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Free convection heat transfer in rectangular enclosures filled with AlyOs—water nanofluid is inves-
tigated numerically, and the effects of suspended nanoparticles of different diameters are considered.
The governing equations in terms of primitive variables are discretized numerically using the finite
volume method and SIMPLER algorithm. The results were obtained for width range of the Rayleigh
number, nanoparticles volume fraction and aspect ratio of cavity. Also nanoparticles with two dif-
ferent diameters, namely 36 nm and 47 nm have been chosen. The obtained results showed that for
the square enclosure utilizing the suspended nanoparticles with both considered diameters the rate of
heat transfer increased only at Ra = 10° that conduction dominated the heat transfer process, while
at other Rayleigh numbers, a deterioration on average Nusselt number was observed.

KEY WORDS: numerical simulation, finite volume method, nanofluid, heat transfer
enhancement

1. INTRODUCTION

Buoyancy-driven heat transfer is an important phenomenon because of its wide us-
age in engineering systems such as cooling of electronic devices, heat exchangers,
building ventilation, insulation of reactors, and solar collectors (Ostrach, 1988). In
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NOMENCLATURE
AR aspect ratio, H/W w width of the cavity, m
¢ heat capacitance of nanoparticles, x, y dimensional Cartesian coordinates, m
J ~kg_1~K_l X Y  dimensionless Cartesian coordinates
d diameter, m Greek symbols
g gravitational acceleration, ms 2 o thermal diffusivity, m?s !
h heat transfer coefficient, W-m 2K B thermal expansion coefficient, K!
H height of the cavity, m 0 dimensionless temperature
k thermal conductivity, wWm K U dynamic viscosity, kg~m’1~s
Nu Nusselt number p density, kg-mﬁ3
P pressure, Nm™ v kinematic viscosity, m?-s
P dimensionless pressure 0] nanoparticle volume fraction
Pr Prandtl number \ stream function, m>s!
Ra Rayleigh number Subscripts
T dimensional temperature, K c cold
u, v dimensional velocity component  f fluid
in x and y directions, ms | h hot
U,V  dimensionless velocities nf nanofluid
in X and Y directions p nanoparticle

these systems, the intention of designers is the achievement of smaller dimensions
and higher efficiency which is limited due to the low thermal conductivity of the fluid
such as oil and water. Enhancement in the heat transfer rate and thermal conductivity
of liquids was achieved previously by adding micro-sized particles to a base fluid
(Maxwell, 1904). But rapid sedimentation resulted in a high pressure drop. In spite
of this, a small amount of dispersed nano-sized particles is stably suspended and
enhances the thermal properties of a base fluid. The mixture of suspended nanopar-
ticles in the base fluid is named nanofluid. In comparison with microscale particles,
nanoparticles cause better enhancement of the thermal properties of base fluid such
as the thermal conductivity because of having bigger surface area (Godson et al.,
2010).

The nanofluid can be used in natural convection cooling of cavities. In the work on
free convection of nanofluid in differentially heated rectangular enclosures made by
Khanafer et al. (2003) it was reported on increase in the rate of heat transfer with the
volume fraction of nanoparticles. Oztop and Abu-nada (2008) studied free convection
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in a nanofluid-filled square enclosure with a cold vertical wall and a heater located
on the other vertical wall, using the finite volume method. They considered the effect
of Rayleigh number, heater size, location, and volume fraction of the nanoparticles.
Abu-nada and Oztop (2009) investigated numerically the effect of inclination angle of
a nanofluid-filled square cavity on free convection fluid flow and heat transfer inside
it. They utilized Cu—water nanofluid and found that the effect of the concentration of
nanoparticles on the Nusselt number is more pronounced at a low volume fraction
than at a high one. Ogut (2009) studied numerically free convection fluid flow and
heat transfer in an inclined square cavity. The top and bottom horizontal walls of the
cavity were insulated, while the right vertical wall was kept at a constant temperature
T., and a heater was located on the left vertical wall. Numerical results of the study
on periodic free convection heat transfer inside a nanofluid-filled square cavity were
reported by Ghasemi and Aminossadati (2010). The geometry in their work was a
square cavity with insulated top and bottom walls, cold right vertical wall and an
oscillating heat flux heater on its left vertical wall. They observed periodic flow and
temperature fields inside the cavity as a result of the oscillating heat flux. Sheikhzadeh
and Mahmoodi (2011) investigated numerically free convection of Ag—water nanofluid
in a square cavity with two or three pairs of hot and cold discrete elements on its side
walls. Sheikhzadeh et al. (2011) conducted a numerical simulation to study free convec-
tion of Cu—water nanofluid inside a square cavity with partially thermally active side
walls. Mahmoodi (2011) investigated numerically free convection of Cu—water nano-
fluid in L-shaped cavities. He found that the effect of the presence of nanoparticles on
heat transfer enhancement is more apparent for narrow L-shaped cavities. Similar resuts
were observed for free convection of nanofluids in C-shaped enclosures (Mahmoodi and
Hashemi, 2012) and I'-shaped cavities (Dehnavi and Rezvani, 2012). In all the above-
mentioned papers, the Brinkman model (Brinkman, 1952) for viscosity and Maxwell
model (Maxwell, 1904) for thermal conductivity were used, and an increasing Nusselt
number with increasing volume fraction of nanoparticles was reported.

