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Abstract - Mixed convection of water-based CuOnanofluids in a lid-driven inclined enclosure heated and cooled from the 
adjacent left and top walls was studied numerically in this study for various values of pertinent parameters. The 
computational results of the governing equations were obtained by a commercialfinite element modelling and simulation 
software. The Grash of number was taken constant at a value of 104. Reynolds number was varied in a way that the 
Richardson number takes on values in the range of 0.1 to 10. Three different nanoparticle volume fractions were considered: 
0%, 4% and 8%.The inclination angle was taken as 0, 30, 45, and 90 degrees. The results show that flow in the enclosure is 
unicellular for the low values of inclination angle and a secondary counterclockwise circulation emerges with an increase in 
the inclination angle. The average Nusselt number takes higher values with an increase in the solid volume fraction and with 
a decrease in the Richardson number. The results also indicate that the average Nusselt number shows a decrease with 
increasing inclination angle except for Ri=0.1. The results finally show that the average Nusselt number gets its highest 
value at the inclination angle of 30 degrees for Ri=0.1. 
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I. INTRODUCTION 

 
Advances in technology made it possible to 
producenano-sized solid particles. With the addition 
of these nano-sized solid particles to a base fluid such 
as water, ethylene glycol, or oil, a mixture called 
nanofluid with a much higher thermal conductivity 
than the base fluid can be created [1]. There are 
several factors behind this anomalous increase in 
thermal conductivity. These are random motion of 
suspended solid particles, liquid layer formation 
around the solid particles, the heat transfer 
mechanism, and the solid particle clustering [2]. 
Duringthe past several decades, many studies were 
conducted on natural and forced convective heat 
transfer of nanofluids [3-5]. There are also a number 
of studies in the literature on mixed convection heat 
transfer. Kahveci and Ogut[6] studied mixed 
convection of water-based nanofluids in a lid-driven 
square enclosure heated by a uniform heat flux on the 
bottom wall bya heater and concluded thataverage 
heat transfer rate shows a considerable increase with 
a decrease in the forced convection effect and the 
length of the heater.Kalteh et al. [7] performed a 
numerical study on laminar mixed convection in a 
lid-driven enclosurefilled with water-based 
nanofluids and with a triangular heat source. Their 
results indicate that increasing the solid 
nanoparticlesizecauses a decrease in the heat transfer 
rate for all Richardson numbers considered in the 
study. They also observed that theheat transfer 
rategets higher values with 
decreasingheaterlength.Kefayati [8] conducted a 
numerical investigation on mixed convection of non-
Newtonian nanofluids in a lid-driven enclosure 
heated fromthe left wall and cooled fromthe right 

wall with a sinusoidal temperature profile and found 
that the effect of nano-sized solid particles on heat 
transfer weakenswhen thepower-law index gets 
higher values.Ahmet et al. [9] performed a study 
onmixed convection in enclosures with two adjacent 
moving walls and filled with nanofluids and observed 
that the both Richardson number and moving lid 
ordinations have importanteffects on velocity and 
temperature fields.Abu Nada and Chamkha [10] 
studiedthe mixed convective flow and heat transfer of 
nanofluidscomposed of water and Al2O3 in a lid-
driven differentially heated enclosure. Their results 
show that flow and heat transfer characteristics are 
strongly dependent on the Richardson number. The 
results also indicate thatsignificant heat transfer 
enhancement is obtained due to the presence of 
nanoparticles for all values of inclination angle and 
Richardson numbers considered. Esfe et al. [11] 
simulated mixed convection flow and heat transfer in 
a square cavity with a rectangular hot obstacle for 
various values of the obstacle location, height of 
block, cavity inclination angle and volume fractions 
of Al2O3 nanoparticles and Richardson number. Their 
results show that with an increase inthe Richardson 
number, the main flow direction changes from the top 
to the bottom of the obstacle and local and average 
heat transfer rates change significantly. Their 
resultsalso show that maximum heat transfer is 
obtained only at the horizontal position of the cavity 
in which buoyancy force aids shear force. Hussain et 
al.[12] performed a numerical investigation on mixed 
convection of Al2O3–water nanofluids in a partially 
heated two-sided lid driven cavity. The results 
indicate that increase in the inclination angle causes 
an increase in the average Nusselt number due to the 
left heat source while opposite behavior is observed 
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for the right heat source.Karimipour et 
al.[13]investigated laminar mixed convection of 
water–based Cu nanofluid in an inclined lid driven 
shallow cavity by lattice Boltzmann method. The 
Boltzmann collision term and equations used to 
estimate the macroscopic properties and 
hydrodynamic boundary conditions were modified to 
include the effect of both buoyancy force and 
inclination angle. Their results show that 
higherNusselt numbers can be achieved at larger 
values of the inclination angle and nanoparticles 
volume fraction for free convection dominant flow 
case.Alinia et al. [14]studied mixed convection of 
water-based SiO2nanofluid in an inclined enclosure 
using two-phase mixture model and concluded that 
the addition of SiO2 nanoparticles produces a 
remarkable enhancement on heat transfer with respect 
to that of the pure fluid and the effect of inclination 
angle is more pronounced at high Richardson 
numbers. 
 
