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Abstract. In recent times, convective heat transfer using nanofluid has been a active field of
study. However experimental studies pertaining to buoyancy induced convective heat transfer
using various nanofluid is relatively scarce. In present study, a square enclosure of dimensions
(40 x 40 x 200) mm is used as test section. Initially, AloOs/Water nanofluid with volume
fractions 0.3%, 1% and 2% and Rayleigh numbers ranging from 7 x 10° to 1 x 107 are
studied . These results are then compared with Ho’s[1] experimental data. Nusselt number
is calculated based on the thermo-physical properties that are measured in-house for the given
conditions. Further, MWCNT/Water nanofluid with volume fractions 0.1%, 0.3% and 0.5%
is formulated and are studied for various Rayleigh numbers. Comparison of Al2O3/Water
and MWCNT/Water nanofluid have been made for different volume fractions and for various
range of Rayleigh numbers. It is observed that MWCNT /Water nanofluid when compared with
Al2O3/Water nanofluid yields higher values of the Nusselt number for a given volume fractions.
All the existing experimental studies using particle based nanofluid concluded a deterioration
in natural convective heat transfer. This study for the first time demonstrates an enhancement
in natural convection using MWCNT/Water nanofluid. Such enhancement cannot be simply
explained based only on the relative changes in the thermophysical properties. Other factors
such as percolation network in MWCNT/Water nanofluid which increases the heat transfer
pathway between two walls and the role of slip mechanisms might be the possible reasons for
the enhancement.

1. Introduction

The conclusions drawn from the study of Choi and Eastman[2] that nanofluids are potentially
engineered colloids for the heat transfer enhancement and thermal management has paved
impetus to very active area of research in heat transfer studies. Hitherto, considerable studies
have been performed for enhancement in thermal conductivity for various nanofluid. But,
there are very few studies on natural convection of the nanofluids. Putra et al.[3] performed
natural convection experiments for AloO3/Water and CuO/Water nanofluid inside the horizontal
cylinder heated from one end and cooled from other . They showed deterioration in heat transfer
with increase in volume fraction of nanoparticles Nnanna[4] studied AlyO3/Water nanofluid for
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various range of volume fractions in differentially heated rectangular cavity and concluded that
heat transfer increases for ¢ < 2% but decreases for ¢ > 2% due to reduction in Rayleigh number.
Ho et al.[1] did experimental studies on Al3O3/Water nanofluid in a square cavity for various
volume fraction and Rayleigh numbers. They also concluded that heat transfer decreases with
increase in ¢. Hu et al.[5] performed experiments for 70Oy /Water nanofluid in vertical square
enclosure for various value of ¢ and simultaneously conducted a numerical study and concluded
that natural convection in nanofluids is more sensitive to viscosity than thermal conductivity.
The conclusions drawn from the experimental studies alone is that adding nanoparticle results
in deterioration of buoyancy induced convective heat transfer in nanofluids. However there is
no experimental study till date on enhancement of natural convection in square cavity using
MWCNT /Water nanofluid. Kim et al.[6], S.U.S Choi et al.[7], Shastry et al.[8],Soujit et al.[9]
and many have shown that MWCNT/Water nanofluid have very high thermal conductivity
enhancement. Whereas Phuoc et al.[10], Dhar et al.[11] have studied the effect of volume
fraction and temperature on the viscosity of CNT/Water nanofluid.

In the present study, experiments have been performed by using MWCNT /Water nanofluid
for potential heat transfer enhancement in an enclosure of square cross section as a test
section. Nanofluid in test section is heated using plate heater from one side and the other
side is maintained at constant temperature. All other walls are maintained adiabatic. Initially,
Al20O3 /Water nanofluid with volume fractions 0.3%, 1% and 2% and Rayleigh number ranging
from 7 x 10° to 1 x 107 is studied. The results are validated with Ho’s experiment. Further,
MWCNT /Water nanofluid with 0.1% ,0.3% and 0.5% are formulated. They are studied for
different Rayleigh numbers varying from 7 x 10° to 1 x 107. Comparison of MWCNT /Water
with AloO3/Water nanofluid has been made for the 0.3% volume fraction and various Rayleigh
numbers.

