness because of the reduction in the convection heat transfer.Note
that, [|\1J| “max = 3.89 and 3.49] for cases [D1 = D= 0.15 and 0.2] respectively. From these figures, it

was noted that, the core of the vortices starts to shrinkage as the non-dimensional walls thickness is
increased. This is a direct result of the domination of the conduction with the increase of the solid
walls thickness. From the above, it may be concluded that, the fluid circulation intensity is much
higher for a thin solid wall. For the isotherms contours, it was observed that when the thickness of
walls is increased, the isotherms pattern becomes more regular. This indicates that the influence of
conduction heat transfer becomes more significant. Furthermore, the isotherms pattern indicates
that the heat is transferred from the left sidewall where the heat source exists to the cold right
sidewall due to the temperature difference, which satisfies the assigned boundary conditions.
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Fig. 7. Streamlines contours (v ), isotherms contours (¢) and local
entropy generated from fluid friction (Sy ) and heat transfer

(S,) for various non-dimensional walls thickness and [B= 0.2,
AR=1, K; =1, Ra,,=1000, ® = 30°, E = 0.1]

With respect to the entropy generated from fluid friction and heat transfer, it was noticed that
with increasing walls thickness, the convection and the fluid vortices decrease and due to this
decreasing, the friction between the fluid vortices and the walls is weakened. This results in

decreasing (S ) as walls thickness increases. From these figures, it can be seen that, at the left wall-
fluid interface, the maximum magnitude of (S ) equals to [1.18] and [1.07] for cases [D1 =D,=0.15

and 0.2] respectively. Another active region of (S ) are at the bottom and right walls, but with lower
values when compared with the left wall-fluid interface. Weak effect of the friction is noted at the

upper part of the cavity because of lower velocity gradients. Also, insignificant effect of (Sy ) is

noticed at the cavity center for all values of walls thickness due to slight effect of friction between
the fluid molecules. It was noticed also that, as the wall thickness increases, the entropy generated
from heat transfer becomes more uniform in the lower part of the left sidewall where the heat source
locates. Insignificant effect of (S, ) was observed with the other regions of the cavity due to the low
thermal gradients.

131



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 84, Issue 2 (2021) 116-151

3.2.2 Local Nusselt number results

The local Nusselt number contours along the heat source (Nus) and with the fluid phase (Nus) are
displayed in Figure 8 for different values of (Ram) and [B=0.2, E=0.1, K,=1, D1=D2=0.1, AR=1and ®
= 30°]. As expected, the values of both (Nus) and (Nus) increase as (Ram) increases. This is caused by
the influence of the buoyancy force and the free convection which are magnified due to the
increment in (Ram) values from [Ram =150] to [Ram =500]. Thus, it may be deduced that the heat
transfer rates from the heat source and the fluid inside the cavity are increased when the (Ram)
increased. Figure 8 shows also that, the (Nus) at the lower part of the left sidewall is directly
proportional to (Ram). Whereas, a completely opposite behavior is noticed at the other parts of the
left sidewall. This is because of the increment in the convection heat transfer that clearly enhanced
the rates of heat transfer.
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Fig. 8. Profiles of (Nus) and (Nus) for various values of (Ran) and [B= 0.2, AR= 1, ®=30°,

Kr: 1, D1: Dzz 0.1 and E= 01]

Figure 9 illustrates the profiles of (Nus) and (Nug¢) for various aspect ratios (AR) and for [B=0.2, E=
0.1, Ram = 1000, Ky = 1, D1= D2 = 0.1 and ® = 30°]. It may be noticed that, when the value of aspect
ratio increased form [AR = 0.5] to [AR= 2], the (Nus) values increase at the first part of the heat source;
while a reverse behavior is observed at the other part. For the behavior of (Nug), it can be noted that,
itis directly proportional to the aspect ratio. This is caused by the enhancement of the flow circulation
intensity inside the cavity when the aspect ratio increased which consequentially resulted in
enhancing the convection and as a result, the (Nus) values increased. Figure 10 shows (Nus) and (Nus)
profiles for different non-dimensional wall thickness and for [B=0.2, E =0.1, Ram = 1000, K; =1, AR=1
and @ = 30°]. It was noted that, as the dimensionless wall thickness increases from [D1= D= 0.15] to
[D1= D,=0.2], the (Nus) begins to decrease. This is because of the significant impact of the conduction
heat transfer when values of walls thickness increase which results in decreasing (Nus) values. With
respect to the profiles of (Nug), it can be seen that, they decrease again at the lower section of the
left sidewall as values of walls thickness increase. Whereas, an opposite behavior is evident at the
middle region of the left sidewall. The main reason of the latter behavior is the increment in the
temperature difference between the cold wall and the interface temperature, which leads to
decrease (Nus) values at the middle region of this wall.
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Fig. 10. Profiles of (Nus) and (Nus) for various values of walls thickness and for [B=0.2, AR=1, ® =
30°, K=1, Ram= 1000 and E = 0.1]

