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The study provides a numerical analysis of laminar forced convective heat transfer of graphene oxide
nanosheets suspended in the mixture of water and ethylene glycol in laminar flow regime using single
phase approach in a circular horizontal tube under constant heat flux conditions. The length and diameter
of the simulation domain for numerical investigation are 2 m and 4.5 mm respectively. The effect of var-
ious flow conditions and weight concentrations have been investigated on local heat transfer coefficient,
average heat transfer coefficient, friction factor, pressure drop and thermal performance factor of the
nanofluids. The range of weight concentration and Reynolds number used in this study are 0.01-0.1
wt.% and 400-2000 respectively. The maximum percentage enhancement in average heat transfer coef-
ficient was 13.04% for weight concentration and Reynolds number of 0.1 wt.% and 2000 respectively. The
maximum pressure drop enhancement ratio was 2.12 at Reynolds number and weight concentration of
400 and 0.10 wt.%. The enhancement in heat transfer coefficient was found lower as compared to corre-
sponding enhanced pressure drop for all weight concentrations. The thermal performance factor of
nanofluids is less than one for all weight concentrations and nanofluids showed no advantage over base
fluid as heat transfer fluid in laminar flow regime.
© 2018 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:

Graphene oxide nanofluids
Numerical analysis
Reynolds number

Heat transfer

Pressure drop

1. Introduction on various kinds of nanofluids and their applications can be found

in [10-14].

Nanofluids are very important novel engineering fluids because
of their possible utilization in various sectors. It has been observed
that nanofluids can provide higher thermal performance as com-
pare to conventional thermal fluids such as water and ethylene
glycol. So, there exists a strong possibility to improve the perfor-
mance of thermal systems by using these engineering fluids.

Nanofluids have been tried for various applications including
solar thermal systems |[1], refrigeration systems as nano-
refrigerant [2], vehicle cooling systems [3], electronic cooling sys-
tems [4], medical applications [5], lubrication systems [6], fuel cell
cooling systems [7], hydraulic braking systems [8], combustion
systems [9] and etc. The further details about the investigations
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Nanofluid basically consist of two main components i.e. nano-
material and the base fluid. There are number of ways to prepare
the nanofluids either by mixing one or two kinds of nanomaterials
in one or two types of base fluids (e.g. base fluid obtained by the
combination of water and ethylene glycol). Nanomaterials can be
obtained from metals (Al, Cu, Fe), metal oxides (Al,03, TiO,, CuO,
Fe;04), semiconductors (CuyO) or from non-metals (ND, CNT,
GNP, GO). In a recent study, Mohebbi et al. [15] simulated forced
convective heat transfer of water based three metal oxide (CuO,
Al;03, TiO,) nanofluids using lattice Boltzmann method at very
low Reynolds number (Re = 10-70) in a channel with extended
surfaces. The increase in height of extended surfaces resulted
enhancement in Nusselt number and this enhancement was higher
for CuO nanofluids as compare to other two nanofluids. Alawi et al.
[16] investigated the effect of nanoparticle shape, temperature and
volume concentrations on viscosity and thermal conductivity of
Si0,, Al;03, ZnO and CuO nanofluids using Koo and Kleinstreuer
Model. They found that temperature has significant effect on

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jestch.2018.06.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jestch.2018.06.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:muhammad.sajjad@kfueit.edu.pk
mailto:m.s.kamran @uet.edu.pk
mailto:m.s.kamran @uet.edu.pk
https://doi.org/10.1016/j.jestch.2018.06.009
http://www.sciencedirect.com/science/journal/22150986
http://www.elsevier.com/locate/jestch

728 M. Sajjad et al./Engineering Science and Technology, an International Journal 21 (2018) 727-735

Nomenclature
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Correlation coefficients

Specific heat, J/kg K

Diameter of the channel, m

Darcy friction factor

Average heat transfer coefficient, W/m? K
ave,e  Average heat transfer coefficient enhancement (%)
Local heat transfer coefficient, W/m? K

Local heat transfer coefficient enhancement (%)
Length of tube, m

Number of mesh elements in radial direction
Number of mesh elements in axial direction
Pressure, Pa

Pressure drop, Pa

Pressure drop enhancement ratio, APg AP},
Heat flux, W/m?

