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Abstract This paper presents the experimental investi-
gation of convective heat transfer characteristics of nano-
fluid containing TiO, and distilled water inside a copper
tube under laminar flow condition. Nanofluids with differ-
ent particle weight concentration of 0.05, 0.1, 0.3 and 0.5
wt % are used in the present investigation. The effects of
nanoparticles weight concentration on heat transfer coef-
ficient and Nusselt number in the velocity range (0.1659—
0.2322 m/s) under constant heat flux boundary conditions
have been studied. The constant velocity criterion has been
taken in order to get an accurate picture of convective heat
transfer performance of nanofluids relative to base fluid. It
is observed that the heat transfer coefficient increases with
the increase in the particle weight concentration and flow
velocity. Results revealed that the heat transfer coefficient
increases from 29.93 to 50.11 % by increasing the concen-
tration from 0.1 to 0.3 wt % as compared to distilled water
in the given velocity range. The nanofluids show a decrease
in heat transfer at higher concentration (0.5 wt %).
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Abbreviation
List of Symbols
¢,  Specific heat (J/Kg K)
D  Diameter of copper tube (m)
h Heat transfer coefficient (W/m? K)
k Thermal conductivity (W/m K)
L Tube length (m)
m  Mass flow rate (kg/s)
Nu  Nusselt number
q”  Heat flux (W/m?)
Pr  Prandtl number
Re  Reynolds number
T Temperature (°C)
X Distance from the
pipe inlet (m)
A Heat transfer area (mz)
1 Current (A)
Q  Heat transfer (W)
U  Velocity (m/s)
\% Voltage (V)
0 Density (kg/m?)
¢ Volume fraction
u Dynamic viscosity (Pa s)
AP Pressure drop (Pa)
Subscripts
f Base fluid
i Inlet
m  Bulk
nf  Nanofluids
bf  Base fluid
P Particle
S Surface
X Local
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1 Introduction

Fluids play a vital role in various heat transfer devices used
in industry such as electronics, transportation, chemical
processes, power plant, air-conditioning, food processing,
nuclear reactors etc. for cooling and heating purposes. The
conventional heat transfer fluids like water, ethylene glycol,
propylene glycol, oil, gear oil and paraffin are mostly used
for this purpose. They have poor thermal properties which
restrict the performance of the heat transfer devices. Many
active and passive techniques are available to improve the
thermal performance of conventional fluids [1, 2]. Solid
materials have better thermal properties than fluids. Many
studies have been carried out on thermal properties of sus-
pension of these solid particles in conventional heat trans-
fer fluids. The dispersion of millimeter or micrometer size
solid particles to the base fluid results in modification of
thermophysical properties of the base fluids that ultimately
leads to heat transfer enhancement [3]. However, the appli-
cation of these fluids is limited due to some serious problem
i.e., the poor stability of suspensions, clogging, erosion of
pipelines and pressure drop. To overcome these problems
nano-sized particles dispersed in the base fluid known as
nanofluids, were firstly introduced by Choi [4]. These novel
fluids reflected improved heat transfer properties because
they have small size and large specific areas. A wide range
of experimental and theoretical studies has been carried out
on the internal forced convective heat transfer of nanoflu-
ids with different boundary conditions in laminar [5] and
turbulent [6, 7] flows. Rayatzadeh et al. [8] investigated the
convective heat transfer and pressure drop of TiO,/distilled
water nanofluids under constant heat flux boundary condi-
tion. This experiment has been performed with and with-
out a continuous induced ultrasonic field. The experiment
was performed in the laminar flow regime in 0.1-0.25 %
volume concentrations. It was observed that the nanoflu-
ids show enhancement of heat transfer as compared to base
fluid. The Nusselt number indicated decreases in heat trans-
fer at higher concentration, i.e. 0.25 % volume concentra-
tion without sonication. 5 % increment was also observed in
Nusselt number with higher concentration using continuous
ultrasonic waves compared with results obtained without
any sonication. Sahin et al. [9] studied the convective heat
transfer and pressure drop characteristics of Al,O;-water
nanofluid for turbulent flow regime inside a circular tube
under constant heat flux boundary condition. The experi-
ments were performed using 0.5-4 % volume concentration
in the Reynolds range 4,000-20,000. The results show that
up to 1 % concentration the Nusselt number increased with
both increase in Reynolds number and volume concentra-
tion. The concentrations higher than 1 vol. % were not suit-
able for heat transfer. The highest heat transfer enhancement
was achieved at Re = 8000 and 0.5 % volume concentration.
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Esmaeilzadeh et al. [10] investigated y -Al,Os/water nano-
fluid under a laminar flow regime having constant heat flux
boundary condition. The results show that the convective
heat transfer coefficient increases with the increase in parti-
cle volume concentration. The enhancement of heat transfer
coefficient was found to be 6.8 % at 0.5 % volume concen-
tration and it increased to 19.1 % with 1 % volume concen-
tration as compared to the base fluid. A similar study was
conducted by Wen and Ding [11] for Al,Os/water nanofluid
in the entrance region under laminar flow conditions. It was
observed that the use of specified nanoparticles as the dis-
persed phase in water improve the convective heat transfer,
and the enhancement increased with Reynolds number, as
well as particle volume concentration.