Mixed convection of water-based CuOnanofluids in a 
lid-driven inclined square enclosure heated from the 
left wallmoving with a constant velocity and cooled 
from the stationary adjacent top wall was investigated 
numerically in this study for various values of the 
pertinent parameters to reveal the effects of these 
parameters on the heat transfer and fluid flow. 
 
II. ANALYSIS 
 
The geometry and the coordinate system along with 
the thermal boundary condition are seen in Figure 1. 
The fluid inside the enclosure isheated and cooled 
from the adjacent left and top walls at uniform 
temperatures. The other walls of the enclosure are 
adiabatic. The heated left wall has a constant velocity 
in the y direction. The fluidis Newtonian and 
incompressible, and flow is steady andlaminar. The 
thermo-physical properties areassumed constant 
except the density in the buoyancy force term. The 
viscous dissipation and the thermal radiation are 
assumed negligible.  

 
Figure. 1:Geometry and the coordinate system. 

The dimensionless variables used in this study are: 
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where g is gravitational acceleration, L is the 
dimensional length of the enclosure, U is the velocity 
of the left wall in the y direction, u* and v* are the 
dimensional velocities in the x* and y* directions, 
respectively, p* is the dimensional pressure, f,0 is the 
density of the fluid at TC and  is the non-
dimensional temperature. Using these dimensionless 
variables, non-dimensional governing equations can 
be obtained in vorticity-stream function formulation 
as: 
 
Stream function equation: 
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Vorticity transport equation: 
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Energy equation: 






























2

2

2

2

f

nf

yxPrRe
1

y
v

x
u     .   (5) 

where  
0,nfp

nf
nf c

k


 . 

The Reynolds, Prandtl, and Grashof numbers in the 
governing equations are defined as: 
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where  is the dynamic viscosity,  is the thermal 
expansion coefficient and α is the thermal diffusivity. 
The dynamic viscosity of the nanofluid was specified 
by the Brinkman model [15] in this study: 
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The density, heat capacitance and Boussinesq term of 
nanofluid can be givenas[16]: 
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where,  is the nanoparticle volume fraction.The 
subscripts f, nf and s stand for the base fluid, 
nanofluid and solid, respectively. 
 
The Yu and Choi [17]model was used in this study to 
predict thenanofluidthermal conductivity: 
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where  is the nano-layer thickness to the original 
particle radius ratio. 
 
The governing equations are subjected to the 
boundary conditions given below: 
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The boundary condition for the vorticity on the 
wallscan be obtained from the stream function 
equation as 22

wall /  , where  is the 
outward direction normal to the surface. 
The local Nusselt number along the hotwall can be 
expressed as: 
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The average Nusselt number then takes the following 
form: 

dyNuNu
1

0
a   .    (17) 

 
III. RESULTS AND DISCUSSION 
 

 

Table 1.Thermo-physical properties of water and CuO. 

