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ABSTRACT
Natural convection is convection where the fluid motion

is driven by buoyancy forces. Porous media and nanofluids
have an impact on the heat transfer capabilities of thermal
systems. The present experimental study is part of ongoing
research and lies at the intersection of buoyancy driven flow
in a cavity, porous mediums and nanofluids. The nanofluid
consists of Al2O3 nanoparticles in the base fluid of 60% ethy-
lene glycol (EG) and 40% water. A Rayleigh number range
of 6 × 103 < Ra∗ < 1.6 × 104, for a volume fraction
of 0.2% nanoparticles. The porous medium used is glass
spheres of 16mm. In this research the effective viscosity of
the nanofluid was determined experimentally while the effec-
tive thermal conductivity was available in the literature. The
results showed that heat transfer is affected by both the porous
medium and the nanofluid. The results show that the heat
transfer in the case of porous media with nanofluid is more
than the case of pure base fluid. However, more experimenta-
tion for a wider range of Rayleigh numbers will be a part of
future works of this ongoing research.

INTRODUCTION
Convective heat transfer in fluid-saturated porous medium

has received much attention in the last few decades and is rele-
vant to a wide range of applications such as underground heat
pump systems, solar engineering, packed sphere beds, chem-
ical catalytic converters, heat exchangers and geothermal ap-
plications. Extensive reviews of the subject are given in vari-
ous textbooks for instance, Nield and Bejan [1], Vafai [2], Pop
and Ingham [3], Ingham [4] and Bejan et al. [5].

Natural convection inside a porous filled cavity has at-
tracted the attention of many researchers and is very appli-
cable to solar receiver technology. Although more numerical
works have been published, a few examples of experimental
papers could be found. Prasad et al. [6, 7] presented exper-
imental results for natural convective heat transfer in an an-
nulus. Bories and Combarnous [8] presented numerical and
experimental results in a sloping porous layer. The porous
medium used was spherical glass beads. Seki et al. [9] pre-
sented an experimental study with a rectangular cavity. The
fluids included water, transformer oil and ethyl alcohol.

A recent and emerging field, first coined by Choi [10], is
the field of nanofluids. The field is based on the premise that
suspending solid nanometer sized particles, with higher ther-
mal conductivity, in a conventional heat transfer fluid, would
augment the heat transfer capabilities of that fluid. Because
nanoparticles could potentially be added to any liquid heat ex-
changers to augment heat transfer, the potential applications
are endless. However, the addition of the nanoparticles to a

NOMENCLATURE

Da [-] Darcy Number
g [m/s2] Gravity Constant
H [m] Cavity Height
h [W/(m2 ·K)] Convective Heat Transfer Coefficient
k [W/(kg ·K)] Conduction Heat Transfer Coefficient
K [m2] Permeability
L [m] Cavity Length
Nu [-] Nusselt Number
Pr [-] Prandtl Number
Ra [-] Rayleigh Number
T [K or ·C] Temperature

Special Characters
β [1/K] Volumetric Expansion Coefficient
µ [Pa · s] Dynamic Viscosity
ν [m2/s] Kinematic Viscosity
ρ [kg.m2] Density
φ [-] Nanofluid volume fraction or Porosity de-

pending on the subscript
Subscripts

bf Base Fluid
f Fluid
H Height
L Length
nf Nanofluid
p Nanoparticle
pm Porous Medium
s Solid Matrix

fluid effects more than its thermal conductivity and different
models to predict fluid properties and behaviors have been
proposed. Buongiorno [11], Tiwari and Das [12] and Aybar
et al. [13].

