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Investigations on Convective
Heat Transfer Enhancement in
Circular Tube Radiator Using
Al2O3 and CuO Nanofluids
In this study, forced convective heat transfer inside a circular tube automobile radiator is
experimentally and numerically investigated. The investigation is carried out using Al2O3

and CuO nanofluids with water as their base fluid. A single radiator circular tube with
the same dimensions is numerically modeled. Numerical model is validated using the
experimental study results. In the experimental study, Al2O3 and CuO nanofluids of
0.05% volume concentrations (/) were recirculated through the radiator for the Reyn-
olds number (Re) between 260 and 1560. The numerical investigation is conducted for
the nanoparticle volume concentration from 0% to 6.0% and 260<Re< 1560. The inves-
tigation shows an enhancement of convective heat transfer coefficient (h) with the
increase in nanoparticle volume concentration and with the Reynolds number. A maxi-
mum enhancement of 38% and 33% were found for Al2O3 and CuO nanofluids of /¼ 1%
and Re¼ 1560. For the same cooling load of the radiator, the pumping power can be
reduced by 8% and 10%, when Al2O3 and CuO nanofluids (/¼ 0.8%) were used.
Enhancement in convective heat transfer can be utilized to reduce the radiator surface
area required. However, the addition of nanofluid results in an enhancement of density
(q) and viscosity (l) along with a reduction in specific heat capacity (Cp). Hence, the
selection of nanoparticle volume concentration should consider its effect on the thermo-
physical properties mentioned earlier. It is found that the preferred concentration is
between 0.4% and 0.8% for both Al2O3 and CuO nanofluids. In our investigations, it is
observed that the convective heat transfer performance of Al2O3 nanofluid is better than
the CuO nanofluid. [DOI: 10.1115/1.4039924]

Keywords: Al2O3, automotive radiator, convective heat transfer, CuO, nanofluids,
particle volume concentration, round tube

1 Introduction

Heat transfer in the radiator takes place by three ways. The
convective heat transfer between coolant and the radiator tubes
inner surface (inside convective heat transfer) followed by the
conductive heat transfer across the radiator tubes and then the
convective heat transfer between the outer surface of radiator
and the air flows outside. Thus, the effective way to improve the
radiator efficiency is by the improvement in efficiency of the con-
ductive or convective heat transfers mentioned earlier. Conductive
heat transfer depends on the radiator tube material, while the con-
vective heat transfer depends on the temperature difference
between the mediums, area of heat transfer, and the convective
heat transfer coefficient value (h). Convective heat transfer coeffi-
cient (h) between the inside tube surface and the coolant fluid
depends on the coolant flow rate and the fluid properties. Due to
obvious limitations in increasing the coolant velocity, the best
way to improve h value is by changing the coolant used or
improve its thermal properties.

Thermal conductivity (k) of coolants influences the convective
heat transfer coefficient value (h). k of commonly used coolants
like water (H2O) and ethylene glycol are very less (0.6 and
0.25 W/m-k, respectively). Evolution of nanotechnology leads to
the concept of nanofluids, which is a two-phase fluid with solid
phase (nanoparticles) as well as liquid phase (base fluid).

Nanofluids are fluids that contain suspended nanoparticles of aver-
age size less than 100 nm. Ultrafine particles of Al2O3, CuO,
SiO2, and TiO2 have been dispersed in the base fluids. Metallic
oxide nanoparticles possess higher thermal conductivity along
with stability in the nanofluids. All physical mechanisms have a
critical length scale, below which the physical properties of mate-
rials are changed. Metallic oxide nanoparticles behave like a fluid
molecule in their nanoscale. Therefore, particles less than 100 nm
in diameter exhibit properties different from those of conventional
solids [1–4]. Stability enhancement of these nanoparticles within
the nanofluid is achieved by the addition of chemicals called sur-
factants such as sodium dodecyl benzene sulphate [5]. Enhance-
ment in heat transfer properties of nanofluids is attributed to the
considerable improvement in thermal conductivity of the fluid by
the addition of metallic nanoparticles.

A numerical study in an automotive diesel engine flat tube radi-
ator using CuO/H2O nanofluid with 20 nm particle size and 0–2%
particle volume concentration (/) under turbulent flow conditions
shows an enhancement of 10% in h and 23.8% in pumping power
for the Reynolds number 6000 [6]. Increase in heat transfer effi-
ciency of the radiator influences its design. Thus, using nanofluid
coolants with improved heat transfer performance under the
required working temperature, the size of the radiator required
can be reduced. This keeps the car frontal area more compact and
provides scope for new design [7]. A computational fluid dynam-
ics study on a flat tube radiator using Al2O3 and CuO nanofluids
(base fluid is the mixture of ethylene glycol and water) for the
Reynolds number varies from 100 to 2000 shows a maximum
enhancement of 94% and 89% for Al2O3 and CuO nanofluids,

Contributed by the Heat Transfer Division of ASME for publication in the
JOURNAL OF THERMAL SCIENCE AND ENGINEERING APPLICATIONS. Manuscript received
July 21, 2017; final manuscript received March 6, 2018; published online May 22,
2018. Assoc. Editor: Amir Jokar.