The streamlines and isotherms in the enclosure for the 
non-inclined enclosure case are seen in Figure 2 for 
various values of the nanoparticle volume fraction 
and Richardson number. As it can be observed, 
clockwise flow in the enclosure is unicellular for the 
non-inclined enclosure case.The fluid particles heated 
by the hot left wall ascendalong the wall due to the 
buoyancy forces and shear forces until they arrive to 
the top wall. Then they turn rightward because of the 
restriction imposed by the top wall andthey are 
cooled by the cold top wall. After that, they are 
directed downward by the right wall and the 
restriction imposed by the bottom wall forces them to 
turn leftward. The flow path is completed as the fluid 
particles are entrained to the ascending flow along the 
left wall. The flow along the hot and cold wall arein 
boundary-layer flow regime. This is clear from the 
steepness of the isotherms along these walls. Theflow 
is shear dominated for the low values of Richardson 
number and buoyancy dominant for the high values 
of Richardson number. Hence, an increase in the solid 
volume fraction does not alterthe flow field 
significantly for the low values of Richardson 
number. The circulation intensity shows a little 
increase with an increase in the solid volume fraction 
for the high values of Richardson number. With a 
decrease in the Richardson number, thermal boundary 
layer thickness increases as a result of higher energy 
transport from the left wall to the fluid particles.As 
seen in Figure 3-4with an increase in the inclination 
angle, first circulation center gets close to the top wall 
and then unicellular flow breaks down and a weaker 
secondary circulation develops for the high values of 
Richardson number. The secondary counterclockwise 
circulation encloses a bigger region with an increase 
in the inclination angle. The circulation intensity also 
weakens when inclination angle increases for the high 
values of Richardson number as a result of increase in 
the angle between hot wall and flow directionof fluid 
particles and therefore a decrease takes place in the 
energy transfer to the fluid particles.  
Variation of the average Nusselt is seen in Table 2 for 
various values of the solid volume fraction, 
Richardson number and inclination angle. As it can 
be seen from Table 2 that the average Nusselt number 
shows an increase with an increase in the solid 
particle volume fraction for all values of Richardson 
number and inclination angle considered in this study. 
As it can also be seen from Table 2 that the average 
Nusselt number gets higher values for the low values 
of Richardson number. For the low values of 
Richardson number, shear forces are dominant over 
buoyancy forces. Therefore, temperature gradient on 

Property Water CuO 
(kg/m3) 997.1 6500 
cp (j/kg K) 4179 535.6 
k (W/m K) 0.613 20 
(K-1) 0.00021 0.000051 
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the hot wall gets higher values for the low values of 
Richardson number and average heat transfer rate 
takes higher values. As it can also be observed from 
Table 2 that the average Nusselt number first shows a 
little increase with increasing inclination angle and 
gets its maximum value at the inclination angle of 30 

degrees and then experiences a decrease with the 
further increase in the inclination angle for Ri=0.1. 
The average Nusselt number gets its highest value at 
the inclination angle of 30 degrees for Ri=0.1. For 
Ri=1 and 10, the average Nusselt number shows a 
decrease with an increase in the inclination angle. 

 
a) Ri=0.1      =0.0      =0.08 

 
b) Ri=1      =0.0      =0.08 

 
c) Ri=10      =0.0      =0.08 

Fig. 2. Streamlines (on the left) and isotherms (on the right) for=0. 
 

 
a) Ri=0.1      =0.0      =0.08 

 
b)Ri=1  =0.0       =0.08 

 
c) Ri=10        =0.0      =0.08 

Fig 3. Streamlines (on the left) and isotherms (on the right) for =45 
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a) Ri=0.1      =0.0       =0.08 

 
b)Ri=1   =0.0      =0.08 

 
c) Ri=10    =0.0     =0.08 

 
Fig 4. Streamlines (on the left) and isotherms (on the right) for =90 

 
Table 2. Variation of the average Nusselt number 

 
CONCLUSION 

 
The mixed convection flow of water-based 
CuOnanofluids in an inclined square enclosure heated 
from the left wall moving with a constant velocity 
and cooled from the stationary adjacent top wall is 
investigated in this study. The results show that a 
clockwise unicellular flow forms the flow field for 
the low values of inclination angle and a 
counterclockwise circulation emerges for the high 
values of inclination angle. The average Nusselt 
number increases with an increase in the solid volume 
fraction and with a decrease in the Richardson 
number. The results also show that the average 
Nusselt number shows a decrease with an increase in 
the inclination angle except for Ri=0.1. The average 

Nusselt number gets its highest value at the 
inclination angle of 30 degrees for Ri=0.1. 
 
REFERENCES 

 
[1] J.A. Eastman, S.U.S. Choi, S.  Li, W.  Yu and L.J. 

Thompson, “Anomalously increased effective thermal 
conductivities of Ethylene glycol-based nanofluids 
containing Copper nanoparticles”,Appl Phys Lett, vol. 78, 
pp. 718–720, 2001. 

[2] P. Keblinski, S.R. Phillpot, S.U.S Choi and J.A. Eastman, 
“Mechanisms of heat flow in suspensions of nano-sized 
particles (nanofluids),” Int J Heat Mass Transfer, vol.45, 
pp. 855–863, 2002. 

[3] K. Khanafer, K. Vafai, M. Lightstone, “Buoyancy-driven 
heat transfer enhancement in a two-dimensional enclosure 
utilizing nanofluids,”Int J Heat Mass Transfer, vol.46, 
pp.3639–3653, 2003. 

