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� CFD simulation of turbulent and laminar flow heat transfer of nanofluids in flat tube.
� Single and two-phase approaches were evaluated by comparing with experimental data.
� Despite the time consuming, two-phase approach has better prediction for nanofluids Nusselt number.
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a b s t r a c t

The present numerical study simulated turbulent and laminar flow heat transfer in nanofluids (Al2O3

particles in water and ethylene glycol-based fluid) passing through a flat tube in 3D using computational
fluid dynamics (CFD) for single and two-phase approaches. The advantages over pure base fluids were
evaluated. Empirical correlations were used to calculate nanofluid viscosity and thermal conductivity as a
function of the volumetric concentration of the nanoparticles. First, the Nusselt numbers of the pure
water and pure ethylene glycol in flat tubes were compared with the experimental data. Next, the
Nusselt numbers for both approaches were compared with those for experimental data at the same
Reynolds number for different concentrations of nanoparticles. A small difference in the friction factors
of the tube was observed between the two approaches and the Nusselt number for the two-phase model
was markedly different from that for the single-phase model; however, the volumetric flow for the same
heat transfer rate decreased and less pumping power was required for the nanofluids.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, extensive research has been focused on nano-
fluids (metal or metal oxide particles typically less than 100 nm in
size suspended in a base fluid) and their role in heat transfer. One
important application for nanofluids is as a vehicle engine coolant.
The very high surface area of nanoparticles, even at low concen-
trations, increases thermal conductivity. The significant increase in
the thermal properties of nanofluids has attracted scientific
attention in recent years. Choi [2] first used the term “nanofluid” for
fluids with suspended nanoparticles; numerous studies in various
fields have examined these types of fluids.

Kim et al. [3] experimentally investigated the effect of convec-
tive heat transfer in nanofluids under laminar and turbulent flow
regimes. They used a straight circular cross-section of a tube with
emabadi).

1

constant wall heat flux for laminar and turbulent flow regimes. The
effects of the thermo-physical properties on models for predicting
convective heat transfer coefficients of nanofluids at low concen-
trations were studied by Duangthongsuk and Wongwises [4]. They
found that, at low concentrations of nanoparticles in the base fluid,
the validity and accuracy of the experimental convective heat
transfer coefficient depends more on empirical calibration of the
system than on the thermo-physical models of nanofluids.

Peyghambarzadeh et al. [5] tested the increase in heat transfer
for nanofluids based on turbulent flow of water in a car radiator.
Ferrouillat et al. [6] reported on heat transfer and hydraulics of
nanofluids with SiO2 nanoparticles in a horizontal tube under
constant wall temperature conditions. Their experiments were
done at 20, 50 and 70 �C and Reynolds numbers of 200e10,000. In
this study, an increase in convective heat transfer of nanofluids over
pure water was reported.

The use of nanofluids in a plate heat exchanger was studied
numerically and experimentally by Pantzali et al. [7] using a
laminar flow regime. The thermal performance of the nanofluid

mailto:hashemabadi@iust.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2014.07.061&domain=pdf
www.sciencedirect.com/science/journal/13594311
http://www.elsevier.com/locate/apthermeng
http://dx.doi.org/10.1016/j.applthermaleng.2014.07.061
http://dx.doi.org/10.1016/j.applthermaleng.2014.07.061
http://dx.doi.org/10.1016/j.applthermaleng.2014.07.061


Nomenclature

A cross sectional area of the tube (m2)
Cp specific heat capacity (J/kg K)
Dh hydraulic diameter of the tube (m)
dp nanoparticles diameter (m)
f friction factor
h heat transfer coefficient (W/m2 K)
k thermal conductivity (W/m K)
l length of the tube (m)
Nu Nusselt number (hdhy/k)
P pressure, Pa
Pr Prandtl number (Cpm/k)
Pt tube periphery (m)
Re Reynolds number (rudhy/m)
T temperature (K)
V average velocity (m/s)
VB Brownian velocity (m/s)

XH hydrodynamic entry length (m)
XT thermal entry length (m)
W power (W)

Greek letters
r density (kg/m3)
d distance between the centers of the particles (m)
m viscosity (kg/m s)
4 nanoparticle volume fraction (%)
F shape factor
j particle sphericity

Subscripts
ave peripheral average
bf base fluid
nf nanofluid
p nanoparticle
k component

Fig. 1. Configuration of simulated air exchanger.
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containing 4% CuO nanoparticles was compared with pure water.
The results indicated that, at a given heat transfer rate, the volu-
metric flow rate for nanofluids was lower than for pure water,
which had a lower drop in pressure. Heat transfer coefficients for
water-based CuO nanofluids in a laminar flow in a flat tube has
been studied by Naraki et al. [8] and Peyghambarzadeh et al. [9].
Their results showed that the overall heat transfer coefficient
increased as the nanoparticle concentration increased.

