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This article presents a numerical study of natural convection cooling of a heat source
mounted inside the cavity, with special attention being paid to entropy generation. The right
vertical wall is partially open and is subjected to copper—water nanofluid at a constant low
temperature and pressure, while the other boundaries are assumed to be adiabatic. The gov-
erning equations have been solved using the finite volume approach, using SIMPLE algor-
ithm on the collocated arrangement. The study has been carried out for a Rayleigh number
in the range 10° < Ra < 10°, and for solid volume fraction 0 <@ <0.05. In order to inves-
tigate the effect of the heat source and open boundary location, six different configurations
are considered. The effects of Rayleigh numbers, heat source and open boundary locations
on the streamlines, isotherms, local entropy generation, Nusselt number, and total entropy
generation are investigated. The results indicate that when open boundary is located up,
the fluid flow augments and hence the heat transfer and Nusselt number increase and
total entropy generation decreases.

INTRODUCTION

Heat transfer from open cavities has received considerable attention for its
importance in many engineering applications and has been studied extensively in
the literature [1-6]. For example, these include cooling of electronic components,
open cavity solar thermal receivers, evaporative cooling, and fire control in build-
ings. Most researchers considered natural convections inside open ended enclosures
in contact with pure fluid. However, there is only one study concerning the cooling
process in open cavities filled by nanofluid which was done by the authors [7].
In recent years, nanofluids have attracted more attention for cooling in various
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NOMENCLATURE

Ec Eckert number CwW clockwise
Gr Grashof number, BgH?q" /kv? CCW  counterclockwise
g gravitational acceleration, m/s’ o thermal diffusivity, k/(pc,), m*/s
H height of the cavity, m B coefficient of volume expansion, K
ho height of heat source o) solid volume fraction
L width of the cavity, m n dynamic viscosity, Pa-s
lo width of heat source v kinematics viscosity, m?/s
k thermal conductivity, W/mK p density, kg/m?
kp Boltzmann’s constant, 1.38065x 1072 0 dimensionless temperature
Nu Nusselt number
p pressure, N/m?
P dimensionless pressure, Subscripts
Pr Prandtl number, v,/o, S fluid
Ra Rayleigh number, BgH*q" /kvo eff effective
Seen entropy generation rate per unit m average

volume, W/m3 K nf nanofluid
S* dimensionless of entropy generation P particle
T temperature, K 0 reference state
u, v components of velocity, m/s s solid
uv dimensionless of velocity component w wall
X, ¥y Cartesian coordinates, m in inlet
X, Y dimensionless of Cartesian coordinates out outlet

industrial applications. Such fluids consist of suspended nanoparticles which have a
better suspension stability compared to millimeter or micrometer sized ones. Use of
metallic nanoparticles with high thermal conductivity will increase the effective ther-
mal conductivity of these types of fluids remarkably. Since nanofluid consists of very
small sized solid particles, in low solid concentration it is reasonable to consider
nanofluid as a single phase flow [8]. A literature review shows that there are numer-
ous numerical studies on heat transfer by natural convection within cavities filled by
nanofluids [9-18]. A numerical study of natural convection of copper—water nano-
fluid in a two—dimensional enclosure was conducted by Khanafer et al. [9]. The
nanofluid in the enclosure was assumed to be in single phase. It was found in any
given Grashof number; heat transfer in the enclosure increased with the volumetric
fraction of the copper nanoparticles in the water. Sheikhzadeh et al. [10] investigated
numerically natural convection within the cavity and considered the effect of pos-
ition of heat source and heat sink on the sides-wall on the fluid flow and heat trans-
fer. They found the maximum average Nusselt number for high and low Rayleigh
numbers occurs for the bottom-middle and the middle-middle locations of the ther-
mally active parts, respectively. Aminossadati et al. [11] studied natural convection
cooling of a localized heat source at the bottom of an enclosure. Their results have
indicated that adding nanoparticles into pure water improves its cooling perfor-
mance especially at low Rayleigh numbers. The type of nanoparticles and the length
and location of the heat source proved to significantly affect the heat source
maximum temperature. Mahmoudi et al. [12] investigated numerically the effect of
position of a horizontal heat source on the left vertical wall of a cavity which filled
with nanofluid. They found that when the heat source is mounted on the middle of
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the left vertical wall, heat transfer and Nusselt number are more than when it is close
to the top and bottom horizontal walls.

