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A numerical study of mixed convection flow and heat transfer inside a square cav-
ity with inlet and outlet ports is performed. The position of the inlet port is fixed
but the location of the outlet port is varied along the four walls of the cavity to
investigate the best position corresponding to maximum heat transfer rate and min-
imum pressure drop in the cavity. It is seen that the overall Nusselt number and
pressure drop coefficient vary drastically depending on the Reynolds and Richard-
son numbers and the position of the outlet port. As the Richardson number in-
creases, the overall Nusselt number generally rises for all cases investigated. It is
deduced that placing the outlet port on the right side of the top wall is the best
position that leads to the greatest overall Nusselt number and lower pressure drop
coefficient. Finally, the effects of nanoparticles on heat transfer are investigated
for the best position of the outlet port. It is found that an enhancement of heat
transfer and pressure drop is seen in the presence of nanoparticles and augments
with solid volume fraction of the nanofluid. It is also observed that the effects of
nanoparticles on heat transfer at low Richardson numbers is more than that of
high Richardson numbers.

Key words: mixed convection, enhancement, heat transfer optimizing, nanofluid,
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Introduction

Increasing the heat transfer rate while incurring acceptable pressure drop is an im-
portant objective in many industrial applications such as electronic device cooling, microfluidic
components, heat exchangers, and so on. Conventional heat transfer fluids such as water, oil,
and ethylene glycol possess low thermal conductivity values thus limiting their utilization in
challenging conditions. Adding some solid nanoparticles with high thermal conductivity to the
fluid is one of the ways to overcome this problem. The resulting fluid is a suspension of the
solid nanoparticle in the base fluid which is called a nanofluid. The thermal conductivities of
nanofluids are believed to be greater than the base fluid due to the high thermal conductivity of
the nanoparticles. In the recent years, many experiments have been carried out by researchers
to identify the thermal conductivity of nanofluids [1, 2]. The results revealed that the thermal
conductivity of nanofluids depends to various parameters such as interfacial layer at the parti-
cle/liquid interface [3], nanoparticle size and shape [4], nanoparticle clustering [5], Brownian
motion of the nanoparticle in the base fluid [6], temperature and volume fraction concentration
of the nanoparticles in the base fluid.
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In the recent years many researches have investigated numerically and experimentally
the enhancement of heat transfer utilizing nanofluids [7-13]. Aminossadati [14] performed a
numerical analysis of natural cooling of a right triangular heat source by a CuO-water nanofluid
in a right triangular cavity that is under the influence of a horizontal magnetic field. It was found
that the presence of nanoparticles in the base fluid drastically impressed the fluid flow and
enhanced heat transfer rate. Khanafer et al. [15] carried out a numerical study of laminar natural
convection in a square cavity. They have used three theoretical models for prediction of viscos-
ity and thermal conductivity of nanofluids and deduced that the variances within different mod-
els have substantial effects on the results. Cho ef al. [16] performed a numerical study of mixed
convection heat transfer characteristics of water based nanofluids confined within a lid-driven
cavity with wavy walls. They considered three different nanofluids of Cu-water, Al,Os-water,
and TiO,-water to explore the effects of utilization of nanofluids and deduced that the heat
transfer is augmented in the presence of nanofluids.

This paper has focused on the characteristics of the mixed convection heat transfer in
a square cavity with ventilation ports for various combinations of the Reynolds and Richardson
numbers and the position of the outlet port. For a fixed inlet port, the position of the outlet port
is varied along the four walls of the cavity to find out the best configuration of the system
corresponding to maximum heat transfer rate and minimum pressure drop in the cavity. In doing
so, the best position of the outlet port will be obtained. Eventually the utilization of Al,Os-water
nanofluids is performed to study its effects on heat transfer rate and pressure drop in the cavity
for the best position of the outlet port.