Demir et al. [10] did a 2D numerical study of single-phase forced
convective heat transfer for Al2O3 and TiO2 nanofluids in a hori-
zontal counter current double pipe heat exchanger. They reported
that heat transfer increased with the presence of nanoparticles in
the base fluid. Keshavarz et al. [11] assumed constant heat flux in
the tube wall for laminar flow heat transfer of nanofluids modeled
using CFD in a fully developed region inside tubes with circular
cross-sections. The single-phase simulation used nanoparticles
with average diameters of 45 and 150 nm at concentrations of 1%,
2% and 4%. The results showed differences of up to 10% with the
experimental data; they found that heat transfer increased as the
concentration of the nanoparticles increased.

In the two-phase approach, the base fluid and nanoparticles are
considered in two separate phases at different speeds and tem-
peratures and the internal conflict of the nanofluid phase is used to
solve the governing equations. Kalteh et al. [12] simulated nano-
fluids for forced convection heat transfer at a constant temperature
in a micro-channel using laminar flow. The EulerianeEulerian two-
phase approach was considered to simulate the nanofluids in the
micro-channel and the equations of conservation of mass, mo-
mentum, and energy were solved for both phases using the finite
volume method. The relative velocity and temperature of both
phases were investigated and it was found that the difference be-
tween two-phase velocity and temperature distribution was
negligible and the nanofluid concentration distribution was
assumed to be uniform. The two-phase simulation results showed
more heat transfer than the single-phase homogeneous model; in
other words, the Nusselt numbers of the two-phase model were
50%e80% greater than for the single-phase approach.

Akbari et al. [13] developed a CFD model for single-phase and
two-phase (VOF, mixture, and Eulerian) approaches. The results of
the two-phase approach were closer to the experimental data than
the results of the single phase. It was shown that both single-phase
and two-phase approaches predicted similar flow fields, but the
predictions for the thermal fields differed.
Many researchers have simulated the laminar flow of nanofluids
through tubes with circular cross-sections, but few studied nano-
fluids in a flat tube. One study [1] experimentally investigated the
flow of nanofluids through flat tubes and can be used for compar-
ison of numerical results. In this study, the thermal and hydraulic
performance of nanofluids in flat-tube exchangers was investigated
numerically.

2. Mathematical modeling

2.1. Topic geometry

Fig. 1 shows the simulated geometry of a car radiator, including
the vertical flat tubes with flat fins to remove heat from fluid to the
air. These types of heat exchangers perform well and efficiently
because of their flat tube design. This type of tube has a lower
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pressure drop on the air side than do circular cross-section tubes.
The geometrical characteristics of the tube used in the air-cooled
exchanger are shown in Fig. 2 [1].

2.2. The governing equations

The governing equations are assumed to be steady state for
incompressible fluid and the fluid inside the tube has Newtonian
behavior. The density of the water- and ethylene glycol-based
nanofluids is almost constant under pressure. The Newtonian
behavior of water-based Al2O3 nanofluids was reported by Das et al.
[14] for nanoparticle concentrations of up to 4%. Ambient temper-
ature and an air velocity through the air-cooled exchanger was
assumed to constant. Inlet velocity and temperature of the flat tube
was uniform. The gravity force was neglected because the viscous
drag force (frictional force on tube walls) is much greater than the
gravity force.

Thermal equilibriumwas established between the nanoparticles
and the base fluid. This assumption was used to calculate the spe-
cific heat capacity as reported by Xuan and Roetzel [19]. Particle
deposition was neglected because the size and concentration of
nanoparticles was very low and, with a good approximation, can be
considered to be a homogeneous fluid. The high speed of the
nanofluids through the flat tube does not allow settling of the
nanoparticles. According to these conditions, the conservation
equations are simplified as follows:

The continuity and momentum equations are respectively:

V$V ¼ 0 (1)

rnf

�
V$V

�
V ¼ �VP þ

�
mnf þ mt

�
V2V (2)
Fig. 2. Dimensions of flat tube used in this study [1] A) side view, B) top view.
The standard keε model has been used for calculation of tur-
bulence viscosity [27]:

mt ¼ Cm
k2

ε

(3)

The energy conservation equation is as bellow:

rnfCpnf
�
V$V

�
T ¼ knfV

2T (4)
2.3. The single phase model

More recent research suggests that, at a low volume concen-
tration of nanoparticles in the base fluid, it can be assumed that the
nanofluid will behave like a single-phase fluid [15]. This model
considers the nanofluid as a homogeneous fluid which is strongly
dependent to its physical properties. It is very important to use
most proper correlations for the effective nanofluid properties to
get correct results with solving the differential equations present-
ing conservation of mass, momentum and energy. Nanofluid
properties rely on the volume fraction of particles as well as on the
corresponding properties of the base fluid and the solid particles.
Since the properties of the base fluid are temperature dependent,
those of the nanofluid are also temperature dependent. Therefore,
in this study all the nanofluid properties are described as function
of the volume fraction and temperature [13].

