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NUMERICAL SIMULATION OF PRANDTL NUMBER EFFECT ON ENTROPY
GENERATION IN A SQUARE CAVITY

Nawal Ferroud]'", Hasan Koten?, Sacia Kachi®, Saadoun Boudebous*

ABSTRACT

In this study, entropy generation in laminar mixed convection in a square fluid-filled cavity is numerically
studied. The middle of the lower wall of the cavity is heated to a constant temperature Th while the side-walls are
maintained at a constant temperature Tc, and moving upper ward at a constant velocity to understand the effects of
irreversibility distribution on the entropy generation for different engineering applications. For the studied control
surface, remaining parts of lower and upper walls are adiabatic. The finite difference method is used to solve the
governing equation. The entropy analysis is carried out to determine the irreversibility which is generated in the
cavity for different Prandtl number (Pr=0.0212, 0.71 and 6.35), the effect of the irreversibility distribution ratio on
entropy generation was investigated. It seen that effect of irreversibility distribution ratio (y=102 and 10**) have play
important role on the total entropy for different Prandtl number. Also it is clear that, for all Prandtl number, the total
entropy generation increase by increasing the irreversibility distribution ratio and the increase of Prandtl number
regardless the values of Ri=1 and Re=100 because of the increase of the velocity gradients.
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INTRODUCTION

Flow and heat transfer in different cavities have a wide range of applications in the engineering devices and
industry, such as: the solar energy system, cooling systems producing nuclear energy, chemical and electronic
devices and heat exchangers etc [1-3]. Due to its uttermost importance, many applications, many researches,
investigations and studies have been created to raise the performance and quality of those engineering systems.
Among these studies is the study of the entropy generation. Entropy generation is a measure of dissipated energy and
degradation of the performance of operational devices, such as transport and flow process [1]. The study of entropy
generation has been initiated by Bejan [3], which considers that the entropy generation of fluid flow under forced and
laminar convection is induced by viscous and thermal mechanisms, predicting (involving) velocity and temperature
gradients. We present in the following some studies concerning this subject. Yilbas et al. [4] presented a numerical
study of the entropy generation in natural convection and laminar flow in a square cavity with bottom-heated, top-
down and vertical walls adiabatic. Nine cases were studied by varying the difference of temperature between the hot
wall and the cold wall (the Rayleigh number (Ra) varies between 1.36 10° and 3.96 10°). They found that entropy
generation increases as the velocity of flow in the horizontal direction increases. The minimum of the entropy
generation is raised for a particular number of Rayleigh numbers (Ra). Baytas et al. [5] reported a numerical study of
the entropy generation in laminar natural convection in an inclined porous square cavity. Simulations are performed
for angles of inclination varying between 0 © and 360 ° and Rayleigh number values (Ra) varying between 102 and
10*. They found that thermal irreversibilities dominate viscous irreversibilities as the Rayleigh number (Ra)
increases. The Bejan number (Be) increases significantly between ¢ = 150 © and ¢ = 270 ° (angles of inclination).
Shuja et al. [6] conducted a numerical study of the entropy generation in laminar mixed convection in a square
cavity, containing an obstacle. The influence of the location of the fluid outlet and the aspect ratio (a = 0.25 and 4) of
the obstacle were examined. Yilbas et al. [7] have taken over the same study as the previous one with the same
geometric configuration. In this second study, the influence of the Stanton number and the aspect ratio (a = 0.25, a =
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1, and a = 4) of the obstacle were examined. Magherbi et al. [8] conducted a numerical study on the entropy
generation of unsteady natural convection in a square cavity. The Rayleigh number (Ra) varies between 10* and 105,
whereas the ratio of the irreversibility distribution (¢) varies between 10 and 10°!. The evolution of the maximum
entropy generation in this configuration has been reported. The effect of the ratio of irreversibility distribution was
examined. Ovando-Chacon et al. [9] studied numerically the mixed convection in a square cavity heated from
corners. They found that the entropy generation by heat transfer becomes more intense at the vertical walls and the
central low part of the cavity due to the stronger temperature gradients at this region. Bouchoucha et al. [10]
presented an investigation of the natural convection and entropy generation of nanofluids in a square cavity. They
observed that the average Nusselt number ratio increases with the solid volume fraction, and the maximum total
entropy generation ratio occurs at a low Rayleigh number for different values of ¢. Selimefendigil et al. [11]
examined the mixed convection and entropy generation in a vented cavity with inlet and outlet ports under the
effects of an inclined magnetic field. The numerical simulations are performed for various values of Reynolds
numbers between 100< Ra <500, Hartmann number between 0 and 50, and solid particle volume fractions of CuO
nanoparticles between 0 and 4%. They found that the addition of nanoparticles increases the overall entropy
generation rate. The literature review shows that the entropy generation in laminar mixed convection in cavities is
a subject that remains to be explored. Different studies were studied and reported in the literature [12-16].

