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Abstract: An experimental and numerical study has been performed to investigate the effect of nanofluids on
convective heat transfer through a triangular straight tube with a constant heat flux boundary condition in the
laminar flow regime. The convective heat transfer coefficient of nanofluids has been obtained for different
nanoparticle concentrations and Re number. Experimental results show heat transfer coefficient increases by
increasing the concentration of nanoparticles in nanofluid. The increase in heat transfer coefficient due to
presence of nanoparticles is much higher than the prediction of single phase heat transfer correlation used with
nanofluid properties. The axial development of temperature and convective heat transfer coefficient at the outer
wall is obtained numerically. The results show a good agreement between numerical and  experimental  data.
The velocity profiles are presented in transverse plane at the fully developed region. The effect of nanoparticles
concentration on temperature, velocity and convective heat transfer coefficient is shown and discussed.
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INTRODUCTION enhancement, the effect of the presence of nanoparticles

In many industries, enhancement of heat transfer coefficients and the mechanisms of heat transfer
characteristics of the  thermal systems, such as energy enhancement under various conditions. Different
and transportation is at the center of attention. The parameters such as particle type, volume fraction and
conventional methods to improve the heat transfer rate particle diameter can affect the amount of enhancement in
such as using fins or vibration of heated surfaces is not convective heat transfer. Wen and Ding [5] investigated
applicable or show restricted application in many heat convective heat transfer of Al O -water nanofluid in a
transfer instruments [1]. After proposing nanofluids by straight tube. Their results showed considerable
Choi [2] as new engineering materials, many researchers enhancement of convective heat transfer using the
investigated the characteristics of nanofluids. Several nanofluids. The enhancement was particularly significant
authors investigated different nanoparticle volume in the entrance region and was much higher than that just
fractions and materials in several base fluids and all due to the enhancement on thermal conduction. Heris et
findings show higher thermal conductivity of nanofluids al. [6] have experimentally investigated laminar flow
compared to base fluids. Xuan et al. [3] obtained thermal forced convection heat transfer of Al O -water nanofluid
conductivity of Cu-water nanofluid of 100 nm diameter in a circular tube with constant wall temperature. They
copper particles experimentally. They have observed that have found that increasing Peclet number and
this nanofluid with 5% volume fraction remains stable for nanoparticle concentration lead  to  an  increase  in  heat
more than 30 hours. Murshed et al. [4] investigated transfer. They have conveyed that presence of
thermal  conductivity  and  viscosity   of  nanofluids. nanoparticles increases heat transfer coefficient and this
They showed that both the thermal conductivity and enhancement in heat transfer coefficient cannot be
viscosity of nanofluids increase with the nanoparticle predicted by correlations of single phase method.
volume fraction. The thermal conductivity of nanofluids Different numerical research has been performed to
was also observed to be strongly dependent on predict heat transfer characteristics of nanofluids and
temperature. However, disagreements exist in the literature identify the mechanisms that increase heat transfer of
in terms of the extent of the thermal conduction nanofluids.  Keblinski  et  al.  [7]  have  studied different

on forced and natural convection heat transfer
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Table 1: Specification of Al O  particles2 2

Apparent density Appearance Purity percentage Specific area Size of nano-particles Type of nano-particle

1.6 /cm White powder +99 >10 /g 80nm Al O ( )g 3 m2
2 3

Certificate of analysis (content of elements)

Al O Ca V Cl Na Mn Co2 3

99% 20ppm 5ppm 280ppm 30ppm 5ppm 5ppm

mechanisms that contribute to the increase in nanofluid point of 9.2 for alumina nanoparticles [10]. Moreover,
heat transfer: Brownian motion of the particles, ballistic before   every  test,  nanofluids  were kept under
heat transfer in the nanoparticles, molecular-level layering ultrasonic  vibration  for 30 minutes. Fig. 1 shows the
of the liquid/particles interface and nanoparticles TEM image obtained from an 80 nm of Al O  particles.
clustering. Mirmasoumi and Behzadmehr [8] have studied Moreover,  the  properties  of Al O  are presented in Table
the effects of nanoparticle mean diameter on the heat 1.
transfer and flow behavior of a laminar mixed convection
nanofluid flow in a horizontal tube. Their calculated Experimental Setup: Fig. 2 shows the experimental setup
results showed that the convection heat transfer used to measure the convective heat transfer
coefficient increases considerably with decreasing the characteristics. The setup consists of heating and cooling
nanoparticles mean diameter. sections, measuring section and control section. The test

