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� Examining the effect water/graphene oxide nanofluid on heat transfer and pressure drop.
� Subsonic wind tunnel and a closed heat transfer cycle were used at the same time.
� Investigating the effects of concentrations and Reynolds number on Nu, f and HTP.
� By using water/graphene oxide nanofluid, Nu and f increased by 51.4% and 21%, respectively.
� Heat transfer performance coefficient increased by up to 42.2%.
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The effect of using water/graphene oxide nanofluid as a working fluid on heat transfer and pressure drop
was studied experimentally. For this purpose, subsonic wind tunnel and a closed heat transfer cycle were
used at the same time. The effect of different concentrations (0, 0.05, 0.1, 0.2% by volume) of water/-
graphene oxide nanofluid at different Reynolds numbers in a tube under air cross-flow was evaluated
in wind tunnel tests. The range of Reynolds number of the flow around the tube was between 3800
and 21500 3800 6 Reo 6 21500ð Þ. The friction factor of the nanofluid flow inside the tube and the mean
Nusselt number of the external air flow around the copper tube were calculated by measuring the vari-
ables. Results showed that by using water/graphene oxide nanofluid, the average Nusselt number
enhanced by up to 51.4% compared to pure water. The use of nanofluid increased the friction factor by
21% in comparison with pure water. Because of changes in heat transfer and friction factor, heat transfer
performance coefficient increased by up to 42.2%, indicating enhanced heat transfer compared to unde-
sirable pressure drop in the test. According to the results, this nanofluid can be a good alternative in sim-
ilar applications such as heat exchangers.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Flow and heat transfer around tubes are important for use in
thermal systems such as air-cooled heat exchangers [1], car engine
cooling system [2], cooling towers [3], air conditioning systems [4]
and other thermal applications [5–7]. Considering these applica-
tions and the wide range of application of air-cooled heat exchang-
ers, which are the most widely-used type of heat transfer
equipment in the industry, enhancement of heat transfer has
become of interest for scientists in recent years. In this regard, sev-
eral approaches have been proposed including the application of
magnetic fields [8], use of mechanical baffles [9], use of extended
surfaces [10], and addition of solid particles to fluid [11].

Extensive researches have been done to improve heat transfer
around a tube under cross-flow of air. A few of such methods are
reviewed in the following. Erek et al. [12] used numerical methods
to study the effect of fin geometry on heat transfer and pressure
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Nomenclature

A tube cross section area, m2

Cp specific heat capacity, J kg�1 K�1

D diameter of the tube, m
f friction factor
hAir convective heat transfer coefficient of air, W m�2 K�1

k thermal conductivity, W m�1 K�1

L length of the tube, m
_m mass flow rate, kg s�1

NuAir air flow average Nusselt number
Pr Prandtl number
q heat transfer, W
UR uncertainty, %
Rei internal flow Reynolds number
Reo external flow Reynolds number
T temperature, K
u mean fluid velocity, m2 s�1

wt weight percentage, %
Q volumetric flow Dubai, m3 s�1

HTP heat transfer performance

Greek symbols
DT temperature difference, K
Dp pressure difference, Pa
/ volumetric concentration of nanoparticles, %
l dynamic viscosity, kg m�1 s�1

t kinematics viscosity, m2 s�1

q density, kg m�3

Subscripts
b bulk
bf base fluid
in inlet
nf nanofluid
np nanoparticles
out outlet
pt plain tube
w wall
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drop of external flow in finned tube heat exchanger. They reported
that the use of fins with an elliptical cross-section improves heat
transfer and pressure drop. The results also showed that increased
large-to-small diameter ratio of the ellipse increases the heat
transfer and reduces pressure drop in the heat exchanger. Nouri
Boroujerdi and Lavasan [13] were the first to experimentally exam-
ine flow and heat transfer around a cam-shaped tube in cross-flow,
aiming to improve heat transfer in external flows. Hot water flow
had a constant temperature and flow rate within the tube. The
effects of Reynolds number in the range of 1:5 � 104 6 Reeq
6 2:7 � 104 and the angle of attack of the flow with tube within
the range of 0 6 a 6 180

