Heat Mass Transfer (2016) 52:2471-2484
DOI 10.1007/s00231-016-1760-2

@ CrossMark

ORIGINAL

Numerical study of natural convection characteristics
of nanofluids in an enclosure using multiphase model

Yan-Jun Chen' - Ping-Yang Wang' - Zhen-Hua Liu'

Received: 27 March 2015 / Accepted: 13 January 2016 / Published online: 21 January 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract The natural convective heat transfer and flow
characteristics of nanofluids in an enclosure are numeri-
cally simulated using the multiphase-flow model and sin-
gle phase model respectively. The simulated results are
compared with the experimental results from the published
papers to investigate the applicability of these models for
nanofluids from a macro standpoint. The effects of Ray-
leigh number, Grashof number and volume concentra-
tion of nanoparticles on the heat transfer and flow char-
acteristics are investigated and discussed. Comparisons of
the horizontal and vertical central dimensionless velocity
profiles between nanofluid and water for various Grashof
numbers are studied. In addition, both streamline con-
tours and isotherms lines for different volume concentra-
tions of nanofluids are analyzed as well. The study results
show that a great deviation exists between the simulated
result of the single phase model and the experimental data
on the relation of Nusselt number and Rayleigh number,
which indicates that the single phase model cannot reflect
the heat transfer characteristic of nanofluid. While the
simulated results using the multiphase-flow model show
a good agreement with the experimental data of nano-
fluid, which means that the multiphase-flow model is
more suitable for the numerical study of nanofluid. For the
natural convection, the present study holds the point that
using Grashof numbers as the benchmark would be more
appropriate to describe the heat transfer characteristics of
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nanofluid. Moreover, the simulated results demonstrate
that adding nanoparticles into the base fluid can enhance
both the motion of fluid and convection in the enclosure
significantly.

Abbreviations

Height of enclosure

Width of enclosure

Heat flux (W/m?)

Diameter of tube (m)

Velocity of x direction (m/s)

Velocity of y direction (m/s)
Dimensionless velocity of x direction (m/s)
Dimensionless velocity of y direction (m/s)
Heat transfer coefficient (W/K/m?)
Rayleigh number

Grashof number

Nusselt number

Temperature (k)
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Greek alphabets

o Density (kg/m®)

¢  Volume fraction (vol%)

u  Viscosity of fluid (Pa s)

A Thermal conductivity (W/m K)

Subscripts

np  Nanoparticles

bf Base fluid

nf  Nanofluid

k  The k phase

l Liquid

s Solid

m  The mixture fluid
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1 Introduction

Nanotechnology is an emerging technology that uses sin-
gle atom or molecule to fabricate material, which is studied
in a scale of 0.1-100 nm. Masuda [1] added the nanopar-
ticles (Al,05, TiO,) into the water firstly and showed that
the thermal conductivity could be enhanced by 32 % with
volume concentration of 4.3 % compared with water. While
viscosity of nanoparticles colloid did not increase evidently.
Choi [2] proposed the concept of nanofluid for the first
time, which is defined as a kind of new heat transfer work-
ing fluid that added nanoparticles into base fluid. Lee and
Choi [3] applied nanofluid into cooling system for the cool-
ing of crystal silicon lenses in a high intensity X-ray source.
Water, liquid nitrogen and nanofluids were employed; and
the nanofluids contained nanoparticles of CuO and y-Al,O;.
The experimental results indicate that heat transfer coeffi-
cients of nanofluids are three times higher than that of water,
while the heat flux could reach to 1500 W/cm?. Besides,
the heat resistance of nanofluids is about half of water with
the lowest value of 0.04 °C/W/cm?. Due to the high ther-
mal conductivity, nanofluid was employed to different heat
transfer applications. Saripella [4] and Leong [5] studied the
performance of nanofluid cooling the engine of automotive
car and truck as working fluid respectively. Buongiorno [6]
applied the nanofluid to the advanced nuclear power plants.
Pantzali [7] investigated the efficacy of nanofluids as cool-
ants in plate heat exchangers. Nguyen [8] researched the
heat transfer enhancement using Al,O;-water nanofluid for
an electronic liquid cooling system. From the above litera-
ture, nanofluids show a significant practical value.

