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Abstract

This numerical study considers the mixed convection, heat transfer and the entropy generation within a square cavity partially heated
from below with moving cooled vertical sidewalls. All the other horizontal sides of the cavity are assumed adiabatic. The governing
equations, in stream function-vorticity form, are discretized and solved using the finite difference method. Numerical simulations
are carried out, by varying the Richardson number, to show the impact of the Prandtl number on the thermal, flow fields, and more
particularly on the entropy generation. Three working fluid, generally used in practice, namely mercury (Pr = 0.0251), air (Pr = 0.7296)
and water (Pr = 6.263) are investigated and compared. Predicted streamlines, isotherms, entropy generation, as well as average Nusselt
numbers are presented. The obtained results reveal that the impact of the Prandtl number is relatively significant both on the heat
transfer performance and on the entropy generation. The average Nusselt number increase with increasing Prandtl number. Its value
varies thereabouts from 3.7 to 3.8 for mercury, from 5.5 to 13 for air and, from 12.5 to 15 for water. In addition, it is found that the total

average entropy generation is significantly higher in the case of mercury (Pr«1) and water (Pr»1) than in the case of air (Pr~1). Its value

varies approximately from 700 to 1100 W/m? K for mercury, from 200 to 500 W/m? K for water and, from 0.03 to 5 W/m? K for air.
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1 Introduction

Thermal resistance and friction are mechanisms that gen-
erate irreversibility during fluid flows present in any heat
transfer process. However, the first and second laws of ther-
modynamics indicate that these irreversibilities give rise to
a loss of available work in the processes of heat transfer.
This loss of useful work is referred to as "entropy gener-
ation". The most important theoretical studies of entropy
generation in heat transfer processes have been reported
in several references works e.g. Bejan [1, 2]. The funda-
mental concepts of energy, entropy and exergy and their
applications in many fields of science and technology
were well detailed by Dincer and Cengel [3], Naterer and
Camberos [4], Sciacovelli et al. [5] and more recently by
Sauerheber [6]. One of the main challenges of thermal

engineering is to minimize the entropy generation of in a
system to collect the maximum useful work and thus to
improve the energy efficiency of the system [7, 8]. In the lit-
erature, several studies have been reported on entropy gen-
eration of buoyancy flows in enclosures subjected to differ-
ent boundary conditions. Oztop and Al-Salem [9] reported
a comprehensive review of entropy generation in buoyan-
cy-induced flows in cavities and channels. Awad [10] pre-
sented a critical review of the thermodynamic optimum
of micro channels based on entropy generation analysis.
More recently, Biswal and Basak [11] performed a detailed
review of the literature on the entropy generation analy-
sis for heat transfer processes involving various practical
applications. In addition, it should also be pointed out that
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Torabi et al. [12] reported a concise review of a large num-
ber of studies where efforts were made to integrate entropy
generation in thermal systems with solid structures includ-
ing also convective-conductive problems in which the con-
ductive process has dominating roles.

