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Abstract Forced convective heat transfer of Al2O3 and
CuO nanofluids through flat tube automobile radiator were
studied experimentally and numerically. Nanofluids of
0.05% volume concentrations were prepared with Al2O3

and CuO nanoparticles having diameter below 50 nm.
The working fluid recirculates through an automobile flat
tube radiator with constant inlet temperature of 90 ◦C.
Experiments were conducted by using water and nanoflu-
ids by varying the Reynolds numbers from 136 to 816. The
flat tube of the radiator with same dimensions were mod-
eled and numerically studied the heat transfer. The model
includes the thickness of tube wall and also considers the
effect of fins in the radiator. Numerical studies were car-
ried out for six different volume concentrations from 0.05%
to 1% and Reynolds number varied between 136 and 816
for both nanofluids. The results show an enhancement in
heat transfer coefficient and effectiveness of radiator with
increase in Reynolds number and volume concentration. A
maximum enhancement of 13.2% and 16.4% in inside heat
transfer coefficient were obtained for 1% concentration of
CuO and Al2O3 nanofluids respectively. However increas-
ing the volume concentration causes an increase in viscosity
and density, which leads to an increase in pumping power.
For same heat rejection of water, the area of the radiator can
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be reduced by 2.1% and 2.9% by using 1% concentration
of CuO and Al2O3 nanofluids respectively. The optimum
values of volume concentration were found to be 0.4% to
0.8% in which heat transfer enhancement dominates pump-
ing power increase. Al2O3 nanofluids gives the maximum
heat transfer enhancement and stability compared to CuO
nanofluids.

Keywords Nanofluids · Al2O3 · CuO · Radiator · Flat
tube · Heat transfer · Nusselt number · Colburn-Chilton
factor

Nomenclature

ṁ Mass flow rate, kg/s
A Area, m2

Cf Friction factor
Cp Specific heat capacity, J/kgK
d Diameter, m
h Heat transfer coefficient, W/m2K
j Colburn-Chilton factor
k Thermal conductivity, W/mK
L Length, m
NT U Number of transfer units
Nu Nusselt number
P Pressure, N/m2

Q Heat transfer rate, W
Re Reynolds number
T Temperature, K
T0 Reference temperature, 273 K
U Overall heat transfer coefficient, W/m2K
V Velocity, m/s
W Pumping power, W
w Weight, N
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Greek Symbols
κ Boltzmann constant, 1.381 ×10−23 J/K
μ Viscosity, Ns/m2

φ Volume concentration, %
ρ Density, kg/m3

ε Effectiveness
ϕ Volume fraction
Subscripts

a Air
avg Average
bf Base fluid
hyd Hydraulic diameter
in Inlet
nf Nanofluid
np Nanoparticle
out Outlet
t Tube

1 Introduction

Performance of automobile engines can be improved by
effective removal of heat from the engine. There are differ-
ent heat transfer enhancement techniques used to increase
the heat removal such as increasing surface area, efficient
geometry, increase in coolant flow rate, improving the prop-
erties of heat transfer fluid etc. Introduction of flat tube
radiators into automobile causes an improvement in heat
transfer. Flat tube radiators are widely used due their higher
heat transfer area and lower air side pressure drop compared
to round tube radiators of the same capacity. Improving the
properties of heat transfer fluids can considerably enhance
the heat transfer. Development of nanofluids opens further
possibilities in increasing heat transfer. Conventional heat
transfer fluids such as water, engine oil, ethylene glycol,
refrigerants etc. have very poor heat transfer performances.
These conventional fluids can be replaced by nanofluids.
Nanofluids are colloidal suspensions of nanometer sized
particles called nanoparticles such as metal oxide, carbon
nano-tubes or graphene.

Many experimental works were conducted for the prepa-
ration of nanofluids and one step method and two step
method were suggested to be feasible [1–7]. Studies were
carried out to find the mechanism of variation in ther-
mal properties when nanoparticles were added in the
base fluid [8, 9]. The authors reported an enhancement
in heat transfer properties compared to conventional heat
transfer fluids with the addition of nanoparticles. The
enhancement in heat transfer properties were due to the
considerable improvement in thermal conductivity. The
thermal conductivity of nanofluid increases due to addi-
tion of higher thermal conductivity nanoparticles and due
to Brownian motion of nanoparticles in the base fluid [10].

