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This research manuscript addresses the study of the performance of a flat tube having a 90° bend under the flow of three
different nanofluids such as copper oxide, multiwalled carbon nanotubes, and aluminum oxide/water nanofluids at different
inlet fluid temperatures and Reynolds numbers. The performance of the flat tube is analyzed under the Reynolds number
between 5000 and 11000 and a fluid inlet temperature range of 35°C–50°C. The results obtained in this study show that
the heat transfer coefficient increases with the increase in volume concentration as well as Reynolds number. The
maximum heat transfer coefficient is obtained using multiwalled carbon nanotubes followed by copper oxide and then
aluminum oxide. This study also illustrates that the friction factor increases with the increase in volume concentration and
decrease in Reynolds number. The results of the numerical study have been validated with the help of an experimental
study. The study has proved that the use of nanofluids instead of the conventional fluid can lead to reducing the size of
the tube for the same amount of heat transfer which can prove the reduction of the size in heat transfer equipment.
Furthermore, it is also observed in this study that the presence of the 90° bend in the flat tube improved the heat transfer
performance due to the increased turbulence at the bent section of the tube.

1. Introduction

Heat transfer enhancement has been a topic for various
thermal application over the last decades. Very high thermal
performance criterion has been obtained for various applica-
tions of heat and mass transfer using different methods and
configurations [1]. The conventional fluids like water and
ethylene glycol have low thermal conductivity which results
in lower thermal performance [2]. Maxwell provided the
research community with the concept of using fluids having
low thermal conductivity dispersed with small solid particles
with higher thermal conductivity. Maxwell also developed a

correlation for determining the thermal conductivity of the
fluid mixture with the help of properties of both fluid and
solid particles. But, it was only after the introduction of
nanofluids by Pak and Choi in 1995 that nanofluids became
very popular due to their potential of replacing various con-
ventional cooling fluids having low conductivity [3, 4].
Cacua et al. [5] experimentally investigated the thermal con-
ductivity of aqueous TiO2 nanofluids and concluded that the
thermal conductivity of nanofluid is higher than that of
water or base fluid. Thermal conductivity was also found
to increase with an increase in temperature. Nanoparticles
can be utilized in various heat transfer applications due to
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their better thermal properties as compared with millimeter
and micrometer particles. Nanofluids are used in various
fields such as defense, automobile, biomedical industry,
aerospace, electronic devices, and nuclear reactor. Applica-
tion of nanofluid types of nanostructure in solar energy
was studied in previous studies [6, 7]. Ahmadi et al. [8, 9]
studied the application of a nanotechnology in renewable
energy and some technologies such as solar cell, biofuel,
and hydrogen production. Ramezanizadeh et al. [10]
reviewed the application of nanofluids in a thermosiphon.
They investigated various works on the effects of several
nanofluids on the thermal performance of thermosyphons
and concluded that the use of nanofluids instead of base
fluid leads to the improved performance of thermosyphons
due to the improved thermal conductivity and the effect of
nanoparticles on boiling heat transfer.

Various thermophysical properties which affect the heat
transfer performance of nanofluids are effective density,
effective viscosity, effective thermal conductivity, and effec-
tive specific heat. The general trend shows that the addition
of nanoparticles to conventional fluid causes an increase in
density and thermal conductivity of fluids which are the
driving factor behind the enhancement of the heat transfer
performance. On the other hand, viscosity of fluid also
increases causing a loss in performance of nanofluids. Many
studies have been conducted in the past to study and validate
various thermodynamic parameters of nanofluids. Sahoo
et al. [11] investigated the effects of temperature and nano-
particle concentrations on the dynamic viscosity of Al2O3-
CuO-TiO2 ternary hybrid nanofluid. It has been presented
in this study that the maximum enhancement of the
dynamic viscosity of 17.25% and 55.41% has been observed
for 0.1% vol. concentration compared with water-based Al2
O3-CuO and Al2 O3-TiO2 hybrid nanofluids, respectively,
at a temperature of 45°C. The investigation conducted by
Abdollahi et al. [12] shows that the increase in the tempera-
ture causes the value of dynamic viscosity to decrease signif-
icantly. Based on outcomes of this study correlation was
proposed dynamic viscosity based on the mass fraction of
CuO and temperature. Murshed et al. [13] studied the
thermophysical properties such as thermal conductivity of
nonaqueous silicon oil and ethylene glycol-based TiO2
nanofluids. It was observed that the viscosity of nanofluid
enhances upon the addition of the nanoparticle but it
decreases nonlinearly with the increase in temperature.
Nikulin et al. [14] also reported the nonlinear trend of vis-
cosity of nanofluid versus temperatures in their study.
Duangthongsuk et al. [15] carried out some experiments to
study the dynamic viscosity and thermal conductivity of
nanofluids. The results of this study show that the viscosity
and thermal conductivity of nanofluids increase with the
increase in volume concentration of nanoparticles. This
study also shows that the thermal conductivity of nanofluid
increases with the increase in temperature but viscosity
decreases with the increase in temperature. Khedkar et al.
[16] investigated the effect of CuO nanoparticles on the ther-
mal conductivity of fluids like water and monoethylene
glycol. They also found that thermal conductivity of fluids
improved as the sonication time was increased. Godson

et al. [17] carried out an experiment to measure the viscosity
of silver-deionized water nanofluid. They showed that the
viscosity of nanofluid enhances with increases the tempera-
ture. Sitprasert et al. [18] proposed a nanofluid thermal con-
ductivity model considering the temperature-dependent
interfacial layer. They mentioned that this model makes an
acceptable prediction for thermal conductivity of nanofluids
for flowing and nonflowing fluids. Beck et al. [19] investi-
gated the thermal conductivity of alumina nanoparticles
dispersed in ethylene glycol and water. They used a simple
model and predicted the effects of the particle size, temper-
ature, and volume fraction of base fluid. Khliyeva et al.
[20] proposed a new approach which mixes a limited set of
the experimental data (LSED) with correlations of the IBC’s
versus pressure and heat flux. They examined the pool boil-
ing process for the refrigerant R141b and TiO2 nanoparti-
cles. Moreover, an innovative optimization method was
proposed to solve convective heat transfer problems [21].
Mosavati et al. [22, 23] proposed a new method using the
Monte Carlo method to enhance the heat transfer in a
step-like cavity.

