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Abstract: This study examined the heat transfer coefficient, friction loss, pressure drop and pumping
power needed for the use of nanofluid coolants made of a mixture of suspension of graphene
nanoplatelets–silver in water in a rectangular duct. A series of calculations were performed for the
coolant volume flow rate in the range of 5000 ď Re ď 15,000 under a fully developed turbulent
flow regime and different nanosheet concentrations up to 0.1 weight percent. The thermo-physical
properties of the nanofluids were extracted from the recent experimental work of Yarmand et al.
(Graphene nanoplatelets-silver hybrid nanofluids for enhanced heat transfer. Energy Convers. Manag.
2015, 100, 419–428). The presented results indicated that the heat transfer characteristics of the
nanofluid coolants improved with the increase in nanosheet concentration as well as the increase in
the coolant Reynolds number. However, there was a penalty in the duct pressure drop and an increase
in the required pumping power. In summary, the closed conduit heat transfer performance can be
improved with the use of appropriate nanofluids based on graphene nanoplatelets–silver/water as a
working fluid.

Keywords: graphene nanoplatelets-silver nanosheet; heat transfer; pressure drop; rectangular duct

PACS: 47.61.-k; 40; 61.46.Fg

1. Introduction

Heat exchangers are widely used in industries to effectively transfer thermal energy from one
medium to another. They are typically classified according to the flow arrangement and the type of
heat exchanger construction. The focus of the present study is the non-circular cross-section’s plate
heat exchangers which are used extensively in various applications including in power generation and
power recovery, the food industry, the chemical industry, refrigeration and air conditioning systems [1].
The compact design and the high energy efficiency of the plate heat exchangers have made them quite
attractive [2]. Plain and corrugated plate heat exchangers with non-circular cross-sections have shown

Fluids 2016, 1, 20; doi:10.3390/fluids1030020 www.mdpi.com/journal/fluids

http://www.mdpi.com/journal/fluids
http://www.mdpi.com
http://www.mdpi.com/journal/fluids


Fluids 2016, 1, 20 2 of 12

superior performance compared to other conventionally used heat exchangers such as concentric or
double-pipe heat exchangers. This is due to the larger available surface area for transporting the heat
with the same volumetric capacity [3].

In addition to the physical design of heat exchangers, the thermal properties of heat transfer
(working) fluid flowing through the heat exchangers play a crucial role in the overall energy efficiency
of the system [4]. Choi and Eastman [5] introduced the concept of dispersing the nanoparticles in base
fluids to form nanofluids as an enhanced working fluid. While the potential usage of liquid-solid
mixtures to enhance thermal performance has been around, the utilization of nanometer-size particles
in nanofluids ensures a more stable fluid that would also diminish the potential for erosion, corrosion,
fouling and pipe blockage which could occur when large particles are used [6].

After the successful demonstration of the superior thermal performance of nanofluid by Choi and
Eastman [5], many other researchers investigated the formation and characterization of nanofluids [7,8].
In particular, several studies were performed on the application of nanofluids in various heat
exchangers [9,10].

The turbulent flow of water-based nanofluids in a corrugated plate heat exchanger was explored
by Pandey and Nema [11] using the aluminum oxide nanoparticles. For transferring the same amount
of thermal energy, they reported a lower required flow rate for the nanofluid compared to water, while
the pressure drop was higher for the nanofluid.

There has been some controversy on the thermal enhancement of CuO/water nanofluids.
Taws et al. [12] experimentally examined the performance of CuO/water nanofluids in a chevron-type
two-channel plate heat exchanger for low-Reynolds-number flows with Re < 1000. They reported no
noticeable increase in the Nusselt number for the CuO/water nanofluid with 2.00 vol. % concentration,
and a decrease in the heat transfer rate when the volume fraction of CuO was 4.65%. For the same
condition, however, Elias et al. [13] reported a substantial increase in the heat transfer enhancement of
the CuO/water nanofluid when a solid concentration of only 1.5 vol. % was used.

The presented literature survey with the noted inconsistency in some cases suggests the need for
additional research on nanofluids as high performance working fluids for heat exchangers [14,15]. In
particular, further investigation is required to fill the existing gap for the non-circular closed-channel
flow. Therefore, in this paper, a numerical study is performed to investigate the heat transfer
coefficient, pressure drop, friction factor, and needed pumping power for graphene nanoplatelets-silver
(GNP-silver) water-based nanofluid at various solid volume fractions flowing through a rectangular
duct. The results from the present study may find applications for a high performance coolant in
corrugated plate heat exchangers [16], solar collectors and electronic devices [17].

2. Nanofluid Properties

The exact evaluation of nanofluid properties is essential for the accuracy of the computation
modeling effort. Here, the thermo-physical properties of nanofluids are extracted from the recent
measurements of Yarmand et al. [18] and are presented in Table 1.

