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1. INTRODUCTION

Cooling systems are one of the most important concerns in the industries and every-
where that heat transfer is considered. In most cases, cooling optimization of existing 
heat transfer systems is done by increasing their heat transfer surfaces, which increas-
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In this study, mixed convection fl uid fl ow and heat transfer in an inclined two-sided lid-driven 
cavity subjected to Al2O3–water nanofl uid (with diff erent particle diameters from 15 to 99 nm) has 
been investigated numerically. The geometry is a double lid-driven square cavity with sinusoidal 
temperature distribution on the left  sidewall, while the right wall is kept at Tc. The top and bott om 
walls of the cavity, which move in opposite directions, are assumed to be insulated. The eff ects of 
inclination angle, Richardson number, nanoparticle volume fraction, temperature, and nanoparticle 
diameter based on recent variable property formulations are studied. The eff ects of an increase in 
Richardson number while the solid volume fraction is constant and eff ects of an increase in solid 
volume fraction when the Richardson number is kept constant are investigated. Also, the obtained 
results show that an increase in nanoparticle diameter infl uences the fl ow patt ern and isotherm 
contours inside the cavity relatively when the Richardson number is kept constant and the diameter 
is varied from 15 to 99 nm. As the mean nanoparticle diameter increases, the corresponding fl ow 
velocity decreases, and hence the heat transfer enhancement is reduced. The results indicate that 
as Richardson number increases, the average Nusselt number rapidly increases for diff erent values 
of dp. Moreover, the results have clearly indicated that the addition of Al2O3 nanoparticles has 
produced a remarkable enhancement on heat transfer with respect to that of the pure fl uid. 
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es the size of these devices, which is undesirable. Conversely, conventional fl uids, 
such as water, ethylene glycol, and mineral oils, have a rather low thermal conductiv-
ity. Heat transfer in such devices can be enhanced by utilizing the nanofl uid media. 
Nanofl uids are engineered colloids made of a pure fl uid and nanoparticles. Hence the 
heat transfer rate can be enhanced due to the higher thermal conductivity of these par-
ticles than the pure fl uid (Choi et al.,  2004). A comprehensive review of the nanofl uid 

NOMENCLATURE

dimensionless CartesianX, Yspecifi c heat, cp

coordinatesJ·kg−1·K−1

Greek SymbolsGrashof numberGr

thermal diffusivity, m2·sαgravitational acceleration, m·s−2g

thermal expansion coeffi cient, βheat transfer coeffi cient, h

K−1W·m−2·K−1

dimensionless temperatureθenclosure length, mL

dynamic viscosity, μthermal conductivity,k

kg·m−1·s−1W·m−1·K−1

kinematic viscosity, m2·s−1νNusselt numberNu

density, kg·m−3ρpressure, N·m−2p

volume fraction of theφdimensionless pressureP

nanoparticlesPrandtl numberPr

cavity inclination angleγlid velocity, m·s−1U0

Subscripts
Reynolds numberRe

Richardson numberRi

coldcdimensional temperature, KT

effectiveeffdimensional velocity components  u, v

fl uidfin x and y directions, m·s−1

hothdimensionless velocity compo-U, V

nanofl uidnfnents in X and Y directions

solid particlessdimensional Cartesianx, y

wallwcoordinates, m
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heat behavior can be found in Godson et al. (2010), Sarkar (2011), and Mohammed 
et al. (2011).

Many investigators have studied various features of nanofl uids (Godson et al., 
2010). Some of them have been conducted about nanofl uid in the enclosure. Wen 
and Ding (2005) studied a numerical model to survey heat transfer in a cavity fi lled 
with water–TiO2 nanofl uid heated from below. They used different models to evaluate 
the viscosity and effective thermal conductivity. Hwang et al. (2007) discussed the 
improvement of heat transfer in a nano-fi lled rectangular enclosure heated from bot-
tom. Numerical simulation of natural convection in a cavity fi lled with water–copper 
nanofl uid has been executed by Khanafer et al. (2003). Their results illustrated that 
the heat transfer rate increases as increasing the volume fraction of nanoparticles in a 
particular Grashof number.