Improved thermophysical properties of nanofluids as
compared with conventional fluid result in an improved heat
transfer performance of devices. Generally, the performance
of nanofluids is measured in terms of heat transfer coeffi-
cient, Nusselt number, pressure drop, and friction factor.
Utilization of nanofluids results in higher heat transfer coef-
ficient and Nusselt number due to the increased thermal
conductivity. But the use of nanofluids also causes an
increase in pressure loss due to the increased viscosity as
compared with conventional fluids. Hence, viscosity can be
said to act as a limiting factor in performance of nanofluids.
Many studies have been conducted in the past to understand
the performance of nanofluids. Safaei et al. [24] observed in
their study of the flow of nano- and microsized particles
through a 90° pipe bend that maximum pressure is directly
proportional to volume concentration and velocity but is
inversely proportional to the particle diameter. Chandrase-
kar et al. [25] developed convective heat transfer through
the heated horizontal tube. The Nusselt number enhanced
by 12.24% at Re = 2275 tube with nanofluid as compared
with distilled water. This enhancement was found to
increase further upon the use of wire coil inserts made of
stainless steel due to the effects of dispersion or backmixing
which flattens the temperature distribution and makes the
temperature gradient between the wall and fluid steeper.
Jalali et al. [26] reported that high velocity jet injection inside
a rectangular microchannel results in a higher Nusselt num-
ber due to its higher fluid momentum. Mintsa et al. [27]
reported effective thermal conductivity measurements of
some nanofluids such as copper oxide/water and alumina/-
water. They studied the effects of the particle size and vari-
ous particle volume fractions. Arani et al. [28] studied the
characterization of convective heat transfer in turbulent flow
of TiO2–water nanofluid. They reported the effect of the
mean diameter of nanoparticles on the pressure drop and
convective heat transfer. In the numerical investigation of
square duct, Heris et al. [29] reported a 68% enhancement
in CuO/water nanofluids and 60% enhancement in
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alumina/water nanofluid at 4% volume concentration.
Gherasim et al. [30] observed that heat transfer enhance-
ment upon the addition of aluminum oxide nanoparticles
into water increases with an increase in the concentration
and Reynolds number. Kolsi et al. [31] conducted a study
on the effect of double-rotating cylinders on the perfor-
mance of hybrid nanofluids. It was observed in this study
that nanoparticles used in the base fluid enhance the heat
transfer rate for the vertical wall by 35.75%. Malvandi et al.
[32] conducted a study on Al2O3-filled vertical annulus
and concluded that in the presence of a magnetic field, the
advantage of using nanofluid for heat transfer enhancement
is reduced. Giwa et al. [33] studied the effects of hybrid
nanofluids on natural convection enhancement. The addi-
tion of hybrid nanofluids to base fluid was noticed to
enhance the thermal as well as flow properties. The results
of this study show that the highest value for hav, Nuav,
and Qav can be obtained in hybrid nanofluid with 60 : 40%
weight of Al2O3 :MWCNT nanoparticles flowing through
square cavity. Maximum enhancement of 20.5%, 16.2%,
and 19.4% was achieved for h, Nu, and Q at 50°C as com-
pared with the base fluid. Giwa et al. [34] also investigated
the effects of aqueous hybrid ferrofluid (AHF) on the heat

transfer through rectangular cavity under magnetic induc-
tion. They reported the thermal conductivity of aqueous
hybrid ferrofluid for different volume concentrations. The
use of hybrid nanofluid was revealed to have a better heat
transfer performance than those of monoparticle nanofluids
and was also found to depend on the volume concentration,
temperature difference, magnetic induction, strength, and
direction. Madhesh et al. [35] reported a 48% enhancement
in the heat transfer coefficient upon the addition of hybrid
nanofluid to base fluid during the flow through a tubular
heat exchanger.

The automobile industry has very high requirement for
cooling devices due to the increasing power requirement
and need for reducing the size of the cooling device. Radia-
tors are considered as common devices being used in vehi-
cles for cooling various system components and to deliver
heat to the atmosphere with the help of air flowing over
the radiator tubes [36]. Some studies on different nanofluids
like copper oxide, aluminum oxide, copper, and aluminum
show that the use of nanofluid instead of conventional base
fluid enhances the thermal performance of the radiator
[37, 38]. Furthermore, Elsebay et al. [39] observed that the
use of nanofluid instead of conventional base fluid has great
impact on the resizing of the radiator flat tube. For a long
time, a large amount of research has been carried out on var-
ious configurations such as circular cross-sectioned tubes,
oval cross-sectioned tubes, flat tubes, and different parame-
ters of radiators [40–43]. Most automotive radiators consist
of the flat tubes due to their high-surface-to cross-sectional-
area ratio as compared with circular cross-sectioned tubes
which results in a compact heat exchanger with an enhanced
thermal performance [44, 45]. Sun et al. [46] developed a
model for an elliptical finned-tube heat exchanger and pre-
dicted the heat transfer on both the water side and air- side
of the elliptical flat tube heat exchanger. Gherasim et al. [47]
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Figure 1: Schematic of the flat tube.

Table 1: Selected parameter for the study.