There are abundant of study about the natural convec-
tion heat transfer of nanofluid in enclosures, most of study
are about numerical calculation using simple flow models;
while the literature about experimental research are not
much. Ho [9] studied the natural convection heat transfer
of water-based nanofluid in a vertical square enclosure with
different sizes. The nanofluid formulated in the experiment
is water dispersed with the alumina (Al,O5;) nanoparticles
ranging from 0.1 to 4 vol%. The Rayleigh number varies
in the range of 6.21 x 10°-2.56 x 108 The experimen-
tal results showed that the physical properties of nano-
fluids, like density, viscosity and thermal conductivity,
were increased compared to those of water; and the trend
went up with the increase of the nanofluid concentration.
Besides, the Nu—-Ra curves showed that heat transfer was
deteriorated for the nanofluids with volume concentration
of ¢, > 2 vol% over the entire range of the Rayleigh num-
ber. Such degradation cannot be explained simply based on
the net influence due to relative changes in thermophysi-
cal properties of the nanofluid contained such low particle
fraction, thus strongly suggesting that other factors may
come into play.

@ Springer

Putra [10] carried out the natural convection heat trans-
fer characteristics of nanofluids inside a horizontal cylin-
der. Unlike conduction or forced convection heat transfer,
a systematic and definite Nusselt number deterioration in
natural convective heat transfer has been found to occur.
The deterioration is dependent on particle volume concen-
tration as well as the aspect ratio of the cylinder. The rea-
son for this effect is also unclear in Putra [10]. However,
the role of particle-fluid slip and sedimentation seems to be
important which requires to be investigated more closely in
the future.

Recent years, there appeared a lot of numerical studies
for investigating natural convection heat transfer of nano-
fluid in enclosures [11-32] as shown in Table 1. Most of
papers regarded the nanofluid as single phase fluids, and
used various traditional concepts to calculate the physical
parameters of nanofluids such as thermal conductivity, vis-
cosity [11-30]. However, the single phase model may not
reveal the mechanism of heat transfer and flow characteris-
tic of nanofluid. Khanafer [11] investigated the heat trans-
fer enhancement in a two-dimensional enclosure utilizing
nanofluids for various pertinent parameters. A single phase
model is developed to analyze heat transfer performance
of nanofluids inside an enclosure. The effect of suspended
metallic nanoparticles on the fluid flow and heat transfer
processes within the enclosure is analyzed and the effec-
tive thermal conductivity enhancement is studied for vari-
ous parameters. However, the comparison between their
numerical results and the experimental literatures is not
included. The nanoparticle effect was taken into considera-
tion using a thermal conductivity correlation, which means
the nanofluid was regarded as a kind of single phase. For
literatures that regarded nanofluid as single phase fluid, the
effective thermal conductivity of the nanofluid is calcu-
lated by many kinds of models which combine nanoparticle
concentration, thermal conductivities of nanoparticles and
basefluids. More complex model may contain the nanopar-
ticle shape factor or the effects of Brownian movement or
micro convection of boundary layer. The purpose of these
complex thermal conductivity models is to calculate the
thermal conductivity as precise as that of nanofluid.

The other simulation work [31, 32] employed the mul-
tiphase model to study the natural convection heat transfer
characteristics of nanofluid. Moghari et al. [31] studied the
effect of nanoparticle mean diameter on laminar mixed
convection of nanofluid flow consisting of Al,Os-water
in an annulus. The two phase mixture model has been
employed for modeling of nanoparticles’ mean diameter
effects on thermal and hydrodynamics characteristics. The
results demonstrate that for a given solid volume fraction,
increasing the diameter of nanoparticles causes to increase
non-uniformity of nanoparticle distribution at the any cross
section of annulus. With using nanoparticles with smaller
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Table 1 continued
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The simulation results of nanofluid did not

Properties and results

Nanofluids
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Springer

compare to the experiment of nanofluid.
At all Ra considered, the Nu increases

when the aspect ratio of the cavity and
the volume fraction of the nanofluid

increase

The simulation results of nanofluid did not

Single phase flow Unkonwn

Cavity with sinusoidal wall

Sheikholeslami et al. [30]

10° < Ra < 10°

compare to the experiment of nanofluid.