Free convection of nanofluids in clear cavities with differ-
entially heated walls has been studied both numerically and
experimentally. Hwang et al. [14] performed a numerical in-
vestigation on a rectangular cavity, following the experimental
results presented by Putra et al. [15]. A previous 2D numer-
ical work on Al2O3 is also presented by Khanafer et al. [16]
Putra et al. [15] performed an experimental investigation of
free convection of nanofluids in a horizontal cylinder that is
heated from the one side and cooled from the other side. They
reported paradoxical results; when the volume fraction was
increased, the heat transfer rate was decreased. The work of
Putra was extended by an experimental study performed by
Nnanna et al. [17] of Al2O3 nanoparticles in water. Their fo-
cus was to estimate the range of volume fractions for which
heat transfer is enhanced. They also wanted to determine
the impact of volume fraction on the Nusselt number. They
found that for small volume fractions 0.2% < φnf < 2%
heat transfer is augmented, but for higher volume fractions,
the heat transfer coefficient is reduced due to the reduction of
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the Rayleigh number. Hu [18] presented experimental and nu-
merical results for natural convection in a square cavity con-
taining TiO2-water nanofluid. Ho [19] presented an experi-
mental study of Al2O3 in water in a vertical square enclosure.
Their results are consistent with those found by Nnanna [17].

A further extension to the above mentioned fields is nat-
ural convection in porous medium filled cavity, saturated by
a nanofluid. This problem has been studied numerically by
numerous authors.

Sheremet et al. published a series of papers numerically
studying free convection in a porous medium filled cavity sat-
urated by a nanofluid, using Boungiorno’s nanofluid model
[20–23] or Tiwari and Das’ nanofluid model [24, 25].

Grosan et al. 2015 [26] numerically studied this problem,
while accounting for internal heat generation as well.

Dastmalchi et al. 2015 [27] presented a study of free con-
vection ofAl2O3 water nanofluid in a square cavity containing
an aluminum porous medium.

Nguyen et al. 2015 [28] numerically studied natural con-
vection of Cu-water nanofluid in a differentially heated non-
Darcy porous cavity. The Rayleigh number range studied was
10 < Ra∗ < 104 while the solid volume fraction for the
medium was 0.4 < φpm < 0.9 and 0% < φnf < 5% for
the nanofluid. They found the addition of nanoparticles in the
porous medium generally resulted in the higher average Nus-
selt number in most flow regimes, however the average Nus-
selt number appeared to decrease with increased solid volume
fraction.

The present study is an experimental study, examining
buoyancy driven flow of a nanofluid in a square cavity, filled
with a porous medium. Literature pertaining to an experimen-
tal study of the problem could not be found. The shape of the
cavity is square, with two heated vertical walls. The nanopar-
ticles used are Al2O3, which is chemically stable in water.
While the base fluid is a 60% ethylene glycol (EG) and 40%
water mixture, more widely known as antifreeze - a coolant
used in many heat exchangers. A Rayleigh number range of
6 × 103 < Ra∗ < 1.6 × 104 and volume fraction of 0.2%
particles is studied. The porous medium used is glass spheres
of 16mm.

To the best of our knowledge, experimental investigation
into natural convective heat transfer of nanofluids in a rect-
angular cavity filled with a porous medium has not been re-
ported.

THEORY

Analytical Prediction for Heat Transfer

Different heat transfer regimes have been defined for nat-
ural convection in a 2D porous rectangular cavity which is
heated from the sides. Figure 1 shows under which circum-
stances each of these heat transfer regimes are applicable. In
this study, because the cavity is approximately square, the ap-
plicable expected regime is the high Ra regime III. However
the cavity in the present experiments has a finite length and
3D effects plays a role.

Nield and Bejan [1] give an analytical prediction for the
Nusselt number in the boundary layer Regime based on the
Rayleigh number and cavity dimensions. However, this equa-
tion is only valid for 2D cavities, and consistently over pre-
dicts the Nusselt number.

Nu = 0.577
L

H
Ra

∗1/2
H (1)

Figure 1: The four heat transfer regimes for natural convec-
tion in a two-dimensional porous layer heated from the side
[1]

where the Rayleigh number must be based on the height of
the cavity. It should also be noted that the equation of the
Rayleigh number for a clear cavity (Eq. 2) differs from the
one for porous medium (Eq 3) which takes the permeability
into account.

