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Abstract 
 
The effect of nanofluids on heat transfer inside circular tubes under uniform constant heat flux boundary condition was investigated. 

The working nanofluid was a suspension of γ-Al2O3 nanoparticles of average diameter 20 nm. The heat transfer coefficients were calcu-
lated experimentally in the range of 1057 < Re < 2070 with different particle volume concentrations of 0.1%, 0.3% and 0.9%. Increasing 
the particle volume fraction led to enhancement of the convective heat transfer coefficient. The results show that the average heat transfer 
coefficient increased 16.8% at 0.9% volume concentration and Reynolds number of 2070 compared with distilled water. In addition, the 
enhancement of the convective heat transfer was particularly significant in the entrance region and decreased with axial distance. Finally, 
an empirical correlation for Nusselt number has been proposed for the present range of nanofluids. The mean deviation between the pre-
dicted Nusselt number and experimental values for the new correlation is 3.57%.  
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1. Introduction 

The increasing need for enhanced heat transfer rates is 
driven by the development of smaller instruments with very 
high heat flux rates. The thermal management of these instru-
ments requires systems that are more helpful in removing heat. 
The revolutionary advances in thermal management have 
resulted in the ability to incorporate the latest advances in 
technology. Many efforts have been made to improve the 
design of heat exchangers. However, the design improvements 
of heat exchangers can make only partial improvements in 
heat removal rates; so other ways such as alternate fluids or 
higher conductivity solids are needed to access greater steps in 
enhancement. Any enhancement in convective heat transfer 
directly affects current energy production, as large scale en-
ergy production systems are reliant on convective fluid heat 
transfer. In this study, we investigated the potential use of 
nanoparticle colloids, as heat transfer enhancing coolants. 
New heat transfer fluids designed by scattering nanoparticles 
with a smaller average diameter than 100 nm (nanometer) in 
conventional heat transfer fluids are called nanofluids [1, 2]. 
The results of the recent studies show that the solid nanoparti-
cles, suspended in the base fluid, with a high thermal conduc-
tivity enhance the convective heat transfer coefficient and the 

effective thermal conductivity of the base fluid [3-8]. How-
ever, more experimental and numerical analyses are needed to 
access a uniform approach. 

The addition of nanoparticles to base fluids (traditional 
coolants: water, glycol and refrigerants) in order to improve 
their thermal conductivity and enhance the heat transfer per-
formance was first demonstrated by Choi and Eastman [9]. 
Wang and Xu [10] showed that the addition of nanoparticles 
to liquid coolants increases the thermal conductivity and im-
proves the overall cooling efficiency of the system. An excel-
lent review of nanofluid physics and developments can be 
found in Refs. [11-13]. Many investigators such as Wen and 
Ding [14] measured heat transfer coefficients for various types 
of nanofluids. They found that the heat transfer coefficient 
increased with the increasing Reynolds number and particle 
volume concentration. Also, they observed the enhancement is 
particularly significant in the entrance region, and decreases 
with axial distance. Heris et al. [15] investigated laminar flow 
convective heat transfer of Al2O3-water and CuO-water nan-
ofluids through circular tube with constant wall temperature 
boundary condition for the Reynolds numbers in the range of 
700 to 2050. It was found that the Nusselt number is an in-
creasing function of the Peclet number. It was also observed 
that the Nusselt number of nanofluids was always greater than 
the theoretical prediction and heat transfer rates. The achieved 
enhancement by using Al2O3-water which was higher than 
that of CuO-water. Anoop et al. [16] studied the effects of 
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particle size on the convective heat transfer of alumina-water 
nanofluids. They found the nanofluid with 45 nm particles 
shows higher heat transfer coefficient than that with 150 nm 
particles. In addition, they observed that the enhancement of 
heat transfer coefficient in the developing region was higher 
than that in the developed region. Similar observations were 
reported by Esmaeilzadeh et al. [17] γ-Al2O3/water nanofluids. 
Experimental determination of heat transfer and pressure drop 
enhancement of low volume concentrations of Al2O3 nanoflu-
ids flowing in a tube and with inserted longitudinal strips has 
been undertaken by Sundar and Sharmag [18]. They observed 
that the enhancement in heat transfer in a plain tube with 0.5% 
volume concentration Al2O3 nanofluid (compared to water) 
were 17.36% and 30.30% for Reynolds numbers of 3000 and 
22000. Kumar et al. [19] determined heat transfer coefficient 
and pressure drop of Al2O3 / water nanofluid with shell and 
helically coiled tube heat exchanger in the range of 5100 < Re 
< 8700 and particle volume concentrations of 0.1%, 0.4% and 
0.8%. The results indicated heat transfer coefficient enhance-
ments of 18% and 25%, respectively, with particle volume 
concentration of 0.4% and 0.8%, compared to water. 

