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This  paper  presents  a study  of  heat  transfer  performance  of  water, ethylene  glycol  (EG)  and  their  mixtures
of varying  compositions  and comparison  thereof.  The  present  work  demonstrates  the  enhancement  in
convective  heat  transfer  in  nanofluids.  The  nanofluids  were  prepared  by adding  TiO2 nanoparticles  (hav-
ing a particle  size  below  100  nm)  in  a base  fluid.  A  binary  mixture  of  EG  (40%)  and  water  (60%)  was  used  as
a  base  fluid.  Nanofluids  with  varied  volume  fraction  between  0 and  0.5 (volume  fraction  of  TiO2 nanopar-
ticles)  were  considered  in the  present  study.  The  experimental  setup  used  was  consisting  of  a test section
that  includes  750 mm  long  copper  pipe  with  8 mm  inner  diameter  and  a heater.  The  test  section  was
usselt
onvective
eynolds
iO2

covered  with  an insulation  layer  to minimize  the heat  losses.  Temperature  measurement  was  done  with
thermocouples.  The  experiments  were conducted  to  study  the  effects  of  solid  volume  fraction,  nanofluid
flow  rate  and  the  inlet  temperature  on the  heat  transfer  performance  of  the  nanofluids.  The  results  show
an  enhancement  in  heat  transfer  coefficient  with  increased  volume  fraction  of TiO2 nanoparticles.  The
maximum  enhancement  of  105%  in heat  transfer  coefficient  was  observed  for  the  nanofluid  with  solid
volume  fraction  of 0.5.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The notion of the addition of nanofluids to effect enhance-
ent in heat transfer [1–3], and mass transfer [4,5], was initially

roposed by Choi [1]. There after this application has gained sig-
ificant attention in the study of heat transfer phenomena. The
anofluids have found their applications in a number of indus-
ries. These applications include transportation, power generation,

icro-manufacturing, chemical and metallurgical industries, as
ell as heating, cooling, ventilation and air-conditioning indus-

ry. Such applications become important due to alteration in the
roperties of the fluids such as thermal conductivity, viscosity etc.

he industrial applications of nanofluids have gained importance
ecause of some specific potential benefits such as improved heat
ransfer and stability, reduced pumping power, minimal clogging,

iniaturized systems, and cost and energy savings [6–10].
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Most conventional heat transfer fluids, such as water, ethyl-
ene glycol and engine oils have limited capabilities in terms of
their thermal properties such as thermal conductivity, thermal
diffusivity etc., which in turn, may  impose severe restrictions in
many thermal applications. The significant heat transfer enhance-
ment by using liquid–solid particle mixture has been reported by
earlier researchers [8–16]. Such enhancement is attributed to the
increase in the fluid’s effective thermal conductivity by the addi-
tion of solid particles [17–24]. However, the mixtures containing
millimeter or micrometer size particles lead to serious problems to
flow characteristics [25]. The reasons for these problems are a dras-
tic increase in pressure drop and severe clogging that result due to
rapid settling of particles of larger (micron) size. All of these diffi-
culties will impose the severe limitations on effective heat transfer
in different applications of liquid–solid mixtures. These problems
can be effectively resolved by using nanofluids which consist of

solid nanoparticles or nanofibers with sizes less than 100 nm sus-
pended in liquid. The nanofluid is an agglomerate-free suspension
of nanoparticles, which remains stable for longer time without
causing any chemical changes in the base fluid. This is accomplished
by (1) minimizing the density difference between solids and liquids,
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Nomenclature

k fluid thermal conductivity, W/m ◦C
x axial distance from the inlet of the test section, m
h convective heat transfer coefficient, W/m2 ◦C
qs heat flux applied to the fluid, W/m2

TS surface temperature, ◦C
Tb fluid bulk temperature, ◦C
P inner perimeter of the copper tube, m
ṁ mass flow rate, kg/s
Cp fluid specific heat, kJ/kg ◦C
A inner surface area of the copper tube, m2

Di inside diameter of copper tube, m
Nu Nusselt number
V fluid velocity, m/s
Pr Prandtl number
Re Reynolds number

Greek symbols
� fluid viscosity, Pa s
� fluid density, kg/m3

ϕ particle volume fraction

Subscripts
p particle
s surface
b bulk
i inlet
o outlet
f fluid
bf base fluid
nf nanofluid
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W water
EG ethylene glycol

2) increasing the viscosity of the liquid, (3) using nanometer sized
articles and (4) preventing particles from agglomeration.