Journal of Thermal Science and Engineering Applications OCTOBER 2018, Vol. 10 / 051012-1
Copyright VC 2018 by ASME

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
s
m
e
d
i
g
i
t
a
l
c
o
l
l
e
c
t
i
o
n
.
a
s
m
e
.
o
r
g
/
t
h
e
r
m
a
l
s
c
i
e
n
c
e
a
p
p
l
i
c
a
t
i
o
n
/
a
r
t
i
c
l
e
-
p
d
f
/
1
0
/
5
/
0
5
1
0
1
2
/
6
3
3
8
8
5
5
/
t
s
e
a
_
0
1
0
_
0
5
_
0
5
1
0
1
2
.
p
d
f
?
c
a
s
a
_
t
o
k
e
n
=
O
v
U
a
Y
h
k
u
d
L
c
A
A
A
A
A
:
e
8
X
Z
m
L
Y
i
Y
s
O
a
R
n
t
V
4
7
g
J
L
X
G
O
L
w
d
T
k
v
-
n
4
K
4
Z
8
y
f
J
G
C
Y
C
Y
S
Y
p
e
T
J
3
c
J
u
o
M
X
P
H
V
j
w
V
u
b
O
G
8
Q
 
b
y
 
U
n
i
v
e
r
s
i
t
y
 
O
f
 
N
o
t
r
e
 
D
a
m
e
 
u
s
e
r
 
o
n
 
1
1
 
J
u
l
y
 
2
0
2
6

https://crossmark.crossref.org/dialog/?doi=10.1115/1.4039924&domain=pdf&date_stamp=2018-05-22


respectively, for the concentrations of 10% and 6%. Skin friction
value increases with the increase in / and increments the pumping
power. But, the increment in h value reduces the amount of nano-
fluid requires to be pumped for the same radiator cooling load,
which eventually reduces the pumping power to 82% and 77% for
Al2O3 and CuO nanofluids [8]. An experimental study of heat
transfer enhancement using water/ethylene glycol based nano-
fluids in a radiator with Al2O3 nanofluid and flow rates from 2 to
6 l/m shows a maximum enhancement of 40% in h for the highest
flow rate. The enhancement in convective heat transfer reduces
the radiator size and improves the fuel economy [9]. A numerical
analysis on convective heat transfer of Al2O3/H2O nanofluids in a
single circular tube was done. The study was carried out under
laminar developing flow conditions by varying the volume con-
centrations (/) from 0% to 0.6%. It is found that, increasing the
volume concentration causes an increase in fluid pressure drop,
which leads to an increase in pumping power. Increment in con-
vective heat transfer performance reduces the amount of fluid
flow requires for the same radiator cooling load. Hence, the incre-
ment in convective heat transfer was compared with the pumping
power change and the optimum volume concentration was found
[10].

The present study is the investigation on convective heat trans-
fer (inner side) along with the other flow aspects, such as wall
shear stress (s), Chilton–Colburn factor (j) and pumping power
ratio (Pratio) for circular tube radiator. The study is conducted
using Al2O3/H2O and CuO/H2O nanofluids for the Reynolds num-
ber between 260 and 1560. A single radiator round tube of the
same dimensions is numerically modeled and validated by the
results obtained from the experimental test conducted with 0.05%
/, Al2O3/H2O and CuO/H2O nanofluids. This model is used for
the further numerical investigation and the studies were conducted
for nanoparticle volume concentrations which vary from 0% to
6%. The study explores the role of working conditions such as
volume concentration (/) of nanofluid on the heat transfer
parameters.

2 Numerical Method

The numerical study was conducted in one of the 35 tubes of
the round tube radiator. A single round tube radiator with exact
dimensions was modeled. The effects of fins and the radiator
thickness were considered by providing proper boundary condi-
tions, which were found out from experimental study. The numer-
ical study was conducted for higher nanofluid concentrations
which were not feasible in the experimental study. The numerical
study was conducted in ANSYS FLUENT (2015).

2.1 Problem Geometry. The numerical study was carried out
on a single round tube of the radiator. Round tube is of circular
cross section with the diameter of 6.4 mm, length of 310 mm and
thickness of 0.35 mm. Geometry of the round tube is shown in the
Fig. 1.

2.2 Governing Equations. Nanoparticle concentration is
very low in the nanofluid hence it is assumed as a single phase
fluid. The nanofluid is considered as incompressible and Newto-
nian fluid. The heat dissipation due to viscous effect and radiative
effect are not accounted. The continuity, momentum, and energy
equations were solved in three-dimensional Cartesian coordinates
under the aformentioned assumptions using ANSYS FLUENT (2015).

2.2.1 Continuity Equations. The continuity equation for the
flow of nanofluid is given by

ðr: �VÞ ¼ 0 (1)

2.2.2 Momentum Equations. The momentum equation for the
flow of nanofluid is given by

qðr: �VÞ �V ¼ �rPþ lr2 �V (2)

2.2.3 Energy Equations. The energy equation for the flow of
nanofluid is given by

qCpðr: �VÞT ¼ r2ðkTÞ (3)

2.3 Boundary Conditions. The boundary conditions used for
solving the continuity, momentum, and energy equations are as
follows:

The inlet of the round tube is subjected to a constant tempera-
ture and axial velocity (u¼ v¼ 0, w¼w1). The inlet velocity is
varying according to different Reynolds numbers. The inlet tem-
perature is 90 �C, which is the temperature of coolant coming out
of the engine coolant jacket. The flow is of developing type hence,
at the outlet of the round tube pressure outlet boundary condition
is used with zero gauge pressure (P¼Patm). No-slip boundary
condition is provided at the wall of radiator tube for velocity
(u¼ v¼w¼ 0). The thermal boundary condition is of convective
heat transfer, the outside heat transfer coefficient is taken from the
experimental analysis (Eq. (15)). The outlet free stream air tem-
perature is considered as constant.