RaL =
gβ(THot − TCold)L

3

να
(2)

Ra∗L =
gβ(THot − TCold)KL

ναm
(3)

In fluid dynamics through porous media, the Darcy num-
ber (Da), represents the relative effect of the permeability of
the medium versus its cross-sectional area. This can be repre-
sented mathematically

Da =
K

d2
(4)

where K[m2] is the permeability of the medium and d[m] is
the particle diameter.

EXPERIMENT AND PROPERTIES
Experimental Setup

Figure 2 shows a schematic of the setup. Opposing verti-
cal walls are heated differentially using nearly constant tem-
perature heat exchangers. Thermocouples are placed along
the cavity to measure the temperature distribution inside
the cavity. Cavity dimensions are 120.04×96.3×102.3mm
(W×H×L). The cavity is placed inside an insulating box with
an insulating lid, to prevent heat loss. The thermocouples link
to a computer where data is logged.

Figure 2: Schematic of Experimental Setup
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Experimental Procedure
Nanoparticle dispersion of Al2O3 alpha from US Re-

search Nanomaterials is used. The particle size is 30nm and
the dispersion is 20wt% (mass fraction) in water. The density
of the nanoparticles is given by the US Research Product Fact
Sheet [29] at 20·C as 3.5-3.9 g/cm3.

Before any experimentation could begin, it was first nec-
essary to determine if the nanofluid would remain stable for
the duration of the testing. A suspension was prepared and
was observed. It was determined to remain stable for at least
24 hours. A new batch of nanofluid was prepared for the ex-
periments, and testing did not exceed 7 hours for four runs.

The dispersion is first diluted in two small batches. The
two batches are ultrasonicated, for two hours each. One fi-
nal mixture is measured, containing the two small batches, di-
luted in more of the base fluid. This mixture is then ultrasoni-
cated for 3 hours. Ultrasonication breaks up agglomeration of
particles in the fluid. The final mixture is a mixture of 60%
EG, 40% water as the base fluid with 0.2% volume fraction of
nanoparticles suspended.

The cavity was filled with the glass spheres and shaken to
ensure good packing. The nanofluid was poured carefully into
the cavity, while measuring the amount of fluid used. This is in
order to find the porosity of the cavity. The hot and cold baths,
as well as the data acquisition system were already switched
on. Four runs were recorded as follows:

• The bath temperatures are set for different temperatures
as listed in Table 1.

• Steady state is reached at approximately 50 minutes af-
ter the start of the run. The last 15 minutes of the data
acquisition period (25-40 minutes after steady state is
reached) is aggregated as the steady state results.

Table 1: Wall Temperatures

Experiment Hot Wall Cold Wall
Number [°C] [°C]

1 5 55
2 10 50
3 15 45
4 20 40

Nanofluid Properties
The nanofluid in this study is 0.2% volume fraction of

Al2O3 in a base fluid of 60%EG-40%water. The particle di-
ameter of the Al2O3 is 30nm. The properties of the nanofluid
depend amongst others on the type of particles used, the size
of particles, the base fluid and the temperature. In all cases
temperature was taken into account when material properties
were calculated.

Sundar [30] reported conductivity for nanofluid of Al2O3

in 60%EG-40%Water, which is used in this study.
According to mixing theory from Ho et al. [19] the den-

sity of the nanofluid is given by Equation 5. The density of
the Alumina particles is 3900kg/m3.The density of the base
fluid at different temperatures is taken from Ashrae Handbook
[31].

ρnf = φnfρp + (1− φnf )ρbf (5)

Viscosity of the nanofluid could not be found in the open
literature and it was measured as a part of this work and the
measurement results can be found in the results section. The
viscosity equipment used is a sine-wave vibro-viscometer SV-
10 from A&D Company Ltd., Japan, with viscosity measure-
ment limits of 0.3-10,000 mPa.s. More detail on the viscosity
measurement is available in our previous publication [32].

The heat capacity is given by Equation 6. [19]

ρnfcp,nf = φnfρpcp,p + (1− φnf )ρbfcp,bf (6)

Ho et al. [19] gives 2 expressions for the coefficient of
expansion (β) for a nanofluid. They report that Equation 8
provides a better correlation to experimental results.