However, to find the optimal design of thermal systems with minimum loss of
available energy, one route is minimization of entropy generation as introduced by
Bejan [19]. This method has already been extensively applied to forced and free con-
vection problems, and has been well established in the literature [20-25]. Entropy
generation has attracted more attention in many fields such as electronic cooling,
turbo machinery, heat exchangers, etc., because it can give good information about
loss of energy due to heat transfer and fluid friction irreversibility. Therefore, energy
can be saved by reducing this loss.

Entropy generation was mostly analyzed in enclosures filled by conventional
fluids (such as water, ethylene glycol, etc.), and the effect of nanoparticles on entropy
generation in enclosures has not been adequately investigated. The study of thermal
nanofluid flow between parallel disks with special attention to entropy generation
has been recently simulated by Feng et al. [26]. Another study was carried out by Li
et al. [27] to analyze entropy generation in trapezoidal microchannels for steady lami-
nar flow of pure water and CuO-water nanofluids. They minimized entropy generation
in the considered microchannel in terms of most suitable channel aspect ratio and Rey-
nolds number range. Singh et al. [28] analyzed entropy generation due to flow and heat
transfer in three different channels: microchannel, minichannel, and a conventional
channel with alumina—water nanofluids as the model fluid. Their results showed that
whether using the alumina—water with high viscosity as a coolant in microchannels,
minichannels, and conventional channels is advisable or not depends on flow regime.
They also offered an optimum diameter to minimize the entropy generation rate.

The present article reports a numerical study of entropy generation in thermal
nanofluid flow in a square open cavity heated with a protruded heat source, which
has potential application in the cooling of electronic equipment. The heat transfer
characteristics and the irreversibility generated in the cavity depend on the position
of open boundary, aspect ratio of the heater, and the location of the heater. How-
ever, in the present study only the effect of heat source locations and position of
open boundary on the heat transfer characteristics and irreversibility generation in
the cavity are investigated. So, six different cases are considered to find the best situ-
ation from a first and second thermodynamic laws point of view. In this article,
results are presented in the form of streamlines, isotherms, local entropy generation,
average Nusselt number, and total entropy generation.

2. PROBLEM DEFINITION AND MATHEMATICAL FORMULATION

A two-dimensional cavity considered for the present study is shown in Figure 1.
The cavity is subjected to an external cold nanofluid entering into the cavity from the
right opening boundary. The copper—water nanofluid communicating with the open-
ing is kept at a constant temperature (7.) and pressure in the entry. The other bound-
aries are assumed to be adiabatic. Six different configurations which are made as a
result of heat source and open boundary location are considered, and the heat trans-
fer, fluid flow, and entropy generation are investigated in each case. The dimension
of heat source is kept constant and equal to /y/H=0.1 and /y/H=0.4 in whole
cases.
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Figure 1. Schematic flow configuration of the studied problems. («) Case 1, (b) case 2, (c) case 3, (d) case 4,
(e) case 5, and (f) case 6.

It is assumed that both the fluid phase and nanoparticles are in thermal equi-
librium and there is no slip between them. Except for the density, the properties of
the nanoparticles and fluid are taken to be constant. Table 1 presents thermophysical
properties of water and copper at the reference temperature. It is further assumed
that the Boussinesq approximation is valid for buoyancy force.

The governing equations (continuity, momentum, and energy equations) and
entropy generation for a steady, two-dimensional laminar and incompressible flow
are expressed as below:

Ou Ov

Z 12— 1

6x+8y ()
Oou Oou 1 op %u oM
SCOENSC L. NI 2
“6x+v6y p”f6x+uj<ax2+ay2> )

Table 1. Thermophysical properties of water and copper

Property Water Copper
p 4,179 383

p 997.1 8,954

k 0.6 400

B 2.1x107* 1.67x 1073
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where o= ki,;/ (PCp)us-

2.1. Nanofluid Properties

The effective density of nanofluid at the reference temperature can be defined
as follows.

prg/',O = (1 - d))pfO + d)ps,o (6)

where p,/0, Pro, Ps,0, and ¢ are the density of nanofluid, density of base fluid, density
of nanoparticle and volume fraction of the nanoparticles, respectively.
The heat capacitance of nanofluid can be given as follows.