Parameter Range

Nanoparticles
Alumina (Al2O3), CuO, and
multiwalled carbon nanotubes

Conventional base fluid Water (H2O)

Nanoparticle concentration 0.1–0.5% v/v
Inlet fluid temperature 35–50°C

Reynolds number 5000–11000

3Journal of Nanomaterials



observed that heat transfer enhancement upon the addition
of aluminum oxide nanoparticles into water increases with
an increase in concentration and Reynolds number. Akbari
et al. [48] observed in their investigation of a ribbed rectan-
gular microchannel that internal ribs can significantly
enhance the convective heat transfer within a microchannel;
on the other hand, higher ribs can cause a higher friction
factor, i.e., performance loss of a microchannel. He et al.
[49] reported that heat transfer increases with the volume
concentration during the laminar flow as well as turbulent
flow but the effect of the particle concentration seems more
dominant in the turbulent flow (higher Reynolds number)
compared with the laminar flow. Hence, it is observed from
previous studies that turbulence in the flow has a significant
impact on the thermal performance of the flat tube; a higher
turbulent flow provides a better heat transfer performance
than laminar. Therefore, the presence of the curvature or
bend in the flat tube could be used to produce the turbulence
during the flow, which should enhance the thermal perfor-
mance of the flat tube. Kahani et al. [50] reported in their
study that the curvature of the coil and a decrease in pitch
coils in the laminar flow through helical coil tube result in
the enhancement of the heat transfer rate along with pres-
sure drop. The effect of the curvature was found to be more
dominant than the pitch effect in this study.

In a study, Kumar et al. [51] carried out a numerical anal-
ysis for the tube bend with CuO nanofluids at low Reynolds
number while this study has been proceeded with three differ-
ent nanofluids and at high Reynolds number at which most of
flat tube applications are used. The nanofluids selected for this
study are alumina, CuO, and carbon nanotubes. These nano-

fluids are selected due to their capability of producing high
heat transfer performance through flat tubes [52, 53]. The
study conducted by Selimefendigil et al. [54] also concludes
that inclusion of CNT nanoparticles in the base fluid resulted
in the performance coefficient enhancement of 52% at the
highest solid volume fraction. The main objective of this study
is to carry out a numerical investigation on the performance of
the flat tube with a bend of 90° under the flow of nanofluids at
different inlet fluid temperatures and Reynolds numbers.

2. General Formulations Used

Thermal conductivity is calculated using a model proposed
by Hamilton and Crosser [55] expressed as follows:

Knf
Kbf

=
Kp + n − 1ð ÞKbf − ϕ n − 1ð Þ Kbf − Kp

� �

Kp + n − 1ð ÞKbf − ϕ Kbf − Kp

� � : ð1Þ

Pak and Choi [56] provided a correlation for determin-
ing nanofluid density as follows

ρnf = 1 − φð Þρbf + φρnp: ð2Þ

Brinkman [57] proposed a model for the determination
of the effective viscosity as follows

μnf =
1

1 − ϕð Þ2:5 μbf : ð3Þ

(a) Visualized mesh throughout the flat tube domain
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(b) Skewness detailed in mesh generated throughout the flat tube

Figure 2: Meshed model of fluid domain.
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The effective specific heat of the nanofluid is determined
using a correlation given by Xuan and Roetzel [58] as follows

Cpρ
� �

nf = ϕ ρCp

� �
np + 1 − ϕð Þ ρCp

� �
bf : ð4Þ

The correlation used for the Reynolds number is
provided as follows

Re = ρnf × v ×Dh

μnf
: ð5Þ

The average heat-transfer coefficient is determined as
follows

havg =
mnf cp

� �
nf T in − Toutð Þ

As TB − Twð Þ : ð6Þ

Here, TB is the bulk-mean temperature which is calcu-
lated as follows

TB =
T in + Tout

2 : ð7Þ

The general correlation used for determining the Nusselt
number is given as follows

Nu = h ×Dh

k
: ð8Þ

3. Problem Description and Modeling

The geometry of the flat tube used in this study is clearly
presented in Figure 1. In this analysis, it has been assumed
that the flat tube with dimensions of 0:310m × 0:02m ×
0:003m is bent by 90° at the center of the tube. The radius
of the curvature is shown in Figure 1(a). The tube is curved
along both edges of the tube by a radius of 0.0015m as
shown in Figure 1(b). The bending section is assumed to
have a uniform thickness and width throughout the tube,
neglecting any distortion or change in width or thickness.
The hydraulic diameter is considered an important factor
in determining the thermal performance, which represents
the effect of the geometry of the tube on the fluid flowing
through the tube. The hydraulic diameter is only depen-
dent on the surface area and wetted perimeter. The calcu-
lated hydraulic diameter is found to be 0.00535m for the
given geometry.

In this study, fluid is assumed to be of homogeneous
nature with very small particle sizes and volume concentra-
tions. The fluid flowing through the tube is assumed to be
incompressible and Newtonian in nature. The velocity and
ambient temperature of the air passing through the outer
surface of the tube are considered to be constant. The fluid
flowing through the tube is considered to be completely tur-
bulent between Reynolds numbers of 5000 to 11000. This
analysis is carried out with the help of the Fluent program
available in ANSYS 14.5 which uses the finite volume
approach to simulate and to analyze data. The finite volume

approach involves the discretization of the domain into var-
ious small segments known as finite volumes or grid cells
and then performs operations on these grid cells based on
user-defined boundary conditions and input data (materials
and type of flow). The finite volume approach utilizes a
divergence theorem to convert volume integral in partial dif-
ferential equations with divergence terms. These terms are
calculated at every finite volume in terms of fluxes because
flux leaving the finite control volume is the same as flux
entering the finite control volume. Integral conservation
laws are used in the finite volume approach rather than dif-
ferential conservation laws. For investigating the perfor-
mance of fluid flowing through the tube with high
turbulence, the k-ε model was used. The second-order
upwind method solver is chosen for conducting numerical
analysis. The second-order upwind method solver was cho-
sen due to higher accuracy as compared with the first-
order upwind solver due to the consideration of three data
points instead of two in spatial discretization. The SIMPLEC
algorithm for pressure velocity coupling in Ansys fluent is
used for this analysis. The solution was converged when
the residuals for all the equations dropped below 10−6.
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Figure 3: Validation of the results of the study with the help of
different equations.

Table 2: Results obtained during the mesh independency test.

