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Abstract: Titania-based nanofluid flowing inside a circular tube under the boundary condition of
a horizontal uniformly heated wall was investigated numerically for both laminar and turbulent
flows. In this work, an innovative numerical method using an Eulerian approach for the two-phase
mixture model was used to simulate the flow and convective heat transfer characteristics. The effect
of nanoparticle loading and Reynolds number on the flow and heat transfer characteristics was
observed. The Reynolds number was 500 and 1200 for laminar flow, while for turbulent flow, the
Reynolds number was varied in the range from 4000 to 14,000. A comparison with the established
empirical correlations was made. The results clearly showed at the laminar and turbulent flows
that the existing nanoparticles provided a considerable enhancement in the convective heat transfer.
For laminar flow, the numerical results found that the enhancement in the convective heat transfer
coefficient of nanofluids were 4.63, 11.47, and 20.20% for nanoparticle loadings of 0.24, 0.60, and
1.18 vol.%, respectively. On the other hand, for turbulent flow, the corresponding heat transfer
increases were 4.04, 10.33, and 21.87%.

Keywords: titania; nanofluids; mixture model; convective heat transfer; laminar; turbulent

1. Introduction

The method using extended surface area is commonly implemented to enhance thermal
performance [1,2]. The usage of nanofluids to enhance a thermal system performance using
nanoparticles has been conducted in several applications such as the cooling of electronic devices [3],
a transparent parabolic trough collector [4], and a solar thermal collector [5]. Many works have
investigated the flow and heat transfer characteristics of nanofluids in both experimental and numerical
studies. The problem of forced convection flow and heat transfer of nanofluids has been numerically
investigated for water–Al2O3 and ethylene glycol–Al2O3 nanofluids flowing under the boundary
condition of uniformly heated tube. The result clearly found that ethylene glycol–Al2O3 offered a
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higher heat transfer enhancement when compared to water–Al2O3. In addition, the wall shear stress
dramatically increased due to the presence of nanoparticles [6].

In general, two well-known approaches have been used in the numerical investigation of
convective heat transfer of nanofluids: single-phase and two-phase approaches. A better model for the
two-phase approach has been evidenced to describe the nanofluid flow characteristics compared to
the single-phase approach [7]. Meanwhile, a higher heat transfer enhancement has also been shown
by the two-phase approach instead of the homogeneous single-phase model [8]. The slip velocity
between the base fluid and nanoparticles might not be zero for the two-phase approach that in fact
affects a nanofluid flow. This phenomenon is due to some factors as follows: Brownian forces, gravity,
sedimentation, agglomeration, and friction nanofluids and wall [9].

On the other hand, the increase in thermal conductivity of nanofluids was believed to be
a dominant factor affecting the heat transfer enhancement. There have been several proposed
mechanisms affecting the thermal conductivity of nanofluids such as layering, Brownian motion,
clustering, ballistic phonon motion, thermal boundary resistance, and mass difference scattering
(MDS). Previous researchers have carried out both theoretical and experimental approaches to analyze
the dominance of these mechanisms and to identify the most relevant one. The result revealed that
MDS was the most important phenomena among other mechanisms affecting thermal conductivity
enhancement [10]. Through numerical and experimental investigations, the previous work studied the
layering phenomenon to analyze the thermal conductivity by means of molecular dynamics simulation.
The layering phenomenon surrounding metal nanoparticles can experimentally explain nanofluid
thermal conductivity [11].

The two-phase approach is generally classified into two well-known models, i.e., the
Eulerian–Eulerian and Lagrangian–Eulerian model. The Eulerian model is suitable for a two-phase
mixture consisting of a high concentration of nanoparticles. By using the Eulerian two-fluid model, the
previous work numerically studied pressure drop and heat transfer for copper–water nanofluid flowing
inside a parallel plate microchannel under isothermal heating. A wide range of Reynolds numbers,
nanoparticle volume concentrations and nanoparticle diameters were used as the variable parameters.
The relative velocity and temperature for the base fluid and nanoparticle phases were highly small
and insignificant due to considering nanofluids as a homogeneous solution [8]. Meanwhile, in the
Lagrangian–Eulerian model, also called the discrete phase model (DPM), trajectory is calculated by
integrating the particle force balance equation.

The well-known Eulerian–Eulerian models are used to solve governing equations consisting of
volume of fluid (VOF), mixture, and Eulerian. In this work, the second model (mixture model) was
used to analyze a numerical simulation of TiO2/water nanofluid flow and heat behavior flowing
through a circular horizontal tube under a uniformly heated wall. The mixture model involved
water as a continuous phase and nanoparticles as a dispersed phase. Analogous to the homogeneous
models, the mixture was performed to solve the governing equations [12]. The popularity of the
mixture model was caused by the following facts: simple in flow application, less time for software
running, easy to apply a turbulence model, and appropriate for two-phase flows. The Eulerian
approach was used to solve the flow and heat transfer characteristics of nanofluids. This approach was
expected to be a suitable method for nanofluids with a high concentration of nanoparticles even at low
volume fractions [13]. Our work revealed that the velocity and temperature profiles as well as thermal
performance could be investigated in detail by using the Eulerian method. Furthermore, it could
observe the differences of velocity and temperature profiles between the base fluid and nanofluids
including volume fraction. This is a reason why the present work has research novelty when compared
to the previously published studies.

