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In this work, heat transfer and pressure drop characteristics of nanofluids flowing through a horizontal cir-
cular tube have been investigated experimentally. The test tube was made of stainless steel type 304 with
an inner diameter of 7.1 mm. The working fluid was SiO2/water nanofluid where the average diameter of
nanoparticles was 7 nm. Nanofluids at three different volume concentrations of 0.5, 1, and 2% have been
prepared and tested. The experiments have been performed for Reynolds numbers ranging from 3800 to
12000, inlet temperatures of 25, 30, and 35 �C where a constant heat flux was imposed on the tube. The
effects of particle volume concentrations, inlet temperature andmass flow rate on convective heat transfer
and pressure drop characteristics have been evaluated. The results revealed that with increasing Reynolds
number, volume concentration, and inlet temperature the heat transfer coefficient and Nusselt number
increased. Moreover, pressure drop increased with increasing volume concentration; conversely,
decreased with increasing inlet temperature. The efficiency index reached its maximum quantity (i.e.
1.6) at Reynolds numbers higher than 9000, the volume concentration of 2%, and inlet temperature of
35 �C. On the other hand, theminimum values of efficiency indexwere obtained for Reynolds numbers less
than 7000, the volume fraction of 0.5%, and inlet temperature of 25 �C. Finally, new correlations for
predicting the Nusselt number and friction factor of SiO2/water turbulent flow have been proposed.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction implementing special chemical and physical processes. In compar-
During last decades, many researchers strived to ameliorate
efficiency of thermal systems through various heat transfer
enhancement techniques. These techniques have been applied to
the design of heat exchangers which are widely utilized in different
industries. Many methods have been suggested to promote the
performance of heat exchangers. Among the proposed techniques
for heat transfer enhancement, usage of nanofluids instead of con-
ventional working fluids has attracted special attention. Nanofluids
are relatively a new type of working fluids which are produced by
dispersion of solid nanoparticles in conventional liquids through
ison with microsuspensions, nanosuspensions have special privi-
leges such as higher thermal conductivity, long-term stability,
and less clogging in conduits. Numerous review and research
reports have been published on the preparation and properties,
flow characteristics, and applications of nanofluids in diverse
systems such as solar collectors, solar stills, photovoltaic thermal
systems and so on [1–18].

Up to now, noticeable attempts have been made to determine
the flow and heat transfer characteristics of various nanofluids in
plain tubes; because, despite the simple configuration, they have
the most application in industries. Here, a brief review of some
of these works has been presented.

Pak and Cho [19] investigated the friction and heat transfer
characteristics of nanofluids in turbulent flow. Two different types
of metallic oxide nanoparticles, alumina and titanium dioxide,
with mean diameters of 13 and 27 nm, respectively, were tested.
The results showed that the Nusselt number of nanofluids
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Nomenclature

A surface area of test section (m2)
Cp specific heat at constant pressure (J/kg K)
Di inside tube diameter (m)
d diameter (m)
f friction factor
h heat transfer coefficient (W/m2 K)
I electric current (A)
k thermal conductivity (W/m K)
L length of test section (m)
_m mass flow rate (kg/s)
Nu Nusselt number
Pr Prandtl number
Q heat transfer rate (W)
Re Reynolds number
r radius (m)
T temperature (�C)
u velocity (m/s)
V electric voltage (V)

Greek symbol
a thermal diffusivity (m2/s)
e tube roughness (m)
g efficiency index
l dynamic viscosity (kg/m s)
/ volume concentration (%)
q density (kg/m2)
DP pressure drop (Pa)

Subscripts
ave average
bf base fluid
in inlet
nf nanofluids
out outlet
p particle
ss stainless steel
sup supply
wi inner wall
wo outer wall
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increased with increasing volume concentration beyond Reynolds
number. Finally, a new correlation for predicted turbulent convec-
tive heat transfer coefficient of nanofluids was proposed.

Xuan and Li [20] studied convective heat transfer and flow char-
acteristics of Cu-water nanofluids flowing through a circular tube.
Their results showed that the mixture remarkably gives a higher
heat transfer coefficient compared to water while there is no sig-
nificant change in friction factor. Finally, a new correlation for con-
vective heat transfer was proposed.

