
lable at ScienceDirect

International Journal of Thermal Sciences 49 (2010) 1–9
Contents lists avai
International Journal of Thermal Sciences

journal homepage: www.elsevier .com/locate / i j ts
Periodic natural convection in a nanofluid-filled enclosure with oscillating
heat flux

B. Ghasemi a,*, S.M. Aminossadati b,1

a Shahrekord University, Faculty of Engineering, PO Box 115, Shahrekord, Iran
b The University of Queensland, School of Mechanical and Mining Engineering, QLD 4072, Australia
a r t i c l e i n f o

Article history:
Received 4 March 2009
Received in revised form
22 July 2009
Accepted 22 July 2009
Available online 14 August 2009

Keywords:
Periodic natural convection
Enclosure
Nanofluids
Oscillating heat flux
* Corresponding author. Tel./fax: þ98 381 4424438
E-mail addresses: behzadgh@yahoo.com, ghasem

uqsamino@uq.edu.au (S.M. Aminossadati).
1 Tel.: þ61 7 33653676; fax: þ61 7 33653888.

1290-0729/$ – see front matter � 2009 Elsevier Mas
doi:10.1016/j.ijthermalsci.2009.07.020
a b s t r a c t

This paper examines the periodic natural convection in an enclosure filled with nanofluids. Whilst a heat
source with oscillating heat flux is located on the left wall of the enclosure, the right wall is maintained at
a relatively low temperature and the other walls are thermally insulated. Based upon numerical
predictions, the effects of pertinent parameters such as Rayleigh number, solid volume fraction, heat
source position, type of nanoparticles and oscillation period are examined. A periodic behaviour is found
for the flow and temperature fields as a result of the oscillating heat flux. The utilisation of nanoparticles,
in particular Cu, enhances the heat transfer especially at low Rayleigh numbers. In addition, the oscil-
lation period of heat generation affects the maximum operational temperature of the heat source. It is
also interesting to observe that the optimum position of the heat source on the left wall is a function of
Rayleigh number. The results of this study can be used in the design of an effective cooling system for
electronic components to help ensure effective and safe operational conditions.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Due to its various applications, buoyancy-driven heat transfer in
enclosures filled with clear fluids has been comprehensively
studied and documented in the literature in the past [1]. In
particular, attention has been given to enclosures with time-
dependent thermal boundary conditions due to their relevance in
practical situations such as heating or cooling of buildings, food
storage facilities and heat removal from electronic components.

For the first time, Lage and Bejan [2] investigated the buoyancy-
driven flows in a square enclosure with periodic heat flux and
examined the effects of oscillation frequency of heat generation on
natural convection. Other researchers carried out similar studies by
considering a clear base fluid within the enclosure [3–6]. For an air-
filled enclosure, Xia et al. [7] studied the stability of buoyancy-
driven laminar flows where sinusoidal perturbation was imposed
on the hot vertical wall. They argued that the perturbation desta-
bilises the flow in high amplitudes leading to lower critical Rayleigh
numbers for the flow transitions. For a water-filled enclosure,
Antohe and Lage [8] experimentally examined the pulsating
.
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horizontal heating process and showed that by tuning the heating
oscillation period properly, the heat transfer across the enclosure
can be enhanced.

Most of the studies on natural convection under oscillating
thermal boundary conditions have utilised the base fluid with a low
thermal conductivity, which, in turn, limits the heat transfer
enhancement. Choi [9] showed that introducing nanofluids con-
taining nanoparticles with substantially higher thermal conduc-
tivities improves the heat transfer performance. The results of this
study have also been confirmed by other researchers [10–13].

However, contradictory studies can be found which argue that
the dispersion of nanoparticles in the base fluid may result in
considerable decrease in the heat transfer [14–16]. Ho et al. [17]
argued that the enhancement or mitigation of heat transfer
depends on the formulas used for the thermal properties for
nanofluids. Even though the structure, shape, size, aggregation and
anisotropy of the nanoparticles as well as the type, fabrication
process, particle aggregation and deterioration of nanofluids are
important factors in a comprehensive nanofluid modelling study,
many researchers still find the classical models to be appropriate
for predicting the physical properties of nanofluids [18–20].

