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NUMERICAL SIMULATION OF THE NANOPARTICLE DIAMETER EFFECT

ON THE THERMAL PERFORMANCE OF A NANOFLUID

IN A COOLING CHAMBER

UDC 536.2A. Ghafouria, N. Pourmahmoudb, and A. F. Jozaeia

Abstract: The thermal performance of a nanofluid in a cooling chamber with variations of the
nanoparticle diameter is numerically investigated. The chamber is filled with water and nanoparticles
of alumina (Al2O3). Appropriate nanofluid models are used to approximate the nanofluid thermal
conductivity and dynamic viscosity by incorporating the effects of the nanoparticle concentration,
Brownian motion, temperature, nanoparticles diameter, and interfacial layer thickness. The hori-
zontal boundaries of the square domain are assumed to be insulated, and the vertical boundaries are
considered to be isothermal. The governing stream-vorticity equations are solved by using a second-
order central finite difference scheme coupled with the mass and energy conservation equations. The
results of the present work are found to be in good agreement with the previously published data
for special cases. This study is conducted for the Reynolds number being fixed at Re = 100 and
different values of the nanoparticle volume fraction, Richardson number, nanofluid temperature, and
nanoparticle diameter. The results show that the heat transfer rate and the Nusselt number are
enhanced by increasing the nanoparticle volume fraction and decreasing the Richardson number.
The Nusselt number also increases as the nanoparticle diameter decreases.
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INTRODUCTION

The cooling or heating performance of thermal systems (nuclear reactors or solar arrays) plays a vital role
in the development of energy-efficient heat transfer equipment. It was shown [1] that the thermal conductivity of a
nanofluid is much higher than that of a base fluid even if the nanoparticle volume fraction in the mixture is rather
low. Various engineering applications of nanofluids were discussed in [2–5].

As the flow and thermal behavior of nanofluids are very sophisticated, several theoretical and experimental
models have been developed to estimate the thermophysical properties of nanofluids. These models are based on
the temperature, Brownian motion, nanoparticle diameter and shape, and interfacial layer thickness [6–8]. Mixed
convection as well as natural convection heat transfer and nanofluid flow in a two-dimensional cooling chamber have
been extensively investigated [9–13].

What is common in most of the above-referenced work is the use of traditional viscosity and thermal con-
ductivity models for a nanofluid, which predict the main reason for heat transfer enhancement to be the presence
of nanoparticles, regardless of the nanoparticle diameter.
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Murshed et al. [14] focused on various investigations of nanofluids, such as analytical and experimental studies
on the effective thermal conductivity and convective heat transfer. They deduced that the existing classical models
cannot predict the viscosity and effective thermal diffusivity of nanofluids. Pourmahmoud et al. [15] numerically
studied laminar mixed convection in a lid-driven square cavity filled with a nanofluid by using eight different
nanofluid viscosity models. They found that the heat transfer rate is moderately accentuated by reducing the
Richardson number and increasing the nanoparticle volume fraction. They indicated that a proper choice of the
viscosity model is one of the main factors that helps to ensure a correct prediction of the heat transfer rate and
Nusselt number. In addition, older models, such as the Brinkman viscosity model [16] and the Maxwell thermal
conductivity model [17], cannot predict the nanofluid properties as functions of the temperature, Brownian motion,
and nanoparticle diameter.

The effects of the nanoparticle diameter and temperature on the heat transfer rate in a nanofluid were taken
into account in thermal conductivity models [18–21] and dynamic viscosity models [22–25].

Hwang et al. [26] theoretically investigated the thermal characteristics of natural convection in a rectangu-
lar cavity containing a water-based nanofluid heated from below. They showed that the heat transfer coefficient
decreases with increasing nanoparticle diameter and decreasing temperature. Lin and Violi [27] numerically investi-
gated the effects of the particle diameter and temperature on natural convection heat transfer of an alumina–water
nanofluid in a vertical cavity. They also studied the heat transfer rate in a nanofluid containing particles of different
diameters as a function of the mean diameter of nanoparticles, their volume fraction in the nanofluid, and Prandtl
and Grashof numbers. They deduced that the heat transfer characteristics can be enhanced by decreasing the
nanoparticle diameter from 250 to 5 mm.