The present work investigates the entropy generation of mixed laminar convection in a square cavity. The
main objective is to determinate the effect of Prandtl number on the fields of streamlines, isotherm, heat and
viscous entropy generation and Bejan number, evolution of heat and viscous entropy generation-profiles, Bejan
end Nusselt number and total entropy generation- profiles.

MATERIAL AND METHODS
Problem Statement

The physical model considered is shown in Fig.1. It is a square cavity the bottom of which a part is
subjected to a constant temperature, of length equal to four fifth of the cavity L. the side walls of this cavity move
upwardly with a specified velocity, and the all other parts are considered adiabatic. The entropy of the fluid flow is
generated within the cavity created 2 by the irreversibility of the viscous and thermal mechanisms due to velocity
and temperature gradients.

It is assumed that the fluid in the cavity is Newtonian, incompressible, and has constant properties, for
laminar flow, neglecting the viscous dissipation effect, and employing the Boussinesq approximation.
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Figure 1. Physical model

1017



Journal of Thermal Engineering, Research Article, Vol. 7, No. 4, pp. 1016-1029, May, 2021

Dimensionless Governing Equations
The governing equations for the present problem for steady two-dimensional mixed convection flow in a
square cavity are the conservation continuity of mass, momentum and energy equation than can be expressed as
follows [17]:
e Continuity equation:

ou ov

&"1‘@:0 (1)

e Momentum equation:

ou ou ou  1oP o°u o
L v vt v v @
ot ox oy p OX ox° oy
* 2 2
@+u@+v@:—lai+v 6_\2/+6_\2/ +gﬂ(T—Tf) 3
ot ox oy poy X oy
e Energy equation:
or o1t ar o’T 0T
—HtU—+V—=a| 5+ 4)
ot ox oy ox® oy

It is assumed that the fluid in the cavity is Newtonian, incompressible, and has constant properties, for
laminar flow, neglecting the viscous dissipation effect, and employing the Boussinesq approximation.

The dimensionless form of the governing equations may be written with following dimensionless variables
of numbers:

xzf ’ Y:X , gzi , U:i , V:l , p:p_ngy , r:t\i
L L T, -T. Vv, V, PV, L

The governing equations in dimensionless form are transformed into stream-vorticity function (®, y) and
energy equation, are expressed as follows:

e Energy equation

00 00 00 1 (0’0 0%
—+U—+V—= —5t=—7 (5)
or oX oY RePrioxX® oY
e Stream function equation
o’y Oy
axZ aYZ ( )
e Vorticity equation
2 2
a—a)+Ua—a)+Va—a)=i 6a2)+6c;) +Ri% 7)
or oX oY ReloxX® oY oX

1018



Journal of Thermal Engineering, Research Article, Vol. 7, No. 4, pp. 1016-1029, May, 2021

Reynolds (Re), Prandtl (Pr) and Grashof (Gr) are the principal controls parameters; they are defined as

follow:
V L v g ﬂATL3

Re=—"" , Pr=— , Gr ;
14 (04 14

e  Components of the velocity:

=~ 0 V=g ®)

The dimensionless vorticity and stream are defined by:

L,V .
oX oY ©)
o’y Oy

The local Nusselt number Nu(X) is used to characterize the heat flux between the heated part of the bottom wall, and
the fluid in the cavity. It is expressed as [18]:

