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Abstract—Since graphene nanoplatelet (GNP) is a promising
material due to desirable thermal properties, this paper is related to
the thermophysical and heat transfer performance of covalently
functionalized GNP-based water/ethylene glycol nanofluid through
an annular channel. After experimentally measuring thermophysical
properties of prepared samples, a computational fluid dynamics study
has been carried out to examine the heat transfer and pressure drop of
well-dispersed and stabilized nanofluids. The effect of concentration
of GNP and Reynolds number at constant wall temperature boundary
condition under turbulent flow regime on convective heat transfer
coefficient has been investigated. Based on the results, for different
Reynolds numbers, the convective heat transfer coefficient of the
prepared nanofluid is higher than that of the base fluid. Also, the
enhancement of convective heat transfer coefficient and thermal
conductivity increase with the increase of GNP concentration in base-
fluid. Based on the results of this investigation, there is a significant
enhancement on the heat transfer rate associated with loading well-
dispersed GNP in base-fluid.

Keywords—Nanofluid, turbulent flow, forced convection flow,
graphene, annular, annulus.

1. INTRODUCTION

LUIDS flow in the annular ducts and their convective heat

transfer are important phenomena in the engineering
systems due to their technological applications such as cooling
core of nuclear reactors, electrical gas-insulated transmission
lines, thermal insulation, gas-cooled electrical cables, cooling
systems, compact heat exchangers, cooling of electronic
devices, boilers, solar energy systems, aircraft fuselage
insulation to underground electrical transmission cables and
thermal storage systems [1]-[4]. As a result, studies on the
heat transfer enhancement in annular shape pipes are essential
[5].

Nanofluid is defined as a new kind of fluids with metallic
nanoparticle or carbon nanostructure suspended in base-fluid
[6]-[10]. Heat transfer of nanofluids can be the functions of
dimension, nanoparticles’ properties, volume concentration of
nanoparticles etc. [11]-[14]. According to the experimental
investigations [8], [15]-[26], nanofluids have shown a
promising potential for augmentation of energy transfer and
also have higher thermal conductivities in comparison to the
base-fluids. Owing to the nanofluids characteristics, many
kinds of industries including automotive radiator systems,
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computer processing cooling equipment, home heating and
cooling appliances, power plant cooling systems can employ
the suggested technique.

As a pioneer, Chol in 1995 [27] used nanofluid to increase
the heat transfer rate. After that, many studies concentrated on
the thermophysical and thermal properties of nanofluids. To
be cost-effective, a majority of researchers focused on the
modelling of the effective thermal parameters such as heat
transfer coefficient and thermal conductivity in the presence of
nanofluids. To address this issue, two methods of single-phase
or two-phase were employed to calculate the convective heat
transfer coefficient of nanofluids, which both can be resulted
in validated results. Commonly, the single-phase approach
constructs based on an assumption of having the same velocity
for both nanoparticles and base-fluid. In addition, there is
thermal equilibrium between them to facinate the method and
decreasing computational time. However, finding some valid
correlations for measuring thermophysical properties of
nanofluids in single-phase is essential in this method [28]-
[36]. Unfortunately, the lack of appropriate agreement
between results obtained by single-phase simulation and
experiments does not permit this method to be accepted as a
dominant technique, which is caused by low-accuracy of
correlations to anticipate the behavior of both nanoparticles
and base-fluid. On the other hand, some parameters in
nanofluids like Brownian motion, concentration, and
sedimentation of particles, may have a direct effect on flow
regime and subsequently the extent of heat transfer rate [37].
To solve the problems with one-phase approach, two-phase
approach was introduced as a novel method with the capability
of investigation of both solid and liquid phases, showing a
great agreement with theoretical and experimental results. Due
to the high validity of two-phase method, many studies on
multiphase flow utilized the “Mixture Theory” for minimizing
the percentage of error over simulation [38]-[42]. Note that,
unlike one-phase method, this method used underlying theory,
and different phases can be mathematically defined as a
continuum. To address this issue, Lotfi et al. [43] compare
single-phase method with two-phase Eulerian and two-phase
mixture methods for simulation of the flow behavior in the
presence of nanofluids. Consistent with their results, two
phase mixture approaches can be considered as an accurate
method in a straight pipe as compared with the other two
approaches. Accordingly, some researchers were employed
the above-mentioned method for simulating the behavior of
flow and heat transfer in the presence of different nanofluids
[31], [32], [44]-[46].
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The objective of the present study is abstracted in
investigation of numerical simulation of the convective heat
transfer in an annular heat exchanger. To realize this goal
appropriately, two-phase mixture model is employed. The
obtained results by simulation with two-phase method was
validated with the analytical results and they are confirmed.
Then, the nanofluids flow in a three dimensional annular pipe
is investigated for different mass fractions and Reynolds
numbers. As a result, Nusselt number profiles, friction factor
and the performance index are measured for synthesized
nanofluids.