�
were examined. Results showed that

the maximum average heat transfer coefficient occurs at 90� angle
of attack. The coefficient of thermal performance of cam tube was
found to be greater than the circular tube with a similar surface
except for 90 and 120� angles of attack. Toolthaisong and Kasaya-
panand [14] empirically investigated the effect of the angle of
attack in the air flow crossing the flat tubes with various cross sec-
tions on heat transfer. Inlet water temperature was 75 �C. Their
results showed that increasing the angle of attack from zero to
90� increases the heat transfer and reduces the air hydrodynamic
performance. The best hydrodynamic performance was achieved
at an angle of zero.

A method that has been used recently is the use of nanofluids in
heating systems. In 1995, Choi [15] introduced nanofluids, creating
a major revolution in fluid heat transfer applications. The new look
was in fact introduced to fluid suspension with solid particles in
the nanoscale. Nanofluids are produced by the uniform distribu-
tion of the nanoparticles in a base fluid. The use of nanofluids in
this study aims at improving heat transfer in the cross-flow heat
transfer system. In fact, the optimal thermo-physical properties
of nanofluids, in addition to solving the energy problems, has made
them an alternative fluid which advances heating systems, reduces
the heat exchanger size, improves efficiency, reduces fuel con-
sumption, and leads to cost savings [16,17].

Due to their high thermal conductivity, nanofluids enhance the
heat transfer rate and are regarded as a new generation of fluids
that have great potential in industrial applications. Table 1 lists
the results of empirical researches conducted on the high thermal
potential of nanofluids.

Given the high thermal potential of nanofluids, extensive
researches have been conducted to evaluate the performance of
nanofluids in applied equipment [31–36]. In this regard, Pak and
Cho [37] studied forced convective heat transfer in nanofluids.
They experimentally investigated nanofluids convective heat
transfer in turbulent flow and found that Nusselt number increases
with increasing the volume concentration of the nanoparticles and
the Reynolds number. Hemmat Esfe et al. [38] empirically exam-
ined the effect of water/double-walled carbon nanotubes nanoflu-
ids on heat transfer and pressure drop in a double-tube heat
exchanger. They used turbulent nanofluid flow as a coolant in
the heat exchanger. Their results showed that the convective heat
transfer rate of a nanofluid with a concentration of 0.4% was
greater by 32% compared to pure water flows. The maximum pres-
sure loss was 20%. Ebrahimian et al. [39] numerically and experi-
mentally investigated the effects of titanium oxide nanofluid flow
in practical applications. They described the use of nanofluids in
solar systems as an innovative approach to enhancing heat trans-
fer. In their research, the heat transfer coefficient of nanofluids
flow increased by 21%. Amrollahi et al. [40] examined the convec-
tive heat transfer in water/multi-walled carbon nanotubes nano-
fluid flow in both laminar and turbulent regimes in a horizontal
tube with constant heat flux boundary condition. They showed
that the maximum heat transfer coefficient was increased by 40%
at the 0.25% nanofluid weight. Sadeghinezhad et al. [41] examined
heat transfer and pressure drop in turbulent water/graphene nano-
fluid in a two-tube heat exchanger with constant heat flux. Their
results showed that convective heat transfer coefficient increased
by 13–160%. The maximum heat transfer performance coefficient
was reported as 1.77. In another experimental study, convective
heat transfer of water/graphene nanofluid was investigated by
Mehr-Ali et al. [42]. Their results showed that the thermal perfor-
mance coefficient of the nanofluid reached 1.15 in the horizontal
tube.

Based on the studies mentioned above, the main characteristics
of nanofluids are increased heat transfer coefficient [43,44], higher
critical heat flux [45,46], and better thermal energy storage perfor-
mance [47,48]. On the other hand, Because of the unique proper-
ties of water/graphene oxide nanofluids, using this nanofluid
instead of water in air-cooling or air-heating systems is recom-
mended. Thus, a novel system has been designed and constructed
to test the flow of graphene oxide/water nanofluids. The water/
graphene oxide nanofluid has been stabilized with different
volume fractions. The nanofluid samples were then used as heat



Table 1
Maximum values of thermal conductivity enhancement for different nanofluids reported in previous works.

