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In this research, a series of numerical simulations were conducted utilizing computational fluid dynamics (CFD)
software in order to predict the heat transfer performance of queues nanofluids containing clove-treated
graphene nanoplatelets (CGNPs) flowing in a horizontal stainless steel heated pipe. The GNPs were covalently
functionalized with clove buds using free radical grafting reaction using an eco-friendly process. The advantage
of this synthesismethodwas that it did not use hazardous acids, which are typically used in traditional treatment
methods of carbon nanostructures. The thermo-physical properties of the aqueous nanofluids obtained experi-
mentally were used as inputs for the CFD simulations for solving the governing equations of heat transfer and
fluidmotion. The shear stress transport (SST) k-ω turbulence model was also used in these simulations. The cor-
responding convective heat transfer coefficient and friction factor of aqueous nanofluids for nanoparticle weight
concentrations of 0.025, 0.075, and 0.1% were evaluated. The simulation results for both heat transfer coefficient
and friction factor were shown to be in agreementwith the experimental data with an average relative deviation
of about ±10%. The presented results confirmed the applicability of the numerical model for simulating the heat
transfer performance of CGNPs aqueous nanofluids in turbulent flow regimes.
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1. Introduction

There has been considerable interest in developing working fluids
with good thermal properties for increasing heat transfer efficiency of
heat exchangers [1–5]. Recent studies on nanofluids showed that
adding small amount of highly thermally conductive nanoparticles in
the base fluid (e.g. water) enhances the thermal conductivity, hence en-
hancing the convective heat transfer rate of base fluid [6–17]. Actually,
the reduction of the thermal boundary layer thickness caused by the
presence of the nanoparticles and their random motion within the
base fluid may have significant effect to such convective heat transfer
coefficient improvement as well [18–20]. Typically, the heat transfer
rate of the basefluid increases by increasing the nanoparticle concentra-
tion. This is because the increase of nanoparticle concentration in-
creases the Brownian motion induced fluctuations in the fluid that
results in the rapid heat transfer from the wall to nanofluid. In order
to reduce costs associated with experimental studies, much effort has
been made to use numerical simulations to examine the performance
of nanofluids on convective heat transfer in various applications. In
this regard, both two-phase and single-phase simulation models have
been developed for studying convective heat transfer of thermal
systems where nanofluids are used as the working fluids. Single phase
(homogeneous) models are popular for numerical studies involving
aqueous nanofluids due to the simplicity of these models. In this
approach, the nanoparticles are supposed to be homogeneously
distributed in the base fluid [21]. The effective thermophysical charac-
teristics, containing specific heat capacity, thermal conductivity, dy-
namic viscosity and density, are then evaluated based on the mixture
model of nanoparticles and base fluid. In addition, the effective single-
phase model assumes that the liquid and solid particle phases are in
chemical and thermal equilibrium, and there is no relative velocity be-
tween the phases [22–24]. By its nature, the single-phase modeling is
generally easier and less time-consuming compared with two-phase
modeling. However, it is crucial to apply suitable equations in order to
compute the properties of single-phase nanofluids [25].
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In two-phase modeling, it is assumed that there are slip velocities
between the nanoparticles and base fluids. For this reason, the
nanofluids are treated as inhomogeneous mixtures and there are varia-
tions in the nanoparticle concentration in nanofluids. Due to its simplic-
ity, a large number of numerical studies have been accomplished for
predicting the convective heat transfer and hydrodynamic characteris-
tics of aqueous nanofluids using single-phase models with an accept-
able degree of accuracy [26]. Jayakumar et al. [27] conducted CFD
modeling and experimental studies in a fluid to fluid heat exchanger
in order to compare the thermal and flow properties inside a helical
coil for different boundary conditions. They investigated the impact of
using constant fluid characteristics using standard k–ε turbulence
model in the computational modeling of heat transfer by comparing
the data with those obtained for constant properties. They found that
the predicted results match reasonably good with the experimental
data. Conte et al. [28,29] performed both numerical and experimental
studies to understand convective heat transfer from a single round
pipe coiled in a rectangular pattern. The focus was addressed on explor-
ing the flow pattern and temperature distribution through the pipe. The
results of both experimental and numerical investigations show better
heat transfer performance.