Duangthongsuk and Wongwises [21] conducted an experimen-
tal study to determine the ability of TiO2/water nanofluids (volume
fractions between 0.2 and 2% andmean particle diameter of 21 nm)
for heat transfer enhancement in a double tube heat exchanger.
Their study elucidated that using nanofluid with a volume fraction
of 1% instead of water can augment heat transfer rate as much as
26%. The maximum and minimum heat transfer rates occurred at
volume fractions of 1 and 2%, respectively. Moreover, the pressure
drop of nanofluids was slightly increased when compared to water
and increased with increasing nanofluid concentration.

Abbasian Arani and Amani [22] evaluated the impact of
nanoparticles size on the turbulent flow characteristics of nanoflu-
ids. Titanium dioxide nanoparticles with average sizes of 10, 20, 30
and 50 nm were dispersed in DI-water as the base liquid. The
results showed that the maximum performance index (i.e. 1.9)
could be achieved by using nanoparticles with a mean diameter
of 20 nm where the concentration is 2 vol.%.

Karimzadehkhouei et al. [23] investigated pressure drop and
heat transfer characteristics of water-based nanofluids in horizon-
tal smooth hypodermic microtubes. Two different types of
nanoparticles TiO2 and Al2O3 with an average diameter of 20 nm
were added to DI-water to prepare nanofluids with mass fractions
of 0.01–3 wt.%. Their results showed that there is no significant
heat transfer enhancement for Re < 1000. However, at higher Rey-
nolds numbers, heat transfer enhancement was reported. Under
these conditions, the enhancement in heat transfer increased with
nanoparticle mass fraction.

Kulkarni et al. [24] experimentally studied the heat transfer and
fluid dynamic performance of silicon dioxide (SiO2) nanoparticles
with three different sizes including 20, 50 and 100 nm suspended
in a 60:40 (% by weight) ethylene glycol and water mixture. They
found that the increase in particles diameter increased the heat
transfer coefficient. Their experimental results also revealed that
the pressure drop increased with increasing volume concentration.

Vajjha et al. [25] experimentally investigated flow and heat
transfer characteristics of three nanofluids in a circular tube under
turbulent regime. The results showed that heat transfer coefficient
and pressure loss increased with particle volume fraction. Finally,
new correlations for Nusselt number and friction factor were
proposed.

Ferrouillat et al. [26] studied the heat transfer and pressure
drop of nanofluids flowing through a smooth tube under constant
wall temperature condition. Silica/water nanofluids at concentra-
tions of 2.31, 7.95 and 18.93 vol.% were tested. Results indicated
that heat transfer coefficient could be augmented up to 60% com-
pared to pure water whereas pressure drop slightly increased com-
pared to water. Later, Ferrouillat et al. [27] studied the effects of
two types and shapes of water-based nanofluids on heat transfer.
Spherical and ‘‘banana-like” shapes were studied for SiO2 suspen-
sions. Polygonal and rod-like were used for ZnO nanofluids. The
results revealed that Nusselt number increased only slightly com-
pared to the use of water as the working fluid.

Azmi et al. [28] experimentally investigated the heat transfer
coefficient and friction factor of SiO2/water nanofluids up to 4 vol.
% having a mean particle diameter of 22 nm flowing in a circular
tube under constant heat flux boundary condition. The experiments
were undertaken in the Reynolds number range of 5000–27,000 at a
bulk temperature of 30 �C. The results showed that heat transfer
coefficient increased with volume concentration up to 3.0% and
decreased after that. In 2016, Azmi et al. [29] studied the effects
of different operating temperatures on forced convection heat
transfer of TiO2/water-ethylene glycol nanofluids in a circular tube
under turbulent flow regime. The results showed that Nusselt num-
ber increased up to 22.8% and 28.9% for temperatures of 50 �C and
70 �C, respectively. Moreover, friction factor of nanofluids was
slightly increased with concentration.