3.2.3 Average Nusselt number results

The results suggest that, (mf) increases when (Ram and AR) increase, while a reverse behavior
of it is observed when the walls thickness increases. For the behavior of the (Nu), it may be observed
that it is directly proportional to (Ram), while a reverse behavior of it can be seen with increasing (AR
and (D1 and D3y)).

3.2.4 Average Bejan number results

Figure 11 presents the connection between the average Bejan number (Beay) and the modified
Rayleigh number (Ram) for various values of the wall thickness. The average Bejan number denotes
the dominance of the fluid friction or thermal irreversibility on the total entropy production. When
(Beay > 0.5), the entropy generated from heat transfer is dominant, while when (Beav< 0.5), the
entropy generated from fluid friction is dominant. The results indicate that, the average Bejan
number is in an inverse proportionto (Ram). This is connected with the definition of (Beay) which is
known as ratio of the entropy generated from the heat transfer to the total entropy production. From
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this definition, it can be noticed that when (Ram) increases, the fluid intensity increases which leads
to increase the total entropy production. This due to that the (Beay) decreases. The results show that,
(Beay) increases when (D1) and (D) increase. The entropy generated from the heat transfer is
dominating in this case. This can be seen from the minimum value of (Beay) which is greater than (0.5)
as shown fromFigure 11.
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Fig. 11. Average Bejan number (Be.y) versus (Ram) for various values of walls
thickness (D1 and D;) and [B=0.2, AR=1, ® =30°, K, =1, Ram= 1000 and E=
0.1]

3.3 Case Two
3.3.1 Streamlines, isotherms and entropy production results

Figure 12 displays streamlines contours (), isotherms contours (¢) and local entropy generated

from fluid friction (S ) and heat transfer (S,) for different modified-Rayleigh numbers and for [® =

30°% K=1,B=0.2,E=0.9, AR=1and D1=D;=0.1]. It is clear that, as (Ram) values increase from [Ram
= 150] to [Ram = 1000], the convection heat transfer in porous media and the strength of the fluid
vortices are also increased. This can be seen from the maximum absolute values of the stream
function which increase from [|‘P| max = 1.30] at [Ram=150] to [|‘I’| ‘max = 3.24] at [Ran=1000]. The

effect of both the buoyancy force and the free convection in the porous media become very strong
for high value of (Ram) which results in increasing the stream function values.With respect to
isotherms, it is observed from Figure 12 that, when (Ram) is low [Ram=150], the isotherms are
generally uniform. This is because of the significant influence of the conduction heat transfer. While
for [Ram=1000], the convection inside the cavity is dominating, and the shape of the isotherms is
obviously modified. The isotherms shape is changed from semi-curved pattern to the non- uniform
curved pattern in the porous media. Also, isotherms distribution is almost uniform in the upper
section of the left sidewall where the heat source locates for all the considered values of (Ram).
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With respect to the local entropy generated from fluid friction and heat transfer, it may be
noticed that as (Ram) values increase from [Ram = 150] to [Ram = 1000], a significant effect of the
friction between the fluid flow and the walls was observed. This may be noticed from the maximum
values of (S ) which increase respectively from [Sy max= 0.0839] to [Sy max = 1.18] at the upper
section of the left sidewall on the solid wall-fluid interfacial. Again, it can be seen an insignificant

effect of (S ) in the center and the lower section of the cavity. This is caused by the weak effect of

the friction between the fluid and the walls which resulted in reducing ( S ) at these regions. For the

entropy generated from the heat transfer, it may be noticed that these contours are accumulated at
the upper section of the left sidewall where the heat source is positioned. This is because of the high
heat transfer at this region which results an increasing ( S, ) at this location. For flow regions far from

the heat source location especially within the porous media, the influence of (S,) becomes