Maiga et al. [30] have studied the problem of forced convection, tur-
bulent and laminar, inside a uniformly heated tube, indicating the heat
transfer enhancement is caused by the inclusion of nanoparticles. Lotfi
et al. [31] compared the two-phase Eulerian model and Mixture
model with the single phase model for convection Al2O3 aqueous
nanofluid in horizontal tubes and the data represented that themixture
model had better Nusselt number(Nu) predictions. The single-phase
model also was employed by Nambura et al. [24], and Maiga et al. [30]
and Akbarnia and Behzadmehr [32] for the study of convection heat
transfer of different aqueous nanofluids inside the circular pipes.
Based on their results, the single-phase model gives the sensible results
for the aqueous nanofluids. Kumar et al. [33] have modelled the heat
transfer and fluid flow in a tube-in-tube helically coiled heat exchanger
for various fluid flow rates in the outer and inner tube. The
renormalization group (RNG) k–ε is employed to simulate the heat
transfer and turbulent flow in the heat exchanger. It was discovered
that the overall convective heat transfer coefficient elevates by increas-
ing the inner-coiled tube flow rate for a constant flow rate in the annu-
lus region. Similar trends in the variation of overall convective heat
transfer coefficient were discovered for various flow rates in the annu-
lus region for a constant flow rate in the inner-coiled tube. Besides, it
was figured out that the overall heat transfer coefficient also increases
by increasing the operating pressure in the inner tube. The friction fac-
tor values in the inner-coiled tube were in consent with the literature
results. Di Piazza et al. [34] numerically investigated heat transfer and
turbulent flow in curved tubes, representative of helically coiled heat
exchangers. Alternative CFD turbulence models (RSM–ω, SST k–ω and
k–ɛ) were compared with direct numerical simulation results and heat
transfer data and experimental pressure drop. The data showed that uti-
lizing the RSM–ω and SST k–ω turbulence models, pressure loss data
were in good consent with the literature results and the Ito correlation.
For convective heat transfer, the literaturewas not comparably accurate
or complete, however, a well agreement was achieved in the range of
available results.

Goodarzi et al. [35] conducted a numerical study using a FORTRAN
code to investigate the pressure loss and convective heat transfer of a
counter flow corrugated plate heat exchanger in which the nanofluids
containing MWCNTs that functionalized via mixture of HNO3/H2SO4

used as coolants. They indicated that loading of nanoparticles can in-
crease the convective heat transfer coefficient of the base fluid. Besides,
it was figured out that increasing the nanoparticle volume fraction as
well as reduction of Peclet number could add to the friction factor
which in turn leads to increase the pumping power and pressure drop.
They showed that the density and thermal conductivity play important
role in the betterment of heat exchanger efficiency.
Most of the previous studies involved nanoparticles functionalized
using corrosive and hazardous acids. To the best of our knowledge,
there are no notable numerical researches regarding heat transfer and
hydrodynamic characteristics of nanofluids containing GNPs covalently
functionalized using an eco-friendly functionalization method are cho-
sen as the working fluids. In this study, a computational modeling of
flow and heat transfer of nanofluids including green functionalized
GNPs in a horizontal circular tube was carried out using the ANSYS-
Fluent computational fluid dynamics (CFD) software. A three-
dimensional model was constructed and the turbulent flow conditions
were evaluated using the SST k-ω model. The nanofluids were com-
posed of several CGNP concentrations (0.025, 0.075 and 0.1 wt%) in
the distilled (DI) water. Simulationswere conducted for Reynolds num-
bers ranging from 6371 to 15,927. A constant heat flux of 12,752W/m2

at the channel walls was imposed as the boundary condition. A single-
phasemodel under steady-state conditionwas used, and the simulation
results were compared with the earlier experimental data [36] for
model validation and text of accuracy.