The Nu decreases as Nr increases until it

reaches a minimum value and then starts

increasing

The simulation results of nanofluid did not

Al,O,/water

Annulus with mixed convection Two phase mixture model Re = 500

Moghari et al. [31, 32]

compare to the experiment of nanofluid.
For a given volume fraction, increasing

3 x 10° < Gr<6x10°

the diameter of nanoparticles causes to

increase non-uniformity of nanoparticle
distribution at the any cross section of

annulus

diameter, the secondary flow in an annulus becomes
stronger. Also reducing nanoparticles’ mean diameter
enhances the Nusselt number while it does not have any
significant effect on friction factor and contours of nondi-
mensional axial velocity. Heat transfer enhancement of a
mixed convection laminar Al,Os-water nanofluid flow in
an annulus with constant heat flux boundary condition has
been studied in Moghari et al. [32]. employing two phase
mixture model and effective expressions of nanofluid prop-
erties. The Brownian motions of nanoparticles have been
considered to determine the effective thermal conductivity
and the effective dynamic viscosity of Al,O;-water nano-
fluid, which depend on temperature. Numerical simulations
have been presented for the nanoparticles volume fraction
between 0 and 0.05 and different values of the Grashof and
Reynolds numbers. The calculated results show that at a
given Re and Gr, increasing nanoparticles volume fraction
increases the Nusselt number at the inner and outer walls
while it does not have any significant effect on the fric-
tion factor. Both the Nusselt number and the friction coef-
ficient at the inner wall are more than their corresponding
values at the outer wall. These simulation results in litera-
tures [31, 32] indicate that two phase model shows a better
performance than the single phase. However, their simula-
tion results did not compare by the experimental values of
natural convection of nanofluid. All the simulations are in
annulus, and the natural convection in cavity did not stud-
ied. For paper [31], the volume concentration did not vary
in simulation.

Among various kinds of convective heat transfer
modes, the natural convection heat transfer shows the
lowest heat flux. However, it has the advantages of safety,
low cost, noise-free, etc. Natural convection heat transfer
is widely used in electronic device with low power den-
sity, cooling of nuclear power plants under accident con-
dition, etc. Besides, natural convection in an enclosure
is also a classic case of CFD and numerical heat transfer
research.

The present work focuses on the numerical study of the
natural convective heat transfer and flow characteristics
of nanofluids in an enclosure using both the single phase
model and the solid-liquid mixture model. The effects of
nanoparticle concentration, Rayleigh number and Grashof
number on the average Nusselt numbers has been investi-
gated systematically. Moreover, the simulated results have
been compared to the experimental data, which can assess
the applicability of the single phase model and multiphase-
flow model to simulate the heat transfer characteristics of
nanofluid. In addition, comparisons of the horizontal and
vertical central velocity profiles between nanofluid and
water for various Gr numbers are studied as well. Moreo-
ver, streamline contours and isotherms for different volume
concentration are also analyzed.
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Fig. 1 Schematic of physical (@), (b) 4
model a case b case 2 y r _
q= T
£ A
g
Ty Te
z -
Ta o W=40 D
o .
Tc central axis
e H=40 > ————H=40 >
A4 x; Y
> 7 7
q= q=0
Table 2 .Prop erties of the Property AlL,O Water 1 vol% nanofluid 3 vol% nanofluid 4 vol% nanofluid
article, water and z
nanoparticle, water an
nanofluids o (kg/m®) 3600 998 1024 1076 1102
¢, J/kg K) 765 4182 4059 3836 3732
w(Pas) - 1073 1.025 x 1073 1.075 x 1073 1.1 x 1073
A(W/mK) 30 0.6 0.621 0.68 0.698
B (1/K) 8.5x 107% 208 x 107  2.06 x 107* 2.02 x 107 2.00 x 107
2 Mathematical formulation and numerical aT
procedure u=v=75,=0 y=0W O=x=<H
u=v=0,T=Ty x=0 O<y<Ww €))]
: " =v=0,T=T =H <y<
2.1 Geometric models and boundary conditions u=v=0 ¢ . O=y=W
aT D D
. . . . u=v=5%=0 r=%,% 0<z<H
The present simulation study carried out two cases of which ar 222 =i=
geometric dimensions, boundary conditions and nanoflu- W=v=0T=Ty z=0 D_,<D @)
ids are originated from the experimental literatures with ’ ' 2= 2
detailed experimental conditions [9, 10], respectively. Case U=v=0.T=Tc z=H % <r< %