Nanofluids contain a low concentration of nanoparticles that are usually smaller than 100 nm
dispersed in a base fluid. Nanofluids were first introduced by a researcher from the Argonne National
Laboratory about more than a decade ago as an example of new nanotechnology-based heat transfer
fluids (HTFs) [14]. Nanofluids exhibit better thermophysical properties than those of their base
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fluids. Many researchers have been attracted to these new materials since enormous enhancements in
convective heat transfer were reported. The poor thermal conductivity of conventional HTFs is the
main problem needing to be immediately solved. Many efforts are needed to improve the performance
of conventional HTFs. Hence, several different techniques have been undertaken to obtain better
properties of conventional HTFs, especially in thermal conductivity. Dispersion of nanoparticles in
conventional HTFs is a suitable way to achieve better performance in the heat transfer.

Recently, many examples of forced convective heat transfer in nanofluids have been investigated
numerically. Numerical investigations are required to study the fluid flow and heat transfer
mechanisms that cannot be assessed in experimental work. A numerical investigation was carried
out to observe the turbulent forced convection heat transfer of Cu/water nanofluids flowing inside a
circular tube with a concentration of nanoparticles of about 1 vol.% [15]. Two different models, i.e., a
two-phase mixture and a single-phase model, were compared to simulate the heat transfer behavior of
nanofluids. The results revealed that the mixture model was more accurate when compared to the
single-phase model. This research also demonstrated the nanofluid flow field in the axial direction and
velocity profiles at different Reynolds numbers in a fully developed flow.

The hydrodynamic and thermal behavior of alumina-based nanoparticles dispersed in water
and ethylene glycol and flowing inside a uniformly heated tube were numerically investigated by
assuming that the mixture behaves as a homogenous single-phase fluid [6]. The results showed that
the heat transfer rate enhanced significantly with an increase in the nanoparticle concentration for
both laminar and turbulent flow. It has been revealed that Al2O3/EG nanofluid shows a higher heat
transfer enhancement when compared to the Al2O3/water nanofluid. Due to the presence of alumina
nanoparticles, the shear stress between nanofluid and wall was considerably increased.

The hydrodynamic and thermal behaviors of Al2O3/water nanofluids were also investigated
numerically for the laminar mixed convection under uniform heat flux [16]. To numerically simulate
the turbulent forced convection, the single-phase and two-phase mixture model was employed to
observe Al2O3/water nanofluid flowing through a circular tube subjected to a constant and uniform
wall temperature [17]. It was found that the findings of the applied model were quite similar. As per
the results reported by previous studies, the heat transfer enhancement showed an increase with the
concentration of nanoparticles and Reynolds number. The numerical result exhibited a reasonable
consequence with the Pak and Cho empirical correlation [18].

Different nanoparticles (CuO, Al2O3, and SiO2) dispersed into ethylene glycol and water, were
numerically studied to investigate turbulent forced convection under a constant heat flux boundary
condition [17]. The temperature-dependent thermophysical properties of nanofluids were carried out
to determine heat transfer performance by considering the nanofluid as a single phase. The well-known
classical theory of single-phase fluid was utilized to compare the numerical analysis and empirical
correlation of the heat transfer. It was found that a smaller diameter of nanoparticles showed a higher
viscosity and the Nusselt number. For CuO nanofluids with a nanoparticle concentration of 6 vol.%, the
Nusselt number was increased by 35% higher than that of the base fluid at a constant Reynolds number.

Forced convection of a nanofluid prepared by dispersing water and Al2O3 nanoparticles at a
concentration of 1 vol.% with a diameter of 42 nm in a horizontal tube was numerically investigated
with three different approaches applied in this work: single-phase model, two-phase mixture model,
and Eulerian model [18]. The numerical study showed that the results of the mixture model was better
than that of the singe-phase and Eulerian models. The single-phase model and the Eulerian model
demonstrated an underestimation in the Nusselt number.

Using two different approaches, i.e., the single-phase method and the combined Euler and
Lagrange method, the TiO2/water nanofluid flowing upward through a straight tube was numerically
studied to observe the convective heat transfer of nanofluids at laminar flow [19,20]. Convective
heat transfer enhancement of nanofluid was experimentally tested in a horizontal circular straight
tube under constant wall heat flux as described in our previous work [21]. The numerical outcomes
revealed that the convective heat transfer coefficient was more affected by the thermal conductivity
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than that of the viscosity and the Brownian force. The numerical results between the two models
did not demonstrate any significant differences. This might be due to the consideration of the effect
of nanofluids in momentum conservation. Four models including single phase, the VOF, mixture,
and Eulerian were used to numerically analyze the TiO2/water nanofluid and turbulent convective
heat transfer flowing through a horizontal tube [12]. However, from the previous extensive study, the
critical condition for nanofluids is still questionable and further investigations are necessary.