2. Numerical simulations

A computational fluid dynamics methodology was employed to
study the thermal performance of a horizontal circular heated
tube containing clove-treated GNPs nanofluids under steady fully
developed turbulent flow condition. Fig. 1 shows the schematic of
the heated horizontal circular pipe configuration. The total length
of the tube is 1.4 m, the heated section length is 1.2 m, and the
inner diameter of the pipe is 10 mm. The tube was subjected to a
constant heat flux of 600 W. The commercial CFD software,
ANSYS-Fluent v18, installed in a computer with Intel® Core™ i7-
4770 3.40 GHz processor and 16 GB of random access memory,
was used for these simulations. The grid was generated using
meshing module provided by the software package. In this model,
only the fluid control volume was modelled and the thickness of
tube wall was not considered. The structured grids with 9 inflation
layers was employed to mesh the region close the walls where large
gradients of velocity and temperature occur. Unstructured grid was
used for the interior volume cells. The computational grid is shown
in Fig. 2. Experimental apparatus details are described in the Fig. S1
(a) and (b) of the Supplementary material.

It was assumed that the working fluids are homogeneous single-
phase nanofluids, which implies that the CGNPs nanoparticles and
base fluid (DI water) have the same local temperature. The properties
of the nanofluid were obtained empirically [36], the effective single-
phase flow model was used in the analysis. It was also assumed that
the nanofluid is a Newtonian fluid with material properties that are
functions of concentration. The temperature dependence of thermo-
physical was neglected as the temperature variations were relatively
small in the present study.

The steady-state governing equations of conservation of mass, bal-
ance of momentum, and conservation of energy for single-phase effec-
tive model as presented in [37,38] are:

Conservation of mass:

∇ � ρV
!� �

¼ 0 ð1Þ

Conservation of momentum:

∇ � ρV
!

V
!� �

¼ −∇Pþ ∇ � μ þ μ tð Þð∇V
!þ ∇V

!T Þ
� �

þ ρ g! ð2Þ

Conservation of energy:

∇ � ρCp V
!
T

� �
¼ ∇ � Keff∇T

� �þ ρϵ ð3Þ



Fig. 1. The 3D model of horizontal circular heated tube.
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where V
!

is the mean velocity vector, Keff = K+ Kt is the effective ther-
mal conductivity of a homogeneous single-phase fluid, and ϵ is the en-
ergy dissipation rate.

For a range of CGNP concentrations, the effective thermo-physical
properties of the nanofluid including density, ρ, viscosity, μ, specific
heat capacity, Cp, and thermal conductivity, K as measured in experi-
mental study [36] for a temperature of 30 °C, as listed in Table 1 were
used in these simulations.

The boundary conditions for solving the governing equations for CFD
model are described in this section. Uniform heat flux and no-slip
boundary condition were employed for the tube walls. The fluid enters
the tube at a constant inlet temperature Tin = 303.15 K and uniform
axial velocity Vin. The velocity and temperature were assumed to be
fully developed at the inlet of the tube. It was assumed that the tube
walls were perfectly smooth and the external surface of the tube walls
was insulated. As noted before, for the no-slip boundary condition
Vwall = 0 on the tube wall. The acceleration of gravity was set as
9.8 m/s2. Three CGNP concentrations of 0.025, 0.075, and 0.1 wt% were
considered in these simulations. At the outlet of the pipe, the out flow
condition was imposed.

In this study, the turbulent nanofluid flow inside the horizontal tube
was simulated for the Reynolds number range of 6371–15,927. The
Fig. 2. Grid of the solution domain.
two-equation shear stress transport (SST k-ω) turbulence model pro-
posed by Menter [39] was used in these simulations and for determin-
ing the convective heat transfer coefficient. The governing equations
for the SST k-ω turbulent model are given as,

U j
∂ρk
∂xj

¼ τij
∂ui

∂xj
−β�kρω þ ∂

∂xj
μ þ σkμ tð Þ ∂k

∂xj

" #
ð4Þ

U j
∂ρω
∂xj

¼ γ
vt

τij
∂ui

∂xj
−βω2 þ ∂

∂xj
μ þ σωμ tð Þ ∂ω

∂xj

" #

þ 2 1−F1ð Þρσω2
1
ω

∂k
∂xj

∂ω
∂xj

ð5Þ

The default values for the SST k-ω model parameters were used for
these simulations [39]. These are,