In the last decade, significant numerical investiga-
tions [13—16] have been performed to include the effect of
the Prandtl number during laminar natural or mixed con-
vection in confined spaces. However, the literature review
has revealed that few contributions have been made to
the effect of the Prandtl number on entropy generation,
whether in natural convection or mixed convection. Firstly,
as to the natural convection, Kaluri and Basak [17] per-
formed numerical studies on entropy generation during
natural convection in porous square cavities heated with
differential and distributed heating. Simulations were car-
ried out for a range of permeability of a porous medium
between 107°and 1073, Rayleigh numbers between 103
and 10° and for values of the Prandtl numbers = equal to
0.015, 0.7, 10, 1000. They found that friction irreversibility
dominates the total entropy generation for higher Prandtl
numbers at higher Darcy numbers, whereas the heat trans-
fer irreversibility dominates the total entropy generation
for lower Prandtl numbers. Ramakrishna et al. [18] stud-
ied the entropy generation for natural convection within
trapezoidal cavities in the presence of a hot left wall, cold
right wall, and adiabatic horizontal walls. The results were
reported for Rayleigh number (Ra) =10°, Prandtl numbers
(Pr) = 0.015 and 1000 and Darcy numbers (Da) =10~ and
107°. One of their conclusions is that the total entropy gen-
eration is found to be high for Pr = 1000 compared to that
of Pr=0.015 at higher Da. Analysis of the variation of aver-
age Bejan number with Da illustrated that the fluid fric-
tion irreversibility contributes significantly to the increase
in total entropy generation. Rathnam et al. [19] studied
the influence of the Rayleigh numbers (Ra = 10°-10%), the
Prandtl numbers (Pr = 1.5 1072-10%) and the base angles
(p = 45° and 60°) on entropy generation during natural
convection in isosceles triangular cavities for various base
angles or tilt positions. They were able to determine the
most suitable parameters as well as geometric configura-
tion to minimize the entropy generation. More recently,
Wei et al. [20] used the lattice Boltzmann Method in order
to simulate the effect of Prandtl number on the entropy
generation in Rayleigh-Bénard convection processes. The
Rayleigh number was set at 5.4 10° while the values of the
Prandtl number were 6, 20, 100 and 10°. It was shown that
the viscous entropy generation increases progressively with
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the increase in Prandtl number; the entropy generation in
the flow is dominated by heat transfer irreversibility and
frictional irreversibility can be neglected. Very recently, it
has been noted, in the literature, that the presence of radi-
ation and magnetic field in enclosures filled with various
nanofluids has considerably influenced the generation of
entropy on natural convection as evidenced by the work of
Pordanjani et al. [21] and Mliki and Abbassi [22].

Secondly, as to the mixed convection, Roy et al. [23-25]
investigated the effect of the Prandtl on entropy generation
during the mixed convection in a square cavity where the
bottom wall is isothermally hot, sidewalls are cold, and
the top wall is adiabatic. Simulations were carried out for
Prandtl number Pr = 0.026 and 7.2, the Reynolds number
Re varied between 10 and 100, and Grashof number Gr
varied between 10° and 10°. In Roy et al. [23] the effect of
moving horizontal or vertical wall(s) was considered, in
Roy et al. [24], the cavity was filled with porous media and
the effect of thermal boundary condition was highlighted
and in Roy et al. [25] the effect of various thermal bound-
ary conditions is studied. More recently, Roy et al. [26]
dealt with the same problem as those described above but
in porous triangular cavities. In each considered case,
these authors reported the values of the parameters that
contribute to minimize the entropy generation.

In the last few years, the investigation on the entropy
generation of the mixed convection confined spaces has
also been extended considering the nature of the fluid,
the presence of a magnetic field, or a thermal radia-
tion. Goodarzi et al. [27] Investigated, using the Finite
Volume Method, the effect of radiation on laminar and
turbulent mixed convection heat transfer of a semi-trans-
parent medium in a square enclosure. Aghaei et al. [28]
performed numerical investigation, based on the Finite
Volume Method, concerning the effect of horizon-
tal and vertical elliptic baffles on the flow, heat transfer
and entropy generation of a MWCNTs-water nanofluid.
Yousef zadeh et al. [29] analyzed numerically, using the
Finite Volume Method, entropy generation of mixed con-
vection of either pure water or nanofluid flow in a circular
obstacle inserted in an open cavity. Ebrahimi et al. [30]
conducted the computational modeling of laminar mixed
convection heat transfer and entropy generation of nano-
fluids inside a closed elbow-shaped cavity (CESC) using a
finite volume method. Kashyap et al. [31] reported, using
Multiple-relaxation-time lattice Boltzmann method, the
effects of three different Prandtl number fluids (Pr=0.025,
5.83 and 151) on convective heat transfer inside a closed
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square cavity with a square block positioned at its center.
Khan et al. [32] applied the three-stage Lobatto technique
implemented in MATLAB software to study the impacts
of entropy along with non-linear radiation and viscous
dissipation on mixed convection flow using an effective
Prandtl model and comprising water and ethylene-based
7-AlO, particles over a stretched vertical sheet.

From this literature review, it appears that the numeri-
cal studies of mixed convection in confined spaces taking
into account the impact of Prandtl number on the entropy
generation are relatively scarce. Therefore, the problem
has remained largely insufficiently exploited. For this
purpose, the present work investigates the effects of the
Prandtl number on entropy generation in mixed convec-
tion in a square cavity partially heated from below, with
an adiabatic upper wall and cold vertical walls moving
upward at a constant velocity.