Although investigations are still ongoing—both numerical and experimental efforts with regard
to the overall contribution of the advantages of nanofluids and reported in the literature review shown
above—explanations for the effect of nanofluid concentration on the thermal performance are still
limited and scarcely reported. This is the driving force for this present research. In this study, the
authors decided to investigate the effect of the nanoparticle loadings on heat transfer enhancement.
Various loadings of the existing nanoparticles performed using numerical investigation have not yet
been conducted in previously published reports. In this present work, the nanoparticle dispersion used
in this study was TiO2 (titania) with a 21 nm nominal diameter and various nanoparticle loadings of
0.24, 0.6, and 1.18 vol.%. Water was defined as the base liquid and dispersing nanoparticles by including
a specified volume fraction. The objective of this work was to examine an innovative numerical method
using an Eulerian approach for the two-phase mixture model on the performance of convective heat
transfer enhancement using TiO2/water nanofluid in a horizontal circular tube subjected to a uniformly
heated wall for both laminar and turbulent flow with various nanoparticle loadings.

2. Numerical Model of Nanofluids

2.1. Thermophysical Properties

Nanofluids are a new class of HTFs that have been studied in detail intensively during the
last few years due to their enhanced thermophysical properties. Their thermophysical properties
such as density, heat capacity, effective dynamic viscosity, and effective thermal conductivity for
titania nanoparticles and various nanoparticle loadings are expressed in the following description.
The effective density and the specific heat at constant pressure of the nanofluid containing dispersed
metal oxide nanoparticles can be calculated according to the mixing theory as typically done in the
majority of these types of studies [22]:

ρn f = (1− φ)ρb f + φρnp, (1)

where ρn f , ρb f , and ρnp are the nanofluid, base fluid, and nanoparticle densities, respectively.
Meanwhile, φ is the volume fraction.

The effective specific heat of nanofluid with a fixed volume concentration can be estimated based
on the mixture rule as follows:

cp,n f =
(1− φ)

(
ρcp
)

b f + φ
(
ρcp
)

np

(1− φ)ρb f + φρnp
, (2)

where cp,nf is the heat capacity of nanofluids. cp,bf and cp,np are the heat capacity of the base fluid and
nanoparticles, respectively.

The effective dynamic viscosity of the TiO2/water nanofluid was obtained by applying a
least-squares technique for curve fitting the experimental data [20]:

µn f = µb f

(
199.21φ2 + 4.62φ + 1.0

)
, (3)

where µnf and µbf are the dynamic viscosity of the nanofluids and base fluid, respectively. This equation
indicates that µn f = µb f at φ = 0. As a consequence, µn f was used in this work for generality. Figure 1
shows the measured effective dynamic viscosity of TiO2/water nanofluids in the experiments at
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approximately 22 ◦C as reported in the previously published work. However, viscosity nanofluid was
enhanced with an increase in concentration and decreased with increasing temperature.Energies 2018, 11, x 5 of 15 
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Figure 1. The effective dynamic viscosity of TiO2/water nanofluids observed at 22 ◦C.

Many empirical correlations based on a wide variety of experimental data available in the
published literature have been proposed for determining the thermal conductivity of nanofuids (kn f ).
In this present work, the computing thermal conductivity of TiO2/water nanofluid was determined
based on that performed experimentally in the previous work [18]. The empirical thermal equation
can be expressed as follows:

kn f (T) = kb f (T) · (a + bφ), (4)

where a and b are 1.0191 and 0.0352, respectively, as determined by extrapolating the experimental
data reported in our preliminary work. The measured thermal conductivity was compared with the
empirical equation as mentioned in Equation (4) at temperatures ranging from 15 to 35 ◦C as shown in
Figure 2. It was clear that the empirical correlation was in good agreement with the measured data of
thermal conductivity.
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Figure 2. Comparison between the result of empirical correlation and the measured data of the effective
thermal conductivity with various particle concentrations and temperatures.
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2.2. Grid Optimization

A 2-D axisymmetric configuration was applied to a horizontal circular straight tube. To save
computational time without affecting accuracy, the velocity and the thermal fields were assumed to be
symmetrical and a half tube was considered. The grid was tested in four different grids to ensure that
the calculated results were grid-independent. The selected grid, as shown in Figure 3, consisted of 800
in the axial direction and 15 in the radial direction. Bias factor applied in this numerical simulation
was 60 for the axial direction and 6 for the radial direction. The parameters used in this work are listed
in Table 1.
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Table 1. Parameters in the present numerical investigation.

Parameter Value Unit

Length, L 2.0 m
Inner diameter, Di 5.0 mm

Number of cells, Nx × Ny 15 × 800 -

Bias factor
60 (axial direction) -
6 (radial direction)

Nanoparticle (nominal diameter) TiO2 (21 nm) -
Thermal conductivity of nanoparticle, knp 13.7 W m−1 K−1

Nanoparticle density, ρnp 4170 kg m−3

Nanoparticle volume fraction, φ 0.24/0.60/1.18 Vol.%
Density of nanofluid See Equation (1) kg m−3

Heat specific of nanofluid See Equation (2) J kg−1 K−1

Viscosity of nanofluids, µnf See Equation (3) Pa s
Effective thermal conductivity, keff See Equation (4) W m−1 K−1

Heat flux, q” 4000 W m−2

Reynolds number - -
Laminar flow 500, 1200 -

Turbulent flow 4000–14,000 -

2.3. Two-Phase Mixture Model

The mixture model is a simplified Eulerian approach for modeling n-phase flows. The simplification
is based on the assumption that the Stokes number is small (St << 1). This means that the particles will
closely follow the flow field. On the other hand, the particle and primary fluid velocity are nearly
similar in both value and direction. Applicability of the mixture model are to the low to moderate
particle loading. Due to these reasons, the two-phase mixture model constitutes an appropriate
approach to analyze the convective heat transfer of nanofluids. The two-phase mixture technique solves
three different entities existing in the governing equations of the mass conservation, Navier–Stokes
and energy conservation for the mixture, concentration of nanoparticles, and the algebraic expressions.