[4] R.Y. Jou and S.C. Tzeng, “Numerical research of nature 
convective heat transfer enhancement filled with 

Ri  =0 =30 =45 =90 

0.1 0.00 19.34 19.50 18.95 18.70 
0.04 21.42 21.56 21.07 20.82 
0.08 23.58 23.70 23.24 22.99 

1 0.00 13.16 13.10 11.96 11.14 
0.04 14.62 14.59 13.43 12.49 
0.08 16.15 16.14 14.98 13.94 

10 0.00 10.25 9.51 8.65 7.81 
0.04 11.44 10.61 9.72 8.78 
0.08 12.71 11.80 10.88 9.83 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-9, Sep.-2018, http://iraj.in 

Mixed Convection Heat Transfer of Water-Based CUO Nanofluids in an Inclined Lid-Driven Enclosure 
 

27 

nanofluids in rectangular enclosures,'” IntCommun Heat 
Mass Transfer, Vol.33, pp.727–736, 2006. 

[5] E.B. Ogut, “Natural convection of water-based nanofluids 
in an inclined enclosure with a heat source,” International 
Journal of Thermal Sciences,vol.48, pp. 2063–2073, 2009. 

[6] K Kahveci and E.B. Öğüt, “Mixed convection of water-
based nanofluids in a lid-driven square enclosure with a 
heat source,” Heat Transfer Research, vol.42, pp. 711-735, 
2011. 

[7] M. Kalteh K. Javaherdeh and T. Azarbarzin, “Numerical 
solution of nanofluid mixed convection heat transfer in a 
lid-driven square cavity with a triangular heat source,” 
Powder Technology, vol.253, pp.780–788, 2014. 

[8] G.H.R. Kefayati, “Mixed convection of non-Newtonian 
nanofluids flows in a lid-driven enclosure with sinusoidal 
temperature profile using FDLBM,” Powder Technology, 
vol.266, pp. 268–281, 2014. 

[9] S.E. Ahmed, M.A. Mansour, A.K. Hussein, S. 
Sivasankaran, “Mixed convection from a discrete heat 
source in enclosures with two adjacent moving walls and 
filled with micropolarnanofluids,” Engineering Science 
and Technology, an International Journal,  vol. 19, pp. 
364–376, 2016. 

[10] E. Abu-Nada, A.J. Chamkha,“Mixed convection flow in a 
lid-driven inclined square enclosure filled with a 
nanofluid”European Journal of Mechanics B/Fluids, 
vol.29, pp. 472-482, 2010. 

[11] M. H. Esfe, M. Akbari , A.Karimipour , 
M.Afrand,O.Mahian, S.Wongwises, “Mixed-convection 

flow and heat transfer in an inclined cavity equipped to a 
hot obstacle using nanofluids considering temperature-
dependent properties”, Int. J. of Heat and Mass Transfer, 
vol. 85, pp. 656–666, 2015. 

[12] S. Hussain, S. Ahmad, K. Mehmood , M. Sagheer, 
“Effects of inclination angle on mixed convective 
nanofluid flow in a double lid-driven cavity with discrete 
heat sources”, Int. Journal of Heat and Mass 
Transfer,vol.106,pp.847–860, 2017. 

[13] A.Karimipour, M. H.Esfe, M. R. Safaei ,D.T.Semiromic, 
S.Jafari , S.N. Kazi, “Mixed convection of copper–water 
nanofluid in a shallow inclined lid driven cavity using the 
lattice Boltzmann method”, Physica A , vol. 402, pp. 150–
168, 2014. 

[14] M. Alinia, D.D. Ganji ,M. Gorji-Bandpy, “Numerical 
study of mixed convection in an inclined two sided lid 
driven cavity filled with nanofluid using two-phase 
mixture model”, Int. Comm. in Heat and Mass Transfer, 
vol.38, pp.1428–1435. 

[15] H.C. Brinkman, “The viscosity of concentrated 
suspensions and solutions,” J Chem Phys, vol. 20, pp. 
571–581, 1952. 

[16] Y. Xuan and W. Roetzel, “Conceptions for heat transfer 
correlation of nanofluids,”Int J Heat Mass Transfer, 
vol.43, pp. 3701–3707, 2000. 

[17] W. Yu and S.U.S. Choi, “The role of interfacial layer in 
the enhanced thermal conductivity of nanofluids: a 
renovated Maxwell model,” J Nanoparticles Res, vol.5, pp. 
167–171, 2003. 

 
 

 
 
 
 
 
 
 



 