Grid
Grid elements
(l × b × h)

Maximum
velocity

Maximum
temperature

1 200 × 150 × 100 0.74315 312.5612

2 175 × 130 × 80 0.74308 312.5584

3 150 × 110 × 70 0.74130 312.5561

4 150 × 100 × 60 0.74025 312.5516

5 125 × 90 × 55 0.73571 312.4987
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4. Boundary Condition

The boundary conditions employed in the present numerical
analysis are provided in this section. The ensuing assump-
tions are made in the present numerical simulations.

(i) The boundary condition at the inlet section of the
domain is considered as velocity inlet as inlet veloc-
ities of fluid flowing through the flat tube are known

(ii) The turbulence intensity of fluid is kept at 10%

(iii) The constant heat transfer convection coefficient of
150W/m2·K is assumed throughout tube walls

(iv) The free air stream temperature is kept at 30°C
(303K)

(v) The boundary condition at the outlet section of the
tube is considered as pressure inlet

The continuity equation, momentum equation, and
energy equations for the current problems are as follows:

The continuity equation is

∂ρ
∂t

+ ∇0 ρv!
� �

= sm ð9Þ

The momentum equation is

ρnf ∇:Vð ÞV = −∇P + μnf + μt
� �

∇2V : ð10Þ

The energy equation is

ρnf Cpnf ∇:Vð ÞT = knf∇
2TV : ð11Þ

The various input parameters selected for this study are
provided in Table 1.

5. Discretization and Mesh Independency Test

5.1. Discretization. The division of the fluid domain into
various grid cells or finite volumes is known as discretization
or meshing. A domain can be meshed into various types of
elements, i.e., triangular prism, pyramid, hexahedron, and
tetrahedron. Structured hexahedron mesh elements are used
in our study due to their ability to provide better conver-
gence, less computational time, less computational memory,
and high degree of control. The ICEM-CFD program is used
for the discretization of the fluid domain. In order to
increase the accuracy and precision of results, the density
of mesh elements is kept higher at edges as well as the bend-
ing section due to the complexity of both the regions and
having interaction with outside conditions. The density
and type of meshing in the fluid domain can be clearly seen
in Figure 2(a). The quality of the generatedmesh is analyzed in
terms of skewness and orthogonal quality. The skewness and
orthogonal quality always lie between 0 (worst element) and
1 (ideal element). In the final meshed model, the skewness
and orthogonal quality of meshed elements lie between 0.6
and 1 and 0.65 and 1, respectively. The skewness quality
parameter is clearly shown in Figure 2(b).

5.2. Mesh Independency Test. The mesh independency test
was performed to evaluate the exact density of the meshing
elements required by maintaining the accuracy of the results
at a minimum number of possible elements. The working
fluid used for the mesh independency test was water. The
inlet temperature and Reynolds number were considered to
be 40°C and 5000, respectively, with a free air stream tem-
perature at 30°C. The initial mesh size, as shown in grid 1,
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Figure 4: Validation of numerical results at volume concentrations of (a) 0–0.2% v/v and (b) 0.3% v/v–0.5% v/v.

6 Journal of Nanomaterials



was kept very fine in order to ensure higher accuracy in
results. From various tests conducted with different mesh
elements, grids 1, 2, 3, and 4 were found to have very insig-
nificant difference between temperature and velocity. The
number of iterations and computational time was found to
be the lowest for grid 4 as compared with grids 1, 2, and 3.
So, based on the results presented in Table 2, grid 4 was
found to be convenient for further study.

5.3. Validation of the Numerical Procedure. In order to vali-
date the accuracy of the current numerical model, our
numerical results were compared with the results obtained
from Colburn and Dittus-Boelter equations as presented in
Figure 3. The average percentage differences obtained after
comparing results of this study with Colburn equation and
Boelter equation are 16.3% and 20.1%, respectively.
Figure 3 also illustrates the results obtained for the flow
through a straight flat tube without a bend which has aver-
age percentage differences of 8.04% and 12.13% from Col-
burn and Dittus-Boelter equation results. The results of the
flat tube without a bend were compared with results of the
flat tube with a bend in order to know the difference between
performances of both tubes. The Nusselt number for the
flow through the bent tube was found to be 8% higher than
the straight tube. This enhancement in the heat transfer is
seen to increase with the increase in the Reynolds number,
i.e., a higher Reynolds number will have a more dominant
effect of turbulence due to the bend. This supports the deci-
sion of selecting the flat tube with a bend for this study.

6. Results and Discussion

6.1. Validation of Computed Results. Heat transfer and flow
parameters calculated during the study were validated with
the help of experimental and numerical results as shown in

Figure 4. Some experiments were performed on the available
test rig [59] to validate the results of numerical analysis. The
overall average deviation obtained between numerical results
and experimental results was found to be around 10%. The
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deviation was found to be more at lower Reynolds as com-
pared with higher Reynolds numbers. The maximum devia-
tion of 17% was obtained at a Reynolds number of 5000, and
a minimum deviation of 5% is obtained at a Reynolds num-
ber of 8000. It is also observed that at a lower Reynolds num-
ber, the experimental heat transfer performance of nanofluid
shows higher values than the predicted numerical results,
while at a higher Reynolds number, it is lower compared
with the numerical results. Fluid flow parameters were vali-
dated by comparing the numerical friction factor with the
experimental friction factor as shown in Figure 5. The aver-
age deviation of 12% was calculated between the experimen-
tal data and numerical data for the friction factor. Maximum
deviation lies between 12 and 15% at a Reynolds number of
5000 at different volume concentrations. Deviation percent-
age is reduced by increasing the Reynolds number. At a
Reynolds number of 11000 minimum, the deviation of
6–9% is observed at different volume concentrations.