For all that, the results of experimental observations are different from the results
of the numerical studies mentioned. Putra et al. (2003) carried out an experimen-
tal study on free convection of Al,Osz—water nanofluid and argued that suspended
nanoparticles in the base fluid deteriorated the heat transfer rate but they did not
clarify the reasons for their result. Other experimental investigation was carried
out by Wen and Ding (2004); they emphasized the reduction in the rate of natural
convection heat transfer on utilizing nanofluid. One of the reasons for the differ-
ence between the numerical and experimental studies is the use of the Brinkman
model to calculate the viscosity in numerical simulations. The Brinkman model for
calculating the viscosity does not account for the size of nanoparticles and was
derived for particles larger than nano-sized particles. The Brinkman model under-
estimates the value of viscosity (Nguyen et al., 2007b). Therefore to achieve more
accurate numerical simulation of natural convection of nanofluids, it is appropri-
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ate to use experimental correlations for viscosity and thermal conductivity. Other nu-
merical studies that used more accurate relationships than the Brinkman model of
viscosity, reported different results. Abu-nada et al. (2008) demonstrate numerically
that the enhancement of heat transfer in free convection of nanofluid depends on the
magnitude of the Rayleigh number. In fact, at the Rayleigh number lower than 10*
an enhancement in the heat transfer rate with the volume fraction of nanoparticles
is observed. Abu-nada et al. (2010) considered free convection of Al,Osz—water and
CuO-water nanofluids in a square cavity using volume fraction and temperature-
dependent viscosity and thermal conductivity relationships numerically. The used
viscosity and thermal conductivity relationships that were reported by Nguyen et al.
(2007a) and Chon et al. (2005), respectively. They compared the results obtained by
the mentioned model and the results of Brinkman and Maxwell models and showed
that at high Rayleigh numbers, the heat transfer rate is sensitive to the viscosity
model, while the thermal conductivity model has not any important influence on the
heat transfer rate. Therefore the Maxwell thermal conductivity model can be used in
numerical simulations dependably.

The Al,O3;—water nanofluid is one of the nanofluids to which a large number of
researches are devoted. A summary of derived models related to the Al,Os—water
nanofluid can be found in Hwang et al. (2007). A polynomial curve fitting has been
carried out on the experimental data reported by Wang et al. (1999). Also Nguyen et
al. (2007b) obtained correlations for viscosity of the Al,Os;—water nanofluid with two
different nanoparticle diameters. The correlations are related to spherical nanoparticles
with 36-nm and 47-nm diameters.

In the present study, free convection of the Al,O3—water nanofluid in a rectangu-
lar enclosure with varying aspect ratio is considered. To estimate the viscosity, the
correlations reported by Nguyen et al. (2007b) are used. As mentioned before, this
model had been derived for two different diameters of nanoparticles: 36 nm and 47
nm. Therefore the aim of this research is to considere the effect of the diameter of
nanoparticles on free convection fluid flow and heat transfer. The isotherms, stream
functions, and average Nusselt number are employed in the present paper to visualize
the heat transport process.