The term nanofluid refers to a two-phase mixture that is
omposed of a continuous phase, and a dispersed phase made
f extremely fine metallic/metal oxide particles (of size below
00 nm;  and hence called as nanoparticles). The smaller size con-
ucting solid particles will enhance the surface area per unit
olume (aspect Ratio) due to a reduction in the size to nanometer,
nd thereby cause an increase in heat transfer performance. The
ddition of conducting nanoparticles to base fluids does enhance
he heat transport by virtue of increase in the thermal conduc-
ivity and thermal diffusivity values of resulting nanofluid. Choi
1,16–18,26,27] was the first to employ the nanometer-sized par-
icles in conventional fluids and showed a considerable increase
n the nanofluid thermal conductivity. Further, several groups
ave shown enhancement in thermal conductivity with nanopar-
icles such as Al2O3, CuO etc. dispersed in water and EG based
anofluids [2,28–30]. The enhancement in thermal conductivity
epends on several parameters such as type, size and shape of the
anoparticles, properties of the base fluid (like thermal conduc-
ivity, viscosity, specific heat, density etc.), presence of emulsifier,
olume fraction of the nanomaterials, etc. The main limitations of
sing the base fluid alone are (1) a small range of working temper-
tures, and (2) low thermal conductivity. Peyghambarzadeh et al.

30] has reported that the combination of water and EG can over-
ome these limitations. The inherent problem with water to be used
s heat transfer media is that it freezes at 0 ◦C or boils at 100 ◦C
emperature, therefore it can not be used above 100 ◦C and below
◦C temperature (i.e. freezing point and boiling point respectively).
 and Processing 82 (2014) 123–131

The working temperature range of the base fluid can be increased
by using EG along with water due to anti-freezing properties of EG
[31].

The heat transfer studies on nanofluids are divided into three
groups: (1) estimation of the effective thermal conductivity under
the static conditions, (2) evaluation of convective heat transfer per-
formance and (3) heat transfer associated with the phase change.
For forced convective heat transfer, Pak and Cho [25] have shown
that the Nusselt number of Al2O3/water and TiO2/water nanoflu-
ids increases with an increase in the volume fraction of suspended
nanoparticles and the Reynolds number. They have used two metal-
lic oxide particles, �-alumina and titanium dioxide with mean
diameters of 13 and 27 nm respectively. The range of the Reynolds
and Prandtl numbers was  l04–105 and 6.5–12.3, respectively. Fur-
ther a new correlation (Eq. (1)) for the turbulent convective heat
transfer has been proposed for the dilute dispersed fluids with
submicron metallic oxide particles.

Nu = 0.021 Re0.8Pr0.5 (1)

The thermal conductivity, viscosity and Cp was  considered in
Eq. (1) are of a diluted dispersed slurry. Similar observations have
also been reported by Xie et al. [32] for graphite nanofluids in the
laminar flow regime. He et al. [8] have reported heat transfer per-
formance and flow behavior of TiO2/water nanofluids flowing in
an upward direction through a vertical pipe in both the laminar
and turbulent flow regimes under a constant heat flux condition.
The reported results showed the enhancement in the convective
heat transfer coefficient with an increase in nanoparticle volume
fraction in thee nanofluids in both the laminar and turbulent flow
regimes for a given Reynolds number and particle size. Lee et al.
[33] and Xuan and Li [34] have studied the heat transfer behav-
ior in parallel channels using nanofluids. They reported a reduction
in thermal resistance (1/thermal conductivity) by a factor of two
in case of Al2O3/H2O and Cu/water nanofluids respectively. Das
et al. [35] have investigated nucleate pool boiling heat transfer
of Al2O3/H2O nanofluids using cylindrical cartridge heaters. The
heat transfer performance was found decreased in the presence
of nanoparticles in the nanofluid. Further it was reported that the
decrease in the boiling performance is a strong function of tube
diameter for narrow tubes. The decreased pool boiling heat transfer
was also observed by Xuan and Li [34] for CuO/H2O nanofluids.