Reynolds number, Re = p VD/p

radius of the channel, m

Temperature, K

Velocity of the fluid, m/s

Average velocity of the fluid, m/s

Cartesian coordinate in axial direction, m
Cartesian coordinate in radial direction, m
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Greek symbols
o Density, kg/m>
n Dynamic viscosity, Pa s

¢ Concentration of nanomaterial
k Thermal conductivity, W/m K
Subscripts

a Bulk (temperature)

b Base fluid

f Nanofluid

m Weight (concentration)

S Solid nanomaterial

\ Volume (concentration)

w wall

Acronyms

CNT Carbon nanotubes

EG Ethylene glycol

G Glycerol

GNP Graphene nanoplatelets

GO Graphene oxide nanosheets
MWCNT Multi-walled carbon nanotubes
ND Nano-diamond

PF Performance factor

SIMPLE Semi Implicit Method for Pressure Linked Equations
W Water

viscosity of nanofluids and it decreases with the increase in tem-
perature. However, an increase in thermal conductivity was found
with the increase in temperature. While increased particle loading
resulted in the enhancement of both viscosity and the thermal
conductivity.

The distinct thermophysical properties of the graphene have
made it strong candidate for various applications including ther-
mal systems since the initial investigations of Novoselov et al.
[17]. Yu et al. [18] experimentally investigated the augmentation
in thermal conductivity of ethylene glycol based nanofluids having
GO nanosheets and observed 61% increase in thermal conductivity
at volume concentration of 5%. Meyer et al. [19] investigated the
heat transfer and flow characteristics of water based nanofluids
containing MWCNT for laminar, transitional and turbulent flow
(Re = 1000-8000) regime in horizontal tube under constant heat
flux of 13000 W/m? and at volume concentrations of 0.33%, 0.75%
and 1.0% respectively. It was found that the friction factor of
nanofluids were less than distilled water in laminar flow regime
at same Reynolds number. They found that the enhancement in
viscosity was more than four times of thermal conductivity which
resulted in enhanced pumping requirements. They concluded that
the water based MWCNT may provide no benefit over base fluid
due to enhanced pressure losses in laminar flow regime. Ijam
et al. [20] analysed the effect of temperature and particle loading
on improvement in thermal conductivity of GO/EG-W nanofluids.
A maximum enhancement of 11.7% was found in thermal conduc-
tivity at nanosheet loading and temperature of 0.1 wt.% and
318.15 K respectively. Sadeghinezhad et al. [21] observed signifi-
cant improvement in convective heat transfer coefficient up to
160% with maximum enhancement of 14.6% in pressure loss for
the turbulent flow of water based GNP nanofluids in horizontal
tube. Heyhat et al. [22] performed experimentation to determine
the augmentation in thermal conductivity of reduced GO/EG
nanofluids for various controlling parameters including nanomate-
rial concentration and nanofluids temperature. The percentage

enhancement in thermal conductivity was found to be 16.32% at
weight concentration of 0.05%.

Kimiagar et al. [23] studied the effect of nanosheets concentra-
tion and temperature on thermal conductivity of reduced GO
nanosheets dispersed in ethylene glycol. It was found that reduced
GO/EG nanofluids provided maximum enhancement of 17.8% in
thermal conductivity at weight concentration and temperature of
0.05 wt.% and 328.15 K respectively. Cabaleiro et al. [24]| compre-
hensively investigated the thermophysical properties of GNP/EG-
W nanofluids and obtained correlations for density, viscosity and
thermal conductivity of nanofluids. They also observed that there
may be no significant improvements in heat transfer of GNP/EG-
W nanofluids over the base fluid and rather it will enhance pump-
ing requirements. Ranjbarzadeh et al. [25] studied the heat transfer
and flow features of GO/W nanofluids in copper tubes covered by
cross flow of air behaving as heat exchanger. They concluded that
the maximum increase in Nusselt number and friction factor was
51.4% and 21% respectively at nanofluids volume concentration
and Reynolds number of 0.2% and 3250 respectively. In another
study, Ranjbarzadeh et al. [26] experimentally investigated the
heat transfer intensification for turbulent flow of water based GO
nanofluids in circular shape channel under isothermal conditions
with volume concentrations and Reynolds number of 0.025-0.1%
and 5250 & 36,500 respectively. It was found that the highest
enhancement in convective heat transfer coefficient and pressure
drop were 40.3% and 16% respectively at tested conditions.