The utilisation of nanofluids for cooling enhancement of
systems with an oscillating heat flux can be considered as an area of
interest for the designers of heat removal systems in the electronic
industry. To the best knowledge of the authors, no study has yet
been reported on this topic in the literature. As such, the focus of
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Nomenclature

Cp specific heat, J/kg K
g gravitational acceleration, m/s2

h convection heat transfer coefficient, W/m2K
hs heat source length, m
Hs dimensionless heat source length (hs/L)
k thermal conductivity, W/mK
L enclosure length, m
Nus local Nusselt number on the heat source
Num average Nusselt number
p fluid pressure, Pa
p modified pressure (pþ rcgy)
P dimensionless pressure ðpL2=rnf a2

f Þ
Pr Prandtl number (nf/af)
q00 oscillating heat flux, W/m2

q000 amplitude of oscillating heat flux, W/m2

Ra Rayleigh number (gbfL
3DT/nfaf)

S4 source term in Eq. (2)
t time, s
tp oscillation period, s
T temperature, K
u,v velocity components in x,y directions, m/s
U,V dimensionless velocity components (uL/af, vL/af)
x,y cartesian coordinates, m
X,Y dimensionless coordinates (x/L, y/L)
ys distance of the heat source from the bottom wall, m

Ys dimensionless distance of the heat source from the
bottom wall (ys/L)

Greek symbols
a thermal diffusivity, m2/s
b thermal expansion coefficient, 1/K
DT temperature difference DT ¼ q000L=kf
f solid volume fraction
4 non-dimensional parameter in Eq. (2)
G4 diffusion term in Eq. (2)
m Dynamic viscosity, Ns/m2

n kinematic viscosity, m2/s
q dimensionless temperature (T�Tc)/DT
qmax maximum heat source temperature along its length
(qmax)max the highest value of qmax respect to time
(qmax)min the lowest value of qmax respect to time
r density, kg/m3

s time in dimensionless form (aft/L
2)

sp oscillation period in dimensionless form (aftp/L2)
jmax maximum stream function

Subscripts
c cold wall
f fluid (pure water)
nf nanofluid
np nanoparticle
s heat source

Table 1

B. Ghasemi, S.M. Aminossadati / International Journal of Thermal Sciences 49 (2010) 1–92
the present study is to examine the effects of pertinent parameters
such as Rayleigh number, solid volume fraction, heat source posi-
tion, type of nanoparticles and oscillation period on the natural
convection cooling characteristics of an enclosure with an oscil-
lating heat flux.

2. Problem description

Fig. 1 depicts the geometry of the square enclosure filled with
nanofluids. The right wall of the enclosure is maintained at
a uniform low temperature (Tc) while the other walls are thermally
insulated. A partial heat source with an oscillating heat flux (Eq. (1))
is embedded on the left vertical wall of the enclosure. The oscil-
lating heat flux simulates the heat generation by an electronic
component having a pulsating input voltage [21].

q00 ¼ q000
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Fig. 1. A schematic diagram of the physical model.
The enclosure is filled with a water-based nanofluid (Pr¼ 6.2)
containing various spherical nanoparticles (Cu, Al2O3 and TiO2). It is
assumed that the base fluid and the nanoparticles are in thermal
equilibrium, the nanofluid is Newtonian and incompressible and
the flow is laminar. The thermophysical properties of the base fluid
and the nanoparticles are given in Table 1. Constant thermophysical
properties are considered for the nanofluid except for the density
variation in the buoyancy forces determined by using the Boussi-
nesq approximation.
3. Governing equations

The equations that govern the conservation of mass, momentum
and energy can be written in a non-dimensional form as shown in
Eq. (2).
Thermophysical properties of pure water and nanoparticles.