The use of TiO2 nanoparticles as conducting solids in the
formulation of nanofluids is reported by several researchers
[2,8,10,12,36–38] due to its advantages such as ease of availabil-
ity, handling safety, higher heat transfer coefficients and excellent
chemical and physical stability even without an additional stabi-
lizer [8,10,36]. It is to be noted that the experimental investigations
found in the literature are focused on the nanofluids with sin-
gle basefluid and constant heat flux. However, the heat transfer
of nanofluids with the use of combinations of basefluids has not
been reported in the available literature. The present study is
focussed on the investigation of the heat transfer enhancement
of TiO2/EG/water nanofluids for different basefluid concentrations
(EG + water). Other parameters considered in experimental analy-
sis are, the nanoparticle volume fraction, the Reynolds number and
the inlet temperature. In the present study, the nanofluids were
prepared by dispersing TiO2 nanoparticles in the mixture of EG and
water.

2. Experimental methods
2.1. Materials and nanofluids preparation

TiO2 nanoparticles, ethylene glycol and deionized water were
used for the preparation of nanofluids. TiO2 nanoparticles of
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eat transfer enhancement studies using nanofluids.
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Table 1
Operating conditions of the study.

Parameters Nanofluid

Nanoparticles concentration (vol.%) 0.1–0.5
Fig. 1. Schematic of experimental setup for h

articles size less than 100 nm have been used in this study. These
iO2 nanoparticles were obtained from Kemphasol, Bombay. The X-
ay diffraction analysis showed that the TiO2 nanoparticles contain

 dominantly rutile phase. Nanofluid samples were prepared by dis-
ersing dry TiO2 nanoparticles into EG–water mixture (basefluid).
urther, after initial magnetic stirring for short duration, ultraso-
ication was effected and continued for about 30 min  in order to
btain a uniform dispersion of TiO2 nanoparticles in a basefluid
39]. Sodium dodecyl sulphate (SDS) procured from Merk Chemi-
als, Mumbai was used as dispersant; and it was added in 1:4 ratios
ith TiO2 nanoparticle concentration. Ethylene glycol was  obtained

rom Sigma Chemical Ind, Mumbai. Nanofluids containing 0.1–0.5%
iO2 particles by volume were prepared as mentioned above.

.2. Experimental set up and procedure for heat transfer
oefficient measurements

The convective heat transfer characteristics of the nanofluid
ere studied using an indigenously fabricated set up. The

chematic diagram of the experimental set up used to measure con-
ective heat transfer coefficient is shown in Fig. 1. It consisted of

 test section which includes 750 mm long copper pipe (ID 8 mm
nd OD 10 mm),  heating coil, 8 mm thick insulation to avoid the
eat losses and thermocouples. Also the temperature indicator,

 power supply unit, a pump (Power: 0.5 HP, Monoblock 2800
PM) and a condenser to maintain the required experimental con-
itions were used. The desired inlet temperature of nanofluid at the

nlet of the test section was maintained by using the Julaboo cool-
ng unit (REMI). The whole section was heated by a heating coil
laced around the copper tube and connected to an adjustable AC

ower supply (0–230 V, 0–5 Amp). The experiments were carried
ut under constant heat flux conditions. Six thermocouples were
ounted on the inner surface of the test section at axial positions

ocated at and denoted as of 2.5 cm (TS,1), 16.5 cm (TS,2), 30.5 cm
TS,3), 44.5 cm (TS,4), 58.5 cm (TS,5) and 72.5 cm (TS,6) from the inlet
Reynolds number 900–1500
Flow type Laminar
Inlet temperature 30–60 ◦C