Yazid et al. [27] comprehensively reviewed the application of
various kinds of nanofluids with CNT as base fluid in heat and mass
transfer applications for different channels such as straight tubes
and heat exchangers. They also discussed various equations to
assess the thermohydraulic performance of nanofluids. It was con-
cluded that the pressure drop and pumping power is enhanced
with the addition of nanoparticles in base fluid however their
effect can be minimized by maintaining low concentration of
nanofluids. The covalent functionalization technique was
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recommended for the preparation of CNT based nanofluids in order
to achieve higher stability. Sidik et al. [28] extensively reviewed
the research studies, conducted to analyse the potential utilization
of CNT nanofluids in solar collector applications as solar energy
harvesting fluid. They also discussed the preparation techniques
and effect of various factors on thermal conductivity of CNT based
nanofluids. Moreover, various challenges for the practical utiliza-
tion of CNT nanofluids were also comprehensively considered. In
a very recent study, Ettefaghi et al. [29] investigated thermal con-
ductivity and convective heat transfer coefficient of a new kind of
nanofluid, prepared by mixing Carbon quantum dot nanoparticles
in car radiator coolant at weight concentrations of 0%, 0.01%,
0.02%, 0.05% and 1.0% respectively. The highest enhancement in
heat transfer coefficient was 16.2% at weight concentration and
Reynolds number of 0.2% and 3249 respectively. Meyer and Everts
[30] performed experimental investigations on heat transfer per-
formance of water for two different test sections (4 mm and
11.5mm) at various heat flux conditions (1-8 KW/m?). They
observed that the free convection effects were 24 times less in
the 4 mm test section as compare to 11.5 mm test section, as Gra-
shof number varies directly proportional to cube of tube diameter.
They observed that the free convection effects increased along the
tube length, causing Nusselt numbers to increase. They also found
that, deviation from forced convection line increased with the
increase in heat flux, due to enhanced free convection effects.

It can be seen that a limited number of research studies are
available in literature for the investigation of thermohydraulic
characteristics of GO/EG-W nanofluids. So, there is need to further
analyse the nanofluids containing graphene oxide as nanomaterial.
In present research work, numerical investigations have been per-
formed for the analysis of heat transfer and flow features of GO/EG-
W nanofluids.

2. Mathematical formulation

The details of the mathematical modelling involved in numeri-
cal investigations are given below:

2.1. Physical model and boundary conditions

Fig. 1 represents the computational domain used for the numer-
ical analysis of GO/EG-W nanofluids. The inlet velocity profile was
laminar and hydro-dynamically fully developed. A uniform tem-
perature profile (T =298.15K) at inlet and uniform heat flux on
the wall were applied as thermal boundary conditions. The length
and radius of the physical domain are 2.0m and 2.25 mm
respectively.

2.2. Governing equations

There are various methods to analyse the thermal performance
of nanofluids including single phase and the two-phase
approaches. Albojamal and Vafai [31] concluded that the single
phase approach is preferable at low concentrations for the analysis
of nanofluids because of its less computational cost. Their conclusions
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Fig. 1. Computational domain used for the numerical investigations.

were based on comprehensive investigations and numerical results
of single-phase approach and two-phase approach were compared
with the experimental data available in literature. As in current
study, the concentration of nanomaterial is low, so the numerical
analysis of heat transfer and flow characteristics of GO/EG-W
was performed using single phase approach and the relevant gov-
erning equations including continuity, momentum and energy
equation are given by Eqs. (1)-(3) respectively [32].

—

V- (pV)=0 (1)
V- (pVV) = —V(P) + V - (uVV) (2)
V- (pVC,T) =V - (kVT) 3)

3. Thermophysical properties of GO/EG-W nanofluids

The temperature dependent thermophysical properties of the
GO/EG-W (40:60) nanofluids were derived from experimental data
of [jam et al. [33] in order to perform numerical investigations. The
detail description of the thermophysical properties is given below:

3.1. Density

The most commonly used correlation for the estimation of den-
sity is given by Eq. (4) [34,35].