Merilainen et al. [30] carried out experimental studies of turbu-
lent convective heat transfer of water-based nanofluids having
different types of nanoparticles including Al2O3 (8.2 ± 3.1 and
14–53 nm), SiO2 (6.5 ± 1.8, 65 ± 34 and 28–100 nm), and MgO
(21 ± 10 and 15–47 nm). Their data showed that nanofluids heat
transfer coefficient could be enhanced up to 40% compared to the
base fluid. By considering the simultaneous variations in heat



Table 1
Characteristics of SiO2 nanoparticles.

Mean diameter
(nm)

Density
(kg/m2)

Thermal
conductivity
(W/m K)

Specific
heat
(J/kg K)

Thermal
diffusivity
(m2/s)

7 2200 1.4 765 0.834 � 10�6
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transfer enhancement and pressure drop, they concluded that only
SiO2 nanoparticles with an average size 6.5 ± 1.8 nm and volume
concentrations between 0.5 and 2% are advantageous to use.

Martinez-cuenca et al. [31] examined the forced convective heat
transfer and pressure drop of SiO2, Al2O3 andMWCNTswater-based
nanofluids. The results indicated that at a given Reynolds number,
heat transfer coefficient increased compared towater, but at a given
pumping power, opposite trends were observed. Some researchers
[32–34] demonstrated that further correlations are required to pre-
dict the heat transfer and fluid flowof nanofluids since conventional
single-phase correlations are not appropriate.

Asmentioned above,most of the experimental studies dealtwith
nanofluids having alumina (Al2O3) and titanium dioxide (TiO2)
nanoparticles, and there are few experimental data on flow andheat
transfer of nanofluids having SiO2 nanoparticles although this type
of particles is one of the cheapest nanoparticles. In addition, based
on the best knowledge of authors, for very small nanoparticles (less
than10 nm) there are a fewdata in the current literature (only in the
work ofMerilainen et al. [30]). Themain aimof this study is to deter-
mine the efficiency index of SiO2/water nanofluids where the size of
nanoparticles is just 7 nm. In this study, effects of different volume
concentrations and inlet temperatures of SiO2/water nanofluids on
the heat transfer coefficient, pressure drop, and efficiency index
are investigated in turbulent flow. Finally, based on the experimen-
tal results, new heat transfer and friction factor correlations of SiO2/
water nanofluids are proposed.

2. Sample preparation

One of the main obstacles encountered in nanofluids experi-
ments is the agglomeration of particles. Preparation of nanofluids
T
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Fig. 1. Schematic diagram of th
is a very important step in applying nanoparticles for improving
the heat transfer characteristics of conventional fluids. Xuan and
Li [20] suggested the methods used for stabilizing the suspensions
such as changing the pH value of suspension, adding the surfactant
and using ultrasonic vibration. In the present study, silicon dioxide
(SiO2) nanoparticles with a mean diameter of 7 nm (Aerosil 380)
were purchase from Degussa. DI-water was added to the concen-
trated nanofluids and careful mass measurement of the resulting
fluid in the electronic mass balance was conducted to arrive at
the desired particles volume concentrations of nanofluids of 0.5,
1 and 2% without any surfactant. Before using the nanofluids
sample for measurement, it was subjected to an ultrasonic bath
for 2 h to ensure proper dispersion of the nanoparticles. The char-
acteristics of nanoparticles used in this study are summarized in
Table 1.
3. Experimental apparatus

The schematic diagram of the experimental apparatus is
shown in Fig. 1. The experimental setup consists of test tube
made of stainless type 304 length of 2 m, outer and inner diam-
eter of 9.5 and 7 mm. The DC power supply was employed and
its voltage was adjusted by the voltmeter to control the heat flux
at the pipe wall. Ultrasonic bath model VGT-1990QT with a
power of 240 W, and a capacity of 9 L was used as storage tank,
which provides more stable nanofluids and reduce sedimentation
during tests. Constant temperature tank, with electrical heater,
cooling coil and a thermostat were used to keep the nanofluids
temperature at the desired level. Two sight glass tubes with an
inner diameter equal to the test section were installed before
and after the test section to visualize the nanofluids flow and
probable nanoparticles sedimentation. In order to measure the
wall temperature, 9 T-type thermocouples (with the precision
of ±0.1 �C) were mounted at different axial positions on the sur-
face of the test section. Further 2 T-type thermocouples were
inserted into the flow at the inlet and outlet of the test section
to measure the bulk temperatures of nanofluids. The test section
was insulated with fiberglass cloth and rubber insulation to
P
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Table 2
Uncertainties of instruments and calculated parameters.