The heat transfer coefficient and Nusselt number can be calcu-
lated respectively:

hnf ðCFDÞ ¼
CpnfrnfVtAtðTin � ToutÞ

ApðTb � TwÞ (5)

Nunf ðCFDÞ ¼
hnf ðCFDÞDh

knf
(6)

where Tb is the bulk temperature of the fluid, which is the average
temperature of the inlet and outlet of flat tube. Tw is the flat tube
wall surface temperature and At is cross section area of the flat tube
(Fig. 2B).
2.4. The two-phase model

There are two general approaches to simulating solideliquid
flows. For a low volumetric concentration of solid particles, the best
approach is the LagrangianeEulerian which assumes the Eulerian
approach for the base fluid and Lagrangian approach for the par-
ticle phase. For high volumetric concentrations, the Euler-
ianeEulerian approach is more suitable. The number of particles in
the computational domain of a nanofluid is very high, even at low
volumetric concentrations, because of the very small size of the
nanoparticles. A nanofluid flow problem solved using the
Lagrangian approach appears to be impossible because of the lack
of adequate software, computer memory, and CPU. Therefore, due
to less computational time, the mixture model based on Euler-
ianeEulerian approach is considered for this study. The mass con-
servation equation for mixture models is as follows [13]

V$
�
rnf v

!
nf

�
¼ 0 (7)

where

v!nf ¼
P2

k¼1 4krk v
!

k
rnf

(8)
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rnf ¼
X2
k¼1

4krk (9)

The momentum equation in steady state condition is:

V$
�
rnf v

!
nf v
!

nf

�
¼� Vpþ V$

h
mnf

�
V v!nf

�i
þ rnf g

!

þ V$

 X2
k¼1

4krk v
!

dr;k v
!

dr;k

!
(10)

mnf ¼
X2
k¼1

4kmk (11)

Where drift velocity is defined as bellow:

v!dr;k ¼ v!k � v!nf (12)

The energy conservation equation for mixture model is:

V$
X2
k¼1

ð4k v
!

kðrkEk þ pÞÞ ¼ V$
�
keffVT

�
þ SE (13)

Ek ¼ hk �
p
rk

þ v2k
2

(14)

In this model, the solid particles are assumed to be a continuum,
so its viscosity must be calculated. The lack of experimental data
means that the solid viscosity for the solideliquid two-phase
mixture model is not available. The following method was used
as an approximation for this study.

The pressure drop and average Nusselt number of a very dilute
nanofluid with a nanoparticle volumetric concentration of 0.00001
(close to pure water or pure ethylene glycol) was compared with
that of pure water at a Reynolds number of 9350 and that of pure
ethylene glycol at a Reynolds number of 2440. Using trial and error,
the viscosity of the nanoparticles changed up to the point at which
the pressure drop and Nusselt number of the very dilute nanofluid,
pure ethylene glycol, and pure water were equal. The viscosity of
the nanoparticles in the water-based nanofluids was 0.00138 kg/
m s and of the ethylene glycol-based nanofluids was 0.02 kg/m s.
The difference between the pressure drop and average Nusselt
number of the very diluted nanofluid with water was zero and of
the ethylene glycol was 1.1%. This method has been validated by
Kalteh et al. [12], who also showed that the viscosity of the solid
phase is independent of the Reynolds number.

2.5. Thermo-physical properties of nanofluid

Usually Al2O3 nanofluid density and other nanofluids are
measured by the digital density meter. However, the equation given
by Pak and Cho [18] has a good agreement with the measured re-
sults. Thus, the density correlation used in this study is:

rnf ¼ 4rp þ ð1� 4Þrbf (15)

where 4 is the volumetric concentration of the nanoparticles.
Specific heat of nanofluids was obtained from the proposed

correlation by Xuan and Roetzel [19]. Their equation is as follows:

Cpnf ¼
4rpCpp þ ð1� 4ÞrbfCpbf

rnf
(16)

Hamilton [20] has presented known model for conductive heat
transfer coefficient.
k ¼
kp þ ðF� 1Þkbf � 4ðF� 1Þ kbf � kp� � k (17)
nf

� �
kp þ ðF� 1Þkbf þ 4 kbf � kp

bf

where F is an empirical shape factor and is equal to F ¼ 3/J.
Particle sphericity (J) is the ratio of the surface area of a sphere
that has same volume as the particle over the particle surface area.
In this study, F was considered equal to 3 [1].