2.4. Conservation Equations

There are some assumptions that are made for two-phase mixture model applications to establish
conservation equations: (a) fluid is incompressible, (b) nanoparticles have a spherical shape and
are uniform, and (c) the Boussinesq approximation is negligible. As the problem in this work is
the convective heat transfer characteristics, this intrinsic limitations are performed. The following
equations express the mathematical modeling for the mixture model.
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The continuity equation for the steady-state flow is defined as follows:

∇ ·
(

ρm
→
v m) = 0, (5)

where is the mixture density, and is the mass-averaged velocity.
The Navier–Stokes equation for the mixture model can be obtained by assuming a steady-state

flow, negligible gravity force and body force. It can be written as follows:

∇ · (ρm
→
v m
→
v m) = −∇pm +∇ ·

[
µm

(
∇→v m +∇→v m

T
)]

+∇ ·
(

n

∑
k=1

φkρk
→
v dr,k

→
v dr,k

)
, (6)

where pm, n, and µm denote the pressure, number of phases, and viscosity of the mixture, respectively.
The energy equation for the mixture model can be expressed in the following form:

∇ ·
n

∑
k=1

[
φk
→
v k(ρkEk + p)

]
= ∇ · (ke f f∇T) + SE (7)

where Ek and keff refer to energy and effective thermal conductivity, respectively. SE includes any other
volumetric heat sources. The standard k-ε mixture model is considered to establish the turbulence
model. It can be expressed as follows:

∂

∂t
(ρmk) +∇ ·

(
ρm
→
v k
)
= ∇ ·

(
µt,m

σk
∇k
)
+ Gk,m − ρmε (8)

and
∂

∂t
(ρmk) +∇ ·

(
ρm
→
v k
)
= ∇ ·

(
µt,m

σk
∇k
)
+ Gk,m − ρmε (9)

where Gk is the production of turbulence kinetic energy due to the mean velocity gradients.
The turbulent (or eddy) viscosity, µt is calculated by combining k and ε as follows:

µt,m = ρmCµ
k2

ε
(10)

where k, ε, and Cµ are turbulent kinetic energy, turbulent kinetic energy dissipation rate, and turbulent
viscosity constant, respectively.

The model constants of C1ε, C2ε, Cµ, σk, and σε have the following default magnitudes:

C1ε = 1.44, C2ε = 1.92, Cµ = 0.09, σk = 1.0, σε = 1.3 (11)

2.5. Boundary Conditions

The fluid entered the circular straight pipe with an inner diameter of 4 mm and test section length
of 2000 mm. The input side was a velocity inlet based on a Reynolds number of 500 and 1200 for
laminar flow and in the range from 4000 and 14,000 for turbulent flow, while the exit side was subjected
to the pressure outlet. The temperature of the nanofluid flow at the inside tube was 295 K. The tube
wall was maintained at a constant and uniform heat wall of 4000 W/m2 and the non-slip condition
was established.
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2.6. Numerical Procedure

The proprietary CFD code Ansys Fluent 14.5 was provided to solve the governing equations.
A second order upwind scheme was applied to solve the conservation equations [23]. The Semi
Implicit Method for Pressure Linked Equation (SIMPLE) coupled the pressure and velocity and the
convergence of the iterative solution was carefully monitored. In this numerical study, the convergence
of the iterative solution was less than 10−3 for the computing residuals. The turbulent intensity was
calculated for the turbulent model based upon the established formula I = 0.16(Re) − 1/8 and was set
for an error of 5%.

3. Results and Discussion

3.1. Validation of Numerical Results

To verify the accuracy and the reliability of the numerical methods, pure water was applied prior
to the nanofluids at both the laminar and turbulent flow. Computing the Nusselt number in this
simulation was carried out based on the mean temperature as it demonstrated a better prediction of the
Nusselt number than the centerline temperature as reported in a previous study [24]. The validation of
this investigation was undertaken through a comparison with the established empirical correlations for
laminar (Equations (12) and (13) and turbulent (Equations (14)–(16)) flow, as depicted in Figure 4a,b,
respectively. Figure 4a shows the comparison between the local Nusselt number at laminar flow for
the Reynolds number of 500 and 1200, while Figure 4b demonstrates the average Nusselt number for
turbulent flow at various Reynolds number from 4000 to 14,000. It can be seen that the numerical results
for both the laminar and turbulent flow had good agreement with the established empirical correlation.