Thermal conductivity enhancement % Concentration Temperature oC Base fluid Nanomaterial Ref. Number

36.5 0.25 wt% 50 Water SWCNT [18]
17.89 0.8 vol.% 50 Water/EG Al2O3 [19]
27 0.4 vol.% 65 EG Graphite [20]
53 0.01 vol.% – Water Cuo [21]
57 3 vol.% 50 Water/EG MgO [22]
56 0.5 wt% 60 Water Graphene oxide [23]
32 0.5 wt% 60 Water Graphene [24]
88 3 vol.% 55 Water/EG Fe3O4 [25]
34.7 1 vol.% 50 Water/EG MWCNT [26]
45 4 vol.% 40 Water Reduced graphene oxide [27]
86 5 vol.% 60 EG Graphene [28]
54 0.65 vol.% 50 EG SWCNTs [29]
21.3 0.6 vol.% 25 EG MWCNTs-MgO [30]
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transfer fluid in a cross-flow heat exchanger. Given the high heat
transfer potential of graphene oxide nanosheets, average heat
transfer coefficient is predicted to increase in the air flow around
the tube. Due to limited water resources and the growing need
for energy, it seems that the use of water/graphene oxide nanoflu-
ids in thermal systems can be responsive to the needs of various
industries. The aim of this study is increasing the heat exchange
between the tube and the air flow using water/graphene oxide.
This feature can be very useful in enhancing the heat transfer
process.
2. Problem definition and research objectives

The experiment defined in this study is a simulation of an air-
cooled heat exchanger. For this purpose, a copper tube with a cir-
cular cross-section under air cross-flow was considered (Fig. 1).
Reynolds numbers for air flow around the tube, which is estab-
lished in the test section of a subsonic wind tunnel, were 3800,
9200, 14,500, 19,900 and 21,500. The range of Reynolds numbers
for the nanofluid flow inside the tube that is established by a circu-
lation pump were between 550 and 3250. The effect of nanofluid
concentration was examined by volumetric concentrations of 0,
0.05, 0.1 and 0.2%. The main purpose of the experiments was to
analyze heat transfer in the air flow around the copper tube and
the undesirable pressure drop in the nanofluid flow inside the tube.
Results are reported in the form of Nusselt number and friction fac-
tor. By defining the heat transfer performance coefficient (HTP), the
changes in Nusselt number and friction factor were evaluated as a
dimensionless number.
3. Methods

3.1. Experimental setup

As mentioned earlier, in this study, a free air flow and a closed
heat transfer cycle are required. To provide closed heat transfer
cycle, the nanofluid temperature inside the tank was increased to
the designed temperature using a heating element, and the nano-
fluid was then circulated in the closed heat transfer cycle (inside
the copper tube) using a pump. During the experiment, tempera-
ture and pressure values in the inlet and outlet of copper tubes
were recorded. A subsonic wind tunnel has been used to make free
air flow. The air flow temperature at the wind tunnel inlet was
measured, and the affected parameters were evaluated.

The combination of these systems, shown in Figs. 1 and 2, was
used to study the nanofluid heat transfer and pressure drop in the
tube under air cross-flow. The closed heat transfer cycle was
designed and built to circulate the nanofluid in the copper tube.
The system consists of different parts, such as nanofluid storage
tank with an insulated body, a pump (Taifo, GRS 25/6), glass
flowmeter, copper tube with an outer diameter of 19 mm, differen-
tial pressure gauge model 9102 PM, and a number of K-type ther-
mocouples along with a thermometer. In order to prevent heat loss
along the path before the test tube, connection tubes were com-
pletely insulated. The designed measurement system is capable
of automatically controlling, measuring and recording the temper-
ature values. The use of this system controls the temperature fluc-
tuations in copper tube inlet, reducing the error due to the changes
in the temperature of the nanofluid entering the tubes during
experiments.
3.2. Production and stabilization of nanofluid

In this work, homogeneous nanofluid samples were prepared by
suspending graphene oxide nanosheets in water. Graphene oxide
nanosheets used in the experiments were produced by US
Research Nanomaterials Inc. In order to ensure the structure of
the nanoparticles, their accuracy was investigated using Scanning
Electron Microscope (SEM) and X-ray Diffraction. The resulting
images are shown in Fig. 3. The figure shows that the test results
are acceptably consistent with the reported values. Thermo-
physical properties of graphene oxide nanosheets are listed in
Table 2.