2. PROBLEM DEFINITION

A schematic view of a differentially heated cavity considered in this study is displayed
in Fig. 1. The width and height of the enclosure are /¥ and H, respectively. The as-
pect ratio of the enclosure is defined as AR = H/W. The left wall is maintained at a
constant uniform temperature 7}, while the right wall is maintained at a relatively low
temperature 7;.. The cavity is filled with Al,O3;—water nanofluid. The thermophysical
properties of the base fluid and the Al,O3 nanoparticles are listed in Table 1. The range
of the Rayleigh number, aspect ratio, and the volume fraction of the nanoparticles are
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FIG. 1: A schematic view of the enclosure considered in the present paper

TABLE 1: Thermophysical properties of the base fluid and Al,O3 nanoparticles

Water Al,O3
p (kgm™) 997.1 3970
¢, Ukg K™ 4179 765
k(Wm LK 0.613 25
B (K™ 21-107° 0.85-107

10° to 10%, 0.25 to 4, and 0 to 0.04, respectively. Also the spherical nanoparticles of
diameters 36 nm and 47 nm are employed.

3. MATHEMATICAL FORMULATION

The nanofluid in the present study is Newtonian, incompressible, and the fluid flow is
considered to be laminar. It is assumed that both nanoparticles and base fluid are in
thermal equilibrium and there is no slip between them. The thermophysical properties
of the nanofluid are considered to be constant with the exception of density which
varies according to the Boussinesq approximation (Bejan, 1984).

The continuity, momentum, and energy equations are written in dimensional form as

Wy, (1)
ox oy
. 2 2
PCINE . LT @)
ox oy Pur OX Py \Ox oy
2 2 PB),, g (T - T.
OO L b (S o) (), E (T8 )
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As mentioned before, in some papers the Brinkman model is used for calculation of
viscosity. It is recently found that the Brinkman model underestimates the viscosity

(Nguyen et al., 2007b). The Brinkman model is
Ky 1
e (5)
hy (1-9)
In the present study, the correlations reported by Nguyen et al. (2007b) are used to
estimate the effective viscosity of nanofluid. They proposed the following correlations
for the particles 47 nm and 36 nm in size, respectively:

ﬁ — 0.904 eO.l483(p , (6)
Ky
B 1400259 +0015 ¢ ™)

Ky

In Egs. (5) and (6), ¢ belongs to percentage terms. The viscosities estimated by
Egs. (5), (6), and (7) are shown in Fig. 2. Also the viscosity correlation obtained by
Corcione (2011) is shown in the figure. The correlation proposed by Corcione (2011)
was obtained by a curve fitting on a large number of experimental data for different
nanofluids. It is evident that the viscosity estimated by the Brinkman model is lower
than those given by other models. Moreover, the nanofluid with nanoparticles of 47
nm in diameter has higher viscosity than that with nanoparticles of 36 nm in diam-
eter. A comparison with the results obtained by the correlation proposed by Corcione
(2011) shows the accuracy of the models and experiments of Nguyen et al. (2007b).

The effective density, heat capacitance, and thermal expansion coefficient of a
nanofluid are (Khanafer et al., 2003):

P =(1-0)ps +0p, ®)
(Pey), = (=9)(pc,), + 0 (pc,) . ©)
(PB),, = (1=9) (PB), + @ (PB), . (10)

The thermal conductivity of a nanofluid with spherical nanoparticles is calculated
according to Maxwell (1904) as
(kp +2ks) =29 (k; — k)

ko = K (k, + 2k, )+ (ky —k,) | (b

Heat Transfer Research



Free Convection in Rectangular Enclosures Containing Nanofluid 155

224

=247

& F ————— Corcione (2011), D =25 nm

$ 22 ————— Corcione (2011}, D = 50 nm 7
IR Brinkman (1952) 7
2 P ___ Nguyen et al. (2007a), D =47 nm /-jz/

E 13 - Nguyen et al. (2007a), D =36 nm .~~~

[T R

=

L 16

42 -

% 14 .

T L

S) i

‘w12

= [

) [ =z

E ip==

. N R R R B SR
a 0 0.01 0.02 0.03 0.04 0.05 0.06

¢

FIG. 2: Calculated dimensionless viscosity of the Al,O3—water nanofluid with different cor-
relations

Using the following dimensionless parameters, the above equations can be con-
verted to a nondimensional form:

2
XzisYzlsUzﬂsVzﬂipsz29e=T T’C’
H H (Xf a/ pnfocf Th - TC
3 (12)
-H’AT V)
Raz—gﬁf s Pr:—f.
Lyl ar

where Ra and Pr are the Rayleigh and Prandtl number, respectively. The dimensional
forms of the governing equations are