The presented work is aimed at studying mixed convection flows of the alumina–water nanofluid in a square
cooling chamber whose walls move uniformly in the horizontal plane. The left vertical wall has a higher temperature
than the right vertical wall. Both the top and bottom walls are insulated. The effective thermal conductivity of the
nanofluid is calculated as a function of the nanoparticle diameter by using the model proposed by Chon et al. [20].
The model developed by Masoumi et al. [23] is used to determine the nanofluid viscosity. The consequences of
varying the nanoparticle diameter, nanoparticle volume fraction, bulk temperature, and Richardson number on the
hydrodynamic and thermal characteristics are investigated and discussed.

1. PHYSICAL CONFIGURATION AND GOVERNING EQUATIONS

Figure 1 shows a schematic diagram of a two-dimensional cooling chamber filled with a suspension of alumina
nanoparticles in water. The top wall is moving rightward with a uniform velocity Um. The left wall is heated and
maintained at a constant temperature Th higher than the temperature of the right wall Tc (Th > Tc), whereas
the top and bottom horizontal walls are thermally insulated. The nanofluid in the chamber is considered to be
Newtonian, and the flow is laminar.
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Fig. 1. Geometry of the present study.
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The dimensionless governing equations in the Cartesian coordinate system for the stream function Ψ, vorticity
function Ω, and thermal transport θ can be written as
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where the Reynolds number Re, the Prandtl number Pr , the Rayleigh number Ra, and the Richardson number Ri
are defined as
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Ψ, Ω, U , and V are additional dimensionless variables:

Ψ =
ψ

UmL
, Ω =

ωL

Um
, U =

∂Ψ
∂Y

, V = − ∂Ψ
∂X

.

The dimensionless boundary conditions used to solve Eqs. (1) are

U = V = Ψ = 0, θ = 1, Ω = − ∂2Ψ
∂X2

(2)

on the left wall,

U = V = Ψ = 0, θ = 0, Ω = − ∂2Ψ
∂X2

(3)

on the right wall,

V = Ψ = 0, U = 1,
∂θ

∂Y
= 0, Ω = −∂

2Ψ
∂Y 2

(4)

on the top wall, and

V = Ψ = 0, U = −1,
∂θ

∂Y
= 0, Ω = −∂

2Ψ
∂Y 2

(5)

on the bottom wall.

2. THERMOPHYSICAL PROPERTIES AND NANOFLUID MODELS

The thermophysical properties of pure water and Al2O3 nanoparticles at a temperature of 25◦C are listed in
Table 1 [28]. All thermophysical properties are assumed to be constant, except for density, which is approximated
by the Boussinesq model.

The effective density ρnf , heat capacitance (ρcp)nf , thermal diffusivity αnf , and thermal expansion coefficient
(ρβ)nf of the nanofluid are defined as follows [29]:

ρnf = (1− ϕ)ρf + ϕρnp, (ρcp)nf = (1− ϕ)(ρcp)f + ϕ(ρcp)np,

αnf = knf/(ρcp)nf , (ρβ)nf = (1− ϕ)(ρβ)f + ϕ(ρβ)np.

Table 1. Thermophysical properties of the fluid and nanoparticles [28]

Nanofluid component cp, J/(kg · K) ρ, kg/m3 k, W/(m · K) β · 10−5, K−1

Water 4179 997.1 0.613 21.00
Al2O3 nanoparticles 765 3970.0 25.000 0.85
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The effective viscosity of the nanofluid as a function of the temperature, Brownian motion, and nanoparticle
diameter is approximated in accordance with the model proposed by the Masoumi et al. [23]:

µnf

µf
= 1 +

ρnpVBd
2
np

72Cδµf
.

Here the Brownian motion velocity VB , the distance between the nanoparticles δ, and the correction factor C are
defined as

VB =
1
dnp

√
18kBT

πρnpdnp
, δ = 3

√
π

6ϕ
dnp,

C = 10−5(−(0.1133dnp + 0.2771)ϕ+ 0.009dnp − 0.0393)/µf .

The model of Masoumi et al. [23] describes nanofluids consisting of alumina, titanium, and copper oxide
nanoparticles suspended in water or ethylene glycol with the nanoparticle volume fraction varying in the range
ϕ = 0.01–0.05 at temperatures in the interval T = 293–340 K [23]. The results of this model are in good agreement
with the experimental data of Nguyen et al. [30].

In order to model the thermal conductivity of the nanofluid, Chon el al. [20] derived the relation
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1√

2mπd2
f

,

kB = 1.3807 · 10−23 J/K is the Boltzmann constant, and lf = 0.17 nm is the mean free path of the base fluid
particles [20].