He et al. [12] studied the heat transfer and flow behav-
ior of aqueous suspensions of TiO, nanoparticles (nanoflu-
ids). The nanofluids flowing upward through a vertical pipe.
It was observed that the heat transfer depends on particles
concentration and particle size, it increases with increasing
particle concentration and also decreasing particle size. The
viscosity increased with increasing agglomerated particle
size and particle concentration. The convective heat transfer
coefficient increased with nanoparticle concentration in both
the laminar and turbulent flow regimes with a given Reyn-
olds number. Further, a study of convective heat transfer
and pressure drop of an aqueous solution of spherical TiO,
nanoparticle (15 nm) through a uniformly heated horizon-
tal circular tube in the turbulent flow regime containing 0.1,
0.5, 1.0, 1.5 and 2.0 % volume concentrations of nanoparti-
cles was performed by Kayhani et al. [13]. Results indicated
that heat transfer coefficients increased with increasing
volume fraction of nanoparticles in base fluid. No change
in heat transfer coefficient was observed with varying the
Reynolds number in the given range. The enhancement of
Nusselt number was found to be 8 % at 2.0 % nanoparticle
volume fraction at Re = 11,800. Wang et al. [14] investi-
gated carbon nanotubes (CNT) in a horizontal circular tube
under constant heat flux boundary condition. The enhance-
ment of heat transfer coefficient was found to be 70 % at
0.05 % volume concentration and it increased to 190 % with
0.24 % volume concentration as compared to the base fluid,
at a Reynolds number of about 120.

The motivation behind the present study is that very less
work is reported in the literature on the convective heat
transfer using TiO, nanofluids. Further, there are contra-
dictions in stating studies on the convective heat transfer
using nanofluids because of varying conditions adopted
by different research groups [15-19]. The TiO, nanoparti-
cles are safe materials as these are reported to be used in
cosmetics and are easily obtained at large scale and have
excellent stability [20, 21]. This paper presents the effect of
nanoparticles volume fraction in the range of 0.05-0.5wt %
of the heat transfer of TiO,-distilled water nanofluid in the
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Fig. 1 TEM images of TiO, nanoparticles

Reynolds range of 1,663-2,488 under constant heat flux
boundary conditions. Further a heat transfer correlation
based on the experimental results is developed.