Table 1. Thermo-physical properties of the base fluid and nanofluids [18].

Thermophysical Properties Weight Percentage 20 ˝C 25 ˝C 30 ˝C 35 ˝C 40 ˝C

Density (Kg/m3)
φ = 0.00% 997.91 996.68 995.29 993.68 991.99
φ = 0.06% 998.5 997.40 996.01 994.45 992.53
φ = 0.10% 998.90 997.80 996.30 994.67 992.93

Thermal Conductivity
(W/m¨ K)

φ = 0.00% 0.59 0.60 0.61 0.62 0.63
φ = 0.06% 0.64 0.64 0.65 0.67 0.72
φ = 0.10% 0.69 0.70 0.72 0.74 0.77

Viscosity (Pa¨ s)
φ = 0.00% 1.1 ˆ 10´3 9.7 ˆ 10´4 8.6 ˆ 10´4 7.9 ˆ 10´4 7.1 ˆ 10´4

φ = 0.06% 1.20 ˆ 10´3 1.07 ˆ 10´3 9.6 ˆ 10´4 9.1 ˆ 10´4 8.4 ˆ 10´4

φ = 0.10% 1.27 ˆ 10´3 1.13 ˆ 10´3 1.03 ˆ 10´3 9.8 ˆ 10´4 9.2 ˆ 10´4
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In the present study, regressions of the experimental data were performed and empirical equations
for the effective viscosity and thermal conductivity of the nanofluid were obtained. Accordingly, for
0.0 wt. % ď φ ď 0.1 wt. % and 20 ˝C ď T ď 40 ˝C,

µ “ 0.001425` p0.001803ϕq `
´

´1.80 ˆ 10´5T
¯

(1)

κ “ 0.508205 ` p1.121081ϕq `
´

0.057156T2
¯

(2)

The nanofluid heat capacity was then computed through the recommended expressions of
Togun et al. [19] and Safaei et al. [7]:

pρcpqn f “ p1´ϕqpρcpq f `ϕpρcpqs (3)

Figure 1 compares the predictions of Equations (1) and (2) for effective thermal conductivity and
effective viscosity of the nanofluids for a range of temperature and solid fractions. It is seen that the
effective thermal conductivity of nanofluids increases with the increase of temperature as well as the
solid weight fraction. The net increase is about 30% for the range of parameters considered in this
figure. Figure 1b shows that the effective viscosity of nanofluids increases with the increase of the solid
weight fraction by about 8%, while the viscosity decreases sharply with the increase in temperature.
The net decrease is about 45% in the range of the weight fraction and temperature considered.
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Figure 1. Comparison of the predictions of empirical Equations (1) and (2) with the experimental data.
(a) Thermal conductivity; (b) Viscosity.

3. Physical Model

A rectangular duct with length L = 2000 mm, width W = 200 mm and depth H = 25 mm was
considered in this study. The outer surfaces of the duct heat exchanger are assumed to be insulated.
The working nanofluids are mixture of water with GNP-silver. A range of solid volume fraction up to
0.1 wt. % was studied. The thermo-physical properties of the base fluid and nanosheets are provided
in Table 1.

4. Empirical Expressions

In this simulation effort, fully developed flows in the turbulent regime are assumed [18,20].
The nanofluid is also incompressible. For the rectangular duct with width W and height H, the
cross-sectional area and wetted perimeter are given as:

A “ WH (4)

P “
8
ÿ

i“0

li “ 2pH `Wq (5)

The corresponding hydraulic diameter then becomes,

Dh “
4A
P
“

2WH
H `W

(6)

The flow Reynolds number and the Peclet number are defined as:

Re “ VDh
υm

Pe “ RePr “ VDh
αm

(7)
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where Pr “ υm
αm

is the Prandtl number where the heat diffusivity of the nanofluid is given as

αm “
km

ρmCp
(8)

and
υm “

µm
ρm

(9)

is the kinematic viscosity of the nanofluid.
The Nusselt number in fully developed duct flows in a turbulent flow regime is given as [18]:

Nu “
hDh

k
“ 0.0017066Pr1.29001Re0.9253 (10)

Following the work of Yarmand et al. [18], the friction factor is estimated as:

f “ 0.567322φ0.0271605Re´0.285869 (11)

The pressure drop and pumping power of the nanofluid are given, respectively, as:

∆p “ f
„

LρmV2

2Dh



(12)

Pp “ VA∆p (13)

The predictions of Equations (10)–(12) were evaluated compared with the CFD results and the
experimental data for model validation in the following section.