00
Nu(X)=-—
(X) Fa (11)
The average Nusselt number is obtained by integration the previous local Nusselt number Nu(X):
L
Nu,, :jNu(X)dX (12)
0

e Entropy generation equation
Entropy generation rate for a two-dimensional flow is expressed as follow [19, 20]:

S GREIEBRSIEE]

2

By dividing Sgen by ——— and by using the same dimensionless parameters, the dimensionless local
T

entropy generation due to heat transfer and fluid friction for a two dimensional heat and fluid flow in Cartesian
coordinates can be written as:

5 A5 (5T 55

S

0 Sl//

where vy is the irreversibility distribution ratio is given as
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TV?
y=t_s
kAT

The first and the second terms (Sy, S,) are represented the local entropy generation due to the heat transfer
and viscous effects, respectively.
The total entropy generation is expressed by:

%W:Lﬁwﬂxymmw (15)

The Bejan number Be is defined as the ratio between entropy generations due to heat transfer irreversibility to the
total entropy generation, it’s written as:

s, %:L%M

75,1,
ot [ <
v 5, =, 5,0A

(16)

It is appropriate to mention average Bejan number in order to determinate which is the dominant, heat
transfer or fluid friction irreversibility.

Therefore, Be>0.5 implies dominance of heat transfer irreversibility, and Be<0.5 implies dominance of
fluid friction irreversibility.

Dimensionless Boundary Conditions
The boundary conditions which are adopted for the resolution of the problem are:

=0 U=0 ,V=1 for X=0andl and 0<Y<l

=1 U=V=0 for Y=0 and %FsXs%;
90 _y u=v=0  for Y=0 and 0<x <8 ey 4 (17)
oY 2 2
06
—=0 U=Vv=0 for Y=1 and 0< X<l
oY
. I L
In which & = — is the dimensionless length of the heated part.
NUMERICAL METHOD

The dimensionless equations are solved by a numerical approach on the finite difference method. The
system of equations (5)-(14), together with the initial and boundary conditions, stated above were discredited of the
various terms of the governing equations is developed using high order scheme as the third order upwind scheme for
the convective terms [21], centred fourth order for the diffusive terms, as well as the partial derivatives of the first
order. The Runge-Kutta fourth order used to discredit the temporal term scheme [22]. An iterative procedure based
on successive Non Linear Over Relaxation method (NLOR) was used to solve the discredited stream function
equation [23]. There are different studies related the applications in the literature [24-29]. A convergence criterion for
the stream function was imposed as each time step. The computation is carried out using a developed FORTRAN
code. In order to convergence the obtained numerical results, total entropy generation for square cavities with
different ¢ and Ra values were obtained and compared with the results of similar studies. Results are agreement with
the literature.
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GRID INDEPENDENCE STUDY

The effect of grid size is examined on four different grids 81x81; 101x101; 161x161 and 201x201. These
comparisons allow us the choice of mesh 101x101 for the present work, as it provides a good compromise between
the accuracy of these calculations and the duration of computation time.

Table 1. Maximum values of Num for different grids, at Ri=17

Grid Time Average Nusselt Number:
[sec] Num
81x81 5425 5.52864
101x101 7248 5.55646
161x161 9653 5.61192
201x201 13264 5.63508

CODE VALIDATION

In order to check on the validity of the computer code developed for the solution of the problem considered
in the present study, it was validated with Aydin and Yang [30]. Figure 2 illustrates a comparison between the
obtained results and those obtain in the Aydin’s results. The results are presented in terms of dimensionless vertical
velocity profiles V, at the horizontal mid-plane. The figures show excellent agreement between the present code and
their results.

1.5
[ ]
— . — Ri=0.1
-~ L]
ST Ri=0.5
/
1 J. \- —__ Ri=1
A
- ‘. Ri=2
05 / . \, __ Ri=10

-0.5

-l .