Bigdeli et al. [11] reviewed the heat and mass transfer phe-
nomena in nanofluid coolants with special focus on automo-
tive applications. The study presents several theoretical and
empirical models describing nanofluid thermal conductiv-
ity, viscosity, specific heat capacity and density. They also
highlighted the advantages of nanofluids as coolant for auto-
mobile radiators and suggested guidelines for the design
and usage. Kakaç and Pramuanjaroenkij [12] reviewed the
convective heat transfer enhancement by nanofluids for sin-
gle phase and two phase treatments. The studies showed
that the two-phase mixture model and single-phase model
results are very similar due to the low velocities of the
phases relative to each other. The Eulerian two-phase model
is more complex and computationally expensive thus single
phase method is desirable for nanofluid modeling. Krish-
nakumar et al. [13] numerically studied the enhancement in
heat transfer and increase in pumping power of CuO-Water
nanofluid in automotive diesel engine radiator. CuO-water
nanofluid with 20 nm nanoparticle size for 0-2% volume
concentration under turbulent flow conditions were tested.
The results shows an enhancement of 10% in heat transfer
coefficient and 23.8% increase in pumping power for 2%
volume concentration and Reynolds number 6000. Chiam
et al. [14] measured the thermal conductivity and viscos-
ity of Al2O3 nanofluids for different based ratio of water
and Ethylene glycol mixture. They found that The aver-
age thermal conductivity enhancement of Al2O3 nanofluids
in the three base ratios varied from 2.6 to 12.8%. As
the percentage of ethylene glycol increases, the nanoflu-
ids have more enhancement. The properties enhancement of
the Al2O3 nanofluids depends on concentration, tempera-
ture, and based ratio. Bayat and Nikseresht [15] investigated
different base fluid effects on the nanofluids heat transfer
and pressure drop. The results indicate that the averaged
heat transfer coefficient and wall shear stress increase with
increasing parameters like, mass of ethylene glycol in the
water base fluid, solid concentration and Reynolds number.
Rashmi R et al. [16] studied the effect of convective heat
transfer in an automobile radiator using hybrid nanofluids.
For the same radiator size and heat transfer rate, coolant
flow rate decreases by 3.1% and pumping power increases
by 1.9% for Ag hybrid nanofluids as compared to base fluid,
which leads to increase in engine thermal efficiency and
hence reduction in engine fuel consumption.

Vajjha et al. [17] numerically studied the fluid dynamic
and heat transfer performance of Al2O3 and CuO nanoflu-
ids in flat tube radiator. Simulation were carried out for
six different concentrations and Reynolds number varying
between 100 to 2000. The analysis shows an increase in
heat transfer coefficient with increase in Reynolds num-
ber and concentration.The average skin friction coeffi-
cient increased 2.7 times that of the base fluid for 6%
concentration of Al2O3. Peyghambarzadeh et al. [18, 19]
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Table 1 Thermophysical properties of Al2O3 and CuO nanoparticles.
[20]

Material Al2O3 CuO

Diameter <50 nm <50 nm

Purity 99% 99%

Density 3970 kg/m3 6510 kg/m3

Specific heat capacity 525 J/kgK 540 J/kgK

Thermal conductivity 17.65W/mK 33W/mK

experimentally evaluated the cooling performance of auto-
mobile radiator with water and ethylene glycol based
nanofluids. The experiments were conducted for five differ-
ent concentrations in the range of 0.1% to 1% and flow rate
varied between 2 to 6 l/min. The effect of inlet tempera-
ture was analysed by varying inlet temperature. A maximum
of 45% enhancement in heat transfer coefficient and an
increase of 40% in Nusselt number were obtained for 1%
volume concentration.

The objective of the present study is to experimentally
and numerically evaluate the heat transfer enhancement
and hydrodynamic behavior of Al2O3-water and CuO-water
nanofluid in an automobile flat tube radiator compared to
conventional coolants. The experiments were carried out
for different Reynolds numbers and volume concentrations
of nanofluid. Numerical modeling and computation of the
same flat tube radiator were done. The numerical simula-
tions which were validated with the experimental method
can give flexibility in wide range of operating parameters.
The variation of Nusselt number, friction factor, effective-
ness of radiator, Colburn-Chilton factor etc. with Reynolds
number were obtained. Thus optimum working condition
such as volume concentration of nanofluid and mass flow
rate of coolant were obtained by conducting experiments
and numerical simulations.

2 Experimental method

Nanofluids of 0.05% volume concentrations were prepared
with Al2O3 and CuO nanoparticles having diameter below
50 nm. The working fluid recirculates through an automo-
bile flat tube radiator with constant inlet temperature of
90 ◦C. Experiments were conducted by using water and
nanofluids by varying the Reynolds numbers from 136 to
816.

2.1 Preparation of nanofluid

Two-step method is the most widely used method for the
preparation of nanofluids. Nanoparticles, nanofibers, nan-
otubes, or other nanomaterials used in this method are first
produced as dry powders by chemical or physical meth-
ods. Then, the nanosized powder will be dispersed into a
fluid in the second processing step with the help of intensive
magnetic force agitation, ultrasonic agitation, high-shear
mixing, homogenizing, or ball milling. Al2O3 and CuO
nanoparticles were purchased from Sigma Aldrich Chem-
icals Bangalore. The thermophysical properties of Al2O3

and CuO nanoparticles are shown in Table 1. Nanoflu-
ids of 0.05% volume concentrations were prepared by
dispersing Al2O3 and CuO nanoparticles in de-ionized
water by using probe type sonicator. Surfactants were
added to avoid sedimentation of nanoparticles in the base
fluid. Sodium dodecyl benzene sulphate (SDBS) surfactant
with 1/4th weight of nanoparticles were added. Samples
of the prepared nanofluids are shown in Fig. 1. Vol-
ume concentration of nanofluid is calculated by using the
following (1).

