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Abstract—This study was performed to investigate the convective heat transfer coefficient of nanofluids made of
several alumina nanoparticles and transformer oil which flow through a double pipe heat exchanger system in the lam-
inar flow regime. The nanofluids exhibited a considerable increase of heat transfer coefficients. Although the thermal
conductivity of alumina is not high, it is much higher than that of the base fluids. The nanofluids tested displayed good
thermal properties. One of the possible reasons for the enhancement on heat transfer of nanofluids can be explained
by the high concentration of nanoparticles in the thermal boundary layer at the wall side through the migration of nano-
particles. To understand the enhancement of heat transfer of nanofluid, an experimental correlation was proposed for

an alumina-transformer oil nanofluid system.
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INTRODUCTION

The addition of solid particles into heat transfer media has long
been known as one of the useful techniques for enhancing heat trans-
fer, although a major consideration when using suspended milli-
meter- or micrometer-sized particles is that they have the potential
to cause some severe problems, such as abrasion, clogging, high
pressure drop, and sedimentation of particles. Compared with heat
transfer enhancement through the use of suspended large particles,
the use of nanoparticles in the fluids exhibited better properties re-
lating to the heat transfer of fluid. This is because nanoparticles are
usually used at very low concentrations and nanometer sizes. These
properties prevent the sedimentation in the flow that may clog the
channel. From these points of view, there have been some previous
studies conducted on the heat transfer of nanoparticles in suspen-
sion. Since Choi et al. wrote the first review article on nanofluids
[1], several research papers and journal articles have shown that
with low particle concentration, the thermal conductivity can in-
crease by more than 20% [2-5]. Some other efforts have been made
to understand the heat transfer coefficient changes in heat exchang-
ers [6-10] and the mechanism for the enhancement of thermal con-
ductivity [11,12]. The heat transfer coefficients of nanofluids are
much higher than that of base fluids with low volume fraction of
nanoparticles, and the change of friction factor and viscosity of the
fluids is very small. Xuan and coworkers have argued that the ran-
dom movement of the nanoparticles in a nanofluid increases the
energy transfer rate in the fluid and results in thermal dispersion in
the flow [13]. Recently, Khanafer et al. have performed a more de-
tailed analysis and simulation, and come to the same conclusion
[14].

However, in spite of their great potential, these nanofluids are
still in the early stages of development. To investigate extensively the
effect of nano-sized particles on convective heat transfer of fluid,
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more experimental data for fluids containing different kinds of nano-
sized particles are necessary. Additionally, many other important fac-
tors such as the surface structure and shape of nanoparticles, non-
uniform particle concentration, movement of nanoparticles in the
flow, which may play important roles on the heat transfer of nano-
fluids, have not yet been studied. Understanding the role of these
factors in the base fluid is extremely important in understanding
the mechanism of heat transfer enhancement in nanofluids. It is clear
that many additional studies to effectively predict the heat transfer
properties of nanofluids need to be performed.

An experimental apparatus was made to measure the heat trans-
fer coefficient of fluids containing nano-sized particles. The experi-
mental analyses for the effects of nano-sized alumina particles on
heat transfer were performed in double-pipe heat exchanger systems.
Alumina particles are very interesting materials with broad appli-
cability as adsorbents, coatings and catalysts [15].

EXPERIMENT

1. Experimental Equipment

The experimental system constructed for our study, shown in Fig,
1, mainly consisted of two double-pipe heat exchangers for heating
and cooling of nanofluids, a circulation pump, solution tank and
mass flow meter. The test section was a 5 m length of stainless steel
tube (SS 304) with 0.00635 m inner tube diameter, 0.0127 m outer
tube diameter, respectively. All double-pipe heat exchangers were
made of a non-corrosive stainless steel with thickness of 0.1 cm.
Eight K-type thermocouples were inserted into the input and out-
put lines of the heating fluid (hot water) and that of the cooling fluid
(nanofluid). The temperature and flow rates of input nanofluids
were controlled by external cooling water bath before flow in the
test section and a by-pass valve installed in the output line of the
circulation pump. Each temperature and flow rate measured by the
thermocouple and mass flow meter were stored by the data acqui-
sition systems.
2. Materials
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Fig. 1. Experimental apparatus.