Problem formulation

Figure 1 shows a 2-D square cavity with inlet and outlet ports. The height and width

of the cavity are denoted by H and L, respectively, and are assumed to be identical (H = L).
The depth of the enclosure perpendicular to the plane of the diagram is assumed to be long.
Hence, the problem can be considered to be 2-D. The four walls of the cavity are maintained
at a constant high temperature,
Tw, whereas the temperature of
the fluid entering the cavity is at
a constant low temperature of Tin.
The inlet port is fixed and posi-
w, tioned on the top of the left wall
whereas the outlet port can be
present on any of the four walls.
In this study the width of the inlet
! and outlet ports are identical
ﬂ (wi=wo=w=0.25 H). To denote
! the position of the outlet port, a
| special co-ordinate system, s,
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Dimensionless form of the governing equations

The flow field is considered to be steady and in general, the fluid in the enclosure is a
water based nanofluid containing Al,O3 nanoparticles. The thermophysical and transport prop-
erties of the fluid are assumed constant except for the density which is estimated by the Bous-
sinesq's approximation. The thermophysical properties of the fluid phase and the nanoparticles
at T=25 °Care presented in tab. 1.

Table 1. Thermophysical properties of the base fluid and the Al2O3 nanoparticles at T = 25 °C

e [Tkg 'K p [kgm™] k[Wm 'K B-107° K] p [kgm's™']
Water 4179 997.1 0.613 21 0.001
ALO3 765 3970 40 0.85 -
With these assumptions, the dimensional transport equations are as:
— continuity 6_u + @ =0 (D
ox oy
ou Ou 1 opP o’u  ’u
— momentum Uu—+v—=———+v, | S+ 2)
ox Oy Py Ox T Ox" Oy
2 2
wSy oL Ly [0S0 g (pp), (T-T,) G
x o p, 0Oy x™ Oy ot !
2 2
— thermal energy u or + va—T =a, 6—7; + 6—7; 4
ox oy ox~ Oy
where onr = knr/ (pcp) nf. The density of the nanofluid is given by:
P =(1=¢)p, +4p, )

The heat capacitance of the nanofluid and part of the Boussinesq term are expressed:
(pey)y =(1=8)(pc, ), +4(pc,), ©)
(PB),; = (1=9)(pB), +¢(pP), )

with ¢ being the volume fraction of the solid particles and subscripts f, nf, and p stand for base
fluid, nanofluid, and particle, respectively.
The effective viscosity of nanofluid is determined using the following relation [17]:

ter = (1504 +2.5¢+1) s (8)

This is based on experimental data in the literature for Al,Os3-water nanofluids.
The effective thermal conductivity of the nanofluid was given by Murshed et al. [18]:

. (ko — ki ) phar (2@3 B +1)+(kp +2ki ) B [¢53 (ki _kf)+kf} ©
" B (ko + 2k )= (ko ki ) (5 + 5 1)
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with 1 + h/a =L3, 1 + h/2a = 31, and ki = 2kr. Here, £ is the interfacial layer thickness, a — the
particle radius, and subscripts eff and /r denote effective and interfacial layer, respectively. In
this study diameter of the utilized spherical nanoparticles is 36 nm and /4 is about 1 nm.

Dimensionless form of the governing equations can be obtained via introducing di-
mensionless variables. The lengths can be scaled by the length of the cavity, H, and the veloc-
ities can be scaled by the inlet fluid velocity, uin. As for the temperature, the two extreme values
T.,and T, are used. The dimensionless variables are then:

x=2, y=-X y-* y-r -l
H H Uin Uin Tw_Tin
Ui (2w AOH®
p=—t_  p=2 Re<e(2W) G efiAOH” . (10)
Prlin [243 Ve Vi

Based on the previous dimensionless variables, the dimensionless transport equations
for mass, momentum, and thermal energy are:

ou ov
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U
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In the energy equation, the viscous dissipation terms are neglected and parameters
a and v are the thermal diffusivity and kinematic viscosity of the fluid, respectively.