2 Physical problem and computational domain

The schematic view of the geometric configuration inves-
tigated in the current study is shown in Fig. 1. It consists
of a square cavity of side length L. The lateral walls of
this cavity are maintained at a constant cold temperature
T. and move upwards with a constant velocity v . A heat
source of size | = 4/5 L is located at the center of the bot-
tom wall of the cavity and maintained at a constant high
temperature 7,. All remaining boundaries of the cavity are
considered adiabatic. An illustrated mechanism allowing
moving walls in relation to this geometric configuration
can be found in Roy et al. [23].

3 Governing equations
The flow is steady, laminar and incompressible. Viscous
dissipation is negligibly small and all other fluid properties
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Fig. 1 A schematic diagram for the physical model

are assumed constant except the fluid density giving rise
to the buoyancy forces (Boussinesq approximation [33]).
Under the above assumptions, the governing equations of
energy, vorticity, and stream function for a laminar incom-
pressible fluid can be expressed respectively in dimension-
less form as follows [34]:
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The vorticity and the velocity components in the X
and Y directions, respectively, are given by the following

expressions:
A @
oxX oY oY oxX

The dimensionless variables are defined as:
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The dimensionless numbers in these equations
are, respectively, the Reynolds (Re), Prandtl (Pr) and

Richardson (Ri) numbers and are defined by the following

relationships:
Re=eL pro¥ Ri=9
v a Re
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where Gr is the Grashof number, Gr:gﬁ% and

AT =T, —T, is the temperature difference.
In accordance with the aforementioned definition of the
Grashof number, the Richardson number can be rewritten as:
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Numerical solution of the previous equations is based
on the following initial and boundary conditions:
¢ Initial conditions (z = 0):
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Here ¢ = I/L is the dimensionless length of the heated
part of the bottom wall.

The dimensionless local and average Nusselt numbers
along the bottom wall are written respectively as [35]:
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4 Entropy generation

4.1 Entropy generation equation

In accordance with the concept of the local thermody-
namic equilibrium with the linear transport theory [1], the
entropy generation relation is given by:
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In non-dimensional form, it is expressed as follows in
Eq. (12):
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where the entropy generation due to heat transfer irrevers-
ibility is S,,, the entropy generation due to fluid friction irre-
versibility is S, and the irreversibility distribution ratios are:
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Here T,,, =(T},+T,)/2 is the reference temperature.
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The total entropy generation may be expressed by inte-
grating Eq. (10) within the whole cavity.

Q:J';J:S,hd)(dnj;jolsﬂdxczy

(14)

Sin St
4.2 Bejan number
The local Bejan number (Be) is defined as the ratio of the
entropy generation due to heat transfer to the total entropy
generation due to heat transfer and fluid friction, it is
expressed as:

Be= S (15)
Sgen

The average value of this number is given by

Be— . (16)
Sgen

5 Numerical procedure and code validation

5.1 Numerical procedure

The above-mentioned governing equations, Egs. (1-4)
subject to the given boundary conditions, Egs. (6-9) were
discretized by the finite difference method. Temporal dis-
cretization was achieved using the Runge-Kutta fourth-or-
der method (R.K.4) with the time step Az =107° for each
iteration. The convective terms in Egs. (1) and (2) were
discretized with a third-order upwind scheme as proposed
by Kawamura et al. [36]. The diffusive terms, as well as
the terms including the first derivatives, were discretized
by a fourth-order accurate scheme. An iterative proce-
dure based on the successive Non Linear Over Relaxation
method (NLOR) was used to solve the discredited stream
function equation Eq. (3). A convergence criterion for the
stream function was imposed at every stage of the Runge-
Kutta procedure. Once the dimensionless velocities (U, V')
and temperatures (O) are determined, the average Nusselt
number along the hot part of the bottom wall Eq. (10) and
the characteristics of the entropy generation are computed
using Egs. (12) to (14) and (16). Finally, it should be men-
tioned that all the integrals Eqs. (10) and (14) are evaluated
using Simpson's rule. An in-house FORTRAN code, with
a double precision accuracy, has been developed for solv-
ing the systems of the discretized equations.