Chemical, mechanical and ultrasonic processes were used to
achieve uniform distribution of nanoparticles and break the aggre-
gates in the base fluid, respectively. In order to make stable
nanofluids, the parameters governing the stability of nanofluid,
such as pH of the base fluid, duration of the use of magnetic stirrer
as well as the duration of ultrasonic process to produce and stabi-
lize the nanofluid, were investigated and the optimum values were
determined. To produce seven liters of water/graphene oxide
nanofluid, the optimum base fluid pH was first determined, and
nanoparticles were gradually added to the base fluid while the
magnetic stirrer was on. After a period of one hour and thorough
mixing of nanoparticles in the base fluid, the resulting suspension
was exposed to ultrasonic bath model PARSONIC 30S with 400
watts power and a frequency of 28 kHz for 4 h to create a uniform
and stable suspension. It should be noted that functional groups on
nanoparticles can lead to their hydrophilicity. Therefore, any sur-
factant has been used for the production of nanofluids. Accord-
ingly, Fourier transform infrared spectroscopy (FTIR) was used to
ensure the presence of functional groups on graphene oxide
nanosheets. The FTIR spectrum of graphene oxide is shown in
Fig. 4. According to Fig. 4, the peaks of 1218 cm�1 and 1045 cm�1

are related to single bands of CAO. Moreover, the peak of
3392 cm�1 is related to hydroxide group of AOH. In addition, the
peak of 1716 cm�1 is related to the stretching band of C@O, which
confirmed that the presence of hydroxyl groups ofACOOH. Accord-



11. Hot water tank 6. Digital differential manometer 1. Inlet air flow 
12. Heating element 7. Hot water circulation pump 2. Test section 

13. K Type thermocouple 8. Bypass valve 3. Copper tube 

9. Flow control valve 4. Fan 

10. Flow meter 5. Variable frequency drives 

Fig. 1. Schematic of experimental setup.

Fig. 2. Image of experimental setup.
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ing to the results, graphene oxide nanosheets in water cause the
formation of hydrogen bands and thus provide high stability in
nanofluids.
The sedimentation photograph capturing was used to investi-
gate the stability of the nanofluid. The zeta potential test was then
used to further examine its stability. The test was conducted using
DLS model Nano ZS (red badge) ZEN 3600. Results are presented in
Fig. 5.

Considering the absolute value of the zeta potential in water/
graphene oxide nanofluid, the stability was very good at pH = 9
with kfk ¼ 41. Its long-term stability stabilized the thermophysical
properties of the nanofluid. Stability can be mainly attributed to
functional groups in graphene oxide nanosheets, lack of density
difference with the base fluid, nano-size of nanoparticles in the
base fluid, and the determination of optimal pH, which was studied
and determined experimentally here.
4. Governing equations

One of the best ways to evaluate the thermal performance of air
flow in a cross-flow heat transfer system is calculating the Nusselt
number as the convective heat transfer is the dominant
mechanism.

The amount of heat loss by the nanofluid while passing the tube
is calculated using Eq. (1).



Fig. 3. SEM (left) and X-ray Diffraction (right) for graphene oxide nanosheets.

Table 2
Thermo-physical properties of graphene oxide nanosheets.

Thermo-physical property Value

Appearance/Morphology Black
powder/nanosheets

Diameter (mm) 2
Purity (%) 99
Density (g/cm3) 1
Thickness (nm) 3.4–7 nm with 6–10

Layers
Specific surface area (m2/g) 400–600
Thermal conductivity (parallel to surface) (W/m K) 2500
Thermal conductivity (perpendicular to surface)

(W/m K)
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Fig. 4. FTIR spectrum of graphene oxide.