φ =
[

(wnp/ρnp)

(wnp/ρnp) + (wbf /ρbf )

]
× 100 (1)

Fig. 1 Al2O3-water and
CuO-water nanofluid (0.05%)
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2.2 Nanofluid physical properties

The thermophysical properties of nanofluids such as den-
sity, specific heat capacity, thermal conductivity and viscos-
ity can be evaluated by the following (2–7). These properties
depends on properties of nanoparticle, concentration of
nanoparticle and properties of the base fluid.

2.2.1 Specific heat capacity and density

The equations for specific heat and density can be taken
using the physical mixture rule which gives a good agree-
ment with the experimental works with an assumption of
thermal equilibrium between the base fluid and nanoparti-
cles [21].

Cp,nf = ϕρnpCp,np + (1 − ϕ)ρbf Cp,bf

ρnf

(2)

The equation for density is given by:

ρnf = ϕρp + (1 − ϕ)ρbf (3)

2.2.2 Thermal conductivity

The thermal conductivity of Al2O3-water and CuO-water
nanofluids can be calculated from the following correlation
[22]. This correlation includes static part of Maxwell’s the-
ory and dynamic part which considers the Brownian motion
of nanoparticles in the base fluid. Thermal conductivity of
nanofluids depends on many factors like thermal conduc-
tivity, volume fraction, density, particle size of nanoparticle
and thermal conductivity, density, specific heat capacity and
temperature of the base fluid.

keff ective = kstatic + kBrownian (4)

For spherical particles, the correlation for kstatic is given by
[23].

kstatic = knp + 2kbf − 2(kbf − knp)ϕ

knp + 2kbf + (kbf − knp)ϕ
kbf (5)

The term kBrownian is given by following correlation:

kBrownian = 5 × 104βϕρbf Cp,bf

√
κT

ρnpdnp

f (T , ϕ) (6)

where correlation for f (T , ϕ) is given by:

f (T , ϕ) = (2.8217 × 10−2ϕ + 3.917 × 10−3)
T

T0

+(−3.0669 × 10−2ϕ − 3.91123 × 10−3)

β was estimated experimentally, ForAl2O3-water nanofluids,

β = 8.4407(100ϕ)−1.07304

For CuO-water nanofluids,

β = 9.881(100ϕ)−0.9446

2.2.3 Viscosity

The viscosity of Al2O3-water and CuO-water nanofluid for
different concentrations can be calculated from Einstein’s
equation [24] which is applicable to spherical particles, in
volume fractions of less than 5.0% volume concentration
and is defined as follows:

μnf = μbf (1 + 2.5ϕ) (7)

2.3 Experimental setup

The schematic of the experimental setup is as shown in
Fig. 2. It includes flow lines, a constant temperature bath,
a centrifugal pump, flow meter, control valves, a flat tube
radiator, a radiator fan, an air flow duct, a temperature con-
troller, temperature sensors, a hot wire anemometer, temper-
ature displays and pressure gauges. Nanofluids of different
concentrations were prepared by using probe type sonicator.
The prepared nanofluid was stored in a constant tempera-
ture bath with 15 l capacity. The temperature in the bath was
maintained by using a heater and a temperature controller.
The hot nanofluid was pumped using a centrifugal pump of
150 W capacity. A rotameter was used to measure the flow
rate, with precision of ±0.1 l/min and the flow was con-
trolled by a ball valve. The radiator used in this study was a
cross-flow (single-pass) heat exchanger with the liquid-side
unmixed and the air-side mixed. The photograph of radiator
used in this study is shown in Fig. 4. The radiator was placed
in an air flow duct which consists of 34 flat tubes and having
a capacity of 0.8 l. Each tube was of 340 mm length, 17.6
mm width, 2.5 mm height and 0.45 mm thickness. Tubes and
fins of the radiator were made of aluminium. The radiator
was cooled using a fan with 120 W capacity. Air velocity
was measured using a hot wire anemometer having ±0.1
m/s accuracy. Temperature of working fluid at the inlet and
outlet of radiator was measured using RTD PT100 type sen-
sor with an accuracy of ±0.1 ◦C. The surface temperature
of the radiator tubes was measured using 6 K-type thermo-
couples with an accuracy of ±0.1 ◦C which were placed at
different positions of radiator tube. Two bourdon pressure
gauges were placed at the inlet and outlet of the radiator to
measure the pressure drop of radiator. A 12 V, 40 A SMPS
is used to convert 220 V AC to 12 V DC for the working
of centrifugal pump and cooling fan. The photograph of the
experimental setup is as shown in Fig. 3.

2.4 Equations used

The following procedure was used to obtain the heat transfer
coefficient and Nusselt number.

According to Newton’s law of cooling:

Qnf = hinAin�T = hinAin(Tb,nf − Tw) (8)
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Fig. 2 Schematic diagram of experimental setup

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 which is assumed to be the average of inlet and
outlet temperature of fluid (Fig. 4).

Tb,nf = Tnf,in + Tnf,out

2
(9)

where Tnf,in and Tnf,out are the inlet and outlet temperatures
respectively.

Tw = T1 + T2 + ... + T6

6
(10)

where, Tw is the average surface temperature of the radiator
tube wall and T1 to T6 denotes the temperature at different

Fig. 3 Photograph of
experimental setup
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Fig. 4 Photograph of radiator

positions of radiator tube wall. In this study the resistance
due to tube wall thickness was neglected since it is very
small compared to convection resistance. Thus instead of
measuring inside wall temperature, the outside wall temper-
ature was measured assuming that there is no resistance due
to wall thickness.