Mixed convection, which combines both natural and forced convection, is a sig-
nifi cant heat transfer mechanism that occurs in many applications. The most applica-
tion of the mixed convection fl ow with lid-driven effect is to include the cooling of 
the electronic devices, lubrication technologies, drying technologies, food processing, 
chemical processing equipment, and so on. Owing to interaction of buoyancy and 
shear forces, mixed convection heat transfer is a complex phenomenon. Owing to the 
importance of this phenomenon, some studies have been applied on the mixed con-
vection heat transfer in cavities fi lled with nanofl uids.

 For the fi rst time, Tiwari and Das (2007) performed a numerical study on mixed 
convection heat transfer in a square cavity fi lled with the Cu–water nanofl uid with 
differentially heated moving sidewalls and insulated top and bottom walls. Their in-
vestigation on the effects of the various parameters, such as volume fraction of the 
nanoparticles and Richardson number on the cavity heat transfer, proved that with 
increase in the volume fraction of the nanoparticles, for Richardson number equal to 
unity, the average Nusselt number increases.

In another study, a numerical simulation on mixed convection fl ow and heat trans-
fer of Cu–water nanofl uid in a lid-driven rectangular enclosure has been performed 
by Muthtamilselvan et al. (2010). The enclosure’s sidewalls were insulated, while its 
horizontal walls were kept at constant temperatures, with the top wall moving at a 
constant velocity.

Guo and Sharif (2004) used the fi nite volume method and the SIMPLER algorithm 
to investigate the mixed convection in rectangular cavities at different aspect ratios 
with moving isothermal sidewalls and constant heat fl ux source on the bottom wall. 
They studied the impact of the heat source length, the Richardson number, and the 
aspect ratio of the cavity on the heat transfer. Their results showed that the average 
Nusselt number increased by moving the heat source toward the sidewalls.

The problem of the available classical models is their inability to evaluate the ef-
fective viscosity and thermal conductivity of the nanofl uids (Morshed et al., 2008). 
Ho et al. (2008) distinguished four recent models for the effective dynamic viscosity 



Heat Transfer Research 

412 Hemmat Esfe et al.

and thermal conductivity of an alumina–water nanofl uid on the natural convection in 
a square cavity. They concluded that the model used for the viscosity and the thermal 
conductivity of the nanofl uid is an important factor to predict that the heat transfer 
inside the enclosure could be either increased or decreased with respect to that of the 
base fl uid.

The investigation of mixed convection fl ow and heat transfer in a cavity subjected 
to a Cu–water nanofl uid has been executed by Talebi et al. (2010) using the fi nite vol-
ume method. The top and bottom walls of the cavity were adiabatic, and its vertical 
walls were differentially heated. They reported that for a specifi c Reynolds number, 
with an increase in the volume fraction of nanoparticles, heat transfer inside the cav-
ity is enhanced.

Abu-Nada and Chamkha (2010) investigated the effects of variable properties on 
natural convection in cavities subjected to Al2O3–water and CuO–water nanofl uids. 
Their results indicated that the average Nusselt number is more affected by viscosity 
models than by thermal conductivity models at high Rayleigh numbers.

In another study, a numerical investigation of mixed convective heat transfer in-
side a right triangular lid-driven cavity fi lled with a water–Al2O3 nanofl uid with an 
insulated horizontal wall, hot inclined wall, and moving cold vertical wall was done 
by Ghasemi and Aminossadati (2010). In their work, the impacts of two different 
downward and upward movements of the cold vertical wall, Richardson number, and 
nanoparticles volume fraction have been considered. They concluded that for all val-
ues of Richardson number, the heat transfer rate for each direction of the sliding wall 
motion is enhanced by increasing the solid volume fraction.