2. Description of Experimental Setup

Figure 1 shows photographic representation of experimental setup used in the present study.
Experimental set-up consists of the constant temperature bath, heat source, test section,
Al203/Water nanofluid, MWCNT /Water nanofluid and Data acquisition system. The test
section with cross-section (40 x 40)mm dimensions and the other dimension around 5 times
the side is used for the study in order to remove the three-dimensionality effect. Two vertical
walls of the enclosure are maintained at constant temperature while other walls are insulated.
The hot plate is made of copper in which nichrome wire heater is placed. Cold plate is also
made from copper with grooves inside it for the passage of the cold fluid through the plate
thereby maintaining uniform temperature. As shown in Figure 2, five thermocouples are placed
inside the cold and hot plate at different locations to measure the temperature across the plate.
Remaining walls of the test cell are made up of acrylic which acts as an insulator. In addition,
external surfaces of the test cell are covered with glass-wool(k=0.40 W/mk) insulation with
45mm thickness and then 25mm thick Styrofoam(k=0.45 W/mk). To estimate the heat losses
from the heater, two-thermocouple are placed between the heater and glass-wool insulation
and the other two are placed on the outside of the glass-wool insulation. The temperature at
these thermocouple are measured at steady-state and losses are calculated based on Fourier’s
law. Thermocouples are calibrated using a constant temperature bath and relative error in
temperature measurement is measured to be 0.77%. Temperatures are recorded by using Hioki
Data logger. Leakage test is done for the test section by filling water and monitoring it for several
days before the actual experiments. Efforts are taken to prevent any bubble formation while filing
the cavity at the time of experiments. DC power source used is of TDK-Lamda(GEN model)
make with voltage range of 0 to 240V and current range of 0 to 19A. Constant temperature
bath(Julabo 300F) is used to circulate temperature controlled fluid across the cold wall. System
is turned on and temperatures are continuously monitored for about three hours which is
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Figure 1. Experimental Setup Figure 2. Testcell

3. Preparation and Characterization of nanofluid

For validation study, AloOs nanoparticles (Nanoshel,y,high purity 99.5%,80nm) with density
3950 kg/m? are used to synthesize nanofluid using distilled water as basefluid. For the heat
transfer enhancement study, MWCNT nanoparticles (Nanoshel, OD 10-20nm, length 3-8um)
with density 2000 kg/m? are used. TEM images of the Alumina and MWCNT nanoparticles
are shown in figure 3 and 4. For the preparation of nanofluids, required quantity of the alumina
and MWCNT nanoparticles are weighed and dispersed in the distilled water samples respectively.
Ultrasonication with a probe type sonicator(QSonica) is done for 15 min for obtaining stable
nanofluids. SDS(Sodium Do-decyl sulfate) is added to 2% of AlaO3/Water and to each volume
fraction of MWCNT /Water so as to have stable suspension. A stability of about two days is
obtained for both nanofluids.

For the characterization of prepared nanofluids, the thermophysical properties such as
effective dynamic viscosity and effective thermal conductivity are measured as a function of
volume fraction. Fluid viscosity is measured with the automated micro-viscometer(Anton Paar
GmbH, Austria), which is rolling ball viscometer with deviation of less than 1%. Thermal
conductivity is measured by transient hot wire method(KD2 Pro) in temperature controlled
bath with operating limits between 25°C to 60°C. The deviation of the thermal conductivity is
found to be 1.2%. These properties are compared with Maiga and Nyugen[12] correlation.

png/Hoy = 1+ 7.3¢+123¢° (1)
kng/koy = 1+42.72¢ +4.97¢> (2)
The plot of effective viscosity and thermal conductivity of nanofluid as a function of volume

fraction are shown in Figure 5 and 6. The other properties of the nanofluid such as density,
specific heat and volumetric thermal expansion co-efficient are calculated as below:

Pnf = ¢-pnp + (1 - ¢)-be (3)
PrfCpnf = @-Prp-Cpmp+ (1= &).porcppy (4)
Buf = ¢.LBnp+ (1 —0).0uf (5)