There are several numerical studies about nanofluid convec-
tive heat transfer performance. Chamkha [20] numerically 
investigated the unsteady laminar flow and heat transfer of a 
particulate suspension in an electrically conducting fluid 
through channels and circular pipes in the presence of a uni-
form transverse magnetic field. Akbar [21] analyzed the ef-
fects of magnetic field on the flow and heat transfer of carbon 
nanotubes in a non-uniform tube. Shermet et al. [22] and 
Shermet and Pop [23] used the mathematical nanofluid model 
proposed by Buongiorno [24] to study of the steady free con-
vection flow in shallow, slender and square porous cavities 
filled by a nanofluid. Noghrehabadi et al. [25] examined the 
effect of the partial slip boundary condition on the flow and 
thermal boundary layer of nanofluids over an isothermal 
stretching sheet. Influence of viscous dissipation and Newto-
nian heating on boundary layer flow of three types of water-
based nanofluids containing metallic or nonmetallic nanopar-
ticles over a flat plate was investigated by Makinde [26]. 
Zaraki et al. [27] theoretically analyzed the effect of the work-
ing temperature on the natural convective heat transfer of nan-
ofluids over a flat plate. They found that the presence of 
nanoparticles reduces the efficiency of the nanofluid in heat 
removal. They pointed out that this is a crucial issue in real 
world application of nanofluid. The study of entropy genera-
tion is one of the major objectives in modeling and optimizing 
of energy systems, when it comes to find their optimum de-
sign condition. Noghrehabadi et al. [28] presented the effects 
of Brownian motion, thermophoresis and heat genera-
tion/absorption on entropy generation of a nanofluid over an 
isothermal linear stretching sheet with partial slip. Mkwizu 
and Makinde [29] investigated the entropy generation in an 
unsteady flow of water-based nanofluids confined between 
two parallel plates. The influence of Brownian motion and 
variable viscosity on entropy generation was evaluated. An 

analysis of entropy generation through plumb duct with peri-
stalsis flow of carbon nanotube (CNT) suspension nanofluid is 
discussed by Akbar [30]. 