5.2 Grid independency

Numerical tests have been made to ensure the accuracy of
results for the grid used in this study. Four grid sizes (41 x 41;
81 x 81; 101 x 101 and 161 x 161) have been considered. These
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numerical tests are carried out for the case of Reynolds num-
ber Re = 100, Prandtl number Pr = 0.6992 (air at 453 K) and
Richardson number Ri = 5and 30. Table 1 shows the conver-
gence of the average Nusselt number, while Table 2 shows
the average of the total entropy generation and Bejan num-
ber. It should be noted that the maximum relative error
does not exceed 2 % between the grid sizes of 81 % 81 and
101 x 101 compared to the grid size of 161 x 161. Therefore,
it was decided to use a non-uniform grid with 101 x 101 grid
points for all calculations allowing a balance between accu-
racy and CPU time.

5.3 Validation
In order to ensure the effectiveness of the developed code,
a first validation was carried out to compare the values of
the average Nusselt number (Nu) obtained in the classic
case of natural convection occurring in a square cavity
with differentially heated vertical sides and insulated hor-
izontal walls. Table 3 shows this comparison for different
Rayleigh numbers when the Prandtl number is set at 0.71.
A complementary validation, which considers the same
problem in the same geometrical configuration, but this time
the comparison relates to the total entropy generation and
the average Bejan number. The results are shown in Table 4.

6 Results and discussion

6.1 Detailed data associated with the problem

The present numerical study investigates the fluid flow
and the mixed convection heat transfer in a square cavity
partially heated from below with a moving cooled vertical
sidewalls. Numerical simulations have been performed for
different Richardson numbers (R1i) calculated on the basis
of length of the cavity (L). A great deal of interest is being
focused on the effect of the Prandtl number (Pr) on the fluid
flow, heat transfer and entropy generation inside the cavity
considering three working fluids, the most encountered in

Table 1 Grid independence test: average Nusselt number for
Re =100, Pr=10.6992 and Ri =5 and 30

41 x 41 81 x 81 101 x 101 161 x 161
Ri=5 6.409972 6.501360 6.519890 6.554256
Ri=30 7.760660 8.235425 8.280651 8.351396

Table 2 Grid independence test: average Entropy generation and Bejan
number for Re = 100, Pr = 0.6992 and Ri =5 and 30

Ri 41 x 41 81 x 81 101 x 101 161 x 161
5 S, 0.1413722 0.14011485  0.1398440 0.139495
B,  0.99991734 0.999815 0.99976241 0.999604
30 SE" 5.5527665 545867439  5.4468174 5.432849
B, 0.99996553 0.999945 0.99993304  0.999896

Table 3 Comparison of reported values of the average Nusselt number
with present results

Ra De Vahl Davis  De Vahl Davis ~ Balam and Present
and Jones [37] [38] Gupta [39] work
10° 1.116 1.117 1.119 1.119
10* 2.242 2.238 2.260 2.250
10° 4.564 4.509 4.645 4.592
10° 9.035 8.817 9.184 9.001

Table 4 Comparison of reported values of the total entropy generation
and the average Bejan number with present results (Pr=0.71, ¢ = 107%)

Ra Ilisetal. Oliveski Masvik et Jassimet Present
[40] et al. [41] al. [42] al. [43] work
Seen 1.20 1.16 1.15 1.152 1.153
10°
B, 0.96 0.96 0.97 0.965 0.97
Seen 23.50 23.87 23.27 23.27 23.94
10°
B, 0.20 0.183 0.194 0.199 0.208

studies, namely mercury (Pr = 0.0251), air (Pr = 0.7296)
and pure water (Pr = 6.263). The reference values of their
thermo-physical properties have been taken from Cengel
and Ghajar [44] at the same bulk temperature 7 o= 298K
and are listed in Table 5. Furthermore, the Reynolds num-
ber (Re) and the temperature difference AT are kept con-
stant at 10%, and 10 K respectively.