2.4 Numerical Computation. The governing equations [1–3]
were solved using the aforementioned boundary conditions by
control volume approach in ANSYS FLUENT 15. The scheme used
in this analysis was a staggered grid method such that the velocity
components at the control volume faces were calculated and the
remaining variables were saved at the central node of the control
volume. Semi-implicit methods were used for coupling pressure
and velocity. The pressure gradient was calculated using least
square cell based interpolation method by calculating the pressure
at the cell-face. The pressure terms were discretized using a
second-order scheme and the momentum and energy terms were
discretized using second-order upwind scheme. The simulations
were truncated after the residuals of continuity, momentum, and
energy terms reach below 10�6. The simulation data were used
for postprocessing.

Fig. 1 Geometry and dimensions of circular tube
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2.5 Grid Independence Study. The three-dimensional mesh-
ing of the geometry was generated by using ICEM CFD, which is a
mesh generation program of ANSYS (2015). Cross-sectional view
of the mesh is shown in Fig. 2. Four different mesh sizes were
chosen (mesh-I, mesh-II, mesh-III, and mesh-IV listed in Table 1)
in order to confirm the grid independence. The simulations were
carried out for four different sized meshes by keeping the other
parameters constant. By comparing the surface weighted average
values of velocity and temperatures at the outlet, we have
obtained that the results of mesh-I, mesh-II, and mesh-III shows
some variation while the results of mesh-III and mesh-IV overlap.
Therefore, we have selected mesh-III and used throughout this
study, because there is only negligible variation in results even
after increasing the grid density.

3 Experimental Method

The experimental analysis is done using water, Al2O3/H2O, and
CuO/H2O nanofluids. Initially both Al2O3/H2O and CuO/H2O
nanofluids with 0.05% volume concentrations were prepared.
They were recirculated through the round tube automobile radia-
tor. The temperature of nanofluid is kept constant at 90 �C. The
Reynolds number varies from 260 to 1560.

3.1 Preparation of Nanofluid. Nanofluids were prepared by
two-step method, in which nanoparticles, nanofibers, nanotubes,
or other nanomaterials are first produced and will be dispersed
into the base fluid with the help of magnetic force agitation, ultra-
sonic agitation, or high shear mixing. In this work, both Al2O3

and CuO nanoparticles were purchased from Sigma Aldrich
Chemicals, Bangalore, India. These nanoparticles were dispersed
in de-ionized water using a probe type sonicator and nanofluids of
0.05% were prepared. Before each set of experiments, the nano-
fluid was ultrasonicated again to ensure full mixing of the nano-
particles and base fluid. After each set of tests, radiator tubes,
storage tank, and delivery pipes were flushed and cleaned with
distilled de-ionized water. The prepared nanofluids were immedi-
ately used for experimental analysis which prevents sedimentation
of nanoparticles. These procedures were followed from other
experimental studies to obtain a stable nanofluid mixture [11,12].
The properties of CuO and Al2O3 nanoparticles required for the
calculation of the thermophysical properties of nanofluids are

shown in Table 2. Sodium dodecyl benzene sulfate surfactant with
1/4th weight of nanoparticles were added. Surfactants were added
to improve the stability of the nanofluid by preventing the sedi-
mentation of the nanoparticles within the base fluid. Volume con-
centration of nanofluid is calculated by using the following
equation:

/ ¼
wnp=qnp

� �
wnp=qnp

� �
þ wbf=qbfð Þ

" #
� 100 (4)

3.2 Thermophysical Properties of Nanofluid. The thermo-
physical properties of nanofluids such as density (q), specific heat
capacity (Cp), thermal conductivity (k), and viscosity (l) can be
found out by either experimentally or by using correlations. In
this study, the nanofluid properties were evaluated by using the
following correlations (5–10). The thermophysical properties of
nanofluid depend on properties of nanoparticles and base fluid and
concentration of nanoparticles.

3.2.1 Specific Heat Capacity and Density. The density and
specific heat capacity of nanofluids can be evaluated using physi-
cal mixture rule by assuming thermal equilibrium between the
base fluid and nanoparticles [13]

Cp;nf ¼
uqnpCp;np þ 1� uð ÞqbfCp;bf

qnf

(5)

The equation for density is given by

qnf ¼ uqp þ ð1� uÞqbf (6)

3.2.2 Thermal Conductivity. Thermal conductivity of nano-
fluids increases due to addition of higher thermal conductivity
nanoparticles and due to Brownian motion of nanoparticles in
the base fluid [14]. The thermal conductivity of Al2O3/H2O and
CuO/H2O nanofluids can be calculated from the following corre-
lation [15]. This correlation combines static part of Maxwell’s
theory and the effect of Brownian motion of nanoparticles in base
fluid. The effective thermal conductivity of nanofluid depends on
thermal conductivity, volume fraction, density, particle size of
nanoparticle and thermal conductivity, density, specific heat
capacity, and temperature of the base fluid

keffective ¼ kstatic þ kBrownian (7)

The Maxwell’s equation for kstatic of spherical particles is given
by [16]

Fig. 2 Cross-sectional view of grid layout used in the present
study

Table 1 Surface weighted average temperature and average
velocity at the outlet of round tube for four different meshes
(The mesh III was selected and used throughout this study)

