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1. INTRODUCTION

Free convection has many applications in industry, such as   ventilation systems, fi re 
control systems, heat transfer in buildings, solar thermal collector systems, electronic 
device cooling, radioactive waste material disposal (Bilgen, 2005), double-glazed win-
dows, nuclear reactor cooling (Bilgen, 2002), aerospace science, and chemical appa-
ratuses. Therefore study and research about new aspects of this issue seem essential.

Previous studies in the fi eld of square cavities can be classifi ed into three different 
categories according to types and conditions of lids: (1) studies that focus on cavities 
with fi xed lids, in which there exists no movement on the surface of the lids, and 
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also, inside the cavity, there are no fi ns, heaters, and heating and cooling devices; (2) 
studies on cavities in which one or more lids are moving with constant or variable 
velocity; and (3) research on cavities with fi xed lids and the presence of fi ns, baffl es, 
and insulation cylinders for heating or cooling inside them. It should be noted that the 
third case is among the most practical studies, and this article is also about the same 
area. Of course, previous studies on cavities can also be classifi ed according to the 
fl uid in the cavity.

Frederick (1989) has executed a numerical study on an air-containing cavity in 
which thin fi ns are located in the middle of the cold lids of the cavity for different 
ranges of Rayleigh number. The results of his study demonstrated 47% reduction in 
heat transfer compared to a   fi nless cavity. Scozia and Frederick (2005) studied free 
heat transfer convection in a long rectangular cavity having fi ns on its cold lids. 
They showed that Nusselt number has maximum and minimum values, and these 
values are greatly dependent on fi n length and Rayleigh number.

NOMENCLATURE

h heat transfer coeffi cient, X, Y dimensionless Cartesian
W/m2·K coordinates

K thermal conductivity, g gravity, m/s2

W/m·K Greek Symbols
R radius of circular cylinder α thermal diffusivity, m2/s
L length of the cavity, m β thermal expansion coeffi cient,
Nu Nusselt number 1/K
Nuy local Nusselt number μ dynamic viscosity, kg/ms
p pressure, Pa ρ density, kg/m3

P dimensionless pressure Θ dimensionless temperature
Pr Prandtl number, νf/αf φ volume fraction
Ra Rayleigh number, of the nanoparticles

 (gβf∆TL3)/(νfαf) Ψ stream function
Re Reynolds number, (ρfu0L)/μf Subscripts
T temperature, K f pure fl uid
u,v dimensional velocity components nf nanofl uid

 in x and y directions, m/s s solid
U, V dimensionless velocity components p particle

 in X and Y directions eff effective
x, y dimensional Cartesian coordinates, m max maximum
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All of the earlier-mentioned studies were conducted on the effects of applying con-
centrated smooth fi ns; however, Tasnim and Collins (2005) investigated heat transfer 
control in a square cavity having curved insulated lids. They observed that stream 
and temperature fi elds vary owing to obstructive effects of the curved lids, and also, 
by increasing the length and angle of the curved insulation sheets, Nusselt number 
decreases. Regardless of studies on fi ns, various studies have also been done on cyl-
inders with different geometries.

Numerical study of heat transfer in a cavity having square cylinders at its center 
was the topic of research by Mezrhab et al. (2006). The fl uid in their study was air 
(Pr = 0.71), and variations in temperature and velocity fi elds for different values of 
Rayleigh number and thermal conduction ratio have been investigated.

Numerical study on natural convection in a cavity having an inclined hot square 
cylinder was done by Kumar De and Dalal (2006). In their study, by varying Rayleigh 
number from 103 to 106, they analyzed the cavity aspect ratio and displacement of 
the square cylinder on temperature and stream fi elds. There is another study that was 
conducted by Oztop et al. (2009) on investigation of mixed convection heat transfer 
in a cavity with moving lids having circular cylinders. They found out that heat trans-
fer and fl uid fl ow signifi cantly vary with location of the cylinders.

  In recent years, considering the importance of using nanofl uids especially in the 
fi eld of improving heat transfer, application of nanofl uids inside the cavities has also 
became prevalent, and effects of nanofl uid parameters such as type, volume fraction, 
and nanofl uid temperature on the amount of heat transfer and stream characteristics 
have been studied as an important and practical issue.

The majority of previous studies on devising cylinders and fi ns to control heat 
transfer have been done assuming air and water as the working fl uids; therefore 
studies on the same subject but using other types of fl uids, especially nanofl uids 
with   different volume fractions, are highly benefi cial. Research was conducted by 
Mahmoudi et al. (2010) focusing on natural convection around a heat source devised 
in a square cavity. The difference in their study was that they used nanofl uid as the 
working fl uid.