insignificant due to the weak effect of the heat source.
Figure 13 illustrates streamlines contours (w ), isotherms contours (¢) and local entropy

generated from fluid friction (Sy ) and heat transfer (S, ) for different heat source lengths and [® =
30°, Kr=1, Ram = 1000, AR =1 and D1 = D2 = 0.1]. For all values of the heat source length, the intensity
of the fluid flow increases when the heat source length increases. This may be noticed from the
maximum magnitudes of the stream function that increased from [ |‘P| max = 4.4] for [B=0.4] to [ |‘P|
max = 5.35] for [B = 0.6]. So, it may be concluded that the convection mode of the porous media is
enhanced with the increase in the heat source length. It is also noticed that, the distribution of the
isotherms is a strong function of the heat source length. It should be noted that, a big portion of the
heat transfer from the heat source on the upper section of the left sidewall is transferred to the right
cold sidewall due to the high temperature difference.

With respect to the behavior of the local entropy generated from fluid friction and heat transfer,
Figure 13 shows that as the heat source length increases, the entropy generated from fluid friction
becomes more pronounced especially at the interface regions. This is can be observed from the

values of (Sy ) at the left wall-fluid interface region which increase from [Sy max.= 2.170] for [B =

0.4] to [ Sy ,max. = 3.109] for [B = 0.6]. This means that, the friction increases between the cavity walls
and the fluid vortices at this region as heat source length increases. While, a weak effect of the
friction between the wall and fluid vortices is noticed at the lower horizontal wall. Also, the effect of
(S ) becomes slight at the central area of the cavity due to the low friction between the molecules

of the fluid at this region. Figure 13 also shows that, the entropy generated from the heat transfer is
a strong function of the heat source length. This can be seen from the distribution of (S, ) close to

the heat source location with the increase of the heat source length. While, a weak effect of (S,) is
observed in the other regions of the cavity.
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Figure 14 presents streamlines contours (v ), isotherms contours (¢ ) and local entropy generated

from fluid friction (S ) and heat transfer (S, ) for various values of walls thickness and [® = 30°, AR

=1, Ram =1000, E = 0.9, B=0.2 and K = 1]. It was noticed that, at high values of walls thickness, the
fluid vortices are low because of the convection reduction. In this case, where the wall thickness is
increased the conduction is dominating. Note that, the maximum absolute values of the stream

function decrease from [|¥| max = 2.99] for [D1= Dz = 0.15] to [|¥| max = 2.81] for [D1= D, = 0.2]
respectively. From the other hand, due to the significant effect of the conduction when the
dimensionless walls thickness increases, it can be noticed that the isotherm contours become more
uniform. With respect to the local entropy generated from fluid friction and heat transfer, it was
noted that the effect of (S ) is dominant close to the cavity walls except the lower section and the
central area of the cavity due to the low velocity gradient. Note that, at the left wall-fluid interfacial,

the maximum magnitude of (Sy ) equals to [1.05] and [0.934] for cases [D1 = D, = 0.15 and 0.2]

respectively.The right sidewall and the top horizontal wall also represent another active zone of (S

), but with lower values when compared with that at the left wall-fluid interface region. In regards to
the entropy generated from heat transfer; it is observed that they are accumulated at the upper left
corner of the cavity where the heat source is positioned due to the high temperature gradient at this
region.
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Fig. 14. Streamlines contours (w ), isotherms contours (¢) and

local entropy generated from fluid friction (S ) and heat transfer
(S, ) for various dimensionless walls thickness and [B= 0.2, K, =1,
Ram =1000, AR=1,® =30°, E=0.9]