(Pep) = (1= d)(pep), + d(pey), (7)

The effective thermal conductivity of nanofluid was given by Patel et al. [29] as
follows.

kegy k, A 4
(4 — 1 p 17 k P 17
[P PR A R

(8)

where ¢ is constant and must be determined experimentally (for the current study
¢=3.6x10%, 4,/ A, and Pe are defined as

A_db 9 pe U
Ardr (1-9) oy
where d,, is diameter of solid particles and in this study is assumed to be equal to

100 nm, df is the molecular size of liquid that is taken as 2 A for water. Also, u, is
the Brownian motion velocity of nanoparticle which is defined as

©)

2k, T

_ 2T 1
Ty 1o

where k;, is the Boltzmann constant.
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The effective viscosity of nanofluid was introduced by Brinkman [30], as below.

My

o "

Wy =

2.2. Boundary Conditions

The boundary conditions are in the following forms.

At cavity walls: u =v =0 (12)
At cavity walls: Z—: =0 (13)

v

u = =
At the heat source’s surface: { O — _ .k
= 4 /

At the open boundary :

Ti=Tc, %—g =0 at x=L 0<y<04H (cases1,2,and3)

out

0.6H<y<H (cases4,5,and 6)
6_)12:076_1;:_@ at x=L 0<y<0.4H (casesl,?2,and3)
0.6H <y<H (cases4,5,and 6)

In order to estimate the heat transfer enhancement, we have calculated Nu
(Nusselt number) and Nu,,, (average Nusselt number) for the heat source wall as fol-
lows.

Nu =35 (14)

fin surfaces

o H (15)
fin surfaces

Equations (1)—(4) can be converted to dimensionless forms by definition of the
following parameters.

H H T — Tc)kr H?
x=2 y=2 gyt o,y (T-Toky p p M
q H o o q'H Puf Of

Therefore, using the above parameters leads to dimensionless forms of the
above equations as below:

oU oV

ﬁ—’—ﬁ_o (17)
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(19)

a0 30 o, (070 %0

The dimensionless form of local entropy generation can be expressed as
I Wy

follows.
o ke 1 [roey? roey?
sk (6+T*)2 oxX oY 6+T*’uf

oU\? [om\? oU  ov\?
'“"“H(ﬁ) +(5r) }*(ﬁ*ﬁ)

where 7%, Sy, and Ec are defined as follows.

Teky H? of - ky
T = //c iy S;L’n:Sge”._ Ec = 3 - 1
q"-H ky H°-Cpr-q

3. NUMERICAL METHOD

The dimensionless equations have been solved numerically based on the finite
volume method using a collocated grid system. A central difference scheme is used to
discretize the diffusion terms, whereas upwind is adopted for the convection terms.
The resulting discretized equations have been solved iteratively through the strongly
implicit procedure (SIP) [31]. The SIMPLE algorithm [32] has been adopted for the
pressure velocity coupling. More details of the discretization and computational pro-
cedure can be found in the literature [33]. To check the convergence of the sequential
iterative solution, the sum of the absolute differences of the solution variables
between two successive iterations has been calculated When this summation falls
below the convergence criterion, convergence is obtained (the convergence criterion
has been chosen as 10~ in this study). To allow a grid-independent examination, the
numerical procedure has been conducted for different grid resolutions. Table 2
demonstrates the influence of the number of grid points for a test case of fluid con-
fined within the present configuration. From this table it is clear that the grid system
of 113 x 71 is good enough to obtain accurate results.