of the test section, and were used to measure wall temperatures.
Additionally, two thermocouples were mounted before and after
the heat transfer section to measure the fluid bulk temperature
at the inlet and outlet of the heat transfer section. All the ther-
mocouples were calibrated prior to commencing experiments. The
fluid was then passed through a heat exchanger and then through
condenser to get required inlet temperature and recycled back
to the storage tank. The pump was  used with a bypass arrange-
ment that was used to control the flow rate of the fluid. Three
flow rates were selected such that the flow Reynolds number val-
ues were 900 (velocity = 0.48 m/s), 1200 (velocity = 0.63 m/s) and
1500 (velocity = 0.81 m/s). Steady state readings of temperatures
and flow rates were measured during the experiments done for heat
transfer analysis. These experiments were carried out to study the
effect of volume fraction of nanoparticles, flow rates and the inlet
temperature on heat transfer enhancement. Table 1 summarizes
the experimental conditions those were used in this work.

2.3. Physical properties determination

It is well known that the determination of the nanofluids proper-
ties is a critical step in such type of experimental study. The thermal

and physical properties of nanofluid can be calculated by using
the correlations reported in the literature [26,32,33,40], which are
given as follows:

Cpnf = (1 − ϕ)Cpbf + ϕCpp (2)
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Table 2
Pure component thermo-physical properties at 30 ◦C [29,41].

Physical
properties

Water Ethylene
glycol (EG)

TiO2 Basefluid
(40% EG)

Nanofluid (vol.%)

0.1 0.2 0.3 0.4 0.5

� (kg/m3) 995.1 1088 4200 1032.26 1049.15 1052.31 1055.46 1058.62 1061.77
0
1

3385
14

�

w
c
�
o
p
R

c
T
o
fl
r
(
e
o

k

w
a
M
p
n
a

s
f
d
c
u

�

w
b
y
w

2

‘

h

w
i
b
a

In order to examine the morphology of rutile TiO2 used in this
study, transmission electron microscopy (TEM) analysis of TiO2
nanoparticles was  done. Fig. 2 depicts the TEM image of the TiO2
nanoparticles. The TiO2 nanoparticles are having spherical mor-
phology with average particles size of less than 100 nm without
�  (Pa s) 0.0008 0.0141 – 0.0061
k  (W/m ◦C) 0.6194 0.2532 8.9538 0.4729 

Cp  (J/kg ◦C) 4174 2430.8 4400 3476.72 

Pr  5.238 135.696 – 31.848 

nf = (1 − ϕ)�bf + ϕ�p (3)

here Cpnf is specific heat capacity of nanofluids, Cpbf specific heat
apacity of basefluid, Cpp specific heat capacity of nanoparticles,
nf is density of nanofluids, �bf density of basefluid, �p density
f nanoparticles, ϕ is nanoparticle volume fraction. The estimated
hysical properties of nanofluids were used in the correelation of
e,  Pr and Nu.

The thermal conductivity of the TiO2 nanoparticles is higher as
ompared to any combination of binary mixture of EG and water.
herefore, there is a remarkable increase in thermal conductivity
f nanofluids when these nanoparticles are suspended in the base-
uid. The thermal conductivity enhancement ratio is defined as the
atio of thermal conductivity of the nanofluid to that of the basefluid
knf/kbf). Maxwell [41] proposed a model (Eq. (4)) to calculate the
ffective thermal conductivity of a two-phase mixture consisting
f a continuous and dispersed phase.

nf = kp + 2kbf + 2ϕ(kp − kbf )
kp + 2kbf − ϕ(kp − kbf )

kbf (4)

here kp and kbf are the thermal conductivities of the solid particles
nd the basefluid respectively, and ϕ is the solid volume fraction.
axwell’s model (Eq. (4)) is based on the assumptions that the solid

articles are spherical in shape and the thermal conductivity of
anofluid depends on the thermal conductivities of solid particles
nd the basefluid and the particle volume fraction.

The effective viscosity of dilute suspensions containing spherical
olid particles can be calculated by using the well-known Einstein’s
ormula (Eq. (5)). Einstein’s formula was found to be valid in cases
ilute suspensions of relatively low solid volume fractions. For cal-
ulation of nanofluid viscosities, the following correlations were
sed:

�nf

�bf
= 1 + 2.5ϕ (5)

bf = (1 − ϕEG)�W + ϕEG�EG (6)

here �nf, �bf, �W, and �EG are the viscosities of the nanofluids,
asefluid, water and ethylene glycol respectively; ϕEG is the eth-
lene glycol volume fraction. The pure component properties of
ater, ethylene glycol and the basefluid are given in Table 2.