1 was compared to the experimental results of Ho [9]. The
schematic of physical model of case 1 was shown in Fig. 1a.
The flow and heat transfer in a quadrate enclosure could
be simplified to a two dimensional model with the width
of 40 mm and height of 40 mm. On the other hand, case
2 was compared to the experimental results of Putra [10].
The experimental facility of Putra [10] is a cylinder enclo-
sure with the diameter of 40 mm and height of 40 mm. As
shown in Fig. 1b, the flow and heat transfer in an enclosure
could also be simplified to a 2 dimension model; and the
horizontal central line could be an axis of the cylinder. In
both cases, the top and bottom wall are heat insulated. The
left wall is the heating wall with the constant temperature of
Ty, while the right wall is the cooling wall with the constant
temperature of T,.. The boundary conditions for case 1 and
case 2 have been listed in Egs. (1) and (2) respectively.

2.2 Nanofluids

The working fluid in the enclosure is water and water based
Al,O; nanofluids. Three different volume concentrations
were considered. As the analysis in introduction, physi-
cal properties included thermal conductivity are the key in
the single phase simulation. The simulation using the single
phase model in present research employed the experimental
values of nanofluid properties instead of the various physical
property model of the nanofluid. The properties of nanoparti-
cle and base fluid are used in the multiphase-flow model cal-
culation, respectively. In addition, the properties of the nano-
particle, water and nanofluids originated from literature [9,
10] has been shown in Table 2. For case 1, the mean diam-
eter of nanoparticles is 33 nm, and case 2 is 60 nm.

@ Springer
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In the present study, the physical properties of nano-
fluids are assumed not to change with temperature
variations. However, the density variation due to the
effect of buoyancy is considered by using Boussinesq
approximation.

2.3 The basic theory of multiphase solid-liquid mixture
model

The mixture model is employed in the present study. It can
be used to simulate by solving the momentum, continuity,
and energy equations for the mixture, while the volume
fraction equations for the secondary phases, and algebraic
expressions for the relative velocities [33].
The continuity equation for the mixture model is:

V- (omvm) =0 3)
where v,, is the averaged velocity.

QsPsVs + Qip1VI
Vim = )
Pm

And p,, is the mixture density:
Pm = PsPs + Q1P 5)

The momentum equation can be expressed as:

V- (omVmVm) = =Vp + V- [ (Vo + VDT + pimg
+ V- (@s0sVdr,sVdr,s + QLPIVdrVdr,)

(6)
where p,, is the viscosity of the mixture:
Mm = @sits + QI14) @)
Vax 1 the drift velocity for phase k (k represents s or [):
Vark = Vk — Vm ®)

From the continuity equation for solid phase s, the volume
fraction equation for secondary phase can be obtained:

V- (@kpivm) = =V - (QkPrvar) )

The energy equation for the mixture takes the following
form:

2 2
%2}m&+vgﬁmm&+m=vmwm
k=1 k=1

(10)
where kg is the effective conductivity (2 eyky). The first
term on the right-hand side of Eq. (12) represents energy
transfer due to conduction.