Three kinds of alumina nanoparticles were used to investigate
the convective heat transfer characteristics of the nanofluids by us-
ing water and transformer oil as the base fluids. The dispersion of
particles was performed by mixing the particles with the base fluids
and then subjecting them to ultrasonic vibration. The samples of
AK, AR, AF alumina have different manufacturer, surface proper-
ties, shape, and size. Comparing AK alumina nanofluid with AR
alumina nanofluid illustrates the effects of surface properties of nano-
particles. Comparing AK alumina nanofluid with AF alumina nano-
fluid shows the effects relating to the shape of the nanofluid. The
material properties of used alumina and those of nanofluid are illus-
trated in Tables 1 and 2.

3. Data Analysis

Table 1. Material properties of used alumina particles

The following procedure was used to calculate the heat transfer
coefficient of the nanofluids. Heat transfer rate from hot fluid to cold
fluid can be easily calculated from the measured temperature change
and flow rate with specific heat of a fluid. The heat transfer rate is:

Qe =MyC i T i — T, o) = Anr 1

where g, and q are the heat transfer rates of hot water and nano-
fluid, My, is the mass flow rate of water, C, ,;, is the heat capacity
of hot water, Ty, ,,, and Ty, are the temperatures of water at the
entrance and exit of the tube. The overall heat transfer coefficient
(U) is related with a log mean temperature difference (LMTD), of
the overall heat transfer coefficient and heat transfer area, which
can be expressed as the following equation:

U= q — mHl’VCp,HW[THW. in— Liwou]
A-AT A-ATum

@

where, the definition of a log mean temperature difference is shown
in the following equation [9]:

(T,w-',m _ THW.nut) — (TN/-‘,am - THw.in)
(TNF, in THW, out)
(TNF.au/ - THW.m)

AT = (3 )
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The relation of overall and individual heat transfer coefficients is re-
presented as an approximation in a double-pipe heat exchanger as
follows:
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where, h; and h, is the individual heat transfer coefficients of the
inside and outside fluids, respectively. And J, is the thickness of the
inner pipe, and k,, is the thermal conductivity of the inner pipe wall.
It can be transformed to the overall heat transfer coefficient of
fluid in the tube as follows:
1 D, D,, 1

1 o, 1
TRV + ﬂlnﬁ + 0 6)

Alumina AK AR AF
Company Degussa N&A Materials
Size ~43 nm 27-43 nm ~7 nm
Shape Spherical Spherical Rod like (Aspect ratio 50-200)
Surface Hydrophobic Hydrophilic Hydrophilic
Specific heat (KJ/Kg K) 20 20 20
Density (Kg/m®) 3970 3970 3970
Thermal conductivity (W/m K) 36 36 36
Table 2. Material properties of fluids
Liquid Viscosity (Pas)  Heat capacity (KJ/KgK)  Density (Kg/m’)  Thermal conductivity (W/m K) Note
Transformer oil 0.0141 2.1 900 0.112
AR 0.5% 0.0143 2.49 915 0.114 calculated
AK 0.5% 0.0145 2.49 915 0.116 calculated
AF 0.5% 0.0151 2.49 915 0.117 calculated
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where, D, and D, are the diameter of inside tube and outside tube,
A, and A, are the area of inside tube and outside tube.

To estimate the individual heat transfer coefficient of a nanof-
luid, data of the individual heat transfer coefficient of hot water are
necessary. In this study, h, can be obtained by Monrad and Pelton’s
equation [16], which is generally used under the turbulent condition
in annuli,

h,D 057, 033( D"
Nu=3==0.02Re""Pr (5) ©)
where, ky;, is the thermal conductivity of hot water, Re is the Reyn-
olds number, Pr is the Prandtl number, and D,, D, are the inner and
outer diameter of annulus.

Experiments were performed to measure the overall heat trans-
fer coefficient as a function of the Reynolds number at constant flow
rate for hot water. U and Re can be obtained from experimental data.
The thermal conductivity and thickness of stainless steel pipe used
in this study were 14.9 W/m K and 0.001 m, respectively.

Furthermore, in this study, a heat transfer correlation for alumina
nanofluid has been developed. Fundamentally, nanofluids are multi-
component systems, so the material properties and amounts of nano-
particles will affect the ability of heat transfer. This means that a
new correlation for nanofluids must be developed. Recently, Li and
Xuan proposed a new correlation for the convection heat transfer
coefficient of nanofluids as [17]:

Nu=0.4328(1+11.285 @ 7*Pe’2$)Re Py )

where, Pe is Peclet number.