2 Preparation of nanofluid

In the present study, TiO, nanoparticles purchased from
Nanostructured and Amorphous Materials, USA along
with distilled water as base fluid are taken. The transmis-
sion electron microscopy (TEM) images of TiO, nanopar-
ticle are shown in Fig. 1. It can be seen from TEM images
that the majority of nanoparticles is in the form of large
agglomerates and appears in the form of rods in morphol-
ogy. The size of these nanoparticles is in the range of 30—
50 nm. Two-step method was used to make uniform and
stable nanofluids. Nanofluids were prepared by dispersing
0.05, 0.1, 0.3 and 0.5 wt % of the TiO, nanoparticles in
the distilled water. The mixture was sonicated using ultra-
sonic vibrator (POWERSONIC 410, Hwashin Technology,
Korea) generating ultrasonic pulses of 400 W from 6 to 8 h.
The sonicator was used to make stable suspension of nano-
particles and break down the agglomeration of nanoparti-
cles in the fluid. We did not employ any surfactant as they
may have some effect on the effective thermal conductiv-
ity of nanofluids [22]. It was detected with naked eyes that
the nanoparticles were dispersed homogeneously in a base
fluid for 48 h and the whole sedimentation happened after
three weeks. The dispersed TiO, nanoparticles in the water
base fluid are represented in Fig. 2.

3 Experimental set up

The apparatus used in this experiment involves a peristal-
tic pump, test section, a reservoir tank, cooling unit, D.C.

0.05 wt%

0.1 wt%

0.3 wt% 0.5 wt%

Fig. 2 TiO, nanofluid at various particle concentrations

heating section and thermocouples. The test section con-
sists of a copper pipe of 1.05 m length by 8 mm (I.D.) inner
diameter and 10 mm outer diameter (O.D.). The test section
is wrapped with sun mica to isolate it electrically.

Thereafter, electrical SWG Nichrome heating wire hav-
ing a high melting point of about 1,400 °C is enfolded over
it. Over the electrical winding, thick insulation consisting
of glass wool is provided to prevent the radial heat loss.
This heated nichrome wire is connected to a DC supply
which is controlled by variac transformer (range 0-240 V).
The copper tube test section has ten calibrated J-type ther-
mocouples with 0.1 °C resolution placed at equal distance
in order to measure the wall surface temperature. Two
thermocouples are mounted into the flow at the inlet and
outlet of the test section for measuring the temperature of
the nanofluids. The flow rates were calculated by collecting
the fixed volume of fluid with the help of a precise meas-
uring jar (1,000 ml) with 10 ml resolution and measuring
the time with stop watch having 0.1 s resolution. The sche-
matic of the experimental setup is shown in Fig. 3.

The nanofluids with different weight fraction of 0.05,
0.1, 0.3 and 0.5 % TiO,/distilled water were taken in the
test section with the help of peristaltic pump and uniformly
heated by nichrome wire. After passing through the test
section, nanofluids enters the cooling section and the nano-
fluids outlet temperature reduces significantly. Finally, the
flow is measured in the flow measuring section. During
experimental runs, inlet and outlet temperature of nano-
fluids and the wall temperature at different position were
measured. Each measurement was repeated at least five
times.

4 Data reduction
Prior to the study of the convective heat transfer perfor-
mance of the nanofluids, the thermophysical properties of

nanofluid must be evaluated. These thermophysical prop-
erties are computed using the Egs. (1)-(4).The density of
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Fig. 3 a Schematic view of the
experimental setup b experi-
mental setup for investigation
the convective heat transfer
characteristics of nanofluids

. THERMOCOUPLES
/

PERISTALTIC
PUMP

NANOFLUID
RESERVOIR

Table 1 Thermophysical properties of base fluid and TiO, nanopar-
ticles at 30 °C

Substance/  Density Thermal Specific Viscosity
nanoparticles (kg/m?) conductivity heat (kg/ms)
(W/m K) (kJ/kg K)
Distilled 1,000 0.62 4.187 0.000798
water
TiO, [27] 4,260 11.7 6.89 -

nanofluids is estimated by Pak and Cho equation [23]. The
specific heat of nanofluids is estimated by the equation
given by Xuan and Roetzel [24].