5. Governing Equations for CFD Simulation

Based on the recommendation of [21,22], for the CFD modeling of nanofluids, the equations of
continuity, momentum, energy and transport for k and ε according to the Renormalization Group
(RNG) turbulence model are solved. These are:

Bu
Bx
`
Bv
By
“ 0 (14)

u
Bu
Bx
` v

Bu
By
“ ´

1
ρ

Bp
Bx
`
B

Bx
rpυm ` vtqp2

Bu
Bx
qs `

B

By
rpυm ` vtqp

Bu
By
`
Bv
Bx
qs (15)

u
Bv
Bx
` v

Bv
By
“ ´

1
ρ

Bp
By
` gβpT´ Tmq `

B

By
rpυm ` vtqp2

Bv
By
qs `

B

Bx
rpυm ` vtqp

Bv
Bx
`
Bu
By
qs (16)

u
BT
Bx
` v

BT
By
“
B

Bx
rpαm `

vt

σT
q
BT
Bx
s `

B

By
rpαm `

vt

σT
q
BT
By
s (17)

u
Bk
Bx
` v

Bk
By
“
B

Bx
rpυm `

vt

σk
q
Bk
Bx
s `

B

By
rpυm `

vt

σk
q
Bk
By
s ` Pk ` Gk ´ ε (18)

u
Bε

Bx
` v

Bε

By
“
B

Bx
rpυm `

vt

σε
q
Bε

Bx
s `

B

By
rpυm `

vt

σε
q
Bε

By
s ` C1

ε

k
Pk ` C2

ε2

k
` C3

ε

k
Gk ´ Rε (19)

Here αm and υm are given by Equations (8) and (9) and the effective viscosity and heat conductivity
are given by Equations (1) and (2).

The eddy viscosity is evaluated from the Prandtl-Kolmogorov relation:

vt “ Cµ fµ
k2

ε
(20)
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The turbulence kinetic energy production term is given as:

Pk “ vt

«

2
ˆ

Bu
Bx

˙2
` 2

ˆ

Bv
Bx

˙2
`

ˆ

Bu
By
`
Bv
By

˙2
ff

(21)

The buoyancy term, Gk, is obtained from:

Gk “ ´gβ
vt

σt

BT
By

(22)

Also, Rε in the ε equation is calculated through the following expressions:

Rε “

Cµρη3
´

1´ η
η0

¯

1` βη3
ε2

k
(23)

η “
Sk
ε

(24)

The constants of Equations (18) to (24) can be found in Table 2.

Table 2. Coefficients for RNG k-ε turbulence model [23,24].

Cµ σk σε C1 C2 η0 β K

0.0845 1 1.3 1.42 1.68 4.38 0.012 0.41

6. Validation

Validation of Heat Transfer for Graphene Nanoplatelets–Silver/Wate Nanofluids

To validate the present model for turbulent-forced convection of GNP-silver nanofluids, the
predictions of Equations (10) and (11) are compared with the experimental data and the CFD results
obtained with use of the ANSYS-FLUENT commercial software. In their study, Yarmand et al. [18]
experimentally measured the thermo-physical properties of distilled water/GNP-silver nanofluids
as well as the corresponding friction factor and Nusselt number during the flow in a horizontal
stainless steel tube under uniform heat flux. The experimental test section had a 10 mm inner
diameter, a 12.8 mm outer diameter, and a length of 1.4 m. Experiments were performed in the
range of 5000 ď Re ď 17,500, which in the turbulent flow regime. The CFD model was performed
using the single-phase fluid model with the effective viscosity and thermal conductivity given by
Equations (1) and (2) using the ANSYS-FLUENT code [21,22].

For a nanofluid with 0.10 wt. % GNP-silver, the predicted variations of the friction factor as
well as the Nusselt number for a range of Reynolds numbers are compared with the experimental
data of Yarmand et al. [18] and the results of the CFD study in Figure 2a,b. It is seen that the present
model predictions are in good agreement with the experimental data. However, the CFD simulation
results slightly over the predictions of the experimental data. This is attributed to the neglecting
effect of the tube outer diameter in the CFD simulations. Overall, from Figure 2, it is inferred that
the present modeling approach is suitable for evaluating the friction factor for the flow of graphene
nanoplatelets–silver/water nanofluids.
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Figure 2. Comparison of the predicted friction factor and Nusselt number for φ = 0.10 wt. % with the
experimental data of [18] and the CFD results. (a) Friction factor; (b) Nusselt number.

7. Results and Discussion

Figure 3 shows the variation of the Nusselt number with the Reynolds number for water and
nanofluids with various solid weight percentages. It is seen from the figure that the value of the Nusselt
number for the base fluid is lower than those of the nanofluids. Also the Nusselt number increases
as the flow Reynolds number increases and/or when the concentration of nanosheets increases. The
increase of the Nu with Re, which also occurs for the base fluid, is due to the increase of flow velocity
and the associated transport processes in turbulent flows.
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Figure 3. Variation of Nusselt number versus Reynolds numbers for different weight percentages
of nanosheets.