II. ANALYSIS

Forced convection heat transfer of the EG-water mixture as
well as ethylene glycol-treated Graphene Nanoplatelets-based
water-ethylene  glycol nanofluids (EGNP-WEG) were

compared, and the thermophysical properties of the
synthesized samples were obtained from our recent work [6].
Then, the EGNP-WEG coolants in a horizontal annular tube
with a uniform heat flux at the inner wall has been considered.
Fig. 1 shows the geometry of our study which consists of a
straight annular pipe with outer radius of r, (4 mm), inner
radius of 1; (2 mm), and length of L (60 mm). The size of 1, is
exactly two times of r; and the channel length (L) is 60 times
of the hydraulic diameter (Dy) to attain the fully developed
region at the outlet. The turbulent region with steady state and
incompressible flow was considered as the initial condition for
nanofluid. Fluid properties are assumed to be constant over
tube due to the mean temperature of fluid does not changed
more than 2 degrees.

. N L ~
< el Uniform ?\\
?‘\H\em Flex e
“', i T -

Outlet; P=0

Fig. 1 Geometrical configuration and boundary conditions of the present study

The present numerical simulation employs the mixture
model by assuming that two phases are interpenetrating,
meaning that there is a velocity vector field of the primary
phase and also a velocity vector field of the secondary phase.
Within any control volume, each phase has its own volume
fraction, and the connection between phases is strong, so
nanoparticles closely follow the base-fluid flow. The mixture
method applications and its accuracy in calculation for
nanofluids have been showed by several researchers such as
[43]-[47], [32].

As an alternative to the application of the governing
equations for each phase, the continuity, momentum, and fluid
energy equations for the mixture are employed. By looking at
the forced convection heat transfer in the turbulent region for
incompressible and Newtonian fluid, the governing equations
can be written as follows [48]:

1. a). Continuity Equation

V. (psV)=0 O
2. Momentum Equations

V.(pVV ) ==VP + 1, VNV = p V.U V) @
3. Conservation of Energy

VA0 CpatVT ) = Vl(kyq +k)VT) &

In the above equations, the symbols \7, P and T
represent the time averaged flow variables, while the symbol

V'represents the fluctuations in the velocity. The term of

Pu V.(VV') in the momentum equations illustrates the

turbulent shear stress. The terms of kegr and k, represent the
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effective molecular conductivity and the turbulent thermal
conductivity, respectively.

To model the flow in the turbulent regime, the standard k-¢
model can be employed based on the Launder and Spalding
study [49], which is as follows:

V.(py KV )=V.[(Ji)V(k N+G, — oy €
k €

&
Vipy & )= v[iVa]T(Cka ~Cu P )
% Q)

k2
G, =4(W +(W '), 4 =pC,—
o (6)

C,=009.0, =1.00,0,=130C, =144C,, =192

where pesr and i are the effective viscosity of nanofluid and
coefficient of viscosity in turbulent regime, respectively.

A.Numerical Implementation

Herein, the numerical method available in the commercial
CFD package of ANSYS-Fluent, V15 has been used. Fluent
uses a finite volume approach to convert the governing partial
differential equations into a system of discrete algebraic
equations. Based on the discretization methods, a second-order
upwind scheme is selected for the momentum, turbulent
kinetic energy and turbulent dissipation rate equations,
whereas the second order upwind for energy equation is
selected. For two-phase calculations, the phase momentum
equations with the shared pressure are solved in a coupled and
segregated fashion. The phase coupled SIMPLE (PC-
SIMPLE) algorithm is employed for the pressure-velocity
coupling. PC-SIMPLE is an extension of the SIMPLE
algorithm to multiphase flows. The scaled residuals for the
velocity components and energy are equal to 10-8 and 10-9,
respectively.

A structured non-uniform grid distribution has been used to
discretize the computational domain. Finer grids have been
used close to the inner wall where the temperature gradients
are high. Several different grid distributions have been tested
to ensure that the calculated results are grid independent. It is
shown in Fig. 2 that increasing the grid numbers does not
change significantly the Nusselt numbers. Therefore, the total
grid points and the elements employed in the whole tube are
798304 and 757500, respectively (x=3000 r=100, ©=100
elements).

B. Validation

Heat transfer enhancement of the mixture of water-EG flow
in a horizontal annular tube with uniform heat flux at the inner
wall has been simulated.