Pnf = ¢pp + (1 — @) por (1)

(0Cp)nt = ¢ (pCp)p + (1 — ) (PCp)ot )

The well-known Einstein’s equation for calculating vis-
cosity, applied to spherical particles having volume frac-
tions less than 5.0 vol. %, suggested by Drew and Passman

@ Springer

(b)

[25] has been used to evaluate the viscosity of the nanofluid
as follows

tnt = (1 4+ 2.5¢) vt 3)
The thermal conductivity of the nanofluids is calculated
from the model presented by Maxwell [26].
2kpt + kp + 20 (kp — kof)
nf = bf (@)
2kot + kp — @ (kp — kof)

The thermophysical properties of nanoparticles (TiO,)
and base fluid are used in the present study are given in
Table 1. The thermophysical properties of nanofluids at dif-
ferent concentration using above equation are presented in
Table 2. By assuming the test section to be well insulated
and the neglecting heat loss, heat flow is equal to the power
input.

Heat supplied to the test section is calculated as follows:

Q1 =VI 5)
Heat absorbed by the nanofluid is calculated by:
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Table 2 Thermophysical properties of nanofluids at different concentrations
Nanofluids Wt % Vol % Density Thermal Specific Viscosity
(kg/m3) conductivity (W/m K) heat (kJ/kg K) (kg/ms)
TiO,/distilled water 0.05 wt 0.0117 1038.1 0.6388 4.3168 0.00082134
TiO,/distilled water 0.1 wt 0.0234 1076.3 0.6580 4.4373 0.00084468
TiO,/distilled water 0.3 wt% 0.0703 1229.2 0.7391 4.8456 0.00093825
TiO,/distilled water 0.5 wt% 0.117 1381.4 0.8271 5.1622 0.0010
O = me(To —T) (6) 60
—®— Nu (experimental)
where ‘T’and ‘T}’are the outlet and inlet temperatures of 50 1 O Nu(theoretical)
nanofluids in the test section respectively.
Heat flux is calculated as follows: -
2 401
1 Q \:
== 7 g
7= 7L 7 £ 30
where ‘D’ is the copper tube inner diameter, ‘L’ is the %
length of the tube and ‘Q’ is the heat transfer rate which 2 201
obtains from the Eq. (8). Z
01+ O 107
0="%" ®)
. . TR . 0 T T T T T
The convective heat transfer coefficient ‘h’ is given as 0.0 02 04 0.6 0.8 10 12

follows:

!

q

h=—"—
Ty — T ©)
Tin + T,
where, Ty, = % (10)
()
T,
= an
and TS = T

‘T, and ‘T, are bulk temperature and mean surface
temperature respectively. The Nusselt number is calculated
as follows:

hD

Nu=—
knt

12)

The local heat transfer coefficient and Nusselt number will
be determined by replacing ‘4’ by h(x) and ‘Nu’ by Nu(x).

7z

Where h(x) = m (13)
Nu(x) = "> D (14)
knf
Tm(x) can be calculated from:
T = Toi + 30 x (15)
" mx Gy

X (m)

Fig.4 Comparison of the measured local Nusselt number with the
empirical equation for distilled water under the constant heat flux
condition for the laminar flow regime

where ‘P’ is the perimeter and ‘m’ is the mass flow rate.

5 Result and discussion
5.1 Validation of the experimental setup

In order to access the consistency and correctness of the
experimental setup, the experiments were conducted using
distilled water as the working fluid in the plain copper
tube under laminar flow conditions before obtaining these
results for nanofluids. The Nusselt number of distilled
water was measured in several runs to obtain repeatabil-
ity of the experiment. Figure 4 shows the comparison of
experimental results of distilled water with Shah equation
[28] for Nusselt number along the axial direction for fixed
Reynolds number (In the present study it was kept 1995)
for laminar flow under constant heat flux.