Denoting W =w/H, the dimensionless form of the boundary conditions are:
—attheinlet[X=0,Y=(1-Mtol[;U=1,V=0,and =0
— on the four solid walls U=V =0, and 8 = 1, and
— at the outlet port (S = s/H = Sp— 0.5 Wto Sp + 0.5 W), the outflow boundary condition was
used for the velocity and temperature fields.

Based on the formulation, it is clear that the dimensionless parameters governing this
problem are Re, Pr, Gr, Sy, and W.

In this study, the Prandtl number of the fluid is fixed to 5 and the Reynolds numbers
considered are 10, 40, 100, and 500, and the Richardson numbers considered are 0, 1, and 10.

In order to evaluate the heat transfer enhancement along the walls, it is necessary to
observe the variations of the local Nusselt number on the walls which is defined:

kut 08

Nu = —
kf on

wall (15)

Also the dimensionless pressure drop which is related to the difference between the
average pressures of the inlet and outlet ports is defined by the following equation:
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O.Spuin

Where the average pressure is calculated by integrating the pressure over the inlet and
outlet ports.

102 |

Computational details NG i

The governing equations were solved it- 10' L

eratively by the finite volume method using ;
Patankar [19] SIMPLE algorithm. A 2-D uni-

formly spaced staggered grid system was used. 10°F
The QUICK scheme was utilized for discretiz- i
ing the convective terms, where-as the central 107 |

difference scheme was used for the diffusive

Present study
o Saeidi abd Khodadadi [20]

terms. The under-relaxation factors for the ve- 102 L i i ;

locity components, pressure correction, and 0 1 2 3 g 4
thermal energy were all set to 0.2. Tolerance of Figure 2. Comparison of the local Nusselt

the normalized residuals upon convergence number predicted by the present code to

was set to 107 for all cases. The validation of those of Saeidi and Khodadadi [20]

the present computational code has been per-

formed in forced convection flow with Re = 500 and the outlet port located at the bottom of the
right wall for the local Nusselt number distribution with those obtained by Saeidi and Khoda-
dadi [20] which is shown in fig. 2. It is clear that the computed results obtained from two dif-
ferent codes are in excellent agreement.

In order to get a detailed understanding of the flow field and heat transfer character-
istics of this problem, a total of 180 cases were considered. For a fluid with no particle additives,
this involved studying the effect of placing an outlet port at nine different positions for a fixed
position of the inlet port.

Results and discussion

Numerical solutions were obtained for Re = 10, 40, 100, and 500 and Ri = 0, 1, and
10 (108 cases). Then, the effect of the presence of the nanoparticles was investigated for the
volume fraction range of 0 to 5% (remaining 72 cases). The cases with no suspended particles
are presented first followed by the cases corresponding to nanofluids.

The streamlines corresponding to eight positions of the outlet port with Re = 500 and
Ri =0, 1, and 10 are shown in fig. 3. It is seen (especially for S, = 3.125 and 2.875) that when the
buoyancy force exists (Ri= 1), the small CCW rotating vortex which is located at the right bottom
corner will gain in size and the other vortex at the left bottom corner will disappear. This is be-
cause when the buoyancy force exists, the presence of a hotter-than-fluid right wall promotes
lifting of the colder neighboring CCW vortex fluid that was already traveling up-ward in the ver-
tical direction. Thus, the forced and buoyancy induced convective modes combine to form a no-
ticeable larger CCW-rotating vortex next to the right bottom corner. But the effect of the buoyancy
force on the CCW vortex on the left bottom corner is opposite, thus leading to its loss of strength
and eventual disappearance. However, with further increase of the Richardson number (Ri = 10),
the buoyance force is strong enough to push the fluid molecules near the left wall up-ward. So it
is seen that a small CW vortex (not CCW) is created at the bottom left corner of the cavity. It can
be seen from the other positions of the outlet port that as the Richardson number increases the
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S, =2.125