Heat transfer rate of nanofluid is given by:

Qnf = ˙mnf Cp,nf �T = ˙mnf Cp,nf (Tnf,in − Tnf,out ) (11)

where, ˙mnf is the mass flow rate and Cp,nf is the specific
heat of nanofluid.

Heat transfer rate of air is given by:

Qa = ṁaCp,a�T = ṁaCp,a(Ta,in − Ta,out ) (12)

where, ṁa is the mass flow rate and Cp,a is the specific heat
of air. Ta,in and Ta,out are the inlet and outlet temperatures
of air in the duct.

Tube side Nusselt number for experimental method is
given by:

Nuexp = hin,expdhyd

knf

(13)

where, hin,exp is the inside heat transfer coefficient obtained
from experimental method, dhyd is the hydraulic mean
diameter and knf is the thermal conductivity of nanofluid.

Tube side Nusselt number for numerical method is given
by:

Nunum = hin,numdhyd

knf

(14)

where, hin,num is the inside heat transfer coefficient
obtained from experimental method.

Inside heat transfer coefficient from numerical method is
given by:

hin,num = q̇

(Twall − Tb)
(15)

where q̇ is the heat flux at the wall, Twall is the wall temper-
ature and Tb is the bulk temperature of fluid. The values are
taken from numerical simulation.

Outside heat transfer coefficient is given by:

hoAo = Qa

�T
(16)

where Ao is the outside surface area and ho is the outside
heat transfer coefficient, It is very difficult to measure the
outside surface area due to complex fin arrangement. To
overcome this a new term ho,eff was introduced which is
called the effective heat transfer coefficient.

Effective heat transfer coefficient is given by

ho,eff = hoAo

Ao,wf

(17)

where Ao,wf is the outside surface area without fin. The
effective heat transfer coefficient gives a value of outside
heat transfer coefficient including the effect of fins.

Reynolds number of the nanofluid is given by:

Renf = ρnf Vnf dhyd

μnf

(18)

The performance of the heat exchangers is analyzed by the
conventional ε-NTU technique and the effectiveness, ε is
defined as:

ε = Qavg

(ṁCp)min(Tnf,in − Ta,in)
(19)

where, Qavg is the arithmetic average of heat transfer rate.

Qavg = Qnf + Qa

2
(20)

The relation between effectiveness, ε and number of transfer
units (NTU) is given by

ε = 1

C∗
[
1 − e−C∗(1−eNT U

)]
(21)

The capacity ratio C∗ is given by:

C∗ = (ṁCp)min

(ṁCp)max

(22)

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

NT U = UA

(ṁCp)min

(23)

The inside overall heat transfer coefficient Ui can also be
estimated from the following overall resistances.

1

UiAi

= 1

hoAo

+ δ

ktAt

+ 1

hiAi

(24)

where h is convection heat transfer coefficient, Ai is inside
surface area, kt is thermal conductivity of the tube wall, δ

is the tube wall thickness, and the subscripts o, i, t denote
air side, tube side and tube wall, respectively. The resistance
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due to wall thickness was neglected in this study since its
value is very small compared to convection resistance.

Colburn-Chilton factor is given by the equation:

j = h

Cp,nf ρnf Vnf

(
Cp,nf μnf

knf

)2/3

(25)

The pressure drop in the radiator tube can be found by the
following equation:

�P = Cf

4L

dhyd

1

2
ρV 2

nf (26)

where, Cf is the friction factor which can be obtained from
computation,L is the length of the tube andVnf is the velocity
of nanofluid through the radiator tubes. The pumping power
can be calculated from the pressure drop which is given by:

W = AVnf (�P ) (27)

where, �P is the pressure drop across the tube, A is
the crossectional area of tube and Vnf is the velocity of
nanofluid through the radiator tube.

2.5 Uncertainty analysis

The uncertainty analysis of calculated parameters such as
Reynolds number, Nusselt number and heat transfer coef-
ficient were estimated using uncertainties associated with
individual measurements. Uncertainties of measured param-
eters such as flow meter, thermocouples, RTDs, Hot wire
anemometer and pressure gauges were obtained from the
manufacturer specifications. Kline-McClintok method [25]
was used to calculate the uncertainties in the present study.
According to this method, the function R is assumed to be
calculated from a set of ‘n’ independent variables repre-
sented by;

R = R(x1, x2, x3, ......., xn) (28)

Then the uncertainty wR in the result can be determined by
combining uncertainties of individual terms, given by the
following equation;

wR =
[(

∂R

∂x1
w1

)2

+
(

∂R

∂x2
w2

)2

+ ..... +
(

∂R

∂xn

wn

)2
]1/2

(29)

where w1, w2, ...., wn are the uncertainties associated
with the independent variables x1, x2, ...., xn respectively.

From equation [29] the maximum uncertainties of Reynolds
number, Nusselt number, effectiveness, inside heat trans-
fer coefficient and outside heat transfer coefficient
are ±3.34%, ±3.7%, ±3.94%, ±3.69% and ±2.81%
respectively.