Parameter Uncertainty

Temperature (�C) ±0.1
Pressure drop (Pa) ±7
Mass flow rate (kg/s) ±0.0035
Electric power (W) ±7.1
Nusselt number ±8.6%
Friction factor ±0.9%
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prevent heat loss in a radial direction. The nanofluids was forced
through the flow loop by magnetic gear pump, which could be
adjusted the flow rates by the inverter. Moreover, the nanofluids
flow rates were determined by the weighting method. The pres-
sure drop between the inlet and outlet of the test section was
measured by using a differential pressure transmitter
(YOKOGAWA-EJA110A). When the system reached stable condi-
tions, temperatures recorded using a data logger every 10 min.
Water was retested between nanofluids runs in order to ensure
that there was no significant fouling due to the particles and,
in fact, none was found. The uncertainties of the instruments
and calculated parameters are shown in Table 2.

4. Data reduction

The heat supplied to the test section can be calculated from:

Q sup ¼ IV ð1Þ
where I is the electrical current, and V is the electrical voltage.

The heat transfer rate into the nanofluids is calculated from:

Qnf ¼ _mnf Cpnf ðTout � TinÞnf ð2Þ
where Qnf is the heat transfer rate and _mnf is the mass flow rate of
the nanofluids, respectively.

The average heat transfer rate is defined as follows:

Qave ¼
Q sup þ Qnf

2
ð3Þ

where Qave is the average heat rate between supply and the
nanofluids.

The measured heat transfer coefficient and Nusselt number are
calculated from the following equations:

hnf ¼ Qave

AwiðTwi � Tnf Þ ð4Þ

Nunf ¼ hnfDi

knf
ð5Þ

The outer wall temperatures (Two) were measured by 9 thermo-
couples installed at the outer wall of the test tube. These outer wall
temperatures were used to determine the inner wall temperatures
(Twi), which can be solved by using the one-dimensional heat con-
duction equation in cylindrical coordinates as following equations:

Twi ¼ Two �
Qave ln ro

ri

� �
2pLkss

ð6Þ

where kss is the thermal conductivity of stainless steel (14.4 W/
m K).

The thermo-physical properties such as density, specific heat,
viscosity and thermal conductivity of the nanofluids are calculated
using the following correlations.

The density is calculated from Pak and Cho [19] as:

qnf ¼ /qp þ ð1� /Þbf ð7Þ
The specific heat is calculated from Vajjha and Das [35] as
follows:

Cpnf

Cpbf
¼

ð0:001769Tnf Þ þ ð1:1937Þ Cpp
Cpbf

� �
ð0:8021þ /Þ

0
@

1
A ð8Þ

Sharma et al. [36] developed equations for the estimation of vis-
cosity and thermal conductivity given by Eqs. (9) and (10), respec-
tively, for water-based nanofluids. They are given as:

lnf

lbf
¼ 1þ /

100

� �11:3

1þ Tnf

70

� ��0:038

1þ dp

170

� ��0:061

ð9Þ

knf
kbf

¼0:8938 1þ /
100

� �1:38

1þTnf

70

� �0:2777

1þ dp

150

� ��0:0336 ap

abf

� �0:01737

ð10Þ
The properties of the nanofluids shown in the above equations

are evaluated from water and nanoparticles at average bulk
temperature.
5. Results and discussion

In order to validate the accuracy of the experimental apparatus,
the experimental results were compared with the well-known cor-
relations for Nusselt number and friction factor. The measured
Nusselt number were compared directly with the correlations pro-
posed by Dittus-Boelter [37], Sleicher-Rouse [38] and Gnielinski
[39] given by Eqs. (11)–(13) respectively.