1. For laminar flow

Shah–London equation [25],

Nu = 4.364 + 0.0722Re.Pr
D
x

for
(

Re.Pr
D
x

)
≤ 33.3 (12)

Nu = 1.953
(

Re.Pr
D
x

)1/3
for
(

Re.Pr
D
x

)
≥ 33.3 (13)

2. For turbulent flow

Dittus–Boelter equation [26],
Nu = 0.023Re4/5Pr1/3 (14)

Pethukov equation [26],

Nu =
( f /8)Re · Pr

1.07 + 12.7( f /8)1/2
(

Pr2/3 − 1
) (15)

Gnielinski equation [26],

Nu =
( f /8)(Re− 1000)Pr

1 + 12.7( f /8)1/2
(

Pr2/3 − 1
) (16)
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3.2. Laminar Model Flow for Application of Nanofluids

3.2.1. Local Convective Heat Transfer Coefficient

All the results were obtained with the two phase mixture model (Eulerian approach) presented
in the following, that is, axial velocity in the radial direction and the temperature contours of
the nanofluids as shown in Figure 5. In this figure, the evolutions of the local convective heat
transfer coefficient for nanofluids at laminar flow when compared with pure water are demonstrated.
Figure 5a,b depict the local convective heat transfer coefficient in the axial direction for various
nanoparticle concentrations at Reynolds numbers of 500 and 1200, respectively. The local convective
heat transfer coefficient can be calculated by h =

[
kn f (∂T/∂r)w/(Tw − Tave)

]
where (∂T/∂r)w is

the radial temperature gradient at the wall, and Tw and Tave are the wall temperature and average
temperature, respectively. The numerical results were also compared to an empirical expression by
Shah for pure water.

Adding nanoparticles into water depicts that the local convective heat transfer coefficient
enhancement occurred at the same non-dimensional length (x/D) and the given Reynolds number.
The results revealed that the convective heat transfer coefficient enhancement of the nanofluids with
nanoparticle concentrations of 0.24, 0.60, and 1.18 vol.% for laminar flow were 4.63, 11.47, and 20.20%,
respectively. The highest heat transfer coefficient value of the nanluids was demonstrated by 1.18 vol.%.
The local convective heat transfer coefficient showed a similar trend for different Reynolds numbers.
It is revealed in Figure 5 that the nanofluid flow had not yet reached a thermally fully developed state.
This could be seen from the decreasing value of the local convective heat transfer coefficient along the
axial direction and called the developing flow. For the fully developed flow, the Nusselt number had a
constant value along the axial direction for a constant wall heat flux boundary condition. The effect of
nanoparticle loadings enhance the heat transfer coefficient at the given non-dimensional length for
both Reynolds number of 500 and 1200. It is clear that Nusselt number determined by heat transfer
coefficient of nanofluids increases with increasing nanoparticle loadings at the given non-dimensional
length. For the pure water, Nusselt number under a constant wall heat flux boundary condition was
pointed by value of 4.36 in the laminar flow regime.
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Figure 5. Axial profiles of the local convective heat transfer coefficient for a constant wall heat flux of
4000 W/m2 for (a) Re = 500, and (b) Re = 1200.

3.2.2. Axial Velocity in Radial Direction

Due to the presence of velocity vector in the governing equation of Eulerian model, it was
demonstrated in Figure 6a,b where the radial profiles of local axial velocity of nanofluids with an
average nanoparticle volume concentration of 0.6% at Re = 900 and 1500 under wall heating are shown.
As expected, the axial velocity at the tube center increased while the velocity gradient at the wall
decreased with increasing axial position until x ≈ 0.5 m, where the flow was close to fully developed.
The axial velocity at the Reynolds number of 1500 was much bigger than that at 900.
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Figure 6. Radial profiles of local axial velocity of TiO2/water nanofluid (0.6 vol.) under a constant wall
heat flux of 4000 W/m2 for (a) Re = 500, and (b) Re = 1200.

3.2.3. Temperature Contours of Nanofluids

Figure 7 shows the temperature contour of nanofluids with a nanoparticle concentration of
0.6 vol.% for Reynolds numbers of 500 and 1200. The energy equation for the mixture model
as mentioned in Equation (7) can exhibit the temperature contours of the nanofluid domain.
The temperature contours demonstrated that the wall temperature increased along the axial direction
under the constant wall heat flux that was applied in this numerical study. Consequently, the
temperature of nanofluids became higher along the axial direction. At a Reynolds number of 1200,
however, the temperature of nanofluids was much lower than that at a Reynolds number of 500. This
was due to a bigger heat transfer coefficient at a higher Reynolds number. On the other hand, titania
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nanoparticles caused the flow of nanofluid to more rapidly absorb heat energy from the wall with an
increase in the Reynolds number.

In Figure 7, it can be clearly seen that the highest temperature enhances with axial position under
boundary condition of constant heat flux as expected. However, unlike the radial velocity profiles
which achieves nearly fully developed at x ≈ 0.5 m as shown in Figure 6, temperature distribution
needs longer distance in axial direction to attain fully developed. This phenomena agrees with the
experimental investigation in our experiments [24,27].
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Figure 7. Temperature contours of TiO2/water nanofluid (0.60 vol.%) for laminar flow for (a) Re = 500,
and (b) Re = 1200.