Grid Velocity (m/s) Temperature (K)

Mesh-I (30� 30� 50) 0.319939 344.6028
Mesh-II (45� 45� 75) 0.319818 344.5614
Mesh-III (50 3 50 3 100) 0.319762 344.5536

Mesh-IV (55� 55� 125) 0.319722 344.5530

Table 2 Thermophysical properties of CuO and Al2O3 nanopar-
ticles [12]

Nanoparticles/properties CuO Al2O3

Density 6510 kg/m3 3970 kg/m3

Specific heat capacity 540 J/kg K 525 J/kg K
Thermal conductivity 33 W/m K 17.65 W/m K
Purity 99% 99%
Diameter <50 nm <50 nm
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kstatic ¼
knp þ 2kbf � 2 kbf � knpð Þu
knp þ 2kbf þ kbf � knpð Þu

kbf (8)

The correlation for dynamic part, kBrownian is given by

kBrownian ¼ 5� 104buqbfCp;bf

ffiffiffiffiffiffiffiffiffiffiffiffiffi
jT

qnpdnp

s
f T;uð Þ (9)

where correlation for f ðT;uÞ is given by

f T;uð Þ ¼ 2:8217� 10�2uþ 3:917� 10�3
� � T

T0

þ �3:0669� 10�2u� 3:91123� 10�3
� �

b was estimated experimentally, For Al2O3/H2O nanofluids, b ¼
8:4407ð100uÞ�1:07304

and for CuO/H2O nanofluids, b ¼
9:881ð100uÞ�0:9446

.

3.2.3 Viscosity. The viscosity of the nanofluid was claculated
using Einstein’s equation [17]. The Einstein’s equation is suitable for
spherical inert particles with less than 5.0% volume concentration.
The interaction between water and oxide particles are neglected in
this study and nanoparticles are assumed to be inert particles in base
fluid. De-ionized water is used for reducing the oxide–water interac-
tions. The Einstein’s equation is defined as follows:

lnf ¼ lbfð1þ 2:5uÞ (10)

3.3 Experimental Setup. The experimental setup (Fig. 3)
consists of a constant temperature bath of 15 l capacity with a
heater of 2.5 kW fixed inside it. Nanofluid is kept inside this bath
at a temperature of 90 �C (363 K), which is the normal tempera-
ture of radiator coolant coming out of the engine jacket. Nanofluid
is pumped from the bath to the radiator with a DC centrifugal
pump of 150 W capacity. The radiator is fixed inside a duct with a
DC fan of 120 W provided to enhance the air flow velocity
through the radiator tubes. The radiator is circular tube type and
made of Aluminum. There are 35 tubes; each tube has a length of
310 mm length and 6.4 mm diameter. Rotameter is fixed to mea-
sure the nanofluid flow rate; the least count is 0.1 l=m. The nano-
fluid flow rate through the radiator is controlled by ball valves.
The temperature of nanofluid inside the bath is controlled by a
temperature controller that controls the power supply to the heater
coil. Two RTD PT100 sensors are connected to the nanofluid flow
lines with an accuracy of 60:1 �C, one at the inlet of radiator and
another one at the outlet of radiator. The air flow velocity as well
as temperatures are measured by using Anemometer having
0.1 m/s least count. The surface temperature of the radiator tubes
are measured using 6 K-type thermocouples with an accuracy of
60:1 �C, placed along the outer surface of a radiator tube. The
220 V AC supply was converted to 12 V DC by using a 12 V,
40 A switch-mode power supply for the working of centrifugal
pump and cooling fan.

3.4 Calculation of Heat Transfer Parameters. Following
steps were used to find out the convective heat transfer coefficient
between air and tube outside surface:

According to Newton’s law of cooling

Qair ¼ houtAoutDT ¼ houtAoutðTb;air � TwallÞ (11)

where Aout is the outside surface area of the radiator tubes with fin
areas considered, hout is the outside convective heat transfer coef-
ficient, and Tb;air is the bulk air temperature

Tb;air ¼
Tair;inlet þ Tair;outlet

2
(12)

Twall is the average surface temperature of the radiator tube wall

Twall ¼
T1 þ T2 þ � � � þ T6

6
(13)

T1–T2 denotes the temperature at different positions of radiator
tube wall. Measurement of Aout is a difficult task, but it has a
strong impact on the hout value. To overcome this difficulty the
following procedure was followed:

houtAout ¼ Qair=DT (14)

A new term h�out is used which is defined as the outside surface
convective heat transfer coefficient with the fin area considered

h�out ¼ houtAout=Aout;wf (15)

where Aout;wf is the area of the radiator tubes with fin area not con-
sidered. Heat, transferred to the air from the radiator tube surface
is same as the heat carried away by air, which is

Qair ¼ _mair Cp;airDT ¼ _mair Cp;airðTair;inlet � Tair;outletÞ (16)

where _mair is the mass flow rate and Cp;air is the specific heat of
air. Tair;inlet and Tair;outlet are inlet and outlet temperature of air in
the duct.

The convective heat transfer coefficient between nanofluid and
the inside tube surface is found by

Qnf ¼ hinAinDT ¼ hinAinðTb;nf � TwallÞ (17)

where Ain is the inside surface area of the tube, hin is the inside
heat transfer coefficient, and Tb;nf is the bulk fluid temperature

Tb;nf ¼
Tnf;inlet þ Tnf;outlet

2
(18)

where Tnf;inlet and Tnf;outlet are inlet and outlet temperature, respec-
tively, and Twall is the wall temperature which is found from
Eq. (13).