Dittus-Boelter [37]

Nu ¼ 0:023Re0:8 Pr0:4 ð11Þ
Sleicher-Rouse [38]

Nu ¼ 5þ 0:015Rea Prb ð12Þ
where: a ¼ 0:88� 0:24=ð4þ PrÞ and b ¼ 1=3þ 0:5e�0:6Pr

Gnielinski [39]

Nu ¼ ðf=8ÞðRe� 1000ÞPr
1þ 12:7ðf=8Þ0:5ðPr2=3 � 1Þ

ð13Þ

The experimental values of friction factor are compared with
correlations of Blasius [40] and Haaland [41] given in Eqs. (14)
and (15), respectively.

Blasius [40]

f ¼ 0:316Re�0:25 ð14Þ
Haaland [41]

1
f
¼ �1:8‘og

e=D
3:7

� �1:11

þ 6:9
Re

 !
ð15Þ

Figs. 2 and 3 compare the present experimental data on Nusselt
number and friction factor with the predicted results from well-
known correlations. As seen, there is good agreement between
the results for the base fluid and predicted from well-known corre-
lations. It can be concluded that the experimental set-up are
accurate.

5.1. Convective heat transfer coefficient

This part presents the effect of nanofluids volume concentration
and inlet temperature on heat transfer coefficient. SiO2/water
nanofluids were used as working fluid flowing through a smooth
pipe. The nanofluids used in the experiments had concentration
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levels of 0.5 vol.%, 1 vol.%, and 2 vol.% and inlet temperature of
25 �C, 30 �C, and 35 �C.

Fig. 4 displays heat transfer coefficient in terms of mass flow
rate and volume concentration. It can be seen that when mass flow
rate increases, the heat transfer coefficient increases because the
increase in mass flow rate corresponds to the enhancement of tur-
bulence in fluid flow. When we use a nanofluid instead of water as
the working fluid, it will be more complicated to analysis the effect
of increases in turbulence intensity on the heat transfer rate,
because the motions of nanoparticles have a key role on boundary
layer thickness, and, consequently, heat transfer rate. Micro-
convection induced by Brownian motion of nanoparticles, ther-
mophoresis, and rate of sedimentation are some of phenomena
that will be influenced by changes in Reynolds number (or mass
flow rate), and, consequently, will affect the heat transfer rate in
the channel. It is also seen that, at a given mass flow rate, the
increase of volume concentration leads to augmentation in heat
transfer coefficient. Heat transfer coefficient has a direct relation
with thermal conductivity and an inverse relation with boundary
layer thickness. When the nanofluid concentration increases, the
effective thermal conductivity of working fluid also increases that
this enhances heat transfer rate.
Fig. 5 illustrates the relationship between Nusselt number and
Reynolds number at different concentrations. It can be seen from
the figure that Nusselt number of nanofluids is higher than that
of base fluid and will increase when the volume concentration
increases, similar to the heat transfer coefficient. At Reynolds num-
ber of 11,000 and concentrations of 2 vol.%, Nusselt number will
increase by about 35% compared to the base fluid.

Effects of inlet temperature of nanofluids on Nusselt number
are shown in Fig. 6. It can be seen that the inlet temperature has
significant effects on Nusselt number. Nusselt number reaches its
maximum value at the inlet temperature of 35 �C. This is because,
at higher inlet temperature, molecules of both base fluid and
nanoparticles have more turbulence, this, in turn, causes more sev-
ere collision than at lower inlet temperature which results in bet-
ter heat transfer.

Fig. 7 depicts the relationship between Nusselt number gained
from the experiment and those gained from calculation of correla-
tions presented by other research works. The correlations used in a
comparison with experimental results are shown in Table 3. The
conditions of comparison are nanofluids volume concentration of
1 vol.% and inlet temperature of 30 �C, which complies with the
conditions used by Azmi et al. [28] in their experiment and their
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calculated correlations. It can be seen that the experimental results
are close to the values predicted by correlations of Azmi et al. [28]
at Reynolds number lower than 9000. However, at Reynolds num-
ber higher than 9000, there is certain differences. This may results
from the fact that the correlations derived from experimental
results that used 22 nm nanoparticles whereas the values from
present experimental results derived from 7 nm nanoparticles.
The higher Nusselt number caused by smaller particles’ diameter
may result from the smaller specific surface area of particles than
those of larger particles. So, the space between base fluid and
nanoparticles becomes smaller and, as a result, heat could be bet-
ter transferred from particles through base fluid to other particles.
This difference could be obviously seen at higher Reynolds number.
Table 3
Convective heat transfer correlations for nanofluids.