The convective heat transfer performance of Fe3O4/water 
magnetic nanofluids in the range of 3000 < Re < 22000 and 
the volume concentration range of 0 < f  < 0.6% through a 
circular tube was studied experimentally by Sundar et al. [31]. 
They indicated that the enhancement of heat transfer coeffi-
cient in a plain tube with 0.6% volume concentration of Fe3O4 
nanoparticles was 20.99% and 30.96% for Reynolds numbers 
of 3000 and 22000, respectively, compared to the base fluid. 
Rayatzadeh et al. [32] performed experiments to investigate 
the effect of adding TiO2 nanoparticles to the distilled water 
on convective heat transfer with and without continuous in-
duced ultrasonic field in the nanofluid’s reservoir. The results 
indicated that about 5% increment in Nusselt numbers was 
observed in higher concentrations by continuous use of ultra-
sonic waves in comparison with the case with no sonication. 
Heat transfer enhancement capability of Al2O3-water nanoflu-
ids inside a circular tube in turbulent flow regimes was ex-
perimentally investigated by Sahin et al. [33]. The augmenta-
tion of the viscosity (due to presence of nanoparticles) was 
found to be more significant than the thermal conductivity of 
the nanofluids for the particle volume concentrations higher 
than 1 vol.%. Also, the highest heat transfer enhancement was 
achieved at Re = 8000 and 0.5 vol.%. Azmi et al. [34] reported 
an experimental work on the convective heat transfer of nan-
ofluids, synthesized by SiO2 nanoparticles and distilled water, 
flowing through a copper tube in the turbulent flow regime. 
The results showed enhancement of Nusselt number at 3.0% 
volume concentration in the Reynolds number range of 5000 
and 27000 varied between 29% and 38%. Owing to the fact 
that nanofluids play important role in enhancement of thermal 
conductivity and heat transfer in fluid flows, in order to utilize 
nanofluids in conventional cooling applications, it is impera-
tive to investigate convective heat transfer performance of 
nanofluids. However, a review of the literature shows that 
only a few studies have analyzed the Nusselt number of nan-
ofluids in the developing regions, and hence, relations for 
calculating the Nusselt number of nanofluids in this region are 
highly demanded. The present study experimentally analyzes 
the laminar flow and convective heat transfer performance of 
γ-Al2O3/water nanofluids through a circular tube, subject to a 
uniform heat flux on its outside surface. New correlations are 
proposed for calculating Nusselt number in the developing 
region of the flow and heat transfer of nanofluids in tubes.  

 
2. Preparation of nanofluid 

There are two production methods for synthesizing nanoflu-
ids, one-step chemical methods and two-step methods. It has 
been demonstrated that the key to significant increment of 
thermal conductivity of nanofluids is the synthesis method, 
within which non-agglomerated nanoparticle are suspended in 
base fluid [35]. In one-step methods, preparing nanoparticles 
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and dispersing them inside a base fluid occurs simultaneously. 
In two-step methods, nanoparticles are processed and made by 
some techniques first and then dispersed into a base fluid. In 
this study, nanofluid was prepared by dispersing Al2O3 
nanoparticles in the deionized water as a base fluid by using 
the two-step method. The nanofluid was synthesized using the 
facilities of nanofluids laboratory by the researchers. Al2O3-γ 
(US Research Nanomaterials, Inc., USA) with a mean diame-
ter of 20 nm nanoparticles were used. The physical properties, 
size and morphology of nanoparticles are shown in Table 1.  

Fig. 1 shows the TEM (Transmission electron microscopy) 
image of Al2O3-γ nanoparticles used to synthesize the nan-
ofluid. To investigate the effect of nanoparticle concentration, 
samples of nanofluids with volume concentrations of 0.1%, 
0.3 and 0.9% were prepared by adding a specified amount of 
Al2O3 nanoparticles in deionized water. The nanoparticles 
were dispersed in the base fluid by aid of a mechanical stirrer 
(IKA RW 20 digital, Germany), then the suspensions were 
subjected to ultrasonic homogenizer (Hielscher UP400S, 
Germany) to provide a uniform dispersion and stable suspen-
sion. To reach proper stability of the nanofluids, the mechani-
cal mixing and ultrasonic sonication were repeated several 
times. An image of the samples of nanofluids at different vol-
ume concentrations is shown in Fig. 2. No surfactant or pH 
changes were used as they may have some influence on the 
effective thermal conductivity of nanofluids [36]. The pH of 
the prepared nanofluid was measured by a pH meter 
(Metrohm 744, Switzerland) and found to be around 5, which 
was far from the isoelectric point of 9.2 for alumina nanopar-

ticles [37]. This ensures the nanoparticles were well dispersed 
and the nanofluid was stable because of very large repulsive 
forces among the nanoparticles when pH was far from isoelec-
tric point. Note that for each test a new nanofluid was pre-
pared and utilized immediately to prevent any possible sedi-
mentation. Also, no sedimentation was observed after 5 h. 