Figure 8 presents the radial distribution of local temperature of nanofluids with a nanoparticle
concentration of 0.6 vol.% for Reynolds numbers of 500 and 1200 under the wall heating condition.
As expected, the highest temperature for a given axial position was demonstrated at the wall. It could
be seen that the highest temperature was enhanced with an increase in the axial position due to the
heating process. However, unlike the velocity profiles which were close to the hydrodynamically fully
developed flow at x = 0.5 m, the local temperature distribution was not nearly fully developed flow
as shown in the Figures 5 and 6. This phenomenon indicates that the temperature distribution of
nanofluids at the given Reynolds number had a thermally developing flow. As expected, the thermally
fully developed flow needed more long distance from the inlet tube to achieve a fully developed flow
when compared to the hydrodynamically fully developed flow.
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3.3. Turbulent Model Flow for Application of Nanofluids

The standard k-ε turbulence model was carried out to simulate the turbulent flow of nanofluids
that considers turbulence intensity. The standard k-ε model is a semi-empirical model based on model
transport equations for the turbulence kinetic (k) and the dissipation rate (ε) [23]. The numerical
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simulation results of the convective heat transfer coefficient of nanofluids are shown in Figure 9.
Figure 9a depicts the influence of titania nanoparticle volume concentration on the convective heat
transfer coefficient at turbulent flow. The results at the turbulent flow regimes revealed that the
convective heat transfer coefficient enhancement of nanofluids with nanoparticle concentrations of
0.24, 0.60, and 1.18 vol.% provided 4.04, 10.33, and 21.87%, respectively. Moreover, the average
heat transfer coefficient on turbulent flow increased with an increase in Reynolds number. This is
because of the effect of the better thermophysical properties of nanofluids. This enhancement
of heat transfer coefficient for TiO2/water nanofluid was clearly due to the fact that the ability
of nanoparticles enhanced its thermal conductivity and the motion of nanoparticles provided the
energy exchange. This is consistent with the experimental studies reported by previously published
works [6,27]. The ratio of heat transfer between TiO2/water nanofluid and water as the base fluid is
demonstrated in Figure 9b. As shown in this figure, the ratio enhanced with an increase in nanoparticle
concentration and could be achieved by 1.18 vol.%. A higher concentration of nanoparticles raises
thermal conductivity and contact surface, therefore convective heat transfer increases. The enhanced
thermal conductivity caused by the nanoparticle loadings as shown in Figure 2 constitutes a responsible
mechanism that can explain numerically the heat transfer enhancement of TiO2/water nanofluids.
Disturbance of thermal boundary layers is the other possible reason related to the heat transfer
enhancement in this numerical investigation.
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Figure 9. (a) Numerical simulation results for the turbulent convective heat transfer coefficient at
various Reynolds numbers, and (b) Convective heat transfer ratio of nanofluids at turbulent flow.

Figure 10 shows the temperature contour of nanofluids with a nanoparticle concentration of
0.60 vol.%. As shown in Figure 10b, temperatures at Re = 10,000 were lower than at Re = 6000
(see Figure 10a). This was caused by the flow velocity and the existing nanoparticles that affect the
distribution of temperature. The temperature profile at the turbulent flow had a different contour from
the laminar flow as shown in this figure. This means that the temperature profile at the turbulent
flow more quickly achieved a thermally developed flow when compared to temperature profile at the
laminar flow.
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Figure 10. Temperature contour of nanofluids with 0.6 vol.% for (a) Re = 6000, and (b) Re = 10,000.

Brownian diffusion activates the convective heat transfer by the heat diffusion associated with
the nanoparticles for both laminar and turbulent flow. On the other hand, the thermophoresis motion
also called Soret effect is induced by the formation of thermophorectical forces resulting from the
temperature gradient formed around the nanoparticles [28]. There is no a single mechanism that
be able to explain clearly the behavior of the nanofluids under general conditions. The thermal
conductivity is still believed as a responsible parameter that influences the convective heat transfer
coefficient enhancement.

In this numerical investigation, the parameter effects of the Brownian force, the lift force and the
thermophoretic force are negligible. It was performed because these parameters play very small role on
the heat transfer enhancement as reported in the previous work [20]. The two-phase mixture or Eulerian
approach is appropriate for a two-phase mixture like nanofluids. Unlike the combined Eulerian and
Lagrangian method or DPM, the two-phase mixture model can be used for a high concentration of
nanoparticles even at low volume fractions. Similar to the DPM model, the profiles of velocity and
temperature can also be observed by using the Eulerian model as reported in this work. Compared
to the homogeneous single-phase model, the two-phase mixture model had better agreement on the
experiment of heat transfer enhancement as previously published works. Similar results of nanofluids
observation using the Eulerian model have also been reported by other researches [15,18].

4. Conclusions

Numerical investigation of the laminar and turbulent flow convective heat transfer of TiO2/water
nanofluids was performed successfully and with good validity by using a two-phase mixture model
(Eulerian approach). The parameter effects of the Brownian force, the lift force and the thermophoretic
force are negligible because they play very small roles in the heat transfer enhancement. A uniform and
constant heat flux boundary condition was subjected to a horizontal straight circular tube. The effects of
nanoparticle volume concentration and Reynolds number on the flow and heat transfer characteristics
were investigated. The present study showed that the convective heat transfer coefficient of nanofluids
was higher than that of the base fluid. In general, nanofluids showed significant enhancement of
the convective heat transfer in both the developing flow for laminar and the fully developed flow
for turbulent. The highest nanoparticle loading demonstrated the highest convective heat transfer
coefficient. The results showed that the convective heat transfer coefficient enhancement of nanofluids
with nanoparticle concentrations of 0.24, 0.60, and 1.18 vol.% for the laminar flow were 4.63, 11.47,
and 20.20%, respectively. On the other hand, the increases of heat transfer for the turbulent flow were
4.04, 10.33, and 21.87%. The Eulerian approach is suitable for the two-phase mixture like nanofluids.
This model can be applied for a high concentration of nanoparticles even at low volume fractions.
The profiles of velocity and temperature can also be demonstrated by using an Eulerian model similar
to the DPM model. The Eulerian model had better agreement on the experiment of heat transfer
enhancement when compared with the homogeneous single-phase model.
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Nomenclature