In this paper, developing of laminar forced loop includes a pump, a reservoir and a test section. The
convection flow of a nanofluid through a triangular test section involves a triangular straight copper tube
straight tube is investigated experimentally and with 1000 mm length, 8 mm hydraulic diameter and 1 mm
numerically. The convective heat transfer coefficient of thickness. An electric heater was used to apply the
nanofluids was obtained in different nanoparticle constant heat Flux at the outer wall. To prevent radial heat
concentrations and Re number. Steady state of a three loss, a thick layer of insulation is wounded around the
dimensional flow is considered while the constant heat heater at tube wall. The arrangement of tube, sensors,
flux for wall prevailed. The study is carried out for water heater and insulator is shown in Fig. 3. To minimize the
with Al O  nanoparticles. Single-phase approach is heat loss resulting from axial heat conduction the test2 3

employed to evaluate the developing laminar forced section is isolated thermally by plastic bushings. The
convection flow, taking temperature variable thermo nanofluid is circulated in different sections by a
physical properties into account. The equations are centrifugal pump. A reflux line with a valve was used to
solved by means of control volume method. Comparisons control the fluid flow rate. A stainless steel vessel
between results are presented for different particle volume prepared by drain valve is used as fluid reservoir. The
fraction. The numerical and experimental simulation temperature of nanofluid increases through passing the
results are also compared with analytical data of Shah and test section. A cooling section is used to avoid
London [9]. unexpected increasing in temperature. Fifteen calibrated

Experiments point of test section at equal axial positions. Three
Nanofluid Preparation: To investigate the effect of sensors were mounted at every section to measure the
nanoparticles  on   heat   transfer,   alumina   nanofluid wall temperature accurately. Moreover, two PT 100 type
was prepared by two-step method, without any temperature sensors were used to measure the inlet and
surfactant. In this method, nanoparticles were dispersed outlet bulk temperature. The maximum error of energy
in water by ultrasonic waves. Table 1 shows the balance in this experimental system was about 5% for the
properties of Al O  nanoparticles. First of all, calibration tests with water.2 3

nanoparticles were dispersed in water with a blender. To
have a uniform dispersion and stable suspension, the Data Processing: The measured temperature data was
nanofluids were kept under ultrasonic vibration used to calculate the local convective heat transfer
continuously for 3 hours. The pH of water was measured coefficient (h(x)) according to the Newton’s law of cooling
and it was observed that it is far away from the isoelectric equation:

2 3

2 3

PT 100 type temperature sensors mounted on the five
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Fig. 1: TEM image obtained from an 80 nm of Al O2 3

particles

Fig. 2: The experimental setup used to measure the
convective heat transfer

Fig. 3: The arrangement of tube, sensors, heater and
insulator

(1)

Where, q  is the heat flux, T  and  T   are the wall andw m

fluid  mean  temperatures,  respectively and x is the axial
distance  from  the inlet of the heat transfer test section.
For constant wall heat flux boundary condition, the fluid
mean temperature is calculated by energy balance in a

control volume as follows:

(2)

Where, P is the perimeter,  is the mass flow rate and cp

is the specific heat.

Numerical Simulation
Governing   Equations:   The   conservation  equations in
single phase model are similar to those of base fluid
equations, except that thermo physical properties will be
replaced by nanofluid effective properties. The
dimensional conservation equations for steady state
conditions are listed below:

Continuity equation:

(3)

Momentum equation:

(4)

Energy equation:

(5)

Where, the following formulae have been employed to
compute effective properties of the nanofluid under
study.

Effective density and specific heat of the
nanofluids are calculated based on volume fraction of
nanoparticle as follows: 

(6)

(7)

Chon et al. [11] correlation has been used to
calculate thermal conductivity of water Al O  nanofluid,2 3

which considers the Brownian motion and mean diameter
of the nanoparticles.

(8)
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Table 2: Comparison of theoretical solution of Shah and London with experimental data and numerical simulation
Tube cross-section (f.Re ) (f.Re ) (f.Re ) Nu Nu NuDh t Dh e Dh n t e n

Triangle1:1:1 53.35 53.39 53.45 3.11 3.08 3.02

Where Pr and Re in Eq. (8) are defined as: Reliability and Accuracy of Experimental Setup and

(9)

(10)

l  is the mean free path of water that is derived byBf

, where n represents the molecular number

density. The calculated value of 0.17 nm is used for water
for the entire tested temperature range, B  is Boltzmannc

constant  and µ is calculated by the

following equation:

(11)

Effective viscosity of water- Al O  nanofluid can be2 3

obtained using Maiga's model [12] according to the
following equation:

(12)

Boundary Conditions: The geometry is a triangular tube
with 1000 mm length and 8mm hydraulic diameter. At the
tube inlet, profiles of fully developed axial velocity and
uniform temperature T  (=300K) is assumed. At the tube0

outlet, the fully developed condition is assumed that
means all axial derivatives are zero. No-slip conditions and
uniform heat flux are imposed at the wall. The secondary
flow components are also assumed negligible in laminar
flow.

Numerical Procedure: The set of nonlinear differential
equations were discretized with the control volume
technique. In flow simulation, for the convective and
diffusive terms, a second order upwind method was used
while the SIMPLE procedure was employed for the
velocity-pressure coupling. The grid is non-uniform. It is
finer near walls where the velocity and temperature
gradients are large. Several different grid distributions
have been tested to ensure that the calculated results are
grid independent. 