2

A%
Ee=h—L 4% (11
ok 2
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where £, is the sensible enthalpy for phase k. The slip
velocity is defined as the velocity of a secondary phase rel-
ative to the velocity of the primary phase:

Vst = Vs — VI (12)
The drift velocity and the slip velocity (v,;) are connected

by the following expression:

2

Pk Pk
Vdr,s = Vsl — E Vik (13)
k=1 m

Following Manninen et al. [34], the form of the relative
velocity is given by:

vy = 75 (s — ,Om)a (14)
* S drag Ps
where 7, is the particle relaxation time
_Ps
Ty = 18M1ds (15)

d is the diameter of the nanoparticles, a is the particle’s
acceleration. The drag function f,,, is taken from Schiller
and Naumann [35]

Froe= 4 LF 0.15Re%7  Re; < 1000

drag =4 0,0183 Re, > 1000 (16)
where the definition of Re;, is as Eq. (16).

ds|vs — vi|
Res — 'OIS7Y[ (17)
i
The acceleration a is of the form:
a=8— Wn Vvy (18)

An effective solid viscosity model in terms of solid volume
fraction was obtained from

ps = —0.188 + 537.42¢ 19)

2.4 Numerical procedure

The present study was carried out by FLUENT 6.3.26
based on finite volume method. Specifically, SIMPLE is
used to couple the pressure and velocity field. Then, second
order upwind is used to solve the momentum, energy and
volume fraction equations of multiphase flow. In addition,
PRESTO is used to solve pressure correction equation.

2.5 Dimensionless parameter arrangement

The basic parameters can be cast in non-dimensional form by
incorporating the following dimensionless parameters [11].

— Y
X=wt=pu T-T,
= u s V — 4 s — —1ic
v (gBATH?) J@BATH?) Tu—Tc (20)
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where, p is the density of fluid, e the specific heat, B the
expansion coefficient, AT the temperature difference of left
and right wall, H the characteristic length, A the thermal con-
ductivity of fluid, u the viscosity of fluid and ¢ is the heat
flux.

3 Results and discussion
3.1 Numerical validation

Quadrangle uniform grid is employed. The mesh is divided
along the direction of y and x in case 1 and the direction of
r and z in case 2. Table 3 shows the influence of mesh quan-
tity on the Nusselt number of case 1 which corresponds to
the experimental conditions in Ho [9] with Rayleigh num-
ber of 10° using water as working fluid. As is shown, with
the increase of mesh quantity, the variation of results is
decreasing. When the mesh is 80 x 80, the effect of mesh
quantity on the simulated results is infinitesimally small
and can be neglected. Therefore, 80 x 80 is employed as
the mesh quantity. Since the physical model scale of case
2 is the same with that of casel, 80 x 80 is also employed
in case 2.

Before the numerical study of nanofluids, heat transfer
characteristics of water are calculated using single phase
model and mixture model in which the concentration of
solid phase is 0. The calculated results are compared with
experimental data from Ho [9]. As shown in Fig. 2, the
maximum error between the simulated results and the
experimental values is 6.9 %, which represents a desirable
accuracy for both the single phase and multiphase models.

Table 3 Validation of mesh quantity

Mesh quantity 60 x 60 70 x 70 80 x 80 90 x 90

Nu 9.63 9.50 9.51 9.52

using water

26
24 Aly0g nanofluid
20 —=— Mixture model-1 vol.% nanofluid
—— single phase model-1 vol.% nanofluid
20 F | —— simulated values-water
18 v Ho [9] experimental values-water
< Ho [9] experimental values-1 vol.% nanofluid
16
>
Z 14k
12F
10F
8 7
5x10° 10
Fig. 3 Relation of Ra and Nu-case 1 (1 vol%)
30
Sg Aly0g3 nanofluid
24 E | —— Mixture model-3 vol.% nanofluid
22 E | —— single phase model-3 vol.% nanofluid
20 £ | —— simulation values-water
18 v Ho [9] experimental values-water
16 < Ho [9] experimental values-3 vol.% nanofluid]
)
S 14
zZ
12
10
8kt
6
5x10° 10’

Fig. 4 Relation of Ra and Nu-case 1 (3 vol%)
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3.2 Comparisons between the simulated results
and experimental data of Ho [9]

The present simulated results are compared with the exper-
imental results of Ho [9]. The simulated curves of Nu and
Ra based on single phase and mixture models are compared
with the experimental curves of Nu and Ra, respectively.