The model [20] includes the effect of the nanoparticle diameter and temperature on the thermal conductivity
of the nanofluid in a wide range of temperatures T = 21–70◦C. The accuracy of this model was confirmed by the
experiments of Minsta et al. [31].

3. NUMERICAL METHOD AND CODE VALIDATION

Equations (1) with the boundary conditions (2)–(5) are solved by using the second-order central difference
scheme. The successive overrelaxation method is used to solve the stream function equation.

Numerical implementation of the algorithm for solving the stream function, vorticity, and temperature
equations and the procedure of advancement to a next time is performed in the FORTRAN programming language.
The steady state solution is assumed to be reached when the tolerance λ between two successive time steps (dτ =
0.0017) is smaller than 10−6. The convergence criterion is defined by the expression

λ =
j=M∑
j=1

i=N∑
i=1

|γn+1 − γn|
/ j=M∑

j=1

i=N∑
i=1

|γn+1| 6 10−6,

where M and N are the numbers of grid points in the X and Y direction, respectively. The symbol γ denotes any
scalar transport quantity: Ψ, Ω, or θ.

The local and average heat transfer rates in the chamber can be presented by means of the local and average
Nusselt numbers. The local Nusselt number Nu is calculated on the left heated wall, and the average Nusselt
number Nuav is determined by integrating the local Nusselt number along the heated wall:

Nu(Y ) =
knf

kf

∂θ

∂X

∣∣∣
X=0

;

Nuav =

1∫
0

Nu (X) dY. (6)
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Fig. 2. Averaged Nusselt number versus the computational grid size N for different Rayleigh
numbers: Ra = 1.75 · 103 (1), 1.75 · 104 (2), and 1.75 · 105 (3).

Table 2. Average Nusselt number on the hot wall for different Rayleigh numbers

Reference
Nuav

Ra = 103 Ra = 104 Ra = 105 Ra = 106

Present work 1.123 2.246 4.521 8.984
[35] 1.120 2.242 4.514 8.790
[29] 1.118 2.245 4.522 8.826
[34] 1.052 2.302 4.646 9.012
[33] 1.108 2.201 4.430 8.754
[32] 1.118 2.243 4.519 8.79

For convenience, a normalized average Nusselt number Nu∗av is defined as the ratio of the Nusselt number
at a certain volume fraction of nanoparticles ϕ to that of pure water [28]:

Nu∗av(ϕ) =
Nuav(ϕ)
Nuav

∣∣
ϕ=0

.

The present code was tested for grid independence by calculating the average Nusselt number on the left
wall for different Rayleigh numbers on 21× 21, 41× 41, 61× 61, 81× 81, 101× 101, and 121× 121 computational
grids (Fig. 2). It is seen that an 81 × 81 uniform grid is sufficiently fine to ensure a grid-independent solution.
Further grid refinement does not alter the results of computations. In addition, the governing equations were solved
for the natural convection flow in a cavity filled with pure water in order to compare the results with those obtained
previously [29, 32–35] (Table 2).

4. RESULTS AND DISCUSSION

The effects of the nanoparticle diameter on the thermal performance of the nanofluid (water containing
alumina particles) in the cooling chamber are numerically studied and reported below. We calculated the local and
average Nusselt numbers on the hot wall of the chamber for the Richardson numbers Ri = 0.1, 1.0, and 10.0 in
the temperature range T = 25–65◦C for the nanoparticle volume fractions ϕ = 0.01, 0.02, 0.03, and 0.04. Three
nanoparticle diameters are used: dnp = 30, 60, and 90 nm. The calculated results are shown in Figs. 3–8.

Figure 3 depicts the variation of the average Nusselt number and normalized average Nusselt number as
functions of the nanoparticle volume fraction. It is seen from Fig. 3a that the average Nusselt number at T = 25◦C
increases with increasing nanoparticle volume fraction and decreases with increasing nanoparticle diameter. As the
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Fig. 3. Average (a) and normalized average (b) Nusselt numbers versus the nanoparticle volume
fraction for Ri = 1, T = 25◦C, and dnp = 30 (1), 60 (2), and 90 nm (3).
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Fig. 4. Averaged (a) and normalized average (b) Nusselt numbers versus the nanoparticle volume
fraction for Ri = 1, dnp = 30 nm, and T = 25 (1), 45 (2), and 65◦C (3).

nanoparticle volume fraction ϕ increases from 0 to 0.04 at the Richardson number Ri = 1 corresponding to the
mixed convection mode, the average Nusselt number increases by 12% at dnp = 30 nm and by 8% at dnp = 90 nm
(see Fig. 3b). The highest average Nusselt number Nuav = 5.75 is observed at the smallest nanoparticle diameter
dnp = 30 nm, as predicted by the thermal conductivity model of Chon et al. [20], which takes into account the role
of the Brownian motion, nanofluid temperature, and nanoparticle diameter (see Fig. 3b).