 
3. Experimental setup 

A schematic diagram and view of the experimental appara-
tus used to measure convective heat transfer coefficient is 
shown in Fig. 3. The setup consists of a copper heat transfer 
section, a cooling part, a pump, a power supply, a reservoir 
tank and a computer. The straight copper tube with 2.38 m 
length and 11.1 mm inner diameter was used as a test section. 
The thickness of the tube was measured as 1.6 mm. The whole 
section was electrically heated by 30 nichrome 20 wire 
(RESCALL, France) uniformly wound on the tube and con-
nected to an AC power supply to generate constant heat. 

Table 1. Specifications of nanoparticles. 
 

Chemical formula Al2O3 

Morphology Spherical 

Crystal phase Gamma 

Mean diameter (nm) 20 

Density (kg/m3) 3890 

Thermal conductivity (W/m K) 46 

Specific heat (J/kg K) 880 

 

 
 
Fig. 1. TEM image of dispersed Al2O3 nanoparticles with an average 
diameter of 20 nm. 

 

 
 
Fig. 2. Samples of prepared nanofluids at 0.1%, 0.3% and 0.9% vol-
ume concentration. 

 

 
(a) 

 

 
(b) 

 
Fig. 3. (a) Schematic diagram; (b) view of the experimental setup. 
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Therefore, the heat flux could be adjusted by varying the volt-
age. The heat transfer section was isolated by 8 cm thick insu-
lation consisting of a layer of ceramic fiber blanket and a layer 
of ceramic fiber rope at the outer surface to prevent radial heat 
loss to the surroundings. Additionally, the test section was 
thermally isolated from its upstream and downstream sections 
by Teflon flange with a length of 5 cm to avoid heat loss along 
the axial direction. Five K-type thermocouples (Class A, Testo 
Company, Germany) were mounted on the outer surface of 
the section at axial positions of 530 mm (Tw1), 830 mm (Tw2), 
1130 mm (Tw3), 1562 mm (Tw4) and 1910 mm (Tw5) measured 
from the inlet of the section to probe the wall temperature. 
Two thermocouple probes (K-type) were inserted into the 
flow at the entrance and exit of the test section to measure the 
bulk temperatures of the nanofluid. The thermocouple measur-
ing inlet temperature was located before a honeycomb to en-
sure the flow was not disturbed by the probe; the thermocou-
ple measuring outlet temperature was located 10 cm away 
from the end of the test section and after the static mixture to 
prevent disturbing flow profiles in the test section and make a 
convenient measurement of the bulk mean temperature of 
fluid. The uncertainty in temperature measurements was 
±0.1 °C. After the temperatures reached a steady state, data 
was collected from the thermocouples every 10 s by data log-
gers (176T4 and 175T3, Testo Company, Germany) con-
nected to a computer. The flow rates were calculated by col-
lecting the fluid in the collecting station with a precise meas-
uring jar and stop watch (weight and time method). The fluid, 
after passing through the test section, flowed through the cool-
ing unit, which was a shell and tube heat exchanger (HT33, 
Armfield, Inc., England) and finally was collected in a collect-
ing tank. A counter-flow heat exchanger with a cold water 
supply and a pump (for circulation of the cold water in the 
heat exchanger) was used to take away heat from the nan-
ofluid, which was absorbed in the test section. The heat ex-
changer facilitates temperature control of the nanofluid and 
keeps it constant at the inlet of the test section. Before the heat 
exchanger, a three-way valve was placed for cleaning the sys-
tem between successive experimental runs. Two control 
valves and a bypass line were installed to help control the flow 
rate in the test section. 