Mahmoodi (in press) conducted a numerical simulation on mixed convection of 
Al2O3 water nanofl uid in rectangular cavities with a hot moving bottom lid and 
cold right, left, and top walls. Also, the effect of nanofluid variable properties 
on mixed convection in a square cavity has been investigated by Mazrouei Sebdani 
et al. (2012)

Recently, a numerical study has been performed by Arefmanesh and Mahmoodi 
(2011) to investigate uncertainty effects of dynamic viscosity models for a Al2O3–wa-
ter nanofl uid on mixed convection. Their square enclosure consists of two cold walls 
(left and right), a cold horizontal top wall, and a moving hot bottom wall. They used 
two different viscosity models and studied the effects of the solid volume fraction 
and Richardson number on the fl uid fl ow and heat transfer inside the enclosure. They 
found that for both of the viscosity models, with increasing volume fraction of the 
nanoparticles, the average Nusselt number of the hot wall also increases. Our studies 
are focused on the mixed convection in a square double lid-driven inclined cavity 
fi lled with a Al2O3–water nanofl uid based on recent models.

The latest proposed models by Jang et al. (2007) and Abu-Nada et al. (2010) have 
been used to calculate the dynamic viscosity. Also, the model of Xu et al. (2006) is 
used to calculate the thermal conductivity of a nanofl uid in the current study. These 
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models depend on parameters such as diameter of nanoparticles, diameter ratio, tem-
perature, and volume fraction of nanoparticles.

The cavity has a nonuniform sinusoidal temperature profi le on the left wall, and its 
right side wall is kept at constant cold temperature.

According to the best knowledge of the authors, no investigation has been done so 
far about the effects of variable properties on mixed convection in the double lid-driv-
en cavity with a nonuniform temperature profi le fi lled with nanofl uid at different cav-
ity inclination angles. The results of this study can be used in many industrial appli-
cations such as the lubrication industry, fl oat glass production technology, and food 
processing.

In this article, the infl uences of parameters such as Reynolds number, cavity incli-
nation angle, Richardson number, temperature, volume fraction of nanoparticles, and 
nanoparticle diameter on the hydrodynamics and thermal characteristics are discussed.

2. MATHEMATICAL MODELING

Figure 1 shows a square double lid-driven cavity considered for the present study. The 
height and the width of the cavity are denoted by L. The length of the cavity perpen-
dicular to its plane is assumed to be long enough, hence the problem is considered 
two-dimensional.

The cavity is heated from sinusoidal temperature distribution, which exists on the 
left wall, and is cooled from the right wall (Tc). The top-moving and bottom-moving 

FIG. 1: Schematic of the current problem
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walls move in their own plane at constant velocity U0 and are supposed to be insu-
lated. The cavity is fi lled with a suspension of Al2O3 nanoparticles with different par-
ticle diameters in water such that the nanoparticles and the base fl uid are in thermal 
equilibrium and there is no slip between them.

The thermophysical properties of nanoparticles and the water as the base fl uid at T 
= 25°C are presented in Table 1.

The governing equations for a steady, two-dimensional laminar and incompressible 
fl ow are expressed as
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The dimensionless parameters may be presented as
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TABLE 1: Thermophysical properties of water and nanoparticles at T = 25°C

Physical properties Fluid phase (water) Solid (Al2O3)

cp, J/kg·k 4179 765

ρ, kg/m3 997.1 3970

K, W·m−1·K−1 0.6 25

β × 10−5, 1/K 21. 0.85

μ × 10−4, kg/ms 8.9 –

dp, nm – 47
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Hence
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The dimensionless forms of the preceding governing equations (1)–(4) become
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2.1  Thermal Diffusivity and Effective Density

Thermal diffusivity and effective density of the nanofl uid are, respectively,

 ( )
nf
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(1 )nf s fρ = ϕρ + − ϕ ρ  . (12)

2.2  Heat Capacity and Thermal Expansion Coeffi cient

Heat capacity and thermal expansion coeffi cient of the nanofl uid are therefore, respec-
tively,
  ( ) ( ) (1 )( )p nf p s p fc c cρ = ϕ ρ + − ϕ ρ  , (13)

( ) ( ) (1 )( ) .nf s fρβ = ϕ ρβ + − ϕ ρβ

2.3  Viscosity

The effective viscosity of the nanofl uid was calculated by
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This well-validated model is presented by Jang et al. (2007) for a fl uid containing a 
dilute suspension of small rigid spherical particles, and it accounts for the slip mech-
anism in nanofl uids. The empirical constant ε and η are −0.25 and 280 for Al2O3, 
respectively.