U, _y, (13)
oX oY
’ 2 2
Ua_U+V6_U:_a_P+U’?f 6_U+8_U (14)
X oY X a, (ox?  oay?
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The initial and the boundary conditions for the present study are

0<X<l, Y=0->U-=V=a8foy =0,
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X=0, 0<Y<1l-o>U=V=0, 0=1, (17)

The local Nusselt number is calculated as follows (Mahmoodi, 2011):

Nutgyy) = hH [ ky ) 30 (18)
k; k) ox

The average Nusselt number is calculated from

Nu = J.; Nu(y)dY . (19)

The normalized average Nusselt number is defined as the ratio of the average Nusselt
number of nanofluid to the average Nusselt number of pure fluid:

Nt = @) (20)
Nu (¢ = 0)
The normalized average Nusselt number is used to measure the heat transfer enhancement
utilizing nanofluid compared to a base fluid.

4. NUMERICAL METHOD

The nonlinear governing (continuity, momentum, and energy) equations written in
terms of the primitive variables are discretized using the finite-volume approach given
by Patankar (1980). The coupling of pressure and velocity is done by the SIMPLER
algorithm. The diffusion terms in the momentum and energy equations are approxi-
mated by a second order central difference scheme, while a hybrid scheme, which is a
combination of central difference and upwind schemes, is employed to discretize the
convection terms. The set of discretized equations are solved by the TDMA line-by-
line method (Hoffman, 2001) that yields the value of velocity, pressure, and tempera-
ture at the nodal points.

To grid test the study, a differentially heated square cavity filled with Al,Os;—water
nanofluid with nanoparticles with 0.04 and 36 nm in diameter at Ra = 10® is consid-
ered. Four different uniform grid sizes, namely, 21 x 21, 41 x 41, 81 x 81, and 161 X
161, are used and the average Nusselt number along the hot vertical wall of the cavity
is obtained for each case. As shown in Table 2, the results of the 81 x 81 and 161 x
161 grid sizes are equal, so the 81 x 81 grid size has been chosen. A similar type of
the grid test study has been carried out for other aspect ratios, but is not reported here.

In order to validate the obtained numerical code, we considered the problem of free
convection in a square cavity with a heat source and sink on its left and right wall, re-
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TABLE 2: Comparison of average Nusselt number for different grid sizes

Grid size 21 x21 41 x 41 81 x 81 161 x 161
Nu 7.311 8.511 8.872 8.873

TABLE 3: The average Nusselt number of the hot walls for the second test case, comparison of
the present results with the results of Sheikhzadeh et al. (2011)

Present study Sheikhzadeh et al. (2011)
Ra=10° 2218 2.228
Ra=10* 3.715 3.709
Ra=10’ 7.221 7.160
Ra=10° 12.905 12.881

spectively, and filled with Cu—water nanofluid with ¢ = 0.1 at different Rayleigh num-
bers. Table 3 shows a comparison between the average Nusselt numbers obtained by
the present numerical simulation with those presented by Sheikhzadeh et al. (2011).
As can be seen from the table, very good agreement exists between the results of the
current simulation with those of other investigators.

5. RESULTS AND DISCUSSION

In this section, numerical results on free convection heat transfer of Al,Os;—water
nanofluid inside differentially heated rectangular cavities are presented. The results
were obtained for the Rayleigh number ranging from 10° to 10°, the volume fraction
of the nanoparticles varying from 0 to 0.04, and the aspect ratio of cavity ranging
from 0.25 to 4. The results are presented in terms of streamlines, isotherms, average
Nusselt number, and normalized Nusselt number.

It should be noted that the suspended nanoparticles in the base fluid have two op-
posing effects on the rate of heat transfer. In free convection flow, dispersed nanopar-
ticles in the base fluid will make the nanofluid more viscous. The increasing viscosity
reduces the fluid flow velocity and strength that decreases the rate of heat transfer. On
the other hand, nanofluid has a higher thermal conductivity than the base fluid that
increases the rate of heat transfer. Therefore if the heat transfer enhancement due to
the presence of high thermal conductivity outranks deterioration of heat transfer be-
cause of the high level of viscosity, the total rate of heat transfer increases, otherwise
it decreases.