 
4. Data processing 

The heat transfer performance of flowing nanofluids was 
defined in terms of the following convective heat transfer 
coefficient and the Nusselt number. The local Nusselt number 
and heat transfer coefficient are defined by: 
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where di is the tube inner diameter, k is the thermal conductiv-

ity of the test fluid, q// is the heat flux, Tw(x) is the wall tempera-
ture and Tf(x) is the fluid bulk temperatures. From the energy 
balance equation, the bulk temperature of the fluid at an axial 
distance can be found by using: 

 

( ) ,f x f i
p

q PT T x
mc
¢¢

= +
&

,  (3) 

 
where Tf,I, P, x, m&  and cp are fluid bulk temperature at the 
inlet of the test section, perimeter of the copper tube, axial 
distance from the inlet of the test section, mass flow rate of the 
fluid and specific heat of the test fluid, respectively. In the 
heat transfer experiments, a uniform heat flux boundary condi-
tion was assumed on the channel wall. The wall heat flux was 
calculated using the energy balance as: 
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where L is the test section length, Q1 is the energy supplied by 
the electrical heater. The energy supplied by the electrical 
heater was evaluated using the measured electrical current (I) 
and the supplied voltage (V) as: 

 
1 (Energy supplied)Q I V= ´ .  (5) 

 
The absorbed energy by the nanofluid was also evaluated 

by using the following relation:  
 

2 , ,( )(Energy absorbed)p f o f iQ mc T T= -& ,  (6) 
 

where Tf,o and Tf,i are the fluid bulk temperatures at the outlet 
and inlet of the test section. m&  denotes the mass flow rate of 
the nanofluid in the test section. The maximum deviation be-
tween the electrical power input to the heater (estimated by Eq. 
(5)) and that absorbed by the testing fluid (evaluated by Eq. 
(6)) was less than 3.8%. This indicated that only a negligible 
amount of heat was lost from the test section into environment. 
For solid-liquid mixtures, the relative thermal conductivity can 
be estimated by the Maxwell model [38]. This model is appli-
cable to statistically homogeneous and low volume fraction 
liquid-solid suspensions with randomly dispersed, uniformly 
sized and non-interacting spherical particles. The Maxwell 
equation is as follows:  
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where f  is the concentration of nanoparticles and k is the 
thermal conductivity. Properties with subscript ‘‘p” and ‘‘f” 
are for nanoparticles and base fluid, respectively. Density and 
specific heat of the nanofluids are estimated by Pak and Cho 
equation [39] and Xuan and Roetzel’s equation [40]. The den-
sity of nanofluid samples was evaluated based on the physical 
principle of the mixture rule. The specific heat of the nan-
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ofluid samples was determined by considering thermal equi-
librium between the nanoparticles and the base fluid phase. 
The density and specific heat of the nanofluid samples are 
evaluated using the following relations [39, 40]  

 
(1 )nf f pr j r jr= - + ,  (8) 

( ) (1 )( ) ( )p nf p f p pC C Cr j r j r= - + .  (9) 

 
In this work, the Maiga equation [41] was used to estimate 

the viscosity of nanofluids as: 
 

2(1 7.3 123 )nf fm j j m= + + ,  (10) 

 
where μf is the viscosity of the base fluid. Eq. (10) was re-
ported by Maiga et al. [41] and obtained by performing a 
least-square curve fitting on measured dynamic viscosity data 
of Al2O3-water. Note that the transport properties are functions 
of temperature. All the fluid thermo-physical properties are 
determined based on a mean bulk fluid temperature (Tf,b):  
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The volume concentration is evaluated from the following 

relation:  
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where Wp and Wf are the weights of the nanoparticles and wa-
ter, respectively.  