Pr= ¢1/Ps + (1 - ¢1/)pb (4)

However, Eq. (4) provides approximate results for the density of
nanofluids because one correlation may not provide reasonable
results for each kind of nanofluid. So, it will be preferable to utilize
experimental data for the calculation of density of nanofluids. The
correlation for the density of nanofluids is given by Eq. (5), which is
valid for temperature and nanosheets concentration of 298.15 K to
318.15 K and 0.01 wt.% to 0.1 wt.% respectively. The coefficients A
and B are given in Table 1.

p; =A+BT )

3.2. Specific heat

Two methods have been adopted by the researchers to calculate
specific heat capacity of the nanofluids as given by Egs. (6) [35] and
(7)[13].

Cos = ¢0Cos + (1= ,)Cpp (6)

(PCp)p = du(PCr)s + (1 = 0)(PCp), )

For GO/EG-W nanofluid, both Egs. (6) and (7) [34] over predict
the specific heat of nanofluids as shown by Ijam et al. [33]. The Eq.
(8) provides correlation to estimate the specific heat of the
nanofluids and Table 2 shows the relevant parameters.

Cps =A+BT (8)

Table 1

Values of correlation coefficients for the density of GO/EG-W nanofluids.
Pm (%) A B
0.00 1203.8935 -0.49
0.01 1198.1435 -0.49
0.05 1206.638 -0.52
0.07 1191.312 -0.48
0.10 1171.323 —-0.42
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Table 2
Values of correlation coefficients for the specific heat capacity of GO/EG-W
nanofluids.

bm (%) A B

0.00 2547.2585 3.21
0.01 2287.728 428
0.05 2100.389 5.14
0.07 2240.9655 4.03
0.10 1989.6015 3.99

3.3. Thermal conductivity

The thermal conductivity was calculated using Eq. (9). The cor-
responding values of coefficient A and B are given in Table 3
against various weight concentrations of nanofluids.

ki = A+ BT 9)

3.4. Viscosity

Viscosity is an important thermophysical property to be deter-
mined. There are number of correlations which are available in lit-
erature to estimate the viscosity of the nanofluids [36] but none of
them is valid for all type of nanofluids. The following polynomial
correlation given by Eq. (10) was developed on the basis of data
provided in [33]. The coefficients involved in Eq. (10) have been
given in Table 4 at various weight concentrations of GO/EG-W
nanofluids.

ty = A — BT + CT? (10)

The thermo-physical properties of water - ethylene glycol
(60:40) mixture were validated by comparing the calculated values
from the correlations with the ASHRAE reference [37] values as
given in Table 5. The maximum errors in density and specific heat
capacity, thermal conductivity and viscosity are 0.03%, 0.5%, 4% and
1.5% respectively.

4. Numerical investigations

The numerical investigations were performed using Fluent 14.0.
The governing equations including mass, momentum and energy
equation were solved using finite volume method. The second
order upwind scheme was implemented for the solution of
momentum and energy terms. Similarly, pressure terms were
solved using standard method and pressure velocity coupling

Table 3

Values of correlation coefficients for the thermal conductivity of GO/EG-W nanofluids.
b (%), A B
0.00 0.18531 0.0008
0.01 0.175584 0.00084
0.05 0.117421 0.00106
0.07 0.0474605 0.00133
0.10 0.007375 0.0015

Table 4

Values of correlation coefficients for the viscosity of GO/EG-W nanofluids.
b (%) A B C
0.00 0.095876843 —0.000562567 8.36789841 x 107”7
0.01 0.097576223 —0.000569715 8.42930733 x 1077
0.05 0.103702195 —0.000606736 9.00218584 x 1077
0.07 0.098296592 —0.000568389 8.36483053 x 1077
0.10 0.092691001 —0.000528819 7.70959661 x 1077

was solved using SIMPLE method. The residuals were converged
to below 107,

The local and average convective heat transfer coefficients were
calculated using Eqs. (11) and (12).

O (11)

1 L
have :_/ hxdx (12)
L Jjo

The theoretical friction factor can be calculated using Hagen-
Poiseuille equation as given by Eq. (13).

fampn (13)

4.1. Mesh convergence

The mesh convergence study was performed by testing various
grid sizes, with nonuniform distribution in radial and axial direc-
tions. The temperature curves gradually became close as the mesh
size was increased. Fig. 2 provides the temperature profile at center
line of the channel for pure water at Reynolds number, Re = 1200
and Prandtl number, Pr = 5.4 for different grid sizes. Higher grid
density was kept near the wall where gradient was very high.
The mesh sizes of 18 x 1440 and 20 x 1600 provides insignificant
difference in corresponding temperature profiles. So, the fine mesh
size of 18 x 1440 (i.e. 18 nodes in radial direction and 1440 nodes
in axial direction) was selected for numerical investigations in
order to reduce computational time with justified accuracy.