First, the governing equations have been solved for the natural convection flow
in an enclosed cavity filled by pure fluid in order to compare the results with those,
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Table 2. Result of grid independence examination

Number of grids in X—Y Nu

73 x 31 2.39

83 x 41 2.297
93 x 51 2.256
103 x 61 2.226
113x 71 2.209
123 x 81 2.205

Table 3. Comparison of results obtained in this study by reference [34]

Nu
Present de Vahl Davis [34] Error (%)
Ra=10* 2.248 2.242 0.267
Ra=10° 4.503 4.523 0.444
Ra=10° 9.147 9.035 1.24

Table 4. Percentage increase in average Nusselt number with respect to clear fluid for different Reynolds
number

Percentage increase in average Nusselt number with respect to clear fluid

Present study Santra et al. [35] Error
Re=100 18.31 19.02 0.039
Re =500 29.86 31.13 0.042
Re=1000 30.59 31.75 0.037
Re=1500 30.92 32.12 0.038

obtained by de Vahl Davis [34]. This comparison revealed good agreement between
the results, which are shown in Table 3. Another test for validation of this code has
been performed for the case of isothermally heated parallel plates filled by copper—
water nanofluid. In this test case, the results have been compared with those of
Santra et al. [35], as shown in Table 4. Also, good agreement with the results was
found by the authors [7].

4. DISCUSSION AND RESULTS

In this article, the natural convection flow inside the square cavity heated with
a protruded heat source is numerically investigated. To consider the effect of the heat
source placement and open boundary position, a study has been carried out for
six different cases; in each case the location of the heat source was changed. The
numerical computation was performed for a range of Ra and ¢ (Ra=10°— 105,
0 <o <0.05). In the following, entropy generation due to heat transfer and fluid
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Figure 2. Streamlines, isotherms, and local entropy generation at case 1 for different Rayleigh numbers,
¢=0, 0.05, and d=0.75.

friction irreversibilities as a function of Ra and solid concentration and heat source
location is studied.

In Figure 2, results are presented at different Rayleigh numbers, and d=10.75
for both pure fluid and nanofluid with ¢ = 5%. As can be seen, the cold flow enters
the cavity from the bottom portion of the open boundary and after contact with the
heat source and absorbing heat, moves up and finally exists from the top portion of
the open boundary. A clockwise (CW) open recirculation cell forms which covers
most of the cavity. At the left side of the heat source, a small counter clockwise
(CCW) vortex forms, which is weaker with respect to the major flow in the cavity.
At Ra= 10’ the flow is so much weaker then it is conduction dominant, the parallel
isotherms point to this behavior. By increasing the Rayleigh number, flow intensity
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augments so heat transfer as a result of enhancement convection heat transfer
increases and, hence, temperature in the cavity decreases. At Ra = 10° the entrance
flow which has a significant intensity after contact with the heat source is divided
into two parts. The first part turns to the open boundary and leaves the cavity,
and the second part after passing from the heater surface and having contact with
the CCW vortex, goes around the cavity and finally leaves it from the top portion
of the open boundary. So, the whole cavity is covered by three recirculation cells.
The presence of nanoparticles in the water enhances the effective thermal conduc-
tivity and leads to the increase in intensity of flow as a result of the augmentation
in the buoyancy force. Nanoparticles have a stronger effect on flow intensity at
Ra =105, so that with 5% solid concentration the value of stream function increases
about 50%.

Entropy generation in the cavity is due to two factors: heat transfer and fluid
friction irreversibilities. As can be seen in Figure 2, in all Rayleigh values the local
entropy generation rate is higher near the heater due to the existence of severe tem-
perature gradient; but far apart from the heater, it becomes less. It is also clear that
with increasing Rayleigh number, the local entropy generation due to the existence
of larger temperature gradients and enhanced velocity levels, and so the stronger
fluid friction in these mentioned areas, becomes significant. Adding the copper
nanoparticles to the base fluid has two opposed effects: 1) increasing the viscosity
of fluid it leads to an increase in viscous dissipation, so it results in an increasing
of entropy generation; and 2) augmenting the thermal conductivity, it can enhance
the heat transfer rate and causes a reduction in the entropy generation as a result of
the existence of smaller temperature gradient. These two opposing effects of the
presence of nanoparticles lead to a decrease in local entropy generation within the
enclosure, and the value of local entropy at the top-left corner of heat source in
Ra = 10° with 5% solid concentration decreases from 0.3 to 0.25. Correspondingly,
using nanofluids leads to better performance efficiencies when compared to pure
water.