Heat transfer rate of nanofluid is given by

Qnf ¼ _mnf Cp;nfDT ¼ _mnf Cp;nfðTnf;inlet � Tnf;outletÞ (19)

where _mnf is the mass flow rate and Cp;nf is the specific heat of
nanofluid.

Tube side Nusselt number is given by

Nu exp ¼
hinletdhyd

knf

(20)

where dhyd is the hydraulic mean diameter and knf is the thermal
conductivity of nanofluid.

Reynolds number of nanofluid is given by

Renf ¼
qnfVnfdhyd

lnf

(21)

The performance of the heat exchanger is analyzed by the e-
number of transfer units (NTU) technique and the effectiveness e
is defined as

e ¼ Qavg

_mCpð Þmin
Tnf;inlet � Tair;inletð Þ

(22)

where Qavg is given by

Qavg ¼
Qnf þ Qair

2
(23)
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The relation between effectiveness e and NTU is given by

e ¼ 1

Cr

1� e�Cr 1�eNTUð Þ
� �

(24)

The capacity ratio Cr is given by

Cr ¼
_mCpð Þmin

_mCpð Þmax

(25)

The overall heat transfer coefficient can be calculated by using the
following equation:

NTU ¼ UA

_mCpð Þmin

(26)

The coefficient of friction value f is calculated as

f ¼ s
1

2
qnfV

2
nf

(27)

The overall heat transfer coefficient U can also be estimated from
the following overall resistances:

1

UA
¼ 1

houtAout

þ t

kwallAwall

þ 1

hinAin

(28)

where h is convection heat transfer coefficient, A is heat transfer
surface area, kt is thermal conductivity of the tube wall, t is the
tube wall thickness, and the subscripts out, in, wall denote outside
surface, inside surface, and tube wall, respectively.

Chilton–Colburn factor is given by the equation

j ¼ hin

Cp;nfqnfVnf

Cp;nflnf

knf

� �2=3

(29)

The pressure drop in the radiator tube can be evaluated by the fol-
lowing equation:

DP ¼ f
4L

dhyd

1

2
qV2

nf (30)

where f is the coefficient of friction obtained from computation, L
is the length of the tube, and Vnf is the velocity of nanofluid
through the radiator tubes.

The pumping power can be calculated from the following
equation:

W ¼ AVnfðDPÞ (31)

where DP is the pressure drop across the tube, Vnf is the velocity
of the nanofluid through the radiator tube, and A is the cross-
sectional area of the tube.

The hydrodynamic boundary length (dhl) is given by the
equation

dhl ¼ 0:05� Re� D (32)

The thermal boundary length (dtl) is given by the equation

dtl ¼ 0:05� Re� D� Pr (33)

where Pr is the Prandtl number.

3.5 Uncertainty Analysis. Kline–McClintok method [18]
was used to calculate the uncertainties in Reynolds number, Nus-
selt number, and heat transfer coefficient by using uncertainties
associated with individual measurements. Uncertainties of funda-
mental parameters such as flow meter, thermocouples, RTDs, Hot
wire anemometer, and pressure gauges were obtained from the
manufacturer specifications. Based on the above method, the func-
tion R is calculated from “n” independent variables given by

Fig. 3 Schematic diagram of the experimental setup
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R ¼ Rðx1; x2; x3;…; xnÞ (34)

Then the uncertainty wR in the result can be determined by com-
bining uncertainties of individual terms, given by the following
equation:

wR ¼
@R

@x1

w1

� �2

þ @R

@x2

w2

� �2

þ � � � þ @R

@xn
wn

� �2
" #1=2

(35)

where w1;w2;…;wn are the uncertainties associated with the inde-
pendent variables x1; x2;…; xn, respectively. For Reynolds num-
ber, the independent variables’ velocity and hydraulic diameter
are measured by Roatameter and Vernier caliper with an uncer-
tainty of 60.1 l/m and 60.02 mm, respectively. The uncertainties
in temperature measurement using RTD PT100 and k type ther-
mocouples are 61 �C. The maximum uncertainties of Reynolds
number, Nusselt number, effectiveness, inside heat transfer coeffi-
cient, and outside heat transfer coefficient are 63.34%, 63.7%,
63.94%, 63.69%, and 62.81%, respectively.

3.6 Validation of Numerical Method. Numerical model was
validated with previous works and experimental study results. The
experimental studies were conducted by using nanofluids of
0.05% particle volume concentrations for Reynolds numbers
varies from 260 to 1560. Figure 4 shows the comparison of the
correlation given by Maiga et al. [19], the experimental data of
Heris et al. [20] and the numerical results of Manca et al. [10]
with the present work for /¼ 1% of Al2O3/H2O nanofluid. In
Fig. 4, it is possible to observe the Nusselt number behavior for
/¼ 1%, shows a good agreement with the experimental and
numerical results. Moreover, a maximum deviation of about 11%,
in the case of Re¼ 1500, is estimated.

The variation of Nusselt number (Nu) and coefficient of friction
(f) with respect to Reynolds number were obtained (Fig. 5). The
comparison shows a maximum variation of 10% in Nusselt num-
ber and 12% in friction factor.