On the other hand, we found it necessary that all geo-
metric configurations will have the same cavity length L
for each number of Prandtl considered in this study, so we
can be sure to compare what is comparable. The length
L varies between two limits. The lower limit is fixed at
5.107 m, as suggested by Moon and Chung [16], while the
upper limit will depend on getting the suitable stable and
stationary flow regime for each Prandtl number. This one
is supposed to be achieved once the average Nusselt num-
ber becomes constant and independent of time. We have
fixed once and for all, in Table 6, these limits as well as
their corresponding Richardson numbers, for the different
fluids considered in this investigation.

6.2 Effect of Ri and Pr on the thermal and flow fields
The flow and heat transfer characteristics have been pre-
sented and analysed using stream traces and isotherms.
Figs. 2 to 4 depicts, for the three fluids considered, the
stream traces superimposed on the isotherms, on the left
for the lower limit (L = 0.005 m), and on the right for the
upper limit (L depends on the type of fluid).

We can distinguish two different behaviour of the
fluid flow through the cavity according to the value of the
Richardson number. For low values of this parameter, the
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Table 5 Thermo-physical properties of working fluids at 298 K from [44]

Density Thermal conductivity =~ Dynamic vicosity =~ Thermal expansion Prandtl

p (kgm™) k (Wm™K™) u (kgm's™) coefficient f (K™) number (Pr)
Hg 13534 8.51533 1.53410° 1.81 10 0.0251
Air 1.184 0.02551 1.849 10°° 3.3557 107 0.73
H,0 997.1 0.5948 8.90510°* 2.594 10 6.263

Table 6 Limit values of the length L of the cavity with
the corresponding Richardson numbers for the working fluids

L (min) L (max) Ri(min) Ri(max)

Water (Pr = 6.263) 0.005 0.019 0.4 21.9
Air (Pr=0.7263) 0.005 0.1 0.017 135
Mercury (Pr =0.0251) 0.005 0.0085 17.3 85

flow consists of two counter-rotating cells. The viscous
forces due to the upward movement of the side walls causes
the fluid to rise along the side walls, bypass the upper wall
and descend again along the centre of the cavity. In this
case, the heat flow recovered by the fluid from the heat
source is directly discharged through the lower portion
of the vertical walls. Note that the current behaviour was
not observed in the case of mercury. For high values of
the Richardson number, the flow consists of four cells, two

counter-rotating cells located in the centre of the cavity due

to buoyancy forces, and the other two, also counter-rotating
due to viscous forces, are weak and adjacent to the lateral
sidewalls. Inside each of them, two minor vortices appear
at the bottom and top corners. In this instance, all the heat
from the hot source is propagated through the centre of the
cavity. These observations are similar to those obtained by
Biswas and Manna [45] with the same geometrical con-
figuration. However, concerning the effect of the Prandtl
number, we observe, for the forced convection-dominated
regime, that the sidewall's thermal boundary layer is thin-
ner in the case of water than in that of air. In addition, and
in the same circumstances, it should be noted that the pen-
etration of cold fluid from the top and which flows along
the central part of the cavity is relatively greater.

6.3 Effect of Pr and Ri on the Nusselt number
The effect of the Prandtl and Richardson numbers on
the average Nusselt number is shown in Figs. 5, 6 and 7.

Fig. 3 presents the evolution of the average Nusselt num-
ber for the working fluids within the limits already men- (b)

tioned above. It is observed that after initial fluctuations, Fig. 2 Stream traces superimposed on the isotherms for water
the average Nusselt number become steady. Their duration (Pr=6.263); (a) Ri = 0.4 (L = 0.005 m); (b) Ri =21.9 (L = 0.019 m)
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(b)
Fig. 3 Stream traces superimposed on the isotherms for air
(Pr=0.7296);(a) Ri = 0.017 (L = 0.005 m); (b) Ri= 135 (L =0.1 m)

and amplitude continue to increase significantly as the Ri
increase, particularly for water and mercury. On the other
hand, we can also see that the gap between the values of
the average Nusselt number is significantly higher in the
case of air (Pr~ 1), than in the case of water (Pr» 1), or in
the case of mercury (Pr« 1).