Figure 3 shows streamlines, isotherms, and local entropy generation for differ-
ent heat source positions along the bottom horizontal wall (case 1) at Ra= 10> and
¢ =0,0.05. At d=0.35, the entrance flow after passing parallel with bottom hori-
zontal wall, covers the left vertical heat source wall, goes up, and finally leaves the
cavity from the top portion of the open boundary. A CW open recirculation cell then
forms which covers most of the cavity. Also, a small CCW vortex forms between the
heat source and left vertical wall of the cavity. As can be seen in Figure 3 the flow
configuration changes with location of the heat source. By coming nearer to the heat
source to the open boundary, a portion of entrance flow after contact with the heat
source turns back to the open boundary and leaves the cavity, so less cold flow comes
within the cavity. So that at d=1.25 most of the entrance flow leaves the cavity
immediately after contact with the heater, and it leads to separate vortex forms on
the top of the heat source. By moving the heat source toward the open boundary
due to enhancement of resistance against entrance flow, the inlet mass flow rate les-
sens and hence the heat transfer decreases so that at d=1.25, although the heater is
closer to the heat sink temperature is higher than other values of d in this case. At
d=0.65, due to the distance of the heat source with the left vertical wall of the cavity
being more than d=0.35, the CCW recirculation cell becomes larger and heat
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Figure 3. Streamlines, isotherms, and local entropy generation for different heat source positions along the
south horizontal wall (case 1) at Ra=10° and =0, 0.05.

transfer from the left surface of the heater increases and so the temperature
decreases. At d=0.95, although the vortex at the left side of the heater is stronger
and has a longer boundary with a major recirculation cell, the inlet mass flow rate
decreases and causes a reduction in heat transfer so the temperature increases in
comparison with d=0.65. In this case, the presence of nanoparticles has the most
effect on the flow intensity at d=1.25, so that by 5% solid concentration the value
of stream function grows to about 55%.

At d=0.35, due to the existence of weak heat transfer at the top-left corner of
the heat source, there is a strong temperature gradient there so the value of local
entropy is high. By moving the heat source to the right side, at first the local entropy
at the left side of heater decreases (d = 0.65) but at higher value of d the local entropy
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Figure 4. Streamlines, isotherms, and local entropy generation for different heat source positions along the
left vertical wall (case 2) at Ra=10% and ¢ =0, 0.05.

grows again so that atd =1.25, the local entropy at the top-right corner of the heat
source is about 0.013.

In Figure 4, results are presented for different heat source positions along the

left vertical wall (case 2) at Ra=10> for both pure fluid and nanofluid with
¢ =0.05. At d=0.2, the cold flow enters the cavity parallel to the bottom horizon-
tal wall and penetrates a little in the gap between the heat source and bottom wall
of the cavity, then it turns up, and finally goes out from the open boundary. So an
open CW recirculation cell forms which covers the whole cavity. By moving the
heat source up, the flow intensity decreases and the position of the center of the
recirculation cell change from the top to bottom of the heat source. By changing
the position of the heat source from d=0.2 to d=0.6 due to an increase in the flow
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intensity near the bottom surface of the heater, the convection increases and hence
temperature decreases, but at d=0.8 the temperature at the bottom of the heater
grows. This is due to the fact that at d=0.8, the flow intensity in the whole cavity
is very weak and it causes heat transfer from all surfaces of the heater to decrease,
so that at d=0.8 the maximum temperature in this case occurs on the top of the
heat source. In this case, existence of nanoparticles is more effective on flow inten-
sity at d = 0.4 and 0.6, so that by 5% solid concentration the value of stream func-
tion increases about 76%.