Recently Masoumi et al. [21] presented an analytical model to
calculate the nanofluid viscosity of the fluid with respect to
Brownian motion of nanoparticles:

mnf ¼ mbf þ
rpVBd2p
72Cd

(18)

where VB is the velocity of Brownian motion and is defined as
follows:

VB ¼ 1
dp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
18KbT
prpdp

3

s
(19)

and Kb is Boltzmann's constant and is equal to 1.38 � 10�23. As can
be seen, Brownian velocity is a function of temperature. In Eq. (18)
rp and dp are respectively the density and diameter of the nano-
particles and d represents the distance between the centers of two
particles which is:

d ¼
ffiffiffiffiffiffi
p

64
3

r
dp (20)

In Eq. (18) C is a correction factor and it is calculated as follows:

C ¼ a4þ b
mbf

(21)

where a and b are empirical coefficients, according to the Kole and
Dey [22] for the nanofluid discussed in this study are
respectively�0.00004 and 7.13� 10�7. According to the new report
of Masoumi et al. [21] because the Reynolds number for the
nanoparticles is much lower than one, creeping flow around the
nanoparticles can be solved with a correction factor. They defined
factor N as follows:

N ¼ a4þ b (22)

where a and b are the empirical coefficients in Eq. (21). Relative
viscosity is defined as:

mnf
mbf

¼ 1þ rpVBd2p
72Nd

(23)

As seen, the relative viscosity is independent of the base fluid
viscosity and depends on the temperature, diameter, density, and
volumetric concentration of the nanoparticles in the base fluid.
The density and diameter of the nanoparticles were considered
constant and equal to 4000 kg/m3 [22], and 20 nm [1],
respectively.

2.6. Boundary conditions and CFD simulation

Numerical calculations were performed in a laminar flow
regime for nanofluids based on ethylene glycol and in turbulent
flow for nanofluids based onwater from a volumetric concentration
of zero to 1% for alumina (Al2O3) nanoparticles. Table 1 shows the
range of operating conditions in this study. The symmetry of the flat
tube decreased the computation time and increased the computing



Table 1
The range of operating conditions in this study.

Parameter Water-based
nanofluids

Ethylene glycol-based
nanofluids

Types of nanoparticles g-Al2O3 g-Al2O3

Nanoparticle volumetric
concentration

Up to 1% Up to 1%

Reynolds number 9000e23,000 1200e2500
Flow regime Turbulent Laminar
Flat tube inlet

temperature (�C)
35e50 45e60

Fig. 4. Layout of mesh #2 which is used in this study.
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speed; half of a flat tube of an air cooled exchanger was considered
to be the computational domain.

Fig. 4 illustrates the QUADMAP scheme used to mesh the
computational domain. The boundary conditions in Fig. 3 were
used for the velocity inlet, pressure outlet, wall and symmetry. Cell
density near the wall was considered to be higher to properly
display fluid bulk heat transfer near the wall. A square grid was
chosen because it shows greater density around the wall. Since the
turbulent flow of pure water and water-based nanofluids are at a
Reynolds number of less than 106, an enhanced wall treatment
with pressure gradient and thermal effects can be used for the
simulations.

The nanofluid was subjected to following boundary conditions
(Fig. 3):

� Velocity inlet, because inlet temperature and velocity are
known. The turbulence intensity was 10% and the hydraulic
diameter of flat tube under consideration was 5.3 � 10�3 mm.

� Pressure outlet, because nanofluid flow inside the flat tube was
not developed through the tube length.

� Wall of the computational domain was assumed with convec-
tion boundary conditionwith heat transfer coefficient of 150W/
m2 K [16,17] and the air temperature of 303 K [1].

The set of governing equations was resolved by the finite vol-
ume method [23,28] on a computer with 2.5 GHz dual core and
4 GB RAM. The first-order upwind method was used to discretize
Fig. 3. Boundary conditions for the computational domain.
the convection terms from the conservation equations. The stag-
gered grid was implemented for simulations where velocity com-
ponents were calculated on the control volume faces and the flow
variables were obtained in the central node of the control volume.
The linear algebraic system obtained from discretizationwas solved
using the GausseSeidel method. For all simulations performed in
this study, a converged solution in an iterative process for the re-
siduals of the continuity, momentum and energy conservation
equations was considered to be less than 10�6, and 10�9,
respectively.
3. Results and discussion

3.1. Mesh independency of results

To verify mesh independence and achieve the minimum num-
ber of cells for accurate computational results, five mesh sizes were
selected for discretization in the computational domain (Table 2).
Mesh #5 was tested to decrease the computational cell length in
the Y direction; the mesh size in this direction is similar to the cell
size in two other directions. The cell size for mesh #2 (Fig. 4) in the
Y direction is 15.5 times the cell size in the Z direction, which this
ratio for mesh #5 is equal to 5.