6.2. Heat Transfer Coefficient. The study of variation in the
heat transfer coefficient shows that the heat transfer coeffi-
cient increases with alumina, CuO, and multiwalled carbon
nanotube volume concentrations as well as a Reynolds num-
ber. The variation in the heat transfer coefficient at 35°C is
presented in Figure 6. At a Reynolds number of 5000, the
heat transfer coefficient is reported to increase from
6400W/m2·K to 7575W/m2·K when the volume concentra-
tion is increased from 0% to 0.5%. At a Reynolds number of
8000, the heat transfer coefficient is increased from 5 to 19%
with an increase in the alumina nanoparticle concentration

from 0.1 to 0.5%. At a Reynolds number of 11000, the heat
transfer coefficient is increased from 12050W/m2·K to
14175W/m2·K by increasing the alumina volume concentra-
tion from 0% to 0.5%. The heat transfer coefficient is
enhanced by 16–19% by increasing the Reynolds number
from 5000 to 11000 at a volume concentration of 0.5%. It
can be also observed from this study that the use of CuO
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Figure 9: Heat transfer coefficient at 50°C.
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Figure 8: Variations in heat transfer coefficient at 45°C.
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and carbon nanotubes provides higher heat transfer coeffi-
cients than alumina nanofluids. When CuO is used instead
of alumina, a nanoparticle minimum enhancement of 26%
is obtained at 0.1% volume concentration. At 35°C and a
Reynolds number of 5000, the heat transfer coefficient is
reported to increase from 7875W/m2·K to 9683W/m2·K
when the volume concentration is increased from 0% to
0.5%. The maximum enhancement of 48% from base fluid
was obtained when the volume concentration is increased
to 0.5% at a Reynolds number of 11000. At a Reynolds num-
ber of 11000, the heat transfer coefficient is increased to
17670W/m2·K from 14987W/m2·K upon increase in the
volume concentration from 0.1% to 0.5%. In the case of car-
bon nanotubes, the maximum enhancement of 55% from
base fluid was observed at a Reynolds number of 10000
and volume concentration of 0.5% while the minimum
enhancement of 30% is observed at 0.1% v/v. At 35°C and
a Reynolds number of 5000, the heat transfer coefficient is
reported to increase from 8680W/m2·K to 10493W/m2·K
when the volume concentration is increased from 0% to
0.5%.

The variation in the heat transfer coefficient with an
increase in the nanoparticle volume concentration and
Reynolds number at 40°C is provided in Figure 7. At 40°C
and a Reynolds number of 5000, the heat transfer coefficient
increased from 6250W/m2·K to 7044W/m2·K by increasing
the alumina nanoparticle volume concentration from 0% to
0.5%. The heat transfer is increased to 13265W/m2·K at a
Reynolds number of 11000 and the alumina volume concen-
tration of 0.5%. At a Reynolds number of 8000 and temper-
ature of 40°C, the heat transfer coefficient is increased from
6% to 14% with an increase in the volume concentration
from 0.1% to 0.5%. The heat transfer coefficient is enhanced
from 14 to 16% with an increase in the Reynolds number

from 5000 to 11000 at volume concentration of 0.5%. When
CuO is used instead of alumina, a nanoparticle minimum
enhancement of 23% from base fluid is obtained at 0.1% vol-
ume concentration at a Reynolds number of 5000. At 40°C
and a Reynolds number of 11000, the heat transfer coeffi-
cient increased from 15664W/m2·K to 18436W/m2·K by
increasing the CuO nanoparticle volume concentration from
0% to 0.5%. A maximum enhancement of 54% from base
fluid was obtained when the volume concentration is
increased to 0.5% from 0.1% at a Reynolds number of
11000. In the case of carbon nanotubes, a maximum
enhancement of 52% from base fluid was observed at a
Reynolds number of 11000 and volume concentration of
0.5% while a minimum enhancement of 27% is observed at
0.1% v/v. At a Reynolds number of 11000, the heat transfer
coefficient increased from 8675W/m2·K to 10383W/m2·K
by increasing the nanotube volume concentration from
0.1% to 0.5%.

The heat transfer coefficient variation at 45°C is pre-
sented in Figure 8. It can be seen that increasing the
Reynolds number from 5000 to 11000 increased the heat
transfer coefficient from 6900 to 12975W/m2·K at the
volume concentration of 0.5%. In addition, decreasing the
volume concentration to 0.1% also decreased the heat trans-
fer coefficient to 11500W/m2·K at a Reynolds number of
12000. At a Reynolds number of 10000, it can be observed
that increasing the alumina volume concentration from 0.1
to 0.5% increased the heat transfer coefficient up to 13%.
The heat transfer coefficient is enhanced from 12% to 15%
upon increasing the Reynolds number from 5000 to 11000
at a volume concentration of 0.5%. When CuO is used
instead of an alumina nanoparticle, a minimum enhance-
ment of 20% from base fluid is obtained at 0.1% volume con-
centration. A maximum enhancement of 39% from base
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fluid is obtained when the volume concentration is increased
to 0.5% at a Reynolds number of 11000. At a Reynolds num-
ber of 11000, the heat transfer coefficient increased from
14103W/m2·K to 16369W/m2·K by increasing the CuO
nanoparticle volume concentration from 0% to 0.5%. In
the case of carbon nanotubes, the maximum enhancement
of 44% from base fluid was observed at a Reynolds number
of 10000 and volume concentration of 0.5% while a mini-
mum enhancement of 18% is observed at 0.1% v/v. At
45°C and a Reynolds number of 11000, the heat transfer
coefficient increased from 14703W/m2·K to 17179W/m2·K
by increasing the volume concentration from 0% to 0.5%.