With a short distance between the heat source and the bottom horizontal wall
of the cavity and the temperature gradient is high, so the local entropy is also high at
the bottom of the heat source. By moving the heat source up, the value of the local
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Figure 5. Streamlines, isotherms, and local entropy generation for different heat source positions in case 3
at Ra=10% and ¢ =0, 0.05.
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entropy decreases at the bottom of the heater and increases on the top of it. In this
case, the highest value of local entropy happens at d=0.8.

Figure 5 shows streamlines, isotherms, and local entropy generation for differ-
ent heat source positions along the top horizontal wall (case 3) at Ra=10’and
¢ =0,0.05. At d=0.35, the inlet flow after passing the whole cavity except the
gap between the heat source and the left vertical wall of the cavity which is occupied
by a small CCW vortex, leaves the cavity from the top portion of the open boundary
and forms an open CW recirculation cell. By moving the heater to the right side, flow
intensity in the CW recirculation cell becomes weaker and hence heat transfer from
the right wall of the heat source which is in contact with this recirculation flow
decreases and temperature increases. On the other side, by increasing the CCW vor-
tex at the left side of the heater becomes stronger and leads to an enhancement in
heat transfer from the left heater wall. By moving the heat source to the right side
a small change happens in flow configuration and a new center appears at the right
side of the heat source. At d=1.25, it changes to a separate CW vortex within the
gap between the heat source and the right vertical wall. Due to the absence of a direct
contact between the cold inlet flow and the right wall of the heater, heat transfer
from this surface decreases deeply and temperature increases. The presence of nano-
particles has more of an effect on flow intensity in this case in comparison with case 1.
The maximum effect occurs at d=0.35 with a 78% increase in stream function as a
result of 5% solid concentration.

Figure 6 shows streamlines, isotherms, and local entropy generation for differ-
ent heat source positions along the bottom horizontal wall when the open boundary
is located on the top of the right vertical cavity wall (case 4) at Ra=10> and
@ = 0,0.05. In this case, the cavity surface is covered with a small CCW vortex at
the left side of the heat source and a large open CW recirculation cell. By increasing,
flow intensity of the CW recirculation cell decreases but the CCW vortex augments.
In this case, flow is stronger than in case 1 in all values of d, so that at d=0.35 the
stream function value in the middle of the CW recirculation cell in case 4 is 86%
higher than case 1. Contrary to case 1, by moving the heat source toward the open
boundary the inlet mass flow rate didn’t change significantly. With the augmentation
of the CCW vortex as a result of going to the heater far from the left vertical wall, the
temperature at the left side of the heater decreases. At d=1.25, temperature at the
left heater wall is 0.45 which is the lowest value between other values of d but at
case 1 temperature in this area is about 1.45 which is the highest value with respect
to other values of d in that case. In comparison with case 1, the temperature gradient
around the heat source is lower as a result of stronger flow and convection heat
transfer, so local entropy generation decreases. For instance at d=1.25, the local
value of entropy generation at the top-left corner of the heat source at case 1 is about
0.013 but it decreases to 0.009 at case 4.

Streamlines, isotherms, and local entropy generation at Ra=10 and
¢ = 0,0.05 are illustrated in Figure 7 for the fifth configuration (case 5). In compar-
ing to Figure 4 it is clear that flow is stronger when the open boundary is located at
the top portion of the left vertical wall, so that at d=0.2 the value of stream function
at case 5 is higher at about 56% with respect to case 2. This is due to the fact that
when the open boundary is located at the top of the left vertical wall, the hot upward
flow in order to exit from the cavity shouldn’t turn downward, similar to case 2, so it
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Figure 6. Streamlines, isotherms, and local entropy generation for different heat source positions along the
south horizontal wall when the open boundary is up (case 4) at Ra=10° and =0, 0.05.

leads to a decrease in resistance against the flow and hence recirculation flow aug-
ments. Higher flow intensity causes better heat transfer then in all values of d, and
in case 5 the temperature is lower than case 2. In this case, like case 2, by moving
the heat source up the flow becomes weaker but the position of the recirculation cell
center doesn’t change significantly, contrary to case 2. The presence of nanoparticles
has a significant effect on flow intensity but with respect to case 2 its effect is lower.
For instance, at d = 0.4 with 5% solid concentration the value of stream function in
case 2 increases about 76%, but in case 5 it increases a mere 54%.