Figure 4 presents the average and normalized average Nusselt numbers as functions of the nanoparticle
volume fraction for dnp = 30 nm and different nanofluid bulk temperatures. It is seen that there is always consid-
erable enhancement of heat transfer owing to a decrease in the bulk temperature from 65 to 25◦C, regardless of
the nanoparticle volume fraction. At higher temperatures, the Prandtl number decreases; hence, the heat transfer
rate and the average Nusselt number also decrease. Nevertheless, a 4% increase in the volume fraction of alumina
nanoparticles leads to an increase in the Nusselt number on the hot wall approximately by 9%.
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Fig. 5. Average (a) and normalized average (b) Nusselt number versus the nanoparticle diameter for
Ri = 1 and different values of the nanoparticle volume fraction and nanofluid temperature: ϕ = 0.02 (1, 3,
and 5) and 0.04 (2, 4, and 6); T = 25 (1 and 2), 45 (3 and 4), and 65◦C (5 and 6).
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Fig. 6. Average (a) and normalized average (b) Nusselt numbers versus the nanofluid temperature for
Ri = 1 and different values of the nanoparticle diameter and nanoparticle volume fraction: (1) pure base
fluid; (2–7) nanofluid; dnp = 30 (2 and 3), 60 (4 and 5), and 90 nm (6 and 7); ϕ = 0.02 (2, 4, and 6) and
0.04 (3, 5, and 7).

Figure 5 illustrates the effect of the nanoparticle diameter on the average and normalized average Nusselt
numbers for different temperatures and nanoparticle volume fractions. It is clear that an increase in the nanoparticle
diameter leads to reduction of the heat transfer rate on the hot wall of the cooling chamber.

The same trend is shown in Fig. 6: the heat transfer rate on the hot wall of the cooling chamber decreases with
increasing nanofluid bulk temperature, regardless of the nanoparticle volume fraction and nanoparticle diameter.

Figures 7 and 8 demonstrate the effect of the Richardson number on the average Nusselt number for different
values of the nanoparticle diameter and nanofluid bulk temperature. It is seen that the average Nusselt number
decreases as the Richardson number increases from 0.1 to 10.0.
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Fig. 7. Average Nusselt number versus the Richardson number for T = 25◦C and dnp = 30 (1),
60 (2), and 90 nm (3).

Fig. 8. Average Nusselt number versus the Richardson number for dnp = 30 nm and T = 25 (1),
45 (2), and 65◦C (3).

At ϕ = 0.04, T = 25◦C, and Ri = 0.1, 1.0, and 10.0, the average Nusselt numbers on the hot wall for the
nanofluid containing nanoparticles with a diameter of 30 nm are Nuav = 7.9, 5.7, and 4.5, respectively (see Fig. 7).
For the nanofluid bulk temperature T = 65◦C and Ri = 0.1, 1.0, and 10.0, the average Nusselt numbers on the hot
wall are Nuav = 5.4, 3.9, and 3.1, respectively (see Fig. 8).

CONCLUSIONS

A mixed convection heat transfer problem for a nanofluid flow (water containing alumina particles) in a
cooling chamber is studied for different Richardson numbers and different nanoparticle volume fractions.

Appropriate nanofluid models are used to approximate the nanofluid thermal conductivity and nanofluid
dynamic viscosity, which incorporate the effects of the nanoparticle volume fraction, Brownian motion, temperature,
nanoparticle diameter, and interfacial layer thickness on the heat transfer characteristics.

The main findings can be summarized as follows. The Nusselt number and heat transfer rate from the left
wall of the cooling chamber are enhanced by increasing the nanoparticle volume fraction. The heat transfer rate
increases with decreasing Richardson number and other parameters of the process being fixed, regardless of the
nanoparticle diameter and nanofluid bulk temperature. The heat transfer characteristics of the nanofluid can be
enhanced by increasing the nanoparticle diameter from 30 to 90 nm. It is recognized that the normalized average
Nusselt number appreciably depends on the nanoparticle diameter at high nanoparticle volume fractions. As the
bulk temperature decreases from 65 to 25◦C, the normalized average Nusselt number increases, regardless of the
nanoparticle diameter.
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