σk1 ¼ 0:5;σω1 ¼ 0:5;β1 ¼ 0:075;β� ¼ 0:09; κ ¼ 0:41;γ2

¼ β2=β
�−σω2 � Κ2=

ffiffiffiffiffiffi
β�p

where,

vt ¼ k
ω

ð6Þ

The turbulent stress tensor is given as,

τtij ¼ μt
∂ui

∂xj
þ ∂uj

∂xi
−

2
3
∂uk

∂xk
δij

 !
−

2
3
ρkδij ð7Þ

In Eq. (5),

F1 ¼ tanh arg41
� � ð8Þ

where,

arg1 ¼ min max

ffiffiffi
k

p

0:09ωy
;
500ν
y2ω

 !
;
4ρσω2k
CDkωy2

" #
ð9Þ

where y is the distance to the solid surface and CDkω is the positive por-
tion of the cross-diffusion term that can be determined from the follow-
ing equation:

CDkω ¼ max 2ρσω2
1
ω

∂k
∂xj

∂ω
∂xj

;10−20

 !
ð10Þ



Table 1
Thermo-physical characteristics of the water and CGNP aqueous nanofluids at an inlet temperature of 30 °C [36].

Thermo-physical properties DI water 0 wt% CGNPs 0.025 wt% CGNPs 0.075 wt% CGNPs 0.1 wt%

Thermal conductivity (W/m·K) 0.611 0.636 0.681 0.708
Viscosity (mPa·s) 0.829 0.844 0.868 0.885
Specific heat capacity (J/kg·K) 4142 4123 4096 4080
Density (kg/m3) 995.50 995.6 995.8 995.9
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The set of differential equations (governing equations) was
discretized using the finite-volume approach and solved iteratively by
utilizing the line-by-line procedure. The second order upwind scheme
was employed for the convective and diffusive terms whereas the algo-
rithm of SIMPLEC was used for the velocity-pressure coupling [40]. For
the convergence criteria, the sum of the scaled absolute residuals for
the parameters of mass and velocity were restricted to b10−3 and tem-
perature was restricted to b10−6.

In order to ensure that the simulationswere independent of the grid
size, grid independency tests were carried out for three grid sizes. We
have plotted the number of nodes against Nu number (Fig. 3(a)) and
ΔP (Fig. 3(b)). It can be seen from Fig. 3(a) and (b) that a grid with
about 2,000,000 elements provides satisfactory results for the Nu and
pressure drop. Increasing the grid size beyond 2,000,000 elements
does not significantly influence the accuracy of the results. Based on
these observations, the optimal grid of 2,000,000 cells was selected for
the subsequent computations.

More details on the effect of grid size on theNu number and pressure
drop are presented in the Tables S1 and S2 of the Supplementary mate-
rial, respectively.
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Fig. 3. Grid independency tests. (a) Variations of Nu number and (b) pressure drop as a
function of the Re number. Comparison with the experimental data of [36].
Once the convergencewas achieved, thewall and bulk temperatures
and the shear stress results along the heated tube were evaluated. The
corresponding friction factor (f), pressure drop (ΔP), local and average
convective heat transfer coefficients (h), and Nusselt number (Nu)
were then computed using the following equations:

f ¼ 8τw
ρϑ2 ð11Þ

Δp ¼ 4Lτw
D

ð12Þ

h ¼ q
Tw−Tb

ð13Þ

h xð Þ ¼ q
Tw xð Þ−Tb xð Þ

ð14Þ

Nu ¼ h � D
k

ð15Þ

Nu xð Þ ¼ hx � D
k

ð16Þ

where, τw, υ, ρ, h, q, D, k, Tb, and Tw represent the wall shear stress, flow
velocity, fluid density, convective heat transfer coefficient, heat flux,
inner tube diameter, thermal conductivity of thefluid, bulk temperature
over the heated zone, and wall temperature, respectively.

3. Results and discussion

In order to ensure the accuracy of the CFDmodel and the numerical
procedure, the simulations were carried out using the same geometry
and dimensions of the experimental horizontal circular heated tube
and under the same operating conditions as those used in the experi-
mental study of [36]. The predicted average Nu for DI water inside the
horizontal tube subjected to uniform heat flux were compared to
those determined from the experiments [36] and empirical correlations
proposed by Petukhov [41] (Eq. (17)), Gnielinski [42] (Eq. (18)), and
Notter-Rouse [43,44] (Eq. (19)), and the results are plotted in Fig. 4(a).