Figure 3. Streamlines for Re = 500 and various Richardson number and positions of the outlet port

CW vortex at the left side of the mainstream and the CCW vortex of its right side are augmented by
the buoyancy force and cover a larger portion of the cavity. It is also seen that the width of the main-
stream fluid becomes narrower when Richardson number increases because the two strengthened CW
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and CCW rotating vortices squeeze the incoming fluid from two sides. Based on the results pre-
sented in fig. 3, an important conclusion is obtained to the effect that the buoyancy force augments
the CCW rotating vortices that are on the right side of the cavity because of the extra assis-
tance offered by the buoyancy force to the existing forced convection. On the contrary, the CCW
rotating vortex on the left side is degraded and might even disappear. The contours of the dimen-
sionless temperature, 6, for various Reynolds and Richardson numbers are shown in fig. 4. The value
of 8 on the four solid walls is 1, whereas the value of 8 of the fluid entering the cavity is zero and
the temperature contour levels are incremented by 0.05. It is observed that the fluid temperature
gradients are steep next to the walls and at the interface between the mainstream and CW and CCW
rotating vortices. The cores of the vortices are generally isothermal because the rotating fluid away
from the core of the vortex exchanges the major part of the thermal energy. Therefore, heat transfer
at the core is dominated by conduction. It is also seen that the temperature gradient and therefore
heat transfer is raised with the increasing of the Reynolds and Richardson numbers.
Re =500 Re =100 Re =40 Re =10

Ri=0

Figure 4. Temperature field in the cavity for various Reynolds and Richardson numbers

The total Nusselt number and pressure drop of the cavity as a function of the position of
the outlet port for different Reynolds and Richardson numbers are presented in fig. 5. It is seen
that by placing the outlet port with one end at three corners, maximum overall Nusselt number of
the cavity can be achieved whereas its minimum is seen when the outlet port is located at the
middle of the walls. Moreover, when the Richardson number increases, the total Nusselt number
is generally enhanced. It is also observed that the pressure drop is strongly dependent on the po-
sition of the outlet port and when it is positioned at the middle of the walls, the pressure drop in
the cavity attains its minimum value, whereas it gains the minimum value with the outlet port at
the end of the walls. It is observed that when the Richardson number increases, the values of the
dimensionless pressure drop for the cases corresponding to S, = 0.875 to 2.5 increase, whereas it
decreases for two cases corresponding to S, = 3.125 and 3.5 (outlet on the top wall). To choose
the best position of the outlet port in order to realize the highest heat exchange, one must consider
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both of the average Nusselt number and system pressure drop in the cavity simultaneously. It can
be concluded that by placing the outlet port on the right side of the top wall corresponding to S,
= 3.125, the best operating condition considering greater overall Nusselt number and lower pres-
sure drop coefficient can be achieved.
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Figure 5. Variations of the total Nusselt number and dimensionless pressure drop of the cavity for
different positions of the outlet port and various Reynolds and Richardson numbers