Cp Specific heat [J/kg·K] Greek symbols
C1, C2, Cµ Turbulent constant φ Volume fraction [%]
D Diameter [m] µ Dynamic viscosity [kg/m s]
E Energy ρ Density [kg/m3]
f Friction factor

→
v Velocity vector [m/s]

Gk Heat rate production of kinetic energy [kg/m s3] ε Turbulent dissipation rate [m2/s3]
h Heat transfer coefficient [W/m K]
k Thermal conductivity [W/m K]
keff Effective thermal conductivity [W/m K]
L Length [m] Subscripts
m Volumetric flow rate [kg/s] ave Average
n Number of phase bf Base fluid
Nu Nusselt number k Turbulent kinetic energy
P Pressure [Pa] m Mixture
Pr Prandtl number np Nanoparticle
q” Heat flux [W/m2] nf Nanofluid
Re Reynolds number w Wall
SE Volumetric heat
r Pipe radius [m]
T Temperature [K]

References

1. Honda, H.; Wijayanta, A.T.; Takata, N. Condensation of R407C in a horizontal microfin tube. Int. J. Refrig.
2005, 28, 203–211. [CrossRef]

2. Wijayanta, A.T.; Istanto, T.; Kariya, K.; Miyara, A. Heat transfer enhancement of internal flow by inserting
punched delta winglet vortex generators with various attack angles. Exp. Therm. Fluid Sci. 2017, 87, 141–148.
[CrossRef]

3. Colangelo, G.; Favale, E.; Milanese, M.; de Risi, A.; Laforgia, D. Cooling of electronic devices: Nanofluids
contribution. Appl. Therm. Eng. 2017, 127, 421–435. [CrossRef]

4. Potenza, M.; Milanese, M.; Colangelo, G.; de Risi, A. Experimental investigation of transparent parabolic
trough collector based on gas-phase nanofluid. Appl. Energy 2017, 203, 560–570. [CrossRef]

5. Visconti, P.; Primiceri, P.; Costantini, P.; Colangelo, G.; Cavalera, G. Measurement and control system for
thermosolar plant and performance comparison between traditional and nanofluid solar thermal collectors.
Int. J. Smart Sens. Intell. Syst. 2016, 9, 681–708. [CrossRef]

6. Maïga, S.E.B.; Nguyen, C.T.; Galanis, N.; Roy, G. Hydrodynamic and thermal behaviours of a nanofluid in a
uniformly heated tube. In Heat Transfer VIII; Sundén, B., Brebbia, C.A., Mendes, A., Eds.; WIT Press: Ashurst,
UK, 2004; Volume 46, pp. 453–462.

7. Xuan, Y.; Li, Q. Heat transfer enhancement of nanofluids. Int. J. Heat Fluid Flow 2000, 21, 58–64. [CrossRef]
8. Kalteh, M.; Abbassi, A.; Saffar-Avval, M.; Harting, J. Eulerian–Eulerian two-phase numerical simulation of

nanofluid laminar forced convection in a microchannel. Int. J. Heat Fluid Flow 2011, 32, 107–116. [CrossRef]
9. Moghari, R.M.; Akbarinia, A.; Shariat, M.; Talebi, F.; Laur, R. Two phase mixed convection Al2O3–water

nanofluid flow in an annulus. Int. J. Multiph. Flow 2011, 37, 585–595. [CrossRef]
10. Iacobazzi, F.; Milanese, M.; Colangelo, G.; Lomascolo, M.; de Risi, A. An explanation of the Al2O3 nanofluid

thermal conductivity based on the phonon theory of liquid. Energy 2016, 116, 786–794. [CrossRef]

http://dx.doi.org/10.1016/j.ijrefrig.2004.07.020
http://dx.doi.org/10.1016/j.expthermflusci.2017.05.002
http://dx.doi.org/10.1016/j.applthermaleng.2017.08.042
http://dx.doi.org/10.1016/j.apenergy.2017.06.075
http://dx.doi.org/10.21307/ijssis-2017-915
http://dx.doi.org/10.1016/S0142-727X(99)00067-3
http://dx.doi.org/10.1016/j.ijheatfluidflow.2010.08.001
http://dx.doi.org/10.1016/j.ijmultiphaseflow.2011.03.008
http://dx.doi.org/10.1016/j.energy.2016.10.027


Energies 2018, 11, 1584 15 of 15

11. Milanese, M.; Iacobazzi, F.; Colangelo, G.; de Risi, A. An investigation of layering phenomenon at the
liquid–solid interface in Cu and CuO based nanofluids. Int. J. Heat Mass Transf. 2016, 103, 564–571.
[CrossRef]

12. Hejazian, M.; Moraveji, M.K.; Beheshti, A. Comparative Numerical Investigation on TiO2/Water Nanofluid
Turbulent Flow by Implementation of Single Phase and Two Phase Approaches. Numer. Heat Transf. Part
A Appl. 2014, 66, 330–348. [CrossRef]

13. Vanaki, S.M.; Ganesan, P.; Mohammed, H.A. Numerical study of convective heat transfer of nanofluids:
A review. Renew. Sust. Energy Rev. 2016, 54, 1212–1239. [CrossRef]

14. Das, S.K.; Choi, S.U.S.; Pradeep, T.; Yu, W. Nanofluids: Science and Technology; Wiley-Interscience: Hoboken,
NJ, USA, 2007.