4.2. Model validation

One of the key step for the numerical analysis is to validate the
numerical model by comparing the simulation results with known
experimental or theoretical results. The Fig. 3 shows comparison of
local Nusselt number profile in horizontal tube with experimental
and theoretical results of Meyer and Everts [30] and Churchill and
Ozoe [38] for hydrodynamically and thermally developing flow.
The temperature dependent thermophysical properties of water
were obtained from the correlations developed by Popiel and
Wojtkowiak [39]. It is clear from Fig. 3 that there is good agree-
ment among numerical, experimental and theoretical results. The
average deviation of numerical results from experimental results
of Meyer and Everts [30] is 6.48%.

To improve the validity, a comparison of local heat transfer
coefficient was made with experimental data of Meyer et al. [19]
at same conditions for volume concentration of 0.33% as depicted
by Fig. 4. Meyer et al. [19] analysed laminar convective heat trans-
fer and flow characteristics of water based MWCNT nanofluids in
horizontal tube with circular cross-section under constant heat
flux boundary conditions. The temperature dependent properties
of the water based MWCNT nanofluids were considered for valida-
tion purpose which are given by Egs. (14) and (15).

Hy = (1+600,) 1, (14)

ke = (1+7¢,)k (15)

While density and specific heat capacity of MWCNT were taken
2100 kg/m? and 470 k]/kg K respectively as reported by Garbadeen
et al. [40].

It can be seen from Fig. 4, that the present numerical results are
in good agreement with the experimental results of Meyer et al.
[19]. The deviation between experimental and numerical results
increased after x/D = 120, as experimental Nusselt number slightly
increased due to possible use of bell-mouth inlet instead of
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Table 5
Comparison of thermo-physical properties of base fluid with ASHRAE [37] reference data.
Correlations ASHRAE [37]
T 25°C 30°C 40°C 25°C 30°C 40°C
P 1057.9 1055.4 1050.6 1057.6 1055.39 1050.62
Cp 3504.4 35204 3552.5 3485 3518 3535
k 0.4238 0.4278 0.4358 0.408 0.412 0.419
0.00253 0.00224 0.00177 0.00257 0.00226 0.00177
304.8 -

3044

304.0 -

Symbol N_x Ny
—ems 4% 320

6 x 480
8 x 640
10 x 800

12 x 960
- 14 %1120
18 x 1440
— 20 x 1600

7(K)

303.6

303.2

302.8 L L L L
0.0 0.4 0.8 1.2 1.6 2.0

x (m)

Fig. 2. Axial temperature profile at center line of the channel for water.
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Fig. 3. Comparison of numerical results with corresponding experimental and
theoretical results for local Nusselt number for water at Re = 1800 and g~ = 3000
W/m?2.

square-edged inlet as reported by Meyer et al. [19]. The percentage
difference between experimental and numerical results was 7% at
~x/D=9.3 and 13% at ~x/D = 185. However, average deviation of
numerical results from experimental results was 4.8%.

4.3. Results

The numerical analysis of the convective heat transfer coeffi-
cient and pressure drop was carried out using single phase
approach. The discussion on flow and heat transfer analysis is
given in next section.

4.3.1. Pressure drop and friction factor results

The comparison for the pressure drop of nanofluids with base
fluid provides indication about the pumping power requirements.
It was found that if higher is the Reynolds number then higher will
be the pressure loss for both the base fluid and the nanofluid as
given in Fig. 5. The qualitative analysis of the Fig. 5 reveals that
the increasing trend of pressure loss is similar for all weight con-
centrations of GO/EG-W nanofluids. At weight concentration of
0.1 wt.% and Re = 2000, the pressure drop was observed to be the
highest and its value was 16183.3 Pa among all studied conditions.

The pressure drop was also increased with the increase in
weight concentration perhaps because of higher viscosity of the
GO/EG-W nanofluids as shown in Fig. 6. The higher viscosity of
the nanofluids is due to the addition of nanosheets in base fluid
which results in more pressure drop. For example, at Reynolds
number of 1600, the pressure drop was enhanced from 6903.4 Pa
to 12872.5 Pa, when weight concentration was varied from 0.01
wt.% to 0.1 wt.% as depicted in Fig. 6.