Fig. 6 provides typical variation of the average Nusselt
number as a function of Ri number for water, air, and

(b)
Fig. 4 Stream traces superimposed on the isotherms for mercury
(Pr=0.0251); (a) Ri = 17.3 (L = 0.005 m); (b) Ri =85 (L = 0.0085 m)

mercury. For mercury (Fig. 5 (c)), the average Nusselt
number increases with increasing Ri, while for water and
air, it increases, then undergoes a significant reduction
during the transition from the flow characterized by two
cells to that characterized by four cells (bifurcation), and
then start over increasing.

To illustrate more clearly the effect of the Prandtl number
on the heat exchange at the heated wall, Fig. 6 (a), (b) and (c)
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Fig. 5 Evolution of the average Nusselt number
(a) for water, (b) for air and (c) for mercury

are brought together in Fig. 7. It can be seen that the average
Nusselt number increases with the increase of Pr, regardless
of the value of Ri. This could be explained by the fact that as
the Prandtl number increases, the thermal diffusion becomes,
more and more reduced; the temperature gradients near the
heated wall become much more significant, which implies an
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increase in the average Nusselt number. Similar results were
obtained by Cheng [13] and, Moallemi and Jang [46].

6.4 Effect of Pr and Ri on the entropy generation
The total entropy generation, the entropy generation due
to heat transfer and the entropy generation due to fluid
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friction for water (0.4 < Ri < 21.9), air (0.017 < Ri < 135)
and mercury (17.3 < Ri < 85) are presented in Figs. 8-13,
respectively.

As seen from these figures, it is possible to make,
qualitatively some observations. One is that the entropy
generation contours follow the isotherms trend. The sec-
ond is that the total entropy generation is near that of the
entropy generation due to heat transfer. Therefore, the
entropy generation due to fluid friction is quite insignifi-
cant in relation to the entropy generation due to the heat
transfer. As a result, the average Bejan number is close
to one, and thus we decided it was more relevant not to
include its contours in this paper Another is that the bulk
of entropy generation comes from each end of the heated
source, while the entropy generation due to fluid friction
develops along the lateral moving walls. Very recently, a
similar point was made by Monaledi and Makinde [47].
All of these comments are valid for all values considered
of Prandtl and Richardson numbers.

In order to assess objectively and quantitatively the
impact of the Prandtl and Richardson numbers, the loga-
rithm of the average entropy generation versus Ri, for the
three working fluids, is presented in Fig. 14. It is worth
noting that the average total entropy generation decreases
by increasing the Richardson number. Ebrahimi et al. [30]
also reported this significant result. We also observe that
the average total entropy generation is found to be high for
mercury (Pr=0.0251) and water (Pr = 6.263) compared to
that of air (Pr = 0.7296).

In order to highlight the very low values of the average
entropy generation due to fluid friction for the different
Prandtl numbers, we have displayed in Fig. 15 the varia-
tion of the logarithm of this one versus Ri. It is interesting
to observe that the average entropy generation due to fluid
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Fig. 8 (a) Contour of the total entropy generation S,

en’

(b) the entropy generation due to heat transfer S, and

(¢) the entropy generation due to fluid friction S for
water at Ri = 0.4

friction follows a similar trend as the average total entropy
generation. The average total entropy generation scale is



Ferroudj et al. | 31 9
Period. Polytech. Mech. Eng., 65(4), pp. 310-325, 2021

10.05)

0 03]

1.82]

5.0E-03
42E-03
| 3.4E-03
2.6E-03
1.8E-03
1.0E-03
2.0E-04
8.0E-06

© ©

Fig. 10 (a) Contour of the total entropy generation S

Fig. 9 (a) Contour of the total entropy generation S

gen’
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. o (b) the entropy generation due to heat transfer S, and
(c) the entropy generation due to fluid friction S, for

. (c) the entropy generation due to fluid friction S for air
water at Ri = 21.9 U

at Ri=135
between 1072 and 10* while the average entropy generation
due to fluid friction is between 1076 and 10'. This result that the viscous dissipation function is neglected in the
confirms the commonly adopted hypothesis, which states energy transport equation.
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SM, (b) the entropy generation due to heat transfer
S

,» and (c) the entropy generation due to fluid

friction S//.. for air at Ri = 0.017

As seen in Figs. 8—13 the total entropy generation is pre-
dominately within the lower corners of the sidewalls of the
cavity as well as at both ends of the heat source located in
the mid-section of the bottom cavity wall. To specify more
accurately the active sites of the energy losses, the profiles
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Fig. 12 (a) Contour of the total entropy generation

S (b) the entropy generation due to heat transfer
S,,» and (c) the entropy generation due to fluid
friction S for mercury at Ri = 17.3

of the entropy generation on the bottom wall are plotted in
Fig. 16 for (a) water (Pr = 6.263), (b) air (Pr = 0.7296) and
(c) mercury (Pr = 0.0251).