3 Numerical method

It is not feasible to conduct experiments for different con-
centrations and study the effect of nanofluids. Thus a
simplified numerical model of the flat tube radiator was
studied. The numerical model considers only a single tube
of the flat tube radiator. The effect of fins and tube thickness
were taken into consideration by providing proper boundary
conditions, which were calculated from conducting experi-
ments. The numerical study was carried out in Ansys Fluent
(2015).

3.1 Problem geometry

A single flat tube of the radiator was used for numerical
study. The dimensions of the numerical model was the same
as that of the radiator used in the experiment. The radiator
tube is of 340mm length, 17.6mmwidth, 2.5mm height and
0.45 mm thickness. Geometry of the flat tube is as shown in
Fig. 5

3.2 Governing equations

The working fluid used in the radiator can be taken as
incompressible and Newtonian fluid. The effect of viscous
dissipation and radiative effect are not considered. Due to
very low particle size and concentration of nanoparticles in
the base fluid, the nanofluid is assumed to be a single phase
fluid [12]. Under these assumptions the flow and heat trans-
fer were solved in three dimensional cartesian coordinates.
The following conservation equations were solved in Ansys
Fluent (2015).

3.2.1 Continuity equations

The continuity equation solved in three dimensional Carte-
sian coordinate system is given as:

(∇.V ) = 0 (30)

Fig. 5 Geometry and
dimensions of flat tube
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Fig. 6 Crossectional view of
mesh

3.2.2 Momentum equations

The momentum equation solved in three dimensional Carte-
sian coordinate system is given as:

ρ(∇.V )V = −∇P + μ∇2V (31)

3.2.3 Energy equations

The energy equation solved for calculation of temperature
distribution is given as:

ρCp(∇.V )T = ∇2(kT ) (32)

3.3 Boundary conditions

The continuity, momentum and energy equations were
solved subjected to the following boundary conditions. At
the inlet of flat tube, uniform axial velocity and constant
temperature were given (u = v = 0, w = w∞). The inlet
velocity was varied according to different Reynolds num-
bers. The temperature at the inlet was given as 363 K
corresponding to the temperature of coolant from the engine
block. At the outlet of the flat tube, pressure outlet bound-
ary condition was adopted with zero gauge pressure (P =
Patm). No slip boundary condition was provided at the wall
of radiator tube for velocity (u = v = w = 0). For the
radiator realistic thermal boundary condition, the outside
wall is prescribed as convective heat transfer coefficient
ho on the air side and a fixed free stream temperature

(−k
∂T

∂x
= ho[T∞ − Tw]). The outside heat transfer coef-

ficient were calculated from experiments. The effective
outside heat transfer coefficient which compensate for the
effect of fins in the actual radiator was given as the con-
vective heat transfer boundary condition in the tube wall.
The average value of effective heat transfer coefficient was
taken as 350 W/m2K . Experimentally measured ambient
temperature was provided at the wall boundary.

3.4 Numerical computation

The system of governing equations [30–32] coupled with
the above boundary conditions were solved by control vol-
ume approach in Ansys Fluent 15. A staggered grid scheme
was used, in which the velocity components were evaluated
at the control volume faces, while the rest of the variables

governing the flow field were stored at the central node of
the control volume. Pressure-Velocity coupling were done
using semi implicit (SIMPLE) method. Least square cell
based interpolation method was used for calculating cell-
face pressures in order to compute pressure gradient. A
second-order scheme was employed to discretize the pres-
sure terms and second-order upwind scheme was employed
to discretize momentum terms and energy terms. The con-
vergence criteria for all simulations performed in this work
were considered when the residuals of continuity, momen-
tum and energy terms are lower than 10−6. From the post
processing of the numerical simulation, the values of bulk
temperature, average wall temperature, average wall heat
flux, convective heat transfer coefficient and skin friction
factor were calculated.

3.5 Grid independence study

A three dimensional mesh was generated using ICEM
CFD. Crossectional view of the mesh is shown in
Fig. 6. In order to confirm that the results of numeri-
cal computation is independent of grid size, grid inde-
pendence study was done. Four different meshes were
generated. Mesh-1(72×14×112), Mesh-2(100×21×150),
Mesh-3(125×75×200) and Mesh-4(150×75×225). Com-
putations were carried out for all the four meshes with same
boundary conditions. Results of average temperature and
average velocity at Z = 0.15 m and X = 0 were compared.
The converged solutions of 4 different meshes are listed in
Table 2. Results of mesh-1, mesh-2, and mesh-3 shows some
variation, but the results of mesh-3 and mesh-4 overlaps.
Therefore it can be concluded that mesh-3 is the most effec-
tive mesh because there is no variation in results even after
increasing the grid density. Thus mesh-3 was selected and
used throughout this study.