Properties for MWCNT nanoparticles namely specific heat and volumetric thermal expansion
co-efficient are determined from the literature [13] [14] which are (cpnp=410J/kg.K, Bnp =
2.1 x 1075/K). Also the effective density of the nanofluids as a function of volume fraction is
shown in Figure 7.
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Figure 3. TEM image of Alumina Figure 4. TEM image of MWOCNT
nanoparticle. nanoparticle.
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4. Calculation of Nusselt number and Error analysis

The experimental data are then reduced to the heat transfer coefficient and dimensionless
parameters are obtained as follows. The input power to the heater plate is adjusted by DC
power source. Average heat flux at steady state is calculated as:

- V.I
Qt:T (6)

The corrected heat flux is calculated by subtracting the heat flux loss from the heater. So, the
corrected heat flux is given as:

qZOTT’ = q;f, - q;oss (7)
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After calculating the corrected heat flux, h,; which is based on the temperature difference
between the hot and cold plate (T}, — 1) is calculated as:

deorr
= (8)

Finally, the average Nusselt number is calculated as:

Fong - W

Nupy = s
n

9)

The Rayleigh number is based on the temperature difference between the hot plate and cold

plate given by:

g- :0721f *Cpnf - an : (Th - Tc) W3
kn f - Mnf

Rayny = (10)
All the thermophysical properties are calculated based on the mean temperature between the
hot and cold plate.

Uncertainty of the experiments is estimated based on Kline-McClintock method. The
parameters considered for the experimental uncertainties are temperature, power supplied,
thermal conductivity, viscosity. In the present study temperature is measured by using K-
type thermocouple with an uncertainty of +0.77%, and that of thermal conductivity, viscosity
measurement and input power are +1.2%, +1% and +0.8% respectively.

So the experimental uncertainity is calcualted as:

ANu = i\l {(88]\:‘)2 (eq)? + (88NT5>2 (er,)* + (83];;)2 (er.)* + (%)2 (Ek)Q} (11)

Average experimental uncertainty is found to be about +9.4%.
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5. Results and Discussion

All the results shown in this section are obtained after attaining the steady-state. Higher
Rayleigh numbers are achieved by maintaining larger temperature difference between the two
plates which is obtained by adjusting the power supplied from the DC power source. Initially,
the validation of the experimental data is done with the Ho et al.[1] results for AloO3/Water
nanofluid and then MWCNT /Water nanofluid results are presented.

5.1. Validation of the AloOs/Water nanofluid.

For the validation, firstly the test section is filled with basefluid and Rayleigh numbers are
varied by setting different input power and the corresponding Nusselt number are calculated. It
is found that there is a increase in Nusselt number with increase in Rayleigh number as expected.
Figure 8 shows the comparison of Nusselt number for the basefluid with the experimental data
of Ho et al. [1] and Bejan’s correlations[15] along with the error bars for different Rayleigh
number. Results shows very good agreement with previous data as difference of less than 10% is
observed. Further, the experiments with AloO3/Water nanofluid are performed and the results
are compared with [1] for 0.3%, 1% and 2% of volume fraction. The deterioration in Nu number
for the nanofluids are examined on the basis of increased density of nanofluids as shown Figure
7. The increase in effective density reduces the buoyancy and hence lowers heat transfer. It
can be seen from the Figure 9. that the Nusselt number are in good agreement with [1] and
predicts deterioration with increase in volume fraction. Slight variation in the results may be
attributed to the fact that the average particle size of the AloO3 nanoparticle are different for
present study and previous work[1]. The variation in the Nusselt number with Rayleigh number
for different volume fraction are shown in Figure 9. It can be interpreted from the graph that
with increase in volume fraction, Nusselt number decreases for given Rayleigh number. The
Nusselt number value for higher Rayleigh numbers with ¢ = 0.3% of Aly03/Water nanofluids
is slightly greater than the basefluid. But for ¢ = 2% it is lower than the basefluid by 21%
for the same Rayleigh number. Decrease in Nusselt number may be due to relative changes in
the thermophysical properties of nanofluid and the role of slip-mechanisms such as Drag force,
Brownian motion and Thermophoresis as stated in the literature [16].