Fig. 5. Zeta potential test related to nanofluid stability in different pH.
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q ¼ _mcpðTin � ToutÞ ð1Þ
In the above equation, _m, Cp, Tin, and Tout are fluid mass flow

rate, specific heat capacity, inlet fluid temperature, and outlet fluid
temperature, respectively.

Assuming that the amount of heat loss by the nanofluid is equal
to the amount of heat received by the free flow of air around the
tube, the average heat transfer coefficient and the average Nusselt
number of the air flow are determined by Eqs. (2) and (3) [13,49].
hAir ¼
_mcpðTin � ToutÞ
pDoLðTs � T1Þ ð2Þ

NuAir ¼ hDo

k
ð3Þ

In the above equation, NuAir and hAir are Nusselt number and
average heat transfer coefficient of the air flow, respectively. T1,
Ts, Do, and k are air flow temperature, tube surface temperature,
outer diameter of tube, and thermal conductivity of air.

In this study, the dynamic viscosity of the nanofluid was calcu-
lated using Eq. (4) [24]. Density and specific heat of the nanofluid
were calculated using Eqs. (5) and (6) [37].

lnf ¼ lf ð1:36041� 0:014984T � 1:06383/þ 0:061667T/

þ 0:000158452T2 þ 8:35379/2Þ ð4Þ

qnf ¼ /qnp þ ð1� /Þqf ð5Þ

ðqCPÞnf ¼ /ðqCPÞnp þ ð1� /ÞðqCPÞf ð6Þ
In these equations, / is the volumetric concentration of

nanoparticles, and lnf , qnf , and Cpnf are viscosity, density and speci-
fic heat capacity of the nanofluid, respectively.
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Reynolds and Prandtl numbers are defined by Eq. (7):

Re ¼ quD
l Pr ¼ cpl

k
ð7Þ

Measurement of nanofluid pressure drop along with heat
transfer is essential when using them in the industry. As previously
mentioned, the pressure drop in the inlet and outlet of the test
tube was measured using differential pressure gauge model PM-
9102. The friction factor of the flow inside the tube, which is a
dimensionless parameter, was calculated using the Darcy-
Weisbach equation (Eq. (8)).

f ¼ DP
L
Di

qu2
2

¼ p2

8
qDpD5

i

_m2L
ð8Þ

In the above equation, L is the length of the tube, Di is the inner
diameter of the tube, u is the average velocity of the fluid inside the
tube, _m is fluid mass flow rate, DP is pressure drop, and f is the fric-
tion factor of the internal flow.

The heat transfer performance coefficient (HTP) is a dimension-
less parameter introduced by Webb [50] in order to compare the
heat transfer coefficient to friction factor according to Eq. (9).

HTP ¼
NuE
Nu

ðf Ef Þ
1
3

ð9Þ

In the above equation, NuE and f E are Nusselt number and fric-
tion factor of nanofluid flow, respectively.

5. Validation of results and uncertainty analysis

5.1. Validation of results

In order to ensure the accuracy of the test system performance,
the experiment was first conducted using pure water, and results
were compared with the results of reliable resources. Eq. (10) by
Zhukauskas [51], which is proposed for external flow around a cir-
cular tube, was used to examine the heat transfer results.

NuD ¼ CRemD Pr
n Pr

PrS

� �1
4 0:7 < Pr < 500

1 < Re < 106

�
ð10Þ

Eq. (11) was used to compare and evaluate the results associ-
ated with the hydrodynamic behavior of the internal flow.

f ¼ 64
Re

ð11Þ

Fig. 6 compares the Nusselt number obtained from Eq. (3) for air
and the Nusselt number obtained from Eq. (10). As can be seen, the
greatest difference is 7.8%. The experimental results of the friction
factor of pure water flow in a smooth tube obtained from Eq. (9)
are compared with those obtained from Eq. (11) in Fig. 7. The
greatest difference is 6.2%.

