
 

 

 
Abstract—In this numerical study, effects of using Al2O3-water 

nanofluid on the rate of heat transfer have been investigated. Physical 
model is a square enclosure with insulated top and bottom horizontal 
walls, while the vertical walls are kept at different constant 
temperatures. Two appropriate models are used to evaluate the 
viscosity and thermal conductivity of nanofluid. The governing 
stream-vorticity equations are solved using a second order central 
finite difference scheme, coupled to the conservation of mass and 
energy. The study has been carried out for the nanoparticle diameter 
30, 60 and 90 nm and the solid volume fraction 0 to 0.04. Results are 
presented by average Nusselt number and normalized Nusselt number 
in different range of φ and D for mixed convection dominated 
regime. It is found that different heat transfer rate is predicted when 
the effect of nanoparticle diameter is taken into account. 
 

Keywords—Nano-fluid, nanoparticle diameter, heat transfer 
enhancement, square enclosure, Nusselt number. 

I. INTRODUCTION 

HE main restriction of common fluids used for heat 
transfer application such as water, ethylene glycol, 

mineral oil or propylene glycol is their low thermal 
conductivity. Nano-fluid, which is a mixture of nanosize 
particles suspended in base fluid, has a superior thermal 
conductivity compared to the base fluid [1]. The nanofluid can 
be used to various engineering applications such as solar 
collectors, heat exchangers, materials processing, cooling of 
electronic devices, crystal growth, metal coating and casting, 
and nuclear system cooling [2]-[4].  

There have been many investigations in the past decade on 
the natural and combined convective heat transfer and fluid 
flow in lid-driven square enclosure. Reference [5] considered 
the buoyancy-driven heat transfer in a two-dimensional 
chamber with different aspect ratio and filled with different 
types of nanoparticles for the Rayleigh numbers of 103 to 
5×105 using the finite volume method. They concluded that 
the existence of the nanoparticles resulted in an increase in the 
rate of heat transfer and average Nusselt number for the whole 
range of Rayleigh number. Reference [6] performed a 
numerical study of the heat transfer performance of nanofluids 
inside two-dimensional rectangular enclosures. Their results 
indicated that increasing the volume fraction of nanoparticles 
produced a significant enhancement of the average rate of heat 
transfer. Also their results showed that the variation of average 
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Nusselt number with increasing the volume fraction of 
nanoparticles is linear in two studied cases. Reference [7] 
investigated the laminar natural convection flow through a 
square inclined enclosure filled with a CuO nanofluid. They 
found that heat transfer in the cavity increases by adding 
nanoparticles. Also their results showed that the rate of 
increase is greater for the enclosures with low Rayleigh 
number. Reference [8] conducted a study of steady laminar 
mixed convection flow in single and double lid square cavities 
filled with water–alumina nanofluid using two viscosity 
models. Their results showed that a significant heat transfer 
enhancement could be obtained by increasing the nanoparticle 
volume fractions at moderate and large Richardson number 
using both nanofluid models.  

Something that is common in most of the cited numerical 
study on nanofluid combined convection heat transfer 
problems is the use of the Maxwell-Garnett thermal 
conductivity model [9] for a nanofluid and hence, predict 
enhancement of heat transfer because of the presence of 
nanoparticles and thermal conductivity coefficients of base 
fluid and nanoparticles. This model does not consider main 
mechanisms for heat transfer in nanofluids such as Brownian 
motion and does not consider nanoparticle size or temperature 
dependence. However, it is evident that the use of the accurate 
fundamental model for evaluating the thermal conductivity of 
nanofluids can be very influential. A number of researches 
have performed in comparative study of variable thermal 
conductivity models in various configurations. Reference [10] 
investigated the effects of thermal conductivity of Al2O3-water 
nanofluid on heat transfer enhancement in natural convection. 
Two different thermal conductivity models namely [11] and 
[9] evaluated by comparing their predicted results on Nusselt 
number. He indicated that at Ra≥104, the difference in Nusselt 
number between the Maxwell-Garnett [9] and Chon et al. 
model [11] prediction was small. However, there was a 
deviation in prediction at Ra=103 and this deviation becomes 
more significant at high volume fraction of nanoparticles. 
Similar comparative investigations with pair of models have 
been reported by [12]–[17]. 