The higher heat transfer for nanofluids compared to the distillated water is due to the
following mechanisms:

(1) The Brownian motion of nanosheets and the associated micro-scale fluid motion.
(2) An increase in the overall thermal conductivity of the suspension as a result of the high thermal

conductivity of nanosheets suspended in the carrying fluid.
(3) A rise in the effective heat transfer surface area among the dispersed nanosheets and the base

fluid [16].

In addition, it should be pointed out that the viscosity of the nanofluid increases due to the
increase in the nanosheet concentration. Thus, for a fixed pressure drop, a decrease in the Reynolds
number and, as a result, a reduction in Nusselt number is anticipated. In summary, Figure 3 points out
a direct relationship between the Nusselt number and the concentration of nanosheets, demonstrating
the recognizable influence of thermal conductivity on the convective heat transfer over a range of
Reynolds numbers.

Figure 4 shows the variation of the friction factor with the Reynolds number for different
nanosheet weight percentages. The friction factor was calculated from the expression suggested
by Yarmand et al. [18] and is given by Equation (11). Accordingly, the friction factor is a function of
the Reynolds number as well as the nanosheet weight percentage. Figure 4 shows that the friction
factor decreases with the increase in the Reynolds number or with the reduction of the nanosheet
concentration in the base fluid. These trends are similar to those reported by Ray et al. [25] and
Goodarzi et al. [16].
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Figure 4. Variation of friction factor with Reynolds number for different nanosheet weight percentages.

In addition to the Nusselt number (heat transfer coefficient), another significant parameter to
consider for practical applications of nanofluids in the industry is the flow pressure drop. The variations
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of pressure drop with the Reynolds number for various solid weight percentages are shown in Figure 5.
The pressure drop is a function of the inlet velocity, the thermo-physical characteristics of the fluid
and the ratio of the closed conduit length to its hydraulic diameter. Figure 5 shows that the pressure
drop increases sharply with the Reynolds number. Moreover, for a particular Reynolds number, the
pressure drop is the lowest point for water. The pressure drop increases with the nanosheet weight
percentage and reaches its highest value at 0.1 wt. %, which is the highest solid concentration studied.
Thus, with the increase in the dispersed nanosheets in the base fluid, both the density and viscosity of
the nanofluid increase, causing a higher pressure drop.
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Pumping power is related to the pressure drop, flow rate and geometry of the closed conduit.
Figure 6 shows the variation of pumping power versus Reynolds number. It is seen that the
pumping power increases rapidly with Re. Similar to the pressure drop, the pumping power is
the lowest for water, and increases with the nanosheet weight percentage, reaching its maximum
values for 0.01 wt. %.
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Figure 6. Variation of pumping power versus Reynolds number for different nanosheet
weight percentages.

8. Conclusions

In this study, the performance of GNP-silver water-based nanofluids at different weight
percentages flowing in a rectangular duct was tested. A range of turbulent flows with different
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Reynolds numbers were considered. The enhancement in heat transfer as well as the required pumping
power were evaluated and were reported for a cost-benefit analysis of using the GNP-silver nanofluid
for practical applications.

The presented results suggest that using a proper concentration of nanosheets in the nanofluid led
to an enhancement in the heat transfer compared with the base fluid. In addition, it was shown that the
increase in the nanosheet weight percentage increased the friction factor, as well as the corresponding
pressure drop and pumping power.

It was concluded that the GNP-silver water-based nanofluid could be used as an effective working
fluid in increasing the efficiency of heat transfer in heat exchangers.
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Nomenclature

A Area (m)
H Depth of the channel (m)
f Friction factor
h Heat transfer coefficient (W¨m´2¨K´1)
Dh Hydraulic diameter (m)
l Length of each surface in contact with the aqueous body (m)
L Length of the channel (m)
Nu Nusselt number
Pr Prandtl number
Pe Peclet number
p Pressure (Pa)
Pp Pumping power (W)
Re Reynolds number
Cp Specific heat capacity (J¨kg´1¨K´1)
T Temperature (K)
κ Thermal conductivity (W¨m´1¨K´1) turbulence
V Velocity (m¨ s´1)
u Velocity, x-component (m¨ s´1)
v Velocity, y-component (m¨ s´1)
P Wetted perimeter (m)
W Width of the channel (m)

Greek Symbols

ρ Density (kg¨m´3)
µ Dynamic viscosity (Pa¨ s)
υ Kinematics viscosity (m2¨ s´1)
α Thermal diffusivity (m2¨ s´1)
κ Thermal conductivity (m2¨ s´2)
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ε Turbulence dissipation (m2¨ s´3)
η Thermal performance factor
ϕ Weight percentage of nanosheets

Subscripts

bf Base fluid
m Mixture
i Indices
t Turbulence
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