  Owing to a lack of extensive research on nanofl uids, on heat transfer inside a cav-
ity with a hot square cylinder, and also considering application of this geometry in 
engineering, the purpose of this study is to investigate this geometry with respect to 
different effective factors such as cylinder diameter, strength and weakness of buoy-
ancy force, type of suspended particles, and volume fraction of nanoparticles. The 
results of this study are presented in the form of temperature and stream contours and 
different fi gures.

2. BOUNDARY CONDITIONS AND GOVERNING EQUATIONS

A schematic of the problem is shown in Fig. 1. A hot cylinder with radius r and dif-
ferent positions at a high constant temperature (Th) is considered to be located inside 
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the cavity, and the side lids remain at a low constant temperature (Tc). The upper and 
lower lids are also insulated.

Fluid and nanofl uids used in this problem are considered to be incompressible and 
Newtonian, and the stream is laminar and steady in all areas of the cavity. Except for 
the density, which varies according to the Boussinesq approximation, other thermo-
physical properties of water and nanofl uid are assumed to be constant. The particle di-
ameters of Cu and Al2O3 nanoparticles are 90 and 47 nm, respectively. Thermophysi-
cal properties of the base fl uid and two types of nanoparticles are tabulated in Table 1.

Regarding the nanofl uid, it should be noted that nanoparticles and base fl uid are at 
thermal equilibrium and also that no slip occurs between them. In this study, nanopar-
ticles are considered to be spherical with the same size, and radiation heat transfer 
between surfaces is neglected. Continuum, momentum, and energy equations for a 
laminar and steady free convective stream of nanofl uid in a 2-D square cavity can be 
written as follows:
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FIG. 1: Schematic view of the square cavity
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Then  , nondimensionalized forms of the governing equations are obtained using di-
mensionless parameters:
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Nanofl uid effective density, thermal diffusivity, specifi c heat capacity, and dynamic 
viscosity are calculated by the following equations:

 ( )1 ,ρ = − ϕ ρ + ϕρnf f s  (7)

 ( )α = ρnf nf p nfk c , (8)

 ( ) ( ) ( ) ( )1 ,ρ = − ϕ ρ + ϕ ρp p pnf f s
c c c  (9)

 ( ) ( ) ( ) ( )1 ,ρβ = − ϕ ρβ + ϕ ρβnf f s  (10)

TABLE 1: Thermophysical properties of base fl uid and nanoparticles

Properties Water Cu Al2O3

Cp,  J/kg·k 4179 385 765

ρ, kg/m3 997.1 8933 3970

K, W/mK 0.613 400 25

β × 10−5, 1/K 21 1.67 0.85

dp, nm – 90 47

,



Heat Transfer Research 

284 Hemmat Esfe et al.

 
( )2.5

1 .
1

μ
=

μ − ϕ

nf

f
 (11)

To calculate the nanofl uid heat conduction coeffi cient, the Maxwell equation is used:
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where kp and kf are nanoparticle thermal coeffi cient and base fl uid thermal coeffi cient, 
respectively.

3. NUMERICAL METHOD AND VALIDATION

The previously mentioned equations are solved using the fi nite volume method, and 
the relation between pressure and velocity is obtained by the SIMPLE algorithm. The 
geometry of the problem, the presence of a curved sheet inside the cavity, leads us 
to use tetrahedron meshing with different densities, as shown in Fig. 2. Therefore all 
the computational area of the cavity is divided into four parts, and to have accuracy 
in the solution, inhomogeneous meshing, which is denser in the areas near the curves, 
is considered.

To validate the results obtained for this geometry and boundary condition, they are 
compared with results of Hadjisophocleous et al. (1998), Fusegi et al. (1991), Ha and 
Jung (2000), and Tiwari and Das (2007). The results of this study are in good agree-
ment with the mentioned studies and are shown in Table 2.

FIG. 2: Square cavity with tetrahedron mesh with different densities
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4. RESULTS AND DISCUSSION

The results obtained from the numerical simulation of the free convect  ive fl ow in 
a square cavity having hot circular cylinder in its middle, which are in the form of 
stream and temperature contours and various fi gures, are discussed in this section. 
The effects of some important parameters, such as Rayleigh number, radius, type of 
nanofl uids, and nanoparticle volume fraction, on heat transfer and fl uid fl ow inside the 
cavity are separately analyzed in the following sections.