Numerical Simulation: The initial test to ensure the
reliability and accuracy of the experimental system with
de-ionized water was conducted before conducting the
experiments on nanofluids. Moreover, in order to
demonstrate the validity and precision of the model and
numerical simulation, a comparison with analytical
solutions for distilled water has been done. Solutions for
triangular tube have been obtained by Shah and London
[9] in fully developed region and compared with
experimental data and numerical solution in Table 2 in
terms of a Reynolds number Re  based on hydraulicDh

diameter defined as D  = 4A/P, where A is the cross-h

sectional area and P is the perimeter of the tube. 
In above table, f and Nu represent friction coefficient

and Nusselt number, respectively. Subscriptst, e and n
denote theoretical solution, experimental data and
numerical simulation, respectively. It can be seen that
experimental and numerical results have a good agreement
with theoretical results. 

RESULTS AND DISCUSSION

Experimental Results: Several experiments were carried
out to investigate the convective heat transfer coefficient
of water- Al O  nanofluid. Effect of nanoparticles’ volume2 3

fraction on heat transfer is shown in Fig.(4) for Re=100.
The coefficient can be calculated from the measured data
containing the wall and bulk mean temperatures of the
heat transfer test section and the constant heat flux. It can
be seen that the amount of enhancement for convective
heat transfer grows with concentration of the
nanoparticles. For instance, the enhancement is 6% and
13% for  = 0.6% and  = 1% , respectively.

Moreover, it can be seen that the enhancement
gradually decreases along tube length and the increment
reached 9% and 4%, for the outlet region of the test
section. Different reasons may cause this enhancement
such as thermal conductivity enhancement, Brownian
motion of particles, particle shape, particle migration,
decrease of boundary layer thickness and delay in
boundary layer development [13-16].

Fig. (5) shows the convective heat transfer coefficient
of nanofluids with Reynolds number in Z/D = 60. h

It is observed that convective heat transfer increases
with Re number. Moreover, the amount of enhancement
increases  with Re number. In higher Re number, effect of
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Fig. 4: Effect of nanoparticles volume fraction on
convective heat transfer for Re=100

Fig. 5: Effect of nanoparticles volume fraction on Numerical Results: Different simulations were carried out
convective heat transfer for Z/D  = 60 on single phase method to evaluate heat transferh

Fig. 6: Developing of the wall temperature for Re=100 nanoparticles enhance the convective heat transfer. For

Brownian motion of nanoparticles becomes more near 20% for  = 3% . Moreover, the amount of
important and in result, the amount of enhancement enhancement at the inlet of tube where the boundary layer
increases. isn’t developed is higher than the outlet region.

Fig. 7: The  fully  developed  velocity  profiles  for
Re=100

Fig. 8: Convective heat transfer of Al2O3-water nanofluid
for Re=100

characteristics and velocity of nanofluid at different
volume fractions. Developing of the wall temperature is
shown in Fig.(6) for Re=100. the cooling effect of
nanofluid on wall temperature is obvious. It can be seen
that  nanoparticles alter  the profiles  of wall temperature
and decrease the wall temperature. For instance, this
amount exceeds to 2  Kelvin at the outlet region of tube0

for  = 3% .The fully developed velocity profiles is shown
in Fig.(7) for Re=100. As expected, the profiles are not
parabolic and the maximum of velocity doesn’t occur at
the middle of tube height. But it can be seen Al O2 3

particles increase the maximum of velocity. Convective
heat transfer of Al O -water nanofluid is shown in Fig.(8)2 3

for Re=100. Similar to the experimental results,

instance, the enhancement in heat transfer coefficient is
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CONCLUSIONS 7. Kebliski,    P.,   S.R.   Phillpot,   S.U.S.    Choi     and

An experimental and numerical investigation was Suspension of Nano-Sized Particle (Nanofluids), Int.
performed to evaluate heat transfer characteristics of J. Heat Mass Transfer, 45: 855-863.
Al O -water nanofluid inside a triangular tube. It was 8. Mirmasoumi,  S.   and   A.   Behzadmehr,    2008.2 3

observed that nanoparticles decrease wall temperature Effect of nanoparticles mean diameter on mixed
and enhance convective heat transfer. For instance, the convection heat transfer of a nanofluid in horizontal
enhancement in convective heat transfer is 6% and 13% tube, International Journal of Heat and Fluid  Flow,
for  = 6%  and  = 0.1%, respectively. Effect of Re 29: 557-566.
number on the amount of enhancement was studied and 9. Shah, R.K. and A.L. London, 1978, Laminar Flow
observed that increasing in Re number amplifies the Forced Convection in Ducts, Academic Press, New
enhancement. Moreover, it was perceived that York, NY.
nanoparticles alter the velocity profile and increase the 10. Coleman, H.W. and W.G. Steele, 1989. Experimental
maximum amount of velocity inside the triangular tube. and  Uncertainty  Analysis  for Engineers, Wiley,
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