.4. Convective heat transfer measurement

The convective heat transfer coefficient h(x) at an axial distance
x’ from the inlet is defined as:

(x) = qs

Ts(x) − Tb(x)
(7)
here qs heat flux applied to the fluid; while the wall temperature
s being measured at a distance ‘x’ from the inlet, and that the fluid
ulk temperature being measured at a distance ‘x’ from the inlet
re Ts(x) and Tb(x) respectively. The bulk temperature of the fluid
.004402 0.004413 0.004424 0.004435 0.004447

.0026 1.0052 1.0077 1.0103 1.0129

.42 3386.43 3387.45 3388.46 3389.48

.8644 14.8680 14.8717 14.8756 14.8796

(Tb(x)) at an axial distance, x was estimated from the energy balance
equation (Eq. (8)).

Tb(x) = Tb,i + qsP

ṁ ·  Cp
(8)

where Tb,i, P, x, ṁ and Cp are bulk fluid temperature at the inlet, the
perimeter of the copper tube, axial distance from the inlet of the
test section, mass flow rate of the fluid, and specific heat capacity of
the fluid, respectively. Further, in order to estimate the convective
heat transfer coefficient, the amount of energy transferred to fluid
is required to estimate from the inner surface area of the tube which
is exposed to the nanofluid. The heat flux applied to the fluid can
be estimated using the following equation (Eq. (9)).

qs = ṁ Cp(Tb,o − Tb,i)
A

(9)

where, Tb,o, Tb.i and A are the bulk fluid outlet temperature, bulk
fluid inlet temperature and inner surface area of the copper pipe.
The Nusselt number (Nu) then can be calculated as (Eq. (10)):

Nu(x) = h(x) Di

k
(10)

where, Di and k are the inside diameter of the copper tube and the
thermal conductivity of the test fluid respectively.

3. Results and discussion

3.1. TEM and XRD analysis
Fig. 2. Transmission Electron Microscopy (TEM) image of TiO2 nanoparticles used
in  heat transfer enhancement studies using nanofluids.
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Fig. 4. Validity of experimental heat transfer setup using DI water.
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Fig. 3. X-ray diffraction pattern of rutile TiO2 nanoparticles.

ny agglomeration. Dispersion of TiO2 nanoparticles in basefluid
as been effectively achieved with the use of ultrasonic irradia-
ion, which avoids the agglomeration. The average particle size of
iO2 nanoparticles in the nanofluid suspension is also confirmed by
article size analysis with the use of Malvern Zetasizer Instrument
nd it was found around 110 nm.  XRD pattern of nano-TiO2 in rutile
hase is shown in Fig. 3. XRD pattern exhibited strong diffraction
eaks at 27.4, 36.1 and 54.4◦ corresponding to the planes (1 1 0),
1 0 1) and (2 1 1) respectively indicating TiO2 in the rutile phase.
ll peaks are in good agreement with the standard spectrum (JCPDS
o.: 88-1175). These results also suggest that the TiO2 nanoparticles
re in crystalline nature.

.2. Validation of experimental set up

In order to ensure the reliability and accuracy of the fabri-
ated experimental set up, systematic measurements were carried
ut using deionized water as the working fluid. The experimental
esults obtained were correlated with well-known Shah correlation
42] under the constant heat flux condition. The equations involved
n Shah correlation are:

u = 1.953
(

Re · Pr
Di

x

)1/3
if
(

Re.Pr
Di

x
≥33.3

)
(11)

u = 4.364 + 0.0722
(

Re · Pr
Di

x

)
if
(

Re.Pr
Di

x
≤ 33.3

)
(12)

here, Nu is the Nusselt number, Re is the Reynolds number and
r is the Prandtl number. The experimental values were reasonably
n good agreement with the Shah equation, which is reported in
ig. 4. The RMSE value calculated for Shah model’s predictions was
ound to be 1.65. A good coincidence between the experimental
esults and the calculated values for water reveals the precision of
he experimental system, which is considerably good.