3.3.2 Local Nusselt number results

The contours of (Nus) and (Nus) for various values of (Ram) and [B=0.2, E=0.9, K=1, D1=D; =0.1,
AR=1 and @® = 30°] are shown in Figure 15. From this figure, it may be noticed that, both (Nus) and
(Nus) are increased as (Ram) increases. This is due to the enhanced convection and the buoyancy force
in the porous cavity. With respect to behavior of (Nus), it can be observed that when (Ram) increases
from [150] to [1000], the (Nu¢) values increase at the upper part of the left sidewall (i.e., at the heat
source location). Whereas, an opposite behavior is noticed at the other parts of the left sidewall. This
is due to the increase in the intensity of the convection currents which caused a clear change in the
heat transfer. The influence of the heat source length on (Nus) and (Nus) profiles are illustrated in
Figure 16 when [ K; = 1, Ram = 1000, D1= D2 = 0.1, AR =1 and ® = 30°]. It is clear that, (Nus) is in an
inverse proportion to the heat source length for the same reason explained previously in case (1).
With respect to (Nus) profiles, from Figure 16, it could be deduced that it is directly proportional to
the heat source length. This can be seen from the behavior of (Nuf) which was increased at the heat
source location and then begins to decrease far away from it. Figure 17 shows the (Nus) and (Nus) for
different values of the dimensionless walls thickness and for [B=0.2, E=0.9, Ram =1000, K, =1, AR=1
and © = 30°]. It was noticed that, as the dimensionless wall thickness increases, the (Nus) profiles
decrease. Since, the conductive walls become thicker and lead to reduce (Nus) values. From the
opposite side, it can be seen from this figure, that the (Nu) near the middle section of the left

139



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 84, Issue 2 (2021) 116-151

X 4

sidewall, increases as the dimensionless walls thickness increase. Whereas, an opposite behavior is
observed at the upper portions of the left sidewall. Since, the temperature differences between the
interfacial and the cold boundary was reduced, as the dimensionless walls thickness increased, which

reduces (Nuf) at the upper portions of the left sidewall.

7 1
Ray, Ra,,
——&—— Ra,=1000 1 Ra,=1000
6 - ——&—— Ra, =500 0.8 Ra, =500

- - -O--- Ray,=150

Ra, =150

0.75 0.8 0.85 0.9 0.95 1 ] 0.2 0.4 0.6

NUS NUI’

Fig. 15. (Nus) and (Nus) contours for various values of (Ran) and for [B= 0.2, AR=

1, ®=30° K= 1, D;= D,= 0.1 and E=0.9]
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3.3.3 Average Nusselt number results

The results show that, (Nu;) increases with increasing (Ram and AR), while it decreases when (B
and (D1 and D3)) increase. In regards to the behavior of (mf), it was noticed that it increases when
(Ram and B) increase, whereas an opposite behavior of (mf) is observed when the walls thickness
increases.

3.3.4 Average Bejan number results

The relation between the average Bejan number (Baa) and (Ram) for various values of the
considered parameters for case (2) is presented in Figure 18. The results indicated that, as (Ram)
increases, the (Baay) decreases for the entire range of considered values of the heat source length. It
was also noted, that the (Baay) increases when (B) increases. In this case, the entropy generated from
heat transfer was dominant. This can be seen from the minimum value of (Baay) which is greater than
(0.5) as shown from Figure 18.
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Fig. 18. Be,, versus (Ram) for various values of B and [K.= 1, AR=1, $=30°,
D1:D2:O.1, E:0.9]

3.4 Case Three
3.4.1 Streamlines, isotherms, and entropy generation results

Figure 19 displays streamlines contours (v ), isotherms contours (¢) and local entropy generated

from fluid friction (S ) and heat transfer (S, ) for different (Ram) and [®=30°, Ki=1, B=0.2, E=0.9,

AR=1 and D1=D;=0.1]. As presented in Figure 19(a) for [Ram=150], the conduction heat transfer was
dominating, but when (Ram) increases to [1000] the intensity of the fluid flow increases also. This
may be noticed from the maximum value of the stream function that increases from [ v max=1.45] at
[Ram=150] to [w¥ ,max = 4.03] at [Ram=1000]. This means that, the convectionis enhanced for higher
values of the modified-Rayleigh number [Ram=1000]. In regards to isothermes, it is clear from Figure
19 that for low (Ram) [Ram=150], the isotherms are in general have a uniform shape. But when (Ram)
is high [Ranm=1000], a distinct change in the isotherms shape is observed. This indicates that for low
values of modified-Rayleigh number [Ram=150], conduction heat transfer is dominant, while for high
(Ram) [i.e., Ram=1000], the convection is dominating. For the local entropy generated from fluid
friction and heat transfer, it was noted that by increasing (Ram) from [Ram=150] to [Ram=1000], the
fluid circulation strength becomes stronger and due to this phenomenon, the friction between the
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fluid's molecules and the walls increases also. Therefore, the maximum values of (S ) increase
respectively from [Sy max=0.125] to [ Sy ,max=1.63] at the lower section of the cavity. The other active
zone of (S ) are also observed close to the middle section of the right sidewall and upper horizontal

wall. Also, it can be noted that the effect of (Ram) on (S ) is weak at the left sidewall and the central
area of the cavity. For (S, ) contours, it may be noticed that, it is accumulated at the lower right
corner of the cavity where the heat source locates. This is caused by the high temperature gradient

at this region of the cavity which leads to high rates of heat transfer and consequently entropy
generation. Also, weak effect of ( S, ) with the fluid phase and the top horizontal wall is observed due

to the low temperature gradient. Figure 20 lllustrates streamlines contours (v ), isotherms contours