Nu ¼
f
8

	 

RePr

1:07þ 12:7 f
8

� �0:5
Pr

2=3−1
� � ð17Þ

Eq. (17) was used if 3000 b Re b 5 × 106 and 0.5 ≤ Pr ≤ 2000.

Nu ¼
f
8

	 

Re−1000ð Þ Pr

1þ 12:7 f
8

� �0:5
Pr

2
3−1

� � ð18Þ

here, Pr is the Prandtl number and f is the friction factor. Eq. (18) was
used if 3 × 103 b Re b 5 × 106 and 0.5 ≤ Pr ≤ 2000.

Nu ¼ 5þ 0:015 Re0:856 Pr0:347 ð19Þ
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The friction factor (f) in Eqs. (17) and (18) were determined using
the relationship proposed by Petukhov [41]:

f ¼ 0:79 Ln Re−1:64ð Þ−2 ð20Þ

Fig. 4 shows that there is good agreement between the simulation
data and the experimental data those obtained from Notter-Rouse's
and Petukhov's empirical correlations, with an average relative devia-
tion of 12.48, 13.72, and 11.31%, respectively. This may be due to the ex-
istence of conduction resistance in the experimental test section, which
was not considered in the CFD model. Also, there are deviations might
be resulted from implementation of the approximating models of tur-
bulence on one hand, and the error of the measuring instruments in
the experimental on the other hand. Based on the results, it can be de-
duced that the CFD model is capable of simulating the heat transfer
characteristics of the CGNP-DI water nanofluids.

The predicted friction factors for DIwaterwere comparedwith those
determined from experimental data and empirical correlations pro-
posed by Petukhov [41] and Blasius [45] (which are given by Eqs. (20)
and (21), respectively) and the results are plotted in Fig. 4(b).

f ¼ 0:3164 Re−0:25 ð21Þ

This equation is valid for 3000 b Re b 105.
The results are indeed encouraging since the average relative devia-

tions in the friction factor between the simulations and those obtained
from experiments and Petukhov's [41] and Blasius's [45] empirical cor-
relations are 8.94, 6.024, and 6.56%, respectively. This indicates that the
CFDmodel is reliable tomeasure the hydrodynamic properties of CGNP-
DI water nanofluids within the range of Reynolds number investigated
in this study.
Fig. 5 shows the axial local Nu number for DI water as a function the
Reynolds number. It can be observed that the local Nusselt number de-
creases by increasing the axial distance along the horizontal tube,
though the local Nu seems to be invariant when X/D is more than 15.
It is apparent that there is a significant drop in the local Nu number
when X/D is within a range of 0–15. The local Nu number remains rela-
tively constant thereafter due to the fully developed turbulentflow con-
dition. In addition, it is evident that increasing the Reynolds number
reduces the temperature difference between the bulk andwall temper-
ature which results in higher convective heat transfer coefficient and
thus, higher Nu.

A series of CFD simulations using the effective single-phase model
were performed in order to predict the convective heat transfer coeffi-
cient and pressure drop of the CGNP-DI water nanofluid flowing in the
horizontal pipe with an input heat flux of 12,752W/m2. The Re number
was varied from 6371 to 15,927, indicating that the simulations were
conducted for turbulent flow regime. Likewise, three CGNPweight con-
centrations were considered in this study, namely, 0.025, 0.075, and
0.1%. Finally, the average heat transfer coefficient was determined by
inserting the average wall temperature and bulk temperature deter-
mined from simulations into Eq. (13).

Fig. 6(a) shows the comparison between numerical results and the
experimental data for the average heat transfer coefficient as a function
of the Reynolds number for aqueous nanofluids with various CGNP con-
centrations. It is seen that the average heat transfer coefficient signifi-
cantly increases with an increase in the CGNP concentration. This is
likely due to the thermal conductivity enhancement resulting from
the Brownian motion of CGNPs suspended in DI water. Moreover, in-
creasing the Reynolds number leads to higher average heat transfer co-
efficient. The greater Re results in higher fluid velocity and a steeper
temperature gradient, which in turn, increases the heat transfer coeffi-
cient. In general, there is good agreement between the experimental
and simulation data, where the average relative deviations are 8.11,
1.87, and 6.02% when the CGNP weight concentrations are 0.025,
0.075, and 0.1%, respectively.