Physical properties Pure water Cu Al2O3 TiO2

r (kg/m3) 997.1 8933 3970 4250
CP (J/kg K) 4179 385 765 686.2
k (W/mK) 0.613 400 40 8.9538
b (1/K) 21� 10�5 1.67� 10�5 0.85� 10�5 0.9� 10�5

Table 2
A summary of the governing non-dimensional equations.

Equations 4 G4 S4

Continuity 1 0 0
X-momentum U mnf/rnfaf �(vP/vX)
Y-momentum V mnf/rnfaf �(vP/vY)þ ((rb)nf/rnfbf) Ra Pr q

Energy q anf/af 0



Table 3
Applied models for the formulation of the nanofluids properties.

Nanofluid properties Applied model

Density rnf¼ (1� f)rfþ frnp

Thermal diffusivity anf¼ knf/(rCp)nf

Heat capacitance (rCp)nf¼ (1� f)(rCp)fþ f(rCp)np

Thermal expansion
coefficient

(rb)nf¼ (1� f)(rb)fþ f(rb)np

Dynamic viscosity [23] mnf¼ mf/(1� f)2.5

Thermal conductivity
[18–20,24]

knf¼ kf[(knpþ 2kf)� 2f(kf� knp)/(knpþ 2kf)þ f(kf

� knp)]

Table 4
Comparison between the present work and other studies for Num (air-filled
enclosure).

Ra¼ 103 Ra¼ 104 Ra¼ 105 Ra¼ 106

De Vahl Davis [25] 1.118 2.243 4.519 8.799
Markatos and Pericleous [26] 1.108 2.201 4.430 8.754
Hadjisophocleous et al. [27] 1.141 2.290 4.964 10.390
Tiwari and Das [28] 1.087 2.195 4.450 8.803
Present work 1.118 2.248 4.547 8.980
Difference with De Vahl Davis [25] (%) 0.00 0.22 0.62 2.06
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v4

vs
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�
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v4

vY

�
þ S4: (2)

where, 4 stands for the dependent non-dimensional parameters U,
V and q, and G4 and S4 are the corresponding diffusion and source
terms, respectively, as summarised in Table 2. The properties of the
nanofluids are determined based on the models presented in Table
3. The non-dimensional groups presented in Eq. (3) are used in the
present analysis.

X ¼ x
L
; Y ¼ y

L
; s ¼ af t

L2 ; U ¼ uL
af
; V ¼ vL

af
; P ¼ pL2

rnf a2
f

:

q ¼ T � Tc

DT
; Ra ¼ gbf L3ðDTÞ

nf af
; DT ¼

q000L
kf
; Pr ¼ nf

af

(3)

The non-dimensional initial conditions are U¼ V¼ 0 and q¼ 0
and the non-dimensional boundary conditions are as follows:
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Fig. 2. a: Time step independency study: Num at different time steps. b. Grid inde-
pendency study: Num at different grid densities.
1:On the walls of the enclosure : U ¼ V ¼ 0
2:On the right wall : q ¼ 0

3:On the insulated walls :
vq

vX
¼ 0; or

vq

vY
¼ 0

4:On the heat source :
�

vq
vX

�
X¼0
¼ �

�
kf
knf

�h
1þ cos

�
2ps
sp

�i (4)

where, sp¼ aftp/L2 is the non-dimensional form of the heat flux
oscillation period.
4. Numerical approach

The control volume formulation given by Patankar [22] and the
SIMPLE algorithm are utilised to solve the governing Eq. (2) with
the corresponding boundary conditions given in Eq. (4). The
convection–diffusion terms are discritized by a power-law scheme
and the system is numerically modelled in FORTRAN. After solving
the governing equations for U, V and q, other useful quantities such
X
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Fig. 3. a: Code validation for a water-Cu nanofluid against Oztop and Abu-Nada [18]:
Fig. 11. b: Code validation for a water-Cu nanofluid against Oztop and Abu-Nada [18]:
Fig. 12.
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as Nusselt number can be determined. The local Nusselt number on
the heat source surface can be defined as