Table 2 Average temperature and average velocity at Z = 0.15 m and
X = 0 for four different meshes

Grid Velocity [m/s] Temperature [K]

Mesh-1(72 ×14×112) 0.049667 351.948

Mesh-2(100×21×150) 0.049830 351.956

Mesh-3(125×75×200) 0.050011 351.964

Mesh-4(150×75×225) 0.050014 351.965
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Fig. 7 Comparison of
experimental and numerical
results of 0.05% volume
concentration of CuO-water
nanofluid

3.6 Validation of numerical method

Numerical results were validated by comparing with exper-
imental results and theoretical correlations. Experimental
results were obtained from conducting experiments in flat
tube radiator. The working fluid recirculates through the
radiator with constant inlet temperature of 90 ◦C. Exper-
iments were conducted by varying the Reynolds numbers
from 136 to 816 for water, 0.05% volume concentration
of Al2O3-water nanofluid and 0.05% volume concentra-
tion of CuO-water nanofluid. The numerical values of
Nusselt number and friction factor for different Reynolds
numbers of nanofluids were compared with the experi-
mental results and theoretical correlations. The comparison
between experiment and numerical results of CuO-water
and Al2O3-water nanofluids are shown in Figs. 7 and 8

respectively. For six different Reynolds numbers, the max-
imum deviation in Nusselt number and friction factor are
10.1% and 9.8% respectively. The difference in experimen-
tal and numerical results are due to uncertainties in experi-
mental measurements and assumptions regarding neglecting
the tube thickness resistance. Also the axial conduction
through the tube wall is not considered in numerical method.

4 Results and discussions

4.1 Thermal conductivity enhancement

Figure 9 shows the variation of thermal conductivity of
CuO-water and Al2O3-water nanofluids for different con-
centrations. It is observed that the thermal conductivity

Fig. 8 Comparison of
experimental and numerical
results of 0.05% volume
concentration of Al2O3-water
nanofluid



3554 Heat Mass Transfer (2017) 53:3545–3563

Fig. 9 Thermal conductivity of
nanofluids and enhancement in
thermal conductivity of
nanofluids compared to water
for different concentrations

of both nanofluids increases with increasing concentra-
tion. The enhancement is more for Al2O3-water nanofluid
compared to CuO-water nanofluid. The results shows that
for 1% volume concentration, the thermal conductivity
increased by 19.11% and 15.66% for Al2O3-water and
CuO-water nanofluids respectively. Even though the ther-
mal conductivity of CuO is more compared to Al2O3

nanoparticles, due to higher density of CuO nanoparticle,
the effect of Brownian motion is less. Thus Al2O3 nanoflu-
ids are more preferred due to its higher effective thermal
conductivity and lower density, which also reduces the
sedimentation.

4.2 Experimental results

4.2.1 Variation of Nusselt number

Figure 10 shows the variation of Nusselt number with
Reynolds number from experimental results. The results
are obtained from conducting experiments for water, 0.05%
volume concentrations of Al2O3-water and CuO-water
nanofluids. It is observed that Nusselt number increases
with increase in Reynolds number. For both nanofluids, with
the addition of nanoparticles the number decreases com-
pared to water. This is because, although the heat transfer

Fig. 10 Variation of Nusselt
number with Reynolds number
for water and 0.05% volume
concentrations of CuO and
Al2O3 nanofluids
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Fig. 11 Variation of overall
heat transfer coefficient with
flow rate for water and 0.05%
volume concentrations of CuO
and Al2O3 nanofluids

coefficient increases with increase in concentration, the
increase in the heat transfer coefficient is less when com-
pared to the increase in thermal conductivity. Al2O3-water
nanofluid is found to be having higher enhancement com-
pared to CuO-water nanofluid due to its higher effective
thermal conductivity.

4.2.2 Variation of overall heat transfer coefficient

Figure 11 shows the variation of overall heat transfer coef-
ficient with the flow rate from experimental results. The

results are obtained from conducting experiments for water,
0.05% volume concentrations of Al2O3-water and CuO-
water nanofluids. It is observed that the overall heat trans-
fer coefficient increases with increase in flow rate. For
both nanofluids, as the concentration increases the heat
transfer coefficient also increases. Maximum enhancement
of 0.5% and 0.38% are obtained for Al2O3-water and
CuO-water nanofluids respectively. Al2O3-water nanofluid
is found to be having higher enhancement compared to
CuO-water nanofluid due to its higher effective thermal
conductivity.

Fig. 12 Variation of
effectiveness of radiator with
flow rate for water and 0.05%
volume concentrations of CuO
and Al2O3 nanofluids
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Fig. 13 Variation of inside heat
transfer coefficient with
Reynolds number for different
concentrations of CuO-water
nanofluid

4.2.3 Variation of effectiveness

Figure 12 shows the variation of effectiveness of radiator
with the flow rate from experimental results. The results
are obtained from conducting experiments for water, 0.05%
volume concentrations of Al2O3-water and CuO-water
nanofluids. It is observed that the effectiveness of radia-
tor increases with increasing flow rate. The effectiveness
of radiator also increases when nanoparticles are added,
due to the increase in heat rejection. Maximum enhance-
ment of 7.3% and 4.8% are obtained for Al2O3-water and
CuO-water nanofluids respectively. Al2O3-water nanofluid
is found to be having higher enhancement compared to

CuO-water nanofluid due to its higher effective thermal
conductivity.