Table 2 shows the maximum velocity and temperature for
laminar flow of pure water through a flat tube at a Reynolds
number of 200 for different meshes. The velocity and temperature
profiles for mesh #1 do not match those of the other mesh sizes.
Values for meshes #2e#5 overlap and it can be concluded that
mesh independence is reached using mesh #2 and finer meshes.
Accordingly, all simulations used mesh #2. First order upwind
method, is easiest and most economical for discretization of con-
vection terms in governing equations. The validity of first order
upwind method was reviewed using two computational runs. The
results of both methods using mesh #2 are shown in Table 3 briefly.
The maximum difference between the two methods is less than
0.021 percent. The number of iterations for the second-order
Table 2
Mesh independence study in the fully developed region of heat and fluid flow
(Y ¼ 0.25 m, Z ¼ 0.01 m) for pure water at Reynolds 200.

Series Mesh, (x, y, z) Maximum
speed, m/s

The maximum
temperature, K

Computational
time, min

1 80 � 60 � 10 0.040545 311.584 41
2 120 � 120 � 15 0.040693 311.596 440
3 130 � 130 � 20 0.040736 311.599 1167
4 140 � 140 � 20 0.040716 311.602 1291
5 120 � 372 � 15 0.040724 311.601 1353



Table 3
Comparison of the first and second order upwind scheme.

Axial
location, m

Parameter First order Second
order

Percent
difference

Y ¼ 0.15 Temperature, K 312.266 312.275 0.002882
Y ¼ 0.250 Temperature, K 311.596 311.604 0.002567
Z ¼ 0.000463 Velocity, m/s 0.036804 0.036811 0.020646
Z ¼ 0.001213 Velocity, m/s 0.0140478 0.0140506 0.019928
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method increased 20% and computational time increased by 1.5
times without creating an appreciable difference in the results.
Fig. 6. Yþ test for pure water at inlet temperature of 50��C and Reynolds 9500.
3.2. Validation of computational procedures

Two-phase (nanoparticle concentration was assumed to be
zero) and single-phase simulations were done for pure water in
turbulent flow at 50 �C and pure ethylene glycol in laminar flow at
40 �C. The Reynolds numbers were then compared with the
empirical data reported by Peyghambarzadeh et al. [1].

The numerical results for pure water have been compared with
Dittus and Boelter [24] and Gnielinski [25] empirical correlations
which have following form respectively.

Nu ¼ 0:0236Re0:8Pr0:3 (24)

Nu ¼

�
f
8

�
ðRe� 1000ÞPr

1þ 12:7
�

f
8

�0:5�
Pr

2
3 � 1

� (25)

where f, is the coefficient of friction which is defined as follows:

f ¼ ð0:79 lnRe� 1:69Þ�2 (26)

Fig. 5 shows good agreement between the CFD simulation for
the single-phase and two-phase approaches with the correlations
from Dittus and Boelter [24] and Gnielinski [25]. The absolute
average error between the CFD results and Dittus and Boelter
Fig. 5. Comparison of the numerical results of pure water (inlet temperature 50��C)
with existing correlations.
correlation is 4.54%; in Gnielinski, this value is 10.5%. The numerical
results of the two-phase models (zero nanoparticles concentration)
and pure water and pure ethylene glycol fully coincide.

Fig. 6 shows Yþ at the flat tube wall for a Reynolds of 9500 with
pure water flowing through the tube. Enhanced wall treatment was
implemented in the turbulent flow simulation, which should pro-
duce a Yþ value equal to one; the figure indicates that this holds
true for most parts of the flat tube wall.

The numerical results for pure ethylene glycol were compared
with the experimental data from Peyghambarzadeh et al. [1] and
Vajjha et al. [26] correlations in Eq. (27).

8>>><
>>>:

Nu ¼ 1:9421
�
RePr

Dh
z

�0:3 �
RePr

Dh
z

�
� 33:33

Nu ¼ 6:1þ 0:003675
�
RePr

Dh
z

� �
RePr

Dh
z

�
� 33:33

(27)
Fig. 7. Comparison of the numerical results for pure ethylene glycol (inlet temperature
40 �C) with experimental data [1] and existing correlations (Eq. (29)).



Fig. 8. Variation of heat transfer coefficient and the local friction coefficient along the
tube wall for the pure water in Reynolds number of 9500 and inlet temperature of
50 �C. Fig. 9. Variations of the numerical results of Nunf/Nubffor water based nanofluids with

different volumetric concentration of nanoparticles for inlet temperature of 45 �C and
the same Reynolds numbers.
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Fig. 7 confirms that the numerical results provide a good
approximation. The mean absolute average error between the CFD
results for both single-phase and two-phase approaches with
experimental data is 5.56%; this value for the empirical correlation
is 2.8%.