15. Behzadmehr, A.; Saffar-Avval, M.; Galanis, N. Prediction of turbulent forced convection of a nanofluid in a
tube with uniform heat flux using a two phase approach. Int. J. Heat Fluid Flow 2007, 28, 211–219. [CrossRef]

16. Mirmasoumi, S.; Behzadmehr, A. Numerical study of laminar mixed convection of a nanofluid in a horizontal
tube using two-phase mixture model. Appl. Therm. Eng. 2008, 28, 717–727. [CrossRef]

17. Namburu, P.K.; Das, D.K.; Tanguturi, K.M.; Vajjha, R.S. Numerical study of turbulent flow and heat transfer
characteristics of nanofluids considering variable properties. Int. Therm. Sci. 2009, 48, 290–302. [CrossRef]

18. Lotfi, R.; Saboohi, Y.; Rashidi, A.M. Numerical study of forced convective heat transfer of Nanofluids:
Comparison of different approaches. Int. Commun. Heat Mass Transf. 2010, 27, 74–78. [CrossRef]

19. He, Y.; Jin, Y.; Chen, H.; Ding, Y.; Cang, D.; Lu, H. Heat transfer and flow behaviour of aqueous suspensions
of TiO2 nanoparticles (nanofluids) flowing upward through a vertical pipe. Int. J. Heat Mass Transf. 2007, 50,
2272–2281. [CrossRef]

20. He, Y.; Men, Y.; Zhao, Y.; Lu, H.; Ding, Y. Numerical investigation into the convective heat transfer of TiO2

nanofluids flowing through a straight tube under the laminar flow conditions. App. Therm. Eng. 2009, 29,
1965–1972. [CrossRef]

21. Kristiawan, B.; Kamal, S.; Suhanan; Yanuar. Thermo-hydraulic characteristics of anatase titania nanofluids
flowing through a circular conduit. J. Nanosci. Nanotechnol. 2016, 16, 6078–6085. [CrossRef] [PubMed]

22. Corcione, M. Heat transfer features of buoyancy-driven nanofluids inside rectangular enclosures
differentially heated at the sidewalls. Int. J. Therm. Sci. 2010, 49, 1536–1546. [CrossRef]

23. Fluent, A.F. Ansys Fluent Theory Guide; ANSYS, Inc.: Lebanon, NH, USA, 2010.
24. Kristiawan, B.; Santoso, B.; Juwana, W.E.; Ramadhan, R.M.; Riandana, I. Numerical investigation of

laminar convective heat transfer for TiO2/water nanofluids using two-phase mixture model (Eulerian
approach). In Proceedings of the International Conference on Engineering, Science and Nanotechnology 2016
(ICESNANO 2016), Solo, Indonesia, 3–5 August 2016; AIP Publisher: Melville, NY, USA, 2016; Volume 1788.

25. Shah, R.K. Thermal entry length solutions for the circular tube and parallel plates. In Proceedings of the
Third National Heat Mass Transfer Conference, Indian Institute of Technology, Bombay, India, 27 December
1975; pp. 11–75.

26. Çengel, Y.A. Heat Transfer: A Practical Approach, 2nd ed.; McGraw-Hill: New York, NY, USA, 2003.
27. Kristiawan, B.; Kamal, S.; Suhanan; Yanuar. Convective heat transfer of titanium (IV) oxide nanofluids under

turbulent flow condition. ARPN J. Eng. Appl. Sci. 2015, 10, 4385–4395.
28. Pinto, R.V.; Fiorelli, F.A.S. Review of the mechanisms responsible for heat transfer enhancement using

nanofluids. Appl. Therm. Eng. 2016, 108, 720–739. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.07.082
http://dx.doi.org/10.1080/10407782.2013.873271
http://dx.doi.org/10.1016/j.rser.2015.10.042
http://dx.doi.org/10.1016/j.ijheatfluidflow.2006.04.006
http://dx.doi.org/10.1016/j.applthermaleng.2007.06.019
http://dx.doi.org/10.1016/j.ijthermalsci.2008.01.001
http://dx.doi.org/10.1016/j.icheatmasstransfer.2009.07.013
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.10.024
http://dx.doi.org/10.1016/j.applthermaleng.2008.09.020
http://dx.doi.org/10.1166/jnn.2016.10902
http://www.ncbi.nlm.nih.gov/pubmed/27427674
http://dx.doi.org/10.1016/j.ijthermalsci.2010.05.005
http://dx.doi.org/10.1016/j.applthermaleng.2016.07.147
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Numerical Model of Nanofluids 
	Thermophysical Properties 
	Grid Optimization 
	Two-Phase Mixture Model 
	Conservation Equations 
	Boundary Conditions 
	Numerical Procedure 

	Results and Discussion 
	Validation of Numerical Results 
	Laminar Model Flow for Application of Nanofluids 
	Local Convective Heat Transfer Coefficient 
	Axial Velocity in Radial Direction 
	Temperature Contours of Nanofluids 

	Turbulent Model Flow for Application of Nanofluids 

	Conclusions 
	References