Investigators Base fluid Particle material

Pak and Cho [19] Water Al2O3, TiO2

Xuan and Li [20] Water Cu

Vajjha et al. [25] EG-water (40:60) Al2O3, CuO, SiO2

Azmi et al. [28] Water SiO2
On the other hand, the correlations proposed by Pak and Cho [19],
Xuan and Li [20] could not predict Nusselt number because these
correlations were not derived from experimental results that used
SiO2 nanoparticles. Similarly, even though the correlations pre-
sented by Vajjha et al. [25] were derived from experimental results
that used SiO2 nanoparticles, the base fluid was not water. Conse-
quently, the experimental results are so different, when compared
to the values predicted by these correlations, that the Nusselt num-
ber could not predicted accurately. Therefore, this research pro-
poses a correlation to predict the Nusselt number as follows:

Nunf ¼ f ðRenf ; Prnf ;/; TinÞ ð16Þ
From the above equation, the equation used to predict Nusselt

number of SiO2/water nanofluids is as follows:

Nunf ¼ 0:001142Re1:26nf Pr�0:19
nf ð1þ /Þ14:45ðTin=25Þ�0:4 ð17Þ

A comparison between Nusselt number gained from the exper-
iment and the one gained from prediction of the proposed correla-
tion is shown in Fig. 8, with an error rate of ±10% for most data. It
can be seen that the values gained from the prediction, compared
to the values gain from the experiment, are sufficiently accurate to
be used in predicting Nusselt number of SiO2/water nanofluids. The
condition of using this correlation includes volume concentration
of not more than 2%, Reynolds number range between 3800 and
12,000, and inlet temperatures between 25 and 35 �C.

5.2. Pressure drop

Apart from its ability in heat transfer, another important factor
that has to be considered in the practical application of nanofluids
is pressure drop. A relationship between pressure drops in terms of
mass flow rate at different volume concentrations is shown in
Fig. 9. The experimental results indicate that the pressure drop
increases when the mass flow rate increases, and it also increases
slightly when the concentration increases. Similarly, Fig. 10 shows
the relationship between friction factor and Reynolds number at
different concentrations. As seen, friction factor decreases when
Reynolds number increases. Similarly, when the concentration
increases, the friction factor also increases slightly when compared
to base fluid at the same Reynolds number. According to Blasius
[40] an equation can be used to calculate pressure drop of
fluid flowing through smooth surface circular pipe

(DP ¼ 0:158Lq3=4l1=4D�5=4
i u7=4). The above equation shows clearly

that the pressure drop depends more on density than viscosity of
fluid. The slight increase of pressure drop and friction factor of
nanofluids at higher concentrations results from the fact that the
SiO2 nanoparticle used in this experiment has a density of
2200 kg/m3, which is not high when compared to water used as
a base fluids. Therefore, the pressure drop and friction factor at
various concentrations increases only slightly when compared to
the base fluid.

Effects of inlet temperature on pressure drop are shown in
Fig. 11. As seen, when the inlet temperature decreases, the pres-
sure drop increases slightly. This is because the decrease of inlet
Equations

Nunf ¼ 0:021Re0:8nf Pr0:5nf

Nunf ¼ 0:0059 1þ 7:628/0:6886Pe0:001d

� �
Re0:9238nf Pr0:4nf

Nunf ¼ 0:065ðRe0:65 � 60:22Þð1þ 0:0169/0:15ÞPr0:542

Nunf ¼ 0:00896Pr1=3w ðf r=8Þ�3:606 Re0:7406 0:1þ /
100

� �2:541
f r ¼ qnf

qw

� �1:3 lnf
lw

� �0:3� �
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temperature makes viscosity of nanofluids increases. However,
effects of viscosity on pressure drop appears only slightly when
compared to density.
Fig. 12 compares the values gained from the present experi-
ments and the values gained from the prediction of correlation
proposed by Vajjha et al. [25] as shown below:

f nf ¼ 0:316Re�0:25
bf

qnf

qbf

 !0:797
lnf

lbf

 !0:108

ð18Þ

It can be seen that the friction factor gained from the experi-
ments is rather different when compared to the one predicted from
the correlation. This is because the proposed correlation derived
from experimental results that used other kinds of nanoparticles
in place of SiO2, and the base fluid was not water, but a mixture
between water–ethylene glycol at a ratio of 60:40.