The effect of the variation of the Reynolds number and
alumina concentration on the heat transfer coefficient at
50°C is presented in Figure 9. At 50°C, it is found that by
increasing the alumina volume concentration from 0 to
0.5% at a Reynolds number of 5000, the heat transfer coeffi-
cient increases from 5800W/m2·K to 6775W/m2·K and it is
increased to 12790W/m2·K when a Reynolds number is
increased to 11000. At the Reynolds number of 9000 and
50°C, heat transfer coefficient is increased from 7% to 16%
with an increase in the volume concentration from 0.1% to
0.5%. The heat transfer coefficient is enhanced from 15%
to 17% with an increase in the Reynolds number from
5000 to 11000 at the volume concentration of 0.5%. When
CuO is used instead of an alumina nanoparticle, a minimum
enhancement of 20% from base fluid is obtained at 0.1% vol-
ume concentration. A maximum enhancement of 39% from
base fluid is obtained when the volume concentration is
increased to 0.5% at a Reynolds number of 11000. At 50°C,
it is observed that by increasing the CuO nanoparticle
volume concentration from 0 to 0.5% at a Reynolds number
of 11000, the heat transfer coefficient increases from
12857W/m2·K to 14711W/m2·K. In the case of carbon
nanotubes, the maximum enhancement of 44% from base
fluid was observed at a Reynolds number of 10000 and
volume concentration of 0.5% while the minimum enhance-
ment of 17% is observed at 0.1% v/v. In the case of nano-
tubes, upon increasing the volume concentration from 0 to
0.5% at a Reynolds number of 11000, the heat transfer coef-
ficient increases from 13264W/m2·K to 15858W/m2·K.

The increase in the heat transfer with an increase in the
volume concentration is due to the suspension of particles
with high thermal conductivity. When nanoparticles are
added into the base fluid, the thermal conductivity of base
fluid increases. Chen et al. [60] and Wen and Ding [61]
proposed a similar reason in their studies for increasing
the heat transfer performance of nanofluids. The Brownian
motion of particles causes a delayed thermal boundary layer
at the wall surface of the tube which improves the
performance of the tube. A similar observation was also
reported by Arani and Amani [28] in their study. The energy
interaction between nanoparticles dispersed into the base
fluid is also responsible for the enhancement of the heat
transfer coefficient.

The heat transfer performance is also observed to be sig-
nificantly influenced by the inlet temperature. The heat
transfer coefficient is observed to decrease with the increase
in the fluid inlet temperature. This decrease is due to the rise

in the inlet temperature, which is clearly visible in Figure 10.
The heat transfer coefficient is reduced by 8% when the
temperature increased from 35 to 50°C at an alumina
concentration of 0.1% and a Reynolds number of 5000. At
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Figure 12: Nusselt number at a temperature of 35°C.
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a Reynolds number of 11000 and alumina concentration of
0.5%, increasing the fluid temperature brought about a
10% reduction in the heat transfer coefficient. Similar trends
were reported for both carbon nanotubes and CuO as well.
Both CuO and carbon nanotubes reported reductions of
6% and 9%, respectively.

The factor responsible for this decrease could be a higher
and prominent decrease in viscosity of nanofluid. The varia-
tion of viscosity and density in Figures 11(a) and 11(b)
clearly shows that the decrease in the density is very low
while on the other hand, the decrease in the viscosity is con-
siderable due to the increase in the temperature of nano-
fluids. Naraki et al. [62] reported a similar trend for a heat
transfer performance of CuO nanoparticles. Apart from this,
the validation of thermophysical properties, i.e., viscosity
and density, has been measured experimentally. The density
and viscosity has been measured experimentally with a
specific gravity bottle and viscometer, respectively. The error
between the experimental- and numerical-based thermo-
physical properties was approximately ±5%. So based on
the experimental data and numerical data of thermophysical
properties have been used in experimental and numerical
study, respectively. For the low concentration of nanoparti-
cles, nanofluids showed the Newtonian behavior, while with
the increase in particles concentration, the nanofluid behav-
ior changed to non-Newtonian. The increase in viscosity
with increasing of the nanoparticle loading also leads to a
clustering phenomenon. With increasing of the concentra-
tion, the internal stresses become significant, which also
contribute to the rise in viscosity of nanofluids as compared
with the base fluid.

6.3. Nusselt Number. The Nusselt number provides better
understanding of the heat transfer performance due to its
dimensionless nature and its dependence upon both the heat
transfer coefficient and the thermal conductivity. The behav-
ior of the Nusselt number with an increasing Reynolds num-
ber and volume concentrations at temperatures between
35°C and 50°C is provided in Figures 12–15. It is found that
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Figure 14: Nusselt number at 45°C.
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Figure 15: Nusselt number at 50°C.
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the Nusselt number is proportional to both the volume con-
centration and the Reynolds number. On the other hand, as
shown in Figure 16, the Nusselt number decreases with an
increase in the inlet fluid temperature. At 0.1% alumina
nanoparticle concentration and inlet fluid temperature of
35°C, the Nusselt number is 5% higher than base fluid under
a Reynolds number of 5000. At 0.5% alumina nanoparticle
concentration and a Reynolds number of 5000, the Nusselt
number is enhanced by 12% compared with the base fluid
and this is further increased to 15% upon increasing the
Reynolds number to 11000. At an inlet fluid temperature
of 50°C and volume concentration of 0.1%, the Nusselt num-
ber is 4% higher than the base fluid under the Reynolds
number of 5000. When the alumina concentration is
increased to 0.5%, the Nusselt number is noted to be 8%
higher than base fluid. At 35°C, in the case of both CuO
and carbon nanotubes, the Nusselt number is increased by
16% and 21%, respectively, at a volume concentration of
0.1% and a Reynolds number of 5000, while the Reynolds
number is increased to 11000; the increase in the Nusselt
number is around 32% and 40%. The maximum Nusselt
number is obtained at a fluid inlet temperature of 35°C,
and it decreases when it is increased to 50°C as shown in
Figure 16. At 50°C, the increase in the Nusselt number from
the base fluid is 12% and 18% for CuO and carbon nano-
tubes, respectively, at a volume concentration of 0.1% and
a Reynolds number of 5000. The carbon nanotube nanopar-
ticle provides a better heat transfer performance than both
CuO and alumina. Various factors are responsible for the
variation in the Nusselt number which has already been dis-
cussed in the heat transfer coefficient section. The effect of
increasing the inlet fluid temperature on the Nusselt number
at a Reynolds number of 11000 is shown in Figure 16. The
temperature contours for the flat tube are shown in

Figure 17. It is clearly visible in Figure 17 that the effect of
the bend in the flat tube at a Reynolds number of 11000 as
shown in Figure 17(b) is more prominent as compared with
the Reynolds number of 6000 as shown in Figure 17(a).
Hence, the enhancement in the heat transfer performance
of the flat tube with the bend as compared with performance
of the tube without the bend is higher at a higher Reynolds
number. Similar trends for both the heat transfer coefficient
and Nusselt number were observed by Sharma et al. [52] in
the study of the flow of nanofluid through the flat tube.