Figures 3 and 4 show the effect of Rayleigh number on
Nusselt number for nanofluid with the volume concentra-
tion of 1 and 3 vol% respectively for case 1. As shown, for
a given Rayleigh number, the experimental value of Nus-
selt number of nanofluid with 1 vol% is smaller than that of
water. The difference is increasing at higher concentration.
As for the nanofluid with volume concentration of 3 vol%,
the Nu number is decreased by about 20 % compared to
that of water.

For the single phase model simulation, the measured
physical properties of nanofluids are employed and the
nanofluids are still regarded as single phase fluid. It can be
seen from Figs. 3 and 4 that the simulated result of nano-
fluid is very close to that of water, while the change of
concentration does not have obvious effect on the trend in
the curve of Nu and Ra. From the comparison, it can also
be seen that there appears large deviations between single
phase model simulated results and experimental values.
The deviation is worsening with the increasing of nanofluid
concentration. The results indicate that the single phase
model is not suitable to simulate the natural convection
heat transfer of nanofluid in an enclosure.

For the multiphase-flow model computations, Figs. 3
and 4 show that the simulated Nu—Ra curves of nanofluid
agree well with the experimental data for different concen-
trations. Therefore, the multiphase flow model is a better
model to simulate the natural convective heat transfer char-
acteristic of nanofluid in enclosures from a perspective of
macroscopic scale, which shows the essence of nanofluid
as a kind of solid-liquid mixture.

3.3 The comparisons between the simulated results
and experimental data of Putra [10]

In order to further validate the applicability of multiphase
flow model to nanofluid, case 2 was carried out and com-
pared to the experimental data from Putra [10]. Although
the Rayleigh number in case 2 is much bigger than that in
case 1, while the flow is in laminar as well.

Figures 5 and 6 show the effect of Rayleigh number on
Nusselt number of nanofluid with the volume concentration
of 1 and 4 vol% respectively for case 2. For a given Ray-
leigh number, the Nusselt number of nanofluid is smaller
than that of water, while the value is decreasing with the

@ Springer
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Fig. 6 Relation of Ra and Nu-case 2 (4 vol%)

increase of nanofluid concentration. For 1 vol% nanofluids
in case 2, due to the low nanoparticle concentration, the
experimental results between nanofluids and water are very
similar. The simulated results using single phase model and
mixture model also have similar values, which is close to
the experimental data. The simulation results of nanofluids
using single phase model even overlap with the curve for
water. While for the nanofluid with volume concentration
of 4 vol%, the experimental data indicates that the Nusselt
number is decreased by about 30 % compared to that of
water. The calculated values of nanofluid using multiphase
model have good agreement with the experimental data,
while obvious deviation occurs between single phase simu-
lation values and experimental data. From the comparison
above, compared to the experimental data of water, the
nanofluid with high concentration deteriorates the Nusselt
number of natural convection in the enclosure, which can
be well simulated by multiphase model rather than single
phase model.
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Table 4 The calculated results basing Grashof number