 
5. Uncertainty analysis 

Uncertainty in the result of experiments depends on the 
square uncertainty of variables. The uncertainty of experimen-
tal results was estimated by using the proposed equation by 
Kline and McClintock [42]. For this purpose, quantities such 
as the tube diameter (d), length of the test section (L), axial 
distance from the inlet of the test section (x), mass flow rate 
( m& ), voltage (V), current (I) and wall temperature (Tw) were 
measured and the probable errors in each of them were calcu-
lated to estimate the uncertainties associated with experimen-
tal data of convective heat transfer coefficient (see Appendix). 
The calculations indicate that the maximum and average of 
uncertainties in the reported experimental heat transfer coeffi-
cients is 4.1% and 2.7%, respectively.  

 
6. Results and discussion 

Before measuring the convective heat transfer coefficient of 
nanofluids, experiments were conducted with deionized water 
as the working fluid, to test the accuracy and reliability of the 
experimental setup. Two tests at Reynolds numbers of 1057 

and 2131 were executed. Nusselt numbers along the axial 
length of the tube were calculated and plotted in Fig. 4. Shah 
[43-45] analyzed the flow and heat transfer of liquids in tubes 
and reported the following relation for the Nusselt number 
along a tube: 
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where Re is the Reynolds number and Pr is the Prandtl num-
ber. From Fig. 4, the experimental results are in good agree-
ment with the predicted values. Fig. 5 presents the variation of 
theoretical values given by Eq. (13) with experimental values 
for local Nusselt number at different Reynolds numbers (1057, 
1140, 1282, 1374, 1523, 1641, 1924 and 2131). As seen from 

 
 
Fig. 4. Validation of the experimental setup at Re = 1057 and Re = 
2131 for Nusselt number of DI-Water. 

 

 
 
Fig. 5. Comparison between Shah equation and present experiment 
result for Nusselt number of DI-Water at Reynolds number between 
1057 to 2130. 
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this figure, the deviation of the experimental data from the 
theoretical one is within −15.8% and +8.2%. The deviation 
may be due to the differences in the size of the tubes. The 
Shah correlation was developed on the basis of laminar flows 
in large channels [46, 47], whereas a relatively small tube was 
considered in this study. Heat transfer tests were performed 
for the estimation of heat transfer coefficients for different 
volume fractions for Al2O3 (0.1%, 0.3% and 0.9%) and differ-
ent Reynolds number approximately 1020, 1480 and 2070 at 
inlet temperature of 30oC with flow of deionized water and 
nanofluid. The error bars in Figs. 6-8 show the experimental 
uncertainty in the heat transfer coefficient, which is calculated 
in the Appendix. The local heat transfer coefficients measured 
at five axial distances Tw1 to Tw5 for different volume fractions 
are presented in Fig. 6 when Re = 1020. The local heat trans-
fer coefficient of nanofluids was observed to be enhanced as 
compared to the base fluid. The local heat transfer coefficient 
increases with increasing particle volume concentration. As an 
example, at the 0.9% volume concentration, the heat transfer 
coefficient of nanofluids was approximately 18% greater than 
the base fluid at x/d = 47.74. As investigated before, the addi-
tion of nanoparticles enhances the thermal conductivity of the 
base fluid. This enhancement in thermal conductivity would 
increase the convective heat transfer coefficient. The variation 
of convective heat transfer coefficient with respect to dimen-
sionless axial length for different volume concentrations of 
nanofluid at Re = 1480 is depicted in Fig. 7. It is evident that 
the local heat transfer coefficients decreases with increasing 
dimensionless axial length. Fig. 8 shows the variation of con-
vective heat transfer coefficient with respect to dimensionless 
axial length for different volume concentrations of nanofluid 
at Re = 2070. From Fig. 8, the maximum heat transfer coeffi-
cient increase of about 23% is achieved x/d = 47.74 when 
nanofluid with 0.9% volume concentration is used. Also, the 
enhancement is also more at the entrance region than at a 
higher x/d. Fig. 9 illustrates the ratio of experimental convec-
tive heat transfer coefficient of nanofluid at 0.9% volume con-

 
 
Fig. 6. Variation of convective heat transfer coefficient with respect to 
dimensionless axial length for different volume concentrations of 
nanofluid at Re = 1020. 