Nus ¼
hL
kf
: (5)

where, h is the convection heat transfer coefficient and can be
considered as

h ¼
q000

Ts � Tc
: (6)

Rearranging the local Nusselt number by using the dimension-
less parameters in Eq. (3) yields:

NusðYÞ ¼
1

qsðYÞ
: (7)

The average Nusselt number is determined by integrating Nus

along the heat source.

Num ¼
1

Hs

ZYsþ0:5Hs

Ys�0:5Hs

NusðYÞdY: (8)

5. Time step and grid independency studies

The time step independency study is carried out for a mesh size
of 60� 60 and five different time steps. The enclosure is filled with
a water-Cu nanofluid (f¼ 0.1, Ra¼ 105, sp¼ 1, Ys¼ 0.5 and Hs¼ 0.4).
According to the results for the periodic-state time history of Num
(Fig. 2a), an optimal time step of Ds¼ sp/100 is adopted for all the
subsequent computations. This is also checked by considering other
values of oscillation period (sp¼ 0.01 and 100) and the same result
is obtained. The grid independency study is also carried out by
considering a time step of Ds¼ sp/100 and four different mesh sizes.
For each mesh size and for the same conditions mentioned earlier,
the periodic-state time history of Num is plotted in Fig. 2b. It is
found that a grid size of 60� 60 is adequate to ensure the grid
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independency. The convergence criteria is to reduce the maximum
mass residual of the grid control volume below 10�7.
6. Code validation

In order to validate the present code, the average Nusselt
number, Num, calculated for natural convection in a differentially
heated enclosure filled with air is compared against the values
reported by other researchers (Table 4). It is found that the present
results compare very well with other reported values. In addition,
the present code is further validated against the work by Oztop and
Abu-Nada [18] in terms of Y-velocity at the mid section of the
enclosure, V (Fig. 3a) and local Nusselt number along the left wall,
NuY (Fig. 3b). In this study, an enclosure filled with a water-Cu
nanofluid (f¼ 0.1, Ra¼ 105, Ys¼ 0.5 and Hs¼ 0.4) is considered. It is
clear that the results for V and NuY are in good agreement with the
results reported in the literature.
7. Results

7.1. Rayleigh number and solid volume fraction

For this part of the analysis, an enclosure filled with a water-Cu
nanofluid is considered. An oscillating heat source with a length of
Hs¼ 0.4 and an oscillation period of sp¼ 1 is modelled in the middle
of the left vertical wall (Ys¼ 0.5).

Fig. 4 shows the periodic-state time history of the average
Nusselt number (Num) and the maximum temperature (qmax) of the
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heat source for two complete oscillation periods after they reach
a periodic-state situation. In order to examine how Num and qmax

follow the oscillations of the heat flux, the periodic variation of the
heat flux ratio ðq00=q000Þ is also plotted at the top of this figure. It is
evident that the oscillations of Num and qmax have a similar
response frequency but with a slight phase shift. It is also found
that as Rayleigh number increases due to strengthening buoyancy-
driven flows, the rate of heat transfer from the heat source
increases. This, in turn, lowers the heat source maximum temper-
ature which plays an important role in the design of electronic
components.

One of the objectives of this research is to investigate the
influence of nanofluids on the cooling performance of electronic
components with periodic heat generation. Thus, it is a subject of
interest to examine how the solid volume fraction of nanoparticles
affects the cooling enhancement. Fig. 5 shows that for both Ra¼ 103

and 105, the addition of Cu nanoparticles into pure water lowers the
heat source maximum temperature. It can also be seen that the
maximum temperature decreases with an increase in the solid
volume fraction of nanoparticles; however, this increase is more
pronounced at low Rayleigh numbers, where conduction domi-
nates the heat transfer mechanism and the addition of nano-
particles with relatively higher thermal conductivity improves the
conduction heat transfer rate.