The main motivation of this study is to investigate 
numerically the rate of heat transfer on the hot wall of square 
enclosure utilized with water-Alumina nanofluid and its effect 
on combined convections heat transfer. In order to achieve this 
objective, the model of Masoumi et al. [18] is employed for 
viscosity of nanofluid while Chon et al. [11] model is used to 
evaluate the thermal conductivity of nanofluid. The results and 
enhancement in heat transfer rate will be obtained for a wide 
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horizontal walls of the enclosure were kept insulated while the 
right and left walls were maintained isothermally, however the 
temperature of the left wall was higher than the right wall. The 
governing equations were given in term of the stream 
function-vorticity formulation in the non-dimensionalized 
form and then solved numerically by second-order central 
difference scheme. The model of [18] is employed for 
viscosity of nanofluid while thermal conductivity of nanofluid 
is evaluated by Chon et al. [11] model. In these models, the 
effects of nanofluid bulk temperature, nanoparticles size, 
nanoparticles volume fraction and Brownian motion were 
incorporated. The main findings are listed as follows: 
 The Nusselt number and thus heat transfer from the left 

wall of enclosure was enhanced with increasing volume 
fraction of nanoparticle.  

 Heat transfer in square enclosure was enhanced by 
decreasing the value of nanoparticle diameter keeping 
constant the other parameters. 

REFERENCES  
[1] Choi S.U.S (1995) Enhancing Thermal Conductivity of Fluids with 

Nanoparticles. ASME Fluids Engineering Division 231: 99–105. 
[2] Eastman JA, Choi SUS, Li S, Yu W, Thompson W (2001) Anomalously 

Increased Effective Thermal Conductivities of Ethylene Glycol-Based 
Nano-Fluids Containing Copper Nanoparticles. Appl Phys Lett 78:718. 

[3] Kakac S, Pramuanjaroenkij A (2009) Review of Convective Heat 
Transfer Enhancement with Nano-Fluids. Int J Heat Mass Transf 52: 
3187–3196. 

[4] Saidur R, Leong K.Y, Mohammad H.A (2011) A Review on 
Applications and Challenges of Nano-Fluids. Renew Sustain Energy 
Rev 15: 1646–1668. 

[5] Oztop H.F, Abu-Nada, E (2008) Numerical Study of Natural Convection 
in Partially Heated Rectangular Enclosures Filled with Nano-Fluids. Int 
J Heat Fluid Flow 29: 1326–1336. 

[6] Sheikhzadeh G. A, Hajialigol N, Ebrahim Qomi M, Fattahi A (2012) 
Laminar Mixed Convection of Cu-Water Nano-Fluid in Two Sided Lid-
Driven Enclosures. J nanostructure 1: 44-53. 

[7] Oztop H.F, Mobedi M, Abu-Nada E, Pop I (2012) A Heat Line Analysis 
of Natural Convection in a Square Inclined Enclosure Filled with a CuO 
Nano-Fluid under Non-Uniform Wall Heating Condition. Int J Heat 
Mass Transf 55:5076–5086. 

[8] Chamkha A.J, Abu-Nada E (2012) Mixed convection flow in single and 
double-lid driven square cavities filled with water–Al2O3 nanofluid: 
effect of viscosity models. Eur J Mech B Fluids 36:82–96. 

[9] Maxwell-Garnett J.C (1904) Colours in Metal Glasses and in Metallic 
Films, Philos Trans R Soc A 203: 385–420. 

[10] Abu-Nada E. (2009). Effects of Viscosity and Thermal Conductivity of 
Al2O3–Water Nano-Fluid on Heat Transfer Enhancement in Natural 
Convection. Int J Heat Fluid Flow, 30: 679–690. 