(o) and local entropy generated from fluid friction (S ) and heat transfer (S, ) for various (K) and
[®=30°, AR=1, Ram= 1000, E= 0.9, B= 0.2 and D1 = D2 = 0.1]. It was noticed that, with increasing (K:),
the resistance of the solid walls reduces and then the convection impact in the fluid becomes
stronger. Thus, the values of the stream function increase from [ ¥ max= 8.23] for [Kr=5]to [¥ max =
10.95] for [K; = 10] respectively. Therefore, it may be deduced that the free convection increases as
(Kr) values increase. With respect to isotherms, it was noticed that as values of (K;) increase from [K;
= 5] to [Kr = 10], the isotherms distribution is adjacent to the lower (heated part) and upper (cold
part) right interface regions between the fluid and the walls. This is caused by the increment of the
temperature gradient which is resulted from the increase of (K;).For the behavior of both the local
entropy generated from fluid friction and heat transfer, it was noticed that when (K;) increases, the

values of (S ) increases especially at the interface regions between the fluid and the walls due to

same reasons explained above. Also, the right sidewall represents an active place of (Sy ), but with
slow increasing values as (K) increases. From Figure 20, it can be observed also that, the effect of (

S ) is weak at the central area of the cavity and the left sidewall for all values of (K:) because of low
fluid friction at these regions. With respect to (S, ), it can be noted that they are accumulated close

to the interface regions between the fluid and the cavity walls for all values of (K:). This is caused by
high temperature gradient that resulted in magnifying the heat transfer rate, and consequently the
values of (S, ) are increased.
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and local entropy generated from fluid friction (S ) and

heat transfer (S, ) for various values of (K;) and [B= 0.2, D,
=D,=0.1, Ran=1000, AR=1, ® =30°, E=0.9]

144



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 84, Issue 2 (2021) 116-151

Figure 21 illustrates streamlines contours (v ), isotherms contours (¢) and the local entropy

generated from fluid friction (S ) and heat transfer (S, ) for various values of walls thickness and

[® =30° AR =1, Ram = 1000, E = 0.9, B =0.2 and K, = 1]. The flow circulation intensity for thin solid
walls is considerably high. This is noticed from the reduction of the maximum values of the stream
function from [+ = 4.03] for [D1 = D2 = 0.15] to [w = 3.39] for [D1 = D, = 0.2]. This demonstrates that,
the conduction is dominating for high walls thickness. For isotherm contours, it may be observed
that, they are agglomerated vicinity of the heat source position and turn out to be smoother as the
dimensionless walls thickness increases for the same reason that mentioned above. With respect to
the local entropy generated from fluid friction and heat transfer, it may be noticed that when the

walls thickness is increased, the effect of (S ) is decreased due to lower flow circulation intensity.
This is observed from the maximum values of (S ) that is decreased from [1.305] for [D1 = D, = 0.15]

to [1.12] for [D1 = D2 = 0.2] at the lower wall- fluid interface. Another active places of (Sy ) are at the
right sidewall and top horizontal wall but with lower values when compared with that at the lower
wall- fluid interface. While, a negligible effect of fluid friction can be noticed in the left sidewall. For
the behavior of the entropy generated from heat transfer, since the conduction is dominating as the
wall thickness is increased, the (S, ) contours become smoother at the end of the lower wall where
the heat source is placed.
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0 02 @ 04
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Fig. 21. Streamlines contours (v ), isotherms contours (4)

and local entropy generated from fluid friction (Sy ) and
heat transfer (S,) for various dimensionless walls
thickness and [B=0.2, K, =1, Ra, = 1000, AR=1, & =30°, E
=0.9]