Gr Water 1 vol% Al,O; nanofluid 3 vol% Al,O; nanofluid
Temperature Heat transfer Temperature Heat transfer Temperature Heat transfer
difference (K) coefficient (W/K) difference (K) coefficient (W/K) difference (K) coefficient (W/K)
1 % 10* 0.077 64.68 0.078 68.21 0.079 80.51
1 x10° 0.770 128.48 0.776 136.68 0.788 161.54
1 x 10° 7.696 252.81 7.755 269.52 7.878 320.61
a)1-0
( ) . AlLO,-water nanofluid
_ )i ) 0.0 vol.%
08 (oo - --1.0vol.%
—-—-3.0vol.%
0.6
>
04l Al,O_-water nanofluid
’ 0.0 vol.% iy
---1.0vol.%
ozl --—3.0vol.% 2F
3L
0.0 1 1 _4 1 1 1 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 0.0 0.2 0.4 0.6 0.8 1.0
u X

Fig. 7 Comparison of the central velocity profiles between nanofluid and water a vertical direction (X = 0.5) b horizontal direction (¥ = 0.5)

3.4 The effect of nanofluids on the temperature
and velocity in the enclosure

From the analysis above, it can be concluded that nanoflu-
ids deteriorate the Nusselt number of the enclosure using
Rayleigh number as the benchmark. However, according
to the Egs. (22) and (24), the thermal conductivity affects
the Rayleigh number and Nusselt number simultaneously.
Therefore, the effect of nanofluid on heat transfer coeffi-
cient cannot be well presented by the relation between Ray-
leigh number and Nusselt number. Moreover, for natural
convection, the heat transfer in an enclosure does not have
the external driving force, like pump power in the forced
convection. The sole heat transfer driving force in an enclo-
sure is the temperature difference of heating or cooling
wall. Therefore, the temperature difference should be the
benchmark to compare the heat transfer enhancement. In
order to reduce the effect of thermal conductivity, the pre-
sent study brings in Grashof number as the benchmark to
simulate the effect of nanofluid concentration on the veloc-
ity profiles, streamlines contour, isotherm and heat trans-
fer coefficient of the enclosure by using multiphase flow
model. The following study is based on case 1.

Table 4 gives out three simulation cases for the given
Grashof numbers to show the effect of Gr and concentra-
tions on the heat transfer coefficients of nanofluid in case
1. It can be seen from Table 3 that the temperature differ-
ences between the heating and cooling wall for three kinds

of fluids vary little for a given Grashof number. Hence, the
heat transfer enhancement can be shown clearly by com-
parison of the heat transfer coefficient (HTC) under the
same Grashof number. According to Table 3, the simulated
results show that nanofluid can strengthen the HTC in the
enclosure; the enhancement goes up with the increase of
nanofluid concentration. As for 3 vol% nanofluid, the HTC
can be enhanced from 24 to 27 % which is relatively signif-
icant. Besides, the enhancement is basically independent of
Grashof number but depends on the concentration of nano-
particle, which shows a characteristic of continuity.

Figure 7 shows the velocity profiles in the central line
along the horizontal and vertical direction. The dimension-
less coordinates of X and Y is in the range between 0 and
1. Therefore, the dimensionless coordinates of central line
along the horizontal direction is ¥ = 0.5, 0 < X < 1; the
dimensionless coordinates of central line along the vertical
direction is X = 0.5, 0 < Y < 1. The dimensionless veloci-
ties are defined by Eq. (20). For the same Grashof number,
the dimensionless velocities have the same denominator. As
shown in Fig. 7, the central dimensionless velocities of hor-
izontal and vertical direction increase with the increasing
of nanofluid concentration, which is due to the convective
effect and energy transfer enhancement in fluid.

Moreover, Fig. 7 also shows that the velocity of fluid is
accelerated near the heating and cooling wall and decel-
erated in the central region of the enclosure. For dif-
ferent Grashof number, the velocity in central region is
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Fig. 8 Streamlines contours (leff) and isotherms (right) at various volume fractions (Gr = 10%). a 1.0 vol% Al,O; nanofluid (left streamlines
contours, right isotherms). b 3.0 vol% Al,O; nanofluid (/eft streamlines contours, right isotherms)

much smaller than the velocity near the wall. The veloc-
ity changes due to the temperature results in the buoyancy
differences which can accelerate or decelerate the fluid.
This phenomenon appears when the working fluid is water.
Therefore, the nanofluid behaves close to fluid compared to
the suspension with millimeter or micrometer particles.
Figure 8 show the streamlines contours (left figure) and
isotherms (right figure) for water and nanofluids based on
case 1 under the Grashof number of 10°. The streamlines
and isotherms of nanofluids are showed by solid line and
those of water are expressed by dashed line. As aforemen-
tioned that the left is hot wall and the right is cold wall.
The fluid in the enclosure is heated by the left wall, which