 

 
 
Fig. 7. Variation of convective heat transfer coefficient with respect to 
dimensionless axial length for different volume concentrations of 
nanofluid at Re = 1480.  
 
 

 
 
Fig. 8. Variation of convective heat transfer coefficient with respect to 
dimensionless axial length for different volume concentrations of
nanofluid at Re = 2070. 

 
 

 
 
Fig. 9. The ratio of experimental convective heat transfer coefficient of 
nanofluid (0.9 Vol.%) to that of DI-Water versus dimensionless axial 
length at different Reynolds number.  

 



 A. Noghrehabadi and R. Pourrajab / Journal of Mechanical Science and Technology 30 (2) (2016) 943~952 949 
 

  

centration to that of deionized water as a function of dimen-
sionless axial length in different Reynolds number. Also from 
Fig. 9, the maximum enhancement ratio occurred at the high-
est Reynolds number (2010) of nanofluid at 0.9% volume 
concentration. Variations of convective heat transfer coeffi-
cient with nanofluid flow rate (velocity profiles) at x/d = 47.74 
are illustrated in Fig. 10. Based on these results, the addition 
of nanoparticles results in an enhancement of the convective 
coefficient of a base fluid (water). It is clear that the presence 
of nanoparticles increases the thermal conductivity of the fluid, 
and consequently results in enhancement of the convective 
heat transfer. Therefore, the migration of nanoparticles due to 
a possible mechanism such as thermophoresis, Brownian mo-
tion and shear lift force, resulting in redistribution of nanopar-
ticles in the tube, can be significant. The thermophoresis force 
tends to move the particles from the vicinity of the tube wall 
(hot regions) into the core of the tube. In contrast, Brownian 
motion tends to make uniform the nanoparticles in the tube. 
The migration of nanoparticles affects the hydrodynamic ve-
locity profiles as well as the temperature distribution in the 
cross-section of the tube. When the flow rate is low, the mi-
gration mechanism is more effective because there might be 
sufficient time for the migration and redistribution of nanopar-
ticles in the tube. As the flow rate increases, the nanofluid 
would pass through the tube more quickly, and hence, the 
nanoparticles may have not enough time to properly redistrib-
ute in the cross-section of the tube. The lack of radial migra-
tion may explain the lack of heat transfer increase at Re = 
1530 in Fig. 9. According to this figure, convective heat trans-
fer coefficient for 0.9% volume concentration suddenly 
jumped to a higher value. This could be due to occurrence of 
the transient from laminar to turbulent, which significantly 
increased the convective heat transfer despite nanoparticle 
migration mechanisms. The experimental results were used to 
develop an empirical correlation for local Nusselt number and 
local heat transfer coefficient for Al2O3 /water nanofluid in the 
case of laminar flow through circular tube. This is one of the 

important issues in this study. In general, local Nusselt num-
bers and local heat transfer coefficient of nanofluids may be 
related to the parameters as follows: 
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Considering the above mentioned, the correlation for pre-

dicting the heat transfer performance of nanofluid was formed 
and is proposed in the following form: 
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The above equation is obtained by curve fitting all the ex-

perimental data for the nanofluids. These correlations are valid 

 
 
Fig. 10. Variation of convective heat transfer coefficient with respect 
to flow rate at position 1 (x/d = 47.74). 

 

 
 
Fig. 11. Comparison of the Nusselt number of nanofluids between 
predicted values by presented correlation and experimental data. 