.3. Effect of composition of basefluid on heat transfer

In this work, experiments were carried out to estimate the heat
ransfer coefficient of basefluid with varying volume percent of EG
n water from 10 to 50%. Fig. 5 shows the Nusselt number as a func-
ion of axial position for different volume concentrations of EG at
eynolds number of 1500. It can be found from the result that as
he concentration of EG increases the Nusselt number increases.
he Nusselt number value increases from 8.25 to 20.52 with an

ncrease in the EG concentration from 0 to 50%. The Nusselt number
alue at 40% EG concentration is 19.15. This increase in the Nusselt
umber is attributed to the higher specific heat capacity and viscos-

ty of EG–water mixture which will increase Npr that may  increase
usselt number at same Reynolds number.
Fig. 5. Effect of volume % of EG in water on Nusselt Number.

Further, thermal conductivity of EG is lower than that of water
which can affect the convective heat transfer. It will increase the
Nusselt number with an increase in the concentration of EG. Thus
considering the heat transfer characteristics and other properties,
basefluid with 40% EG and 60% water was  selected for further exper-
imentation, which was  also reported in the literature [30].

3.4. Effect of volume fraction of TiO2 nanoparticles on heat
transfer of nanofluids

The various studies in the literature have shown that the
concentration of nanoparticles enhances the heat transfer coeffi-
cient efficiently. Fig. 6 shows the local convective heat transfer
coefficients for nanofluids with various volume fractions of TiO2
nanoparticles (0.1, 0.2, 0.3, 0.4, and 0.5 vol.%) and basefluid at
Reynolds number of 1500 ± 50.

The convective heat transfer coefficient is 4734.77 W/m2 ◦C at
the entrance region and it is significantly higher up to x/Di = 20.6
than that in the other regions (1533.95 W/m2 ◦C at x/Di = 90.625)
for 0.1 vol.% TiO2 in nanofluid. It is attributed to entrance effect of
nanofluid in the test section. Fig. 7 shows the heat transfer coef-
ficient enhancement due to an increase in the concentrations of

TiO2 nanoparticle in the nanofluids. It can be seen that with an
addition of 0.1 vol.% of TiO2 nanoparticle into the basefluid, there
is an increase of heat transfer coefficient about 58% in comparison
with the basefluid, which was  further enhanced with an increase in
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ig. 6. Axial variation of convective heat transfer co-efficient as a function of TiO2

anoparticles concentration in basefluid (40 vol.% EG in water).

he nanoparticle concentration. This enhancement in heat transfer
oefficient can be explained by following two mechanisms:

1) Firstly, the addition of the nanoparticles may  have actually
been instrumental to cause an earlier transition from laminar to
turbulent flow which would mean higher heat transfer coeffi-
cient value. This enhancement would only be expected to occur
within a very narrow region of Reynolds numbers. Once the
basefluid transitioned to turbulent flow, similar heat transfer
performance would be expected.

2) A second mechanism which might explain this small enhance-
ment observed lies with the rheology of the fluid. Because the
nanofluid is shear-thinning and the shear rate is highest near
the wall, better fluid flow performance should be realized near
the wall. Further the enhancement is also attributed to reduced
drag and hence the pressure drop leading to improvement in
the flow behavior of nanofluid.

Further from Fig. 7, 60% enhancement in heat transfer coefficient
s observed at 0.1 vol.% loading of TiO2 nanoparticles in basefluid.
or 0.2 to 0.4 vol.% loading of TiO2 nanoparticle loading an enhance-

ent in heat transfer coefficient is around 84% and at 0.5 vol.%

oading of TiO2 nanoparticles, it is 105%. 0.2–0.4 vol.% TiO2 nanopar-
icles loading in nanofluid does not show a monotonous increase
n the heat transfer coefficient. It is attributed re-arrangement of
iO2 nanoparticles in the nanofluid due to non-uniform shear rate.
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Fig. 8. Axial variation of Nusselt Number of nanofluid as a function of TiO2 nanopar-
ticles concentration in basefluid (40 vol.% EG in water) at Re = 1500 ± 50.