5.2. Ezperiments with MWCNT/Water nanofluid.

MWCNT /Water nanofluid with volume fraction 0.1%, 0.3% and 0.5% are prepared and
experiments are performed for different Rayleigh numbers. Figure 10. shows the variation of the
Nusselt number with Rayleigh number for different volume fraction. It is evident from the plot
that for the volume fraction 0.1% and 0.3% of MWCNT /Water nanofluid, the enhancement in
Nusselt number (compared to basefluid) is 35% and 11% respectively for the Rayleigh number
of 1 x 10%. The normalized Nusselt number Nu,, #/Nuys is plotted as the function of Rayleigh
number as shown in Figure 11 . The 0.3% volume fraction results of MWCNT /Water nanofluid
is compared with the AloO3/Water nanofluid as shown in Figure 11. It is observed that there
is an increase of about 15% in Nusselt number for MWCNT /Water nanofluid compared with
AlsO3/Water nanofluid with 0.3% volume fraction for given Rayleigh number.

As stated in the literature the average heat transfer coefficient depends on the relative changes
in the thermophysical properties of nanofluid with respect to basefluid. But the relative changes
in thermophysical properties are not alone enough to predict the deterioration as stated by
Savithiri et al [16]. The role of slip mechanisms such as Drag force, Brownian, Thermophoresis,
etc. are also of prime importance in natural convection studies. Moreover, the role of percolation
in the anomalous enhancement in thermal conductivity of CNT/Water nanofluid has been
discussed in Dhar et al.[17] So, the relative enhancement in buoyancy induced convective heat
transfer using MWCNT/Water nanofluid can be attributed to the percolation network which
aids an increase in the heat transfer pathway from hot to cold wall. The effective density of
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MWCNT /Water nanofluid is lower than AloO3/Water nanofluid as seen in Figure 7. hence the
buoyancy effect are more pronounced in MWCNT /Water nanofluid. Thus for the first time an
enhancement in the Nusselt number with nanofluid in natural convection has been observed.
However, with the increase in volume fraction of MWCNT /Water nanofluid the resistance to
natural convection increases which, results in reduction of Nusselt number.
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6. Conclusion

The experimental study on buoyancy induced convective heat transfer has been performed using
Al203/Water and MWCNT /Water nanofluids in the square cavity. The conclusions from the
experiments are as follows:

e The Nusselt number increases with increase in Rayleigh number for the basefluid as well as
for nanofluids.

e The increase in Nusselt number of about 35% is observed with MWCNT /Water nanofluid
for ¢ = 0.1% when compared with the basefluid for the Rayleigh number 1 x 10°.

e Nusselt number value for the MWCNT /Water nanofluid are higher for ¢ = 0.3% compared
to that with AlyO3/Water and basefluid for the corresponding Rayleigh number. Increase of
about 11% and 17% was found for the Nusselt number value of the MWCNT /Water nanofluid
for 0.3% of volume fraction when compared with basefluid and AlxOs/Water nanofluids
respectively for 9 x 10° Rayleigh numbers.

In MWCNT/Water nanofluid the percolation network might aid the heat transfer by
increasing the heat transfer pathway form hot to cold plate. The role of slip mechanism in
the heat transfer of MWCNT /Water nanofluid needs to be investigated in the future study so
as to get complete picture of the enhancement in heat transfer.
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NOMENCLATURE

2] =g

==
S

Area of cross section of heater, m?2.

Specific heat, J/kgK.

Average convective heat transfer coefficient, W/m?2K.

Current, A.

Average heat flux, W/m?.

Nusselt number.

Average Nusselt number.
Temperature, K .

Rayleigh number.

Voltage, V.

Characteristic length of test cell, m.
Thermal conductivity, W/mK.

Greek symbols

B Coefficient of thermal expansion,1/K.
€ Uncertainty measurement.
¢ Dynamic viscosity, Pa — s.
¢ Volume fraction of nano particles.
p Density, kg/m3.
Subscripts
bf Basefluid.
c Cold.
corr correction in heat loss.
loss Heat loss.
nf  Nanofluid.
np  Nano particle.
¢ Total Heat loss.
h Hot.
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