But, if we assume the particle sizes are very small and the frac-
tion of particles is so low, the fluid is regarded as a homogeneous
fluid. Under these circumstances, the general correlation form might
be applied to nanofluids. The individual heat transfer coefficient can
be expressed as a function of Reynolds number and Prandtl num-
ber as follows:

h,= O%ReﬂPrV ®)

To decide the heat transfer correlation of an alumina nanofluid, ¢
fand ywas determined by non-linear regression of experimental
data.
4. Estimation of Physical Properties of Nanofluids

By assuming that the nanoparticles are well dispersed in the fluid,
the concentration of nanoparticles may be considered uniform through-
out the tube. Although this assumption is not true in real systems
because of particle migration in the tube, it can be a useful tool to
estimate the physical properties of a nanofluid. The effective prop-
erties of nanofluids can be estimated by the classical formulas that
are well known for the fluid of two-phase mixtures. In the follow-
ing equations, the subscripts ‘NP’, ‘BF’, and ‘NF’ refer to the nano-
particle, the base-fluid, and the nanofluid.

pNF:pBF( 1- (15) +prd5 (9)

Psr(1— D)

_ Pvr D
CpNF_CpEFpBF(l_ ¢)+,ONP¢+CPNP

Psr(1= D)+ Pyp @

(10)

To estimate the thermal conductivity of nanofluid, the effective par-
ticle volumes were calculated from the measurement of viscosity.
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In the dilute suspension of nanoparticles, the viscosity is expressed
as follows:

=ty (1+ad) 11

where a is a constant, i.e., it is 2.5 in Einstein relation but it is lager
than 2.5 in the nanofluid generally. It means that the nanoparticles
have large effective volume in the fluid, which is expected in a mi-
croparticle suspension. Kang and coworkers proposed that the ther-
mal conductivity of nanofluid can be expressed by using effective
particle volume or constant a [18]:

Kyt 2k 7= Dk —k)
k=K : 12)

kyp+2Kpp+ ;‘15 ¢(k3F— kNP)

In this study, the viscosity of nanofluid was measured, and the ther-
mal conductivity of the nanofluid was estimated by the above equa-
tion.

RESULTS AND DISCUSSION

A number of experiments were conducted to measure the over-
all heat transfer coefficients of nanofluids that consisted of nano-
sized alumina particles and transformer oil as base fluid. Pre-experi-
ments were performed to check the stability of nano-sized particles
in base fluids and the energy balance of the double-pipe heat ex-
changer systems in our previous work [10]. The difference of heat
transfer rates of two fluids in both sides of the heat exchanger was
very small. This result means that there is only a little energy loss
in the double-pipe heat exchanger system.

Fig. 2 shows the viscosity of the nanofluid as a function of par-
ticle volume fraction. From the result, the slope was calculated. For
the case of AK alumina nanofluid, the slope of the relative viscos-
ity to the particle volume fraction (a) was 5.3. Finally, the effective
thermal conductivity of nanofluid was estimated by Eq. (12).

Fig. 3 shows the effects of the hydrophilic properties of alumina
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Fig. 2. Viscosity of the nanofluid as a function of particle volume
fraction.
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Fig. 3. Plot of heat transfer coefficient versus Reynolds number
caused by the surface properties.
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Fig. 4. Plot of heat transfer coefficient versus Reynolds number
caused by the shape of nanoparticles.

surface on the heat transfer of nanofluids. As shown in Table 1, AK
and AR alumina have almost the same size and shape. The impor-
tant difference between the two types of alumina is the hydrophilic
properties of the surfaces. The surface of AK alumina was hydro-
phobic, while that of AR alumina was hydrophilic. This difference
may affect the stability of dispersion in a hydrophobic base fluid.
Though both AK and AR alumina nanofluids show an increase of
heat transfer relative to that of the base fluid, the enhancement of
the AK nanofluid was larger than that of the AR nanofluid. The AK
nanofluid with 0.5 vol% showed a typical increase in average heat
transfer coefficient of 13% over the base fluid, and the AR nanof-
luid exhibited an increase of 10%, while the estimated thermal con-
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Fig. 5. Plot of heat transfer coefficient versus Reynolds number
caused by the nanoparticle loadings.

ductivity was about 2% higher than that of the base fluid. These
results indicate that the contact between nanoparticles and base fluid
is one of the important parameters in the heat transfer of a nanof-
luid.