Nur) = 1.953(Re.Pr.2)"  (Re.Pr.2) =333
4.364 4+ 0.0722Re.Pr.2 (Re.Pr.2) < 33.3

(16)
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Fig. 5 Comparison of local heat transfer coefficient versus non-
dimensional axial distance of nanofluids and base fluid

It can be seen from Fig. 4 that there is a good agreement
between the experimental results and the calculated values
for distilled water.

5.2 Heat transfer

In this experimental work, TiO,-distilled water nanofluid
with loading of 0.05, 0.1, 0.3 and 0.5 wt % were used.
All the experiments have been performed in the Reynolds
number range of 1,663-2,488. Figures 5 and 6 shows the
comparison of local heat transfer coefficient and Nusselt
number along non-dimensional axial distance for the vari-
ous weight concentrations of nanofluids and distilled water.
The results show that the maximum enhancement rate
is attained at the inlet of the test section and this rate of
enhancement shrinks along the axial distance from the inlet
of the test section. This fact is based on the thermal bound-
ary layer. The thermal boundary layer is very small in the
beginning of the test section and due to this reason, the
thermal resistance is reduced, which leads to an increase
in the heat transfer coefficient in the entry region. Moving
away from the inlet of the test section, the thermal bound-
ary layer becomes developed and due to this fact, the ther-
mal resistance increases and the heat transfer reduces.
Earlier research groups [8, 13] have taken constant
Reynolds number as the basis of comparison between
the nanofluids of different concentrations and distilled
water. Yu et al. [29, 30] stated that the Reynolds number
is an unsuitable basis for comparing the convective heat
transfer characteristics of a nanofluid in comparison with
the distilled water. The constant Reynolds number com-
parison is suitable when we consider the same fluid. But
in case of comparison of nanofluids with the base fluid the

@ Springer
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Fig. 6 Comparison of local Nusselt number versus non-dimensional
axial distance of nanofluids and base fluid

thermophysical properties of the nanofluids like density,
thermal conductivity, viscosity, etc. are different from the
distilled water. Hence, if we take a constant Reynolds num-
ber criteria the velocity of the nanofluid will not remain
same at a fixed Reynolds number. The velocity is a func-
tion of heat transfer coefficient. Therefore, the constant
Reynolds number criterion alters the physical situation
and hence it is not suitable for comparing the convective
heat transfer of nanofluids compared to the base fluid. If
we consider the same flow velocity of nanofluids and base
fluid, the flow velocity effect present in the constant Reyn-
olds number comparison gets eliminated.

Thus, in this paper the constant velocity comparison for
convective heat transfer coefficient and Nusselt number at
different volume concentration is performed instead of con-
stant Reynolds number comparison. This is done to provide
the accurate picture of heat transfer performance. However,
it should be noted that, for the nanofluids the viscosity is
greater than the distilled water and it increases with the
increase in concentration, so the pumping power would be
higher for nanofluids as compared to the less viscous base
liquid under the comparison of constant flow velocity. But
when the flow system under consideration is designed for a
certain maximum flow rate and the flow pumping power is
only a fractional part of the total power consumed, the con-
stant flow velocity comparison provides a quite precise pic-
ture of the forced single-phase convective heat transfer per-
formance of a nanofluid relative to its base fluid [29]. At the
constant velocity the pumping power difference between a
nanofluid and its base fluid is quite small in many engineer-
ing applications.