The validation curves of CuO/H2O nanofluid with 0.05% parti-
cle volume is shown in Fig. 6. The maximum variations in Nusselt
number and friction factor are 9% and 13%, respectively.

The variation in Nu for the present numerical results is due the
assumptions regarding neglecting the tube thickness resistance
and axial conduction through the tube wall. Thus the numerical
model is found consistent and used in the further investigations.

4 Results and Discussions

4.1 Variation of Convective Heat Transfer Coefficient and
Nusselt Number. Variation in convective heat transfer coefficient
(h) with respect to Reynolds number (Re) for Al2O3/H2O nano-
fluid is shown in Fig. 7. The h increases with the increase in Re
and nanoparticle volume concentration (/). A maximum of 38%
enhancement is observed for /¼ 1%. A similar trend was noticed
for CuO/H2O nanofluid (Fig. 8), with the maximum enhancement
of 33% in h value for /¼ 1%. The enhancement in h is more for
Al2O3/H2O nanofluid compared to that of CuO/H2O nanofluid.

Variation in Nusselt (Nu) with respect to Re for Al2O3/H2O
nanofluid with / value ranges from 0% to 1% is shown in Fig. 9.
The Nu increases with increase in Re; however, it decreases with
increase in / value for the range of 0–1%. A similar trend was
noticed for CuO/H2O nanofluid (Fig. 10). Nu is proportional to h
and inversely proportional to thermal conductivity (k) (Eq. (20)),
Addition of nanoparticles to the base fluid increases both the k
and h. For the / ranges from 0% to 1%, the increment in k
predominates the increment in h.

Variation of Nu with respect to Re for Al2O3/H2O nanofluid
with / value ranges from 0% to 6% is shown Fig. 11. Nu is
decreases with the increment in / up to 1% and then increases
from 2% to 6%. A similar trend was noticed for CuO/H2O

nanofluid (Fig. 12). For the / ranges from 2% to 6%, the incre-
ment in h predominates the increment in k. A maximum enhance-
ment of 11% and 12% of Nu is observed for Al2O3/H2O and CuO/
H2O nanofluids for /¼ 6%.

Thermal boundary layer thickness (dt) reduces with the increase
in Re (Fig. 13). This reduction in dt is the reason for enhancement
in h with the increment in Re (Figs. 7 and 8).

4.2 Variation of Wall Shear Stress and Chilton–Colburn
Factor. The variation of average wall shear stress ratio of nano-
fluid to base fluid (s=swater) of a single round tube radiator with
respect to nanoparticle volume concentration (/) is plotted in
Fig. 14. A constant velocity of 0.089 m/s (corresponds to the
Reynolds number of 1560 for water) is taken for all the analysis.
Wall shear stress increases with increase in /, though the incre-
ment is more for Cuo/H2O nanofluid than that of Al2O3/H2O
nanofluid. A maximum enhancement of 3% and 2.5% were
observed for Cuo/H2O and Al2O3/H2O nanofluids for /¼ 1.0%.
The increment in s is an undesirable effect of nanofluid, which is
found more when the Cuo/H2O nanofluid is used. The wall shear
stress (s) directly affects the coefficient of friction (f) (Eq. (27)).
The increment in f causes more pressure drop (Eq. (30)) and hence
the pumping power of nanofluid.

Figure 15 shows the variation of Chilton–Colburn factor (j)
with respect to / for a Re¼ 1560. Chilton–Colburn factor repre-
sents enhancement in the convective heat transfer along with the
frictional losses. Chilton–Colburn factor increases with the
increase in nanoparticle volume concentration up to /¼ 0.4%.

Fig. 4 Comparison of numerical study results of Al2O3/H2O
nanofluid with previous works

Fig. 5 Comparison of experimental and numerical study
results of Al2O3/H2O nanofluid with 0.05% particle volume
concentration
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However, for higher concentrations, the variation is negligible.
Up to /¼ 0.4%, the increment in convective heat transfer pre-
dominates the increment in frictional losses and beyond that the
increment in frictional losses predominates the enhancement in
convective heat transfer.

4.3 Variation of Convective Heat Transfer Coefficient and
Wall Shear Stress Along the Length of the Tube. The variation
of local convective heat transfer coefficient (hlocal) along the
length of the tube is shown in Fig. 16. It decreases along
the length. Local convective heat transfer coefficient at a given
length of the tube is highest for Al2O3/H2O nanofluid compared
to Cuo/H2O nanofluid and water. The reason for the variation in
hlocal is explained by the variation of local wall shear stress (slocal)
along the length of the tube (Fig. 17).

The local wall shear (slocal) decreases along the length of the
tube. CuO/H2O nanofluid has more slocal than that of Al2O3/H2O
nanofluid. The slocal is proportional to the velocity gradient, hence
the reduction in slocal is because of the reduction in velocity gradi-
ent which is due to the boundary layer formation. The thickness of
boundary layer has increased from inlet to outlet of the tube. The
entire tube length (0.31 m) is in the hydrodynamic developing
region (Eq. (32)); the thermal boundary layer is also in the devel-
oping region (Eq. (33)).