Figure 8 shows streamlines, isotherms, and local entropy generation for differ-
ent heat source positions along the top horizontal wall (case 6) at Ra=10> and
¢ = 0,0.05. By moving the heat source to the right side, the CW recirculation flow
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Figure 7. Streamlines, isotherms, and local entropy generation for different heat source positions in case 5
at Ra=10% and =0, 0.05.

becomes weaker but the CCW vortex at the left side of the heater becomes stronger
so heat transfer from the left heater wall increases and leads to the reduction of tem-
perature in that area. By getting nearer to the heat source to the open boundary due
to enhancement of resistance against the inlet and outlet flows, the inlet mass flow
rate decreases and leads to a decreased convection heat transfer, so that at
d=1.25 although the heat source is very close to the heat sink but because of the
decrease in heat transfer as a result of reduction in inlet mass flow rate, temperature
increases with respect to the d=0.95. In comparison with case 3, it is clear that flow
intensity is higher at case 6, so it leads to enhancement of heat transfer and reduction
in temperature gradient and local entropy generation. Like case 5, the presence of
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Figure 8. Streamlines, isotherms, and local entropy generation for different heat source positions in case 6
at Ra=10% and ¢ =0, 0.05.

metallic nanoparticles when the open boundary comes up has a lower effect on the
flow intensity.

Figure 9 displays the effect of solid concentration on the variation of the average
Nusselt number on the heat source surface and the total entropy generation for differ-
ent values of Rayleigh number in case 1 and d=0.75. As can be expected with the
increasing of the Rayleigh number, convective heat transfer and hence the Nusselt
number increase. Existence of the metallic nanoparticles when increasing the thermal
conductivity of the mixture causes an enhancement in heat transfer, when can be seen
in Figure 9a, the value of the average Nusselt number increases. Nanofluid has more
effect on Nu at a lower Rayleigh number due to the conduction scheme is more impor-
tant in heat transfer from heat source to cold inlet flow. So, that at Ra = 10 with 5%



Downloaded by [Universiteit Twente.] at 23:28 03 January 2018

300 A. H. MAHMOUDI ET AL.

550E+00 100802

500E+00 e
g 45000 | —e—Ra=E3| | g "%
§ 4.00E+00 —s—Ra=E4|.. '§
F4 —a—Ra=E5 o 10E0
§ 3.50E+00 Ra=E6| | 8
& 3.00E+00 & 100505
z ]
Y 2.50E400 £ o
2 Y 100806 {----| —#—Ra=

2.00E400
? £ —s=—Ra=E4
< 150E+00 = —+—Ra=E5

f 100807 1| 3¢ Ra=
100E+00 § Ra:Ee . * -
500E-01 100808
0.01 002 0.03 0.04 0.05 0 0005 001 00% 002 0025 003 0035 004 0045 005
Solid Concentration Solid Concentration
(@) (b)

Figure 9. Effect of solid concentration on the variation of (@) the average Nusselt number, and (b) the total
entropy generation for different values of Rayleigh numbers in case 1.

solid concentrations the average Nusselt number increases about 36%, but at Ra = 10°
it increases 26%. With increasing the Rayleigh number, more energy enters the cavity
so the temperature gradient grows. In addition, flow velocity and friction loss
increases, so the total entropy generation increases. The presence of nanoparticles
makes the temperature distribution more uniform and it leads to a reduction in
entropy generation. For instance at Ra=10°, 5% increase of solid concentration
reduces the total entropy generation approximately 20%.