6.4. Variations in the Pressure Drop and Friction Factor. The
pressure drop is dependent on various properties of the fluid
like the Reynolds number, viscosity, and density. The con-
tours of the pressure drop at various temperatures and pres-
sures are shown in Figure 18. Variations in the pressure drop
upon changes in the alumina nanoparticle, CuO, Carbon
nanotube volume concentration, and Reynolds number at
different temperatures of 35°C, 40°C, 45°C, and 50°C have
been presented in Figures 19–22, respectively. The effect of
increasing the temperature at a Reynolds number of 11000
on the pressure drop is shown in Figure 23. General trends
observed in this study show that the pressure drop is
increased by increasing the volume concentration and Reyn-
olds number; however, the pressure drop is decreased by
increasing the inlet fluid temperatures. At 35°C and a vol-
ume concentration of 0.1% alumina, the pressure drop is
20% higher than base fluid under the constant Reynolds
number (Re = 5000). When the alumina volume concentra-
tion is increased from 0.1% to 0.5%, the pressure drop is also
increased by 72.3% as a comparison to the base fluid. On the
other hand, at 50°C and a volume concentration of 0.1%, the
pressure drop is increased by 16.9% at a Reynolds number of
5000. The increase in the alumina nanoparticle volume
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Figure 17: Temperature contours temperature (T) and Reynolds number (Re); (a) T = 35°C and Re = 6000; (b) T = 50°C and Re = 11000.
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concentration from 0.1% to 0.5% at a constant Reynolds
number of 5000 caused the pressure drop to decrease by
58%. It can be seen that the pressure drop increased from
980Pa to 1765Pa at a Reynolds number of 7000 and fluid
inlet temperature of 35°C when the alumina volume concen-
tration is varied from 0 to 0.5%. The maximum pressure
drop of 3871Pa is obtained at 35°C and a Reynolds number
of 11000. The pressure drop obtained in the case of CuO and

carbon nanotubes is lower as compared with alumina nano-
particles. In the case of CuO, the nanofluid maximum pres-
sure drop of 2928Pa is obtained at a fluid inlet temperature
of 35°C and a volume concentration of 0.5% under a
Reynolds number of 11000. The minimum pressure drop
of 403Pa is obtained at fluid inlet temperature of 50°C and
volume concentration of 0.1% under a Reynolds number of
5000. At a Reynolds number of 11000, the increase in the
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Figure 18: Pressure contours at various temperatures (T) and Reynolds number (Re): (a) T = 40°C and Re = 6000; (b) T = 50°C and
Re = 11000.
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pressure drop is between 10 and 46% when volume concen-
tration of CuO is varied between 0.1 and 0.5%. Upon the use
of carbon nanotubes, the maximum pressure drop of
2708Pa is obtained at a fluid inlet temperature of 35°C and
volume concentration of 0.5% at a Reynolds number of
11000. The minimum pressure drop of 351Pa is obtained
at a fluid inlet temperature of 50°C and volume concentra-
tion of 0.1% at a Reynolds number of 5000. At a Reynolds
number of 11000, the increase in the pressure drop is
between 10 and 32% when the volume concentration of
the carbon nanotube is varied between 0.1 and 0.5%. The ris-
ing trend in the pressure drop with the increase in concen-
tration is attributed to the fact that the viscosity of
nanofluid is increased upon the addition of a higher quantity
of nanoparticles to the base fluid. On the other hand, the
pressure drop is decreased with the increasing of the volume
concentration due to the decrease in viscosity and density
due to the rise in the fluid temperature. The higher Brow-
nian motion of particles at a higher temperature also causes
the decrease of the pressure drop as suggested by Saxena
et al. [63] and Zhao et al. [64].

As it is shown in Figure 24, the friction factor is
decreased by increasing the Reynolds number and the alu-
mina, CuO, and carbon nanotube volume concentration.
Variations in the friction factor for alumina nanofluid are
presented in Figure 24. The obtained values of the friction
factor was validated by using Moody’s chart. The relative
roughness was calculated by using respective correlation
and found to be around 0.003738. The results of the friction
factor for water are closest to the Moody’s results, and then,
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Figure 19: Variation in the pressure drop at 35°C.
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Figure 20: Variation in the pressure drop at 40°C.
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Figure 21: Variation in the pressure drop at 45°C.
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the addition of nanoparticles into the base fluid increased
the friction factor. Deviation in the friction factor upon the
addition of the nanoparticle is found to be decreasing with
increasing the Reynolds number. The maximum friction fac-
tor of 0.04532 is obtained at 0.5% volume concentration at
45°C. While basic trends for all the nanoparticles used in this

study remain the same, it was observed that CuO nanofluids
have a higher friction factor as compared with alumina and
carbon nanotubes. Nanofluid with a carbon nanotube has
the lowest friction factor amongst the three. The friction fac-
tor is decreased slightly with the increasing of the tempera-
ture due to the decrease in the density and viscosity of the
nanofluid as a result of increasing the temperature. There-
fore, the main reason for increasing the friction factor due
to the nanoparticle addition is the increase in viscosity and
density of nanofluid.