The influence of the presence of nanoparticles in the base fluid on the heat exchange
rate and pressure drop in the cavity is shown in fig. 6 for the best position of the outlet port.
The diagram has been plotted for various Reynolds, Richardson numbers, and volume frac-
tions of the solid nanoparticles. In these figures, the enhancement of heat transfer in the cavity
is clearly observed with the presence of the nanoparticles in the base fluid for all the Reynolds
and Richardson numbers. As the volume fraction increases, the heat transfer rate is enhanced
due to promotion of the thermal conductivity of the nanofluid and therefore augmentation of
conduction and convection mechanism in heat transfer. For instance the presence of the nano-
particles in the base fluid enhances the average Nusselt number by about 18.45% for Re = 10,
Ri = 0 and 15.48% for Re = 40, Ri = 1 for a volume fraction of 0.05. Also the increase of
the Richardson number augments the heat transfer rate and hence the average Nusselt num-
ber, as discussed before. Another important matter which can be discussed is that the per-
centage of enhancement of heat transfer at higher Richardson number (Ri = 10), is less than
that of lower Richardson numbers. For example, it is seen that at Re = 500, Ri = 10 the
enhancement of the average Nusselt number is about 5.5% and at Re = 500, Ri = 0 is about
12.1% for a volume fraction 0.05. This is because at higher Richardson numbers, the convec-
tion mechanism is the dominant mechanism for heat transfer compared to conduction mech-
anism, hence with adding the nanoparticle to the base fluid, the raising of the viscosity of the
resulting fluid, led to decreasing the role of the convection term in heat transfer. Therefore
less noticeable enhancements are observed. As mentioned before, through adding nanoparticle to
the base fluid, the viscosity of the resulting nanofluid becomes greater. Therefore, it is expected
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that the pressure drop in the cavity will be raised by adding the nanoparticle to the fluid. The
pertinent predictions of the pressure drop are given in fig. 6. It is seen that when the solid
volume fraction increases, the pressure drop in the cavity is also raised, due to increasing of
the viscosity of the nanofluid.

Nu Cp
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i
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Re =100

Re =40

Re =10
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0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06

Figure 6. Effects of the nanoparticle on the average Nusselt number and pressure drop coefficient of
the cavity for Re =500, 100, 40, and 10 and Ri=0, 1, and 10
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Conclusions

As the Richardson number increases, the CCW rotating vortices on the right side of the
cavity are augmented due to favorable heating of the vortex. Similarly, the CW rotating
vortices on the left side of the cavity become stronger. Also, the width of the through flow
becomes narrower as Richardson number increases.

By placing the outlet port with one end at three corners, maximum overall Nusselt number
of the cavity can be achieved. Minimum overall heat transfer of the cavity is observed when
the outlet port is located at the middle of the walls. Also as the Richardson number in-
creases, the overall Nusselt number generally rises. It can be concluded that by placing the
outlet port on the right side of the top wall corresponding to S,= 3.125, the best operating
condition considering greater overall Nusselt number and lower pressure drop coefficient
can be achieved.

The present results show that an enhancement of heat transfer can be achieved due to pres-
ence of nanoparticles. It is shown that the average Nusselt number increases by about
18.45% for Re = 10, Ri = 0 and 15.48% for Re =40, Ri =1 for a volume fraction of 0.05.
It is also seen that the enhancement of heat transfer at low Richardson numbers is marked
compared to the high Richardson numbers. Furthermore, the presence of the nanoparticles
increases the pressure drop in the cavity due to the increasing the viscosity of the nanofluid.

Nomenclature

Cp

— constant pressure specific heat, [Jkg 'K~/]

Gr  — Grashof number Greek symbols
g  — gravitational acceleration, [ms?] a - thermal diffusivity, [m?s]
H  —height of cavity, [m] B —thermal expansion coefficient, [K ]
L —width of cavity, [m] 0  —dimensionless temperature
k  —thermal conductivity, [Wm™K™] #  —dynamic viscosity, [kgm's™]
Nu — Nusselt number v —kinematic viscosity, [m?s~']
P — dimensionless pressure, (=p/pnfUin®) p — density, [kgm™]
p — pressure, [Nm2] 0  —particle volume fraction
Pr  — Prandtl number, (= vt/ar) .
Re —Reynolds number, (= uin 2w/ v¢) Subscripts
Ri - Richardson number, (=GrRe2) avg —average
S — dimensionless co-ordinate, (= s/H) eff — effective
K — co-ordinate adopted for distance f — fluid
along the walls, [m] in  —inlet
T  —temperature, [K] le  —interfacial layer
U, V' — dimensionless velocity components, nf  — nanofluid
u, v — components of velocity, [ms™] 0 — outlet
w  —width of the inlet and outlet ports P — particle
X, Y — dimensionless Cartesian co-ordinates w  —wall
x, y — Cartesian co-ordinates, [m]
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