4.3 Numerical results

4.3.1 Variation of inside heat transfer coefficient

Figures 13 and 14 shows the variation of inside heat
transfer coefficient with Reynolds number for different
concentrations of CuO-water and Al2O3-water nanofluids
respectively. It is observed that the heat transfer coeffi-
cient increases with increase in Reynolds number and with
increase in concentration. In the case of 1% concentration

Fig. 14 Variation of inside heat
transfer coefficient with
Reynolds number for different
concentrations of Al2O3-water
nanofluid



Heat Mass Transfer (2017) 53:3545–3563 3557

Fig. 15 Variation of Nusselt
number with Reynolds number
for different concentrations of
CuO-water nanofluid

of CuO-water and Al2O3-water nanofluids, the maximum
heat transfer coefficient enhancement of 13.2% and 16.4%
are obtained respectively compared to the base fluid for
Reynolds number 816. The increase in heat transfer coef-
ficient is due to the increase in thermal conductivity of
nanofluid when nanoparticles were dispersed. The increase
in effective thermal conductivity leads to the increase in heat
transfer coefficient. The results shows same trend as that
of experimental results. Compared to CuO-water nanoflu-
ids, Al2O3-water nanofluids gives maximum enhancement
in heat transfer coefficient due to its higher effective thermal
conductivity.

4.3.2 Variation of Nusselt number

Figures 15 and 16 shows the variation of Nusselt number
with Reynolds number for different concentrations of CuO-
water nanofluid and Al2O3-water nanofluid respectively.
The Nusselt number increases with increase in Reynolds
number. With an increase in the concentration, the Nusselt
number decreases. This is because, although the heat trans-
fer coefficient increases with increase in concentration, the
increase in the heat transfer coefficient is less when com-
pared to the increase in thermal conductivity. As an exam-
ple, the percentage increase in the thermal conductivity of

Fig. 16 Variation of Nusselt
number with Reynolds number
for different concentrations of
Al2O3-water nanofluid
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Fig. 17 Variation of Nusselt
number with Reynolds number
for higher concentrations of
CuO-water nanofluid

1% concentration of CuO-water nanofluid over the base
fluid is 15.66%. For the same concentration, we observe
from Fig. 13 that there is an increase in the heat transfer
coefficient of 13.2% over the base fluid for a Reynolds num-
ber of 816. The trend is same for Al2O3-water nanofluid
also.

4.3.3 Variation of Nusselt for higher concentrations

Figures 17 and 18 shows the variation of Nusselt number
with Reynolds number for higher concentrations of CuO-
water nanofluid and Al2O3-water nanofluid respectively.

Nusselt number was calculated for higher concentrations of
nanofluids upto 5%. It is observed from Fig. 15 that for
CuO-water nanofluid the Nusselt number decreases with
increasing concentration upto 1%. But when the concentra-
tion increases beyond 1%, the Nusselt number increases.
This is because, increasing concentration beyond 1%, the
increase in heat transfer coefficient is more compared to
increase in thermal conductivity. The maximum increase in
Nusselt number of 7% is obtained in 5% concentration of
CuO-water nanofluid for Re = 816. Similarly for Al2O3-
water nanofluid also the Nusselt number decreases with
increasing concentration upto 1% and increases by further

Fig. 18 Variation of Nusselt
number with Reynolds number
for higher concentrations of
Al2O3-water nanofluid
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Fig. 19 Variation of shear stress
with increase in concentration
for same inlet velocity

increasing concentration. The maximum increase in Nus-
selt number of 8.2% is obtained in 5% concentration of
Al2O3-water nanofluid for Re = 816.

4.3.4 Variation of shear stress

Figure 19 shows the variation of average shear stress on
the tube wall for different volume concentrations of Al2O3-
water and CuO-water nanofluids. The results shows an

increase in average shear stress on the tube wall with
increasing concentration. Compared to the base fluid, the
shear stress is increased by 2.52% and 2.63% for Al2O3-
water and CuO-water nanofluids respectively for 1% vol-
ume concentration. The increase in shear stress is due to
the increase in viscosity of nanofluids when concentra-
tion increases. Thus increasing the volume concentration
will increase the shear stress, which is a disadvantage for
nanofluids.

Fig. 20 Variation of shear stress
along the tube length for water
and 1% volume concentration of
Al2O3-water and CuO-water
nanofluids
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Fig. 21 Variation of Heat
transfer coefficient along the
tube length for Re = 816

4.3.5 Variation of shear stress along tube length

Figure 20 shows the variation of shear stress along the tube
length for water and 1% volume concentration of Al2O3-
water and CuO-water nanofluids. It is observed that shear
stress decreases in developing flow region and remains con-
stant after the flow is fully developed. The hydrodynamic
entry length of the flow can be calculated from the equation,
XH = 0.05ReDhyd . From the above equation and Fig. 20
it is found that the flow is is developing upto Z/L = 0.52
and becomes fully developed after that. In addition to that
as the concentration of nanofluid increases the shear stress

also increases. This is due to the increase in viscosity of the
nanofluid in addition of nanoparticles.