It would seem, in general terms, that the entropy gen-
eration contours have almost the same shape. However,
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there are slight differences depending on the type of fluid
and whether the flow structure is two or four cells (before
or after the bifurcation). In the case where the flow is char-
acterized by two cells, the entropy generation is maximum
and more important at the lower-left (or right) wall than at
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the two ends of the heat source in the case of water com-
pared to the air case. This can be explained by the fact that
more heat is removed from the heat source in the case of
water than in the case of air as shown in the left column of
Figs. 2 and 3. Starting at the left (or right) end of the heat
source a sudden drop of the entropy generation is observed
and remains at an almost constant value throughout the
heated section. In the situation where the flow is charac-
terized by four cells, the entropy generation is maximal
and more important at the two ends of the heat source on
the left wall (or right) than at the lower-left (or right) wall.
This is because in this case, all the heat is removed from
the heat source through the center of the cavity, as shown
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Fig. 16 Profiles of the entropy generation on the
bottom wall at different values of Richardson

numbers for (a) water, (b) air and (c) mercury

in the right column of Figs. 2 and 4. Entropy generation
decreases sharply from the two ends of the heat source
on the left wall (or right) and then continues to decrease
gradually to reach its minimum value in the center of the
cavity. This is because the vertical temperature gradient

exhibits a minimum value in the middle of the heating
element, as can be seen in Fig. 17. In addition, based the
boundary conditions Eq. (8) and the fact that the entropy
generation due to viscous effects is negligible the total
entropy generation Eq. (12) is reduced to:

( 5 jz
S| S
Y=0 oY Jv-o

which involve a minimum value of this one.

gen

Nevertheless and contrary to the cases of water and air,
mercury for which the flow is characterized only by four
cells, the generation entropy decreases in a parabolic way
from the two ends of the heat source on the left wall (or
right) to the center of the cavity. In addition, it should be
noted that when the natural convection dominates (larger
values of the Richardson number), entropy generation
becomes independent of the Richardson number meaning
that the temperature gradients decrease significantly in the
central region and that entropy generation tends towards a
relatively constant limit.

7 Conclusion
A numerical study is carried out to investigate the mixed
convection within a square cavity partially heated from
below with moving cooled vertical sidewalls. This inves-
tigation focused on the effect of the Prandtl number on the
entropy generation.
Based on the obtained results, we can conclude that:
1. The Prandtl number strongly affects the velocity and
temperature fields and, therefore, also the entropy
generation.

40
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Fig. 17 Vertical temperature gradient on the bottom wall at Ri = 56.96
for air



2. The irreversibilities are dominant due to heat trans-
fer whereas fluid friction irreversibilities repre-
sent only a minor part of the total entropy gener-
ation. This is valid irrespective of the Prandtl and
Richardson numbers.

3. The entropy is mainly generated at the bottom cavity
wall. The peak values are observed at the lower-left
(or right) corner (x=0; x=1) and at both ends of the
heat source (x=0.1; x=0.9).

4. The average total entropy generation decreases by
increasing the Richardson number and it is found
to be high for mercury (Pr=0.0251) and water
(Pr=6.263) compared to that of air (Pr= 0.7296).
Therefore, it is highly recommended, the use of this
fluid in heat transfer processes.
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Nomenclature

Be Bejan number

g Gravitational acceleration, ms™
Gr Grashof number (= gfATL*/v?)
k Thermal conductivity, Wm™' K
/ Length of the heat source, m

L Length of the square cavity, m
Nu Nusselt number

p Fluid pressure, Pa

P Dimensionless pressure

Pr Prandtl number, (= v/a)
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