The effect of the particle shape is shown in Fig. 4. The shape of
AF alumina nanoparticles was rod-like, and the aspect ratio was
about 50 to 200. Compared with AK nanofluid, the AF nanofluid
displayed different heat transfer properties. It was greater than that
of the AK nanofluid in the region of low Reynolds numbers, and
smaller in the region of high Reynolds number. Although the av-
erage heat transfer coefficients increase with the Reynolds number,
the slope was smaller than that of the AK nanofluid. The differ-
ence in high Reynolds number was caused by the high viscosity of
the AF nanofluid, as shown in Table 2. In general, the fluid with
rod-like particles has high viscosity because of their strong interac-
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tion and aggregation under the shear flow. The high viscosity of
AF nanofluid in the region prevented the enhancement of heat trans-
fer by the convection. On the other hand, in the low Reynolds
number region, the AF nanofluid showed very high average heat
transfer coefficients. It represented an increase in the average heat
transfer coefficient of 25% relative to that of the base fluid at a low
Reynolds number (Re<200). This may have been caused by the
high thermal conductivity of the AF nanofluid and the arrangement
of long rod-like particles around the thermal boundary layer in the
pipe. From these results, we can say that a nanofluid with these rod-
like nanoparticles will be very useful in the heat exchanger under a
low Reynolds number condition.

Fig. 5 shows the effect of particle loadings. At this condition, the
nanofluid with AK or AR nanoparticles (0.5 vol%) had a typical
increase in average heat transfer coefficient of 10% over the trans-
former oil. Both the AK and AR nanofluids exhibited an increase
in proportion to the particle loadings.

The comparison of average heat transfer coefficient between pure
base fluid and nanofluids shown in Figs. 3, 4 and 5 also shows that
the average heat transfer coefficients of nanofluids are superior to
that of base fluid under the same Reynolds number. These results
can be explained by the increase of heat transfer efficiency due to
the enhancement of thermal conductivity, the activation of convec-
tive heat transfer or the thinning of thermal boundary layer. There
are some mechanisms for the enhancement of thermal conductivity
of nanofluids including the liquid layering on the surface of nano-
particles, Brownian motion, clustering of nanoparticles, ballistic trans-
port of phonon in the nanoparticles, etc. In addition, there will be
one important mechanism for this enhancement on thermal con-
ductivity of nanofluid in the piping flow. That is the non-uniform
particle concentration in the cross-section of the tube. Ding and Wen
investigated that the particle migration by shear rate gradient, vis-
cosity gradient, and Brownian motion causes non-uniformity in par-
ticle concentration for large particles [19]. They showed the con-
centration of nanoparticles in the wall side of the tube is much larger
than that of microparticles in the wall side of the tube. It means that
the enhancement in the thermal conductivity of fluid by the addi-
tion of nanoparticles in the wall side of tube will be much larger
than that by the addition of microparticles. This enhancement in
thermal conductivity may cause an increase of the heat transfer co-
efficient in the thermal boundary layer around the wall side of tube.
On the other hand, since the microparticles tend to move toward
the center of the tube, the enhancement of thermal conductivity of
micro-particle suspension in the thermal boundary layer is low, so
the heat transfer coefficient does not change much.

By non-linear regression of experimental data, the correlation
was decided as follows:

h,-:%xl]xRe”“‘ (13)

As can be seen in Fig. 6, the predicted values for heat transfer
coefficient of transformer oils by correlation of this study are al-
most exactly identical to the experimental results. The Prandtl num-
ber does not play an important role in our correlation. Therefore,
when the transformer is designed, this correlation can be used to
predict the individual coefficient of nanofluids for alumina concen-
trations.
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Fig. 6. Correlation of heat transfer coefficients of alumina-trans-
former oil nanofluid.

CONCLUSIONS

This paper is concerned with the convective heat transfer of nano-
fluids made of transformer oil and alumina nanoparticles in lami-
nar flow through a circular pipe. The experimental data show that
the addition of nanoparticles in the fluid increases the average heat
transfer coefficient of the system in laminar flow. The surface prop-
erties of nanoparticles, particle loading, and particle shape are key
factors for enhancing the heat transfer properties of nanofluids. These
increases of heat transfer coefficients may be caused by the high
concentration of nanoparticles in the wall side by the particle migra-
tion. But more investigation is needed to develop an appropriate
heat transfer correlation for the nanofluids.
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