The variation of the highest value of the heat source maximum
temperature, (qmax)max, with respect to time is examined in Fig. 6.
In fact, the values of (qmax)max correspond to the qmax oscillation
peaks presented in Fig. 5. It must be noted that (qmax)max is a crucial
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design parameter for electronic components. The greater the
reduction of (qmax)max, the safer and longer the electronic compo-
nents operate. The results show that (qmax)max can be lowered by
increasing Rayleigh number or by adding nanoparticles into the
pure water. For an enclosure filled with a water-Cu nanofluid
(Ys¼ 0.5, Hs¼ 0.4 and sp¼ 1), a general correlation is obtained for
predicting (qmax)max as a function of Rayleigh number and solid
volume fraction.

ðqmaxÞmax¼
0:4705� f

0:9167þ 2:44� 10�5Ra
þ 0:1952: (9)

Figs. 7 and 8 show the streamlines and isotherms, respectively,
for both pure water (- - -) and the water-Cu nanofluid (d). The
results are presented for four different Rayleigh numbers
(103� Ra� 106) and five different stages of a complete periodic-
state cycle of heat generation as presented at the top of the figures.
[(a)s¼ 9 (b)s¼ 9þ sp/4 (c)s¼ 9þ sp/2 (d)s¼ 9þ 3sp/4 (e)s¼ 9þ sp].
It is clear that at Ra¼ 103, for both the nanofluid and pure water, the
clockwise circulation cells are relatively weak and the isotherms
are rather vertical within the enclosure indicating conduction heat
transfer. Moreover, the isotherms for the nanofluid tend to be more
vertical indicating stronger conduction heat transfer for the nano-
fluid compared to pure water. It is also clear that an increase of
Rayleigh number is associated with higher values of stream func-
tion and lower values of maximum temperature as a result of
strengthening the buoyancy-induced flow field. It is interesting to
see that the minimum value of the stream function is achieved at
φ
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Fig. 10. The effects of different nanoparticles volume fractions on (qmax)max at different
Ra (Ys¼ 0.5, sp¼ 1).
stage (c)s¼ 9þ sp/2, where the magnitude of heat flux goes to zero,
however, at this stage the lowest maximum temperature is also
obtained because there is no heat generation source in the
enclosure.
7.2. Heat source position

This section examines how the position of the heat source on
the left wall affects the cooling performance of the enclosure. The
enclosure is filled with a water-Cu nanofluid (f¼ 0.1, Hs¼ 0.4 and
sp¼ 1). The variation of (qmax)max in Fig. 9 shows that at Ra¼ 103,
where heat transfer is mainly due to conduction, a better cooling
enhancement is achieved when the heat source is in the middle of
the left wall (Ys¼ 0.5). However, at higher Rayleigh numbers, better
cooling is associated with lower positions of the heat source on the
left wall. This is because at low positions, the heat source is in
contact with a stronger buoyancy-induced circulating flow with
a relatively lower temperature removing more heat from the heat
source and lowering its temperature. As the heat source moves
upwards, the power of circulating flow decreases and as a result, its
temperature increases by the time it reaches the heat source. Thus,
less heat is removed from the heat source resulting in higher
temperatures.
7.3. Type of nanofluid

The influence of different types of nanofluids on (qmax)max is
examined in Fig. 10 using three different nanoparticles (Cu, Al2O3
τ/τp
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Fig. 11. . a: Periodic-state time history of Num at various oscillation periods (water-Cu
nanofluid, f¼ 0.1, Ys¼ 0.5, Ra¼ 105). b: Periodic-state time history of qmax at various
oscillation periods (water-Cu nanofluid, f¼ 0.1, Ys¼ 0.5, Ra¼ 105).
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and TiO2) and various solid volume fractions (0� f� 0.2). The heat
source with a length of Hs¼ 0.4 is considered in the middle of the
left wall (Ys¼ 0.5). For all Rayleigh numbers, the highest values of
(qmax)max correspond to the nanofluid having TiO2 nanoparticles
which have the lowest value of thermal conductivity compared to
other nanoparticles (Table 1). On the other hand, Cu nanoparticles
with the highest thermal conductivity encompass the maximal
heat removal effectiveness resulting in the lowest temperature for
the heat source.