3.3. Local heat transfer coefficient and friction factor

Fig. 8 shows local heat transfer and local skin friction factor
along the length of the wall in the flat tube. The results for pure
water are an inlet temperature of 50 �C and a Reynolds number of
9500. Since the thermal and hydrodynamic boundary layer thick-
nesses are zero at the entrance to the tube, the convection coeffi-
cient and wall skin friction factor are very large at Y ¼ 0. As both
boundary layers develop, the locally-averaged convective heat
transfer coefficient (h) and the locally averaged skin friction factor
decrease rapidly.

3.4. Effect of nanoparticles concentration on Nusselt number

According to experimental data [1], nanofluids with different
concentrations of 0.1, 0.3, 0.5, 0.7 and 1 volume percent of Al2O3
nanoparticles in water or ethylene glycol base fluid have been
examined with different Reynolds numbers inside the flat tube.
Also, the experiments were carried out at different input
Table 4
Numerical results of Nusselt number for two approaches for different volumetric
concentration of nanofluids based on water with inlet temperature of 45 �C.

Reynolds
number

0%a 0.1% 0.3% 0.5% 0.7% 1%

Nu

Single-phase
approach

23,000 118 135 140 144 150 161
18,500 96 107 111 114 118 126
13,800 78 84 87 90 93 99
9350 58 62 64 66 68 73

Two-phase
approach

23,000 118 132 155 174 195 239
18,500 96 104 132 147 164 199
13,800 78 92 105 117 131 159
9350 58 67 76 85 96 117

a Pure water.
temperatures of 35, 40, 45, 50 and 60 �C to show the effect of
temperature on the heat transfer coefficient.

Table 4 shows the results of the numerical calculations for the
single-phase and two-phase approaches at the same Reynolds
numbers. Fig. 9 shows the ratio of the Nusselt number for the
nanofluid to that for water-based fluid at different Reynolds
numbers and volumetric nanoparticle concentrations at an inlet
temperature of 45 �C. As shown, the Nusselt number increased
uniformly as the Reynolds number and concentration of nano-
particles increased. Kalteh et al. [12] found that the numerical re-
sults of the two-phase approach were 10%e32% greater than for the
single-phase approach.

Table 5 shows the results of numerical calculations for single-
phase and two-phase ethylene glycol-based nanofluids. The table
shows a regular increase in the Nusselt numbers as the ethylene
glycol-based nanofluid Reynolds numbers increase. It is clear that
slight increases in nanoparticles in the cooling base fluid changed
the thermo-physical properties of the fluid, increasing density,
thermal conductivity, and viscosity and slightly decreasing the
specific heat; this resulted in a significant increase in heat transfer
by the nanofluid. The Brownian motion of the nanoparticles inside
the fluid is a very important factor in increasing heat transfer by the
nanofluid. The random motion of the nanoparticles in the fluid
Table 5
Results of two approaches numerical simulation of Nusselt number for nanofluids
with different volumetric concentrations based on ethylene glycol for inlet tem-
perature of 45 �C.

Reynolds
number

0%a 0.1% 0.3% 0.5% 0.7% 1%

Nu

Single phase
approach

2440 37 39.6 40.8 41.8 43.1 45.6
2030 35 36.7 37.8 38.8 39.9 42.3
1630 32 33.5 34.5 35.5 36.5 38.7
1220 28 29.8 30.7 31.6 32.5 34.5

Two phase
approach

2440 37 44.3 53.9 63.26 72.6 88
2030 35 40.9 49.9 58.5 67.1 81.3
1630 32 37.4 45.6 53.39 61.2 74
1220 28 33.2 40.5 47.4 54.2 65.6

a Pure ethylene glycol.



V. Delavari, S.H. Hashemabadi / Applied Thermal Engineering 73 (2014) 380e390 387
decreased the boundary layer thickness, increasing heat transfer
between the wall and the bulk fluid [9].

The numerical results of the two-phase approachwere 10%e45%
greater than for the single-phase approach. The experimental data
[1] and previous studies [12,13] confirm that the two-phase model
better predicts the Nusselt number of the experimental data.

3.5. Effect of nanoparticle concentration on friction factor

Fig. 10A and B shows changes in the local surface friction coef-
ficient along the length of the flat tube length at different con-
centrations of Al2O3 nanoparticles and the same input velocity. The
figures indicate that the local surface friction coefficient increased
Fig. 10. Changes in local friction coefficient along the flat tube for different concen-
trations of Al2O3 nanoparticles in A) water based nanofluids, B) ethylene glycol based
nanofluids with the same input velocity of 2.61245 m/s and 3.35338 m/s respectively
and inlet temperature of 45 �C.
as the concentration of nanoparticles increased. This will increase
the flow pressure drop in the flat tube.