O\\\\
o
N
©
i
o
o
o
[ee]
-

-1.5

Figure 2. Comparison of the horizontal mid-plane velocity component at Y = 0.5 with the results
obtained in Aydin and yang (Lines: Present work, Symbols: Aydin's results)

RESULTS AND DISCUSSION

This investigation is mainly related to entropy generation distribution in a square cavity by using the second
law of thermodynamics. Detailed computations have been carried for a fixed Reynolds number (Re=100), the length
of heated part (1=0.8), and for various fluids used in this study are (Pr=0.0212, 0.71 and 6.35), within the values of
Richardson number and irreversibility distribution ration are Ri=1 and y=10, respectively. For all the studied grid of
size (101 x 101) with a time steps At = 10-*are found sufficiently enough to achieve the steady state and to realie the
imposed convergence criteria mentioned above.
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Streamlines and Isotherms
Figure 3 illustrates isotherms (0) and streamlines (y) for Pr=0.0212, 0.71 and 6.35. The streamlines

represent a symmetrical flow, characterized by a pair of counter-rotating and symmetrical cells for all values of
Prandtl number. Thus, the streamlines are concentrated near the upper walls. The general structures of these fields are
qualitatively similar, regardless of the Prandtl number.

For low Prandtl number (Pr=0.0212), the thermal field shows a stratification of temperatures near the heated
bottom wall, when Prandtl number increases and reaches the value Pr=0.71 a part of the heat is trained to the upward
of the cavity through velocity of the side walls. For high Prandtl number (Pr=6.35), the isotherm shows that the heat
recovered from the hot source is transported by convection to the upwards of the cavity by the pair of center cells.

5.0E-03
42E-03
1 34E-03

26E-03
1.8E-03
1.0E-03
2.0E-04

8.0E-08

Pr=0.0212 Pr=6.35

X

Pr=0.0212 Pr=0.71
b)

Figure 3. Streamlines a) and isotherms b) for different Prandtl numbers, Ri=1, Re=100 and y=10*

Fields of Heat and Viscous Entropy Generation

The effect of Prandtl number on the fields of heat and viscous entropy generation present in figure. 4 (a-b),
for Ri=1 and y=104.

The thermal entropy generation is consistent with the temperature distribution; it follows the propagation of
heat, given by Figure 3 (a), from the bottom heated part, it is created all along this wall (especially to the extremities
of the heated part for the low Pr=0.0212 and 0.71). When the Prandtl number increases the heat entropy generation
increases, until it is concentrated also along the moving sidewalls for the high Prandtl number (Pr=6.35).

The viscous entropy generation is created near the two side walls and the four corners of the cavity. Its

concentration is decreasing with the increase of the Prandtl number.

1022



Journal of Thermal Engineering, Research Article, Vol. 7, No. 4, pp. 1016-1029, May, 2021

Pr=0.0212 Pr=0.71 Pr=6.35
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Figure 4. Fields of entropy generation due to heat transfer Sy (a) and fluid friction S,, (b) for different Prandtl
numbers, Ri=1, Re=100 and y=10"*

Fields of Bejan Number

The fields of Bejan number obtained have been presented at three different values of Prandtl number (Pr =
0.0212, 0.71 and 6.35) for comparison supposes as shown in figure 5. It shows that the Bejan number (development)
decreases with the increase in the Prandtl number; it increases until it reaches its maximum value in the lower two-
thirds and an upper part of the cavity for Pr=6.35. Moreover, the low values of this number are observed on the

center of the upper wall and the top of the side walls. These results are confirmed by those obtained in the figures (3-
4).
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Figure 5. Fields of Bejan number for different Prandtl numbers, Ri=1, Re=100 and y=10*

Profiles of Thermal (Se) and Viscous (Sy) Entropy Generation
In order to investigate the influence of Prandtl number on both local thermal (Se) and viscous (S,) entropy

generation, Figure 6 (a-b) illustrates the variation of and with different values of Prandtl number. As it can be seen,
for all values of this number, a very rapid decrease then a sudden increase in all the first time, then stabilization
towards a constant asymptotic value, has been observed. The increase in the number of Prandtl implies the increase
of local thermal entropy generation.