 

 
 
Fig. 12. Deviation between measured data and the values of Nusselt 
number of nanofluid calculated by Shah equation and presented corre-
lation at 0.9% volume concentration.  
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for Al2O3 /water nanofluid flow with volume concentration 
0.1% through 0.9% in developing region 40 < x/d < 180 for 
laminar flow regime with 900 < Re < 2100. Fig. 11 shows a 
comparison of the Nusselt number of nanofluids between 
predicted values by presented correlation and experimental 
data. This figure shows that the deviation of experimental data 
and empirical correlation, which is in the range of -9% to +8%. 
Fig. 12 also shows the deviation between measured data and 
the values of Nusselt number of nanofluid calculated by Shah 
equation and presented correlation with 0.9% volume concen-
tration at Reynolds number of 1060. From this figure, the 
measured Nusselt number for nanofluids is higher than that for 
water, and the Shah equation fails to predict the measured 
results.  

 
7. Conclusion 

The convective heat transfer characteristics of Al2O3 /water 
nanofluids flowing through a circular tube in laminar flow 
regime were studied experimentally. Following conclusions 
are presented based on the experimental results: 
·Al2O3 /water nanofluid enhances heat transfer compared 

with base fluid. 
·Increasing the nanoparticle concentrations of Al2O3 

/water nanofluid increases the convection heat transfer 
enhancement of nanofluid. The maximum percentage 
enhancement in convection heat transfer was 22.5%, and 
was observed with 0.9% volume concentration. 
·The maximum enhancement is particularly significant at 

lower x/d ratios. The results of local heat transfer coeffi-
cient evaluated for various x/d are useful in order to op-
timize the length of the tube or heat exchanger for 
maximum heat transfer. It is suggested that the nanofluid 
has potential to be applied within the thermally develop-
ing region when utilizing the nanofluid as a heat transfer 
liquid in a circular tube. 
·The convective heat transfer coefficient of Al2O3 /water 

nanofluids is increased with volume concentration of 
Al2O3 nanoparticles, but cannot be predicted by Shah 
equation. Therefore, a new empirical correlation is de-
veloped for Al2O3 /water nanofluid local Nusselt number 
with mean deviation of 3.57% from the experimental 
data. 
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Nomenclature------------------------------------------------------------------------ 

A     : Tube cross-sectional area    
D     : Tube diameter 
Cp    : Heat capacity of the fluid 

h : Heat transfer coefficient 
I  : Current 
K : Thermal conductivity 
m&   : Mass flow rate 
Nu  : Nusselt number 
P  : Perimeter of tube 
Pr  : Prandtl number 
Q  : Heat flow 
q″  : Heat flux 
Re  : Reynolds number 
Tf  : Fluid bulk temperature 
Tw  : Temperature at the tube 
V  : Voltage 
x  : Axial distance 

 
Greek 

µ     : Viscosity    
ρ     : Density 
φ     : Nanoparticle volume fraction  

 
Subscripts 

nf     : Nanofluid 
f     : Base fluid 
p     : Nano-particles 
in     : Inlet 
out     : Outlet  
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Appendix 

The details for evaluating the uncertainty of the heat transfer 
coefficient measurements are described in this section. Heat 
transfer coefficient is defined from the Newton law of cooling 
as: 
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The uncertainty of Eq. (A.1), can be written as follows: 
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However, to evaluate Eq. (A.1), the uncertainties of the heat 

flux (δq˝) and temperatures (δTw, δTb) are required. The heat 
flux is determined by: 
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The uncertainty equation for the heat flux Eq. (A.3), is:  
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  (A.4) 
 
Bulk fluid temperature is calculated by the following equa-

tion:  
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The uncertainty of Eq. (A.5), can be evaluated as follows:  
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 (A.6) 
 
The volumetric flow rate is obtained by:  
 

610mlQ
S

-= ´ ,  (A.7) 

 
where ml is the volume of the flow that measured in the spe-
cific time (S). The uncertainty for the volumetric flow rate Eq. 
(A.7), is found to be:  
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Eqs. (A.1)-(A.8) are solved by using MAPLE where the 

heat transfer coefficient uncertainty is obtained. 
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