The results obtained using constant velocity comparison
criteria within the range (0.1659-0.2322 m/s) at various
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concentrations of nanofluids are represented in Fig. 7. It
can be observed that the heat transfer coefficient of the
nanofluids is greater than those of the base liquid and it
increases with an increase in the flow velocity. Further it
also increases with the increase in the particle weight con-
centration. This can be attributed to the increase in effec-
tive thermal conductivity of nanofluids. Along with the
enhanced thermal conductivity, the particle movement
in the middle of the tube due to the brownian motion and
thermophoresis, results in flattened velocity profile and
increase the energy exchange in the fluid. The thermal dis-
persion of nanoparticles leads to steeper temperature gra-
dient between the fluid and the wall causing significant
increases in heat transfer. The augmentation of convective
heat transfer coefficient were 22.56, 29.93 and 50.11 % for
the 0.05, 0.1 and 0.3 wt % of TiO,-distilled water nanofluid
compared to the distilled water, respectively. The highest
value of heat transfer coefficient was observed at 0.3 wt %.
The heat transfer coefficient value reduces from the high-
est to lowest from 0.3 wt % to 0.05 wt %. The percentage
increase in heat transfer coefficient at 0.5 wt % was found
to be less as compared to lower concentrations. The sedi-
mentation, combining of nanoparticles at higher concen-
tration and higher viscosities of the nanofluids may be the
cause of decrease in heat transfer improvement.

The variation of the Nusselt number versus the flow
velocity is presented in Fig. 8 at different weight concentra-
tions. It can be observed that by adding nanoparticles into
the base fluid increases the nusselt number. The enhance-
ment of nusselt number were found to be 18.37, 22.42 and
25.92 % for the 0.05, 0.1 and 0.3 wt % of TiO,-distilled
water nanofluid compared to the distilled water, respec-
tively. At higher values of the particle weight concentration
i.e. at 0.5 wt % reduction in nusselt number was observed
as compared to lower concentrations. As stated above for
heat transfer intensification, the higher effective thermal
conductivity and the chaotic motion of the nanoparticles
are responsible. At higher concentration i.e., 0.5 wt % the
settlement, agglomeration and higher viscocity are the
probable reasons of decrease in nusselt number compared
to lower concentrations.

5.3 Figure of merit

The figure of merit is defined as the ratio of heat transfer
coefficient of nanofluids to that of the base fluid [29].

hnf
==

= T an

Where h; is the heat transfer coefficient of nanofluid
and hy; is the heat transfer coefficient of the base fluid. It
is used to comparing the heat transfer performance of the
nanofluids and base fluid. If the value of figure of merit is
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Fig.7 Heat transfer coefficient variation of nanofluid at different
flow velocity
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Fig. 8 Nusselt number variation of nanofluids at different flow
velocity

greater than one then the nanofluid under consideration is
considered beneficial for heat transfer.

The constant flow velocity comparison basis has been taken
for obtaining figure of merit as a constant Reynolds number
basis would be misleading as stated above. The variation of
the figure of merit with flow velocity is illustrated in Fig. 9.
As shown, the figure of merit improves with the increase in
the flow velocity and weight concentration. Over the range
of study the figure of merit for 0.03 wt % of nanofluid at
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Fig. 9 Figure of merit versus flow velocity at various weight concen-
trations
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Fig. 10 Comparison of Experimental and Predicted Nusselt number

0.1659 m/s shows the maximum value. Although the figure of
merit for highest concentration 0.5 wt % taken in the present
study is greater than base fluid but it is less than lower concen-
trations. This may be attributed to the agglomeration and sedi-
mentation at higher concentrations as the study was conducted
without addition of any surfactant. Further an experimental

@ Springer

Table 3 Uncertainties of instruments and properties

Name of Variable Least division Max. values Uncer-
instrument measured in measuring  measured in  tainty %
instrument experiment

Thermo- Wall temp- 0.1 120 0.0833
couple erature, T,

Thermo- Bulk temp- 0.1 82 0.12195
couple erature T,

Voltage Voltage 0.1 220 0.04545

Current Current 0.01 10 0.1

Volume of  Volume 1 ml 1,000 ml 0.1
fluid

Time taken Time 0.01s 60 s 0.01667

Thermal conductivity, viscosity 0.1

Table 4 Summary of uncertainty analysis of parameters and vari-

ables

S. no. Parameter Uncertainties %
1 Discharge, ¢ 0.101379

2 Mass flow rate, m 0.101379

3 Reynolds number, Re 0.1423997

4 Heat flux, ¢” 0.10984

5 Heat transfer coefficient, & 0.11644

6 Nusselt number, Nu 0.153487

study by Farajollahi et al. [31] showed that TiO,/water shows
fall in heat transfer at high concentration due to the dominance
of the effect of increase of viscosity at higher concentrations
as compared to increase of thermal conductivity.