4.4 Variation of Pumping Power Ratio and Area Ratio.
Addition of nanoparticles enhances the thermophysical properties

of coolant fluids. With the same radiator dimensions followed, the
nanofluid flow velocity (Vnf) required is lesser than that of water
to achieve the same cooling load (surface heat transfer flux). The
pumping power value (Eq. (31)) depends on flow velocity and

Fig. 8 Variation of convective heat transfer coefficient with
respect to Reynolds number for CuO/H2O nanofluid

Fig. 9 Variation of Nusselt number with respect to Reynolds
number for Al2O3/H2O nanofluid (0 < / < 1.0%)

Fig. 10 Variation of Nusselt number with respect to Reynolds
numbers for CuO/H2O nanofluid (0 < / < 1.0%)

Fig. 7 Variation of convective heat transfer coefficient with
respect to Reynolds number for Al2O3/H2O nanofluid

Fig. 6 Comparison of experimental and numerical study
results of CuO/H2O nanofluid with 0.05% particle volume
concentration
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the pressure drop (DP). The pressure drop value is increased by
the addition of nanoparticles. Thus, the term pumping power ratio
(Pratio) is obtained, which is defined as the ratio of pumping power
required with nanofluid to the pumping power required with
water. Enhancement in convective heat transfer performance of
the nanofluid can be utilized to reduce the radiator surface area
required to achieve the same cooling load. The term, area ratio
(Aratio) is obtained. It is defined as the ratio of surface area of radi-
ator required with nanofluid to the surface area required with
water.

For both Al2O3 and CuO nanofluids the Pratio decreases with
increase in nanoparticle volume concentration (/) from 0% to
0.8% (Figs. 18 and 19). Interestingly, Pratio increases beyond
0.8%. The reduction in nanofluid flow velocity predominates the
increment in pressure drop up to 0.8%, and thus, the pumping
power required is reduced. A maximum reduction of 8% in Pratio

is observed for both Al2O3/H2O and CuO/H2O nanofluids. The

Aratio value decreases with increase in /. For the same Reynolds
number, the convective heat transfer flux increases with increase
in nanoparticle volume concentration; thus, the area required for
the convective heat transfer reduces (total convective heat transfer
rate (W)¼ heat transfer flux (W/m2)� area of radiator (m2)).

Table 3 shows the comparison of pumping power reduction and
area reduction of present work with Ray and coworkers [15]. The
difference in pumping power and area reduction for both the
works are due to the differences in Reynolds number and dissimi-
lar base fluids. Ray and coworkers used Ethylene Glycol/Water
(EG/W) as the base fluid and the Reynolds number corresponding
to this result is 235. But, in the present study, the base fluid is
water and Reynolds number corresponding to this result is 1560.

4.5 Variation of (Convective Heat Transfer Ratio 3
Specific Heat Capacity Ratio) Factor and Influence Factor.
Increment in nanoparticle volume concentration (/) triggers an

Fig. 12 Variation of Nusselt number with respect to Reynolds
numbers for CuO/H2O nanofluid (0 < / < 6.0%)

Fig. 11 Variation of Nusselt number with respect to Reynolds
numbers for Al2O3/H2O nanofluid (0 < / < 6.0%)

Fig. 13 Variation of Al2O3/H2O nanofluid temperature at the outlet cross section of the tube for six differ-
ent Reynolds numbers, / 5 1.0%
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enhancement in convective heat transfer coefficient (h), but the spe-
cific heat capacity (Cp) of nanofluid decreases. Enhancement in h is
a desirable effect, but the reduction in Cp is an undesirable effect.
Reduction in Cp value decreases the heat carrying capacity of fluid.
In order to keep the engine at the working temperature, the excess

heat generated should be removed. For the nanofluid with reduced
Cp value, the mass flow rate is to be increased, whereas an incre-
ment in h improves the ability of the nanofluid to effectively trans-
fer heat at the radiator. In order to quantify the two effects a new
term, hratio�Cp,ratio factor is used. Where convective heat transfer
ratio, hratio¼ hnanofluid/hwater and specific heat capacity ratio, Cp,ra-

tio¼Cp,nanofluid/Cp,water. The variation of hratio�Cp,ratio factor with
respect to / is plotted in Fig. 20. The factor is more for Al2O3/H2O
nanofluid compared to that of Cuo/H2O nanofluid. For Al2O3/H2O
nanofluid, the increment in h is more than that of CuO/H2O nano-
fluid and the decrement in Cp is lesser. For both the nanofluids, the
factor value is greater than 1 for / value ranges 0–1%, which
shows that the desirable effect of increment in h value predomi-
nated the undesirable effect of reduction in Cp value.

The convective heat transfer coefficient (h) increases with the
increase in specific heat capacity (Cp), thermal conductivity (k),
and velocity (V) of the fluid, whereas it reduces with the increase
in density (q) and viscosity (l) of the fluid. The addition of nano-
particles increases the k, q, and l however, the Cp value is
decreased. The velocity required for the same Reynolds number is
lesser for nanofluids compared to that of water. In order to quan-
tify the net effect on the variation in k, Cp, q, l, and V by the addi-
tion of nanoparticles, a new factor is defined

influence factor ¼ kratio � Cp;ratio � Vratio

qratio � lratio

(36)

Fig. 14 Variation of average wall shear stress with respect to
nanoparticle volume concentration

Fig. 15 Variation of Chilton–Colburn factor with respect
to nanoparticle volume concentrations for the Reynolds
number 5 1560

Fig. 16 Variation of convective heat transfer coefficient along
the length of the tube for the Reynolds number 5 1560

Fig. 17 Variation of wall shear stress along the length of the
tube for the Reynolds number 5 1560

Fig. 18 Variation of pumping power ratio and area ratio for
Al2O3/H2O nanofluid for the Reynolds number 5 1560
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where each ratio term corresponds to the fraction of the variable
value of the nanofluid to that of base fluid. The variation of influ-
ence factor with respect to Reynolds number (Re) for the three flu-
ids are shown in Fig. 21. Since the base fluid in the experimental
study is water, its influence factor is 1 for all the Re ranges from
260 to 1560. For the nanofluids, the influence factor is more than
1. Al2O3/H2O nanofluid shows higher influence factor than that of
the CuO/H2O nanofluid. This is the reason for higher convective
heat transfer coefficient (h) of Al2O3/H2O nanofluid.