7.4. Oscillation period

The heat generation oscillation period plays a critical role in the
cooling mechanism of electronic components [8]. It is interesting to
know how the maximum temperature of the heat source varies
with the oscillation period. Fig. 11 shows the periodic-state oscil-
lation of Num and qmax for two complete periodic cycles at different
oscillation periods. For a better comparison of the periodic results,
dimensionless time on the horizontal axis is normalised by sp. In
this study, the enclosure is filled with a water-Cu nanofluid (f¼ 0.1,
Hs¼ 0.4, Ys¼ 0.5 and Ra¼ 105). It is found that as the oscillation
period increases, the heat has more time to interact with the flow
field and as a result, the amplitude of oscillation for both Num and
qmax increases. It must be pointed out that for values of sp above 10,
increasing sp results in insignificant changes of Num and qmax

oscillation.
In order to have a better understanding of the influence of the

oscillation period on the cooling process using both the nanofluid
and pure water, the variations of the highest and lowest values of
qmax with the oscillation period are plotted in Fig. 12. (qmax)max has
an initial increase for oscillation periods up to sp¼ 10 and then
remains unchanged. (qmax)min, however, decreases first and then
remains unchanged for sp� 10. This trend is observed for both pure
water and the nanofluid. A reduction in the highest and lowest
values of qmax is also evident after the addition of nanoparticles into
the pure water; this reduction, however, is negligible for (qmax)min

at high oscillation period values.

8. Conclusions

Natural convection cooling of an oscillating heat source
embedded on the left wall of an enclosure filled with nanofluids has
been numerically studied. The effects of various pertinent param-
eters such Rayleigh number, solid volume fraction, heat source
position, type of nanofluid and oscillation period on the cooling
performance of the enclosure are examined. The results of the
present numerical analysis lead to the following conclusions:

� The oscillating heat flux generated by the heat source causes
fluctuating behaviours for the flow and temperature fields as
well as the heat source thermal parameters such Num and qmax.
The oscillations of such parameters follow the heat source
oscillation with a similar response frequency but with a slight
phase shift.
� Increasing Rayleigh number is associated with increasing the

strength of buoyant flow circulation cells, enhancing the heat
removal from the heat source and therefore, decreasing the
heat source maximum temperature.
� The addition of nanoparticles into the pure water improves its

thermal conductivity and enhances the heat removal from the
heat source. At low Rayleigh numbers, where the conduction is
the main heat transfer mechanism, this effect is more notice-
able such that the addition of 20% Cu nanoparticles results in
a 37% reduction of the heat source maximum temperature.
� The influence of the heat source position is a function of Ray-

leigh number. That is to say for the best cooling performance,
the heat source should be positioned in the middle of the left
wall for low Rayleigh numbers, however, for high Rayleigh
numbers it should be located at the bottom of the left wall.
� The type of nanoparticles also influences the enhancement of

heat source cooling process. For all values of Rayleigh number
and solid volume fraction, Cu and TiO2 are the most and the
least effective nanoparticles, respectively, in the heat removal
process.
� For both pure water and a nanofluid, as the oscillation period of

heat generation increases, the amplitudes of Num and qmax

oscillations increase. This increase is more noticeable for
oscillation periods below 10 and becomes negligible for oscil-
lation periods above 10.
� The authors believe that the findings of this research study will

provide useful information for the electronic industry to help
maintain electronic components with oscillating heat genera-
tion under effective and safe operational conditions.
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