3.4.2 Local Nusselt number

The profiles of (Nus) and (Nu¢) for various values of (Ram) and [B = 0.2, E= 0.9, K=1, D1=D; = 0.1,
AR=1 and @ = 30°] are displayed in Figure 22. The convection becomes more pronounced as (Ram)
increases from [150] to [1000] due to the enhanced the buoyancy force over the viscous force. For
this reason, both (Nus) and (Nus) profiles are increased also. For the behavior of (Nus) profiles, it may
be observed that they increase with (Ram) at the heat source location, while a reverse behavior can
be observed at mid region of bottom horizontal wall. Figure 23 presents the variation of (Nus) and
(Nus) for various thermal conductivity ratios (K;) and [B =0.2, E= 0.9, Ram = 1000, D1=D,=0.1, AR=1
and @ = 30°]. The results show that, the profiles of (Nus) decrease as (K:) increases, while (Nus)
increases as (K:) increases. Figure 24 shows the (Nus) (left) and (Nus) (right) for different values of the
dimensionless walls thickness and [B = 0.2, E= 0.9, Ran, = 1000, K: = 1, AR=1 and ® = 30°]. As shown
in this figure that, the (Nus) decreases with increasing walls thickness. Since, the conduction begins
dominant as the walls thickness increases. With respect to the profile of (Nus), it can be seen that, it
decreases at the end portion of the lower horizontal wall when values of walls thickness increase.
Whereas, an opposite behavior of (Nus) profiles is noticed at the other parts of the same wall.
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3.4.3 Average Nusselt number results

In regards to the average Nusselt number behaviour along the heat source, it may be observed
that it increases with increasing (Ram), while it decreases when (K, D1 and D3) increase.

For the behavior of (mf), it can be seen that it increases when (Ram) and (K;) increase, while a
reverse behavior of (mf) is observed when (D1) and (D3) increase.

3.4.4 Average Bejan number results

Figure 25 and Figure 26 present the profiles of the average (Beay) versus (Ram) for various values
of the considered parameters for case (3). The results indicate that, the values of (Beay) are decreased
as (Ram) is increased from [Ram= 150] to [Ram = 1000]. This is due to increase the intensity of the fluid
circulations. For lower value of (Ram) (i.e., Ram = 150), the entropy generated from heat transfer is
dominating, while the entropy generated from fluid friction begins to dominate with the increase of
(Ram). From these figures, it was noticed that (Beay) is decreased with increasing (K- and (D1 and D3)).
For this case, the entropy generated from fluid friction is dominating, this may be noticed from the
values of (Beav) which are lower than (0.5) for [Ram = 1000].
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Fig. 25. Average Bejan number (Be.y) versus (Ram) for different values of
(K;) and [B=0.2, AR=1, ®=30°, Ran,= 1000, D;= D,= 0.1 and E= 0.9]
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4. Conclusions

The present work deals with the numerical simulation of the entropy production of the conjugate
natural convection in a tilted porous cavity with respect to heat source and solid wall’s locations. It
was found that, the strength of the fluid flow and the convection heat transfer are directly
proportional to (Ram), (K:), (B) and (AR). While, they are inversely proportional to cavity walls
thickness. For all considered cases, the isotherm lines tend to be more curved as (Ran), (K), (B) and
(AR) increased. While, an opposed behavior is noted when the walls thickness increased. Both the
average and local Nusselt numbers of the fluid increase, when (K;) and (B) increase, while, an opposite
behavior is found with respect to the local and average Nusselt numbers along the heat source. This
behavior was observed for all considered cases. Also, the local and average Nusselt numbers of the
fluid and along the heat source are directly proportional to (Ran). From the other hand, the local
Nusselt number of the fluid phase near the middle section of wall is directly proportional to the
dimensionless walls thickness. Whereas, an opposite behavior of it was noticed at the heat source
location. This behavior was observed also for all considered cases. The maximum values of the
entropy generated from fluid friction are located close to the cavity wall-fluid interfacial, while the
maximum values of the entropy generated from the heat transfer occur near the heat source region.
But, the influence of entropy generated from heat transfer and fluid friction is insignificant at the
cavity central zone. The average Bejan number is higher than (0.5) for both cases one and two, while
for case three, it was found to be less than (0.5), for all considered parameters. Finally, it was
concluded that, the maximum heat transfer rate was achieved in case three. For this case, the
maximum value of the stream function was enhanced by about (36 %) with increasing (Ram). While,

the maximum values of (S ) was increased by about (8 %).
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