@ Springer

results in the density reduction of fluid. Therefore, the fluid
floats upwards along the left wall. While the right cold
wall cools down the heated fluid. As a result, the fluid in
the enclosure is actuated by the temperature difference to
move. By the effect of thermal conduction, the isotherms
in the enclosure are parallel to the heating wall. However,
due to the effect of convection, the heated fluid has a trend
to move to the upper region. Therefore, it can be seen from
Fig. 8 that the isotherms near left wall show a trend in the
upper of enclosure that flutter to the right wall, which actu-
ally results from the convective effect. Moreover, it shows
that 1 vol% nanofluid also has an effect of convective
enhancement but the trend is weaker than that of 3 vol%
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nanofluid, which demonstrates that the convection enhance-
ment is increasing at a higher nanoparticle concentration.

In terms of the streamlines contours in Fig. 8, the
streamlines are more intensive for nanofuilds than those
of water, while the streamlines with higher concentration
is more intensive than the lower concentration case. The
results indicate that the irregular movement of nanoparti-
cles and the interaction between nanoparticles and base
fluid accelerate the fluid motion and the energy transfer.

The analyses of the velocity profiles along horizontal
and vertical direction, streamlines contours and isotherms
show that nanofluid can intensify the motion of fluid and
the energy transfer under various temperature differences
due to the existing of nanoparticles.

4 Conclusions

The natural convective heat transfer of nanofluids in an
enclosure have been numerically simulated using mul-
tiphase-flow model and single phase model respectively.
The effects of Rayleigh number, Grashof number and vol-
ume concentration of nanoparticles were investigated and
discussed. Comparisons of the central velocity profiles
along the horizontal and vertical direction, streamlines con-
tours and isotherms among nanofluids and water were stud-
ied. The following results were obtained:

1. When comparison between nanofluids and water is
based on the relation of Nusselt number and Rayleigh
number, the results calculated by the multiphase flow
model for nanofluids have a good agreement with the
experimental values. While, the results calculated by
the single phase model for nanofluids are close to the
values of water. It can be concluded that the multiphase
flow model is a better way to simulate natural convec-
tive heat transfer characteristics of nanofluid from per-
spective of macroscopic scale.

2. When the relation of Nusselt number and Rayleigh
number is employed to study the heat transfer char-
acteristics, the calculated results using the multiphase
flow model and the experimental values all dem-
onstrates that the nanofluid will deteriorate Nusselt
number. It cannot, however, reflect the change of heat
transfer coefficient in the natural convection. Grashof
number should be a reasonable benchmark for compar-
ison in order to eliminate the effect of thermal conduc-
tivity. The study shows that nanofluid can enhance the
heat transfer coefficient of the fluids under the same
Grashof number. Moreover, the effect is enhanced with
the increasing of nanofluid concentration.

3. The motion in the enclosure can be strengthened by
adding nanoparticles into the fluid. The central veloci-

ties of horizontal and vertical direction increase with
the increase of nanofluid concentration, which is in
favor of strengthening the energy transfer in fluid. The
enhancing mechanism mainly results from the irregular
movement of nanoparticles and the interaction between
nanoparticles and base fluid.

4. For nanofluids and water, by increasing the Grashof
number, the stream lines become denser; the relative
vertical isotherms will incline to the cold wall, which
demonstrates that the convection effect is strengthened.
In addition, the incline trend is more obvious for nano-
fluids comparing to water, which indicates the convec-
tion effect has been enhanced by nanoparticles from
another perspective.
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