The Nusselt numbers have been calculated by the ANSYS-
Fluent and the analytical solutions are presented in Fig. 3. The
calculated Nusselt via the Dittus-Boelter and Gnielinski
correlations shows a significant agreement with numerical

results, which the maximum error of 5.3% is obtained. As a
result, the numerical method is reliable when it can predict the
mixed convection flow in an annular pipe in the presence of
nanofluid.

40

35 !
X
X

(3%
thh O

X

[ ST )
(=]

Nussel Number
—
wn

ATI8304

—_
(=)

® 1258864

L

X 1378944
0
20000 2500.0 3000,0 3500.0 4000,0 4500,0 50000
e

Fig. 2 Comparison of Nusselt numbers versus Reynolds numbers for
base-fluid at three different grid distributions
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Fig. 3 Nusselt profiles for various Reynolds numbers through annular
heat exchanger obtained by numerical two-phase method and its
comparison with Gnielinski and Dittus-Boelter equations

III. RESULTS AND DISCUSSIONS

Variations of the convective heat transfer coefficient and
Nusselt number of EGNP dispersed in a mixture of DI water—
EG are studied, and the results are presented in this section.

Fig. 4 shows the local Nusselt number at the inner wall at
the constant heat flux (q"), different mass concentrations (¢),
and various inlet velocities (u). The curves for all simulations
show an initial decrease in the local Nusselt number. After
placing at the minimum position, the local Nusselt number
remain constant in the axial direction due to the fully
developed turbulent flow. It is shown that the EGNP loading
in the base-fluid improves the thermal conductivity of fluid,
increase the wall temperature as compared to the conventional
base-fluid. The lower temperature difference between bulk
fluid and wall tube, the higher convective heat transfer
coefficient is.

Fig. 5 shows the heat transfer coefficient plots of EGNP-
WEG for five different Reynolds numbers and mass
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concentrations. It is realized that the enhancement of heat
transfer coefficient of EGNP-WEG remarkably exceed those
of the thermal conductivity improvements for different mass
concentrations. The maximum heat transfer coefficient at
concentration of 0.2% and Reynolds number of 17,000 is
64%. According to [50], [51], applying a simple analogy that
the connective heat transfer is proportional to k/6t, where 6t is
the boundary thickness of thermal boundary layer. Therefore,
increasing k and/or decreasing 6t lead to an increase in the
heat transfer coefficient. Noticeably, as reported by [51], [52],
carbon nanomaterials such as graphene and CNTs decrease
thickness of thermal boundary layer. As a result, heat transfer

coefficient improves significantly compared to that of thermal
conductivity.

Fig. 6 shows the average Nusselt numbers of EGNP-WEG
for various mass concentrations and Reynolds numbers. To
evaluate the ratio between convective and conductive heat
transfer of EGNP-WEG coolants, Nusselt number plots have
been employed. The results suggest that the Nusselt number
increases remarkably in the presence of treated samples in
comparison to the applied base-fluid. The EGNP loading in
base-fluid improves the thermal conductivity of base-fluid,
which leads to the lower temperature difference between the
bulk fluid and wall tube, indicating higher Nusselt numbers
and subsequently heat transfer rate.
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Fig. 4 Variation of the local Nusselt number for different weight concentrations and Re=5000 (a), Re=10000 (b), Re=15000 (c)
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Fig. 7 Friction factor at various Reynolds numbers

Fig. 7 represents the friction factor for EGNP-WEG
coolants in the annular tube at various mass concentrations
and Reynolds numbers. Consistent with the present results, the
friction factor increases as the concentration of EG-treated
GNP increases. In addition, the friction factor decreases with
increasing the flow velocity, which is a common phenomenon.
The minimum value of the friction factor occurs for the base-
fluid.

IV. CONCLUSION

Using EG-treated GNP in EGNP-WEG, without acid
treatment phase, a new type of coolant with promising
thermophysical properties for use in cooling applications was
developed.

Thermal and flow behaviors of the prepared nanofluids
throughout a horizontal annular tube have been simulated.
Turbulent forced convection heat transfer with a constant heat
flux has been investigated. It is indicated that this new kind of
working fluid can be an effective coolant for annular heat
exchangers in terms of overall thermal properties and energy
saving.

The following obtained results:

e The convective heat transfer coefficient as well as Nusselt
numbers of EGNP-WEG showed the significant
enhancements.

e Other characteristics of the new coolant such as weak
increase in the pressure drop for different concentrations,
low friction factor, and appropriate performance index are
of all highly favorable characteristics for introducing new
fluid for wide industrial applications such as utilization in
annular heat exchangers.
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