It is worth mentioning that the viscosity of the base fl uid (water) is considered to 
vary with temperature, and the fl owing equation is used to evaluate the viscosity of 
water:

 

2
5 4 3

H O

2 6
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518.78 1153.9) 10 ,
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where Trc = log (T – 273).

2.4  Dimensionless Stagnant Thermal Conductivity

The effective thermal conductivity of the nanoparticles in the liquid as stationary is 
calculated by the Hamilton and Crosser (1962) (H–C model):
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2.5  Total Dimensionless Thermal Conductivity of Nanofl uids

The following model was proposed by Xu et al. (2006):
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It has been chosen in this study to describe the thermal conductivity of nanofl uids. 
The fi rst term is the H–C model, and the second term is the thermal conductivity 
based on heat convection due to Brownian motion; c is an empirical constant, which 
is relevant to the thermal boundary layer and dependent on different fl uids (e.g., c = 
85 for the deionized water and c = 280 for ethylene glycol) but independent of the 
type of nanoparticles. Nup is the Nusselt number for liquid fl owing around a spherical 
particle and is equal to 2 for a single particle in this work. The fl uid molecular diam-
eter df = 4.5·10–10 (m) for water in the pres ent study. The Pr is the Prandtl number; φ 
and dp are the nanoparticle volume fraction and mean nanoparticle diameter, respec-
tively. The fractal dimension Df  is determined by
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where dp,max and dp,min are the maximum and minimum diameters of nanoparticles, 
respectively. With the given/measured ratio of dp,min/dp,max, the minimum and max-
imum diameters of nanoparticles can be obtained with mean nanoparticle diameter 
dp from the statistical property of fractal media. The ratio of minimum to maximum 
nanoparticles dp,min/dp,max is R:
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2.6  Nusselt Number

Nusselt number is
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where the heat transfer coeffi cient h is defi ned as
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and the thermal conductivity may be expressed as
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By substituting Eqs. (18) and (19) into Eq. (17), the Nusselt number for the left hot 
wall can be written as
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The average Nusselt number calculated over the hot surface by Eq. (18) becomes
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2.7  Boundary Conditions

The boundary conditions as set out earlier may be mathematically presented as
Left wall: 
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Right wall:
0

0
U V= =⎧
⎨θ =⎩

 ,

Bottom wall:

 

1, 0

0

U V

Y

= − =⎧
⎪
∂θ⎨

=⎪ ∂⎩

 , (25)

Top wall:
1, 0

.
0

U V

Y

= =⎧
⎪
∂θ⎨

=⎪ ∂⎩

3. NUMERICAL METHOD

Governing equations for continuity, momentum, and energy equations associated with 
the boundary conditions in this investigation were calculated numerically based on the 
fi nite volume method and associated staggered grid system, using FORTRAN com-
puter code. The SIMPLE algorithm is used to solve the coupled system of governing 
equations. The convection term is approximated by a hybrid scheme that is conducive 
to a stable solution. In addition, a second-order central differencing scheme is utilized 
for the diffusion terms. The algebraic system resulting from numerical discretization 
was calculated utilizing TDMA applied in a line going through all volumes in the 
computational domain. The solution procedure is repeated until the following conver-
gence criterion is satisfi ed:
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Here M and N correspond to the number of grid points in the x and y directions, 
respectively, n is the number of the iteration, and λ denotes any scalar transport quan-
tity. To verify grid independence, a numerical procedure was carried out for nine dif-
ferent mesh sizes, namely, 21 × 21, 31 × 31, 41 × 41, 51 × 51, 61 × 61, 71 × 71, 81 
× 81, 91 × 91, and 101 × 101. Average Nu of the right hot wall is obtained for each 
grid size, as shown in Fig. 2.
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As can be observed, an 81 × 81 uniform grid size yields the required accuracy and 
was hence applied for all simulation exercises in this work, as presented in the fol-
lowing section.

The proposed numerical scheme is validated by comparing the present code results 
for Gr = 105, dp = 5 nm, φ = 0.05, and zero inclination angle for different values of Pr 
numbers against the numerical simulation published by Lin and Violi (2010) in Fig. 3. 
It is clear that the present code is in good agreement with another work reported in 
literature, as shown in Fig. 3.