The effect of Reynolds number on enhancement ratio of pres-
sure drop can be analysed from Fig. 7. It can be seen from Fig. 7 that
at low weight concentrations (e.g. 0.01 wt.%), the effect of Reynolds
number is less on pressure drop enhancement ratio. However, at
higher weight concentrations such as at 0.1 wt.%, the pressure drop
enhancement ratio is decreasing with the increase in Reynolds
number. The highest value of pressure drop enhancement ratio
was 2.12 at Re =400 and weight concentration of 0.1 wt.%.

2400 T T T T T T T
N #,=0.33 vol.%
2000 v\\ v Meyeretal.[19] i
'\_ Present CFD results
Voo e Meyer et al.[19]+10%
(:E\ 1600 F \ - ---Meyeretal.[19]-10% ]
z
<7 1200 - B
800 |- B
400 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175 200
x/D

Fig. 4. Comparison of local heat transfer coefficient for MWCNT at Re = 2000,
volume concentration of 0.33% under heat flux of 13 KW/m? with experimental
results of Meyer et al. [19].

18000 T T T T T
Symbol ¢ (%)
15000 | = 0.00 B
0.01
12000 | —a— 0.05 i

E 0.07

= —— 0.

% 9000 |- 0.10 -
6000 [ —
3000 |- B

O 1 1 1 1 1
0 400 800 1200 1600 2000 2400

Re

Fig. 5. Effect of Reynolds number on pressure drop for various weight
concentrations.
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18000 T T T T T T
Symbol ¢ (%)
15000 —=— 400 i
—o—800
—a— 1200
12000 .

_ 1600

<

&~ _—*—2000 _

5 9000 -
6000 -
3000 g

0 1 1 1 1 1 1
002 000 002 004 006 008 010 012

4, (%)

Fig. 6. Variation in pressure drop with weight concentrations at different Reynolds
numbers.

3.0 T T T T T
Symbol ¢_(%)
—=— 0.01
26 —e— 0.05 b
0.07
—v— 0.10
22 4
e v
B 1.8 | ~
141 -
"
10 1 1 1 1 1
0 400 800 1200 1600 2000 2400
Re

Fig. 7. Effect of Reynolds number on pressure drop enhancement for various weight
concentrations.

The friction factor of both nanofluids and the base fluid
decreases with the increase in Reynolds number for all weight con-
centrations and there is no significant enhancement in friction fac-
tor with the increase in weight concentrations as shown in Fig. 8.

4.3.2. Local convective heat transfer coefficient results

In order to study the heat transfer characteristics of GO/EG-W
nanofluids, variation in local heat transfer coefficient was investi-
gated with axial dimension as described by Fig. 9. It can be
observed from Fig. 9 that as the nanofluids concentration is being

0.18 T T T T T
0.16 -
Symbol ¢ (%)
0.14 ———
& —= 0.00
ol Xy 0.01 1
—a- 0,05
w3 010 v 0.07 -
AN —e- 010
0.08 - —— Poiseuille
0.06 4
0.04 - 4
002 1 1 1 1 1
300 600 900 1200 1500 1800 2100

Re

Fig. 8. Effect of Reynolds number on friction factor at various weight
concentrations.
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=
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0 80 160 240 320 400 480
x/D
3000 : T T T T
(b) $.=0% ¢, =0.05%
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a —— Re =2000 --#--Re =2000
E
% 1200 B
><
-~
600 E
0 . L . L .
0 80 160 240 320 400 480
x/D
3000 T T T T T
() $.=0% $,=0.07%
2400 ¢ —=—Re =400 -<4--Re=400 A
—e—Re =800 -+--Re =800
——Re =1200 -e--Re=1200
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—e— Re =800 -+--Re =800
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1800 ——Re=1600 -+--Re=1600 |
rTE\ —— Re =2000 -+ --Re =2000
&
% 1200 B
e
600 -
0 . .