The pressure drop across the test section was determined by
inserting the wall shear stress values obtained from simulations into
the Eq. (12) and the results are shown in Fig. 6(b) for various concentra-
tions of CGNPs and Re numbers. It is seen that there is a slight increase in
the pressure loss for the CGNPs aqueous nanofluids compared with
those for DI water. In addition, the pressure drop increases slightly
when the concentration of CGNPs in DI water increases. It is believed
that this is caused by the slight increment in dynamic viscosity for
CGNP-water nanofluids which requires a negligible increment in fluid
velocity since the Reynolds number is constant. Therefore, it can be de-
duced that the fluid velocity plays a vital role in enhancing the pressure
loss in the test section. In general, there is a good agreement between
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the simulation and experimental results for the pressure drops where
the average relative deviations are 8.02, 6.82, and 5.94% for CGNP
weight fraction of 0.025, 0.075, and 0.1%, respectively.

Fig. 7(a) and (b) shows the temperature distribution contours for
the CGNP-DI water nanofluid (0.1 wt%) and DI water at Re = 6371, re-
spectively, in the horizontal tube subjected to a constant heat flux of
12,752 W/m2. The color bar showing a range of colors from blue to
red indicates the temperature range from minimum to maximum in
the tube. It is obvious that the inner wall temperature decreases when
the CGNP/DI water nanofluids are used as the working fluids instead
of DI water. In general, this reduction is due to the enhanced transport
properties of the nanofluids (particularly, the higher thermal conductiv-
ity of CGNPs) and the role of Brownian motion of nanoparticles on the
thermal conductivity enhancement. This in turn, leads to higher convec-
tive heat transfer enhancement, which promotes heat transfer from the
higher-temperature surface (i.e. inner wall of the pipe) to the fluid.
Fig. 8(a) and (b) illustrates the velocity contours for the DI water and
CGNP nanofluid, respectively for the Re = 6371 and heat flux of
12,752 W/m2. It is noticed that flow becomes fully developed within a
short distance from the inlet due to the small diameter. In addition,
the maximum velocity is higher for the CGNP nanofluid compared
with that for DI water even though the Reynolds number is constant.

4. Conclusions

ANSYS Fluent commercial CFD software was used to simulate the
heat transfer and friction factor of a horizontal heated tube with CGNP
aqueous nanofluids as the working fluid. Here an effective single-
phase turbulent flow model in conjunction with the SST k-ω model
and various nanoparticle weight fractionswere used in the simulations.
The simulation results for the base fluid (DI water) and nanofluids were
validated against experimental data aswell as empirical correlations for
various Reynolds numbers. Good agreement between the simulation re-
sults and the experimental data, as well as, those obtained from Notter-
Rouse's and Petukhov's empirical correlations were found. The average
relative deviationswere 12.48, 13.72, and 11.31%, respectively, that was
contributed to the existence of conduction resistance in the experimen-
tal test section, which was not considered in the CFD model, and the
r and (b) CGNP nanofluid at Re = 6371 and uniform heat flux of 12,752 W/m2.



Fig. 8. Velocity distribution contours across the horizontal tube for (a) DI water and (b) CGNP nanofluid at Re= 6371 and uniform heat flux of 12,752 W/m2.
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turbulent model used in the simulation, besides to those resulting from
the accuracy of the measurement instruments. Likewise, the average
relative deviations in the friction factor between the simulations and
those obtained from experiments and Petukhov's and Blasius's empiri-
cal correlations were 8.94, 6.024, and 6.56%, respectively. The results
demonstrated the accuracy and reliability of the proposed CFD model
for evaluating the thermal performance of the nanofluids. In general,
there is good agreement between the numerical simulations and exper-
imental results for pressure drop, with an average relative deviation of
8.02, 6.82 and 5.94% for a CGNP weight concentration of 0.025, 0.075,
and 0.1%, respectively. In addition, there is a good agreement in the
mean convective heat transfer coefficient with an average deviation of
8.11, 1.87 and 6.02% respectively, for a CGNP weight concentration of
0.025, 0.075, and 0.1%, respectively. Hence, we confirm that the single-
phase three-dimensional CFD model developed in this study can be ef-
fectively used to predict the convective heat transfer and friction factor
characteristics of CGNPs aqueous nanofluids in a horizontal heated tube.
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