5.2. Error analysis

If an error is identified by the operator, it will be corrected and
it will no longer be an error. The actual errors are those that are
somewhat ambiguous. In this section, data analysis aims at deter-
mining the extent of uncertainty, meaning the extent to which
they lack certainty. According to the diffusion theory proposed
by Moffat et al. [52] (Eq. (12)), the effect of equipment error (the
respective error is provided in Table 3 on total uncertainty was
examined, and the results are reported in Table 4.

UR ¼ ½
Xn

i¼1

ð @R
@Vi

Uv i
Þ�

1
2

ð12Þ
Eqs. (13) and (14) pertain to uncertainty associated with Nus-
selt number and friction factor. The uncertainty of experimental
data are reported in Table 4.

UNu ¼ 1
pLkðTs � T1ÞUQw

� �2
þ qw

pLk ðTs � T1Þ2
UT1

" #2
0
@

þ �qw

pLk ðTs � T1Þ2
UTs

" #2

þ �qw

pDLk2 ðTs � T1Þ
Uk

" # 2

þ �qw

pL2k ðTs � T1ÞUL

" # 2
1
A

1
2

ð13Þ



Table 3
Measuring instruments range and accuracy.

Description No. Model Range Accuracy

Inlet and outlet temperatures 3 Type K thermocouple �40–300 (�C) 0.5 (�C)
Temp. of in. and out. flow 1 RTD (PT-100) sensor 0–100 (�C) 0.1 (�C)
Fluid flow rate 1 LZB 80 1–10 (m3/h) 2.5% F.S.
Fluid pressure drop 1 Model: PM-9102 0–200 (mbar) 2% F.S.

Table 4
The uncertainty of experimental data.

Parameters Uncertainty (%)

Heat transfer �5:3
Experimental heat transfer coefficient �6:9
Nusselt number �7:1
Friction factor �4:2
Pressure drop �7:9

Table 5
Full range of nanofluid properties of water / graphene oxide used in all experiments.

Range of changes Units Properties of nanofluid

0–0.2 % Volumetric concentration
of nanoparticle

3.88 � 10�4 to 4.43 � 10�4 kg m�1 s�1 or Pa s Dynamic viscosity
976.17–980.3 kg m�3 Density
4164.5–4191.42 J kg�1 K�1 Specific heat Capacity

R. Ranjbarzadeh et al. / Applied Thermal Engineering 125 (2017) 69–79 75
Uf ¼ d5p2

8LQ2q
UDp

" #2

þ 5Dpd4p
8LQ2q

Ud

" #2

þ �Dpd5p2

8L2Q2q
UL

" #2
0
@

þ �2Dpd5p2

8LQ3q
UQ

" # 2

þ �Dpd5p2

8LQ2q2
Uq

" # 2
1
A

1
2

ð14Þ
6. Results and discussion

A subsonic wind tunnel and a closed heat transfer cycle with
water/graphene oxide nanofluid flow at volume fractions of 0,
0.05, 0.1, and 0.2% were used for this test. Reynolds numbers of
the flow in the tube were 550, 1250, 2000, 2500, and 3250. Effect
of changes in the air flow around the copper tube in the wind tun-
nel test was investigated at Reynolds numbers of 3800, 9200,
14,500, 19,900, and 21,500. In this section, results in terms of
velocity field in the wind tunnel, internal flow friction factor, aver-
age Nusselt number of air flow around the tube, and heat transfer
performance coefficient are presented and discussed.

6.1. Velocity field in wind tunnel test section

Since the equations for fluid flow and heat transfer are pre-
sented for a uniform velocity, uniformity of velocity was examined
Z (cm)

U
∝

(m
/s

)
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Fig. 8. Velocity distribution in the transverse and a
here. Therefore, before carrying out the experiments, in order to
determine the velocity distribution at the wind tunnel, velocity
was measured at various intervals by a hot wire anemometer.
Uniform air flow velocity in the wind tunnel test can be changed
to up to 22 m/s using a variable drive. As seen in Fig. 8, velocity
is almost uniform in the transverse and axial length of the test sec-
tion of wind tunnel.