4.3.6 Variation of heat transfer coefficient along tube
length

Figure 21 shows the variation of heat transfer coefficient
along the tube length for water and 1% volume concentra-
tion of Al2O3-water and CuO-water nanofluids. The thermal
entry length of the flow can be calculated from the equation,
XH = .05RePrDhyd . From the above equation and Fig. 21
it is found that the flow is thermally developing flow. In

Fig. 22 Variation of
Chilton-Colburn factor and
pumping power factor for
different volume concentrations
of CuO and Al2O3 nanofluids
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Fig. 23 Reduction in surface
area of radiator for same heat
rejection

addition to that as the concentration of nanofluid increases,
the heat transfer coefficient also increases. This is due to the
increase in thermal conductivity of the nanofluid in addition
of nanoparticles. The enhancement in heat transfer coeffi-
cient is more for Al2O3-water nanofluids due to its higher
thermal conductivity.

4.3.7 Variation of Chilton-Colburn factor and pumping
power

Figure 22 shows the variation of Chilton-Colburn factor
and pumping power for different concentrations of Al2O3-
water and CuO-water nanofluids. With an increase in the
concentration, the Chilton-Colburn factor increases. This is
because the heat transfer enhancement is more predomi-
nant than frictional losses. As the concentration increases,
although an increase in heat transfer coefficient is obtained,
the frictional losses due to increase in viscosity of nanofluid
is also increasing. As the concentration increases upto 0.4%
volume concentration, the slope of the graph decreases
and there is no much increase after reaching 0.8% vol-
ume concentration. Figure 22 also illustrates the pumping
power variation for different concentrations. For the same
heat rejection from water at Re = 816, the corresponding
pumping power for different concentrations were plotted.
The results shows that the pumping power decreases as
the concentration decreases. There is no much reduction in
pumping power by increasing concentration more than 0.8%
volume concentration. The pumping power reduced by
0.74 times and 0.77 times for Al2O3-water and CuO-water
nanofluids respectively for 1% volume concentration. By

comparing both enhancement in heat transfer and increase
in frictional losses, 0.4% to 0.8% volume concentration
gives the optimum concentration in which heat transfer
enhancement factor is more predominant. This study has not
been reported in literature.

4.3.8 Area reduction

Figure 23 shows the surface area reduction of flat tube
radiator when nanofluids are used as a coolant instead of
conventional coolants. It is observed that as the concentra-
tion increases the surface area of radiator can be reduced.
For the same heat rejection of water, the surface area can
be reduced by 2.1% for CuO-water nanofluid and 2.9%
for Al2O3-water nanofluid. There is no much reduction in
surface area by increasing concentration more than 0.8%
volume concentration.

5 Conclusions

The convective heat transfer in laminar flow inside a flat-
tened tube of an automobile radiator using Al2O3-water
and CuO-water nanofluids were investigated experimentally
and numerically. Nanofluids of 0.05% volume concentra-
tions were prepared with Al2O3 and CuO nanoparticles.
The numerical results were validated by using experimental
results of both nanofluids. The experiments were conducted
for water and 0.05% volume concentrations of Al2O3-
water and CuO-water nanofluids by varying the Reynolds
numbers from 136 to 816 (1-6 l/min).
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– The experimental study shows an enhancement in over-
all heat transfer coefficient by the addition of nanopar-
ticles in the base fluid. Maximum enhancement of
0.5% and 0.38% obtained for 0.05% concentration of
Al2O3-water and CuO-water nanofluids respectively.
The experimental results shows that the effectiveness of
radiator increases with increasing flow rate and concen-
tration. An effectiveness of 0.44 is obtained for 0.05%
volume concentration of Al2O3 nanofluid at 6 l/min,
and which is 7.3% more than that of water at same flow
rate.

– The numerical works were extended for various num-
ber of concentrations. The numerical analysis shows a
substantial enhancement in heat transfer coefficient by
the addition of nanoparticles in the base fluid. A maxi-
mum enhancement of 13.2% and 16.4% in heat transfer
coefficient were obtained for 1% concentration of CuO
and Al2O3 nanofluids respectively for Re = 816.

– The Nusselt number increases with the increase in
Reynolds number. The maximum increase in Nusselt
number of 7% and 8.2% were obtained in 5% concen-
tration of CuO and Al2O3 nanofluids respectively for
Re = 816.

– Chilton Colburn factor (j) increases with increase in con-
centration for both nanofluids. For 1% concentration j,
increased by 3.6% and 4% for CuO and Al2O3 nanoflu-
ids respectively. The increase in Chilton-Colburn factor
shows that the heat transfer enhancement factor is more
predominant than the frictional loss factor.

– For same heat rejection of water, the pumping power
was reduced by 0.74 times for 1% of CuO and 0.77
times for 1% of Al2O3 nanofluids. The surface area
of radiator can be reduced by using nanofluids instead
of conventional coolants. For same heat rejection of
water, the area of the radiator can be reduced by 2.1%
and 2.9% for 1% concentration of CuO and Al2O3

nanofluids respectively.

The variation of Chilton-Colburn factor, pumping power
and area reduction factor shows that the advantage of
increasing concentration is less above 0.8% volume con-
centration. Thus the concentration between 0.4% to 0.8%
can be taken as the optimum concentration for nanofluids.
Al2O3-water nanofluids are more preferred than CuO-water
nanofluids due to the higher effective thermal conductivity
of Al2O3 nanofluids compare to CuO nanofluids. By con-
sidering all the above factors, heat rejection from engines
can be enhanced by using nanofluids with optimum con-
centration, in automobile radiator instead of conventional
coolants like water/ethylene glycol.
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