Figure 3 illustrates variations of the vertical velocity component along the horizon-
tal mid-line of the cavity with 4R = 1 for pure fluid and nanofluid with ¢ = 0.04 and
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Ra= 10

FIG. 3: Variation of vertical velocity component along the horizontal mid-line of the cavity
with volume fraction of nanoparticles (AR = 1, D = 36 nm)

D =36 nm at Ra = 10> and 10°. As shown in Fig. 3, the vertical velocity component
decreases with increase in the nanoparticles volume fraction. Moreover, it is evident
that the reduction in the vertical velocity at low Rayleigh numbers is greater than that
at high Rayleigh numbers. Also it is shown in Fig. 3b that on increase in the volume
fraction of the nanoparticles, the vertical velocity component adjacent to the vertical
walls decreases, while it increases in the middle region of the cavity, that is to say,
the thickness of the velocity boundary layer adjacent to the vertical wall increases
with increase in the volume fraction of nanoparticles. It is the undesirable effect of
nanoparticles in the base fluid which reduces the rate of heat transfer.

For a better understanding of the effect of ¢ on flow pattern in Fig. 4, the stream-
lines inside the square cavity for nanofluid with nanoparticles of 47 nm and 36 nm
in diameter are compared with those of pure fluid at Ra = 10°. From this figure, it is
seen that with increase in the volume fraction of the nanoparticles and subsequent in-
crease in viscosity, the difference between the results for the nanofluid and pure fluid
and also the difference between the results for the nanofluid with D = 47 nm and 36
nm increase. With increase in the volume fraction of the nanoparticles, the condensa-
tion of the streamlines in the vicinity of the side wall decreases. This decrease is more
apparent for the cavity with the nanoparticles having D = 36 nm. Figure 5 shows the
vertical velocity component along the horizontal mid-line of the cavity for two differ-
ent nanoparticle diameters at Ra = 10%. It is evident that the velocity of nanoparticles
47 nm in diameter is less than that with 36 nm diameter. Therefore it can be con-
cluded that the nanofluid with larger diameters of nanoparticles has a minor effect on
the velocity domain.

Figure 6 illustrates isotherms inside the square cavity for nanofluids with nanopar-
ticles having D = 36 nm and 47 nm at Ra = 10°. 1t is evident that with increase in
the volume fraction of the nanoparticles the agglomeration of isotherms adjacent to
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FIG. 4: Streamlines for nanofluid with ¢ = 0.04 (solid lines) and pure fluid (dashed lines) at
Ra =10’
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FIG. 5: Comparison between vertical velocity components of nanofluid with different diam-
eters of nanoparticles

vertical walls is reduced. The difference between the results for the nanoparticles
with D = 47 nm and 36 nm is more apparent at ¢ = 0.04. Also it is found that the
existence of the nanoparticles in the base fluid does not have a considerable effect on
the thermal stratified region in the middle of the cavity.

Figure 7 illustrates the effect of nanofluid with different diameters of nanoparticles
on the average Nusselt number for the hot wall of the square cavity. It is evident that
only at Ra = 10°, suspended nanoparticles increase the Nusselt number for two differ-
ent nanoparticle diameters. At Ra = 10° , conduction dominates over the heat transfer
and the high thermal conductivity of the nanofluid enhances the rate of heat transfer.
However, at higher Rayleigh numbers, convection dominates over the heat transfer,
and the high viscosity of nanofluid reduces the flow velocity and causes a reduction
in the heat transfer rate that the high thermal conductivity of nanofluid cannot retrieve
this reduction. The reduction of the flow strength by increasing the volume fraction of
nanoparticles is carried out at Ra = 10% too. However, as mentioned before, at Ra =
10° the heat transfer is dominated by conduction, and the high thermal conductivity of
nanofluids is more efficient.

Figures 8 and 9 show variation of normalized average Nusselt number with the vol-
ume fraction of nanoparticles for different aspect ratios and for D = 36 nm and 47 nm,
respectively. Figures 8a and 9a are related to the cavity with AR = 0.25. For Ra = 10%,
the values of Nu" are greater than unity. Therefore for all ranges of nanoparticle volume
fraction, the rate of heat transfer is higher than that for the base fluid at Ra = 10°. With
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FIG. 7: Variation of the average Nusselt number of the hot wall of the square cavity for the
nanofluid with nanoparticle diameter equal to (a) D = 36 nm, (b) D = 47 nm

increase in the Rayleigh number, an intense reduction in the normalized average Nus-
selt number is evident, and higher rate of decrease in the normalized average Nusselt
number by increase in the volume fraction of nanoparticles occurs at Ra = 10%. At Ra
= 104, the contributions of conduction and convection are comparable and the convec-
tion is not very appreciable. At this Rayleigh number the decrease in the heat transfer
rate via high viscosity of nanofluid is larger than the increase in the heat transfer
rate via high thermal conductivity of nanofluid, hence the net rate of heat transfer
decreases with increase in the nanoparticle volume fraction. At Ra = 10° and 10° the
Nu" number is higher than that at Ra = 10% however, it is lower than unity yet and
nanoparticles increase the rate of heat transfer only at Ra = 10°.