6.2. Thermo-physical properties of water/graphene oxide nanofluid

In this work, dynamic viscosity, density and specific heat of
water/graphene oxide nanofluid were directly used, which were
determined using Eqs. (4) to (6), respectively. Thermal conductiv-
ity of the base fluid was used to calculate heat transfer in order
to clearly show the effect of nanofluid. The nanofluid properties
are determined according to the testing condition. Table 5 lists
the complete numerical range of the nanofluid properties.

6.3. Effect of the internal Reynolds number and nanofluid
concentration on friction factor inside the tube

The Reynolds number in the experiments conducted on internal
flow ranged from 550 to 3250. Given the high heat transfer poten-
tial of water/graphene oxide nanofluid, its practical use requires a
thorough and comprehensive experimental investigation of
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xial length of the test section of wind tunnel.
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pressure and friction factor. The results of studying the parameters
affecting the friction factor of water/graphene oxide nanofluid flow
with volume concentrations of 0, 0.05, 0.1, and 0.2% in the copper
tube are shown in Fig. 9. This figure shows the internal flow friction
factor by Reynolds number for different volume fractions. As can
be seen, in addition to the physical nature of pressure variations
due to increased flow velocity, adding graphene oxide to the base
fluid increases the dynamic viscosity of pure water. In fact, due
to addition of nanoparticles to the base fluid, friction factor at
different concentrations always increases in the nanofluid flow.
An important reason for the increased friction factor in the nano-
fluid flow is addition of graphene oxide nanosheets to the base
fluid that increases the dynamic viscosity of the nanofluid. As obvi-
ous in this figure, the maximum variation in the friction factor of
the nanofluid flow compared to pure water (fnf/fbf) occurs always
at the Reynolds number of 3250. The most important reason for
such results, in addition to the nanoparticles that alter the physical
structure of the fluid flow, is the changes in the structure of nano-
fluid flow driven by the turbulence caused by flow acceleration.
The changes in the friction factor of the nanofluid in this study
are similar to the results reported by Mehr-Ali et al. [53]. Friction
factor of the nanofluid flow at concentrations of 0.05, 0.1, and
0.2% was increased by 10, 15, and 21%, respectively, as compared
to pure water. As observed in Fig. 9, for all nanofluid samples, fric-
tion factor decreases with increasing internal Reynolds number for
laminar regime. However, with increasing internal Reynolds
number, the laminar regime changes to transition regime and the
trend of friction factor changes dramatically. This trend is consis-
tent with Moody diagram.

6.4. Average air flow Nusselt number

Fig. 10 shows the changes in the average Nusselt number of
external air flow by Reynolds number for different nanofluid sam-
ples. Changes in the internal flow Reynolds number showed an
increase in heat transfer. The increasing trend of heat transfer grew
as the Reynolds number approached the Reynolds number of the
transition regime. This can be mainly attributed to the transition
of flow from laminar to turbulent. This is also clear that the
improved Nusselt number caused by the internal flow Reynolds
number has a more increasing trend compared to the external flow
Reynolds number. The most important reason for this is the higher
heat transfer capacity of water compared to air.

In this study, use of nanofluid flow indirectly improved the air
flow heat transfer performance. In fact, results suggested effective-
ness of nanofluid flow in terms of heat transfer. Results indicate
that use of turbulent flow can be very useful in achieving higher
average heat transfer coefficient.

According to Fig. 10 and the two-phase structure of the nano-
fluid flow, a reason for the increased heat transfer related to the
nanofluid flow Reynolds number appears to be the changes in the
boundary layer inside the tube. Considering the physics of the
boundary layer, when the thickness decreases, i.e. transition of lam-
inar flow to turbulent, the temperature gradient increases, which is
one of the most important parameters for improved heat transfer.

Furthermore, the addition of nanoparticles to the base fluid
increases the thermal conductivity of the fluid. The use of water/
graphene oxide nanofluid in different conditions increased the air
flow Nusselt number. Nusselt number dramatically increased with
increasing the concentration of nanofluid from 0.05% to 0.2%,
which is attributed to the high heat transfer potential in this nano-
fluid compared to pure water.