Also, to ensure the accuracy and validity of this new model, we analyze a square 
cavity fi lled with base fl uid with Pr = 0.7 and different Ra numbers. This system has 
been previously investigated by other researchers, such as Lin and Violi (2010), Ti-
wari and Das (2007), and Hadjisophocleous et al. (1998). Table 2 shows the compar-
ison between the results obtained with the new model and the values presented in the 
literature. The quantitative comparisons for the average Nusselt numbers indicate an 
excellent agreement between them.

To check Xu’s model, Fig. 4 indicates the characteristics of the effective thermal 
conductivity, which is a function of the practical parameters T, R = dp,min/dp,max, and 
dp. As presented in Fig. 4a, R has relatively high impact for small average nanopar-
ticle diameters. The temperature effect of nanofl uids is illustrated in Fig. 4b. It is 
found that the existence of nanoparticles effects extensively on heat conductivity of 
the nanofl uid at high temperatures. Thus, compared with the H–C model with the 
assumption of uniform nanoparticle size, Xu’s model presents a better fl exibility in 
predicting the heat transfer characteristics.

FIG. 2: Average Nusselt number for different uniform grids
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FIG. 3: Comparison of average Nusselt numbers between Lin and Violi (2010) and the present 
results for Gr = 105, dp = 5 nm, and φ = 0.05 for different values of Pr numbers

FIG. 4: Dimensionless effective thermal conductivity of Al2O3–water nanofl uid versus con-
centration of nanoparticles with different mean nanoparticle diameters and fractal distributions: 
(a) T = 300 and (b) R = 0.004

(a)                                                                   (b)
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4. RESULTS AND DISCUSSION

In this article, a numerical analysis has been conducted to investigate the effects of 
inclination angles, Richardson numbers, nanoparticle volume fractions, temperature, 
and nanoparticle diameters on a nanofl uid fi lling a two-dimensional inclined double 
lid-driven cavity with sinusoidal temperature distribution on the left wall.

The contours for different volume fraction of the nanoparticles, when dp and in-
clination angle are kept fi xed at 15 nm and 30°, respectively, and for different values 

TABLE 2: Code validation shows the comparison between the results in present study and other 
research

Hadjisophocleous
et al. (1998)

Tiwari and Das 
(2007)

Lin and Violi 
(2010)Present study

(a) Ra = 103

3.5443.6423.5973.619umax

0.8140.8040.8190.811Y
3.5863.70263.6903.697vmax

0.1860.1780.1810.180X
1.1411.08711.1181.114Nuave

(b) Ra = 104

15.99516.143916.15816.052umax

0.8140.8220.8190.817Y
18.89419.66519.64819.528vmax

0.1030.1100.1120.110X
2.292.1952.2432.215Nuave

(c) Ra = 105

37.14434.3036.73236.812umax

0.8550.8560.8580.856Y
68.9168.764668.28868.791vmax

0.0610.059350.0630.062X
4.9644.4504.5114.517Nuave

(d) Ra = 106

66.4265.586666.4698766.445umax

0.8970.8390.868510.873Y
226.4219.7361222.33950221.748vmax

0.02060.042370.038040.0398X
10.398.8038.7579338.795Nuave
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of Richardson number, are shown in Figs. 5–7. These fi gures demonstrate stream-
lines and isotherms for T = 300 K, R = 0.07 with different volume fractions of 0, 
0.025, and 0.05, and Richardson numbers of 0.1, 1, and 10. For a constant Richardson 

FIG. 5: Streamlines (on the left) and isotherms (on the right) for dp = 15 nm, T = 300 K, R = 
0.07, Ri = 0.1, and inclination angle of 30° with different volume fractions of (a) 0.0, (b) 0.025, 
and (c) 0.05
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FIG. 6: Streamlines (on the left) and isotherms (on the right) for dp = 15 nm, T = 300 K, R = 
0.07, Ri = 1, and inclination angle of 30° with different volume fractions of (a) 0.0, (b) 0.025, and 
(c) 0.05
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FIG. 7: Streamlines (on the left) and isotherms (on the right) for dp = 15 nm, T = 300 K, R = 
0.07, Ri = 10, and inclination angle of 30° with different volume fractions of (a) 0.0, (b) 0.025, 
and (c) 0.05
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number, when the volume fraction of the nanoparticles increases, the convection heat 
transfer becomes more strongly limited. The contours describe the interaction between 
forced and natural convection. As can be found, an increase in solid concentration 
does not have a considerable effect on the thermal fi eld.