The equation for predicting pressure drop in a form of dimen-
sionless variables is:

f nf ¼ 0:527Re�0:3
nf ð1þ /Þ4:892 ð19Þ

The scope of this equation is in temperature range of 25–35 �C
and volume concentration between 0 and 2%.

Fig. 13 shows a comparison between Nusselt number gained
from the experiment and that gained from prediction with the pro-
posed correlation (Eq. (19)). It can be seen that the predicted value
and the experimental value are accurate in a range of ±10%. Thus, it
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could be said that the proposed equation could be used to accu-
rately predict friction factor of SiO2/water nanofluids.

5.3. Efficiency index

In comparing heat transfer ability of heat exchanger, heat trans-
fer rate is not the only factor to consider. Another important factor
is pressure drop. The increase of heat transfer ability with any
method is considered unsuitable if the pressure drop also increase
immensely, even though more amount of heat could be trans-
ferred. Therefore, in a comparison of heat transfer ability of
nanofluids and base fluids in this study, an efficiency index (g) is
defined with the equation below:

g ¼ Nunf =Nuw

f nf =f w

 !
ð20Þ

It should be noted that in some studies, efficiency index is also
called performance index.

As shown in Fig. 14, it can be clearly seen that, at inlet temper-
ature of 35 �C, the efficiency index is outstandingly higher than
other factors. This is because at high inlet temperatures, the ther-
mal conductivity of nanofluids also increases which, in turn, leads
to better heat transfer. On the contrary, the decrease in viscosity of
nanofluids will make the pressure drop decreases, at the same
Reynolds number. It is also noticeable that at Reynolds numbers
greater than 9000 the efficiency index remains constant. The max-
imum number is approximately 1.6 at volume concentration of
2 vol.% and inlet temperature of 35 �C.
6. Conclusion

The heat transfer and flow characteristics of SiO2/water
nanofluids with particle volume fractions of 0.5, 1 and 2% flowing
through a circular stainless tube were experimented. The effects of
particle volume concentration, inlet temperature and mass flow
rate on heat transfer and pressure drop were compared with water.
The main findings are summarized as follows.

– The ability in heat transfer of nanofluids is better than that of
base fluid and increases with increasing concentration, inlet
temperature and mass flow rate.

– When volume concentration and inlet temperature rise, the
Nusselt number also increases. The increment in Nusselt num-
ber for SiO2/water nanofluids for volume concentration of 2%,
inlet temperature of 35 �C and Reynolds number of about
11,000 is found to be approximately 35% over than that of base
fluid.

– Friction factor of nanofluids slightly increases with increasing
the concentration, but decreases as the inlet temperature rises.
The friction factor increases when compared to the base fluid at
low Reynolds number.

– Correlations for predicting Nusselt number and friction
factor for SiO2/water nanofluids are expressed as

Nunf ¼ 0:001142Re1:26nf Pr�0:19
nf ð1þ /Þ14:45 Tin

25

� ��0:4
and f nf ¼

0:527Re�0:3
nf ð1þ /Þ4:892, respectively. Most experimental data

have a relative difference of less than ±10% when compared to
the value calculated from the above correlations.

– The efficiency index reached its maximum quantity (i.e. 1.6) at
Reynolds numbers higher than 9000, the volume concentration
of 2%, and inlet temperature of 35 �C.

– The minimum values of efficiency index were obtained for
Reynolds numbers less than 7000, the volume fraction of 0.5%,
and inlet temperature of 25 �C.

In future studies, the effects of magnetic field, electrical field,
installing fins with different shapes and materials on the internal
wall, and using hybrid nanofluids on the flow and heat transfer
patterns can be investigated.
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