4.1  Effect of Radius of Circular Cylinder on Streamlines and Nanofl uid
      Isotherm Line

The radius of a hot circular cylinder is among the parameters that not only affect the 
value of the Rayleigh number but also the control of heat transfer in a cavity with a 
cylinder inside. To investigate the effects of these parameters on the base fl uid and 
nanofl uid with different values, volume fraction and stream and temperature contours 
for this case are selectively shown in this section.

As can be seen in the temperature contours of Fig. 3, by increasing the radius of 
the circular cylinder, which is located in the center of the cavity, the density of the 
temperature lines in the lower sectio n of the cavity increases, and therefore heat ex-
change also increases in this area.

TABLE 2: Comparison of present study with similar studies

Tiwari and 
Das (2007)

Ha and Jung 
(2000)

Fusegi et al. 
(1991)

Hadjisophocleous 
et al. (1998)

Present
study

1.0721.0851.08711.1411.1165Nu

Ra = 103 1.5081.5401.5745Numax

0.69010.7270.7084Numin

2.0702.12.1952.292.1742Nu

Ra = 104 3.55853.843.5055Numax

0.58090.6700.5535Numin

4.4644.3614.4504.9644.4792Nu

Ra = 105 7.93718.937.5897Numax

0.71731.010.8487Numin

8.80310.398.784Nu

Ra = 106 19.267521.4116.964Numax

0.94201.581.295Numin
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FIG. 3: Temperature (right) and streamline (left) contours for water–Cu nanofl uid in volume frac-
tion of 6% for (a) r = 0.15, (b) r = 0.2, (c) r = 0.25, and (d) r = 0.3
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Density of the lines in the upper section of the vertical lid does not have a consid-
erable change when increasing the radius of a hot circular cylinder. Therefore it is ex-
pected that temperature gradient and, consequently, Nusselt number in the previously 
mentioned cases are not much   different from each other in the upper section of the 
cavity. In the mid-section and lower section of the cavity and near the lids, density of 
the lines gently increases by increasing the radius of the hot circular cylinder, which 
shows that there is mor  e heat transfer in these areas.

Also streamlines at the smaller radius show that the fl ow intensity and strength 
increases in the upper section of the cavity, while, by increasing radius, fl ow in the 
mid-section also becomes stronger. Adding nanoparticles to the base fl uid increases 
the value of ψmax. This increase is different for different radii, and increasing the ra-
dius of the hot circular cylinder causes a decline in the rate of this increase. Value of 
ψmax increases about 23.5%, 19.19%, and 16.2% for the concentration equal to 6% at 
r = 0.15, r = 0.25, and r = 0.3, respectively. 

4.2  Investigating Heat Transfer with Variation of Rayleigh Number

In this section, to have a better understanding about the importance of Rayleigh num-
ber in heat transfer control, fi gures for average Nusselt number with respect t  o Ray-
leigh number are shown for base fl uid and water–copper nanofl uid with volume frac-
tion of 8% at different radii of a hot circular cylinder when the cylinder is located at 
c(x,y) = (0.5,0.5).

Figure 4 demonstrates average Nusselt number variation with respect to Rayleigh 
number for base fl uid and nanofl uid at different values of a hot cylinder radius. As 
can be noted from the fi gures, there is a similar trend for average Nusselt number 
variation with respect to Rayleigh number for base fl uid and nanofl uid. As the fi gures 
show, increasing Rayleigh number at every specifi c radius causes Nusselt number to 
signifi cantly increase.

Conversely, the slope of the lines at higher values of Rayleigh number also consid-
erably increases, and this confi rms that there is a greater amount of convection heat 
transfer in this case. By increasing the radius of the hot circular cylinder, and owing 
to an increase in the contact surface of the fl uid and the cylinder, buoyancy force 
increases and Nusselt number and, correspondingly, the total amount of heat transfer 
increases, which can be clearly observed in the preceding fi gures.

4.3  Investigating Nusselt Number Value in Two Types of Nanofl uids
      with Different Values of Volume Fraction

Figure 5 demonstrates variation of Nusselt number in the base fl uid, water–copper 
nanofl uid, and water–aluminum oxide nanofl uid with respect to Rayleigh number. All 
the calculations are done for a square cavity with a hot circular cylinder with r = 0.3 
inside it at location of c(x, y) = (0.5, 0.5), r = 0.2.
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As can be seen in Fig. 5, when the volume fraction is 4%, the effect of adding 
nanoparticles to the base fl uid is relatively stronger at high values of Rayleigh number 
compared to lower values of Rayleigh number.