5.4 Correlation for Nusselt Number

After conducting a sufficient number of experiments with
nanofluids, a new correlation using multiple linear regres-
sion analysis valid for laminar flow with Reynolds number
1663 < Re < 2433, for TiO,/distilled water has been developed.

Nu = 0.00414.Re%> Pr?! (18)

The predicted values of Nusselt number are compared
with the experimental values for TiO,/distilled water nano-
fluids as shown in Fig. 10. It can be observed that the above
correlation shows a deviation of +9.54 and —7.33 % of the
experimental nusselt number.

6 Conclusions
An experimental study has been carried out on TiO,/distilled

water nanofluids for low concentrations under constant heat
flux boundary conditions. The experiments were carried
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out under laminar flow regime. The effect of flow velocity,
weight concentration of nanofluids on the heat transfer coef-
ficient and Nusselt number were investigated. The following
conclusions have been obtained from the present study:

e TiO,/distilled water nanofluids display a higher heat
transfer coefficient compared to the base fluids at low
concentrations. The addition of small amount of TiO,
nanoparticles, results in enhancement of heat transfer of
nanofluids. The heat transfer coefficient also increases
with increasing flow velocity within the laminar flow
regime. At the flow velocity of 0.2322 m/s, for 0.3 wt %
of TiO,/distilled water nanofluids, the maximum
enhancement of heat transfer coefficient was 50.11 %
compared to base fluid.

e [t was observed that at weight concentration 0.5 wt %
there was a decrease in the heat transfer coefficient as
compared to lower concentrations. The sedimentation
and agglomeration of nanoparticles may be the reason
for the decrease in heat transfer enhancement. Further
the dominance of the effect of increase of viscosity is
critical in observing such behavior as compared to
increase in thermal conductivity.

e The Nusselt number of nanofluid increases consider-
ably with the increase in flow velocity. The maximum
enhancement of Nusselt number was 25.92 % for the
0.3 wt % of TiO,-distilled water nanofluid compared to
the distilled water.

e Using the data over the range investigated in the present
experimental study, an empirical correlation is proposed
to predict the Nusselt number within a deviation of
+9.54 and —7.33 %.

The research work can be further extended to find out
hybrid nanoparticles with enhanced heat transfer proper-
ties. An extensive work in this field can help to produce low
cost nanofluids with enhanced heat transfer properties for
commercialization in the heat transfer applications.
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Appendix

Uncertainty analysis

The systematic error analysis in the measurement of exper-
imental analysis is estimated following the procedure given

by Beckwith et al. [32]. The uncertainties in the values esti-
mated are summarized and presented as Tables 3, 4.

volume
time

IR

= /(0.1)2 + (0.01667)2

Discharge, g =

=0.101379 %

Mass flow rate, m = p X g
m=0.101379 %
4m

Reynold number, Re = ZDit

(%) (%)
= =) +(=

Re m nw

= 1/(0.101379)2 + (0.1)2

= 0.1423997 %

\%
nDL

Uy _ [0y 2 N Ui 2
q" 1% I

= 1/(0.04545)2 + (0.1)2
= 0.10984 %

Heat flux, ¢ =

"

Heat transfer coefficient, h = Tq*in

ﬂ — UqN 2 + UTw_Tb :
ho q" Tw —Tp
= \/(0.10984)2 + (0.0833 — 0.12195)2

=0.11644 %
hD

Nusselt number, Nu = =

UNu _ @ 2 N % 2
Nu h k

= 1/(0.11644)2 + (0.1)2
= 0.153487 %
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