βnf = φnfβp + (1− φnf )βbf (7)
ρnfβnf = φnfρpβp + (1− φnf )ρbfβbf (8)

For the base fluid the expansion coefficient was found by
numerically finding the derivative of the density to tempera-
ture [31], using a central differencing scheme. Ho et al. [19]
report the thermal expansion coefficient for alumina nanopar-
ticles is 8.46 ×10−6.

Porous Medium Properties
The medium used is 16mm glass balls. Table 2 presents

the material properties of the glass spheres [33].

Table 2: Glass Spheres Material Properties at 20°C

Property Name Value
Sphere Diameter 16 [mm]

Thermal Conductivity 0.7 [W/(m·K)]
Density 2800 [kg/m3]

Specific Heat 13.9633 [J/(kg·K)]

Porosity of a medium is measured by volume replacement
method and found it equal to 0.429.

Carman-Kozeny relationship is chosen for the Permeabil-
ity of the medium as

K =
D2

p2φ
3
pm

180(1− φ)2
(9)

where Dp2 is dependent on the distribution of sphere diame-
ters. However, in this case all spheres have the same diame-
ters, and as a result Dp2 = Dpm. Therefore the Permeability
was K = 3.43 × 10−7m2.

Different methods are available to determine the effective
conductivity of the medium. In this case overall thermal con-
ductivity is used as equation 10 [1]. Unlike porosity and per-
meability, conductivity is a function of temperature and of the
fluid properties. A summary of the medium properties are
given in Table 3.

km = (1− φ)ks + φkf (10)

Table 3: Porous Medium Properties

Property Name Value
Porosity 0.429

Permeability 3.43× 10−7m2

Conductivity at 0°C 0.490 W/(m·K)
Conductivity at 25°C 0.499 W/(m·K)
Conductivity at 50°C 0.505 W/(m·K)

RESULTS AND DISCUSSION
Nanofluid Viscosity

Figure 3 shows the measured nanofluid viscosity com-
pared to the base fluid. As expected, viscosity of nanofluid
is more than the base fluid. However, the difference is more
for lower temperatures.
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Figure 3: Viscosity of nanofluid vs base fluid

Cavity Experiment
Figure 4 shows the temperature distribution inside the cav-

ity. Thermocouples were approximately equally spaced. From
the high gradients close to the hot and cold walls, it is clear
that natural convection took place.

Figure 4: Temperature Distribution inside Cavity

Figure 5 shows the heat transfer for each configuration.
Heat transfer was on average 3.5% higher for that of the
nanofluid when compared to the base fluid in the porous
medium. However, the highest amount of heat transfer was
still encountered in the clear cavity (without porous media)
and with the base fluid. The heat transfer in the clear cav-
ity, was 6.9% higher than that of the nanofluid in the porous
medium.

Figure 5: Heat Transfer vs Temperature Difference

Figure 6 & 7 show the clear cavity and porous cavity re-
sults for Rayleigh number vs Nusselt number. Logarithmic
correlations were extracted from this data. Equations 11, 12
and 13 are respectively the correlations for the base fluid in
clear cavity, base fluid in porous filled cavity and nanofluid in
porous cavity. However, further works are required to justify
the correlations.

Figure 6: Nusselt vs Rayleigh for Clear Cavity

Figure 7: Nusselt vs Rayleigh for Porous Cavity

Nu = 5.5732 ln(RaL)− 83.855 (11)
Nu = 4.3364 ln(Ra∗L)− 22.84 (12)
Nu = 2.9301 ln(Ra∗L)− 9.5926 (13)

CONCLUSION
Experiments were run to investigate the impact for porous

medium and a nanofluid on the heat transfer capabilities a
buoyancy driven flow in a differentially heated square cavity.
The results showed that heat transfer is affected by both the
porous medium and the nanofluid. The clear cavity transferred
the most heat and the least heat was transferred by the porous
medium saturated with base fluid. Correlations for this range
of Rayleigh numbers are developed. Future work will include
more experiments in order to extend the range of Rayleigh
numbers, Nusselt numbers, and nanofluids used.
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