L L
160 240
x/D

480

Fig. 9. Heat transfer coefficient variation with axial dimensionless distance at
various weight concentrations and flow conditions.

increased, the local heat transfer coefficient is also being improved
for the studied range of Reynolds number. For example, at Re = 400
and x/D =66.67, the local convective heat transfer coefficient is
increased from 645.2 W/m? K to 709.7 W/m? K for weight concen-
tration of 0.01 wt.% and 0.1 wt.% respectively as given in Fig. 9(a)
and (d).
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Similarly, the local heat transfer coefficient was increased from
1052 W/m? K to 1163.8 W/m? K when weight concentration was
changed from 0.01 wt.% to 0.1 wt.% at axial dimensionless distance
and Reynolds number of 66.67 and 2000 respectively. A similar
trend was observed for all other flow conditions as expressed in
Fig. 9.

The local heat transfer coefficient is also increasing with the
increase in weight concentration at entrance region of the tube
as shown in Fig. 9. It is also clear from Fig. 9 that the enhancement
in local heat transfer coefficient is higher at entrance region of the
channel at all values of Reynolds number (400-2000). Fig. 9 also
represents the effect of Reynolds number on local convective heat
transfer coefficient of GO/EG-W nanofluids. The enhancement in
Reynolds number results in the enhancement of local heat transfer
coefficient for all values of nanosheets concentrations. It can be
easily shown that at nanosheets concentration of 0.1 wt.%, the local
heat transfer coefficient of nanofluids at entrance region (x/D =
66.7) was increased from 709.7 W/m? K to 1163.8 W/m? K when
Reynolds number was increased from 400 to 2000 respectively as
shown in Fig. 9(d).

The augmentation in local heat transfer coefficient with Rey-
nolds number at entrance region of the channel can also be seen
from Fig. 10. The local heat transfer coefficient is having lower val-
ues at Re =400 and higher values at Re = 2000 for all weight con-
centrations. It is clear from the Fig. 10 that, higher value of the
Reynolds number is having positive effect on heat transfer coeffi-
cient. It means, that the nanofluids may provide better perfor-
mance at higher Reynolds numbers. The variation of local heat
transfer coefficient with GO nanosheets concentrations at x/D =
66.7 can be seen in Fig. 11.

The Fig. 12 exhibits the percentage augmentation in local heat
transfer coefficient when plotted against Reynolds number. The
percentage augmentation in heat transfer coefficient was also
increased with the increase in Reynolds number. For example, per-
centage enhancement in local heat transfer coefficient at entrance
region was 9.7% at weight concentration and Reynolds number of
0.07 wt.% and 400 respectively. The percentage enhancement in
heat transfer coefficient was reached to 10.5% at Re = 2000 while
keeping other parameters same. The highest percentage augmen-
tation in local heat transfer coefficient was 13.2% at Reynolds num-
ber and weight concentration of 2000 and 0.1 wt.% respectively.

4.3.3. Average convective heat transfer coefficient results

Fig. 13 shows the relationship between Reynolds number and
average heat transfer coefficient at heat flux of 3500 W/m? for
weight concentration from 0.01 wt.% to 0.1 wt.% of GNO/EG-W
nanofluid. The graph shows that the average heat transfer coeffi-
cient increases as Reynolds number is increases. The maximum
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Fig. 10. Variation of local heat transfer coefficient with Reynolds number (x/D =
66.7).
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Fig. 11. Effect of weight concentration on local heat transfer coefficient (x/D =
66.7).
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Fig. 12. Percentage increment in local heat transfer coefficient with Reynolds
number (x/D = 66.7).
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Fig. 13. Variation of average heat transfer coefficient with Reynolds number.

percentage enhancement in average heat transfer coefficient was
11.41%, 12.5%, 12.82%, 12.96% and 13.04% at Reynolds numbers
of 400, 800, 1200, 1600 and 2000 respectively for weight concen-
tration of 0.1 wt.% as depicted by Fig. 14.

The average heat transfer coefficient also increases with the
increase in nanosheets concentration as shown in Fig. 15. For
example, at Re = 2000, the enhancement in heat transfer coefficient
was 2.3%, 6.33%, 10.28% and 13.04% for weight concentration of
0.01 wt.%, 0.05wt.%, 0.07 wt.% and 0.1 wt.% respectively. The
increase of heat transfer coefficient was highest (889.51 W/m?)
at higher Reynolds numbers (Re = 2000) and at higher concentra-



M. Sajjad et al./Engineering Science and Technology, an International Journal 21 (2018) 727-735

734
20 T T T T T
Symbol ¢ (%) ]
. —s— (.01
16 —e— 0.05 B
1l 0.07 ]
—v— 0.10 = v
S 12F /‘ v i
é
e O B
<" gl 1
6 ./0/—‘ ) ® B
4k i
2k — - ] ] i
0 400 800 1200 1600 2000 2400