As can be seen from the fi gures for all Richardson numbers and volume fractions 
of the nanoparticles, the nanofl uid descends downward along the right wall, moves 
horizontally to the left corner of the cavity along the bottom wall, then moves upward 
and forms a counterrotating eddy inside the cavity. When Ri increases, the clock-
wise rotating vortex becomes larger due to greater absorption of energy from the wall 
with temperature distribution. Neither increase in Richardson number nor increase in 
nanoparticle volume fraction affects the fl ow pattern inside the cavity tremendously.

Effects of an increase in the nanoparticle concentration on fl ow and temperature 
fi elds are more distinguishable in Fig. 7. As can be found, the effect of nanofl uid on 
the streamlines is more apparent for higher Ri. It is clearly seen that as the Richardson 
number increases to 10, the general manner of isotherms and streamlines is changed, 
so that in volume fraction of 0.025, the dominated central vortex is separated into two 
parts. Although an increase in Richardson number affects the contours in φ = 0.025, 
for other values of φ, no serious change is observed.

Figure 8 illustrates streamlines and isotherms for Ri = 10, T = 300 K, R = 0.07, 
and inclination angle of 60°. In this fi gure, the effect of diameter of nanoparticles on 
the mixed convection inside the cavity is investigated. The Richardson number is kept 
constant, and the diameter is varied from 15 to 99 nm. It is evident that an increase 
in nanoparticle diameter infl uences the fl ow pattern and isotherm contours inside the 
cavity relatively.

In this fi gure, conduction heat transfer is not strong, and the heat transfer occurs 
mainly through convection. As the diameter increases, the forced convection be-
comes stronger. As can be seen from the fi gure, with an increase in the diameter, the 
concentration of the isotherms in the sidewalls, especially the wall in temperature 
distribution, augments. It is an increase in thermal conductivity of the nanofl uid that 
results in enhancement of diffusion of heat. Moreover, it can be seen than when the 
dp increases, the core of the eddy becomes gradually smaller. With enhancement of 
the diameter, an augmentation in the value of dimensionless stream function is ob-
served.

Figure 9 shows the effect of the nanoparticle diameter and inclination angle, re-
spectively, on the heat transfer characteristics. This fi gure represents the variation of 
average Nu numbers with the inclination angles (0°, 30°, 60°, 90°) for Ri = 10, T = 
300 K, R = 0.07, φ = 0.05, and different dp of 15 nm, 40 nm, 70 nm, and 99 nm. It is 
obvious that average Nu decreases as angle of inclination increases. Inclination angle 
of the enclosure is proposed as a control parameter for fl uid fl ow and heat transfer. It 
was found that lower heat transfer is formed for γ = 90°. Also, we see a signifi cant 
decrease in average Nu number with increasing Al2O3 nanoparticle diameter.
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FIG. 8: Streamlines (on the left) and isotherms (on the right) for Ri = 10, T = 300 K, R = 
0.07, and inclination angle of 60° with different values of dp (a) 15 nm, (b) 40 nm, (c) 70 nm, 
and (d) 99 nm
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The infl uence of the nanoparticle volume fraction and inclination angle, respec-
tively, on the average Nu number is reported by Fig. 10. This fi gure demonstrates the 
variation of average Nu numbers with the inclination angles (0°, 30°, 60°, 90°) for Ri 
= 10, T = 300 K, R = 0.07, dp =15, and different φ of 0.0, 0.01, 0.02, 0.03, 0.04, and 
0.05. It can be easily found from Fig. 10 that average Nu decreases as cavity incli-
nation angle increases. The results have clearly indicated that the addition of Al2O3 
nanoparticles has produced a remarkable enhancement on heat transfer with respect to 
that of the pure fl uid.