Figures 8b and 9b are related to the cavity with AR = 1. The behavior similar to
AR = 0.25 is evident for the case of AR = 1. Figures 8c and 9c¢ contain the result of
AR = 4. For the high aspect ratio cavity, conduction dominates over the heat transfer
at higher value of Rayleigh number compared to the cavity with a low aspect ratio
(Bejan, 1984). Therefore for AR = 4, nanoparticles increase the heat transfer rate at
Ra = 10* too. Variation of Nu® at Ra = 10* has a trend similar to that at Ra = 10°.
In the case of AR = 4, the normalized average Nusselt numbers related to Ra = 10°
are higher than those related to Ra = 10%. 1t is inverse in comparison with the case of
AR = 1 and 0.25. For Ra = 10° and 10° in Fig. 9c, fluctuation of Nu' is observed; a
similar trend was obtained by Abu-nada et al. (2010), and they clarified it thoroughly.

Figure 10 depicts the effect of AR on Nu" for nanoparticles with D = 36 nm. As
shown in Fig. 10a, the larger aspect ratio at Ra = 10° causes greater enhancement of
Nu”. Figures 10b and 10c are related to the cases of Ra = 10* and 10° , respectively. It
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FIG. 9: Normalized average Nusselt number vs. nanoparticles volume fraction for D = 47 nm
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FIG. 11: Effect of various nanoparticle diameters on the normalized average Nusselt number
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is evident that cavities with high aspect ratios cause less deterioration of the normal-
ized average Nusselt number compared to the cavities with low aspect ratio.

The effect of different nanoparticle diameters on the normalized average Nusselt
number is shown in Fig. 8. Figures 11a,b,c show the result obtained for AR = 0.25, 1,
and 4, respectively. For cavities with AR = 0.25 and 1, the nanofluid with D = 47 nm
causes smaller enhancement of Nu" at Ra = 10° and more deterioration of Nu~ at Ra
=10° compared to the nanofluid with nanoparticles of 36 nm in diameter. This is due
to the higher viscosity of nanofluid with nanoparticles of 47 nm in diameter than that
of nanoparticles with 36 nm in diameter. With increase in the aspect ratio, the differ-
ence between the results of nanofluids with different diameters of nanoparticles at Ra
= 10% decreases, since at AR = 4 the difference decreases approximately. However, at
Ra = 10* the difference still exists.

6. CONCLUSIONS

In this study, the free-convection heat transfer in rectangular enclosures filled with
Al,Os—water nanofluid was investigated numerically using the finite volume method.
A parametric study was performed, and the effects of the Rayleigh number, the vol-
ume fraction of the nanoparticles, the diameter of the spherical nanoparticles, and the
aspect ratio of the cavity on the fluid flow and heat transfer were investigated and the
following results were obtained:

Suspended nanoparticles of larger diameter provide nanofluids of higher viscosity.

For a cavity with AR = 1 and two different diameters of nanoparticles, only at Ra
= 103, conduction dominates over heat transfer, suspended nanoparticles increase the
rate of heat transfer and at other values of Rayleigh numbers, high viscosity of nano-
fluid reduces flow strength and the rate of heat transfer.

For a cavity with AR = 4, at Ra = 104, increase in the volume fraction of nanopar-
ticles increases the rate of heat transfer similarly to Ra = 10°.

Nanofluid with larger nanoparticles has less influence on heat transfer enhancement
at Ra = 10> and has a higher effect on heat transfer deterioration at Ra > 10° than the
nanofluid with a smaller diameter of nanoparticles.

For a cavity with AR = 4 and at Ra = 10°, a similar trend in heat transfer enhance-
ment utilizing nanofluid with different diameters of nanoparticles is observed; this
does not occur at other aspect ratios.
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