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COMPUTATION OF LAMINAR NATURAL CONVECTION OF NANOFLUID
USING BUONGIORNO'S NONHOMOGENEOUS MODEL

SK. Choi,” S.O. Kim and T.H. Lee
Fast Reactor Design Division, Korea Atomic Energy Research Institute

A numerical study of a laminar natural convection of the CuO-water nanofluid in a square cavity using the
Buongiorno's nonhomogeneous model is presented.  All the governing equations including the volume fraction
equation are discretized on a cell-centered, non-uniform grid employing the finite-volume method with a primitive
variable formulation. Calculations are performed over a range of Rayleigh numbers and volume fractions of the
nanopartile.  From the computed results, it is shown that both the homogeneous and nonhomogeneous models
predict the deterioration of the natural convection heat transfer well with an increase of the volume fraction of
nanoparticle at the same Rayleigh number, which was observed in the previous experimental studies. It is also
shown that the differences in the computed results of the average Nusselt number at the wall between the
homogeneous and nonhomogeneous models are very small, and this indicates that the slip mechanism of the Brown
diffusion and thermophoresis effects are negligible in the laminar natural convection of the nanofluid.  The
degradation of the heat transfer with an increase of the volume fraction of the nanoparticle in the natural
convection of nanofluid is due to the increase of the viscosity and the decrease of the thermal expansion coefficient
and the specific heat. It is clarified in the present study that the previous controversies between the numerical and
experimental studies are owing to the different definitions of the Nusselt number.

Key Words : Uh--(Nanofluid), ¥]+2 5 2)(Nonhomogeneous Model), AF1tl](Natural Convection),
#2423 8H(Computational Fluid Dynamics)

7| S44H(Nomenclature) k : thermal conductivity
L . width of the square cavity
Cp - heat capacity L : mean free path of the base fluid molecular
d, : nanoparticle diameter (= 0.17 nm for water)
D, Brownian diffusion coefficient + normal distance from wall
D, - thermal diffusion coefficient n' - dimensionless normal distance from wall (= n/L)
- L . Nu * Nusselt number
g . gravitational acceleration vector
. D ; pressure
h . local heat transfer coefficient
i Pr : Prandtl number
J, . total nanoparticle mass flux .
¥ : Ra . Rayleigh number
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|4 : nanofluid velocity vector

Greek

16} . coefficient of thermal expansion
AT temperature difference

b : nanoparticle volume fraction
Kg : Boltzmann constant

P . density

1 : dynamic viscosity

Subscript

avg . pertaining to average

b . pertaining to bulk

C : pertaining to cold

f . pertaining to base fluid

H . pertaining to hot

nf . pertaining to nanofluid

D ; pertaining to nanoparticle

w : pertaining to wall

Superscript

T : pertaining to transpose of tensor
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Table 1 Comparison of present results with benchmark
solutions

Rayleigh Number|[ 10° 10* 10° 10°

de Vahl Davis 3.649 | 16.718 | 34.730 | 64.630

U...x| Hortmann et al. - 16.176 | 34.740 | 64.837
Present 3.647 | 16.177 | 34.762 | 64.815

de Vahl Davis 3.697 | 19.617 | 68.590 | 219.360

Vinax | _Hortmann et al. - 19.629 | 68.639 | 220.461
Present 3.695 | 19.614 | 68.623 | 220.613

de Vahl Davis 1.117 2.238 4.509 8.817
Nu | Hortmann et al. - 2.245 4,522 8.825
Present 1.117 2.244 4.521 8.829
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Table 2 Physical properties of water and CuO (295 K)

T 30
% fo

—

Water CuO
olsela) 997.1 6500 0“30 }i%zrf k"fl/ il
Cp (J/kq K) 4179 540 0.01 9.41X10° 1.027
d, (nm) 0.384 29 0.04 7.83x10° 1.113
u(Ns/m?) 29.57x10* - 0.10 5.40x10° 1.298
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Table 3 Variation of nanofluid properties according to the
volume fraction of the CuO nanoparticle

& Pnf g 16} knf @nf

(kq/m*)| (Ns/m?) (1/K) (W/mK)|(J/Kgk)
0.00 | 997 | 9.57x10* | 2.10x10* | 0.613 4180
0.01 | 1042 | 9.81x10* | 1.98x10* | 0.630 3950
0.02 | 1107 | 1.01x10° | 1.86x10* | 0.647 3750
0.03 | 1162 | 1.03x10° | 1.76x10™* | 0.664 3570
0.04 | 1217 | 1.06x10° | 1.67x10* | 0.682 3400
0.10 | 1547 | 1.25x10° | 1.25x10™* | 0.796 2650

Table 4 Variation of Rayleigh number of nanofluid and ratio
of conductivity according to the volume fraction of
the CuO nanoparticle
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Table 5 Average Nusselt number at the hot wall based on
Eqg. (17): homogeneous model

Ra; 10* 10° 10° 10”
$=0.00 | 2289 4.750 9.273 17.410
@ =0.01 2.304 4.790 9.363 17.593
$=0.02 | 2318 4.828 9.452 17.774
& =0.03 | 2332 4.866 9.538 17.952
=0.04 | 2345 4.903 9.623 18.126
$=0.10 | 2410 5097 10.095 19.115

Table 6 Average Nusselt number at the hot wall based on
Eqg. (16): homogeneous model
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Table 7 Average Nusselt number at the hot wall based on
Eqg. (16): nonhomogeneous model

Ra,; 10* 10° 10° 107 Ra, 10* 10° 10° 10”
$=0.00 | 2289 4.750 9.273 17.410 $=0.00 | 2289 4.750 9.273 17.410
@ =0.01 2.243 4.662 9.113 17.124 & =0.01 2.246 4.669 9.128 17.153
$=0.02 | 2197 4575 8.957 16.843 $=0.02 | 2204 4.590 8.985 16.900
&=0.03 | 2152 4.490 8.802 16.566 ¢=0.03 | 2162 4511 8.844 16.648
®=0.04 | 2108 4.406 8.649 16.292 $=0.04 | 2120 4.433 8.703 16.398
& =0.10 1.856 3.926 7.775 14.723 @ =0.10 1.881 3.979 7.886 14.942
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Table 8 Average Nusselt number at the hot wall based on

Eq. (17): homogeneous model with variable
properties
Ra; 10* 10° 10° 107
®=0.00 2.289 4.750 9.273 17.410
@ =10.01 2.307 4.794 9.369 17.603
$=0.02 2.324 4.832 9.450 17.761
@ =10.03 2.337 4.864 9.516 17.890
®=10.04 2.348 4.890 9.573 18.002
$=0.10 2.393 5.000 9.816 18.487

Table 9 Average Nusselt number at the hot wall based on

Eg. (16): homogeneous model with variable
properties
Ra; 10* 10° 10° 10

@ =0.00 2.289 4.750 9.273 17.410

$=0.01 2.248 4.672 9.131 17.155

@ =0.02 2.226 4.630 9.054 17.017

@ =0.03 2.206 4.592 8.985 16.891

®=0.04 2.188 4.556 8.919 16.772

@ =0.10 2.090 4.366 8.571 16.142
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Fig. 2 Streamlines
(solid line: water, dashed line: & = 4% nanofluid)
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