It is observed also that, for all values of Prandtl number, the viscous entropy generation decreases by
increasing the Prandtl number regardless the values of Ri and Re. From the value of Pr = 0.71, the S, varies slightly
with the increase of the Prandtl number. We have also observed the low values of S,, compared to the values of the
Se, this is confirmed by the results obtained in the figure 4 (a-b).
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Figure 6. Profiles of entropy generation due to heat transfer Spa) and fluid friction S, b) for different Prandtl
numbers, Ri=1, Re=100 and y=10*

Evolution of Bejan Number
This evolution increases very fast in the first moments to stabilize towards a constant value. It observed that,

regardless of the Prandtl number, the Bejan number is greater than 0.5, which shows that the creation of entropy is
essentially due to temperature gradients. It shows the increase of Bejan number into the cavity by augmenting
Prandtl number.

Pr=0.0212
Pr=0.71
Pr=6.35
0 TR N N [T TR AT T MO N SO S N
0 5 10 15 20

T
Figure 7. Evolution of Bejan number for different Prandtl numbers, Ri=1, Re=100 and y=10*

Evolution of Nusselt Number

The heat transfer inside the square enclose is presented by average Nusselt numbers given by equation (12).
It is found, for all values of the Prandtl number, a very fast decrease of Nup in the first moments, then a tendency
towards a limit value when the time increases. The increase in the number of Prandtl results in an increase in the
average Nusselt number.
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Figure 8. Evolution of average Nusselt number for different Prandtl numbers, Ri=1, Re=100 and y=10"*

Effect of The Irreversibility Distribution Ratio on The Total Entropy Generation
The evolution of the effect of irreversibility distribution ratio (y=102 and 10*%) on the total entropy for
different Prandtl number are plotted in figure 9 (a-b-c). It is observed that, for all Prandtl number, the total entropy

generation increase by increasing the irreversibility distribution ratio and the increase of Prandtl number regardless
the values of Ri=1 and Re=100 because of the increase of the velocity gradients.
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Figure 9. Effect of the irreversibility distribution ratio on the total entropy generation for different Prandtl numbers,
Ri=1, Re=100 and 102<y<10*
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CONCLUSION

In this numerical simulation of the Prandtl number effect on the entropy generation in laminar mixed
convection, within a two dimensional square enclosure with moving cold sidewalls and heated from the bottom
wall was investigated. The equations governing this phenomenon were discretized by the finite difference method,
and the algebraic systems obtained were solved by appropriate numerical methods. The analysis of the
preliminary results shows that the creation of the entropy increases with the increase of Prandtl number (because
of the increase of the velocity gradients) and the irreversibility distribution ratio, when this number increases (Pr)
the creation of the total entropy is essentially due to temperature gradients which is confirmed by the values of the
Bejan number "Be>0.5".

As thermodynamic approach entropy generation in different form such as laminar mixed convection in a
square fluid-filled cavity is critical process in many applications. It is discussed in this study to understand the
response of the system which has heated wall with a constant temperature Ty, while the side-walls are maintained at a
constant temperature T, and a constant velocity. Also it is seen that the irreversibility distribution ratio on the
entropy generation in the cavity affected for the Prandtl number =0.0212, 0.71 and 6.35.

NOMENCLATURE

(o Specific heat, kJ / kg °K

g Gravitational acceleration, m s
k Thermal conductivity, W / m °K
l Length of the heated part, m

L Length of the cavity, m

P Pressure, kg m s>

P Dimensionless pressure

P

T Prandtl number
Ri Richard number
Sgen Entropy generation rate, J m= s K-
Sgen Dimensionless local entropy generation
t Time, sec
T Temperature, K
T. Cold temperature, K
Ty Hot temperature, K
u,v Velocity components along x and y, respectively, m s
u,v Dimensionless velocity components
X,y Cartesian coordinates, m
X, Y Dimensionless coordinates
Greek symbols
B Thermal expansion coefficient, K+
£ Dimensionless length of the heated part
p Density of a fluid. kg/m?
0 Dimensionless temperature
T Dimensionless temperature
Subscripts
c Refers to cold
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