5 Conclusions

Forced convective heat transfer inside a circular tube automo-
bile radiator is investigated using Al2O3/H2O and CuO/H2O nano-
fluids. The study was conducted for Reynolds numbers in the
range of 260–1560, corresponding to the flow rates of 1–6 l/min.

The numerical model was validated by using the experimental
study results which was conducted with Al2O3 and CuO nano-
fluids with /¼ 0.05%.

Numerical study was conducted for 0–6% nanoparticle concen-
tration (/). The variation in convective heat transfer coefficient
(h) was investigated for the / between 0% and 1.0%. The convec-
tive heat transfer coefficient h is observed to increase with an
increment in Reynolds number (Re) and with the increase in /. It
shows a maximum enhancement of 38% and 33% for Al2O3 and
CuO nanofluids for /¼ 6.0%. Nusselt number (Nu) decreases
with / (0</< 1.0%), and for /> 1.0%, Nu is found to increase.
The wall shear stress (s) increases with the increase in / and this
enhancement is more for CuO compared to Al2O3 nanofluid. A
maximum enhancement of 3.0% and 2.5% is obtained for CuO
and Al2O3 nanofluids for /¼ 1%. The local convective heat trans-
fer coefficient (hlocal) decreases along the tube length. The hlocal

for a given tube length is higher for Al2O3 nanofluid compared to
CuO/H2O nanofluid. A similar trend was noticed in the local wall
shear stress (slocal).

Chilton–Colburn factor (j) increases with nanoparticle volume
concentration (0</< 0.4%), though for /> 0.4% the variation
is negligible. This is attributed to the fact that frictional losses pre-
dominate the enhancement in convective heat transfer. Enhance-
ment in / decreases the pumping power ratio (Pratio). The
reduction is observed up to 0.8%. Interestingly the Pratio is then
found to increase for higher volume concentrations (/> 0.8%).

Addition of nanoparticles enhances the convective heat transfer
coefficient (h), whereas it reduces the specific heat carrying
capacity (Cp). Increment in the h improves the heat exchanging
ability of the fluid with the tube walls, but the reduction in Cp

reduces the fluid’s capacity to store the heat energy. The factor
(hratio�Cp,ratio) includes both these effects and shows a value
greater than 1 in both nanofluids for / between 0% and 1%. The
factor value is higher for Al2O3 nanofluid than CuO nanofluid.
The influence factor value of Al2O3/H2O nanofluid remains more
than that of CuO/H2O nanofluid for / between 0% and 1%.

Hence, the higher h for Al2O3 nanofluid. Our study shows that
the preferred / is between 0.4% and 0.8% for both nanofluids.

Fig. 19 Variation of pumping power ratio and area ratio for
CuO/H2O nanofluid for the Reynolds number 5 1560

Fig. 21 Variation of influence factor with respect to Reynolds
number

Fig. 20 Variation of hratio 3 Cp,ratio factor with respect to nano-
particle volume concentration for the Reynolds number 5 1560

Table 3 Comparison of pumping power reduction and area reduction of present work with Ray and coworkers [15]

Ray and coworkers [15] (Re¼ 235) Present study (Re¼ 1560)

Fluid 1% Al2O3 EG/W 1% CuO EG/W 1% Al2O3 water 1% CuO water

Pumping power reduction (%) 4.72 3.01 8.9 7.8
Area reduction (%) 3.73 3.53 5 3.7
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The study also demonstrates that the convective heat transfer per-
formance of Al2O3 nanofluid is higher than CuO nanofluid for cir-
cular tube radiator.
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Nomenclature

A ¼ area, m2

Cp ¼ specific heat capacity, J/kg K
Cr ¼ capacity ratio
d ¼ diameter, m
f ¼ coefficient of friction
h ¼ heat transfer coefficient, W/m2 K
j ¼ Colburn–Chilton factor
k ¼ thermal conductivity, W/m K
L ¼ length, m
_m ¼ mass flow rate, kg/s

NTU ¼ number of transfer units
Nu ¼ Nusselt number

P ¼ pressure, N/m2

Q ¼ heat transfer rate, W
Re ¼ Reynolds number

t ¼ tube wall thickness
T ¼ temperature, K

T0 ¼ reference temperature, 273 K
U ¼ overall heat transfer coefficient, W/m2 K
V ¼ velocity, m/s
w ¼ weight, N
W ¼ pumping power, W

Greek Symbols

e ¼ effectiveness
j ¼ Boltzmann constant, 1.381 �10�23 J/K
l ¼ viscosity, Ns/m2

q ¼ density, kg/m3

u ¼ volume fraction
/ ¼ volume concentration, %

Subscripts

avg ¼ average
bf ¼ base fluid

hyd ¼ hydraulic diameter
in ¼ inside surface

nf ¼ nanofluid
np ¼ nanoparticle

out ¼ outside surface
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