The computations were carried out for a uniform input velocity
of 2.61245 m/s, equivalent to Reynolds number of 12,866 for 1%
nanofluid and 23,000 for water base fluid due to its lower viscosity,
and a uniform input velocity of 3.35338m/s, equivalent to Reynolds
number of 1360 for 1% nanofluids and 2440 for ethylene glycol base
fluid, because its viscosity is lower. The surface friction coefficient
for 1% nanofluid is 1.2 times that of the water based fluid and 1.8
times that of the ethylene glycol based fluid.

3.6. Effect of inlet temperature on Nusselt number

Fig. 11 shows Nusselt numbers of water-based nanofluid at
different inlet temperatures. In this figure, the numerical results of
single-phase and two-phase approaches are compared. It is clear
that increasing the temperature at the flat tube inlet increased heat
transfer slightly. An increase in inlet temperature from 35 to 50 �C
for the water-based 1% nanofluid increased the Nusselt number for
the single-phase approach by 4% and for the two-phase approach
by 5%.

Fig. 12 shows the Nusselt numbers for ethylene glycol-based
nanofluid at different inlet temperatures and the single-phase
and two-phase numerical results were compared with the experi-
mental data [1]. For 0.7% ethylene glycol-based nanofluid, increases
in inlet temperature from 45 to 60 �C increased the experimental
Nusselt numbers by 6%; the single-phase numerical results
increased 0.5% and the two-phase numerical results increased 2%
over that of pure ethylene glycol-based fluid. As seen, the results of
the two-phase approach were closer to the experimental data than
the results of the single-phase approach. The reasons for these
differences are:

1. The wall thickness of the flat tube was set to zero in the simu-
lation, neglecting heat dissipation by thermal conductivity in a
solid wall. This created less heat transfer resistance for the nu-
merical model over the experimental model.

2. The tube cross-section area of the flat tube was calculated based
on the results of Peyghambarzadeh et al. [1]. The differences
between the calculated cross-section and that of experimental
case created differences in the hydraulic diameter and heat
transfer surface of the flat tube.

3. The air velocity was assumed to be constant and uniform around
the flat tube, which is not true in the actual case; thus, velocity
Fig. 11. Variation of Nusselt numbers of 1% Al2O3/water nanofluid for different inlet
temperatures.



Fig. 14. The average heat transfer coefficient and average Nusselt numbers for 1%
Al2O3/ethylene glycol nanofluid.

Fig. 12. Comparison of 0.7% Al2O3/ethylene glycol nanofluid Nusselt numbers with
experimental data [1] for different inlet temperatures.
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distribution around the impeller is different than in the central
area.

4. The inlet velocity for the flat tube was assumed to be uniform
and constant, but the numerical and empirical calculations
based on this assumption could be in error. In the actual case,
the head of a car radiator distributes inlet fluid non-uniformly
through the tubes.

3.7. Effect of Reynolds number on average Nusselt number

Fig. 13 shows the average heat transfer coefficient and the
average Nusselt number along the flat tube for water-based nano-
fluids that are defined as follows:

h ¼ 1
L

ZL
0

havedY (28)

Nu ¼ 1
L

ZL
0

NuavedY (29)

In general, the average heat transfer coefficient and Nusselt
number increase with increasing the Reynolds number. Increasing
Fig. 13. The average heat transfer coefficient and average Nusselt numbers for 1%
Al2O3/water nanofluid.
in the concentration of nanoparticles in a constant Reynolds
number enhances the average Nusselt number. For a Reynolds
number of 23,000, a 1% nanofluid produced an average Nusselt
number that was 205% higher than for pure water. Fig. 14 shows the
average heat transfer coefficients and average Nusselt numbers for
Fig. 15. Pressure drop inside the tube flat for nanofluids based on A) water B) ethylene
glycol at Reynolds number of 23,000 and 2440 respectively and inlet temperature of
45 �C.



Table 6
Comparison of various parameters for different concentrations of the Al2O3 nanofluid with water base fluid for a constant heat transfer.

Type of nanofluid Al2O3/water

Concentration (%) 0 0.1 0.3 0.5 0.7 1
h (W/m2 K) 14,660 14,660 14,660 14,660 14,660 14,660
Reynolds number, Re 23,000 18,500 15,800 13,800 11,900 9200
Density (kg/m3) 990.2 993.2 999.2 1005.25 1011.3 1020.3
Viscosity (kg/m s) 5.96 � 10�4 7.04 � 10�4 7.73 � 10�4 8.39 � 10�4 9.18 � 10�4 1.10 � 10�3

Velocity (m/s) 2.6125 2.4742 2.3075 2.1734 2.0386 1.8680
Skin friction, Cf 0.00702 0.00715 0.0073 0.00745 0.00763 0.0078
Pressure loss (Pa) 5549.73 5085.36 4543.15 4138.39 3751.26 3248.72
Power (W) 28.6254 24.8419 20.6976 17.7585 15.0986 11.9820
% Power reduction e 13.217 27.695 37.962 47.254 58.142

Table 7
Comparison of various parameters for different concentrations of the Al2O3 nanofluid with the ethylene glycol base fluid for a constant heat transfer.