Furthermore, it can be argued   that the amount of heat transfer in nanoparticles hav-
ing lower volume fraction are the same, and average Nusselt numbers of different 
nanofl uids are also almost the same. Conversely, as can be understood from compari-
son of the preceding fi gures, by increasing the volume fraction of nanoparticles, the 
effect of different nanoparticles becomes more obvious in a way that water–copper 

FIG. 4: Average Nusselt number variation with respect to Rayleigh number for the base fl uid and 
nanofl uid for (a) r = 0.15, (b) r = 0.2, (c) r = 0.25, and (d) r = 0.3
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nanofl uid, which has a higher value of conduction heat transfer coeffi cient compared 
to water–allumina nanofl uid, causes higher values of Nusselt number and, conse-
quently, more heat transfer.

Generally, when determining Nusselt number for nanofl uids, two factors, tempera-
ture gradient and ratio of conduction heat transfer coeffi cient of the nanofl uid to base 
fl uid, are very important. Increasing the volume fraction of nanoparticles, conduc-
tion heat transfer, and therefore thermal diffusivity, increases. Hence the tempera-
ture gradient decreases. However, as was argued before, for determining Nusselt 
number, in addition to temperature gradient, ratio of conduction heat transfer coef-
fi cients is also important, and because increasing the concentration of nanoparticles 
causes an increase in the ratio of the conduction heat transfer coeffi cients, and the 
amount of this increase is more than a reduction in temperature gradient; therefore it 
can be concluded that an increase in nanoparticles concentration causes Nusselt num-
ber to increase. Also, for higher values of nanoparticle volume fraction, an increase 
in average Nusselt number is higher for high Rayleigh numbers compared to low 
Rayleigh numbers.

4.4  Variations of Heat Transfer with Hot Circular Cylinder Radius

As is expected, Nusselt number and the amount of heat transfer increases by increas-
ing the radius of the hot circular cylinder. Because one of the most important pur-
poses of this study is to investigate effects of different parameters on stream fi eld and 
heat transfer and their variations to control the amount of heat transfer in different 

FIG. 5: Variation of Nusselt number in the base fl uid, water–copper nanofl uid, and water–alumi-
num oxide nanofl uid with respect to Rayleigh number for (a) 4% of volume fraction and (b) 8% 
of volume fraction
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cases and positions, fi nding the percentage of heat transfer variations with respect to 
variations of effective parameters, and fi nding the maximum and minimum of varia-
tions, are among the factors that can help to better understand and analyze this issue. 
Therefore, by using a common base, variations are calculated in percentages for dif-
ferent cases, and the corresponding results are presented.

If the radius of the circular cylinder is assumed to be equal to 0.15 times the length 
of the cavity as a reference case, the increase in percentage of Nusselt number is 
22.5% for base fl uid in Ra = 103 and for dimensionless radius equal to 0.2 with re-
spect to the reference case. This value for R = 0.25 and R = 0.3 is 50.2 and 82.5, 
respectively.

To have a better understanding of Nusselt number variations with radius of the hot 
circular cylinder, the variations in percentage of Nusselt number for water–copper 
nanofl uid with a volume fraction of 8% are presented in Fig. 5.

This fi gure shows that maximum variation of dimensionless Nusselt number occur 
at Ra = 103 and R = 0.3 is equal to 79.15%, which is slightly less than the similar 
case for base fl uid. Also, minimum variation occurs at Ra = 105 and R = 0.2 and is 
equal to 7% and 8.5% for base fl uid and nanofl uid, respectively. 

Conversely, as can be seen from the fi gure, variations are higher at lower values 
of Rayleigh number compared to higher values of Rayleigh number, and the slope of 
these variations also increases with an increase in hot cylinder radius.

FIG. 6: Variations in percentage of Nusselt number with respect to Rayleigh number for water–
copper nanofl uid with volume fraction of 8% in different radii of the cylinder
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5. CONCLUSIONS

In this article, free convection fl ow inside a square cavity and around a hot circular 
cylinder was investigated. Effects of different parameters, such as nanoparticle type, 
Rayleigh number, volume fraction of nanoparticles, radius of the hot cylinder, and po-
sition of the cylinder, were also investigated, and the following results were extracted:

1. Increasing Rayleigh number at all values of the cylinder radius and positions 
causes the Nusselt number in base fl uid and nanofl uid to increase; of course, the in-
crease in nanofl uid was slightly more than that in base fl uid.

2. Increasing the volume fraction of nanoparticles, the effect of nanoparticle type 
becomes more important in a way that copper nanoparticles, which have a higher con-
duction coeffi cient than alumina nanoparticles, have more increase on average Nusselt 
number and consequently a greater amount of heat transfer.

3. Increasing the radius of the hot circular cylinder, differences in values of Nusselt 
number between base fl uid and nanofl uid signifi cantly increase.
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