7. Conclusion

In this study, the effects of alumina, CuO, andmultiwalled car-
bon nanotube nanofluids flowing through the flat tube with a
90° bend under volume concentrations of 0.1% to 0.5% have
been numerically investigated. The numerical results are
obtained by using a wide range of Reynolds number from
5000 to 11000 under different fluid inlet temperatures from
35°C to 50°C. Numerical analysis was conducted with the help
of the finite volume method. The second-order upwind
method is used throughout this study for numerical analysis
while keeping the residual setting for the convergence of the
solution at 10−6. Based on the outcomes of this study, it can
be concluded that the MWCNT/water nanofluid provides bet-
ter heat transfer performance than CuO/water and Al2O3/-
water due to the more dominant effect of thermal
conductivity of MWCNT nanoparticles. Minimum enhance-
ment in the performance of was found in the case of Al2O3/-
water nanofluids. Generally, it is observed that the heat
transfer coefficient and Nusselt number increased with the
increase in the volume concentration and Reynolds number
for each nanofluids. The heat transfer coefficient and Nusselt
number are observed to decrease when the temperature is
increased from 35°C to 50°C. The general trend in the case

4000 5000 6000 7000 8000 9000 10000 11000 12000
Reynolds number (Re)

0% (Water)
0.1 % Alumina
0.2 % Alumina
0.3 % Alumina
0.4 % Alumina
0.5 % Alumina

0.1 % CuO
0.2 % CuO
0.3 % CuO
0.4 % CuO
0.5 % CuO

0.1 % MWCNT
0.2 % MWCNT

0.3 % MWCNT
0.4 % MWCNT
0.5 % MWCNT

500

1000

1500

2000

Pr
es

su
re

 d
ro

p 
(P

) (
Pa

)
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of all the nanofluids shows that the pressure drop increases
with the increase in the Reynolds number while it decreases
with the increase in temperature. MWCNT/water nanofluid
reported the least pressure drop while Al2O3/water reported
the maximum pressure drop compared with others. The effect
of the bend on the performance of the flat tube is also clearly
presented in Figure 3 which clearly shows improvement in
the performance of the tube. It can be seen that the enhance-
ment in heat transfer through the tube is higher when a higher
Reynolds number is used.

Some of the major findings of this study are summarized
as follows:

(1) The heat transfer increases with alumina, CuO, and
carbon nanotube concentrations as well as the Reyn-
olds number. In the case of alumina nanofluid, a max-
imum 19% increase in heat transfer coefficient
compared with the base fluid is noted at the volume
concentration of 0.5% and a Reynolds number of
11000. It was observed that the heat transfer coefficient
for alumina nanofluid varies between 5500W/m2K
and 14000W/m2K upon variation of the fluid inlet
temperature from 35°C to 50°C

(2) The heat transfer coefficient decreases with the
increasing of inlet fluid temperature from 35°C to
50°C. The Nusselt number is proportional to both
the volume concentration and the Reynolds number
and observed to decrease with the decrease in the
inlet fluid temperature. The maximum increase of
15%, 44%, and 52% in the Nusselt number from base
fluid is obtained at a 0.5% volume concentration for
alumina, CuO, and carbon nanotubes, respectively

(3) The pressure drop in the tube increases with the
increase in volume concentration and Reynolds num-
ber. Besides, a significant decrease in the pressure drop
is achieved when the temperature increases from 35°C
to 50°C

(4) The maximum pressure drop of 3871Pa is obtained
at 35°C and volume concentration of 0.5% at a Reyn-
olds number of 11000, while the minimum pressure
drop of 406 Pa is obtained at inlet fluid temperature
of 50°C and volume concentration of 0.1% at a Reyn-
olds number of 5000. The maximum pressures drop
in CuO and carbon nanotubes are 2928Pa and
2708Pa, respectively, at a volume concentration of
0.5% and a Reynolds number of 11000. The pressure
drop for alumina nanofluid is higher as compared
with CuO and carbon nanotubes

(5) Using the Al2O3, CuO, and carbon nanotube, the
volume concentration increases the friction factor.
Also, increasing the Reynolds number decreases the
friction factor. CuO nanofluids have a higher friction
factor as compared with alumina and carbon nano-
tubes. CuO and carbon nanotubes were found to
have a better heat transfer and fluid flow perfor-
mance as compared with alumina nanofluid

(6) The heat transfer performance of nanoparticles flow-
ing through the flat tube with a designed bend is fully
capable of improving the heat transfer performance
in comparison to base fluid and also could reduce
the size of the device for achieving the same output.
The Nusselt number of fluid flow through the bend
is enhanced by 8% from the flat tube without the
bend. On the other hand, the use of the nanoparticle
will also require a higher pumping power for opera-
tions due to the increased pressure drop

8. Future Scopes

This work focused on the performance of three nanofluids,
i.e., CuO/water, Al2O3/water, and MWCNT/water through
a flat tube bent by 90° at a fluid inlet temperature ranging
from 35°C to 50°C. The current investigation implies that
MWCNT/water provides better heat transfer performance
than CuO/water and Al2O3/water. Al2O3/water was found
to provide the least performance among the three. More
studies are required to completely understand and validate
the behavior of these nanofluids under the influence of
bends. Different nanofluids like SiO2, TiO2, Fe3O4, and
ZnO can be used as nanofluids to study the behavior of these
nanofluids through the current system. Further investigation
can be carried out at a higher Reynolds number and the tem-
perature ranges beyond 50°C. The angle of the bend can also
be varied to understand its effect on the performance of the
tube. Configuration of the tube considered in this study was
flat while the scope of this type of study can be extended to
different configurations, i.e., elliptical tube, rectangular tube,
and circular tube.

Nomenclature

Cp: Specific heat capacity (J/kg·K)
Dh: Hydraulic diameter of the tube (m)
dp: Nanoparticle diameter (nm)
f : Friction factor
h: Heat transfer coefficient (W/m2·K)
K : Thermal conductivity (W/m·K)
Ke: Effective thermal conductivity (W/m·K)
Kp: Particle thermal conductivity (W/m·K)
Nu: Nusselt number
P: Pressure (Pa)
Re: Reynolds number
T : Temperature (K)
V : Average velocity (m/s)
Vp: Particle volume equation
n: Nanoparticle volume fraction (%)
ψ: Particle sphericity
ϕ: Shape factor
ρ: Density (kg/m3)
μ: Viscosity (kg/m·s)
b: Bulk mean

bf : Base fluid

f : Fluid

nf : Nanofluid
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np: Nanoparticle

p: Particle.
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The data used to support the findings of this study are
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