The viscosity and thermal conductivity of TiO2 nanofluids decreases
with shear rate, and increases with temperature, respectively.
These may  lead to a non-uniform viscosity and thermal conduc-
tivity enhancement due to re-arrangement of TiO2 nanoparticles
in the nanofluid i.e. non-uniform distribution of TiO2 nanoparticles
in the nanofluid [39].

The inclusion of TiO2 nanoparticles can significantly enhance
the convective heat transfer coefficient, which increases with
increasing particle concentrations. The heat transfer coefficient
is generally represented as k/ıt where k and ıt are the thermal
conductivity of the nanofluid and the thickness of the thermal
boundary layer, respectively. An increase in k and the decrease in ıt

lead to increase in the value of heat transfer coefficient. Further, this
is generally described by a probable boundary layer thinning effect
which is caused by the presence of TiO2 in the nanofluid. Apart
from the improved effective thermal conductivity the improve-
ment in the heat transfer is also attributed to particle migration,
which caused a non-uniform distribution of thermal conductivity
and viscosity field along the tube cross-section (and/or the pos-
sibility of a reduced boundary layer) [14]. Further an increase in
the volume fraction of the nanoparticles enhances the interaction
and collision of the nanoparticles and also the diffusion and rela-
tive movement of these particles near the walls lead to faster heat
transfer from the walls to the nanofluid. This increase in the vol-
ume  fraction of the nanoparticles also changes the pressure drop,
thermal conductivity, viscosity etc.

The experimental results of for pure water, pure EG, basefluid
and the nanofluid containing TiO2 nanoparticles ranging from 0.1
to 0.5 vol.% under the same flow conditions are shown in Fig. 8. On
comparison the Nusselt number of nanofluids is found to be higher
than the water, the observed improvement in the Nusselt number
value is 35% with the addition of 0.1% of the nanoparticles.

When compared to basefluid it shows that for the nanofluids
with up to 0.4 vol.% TiO2, the Nusselt number is lower than that
of basefluid and further it is increased for 0.5 vol.% TiO2. The figure
also depicts that pure EG has the maximum Nusselt number, but for
the practical situations the use of pure EG may lead to very high-
pressure drop and viscous flow conditions. The nanofluid shows
the higher Nusselt number only above 0.5 vol.% of the TiO2 concen-
tration. So the nanofluid with the 0.5 vol.% TiO2 concentration is
considered for further investigations of the effect of inlet temper-
ature and the nanofluid flow rate on heat transfer performance.
Further the addition of surfactant to nanofluid causes no note-
worthy change in physical properties, except viscosity and surface

tension. The addition of small amount of surfactant additives can
also reduce the solution’s surface tension significantly, and its level
of reduction depends on the amount and type of surfactant pre-
sented in the solution [43]. Further, the major effect of surfactant
gives change in surface tension and no impact on heat transfer.
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Fig. 9 reports comparison of experimental results for Nusselt
umber of nanofluid as a function as TiO2 nanoparticles concen-

ration in nanofluid and predictions of Xuan and Li [44] empirical
orrelations (Eq. (13)) for laminar flow of the nanofluids in tube.

u = 0.0059(1 + 7.6286ϕ0.6886Pe0.001)Re0.9238 Re < 2100 (13)

The experimental data obtained in the present investigation
ave been compared with the correlation given in Eq. (13). The
xperimental results given in Fig. 9 for the Nusselt number of
iO2/water–EG nanofluids shows good agreement with the predic-
ion of Xuan and Li [44] correlation. Further calculating the root

ean square errors (RMSE) reveals that the RMSE for Reynolds
umber 1500 is 3.8 whereas it is 3.5 and 3.7 for Reynolds number
200 and 900 respectively.