Fig. 10 also shows that increased internal flow Reynolds num-
ber intensifies the effects of dispersion and irregular movements
as well as distribution of nanoparticles in the base fluid, improving
the heat transfer to the air flow. On the other hand, given the high
heat transfer potential of the nanofluid, nanoparticles near the wall
of the tube have a greater impact on the energy exchange rate,
greatly enhancing the heat transfer between the fluid and the tube
wall on which air flow passes.

As can be seen, increased external flow Reynolds number has a
significant impact on heat transfer to the air flow. The slope of the
heat transfer enhancement increases with increasing air flow Rey-
nolds number. The most important reason for this increase can be
the fact that, when the air flow and outer surface of the tube are in
contact, heat is transferred by random molecular motion (heat dis-
sipation) and bulk movement of the fluid. This advantage is an
inherent property of heat transfer in external flows. Therefore,
the improvement of average Nusselt number of air flow is more
significant at higher Reynolds numbers. The highest increases in
a similar condition were 21.5, 31.8, and 51.4% for concentrations
of 0.05, 0.1, and 0.2%, respectively.

6.5. Thermal performance coefficient of water/graphene oxide
nanofluid flow

As mentioned earlier, nanofluids flow significantly increases the
heat transfer rate. However, unwanted friction factor of the flow
increases at the same time (Fig. 9). Therefore, by examining the
heat transfer performance coefficient defined by Eq. (10), thermal
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and hydrodynamic analyses were performed analytically. Fig. 11
shows the heat transfer performance coefficient (HTP) as a func-
tion of volume fraction of nanoparticles, external flow Reynolds
number, and internal flow Reynolds number.

As can be seen, HTP in all internal flow Reynolds numbers for
the highest volume concentration (0.2%) shows a higher increase
compared to other concentrations. If heat transfer performance
coefficient is considered as a design criteria in a thermal systems,
it can be argued that the use of nanofluids with higher concentra-
tions, despite the negative and unwanted changes in friction factor,
can be effective, and hydrodynamic performance of nanofluid can
be acceptable and heat transfer can be highly efficient.

HTP indicates the thermal efficiency of the nanofluid flow and
superiority of improved Nusselt number on increased unwanted
pressure drop. The highest HTP was observed in the nanofluid with
volume concentration of 0.2%. Considering the changes in the Rey-
nolds number, the maximum HTP was 1.313, 1.348, 1.341, 1.381
and 1.422 at internal Reynolds numbers of 550, 1250, 2000,
2550, and 3250, respectively.
7. Conclusion

Since heat transfer enhancement in thermal systems is particu-
larly important in industry, the use of water/graphene oxide nano-
fluid, which can provide a significant improvement in heat transfer,
was evaluated in this study. Therefore, a cross-flow heat transfer
system was constructed for the feasibility of using water/graphene
oxide nanofluid to improve heat transfer. The main results are as
follows:

Considering the zeta potential test, the stability was very good
at pH = 9 with kfk ¼ 41.

� Prepared nanofluids also kept their stability in the long time
that is due to the dispersion of nanoparticles in the base fluid,
favorable pH of base fluid, the presence of functional groups
of graphene oxide, their nano size and lack of density differ-
ences with the base fluid.

� The friction factor of nanofluid flow increased with increasing
volume fraction of graphene oxide in all internal Reynolds num-
bers. The maximum increase in friction factor (	21%) was
related to maximum concentration of graphen oxide, which is
due to unwanted increase in viscosity with increasing volume
fraction.

� The slope of the heat transfer enhancement increased with
increasing air flow Reynolds number. The maximum slope of
the average Nusselt number of air flow was related to the nano-
fluid with the highest volume concentration (u = 0.2%). This
means that in the air-cooled systems, increasing the amount
of air flow leads to an increase in nanofluid heat transfer rate
due to the dominance of the effect of convective heat transfer.
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� At highest volume concentration (0.2%) and for all internal
flow Reynolds numbers, heat transfer performance (HTP)
showed a higher increase compared to other concentrations.
Moreover, the maximum HTP occurred at highest internal
flow Reynolds number (Rei = 3250) and highest volume
concentration (u = 0.2%). Thus, the use of nanofluids in
this with higher concentrations can be effective in such cir-
cumstances.
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