Figure 10 displays the variation of the average Nusselt number on the heat
source surface against the solid concentration at different spacing for each case when
Ra=10". In all cases, when the heat source is close to the cavity walls due to weak
flow between the heat source and wall, heat transfer and the average Nusselt number
decrease, especially in cases 1, 3, 4, and 6 the lowest Nu occurs at d=1.25. As can be
seen in Figure 104 although the average Nusselt number increases by moving the
heater from d=0.65 to d=0.95, this is smaller than when it moves from d=0.35
to d=0.65. This is due to the fact that despite augmentation of the vortex at the left
side of the heat source and becoming nearer to the heat sink by an increase of d, the
inlet mass flow rate as it is described in Figure 3 decreases and hence the amount of
Nusselt enhancement decreases. When the heat source is attached to the top and
horizontal walls of the cavity except case 3, the highest Nu happens at d=0.95. In
case 3, although by moving the heater from d=0.65 to d=0.95 the vortex at the left
side of the heater augments but due to forming a separate vortex close to the right
heater wall, direct contact of cold inlet flow with the heat source is reduced and hence
heat transfer and the average Nusselt number decreases. The effect of the presence of
nanoparticles on the enhancement of Nusselt is higher in case 3 with respect to cases 1
and 2. This happens for case 5 against cases 4 and 6.

Generally, when the open boundary is located at the top of the left vertical wall
due to an increase of flow intensity, heat transfer and hence average Nusselt number
grows but the effect of nanoparticles is reduced. For instance at case 2 and d=0.8,
5% solid concentration enhances the average Nusselt number about 35%, but at
case 5 it increases about 28%. As a conclusion it is noticeable to say, Nu is in both
positions of the open boundary when the heat source mounted on the left vertical
wall is higher than when it is on the top or bottom of the horizontal wall.
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Figure 10. Variation of the average Nusselt number against the solid concentration at different dimension-

less spacing at Ra =10 for (a) case 1, (b) case 2, (¢) case 3, (d) case 4, (e) case 5, and (f) case 6.

Figure 11 presents the variation of the total entropy generation in the cavity
against the solid concentration at different spacing for each case when Ra=10°.
As described above, whichever heater goes nearer to the cavity walls, heat transfer
decreases and hence temperature gradient increases and so entropy generation
grows. When the open port is located at the top portion of the left vertical wall,
as shown in Figure 10, heat transfer increases and it reduces the total entropy gen-
eration. For instance at d=1.25, the total entropy generation in case 4 is approxi-
mately 42% lower than case 1. The lowest value of total entropy when the open
boundary is at the bottom and top, respectively, happens at cases 1 and 4 which with
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Figure 11. Variation of total entropy generation against the solid concentration at different dimensionless
spacing at Ra =10 for (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, and (f) case 6.

the heat source mounted on the bottom horizontal wall means from the second ther-
modynamic law these cases are optimum. The presence of nanoparticles has the most
effect on the reduction of entropy at case 3, so that with 5% solid concentration total

entropy at d=1.25 decreases about 26%.

5. CONCLUSION

The numerical code developed here is used to calculate the entropy generation
due to the natural convection cooling of a heat source mounted inside a square par-
tially open cavity filled by copper-water nanofluid for 10°<Ra<10° and volume
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fraction of nanoparticles (0<@<0.05). Study has been carried out for six cases, and
in each case the heater was located in different locations and spacing: Obtained
results released some important points, as follows.

e By moving the open boundary to the top portion of left vertical wall, the average
Nusselt number and total entropy generation increase but the effect of nano-
particles decreases.

e The maximum value of the average Nusselt number at Ra = 10° is obtained for
case 5 when the heater is located at a dimensionless spacing of 0.4.

e The minimum value of the average Nusselt number at Ra = 10°occurs in case 3
and d=1.25.

e The minimum value of entropy generation is obtained at case 4 while the heater
dimensionless spacing is set to d=0.95.

e The effect of nanofluid on both the average Nusselt number and total entropy
generation is more pronounced at case 2 (d=0.8) and case 3 when the heater is
located at d=1.25.

Consequently, the performances of the six cases can be evaluated in terms of
Nu,,/S%,,, which is defined by Zahmatkesh [22]. So the highest performance con-

gen>
cerns case 5 and d= 0.4 which the ratio of average Nusselt number to global entropy
generation rate is equal to 31,975, and the lowest performance related to case 3 and
d=1.25 that Nu,,/S;,, is equal to 5,835.
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