We analyze the effect of Richardson number (from 0.1 to 10) and diameter of par-
ticles (from 15 to 99) on the heat transfer characteristics in Fig. 11. This fi gure illus-
trates the variation of average Nu numbers with the nanoparticle volume fractions 
for inclination angle of 0°, T = 300 K, R = 0.07, and different Ri and dp. As dp is 
increased from 15 to 99 nm, the average Nusselt number of nanofl uids becomes con-
siderably lower at each Richardson numbers of 0.1, 1, and 10. Also, the results indi-
cate that as Ri increases, the average Nusselt number rapidly increases for different 
values of dp.

To investigate the impact of the mean nanoparticle diameter on the velocity pro-
fi les, nanoparticle diameters are changed between 15 nm and 99 nm, while Ri, γ, and 
φ are fi xed at 10, 60°, and 0.05, respectively. Figure 12 shows velocity profi les at 
the enclosure centerline for different values of dp. As the mean nanoparticle diameter 
increases, the corresponding fl ow velocity decreases, and hence the heat transfer en-
hancement is reduced.

FIG. 9: Variation of average Nu numbers with the inclination angles for Ri = 10, T = 300 K, 
R = 0.07, φ = 0.05, and different dp of (a) 15 nm, (b) 40 nm, (c) 70 nm, and (d) 99 nm
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FIG. 10: Variation of average Nu numbers with the inclination angles for Ri = 10, T = 300 K, 
R = 0.07, dp = 15, and different φ of 0.0, 0.01, 0.02, 0.03, 0.04, and 0.05

FIG: 11: Variation of average Nu numbers with the nanoparticle volume fractions for inclina-
tion angle of 0°, different dp of 15 nm and 99 nm, and different Ri of 0.1, 1, and 10
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FIG: 12: Velocity profi les at enclosure centerline for different values of dp with Ri = 10, incli-
nation angle of 60°, and φ = 0.05
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5. CONCLUSION

In this article, the infl uence of Al2O3–water nanofl uid variable properties on mixed 
convection heat transfer in a two-dimensional inclined double lid-driven square cavity 
with sinusoidal temperature distribution on the left side wall was studied numerically. 
The developed numerical code was validated by comparing the obtained results with 
those available in the literature. We get the following conclusions from the obtained 
results:

1. When the nanoparticle volume fraction increases, while the Richardson number 
is kept constant, the convection heat transfer becomes more strongly limited. How-
ever, it is found that the increase in solid concentration does not have a considerable 
effect on the streamline contours at low Richardson numbers.

2. For all Richardson numbers and volume fractions of the nanoparticles, it is ob-
served that the nanofl uid descends downward along the right wall, moves horizontally 
to the left corner of the cavity along the bottom wall, then moves upward and forms 
a counterrotating eddy inside the cavity. When Ri increases, the clockwise rotating 
vortex becomes larger owing to greater absorption of energy from the wall with tem-
perature distribution.

3. With increasing Richardson number, while the solid volume fraction is kept con-
stant, the fl ow pattern inside the cavity tremendously is not affected. As can be found, 
the effects of an increase in the nanoparticle concentration on fl ow and temperature 
fi elds are more apparent at higher Richardson numbers. It is clearly seen that as the 
Richardson number increases to 10, the general manner of isotherms and streamlines 
is changed, so that in volume fraction of 0.025, the dominated central vortex is sepa-
rated into two parts.

4. When the Richardson number is kept constant and the diameter is varied from 
15 to 99 nm, it is evident that an increase in nanoparticle diameter infl uences the fl ow 
pattern and isotherm contours inside the cavity relatively. As the diameter increases, 
the forced convection becomes stronger, and concentration of the isotherms in the 
sidewalls augments.

5. It is obvious that average Nu decreases as angle of inclination increases. 
6. The results have clearly indicated that the addition of Al2O3 nanoparticles has pro-

duced a remarkable enhancement on heat transfer with respect to that of the pure fl uid.
7. As the mean nanoparticle diameter increases, the corresponding fl ow velocity 

decreases, and hence the heat transfer enhancement is reduced.
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