Type of nanofluid Al2O3/ethylene glycol

Concentration (%) 0 0.1 0.3 0.5 0.7 1
h (W/m2 K) 1732 1732 1732 1732 1732 1732
Reynolds number, Re 2440 1620 980 660 460 280
Density (kg/m3) 1098.3 1101.2 1107 1112 1118.61 1127.3
Viscosity (kg/m s) 0.008 0.00945 0.01038 0.01126 0.01232 0.01473
Velocity (m/s) 3.3534 2.6241 1.7338 1.2609 0.9559 0.6906
Skin friction, Cf 0.01014 0.0125 0.0175 0.025 0.0312 0.045
Pressure loss (Pa) 14,653 11,088 6812 5171 3731 2830
Power (W) 97.0177 57.4498 23.3202 12.8735 7.0408 3.8589
% Power reduction e 40.784 75.963 86.731 92.743 96.022
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ethylene glycol-based nanofluids. The average Nusselt number
increased as the Reynolds number increased. Increasing the
nanoparticle concentration at a constant Reynolds number
increased the average Nusselt number. For example, for a Reynolds
number of 2440, the 1% nanofluid produced a Nusselt number that
is 237% higher than that for pure ethylene glycol.

3.8. Effect of nanoparticle concentration on the pressure drop

The pressure drop in the flat tube for the water- and ethylene
glycol-based nanofluids are shown in Fig. 15A and B at an inlet
velocities of 2.61245 m/s (Reynolds 23,000) and 3.35338 m/s
(Reynolds 2440), respectively, at an inlet temperature of 45 �C. As
these figures show, the increase in the concentration of nano-
particles in the base fluid increased the pressure drop. Pantzali et al.
[7] reported that, for a given heat transfer rate, the nanofluid
volumetric flow rate was less than for the base fluid having a low
pressure drop; in other words, less pumping power was required.

Figs. 13 and 14 can be used to demonstrate the effect of nano-
particle concentration on pumping power found by Vajjha et al.
[26]; the Reynolds numbers for nanofluids at different concentra-
tions with same convective heat transfer coefficients were lower
than for pure base fluids (Tables 6 and 7). For example, Table 6
shows that pure water with a Reynolds number of 23,000 pro-
duces an average convective heat transfer coefficient of 14,660 W/
m2 K (Fig. 13). This value occurs for 1% nanofluid at a Reynolds
number of 9200. Tables 6 and 7 show the velocities calculated from
the Reynolds numbers and average tube friction factors from the
numerical. So the pressure drop is calculated from the following
formula for flat tube:

DP ¼ Cf
4L
Dh

1
2
rV2 (30)

where the average friction factor can be calculated as follows:

Cf ¼
1
L

ZL
0

Cf avedY (31)
and the pumping power required to circulate the fluid is equal to:

W ¼ AVðDPÞ � 34 (32)

Tables 6 and 7 show that nanofluids require less pumping power
at lower velocities than do the pure base fluids to exercise the same
level of heat transfer. For constant heat transfer, the pumping po-
wer required for nanofluids decreased as the concentration of the
nanoparticles increased.

4. Conclusion

The behavior of water- and ethylene glycol-based Al2O3 nano-
fluids were numerically studied in turbulent and laminar flow
regimes in a flat tube. Both approaches were considered to eval-
uate the forced convection of the nanofluids through the 3D
computational domain. New correlations from experimental data
were used to calculate nanofluid viscosity and thermal conduc-
tivity as a function of nanoparticle volumetric concentration and
temperature. The Nusselt numbers for both approaches at
different nanoparticle concentrations and the same Reynolds
number was compared with experimental and well-known
correlations.

The numerical results were the same as for the experimental
data, indicating that increasing the concentration of nanoparticles
in the base fluid increased the heat transfer coefficient and the
Nusselt number. The influence of inlet temperature on Nusselt
number of a nanofluid at the same volumetric flow rate was
compared with experimental data. It was shown that the two-
phase model better predicted the Nusselt number for the experi-
mental data than did the single-phase approach.

Tube friction factor results showed that the tube friction coef-
ficient increased as the concentration of nanoparticles in the
nanofluid increased. The results indicate that, for a given heat
transfer rate, the required nanofluid volumetric flow rate was less
than that for the pure base fluid flow having a low pressure drop,
decreasing the pumping power required. Nanofluids are a prom-
ising solution for optimal design of a heat exchange system when
the size of the equipment is critical.
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