[11] Chon C.H, Kihm K.D, Lee S.P, Choi S (2005) Empirical Correlation 
Finding the Role of Temperature and Particle Size for Nano-Fluid 
(Al2O3) Thermal Conductivity Enhancement. Appl Phys Lett 87 (15): 
153107-1-3. 

[12] Abu-Nada E, Masoud Z, Oztop H.F, Campo A (2010) Effect of Nano-
Fluid Variable Properties on Natural Convection in Enclosures. Int J 
Therm Sci 49: 479–491. 

[13] Terekhov V. I., Kalinina S. V, Lemanov V. V. (2010). The Mechanism 
of Heat Transfer in Nano-Fluids: State of the Art (Review). Part 2. 
Convective Heat Transfer. Thermophysics and Aeromechanics 17(2): 
157-171. 

[14] Sheikhzadeh, G.A, Ebrahim Qomi M, Hajialigol N, Fattahi A (2012) 
Numerical Study of Mixed Convection Flows in a Lid-Driven Enclosure 
Filled with Nano-Fluid Using Variable Properties. Results in Physics 2: 
5–13. 

[15] Ghafouri A, Falavand Jozaei A, Salari M (2015) Numerical Evaluation 
of Nusselt Number on the Hot Wall in Square Enclosure Filled with 
Nano-Fluid. International Journal of Mechanical, Aerospace, Industrial 
and Mechatronics Engineering 9(2): 354–358. 

[16] Pourmahmoud N, Ghafouri A, Mirzaee I (2013) Numerical Study of 
Mixed Convection Heat Transfer in Lid-Driven Cavity Using Nano-
Fluid; Effect of Type and Model of Nano-Fluid. J Therm Sci, doi: 
10.2298/TSCI120718053P.  

[17] Pourmahmoud N, Ghafouri A, Mirzaee I (2014) Numerical Comparison 
of Viscosity Models on Mixed Convection in Double Lid-Driven Cavity 
Utilized CuO-Water Nano-Fluid. J. Therm. Sci, doi: 
10.2298/TSCI130309048P.  

[18] Masoumi N, Sohrabi N, Behzadmehr A, (2009) A New Model for 
Calculating the Effective Viscosity of Nano-Fluids, J Phys D: Appl. 
Phys 42 055501.  

[19] Chon C. H, Kihm K.D, Lee S. P, Choi S. U. S (2005) Empirical 
Correlation Finding the Role of Temperature and Particle Size for Nano-
Fluid (Al2O3) Thermal Conductivity Enhancement. Appl Phys Lett 87: 
153107. 

[20] Angue Minsta H., Roy G., Nguyen C. T., Doucet D. (2008) New 
Temperature and Conductivity Data for Water- Based Nano-Fluids. Int J 
Therm. Sci. 48 (2): 363–373.  

[21] Khanafer K, Vafai K, Lightstone M (2003) Buoyancy-Driven Heat 
Transfer Enhancement in a Two-Dimensional Enclosure Utilizing Nano-
Fluids. Int J Heat Mass Transf 46: 3639–3653. 

[22] Fusegi T, Hyun J. M, Kuwahara K, Farouk B (1991) A Numerical Study 
of Three Dimensional Natural Convection in a Differentially Heated 
Cubical Enclosure. Int J Heat Mass Transf 34: 1543–1557. 

[23] Markatos N. C, Pericleous K. A (1984) Laminar and Turbulent Natural 
Convection in an Enclosed Cavity. Int J Heat Mass Transf 27: 772–775. 

World Academy of Science, Engineering and Technology
International Journal of Aerospace and Mechanical Engineering

 Vol:9, No:10, 2015 

1795International Scholarly and Scientific Research & Innovation 9(10) 2015 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 A
er

os
pa

ce
 a

nd
 M

ec
ha

ni
ca

l E
ng

in
ee

ri
ng

 V
ol

:9
, N

o:
10

, 2
01

5 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
00

02
74

8.
pd

f