Re

Fig. 14. Variation of percentage enhancement in average heat transfer coefficient
for different flow conditions at various weight concentrations.
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Fig. 15. Variation of average heat transfer coefficient for different flow conditions at
various weight concentrations.

tion (0.1 wt.%). Ghozatloo et al. [41] observed 35.6% enhancement
in heat transfer coefficient for water-based graphene nanofluids at
Reynolds number of 1940, weight concentration of 0.1 wt.% at 38 °C
in shell and tube heat exchanger. Arzani et al. [42] found 22%
improvement in heat transfer coefficient at weight concentration
of 0.1 wt.% in turbulent flow regime for water based GNP nanoflu-
ids. However, in present study the maximum enhancement in
average heat transfer coefficient is 13.04%.

4.3.4. Thermal-hydraulic performance

The thermo-physical properties of the base fluid are modified
when nano-sized solid particles are added in the base fluid using
particular mixing technique. The thermal conductivity of the
resulting nanofluids is greater than that of base fluid which is
due to the presence of solid particles having higher thermal con-
ductivity as compared to base fluid. However, viscosity of the
nanofluid will also be higher as compare to base fluid which will
result in the increase of pressure drop of nanofluid as compare to
the base fluid. Hence, it is very important to describe the effect
of both fluid properties such as the enhanced viscosity of the nano-
fluid along with the enhanced thermal conductivity. To simultane-
ously analyse the effect of enhanced viscosity and enhanced
thermal conductivity of nanofluids, thermal performance factor
of nanofluids was calculated using Eq. (16) [43].

_ (hy/hy)
- (AP,«/AE}J,J) (16)

The thermal performance factor basically compares the
enhancement ratio of the heat transfer coefficient with the
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Fig. 16. Thermal performance factor of nanofluids.

enhancement ratio of pressure drop. If the value of thermal perfor-
mance factor is more than one, then the use of nanofluid will be
beneficial otherwise there will be no advantage. Fig. 16 shows
thermal performance of GO/EG-W nanofluids at various weight
concentrations in laminar flow regime. The performance factor of
GO/EG-W nanofluids is less than one at all weight concentrations.
It means nanofluids seems to provide no advantage over base fluid
as thermal fluid in laminar flow regime. Meyer et al. [19] also made
similar findings for water based MWCNT nanofluids.

5. Conclusion

The effect of Reynolds number and weight concentrations was
studied on flow and heat transfer characteristics of GO/EG-W
nanofluids considering temperature dependent properties in hori-
zontal straight tube under constant heat flux boundary conditions.
On the basis of discussion made in Section 4.3, following important
conclusions have been made:

e Pressure drop increased both with the increase in Reynolds
number and weight concentration. The enhancement in pres-
sure drop increased with the increase in concentration but
decreased with the increase in Reynolds number for all cases
considered. The highest value of pressure drop enhancement
ratio was 2.12 at weight concentrations of 0.1 wt.% and Re =
400.

e The enhancement in local heat transfer coefficient is more
prominent in the entrance region of the selected channel as
proved from the discussion in Section 4.3.

e The average and local heat transfer coefficients of nanofluid
were higher as compare to base fluid in all cases. The enhance-
ment in local heat transfer coefficient increased both with the
increase in Reynolds number and weight concentration of GO
nanosheets. The highest percentage increase in local convective
heat transfer coefficient was 13.2% at entrance region of the
tube at Reynolds number and weight concentration of 2000
and 0.1 wt.% respectively. The maximum enhancement in aver-
age heat transfer coefficient was 13.04% at Re=2000 and
weight concentration of 0.1 wt.% respectively.

e The performance factor of the studied nanofluids was less than
one for all cases. This was because of the fact that the heat
transfer coefficient enhancement was less as compare to pres-
sure drop enhancement. The highest value of thermal perfor-
mance factor was 0.93 at Reynolds number, Re =2000 and
particle loading of 0.01 wt.%.

Hence, it can be concluded that GO/EG-W nanofluid analysed in
this study seems to have no advantage over the base fluid as ther-
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mal fluid in laminar flow regime under constant heat flux bound-
ary conditions.
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