.5. Effect of inlet temperature on heat transfer of nanofluids

In case of nanofluids, the change of inlet temperature affects the
rownian motion of nanoparticles and clustering of nanoparticles
40], which results in dramatic changes in thermal conductivity of
anofluids with temperature. Fig. 10 compares Nusselt numbers of
he nanofluid at different inlet temperatures in order to analyze the
ffect of temperature variation on the heat transfer performance of
he nanofluids. It is clear that with an increase in the nanofluid
nlet temperature from 30 to 60 ◦C there is an improvement in the
eat transfer performance. This variation in Nusselt number may

e attributed to the effect of temperature on Brownian motion of
anoparticles and clustering of nanoparticles which might have

ncreased the thermal conductivity of the nanofluid.
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Fig. 12. Axial variation of Nusselt number of nanofluid for 0.5 vol.% of TiO2 nanopar-
ticles concentration in basefluid (40 vol.% EG in water) with Reynolds Number.

3.6. Effect of flow rate on heat transfer of nanofluids

It is well known that the flow characteristics of the fluid affect
the convective heat transfer to a greater extent. Increased flow rate
induces eddies in the flow, which ultimately help in increasing the
heat transfer. Fig. 11 shows the variation of the convective heat
transfer coefficient of 0.5 vol.% TiO2 nanofluid sample with respect
to non-dimensioned axial distance (x/Di) for different Reynolds
number. It can be seen that the laminar heat transfer coefficient
decreases with axial distance, which may  be due to increased vis-
cosity, thermal conductivity and specific heat of the nanofluid. For
a pure Newtonian fluid flowing through a tube with a circular
cross section, the flow is considered to be fully developed hydro-
dynamically and thermally at x/Di ≥ 0.05Re and x/Di ≥ 0.05.RePr,
respectively. It can be seen from the figure that, once the flow
becomes fully developed, the heat transfer coefficient value sta-
bilizes for nanofluids. A significant enhancement in heat transfer
coefficient was  observed as the Reynolds number gets increased
from 900 to 1500. Further the Nusselt number for the constant
diameter increases with an increase in the Reynolds number and
is reported in Fig. 12. At low Reynolds number, an agglomeration
of nanoparticles might be possible in the nanofluid flow. This will
lead to lower heat transfer enhancement at lower Reynolds num-
ber. However, at high Reynolds number, the agglomeration effect is
significantly reduced and dispersion of the nanoparticles intensifies
the mixing, which results in significant increase in the heat-transfer
coefficient.
4. Conclusions

In this work, the convective heat transfer performance of
EG–water based nanofluids in copper tube has been investigated.
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he particle size of TiO2 nanoparticles used was less than 100 nm
hich was confirmed from TEM analysis. It can be concluded that
ith an increase in the concentration of EG the Nusselt num-
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ppendix-I.

Volumetric flow rate of nanofluid = 3.17 × 10−5 m/s
Cross sectional area copper tube = 5.03 × 10−5 m2

Mass flow rate nanofluid = 0.03322 kg/s
Velocity of nanofluid = 0.63 m/s
Inner diameter of copper tube = 0.008 m
Specific heat (CP) of nanofluid from Eq. (2) = 3385.416 J/kg. ◦C
Density of nanofluid from the Eq. (3) = 1049.15 kg/m3

Thermal conductivity of nanofluid from the Eq.
(4) = 1.002573 W/m. ◦C
Viscosity of nanofluid from the Eq. (5) = 0.0044 Pa s
Perimeter = 0.025 m
Volume fraction of TiO2 nanoparticles in nanofluid = 0.001
Reynolds number Re = DV�

� = 1201.1

Prandtl number Pr = CP �
k = 14.86

Themal diffusivity  ̨ = k
�CP

= 2.82 × 10−7 m2/s

Heat flux qs from the Eq. (9) = 5370.129 W/m2

Bulk temperature of the nanofluid (Tb(x)) at an axial distance, x is
calculated using Eq. (8) and it is equal to 30. 86 ◦C at x/Di = 90.625
Convective heat transfer coefficient h(x) at an axial distance
‘x’ from the inlet is calculated using Eq. (7) and it is equal to
1298.822 W/m2 ◦C at x/Di = 90.625
Nusselt number is estimated using Eq. (10) and it is equal to
10.364 at x/Di = 90.625
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