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In this paper, the heat transfer characteristics and pressure drop of the ZnO and Al2O3 nanofluids in
a plate heat exchanger were studied. The experimental conditions were 100–500 Reynolds number
and the respective volumetric flow rates. The working temperature of the heat exchanger was within
20–40 �C. The measured thermophysical properties, such as thermal conductivity and kinematic
viscosity, were applied to the calculation of the convective heat transfer coefficient of the plate heat
exchanger employing the ZnO and Al2O3 nanofluids made through a two-step method. According
to the Reynolds number, the overall heat transfer coefficient for 6 vol% Al2O3 increased to 30%
because at the given viscosity and density of the nanofluids, they did not have the same flow rates.
At a given volumetric flow rate, however, the performance did not improve. After the nanofluids
were placed in the plate heat exchanger, the experimental results pertaining to nanofluid efficiency
seemed inauspicious.
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1. INTRODUCTION

When applying nano-sized particles to fluids in a dis-
persed way, the fact that a large portion of such problems
as sedimentation in the heat exchanger tube, increase in
pressure drop, and wear of the pump and moving parts
can be overcome by the formation of a nanoparticle-sized
fluid with excellent dispersion stability was reported in
preliminary researches,1 and there is a high possibility of
heat transfer fluid application. Heat transfer is the trans-
fer of heat energy moving due to temperature difference,
or the energy caused by irregular particle movement or
thermal diffusion. Hence, the studies on such heat trans-
fer fluids have focused on the development of a fluid
with high heat conductivity and thermal diffusivity, and
a large portion of the research has been on the devel-
opment of the correlation of the convection heat trans-
fer coefficient with the increment of heat conductivity.2

Due, to the fact, however, that many relevant theories have
been gathered, the results of the measurement of heat con-
ductivity differ in the heat conductivity elevation experi-
ments according to the type of nanofluid particles used and

∗Author to whom correspondence should be addressed.

the increment percentage, making quantitative comparison
analysis impossible. Buongiorno et al.3 recently carried
out a research in which many scholars studying nanofluids
made the same nanofluid, measured its heat conductivity,
and reported the result.
Kang4 reported that in the study he conducted, the over-

all heat transfer coefficient increased by 12.5% compared
to the insulating oil when 0.5 vol% �-Al2O3 (40 nm) was
measured from the 100 to 400 Reynolds numbers, using
insulating oil type 1 no. 4 and oleic and lauric acid as
dispersing agents. Choi5 proved the result in which the
overall heat transfer coefficient increased by a maximum
of 20% in the case of the globular- and plane-shaped par-
ticles of 0.5 vol% Al2O3 (13�2× 20, 200 nm) and the
globular-shaped particles of 0.5 vol% AlN, as a result of
the application of plate heat transfer using the divisions
of bead milling and ultrasonic bath, and oleic acid as a
dispersing agent. Moreover, Pantzali6 reported that the effi-
ciency of heat conductivity according to the increment
of volume flow manifests an insignificant increase com-
pared to water, whereas the pumping power increases by
40∼50% compared to water under the same heat exchange
rate condition, as the result of the application of 4.0 vol%
CuO (30 nm) using a CTAB dispersing agent on a plate
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heat exchanger and analyzing the heat flux (Q) accord-
ing to the increment of the Reynolds number as well as
the heat flux (Q) according to the increment of volume
flow and pumping power (W). It was also judged that vis-
cosity increment restrains the effect of warm current and
convection heat transfer, as the characteristics of the plate
heat exchanger’s electric plate, by analyzing the flow char-
acteristics of the fluid inside the electric plate via CFD.
This was confirmed by the more than 20% increase in
heat conductivity efficiency when the same heat exchange
fluid (4 vol% CuO) was applied on the plane plate heat
exchanger rather than on the plate heat exchanger.
Above all, the purpose of this paper was to measure the

basic thermophysical properties then to apply plate heat
transfer that is easy to disassemble or assemble, where
the addition or subtraction of a plate will make it pos-
sible to make a decision regarding the sedimentation in
the heat exchanger tube, and to evaluate the heat transfer
coefficient and pressure drop characteristics. Finally, this
study is expected to help prove the possibility of nanofluid
application.

2. EXPERIMENTAL DETAILS

2.1. Preparation of Nanofluids

In a preliminary study, the particles with superior thermal
conductivity were analyzed. Al2O3, CuO, TiO2, and ZnO
in oxide, Ag in metal, and CNT and graphite in the car-
bon group were chosen as particles for the experiment.
Although CuO has generally better thermal conductivity
and particle dispersion, it was impossible to use CuO due
to its absorption problem. Compared to CuO, the thermal
conductivity and particle dispersion of TiO2 are inferior.
Moreover, Ag revealed problems, such as in relation to
absorption and oxidation. CNT and graphite showed better
thermal conductivity but demonstrated dispersion stability
weakness. Al2O3 and ZnO were thus chosen for use in this
paper as they have superior thermal conductivity and dis-
persion stability despite their low prices. The transmission
electron microscopy (TEM) image of Al2O3 is shown in
Figure 1, where it can be seen that the nanoparticles were
spherical and had 20∼50 nm sizes. Figure 2 shows ZnO
with stick form particles 20∼60 nm in size.

2.2. Measurement of the Thermophysical Properties

The results of the measurement of the basic thermophys-
ical properties of the Al2O3 and ZnO nanofluids, such as
thermal conductivity, using the transient hot-wire method,
are shown in Figure 3. The thermal-conductivity results
were 4.1, 7.3, and 11% for the 1, 3, and 6 vol% Al2O3.
Moreover, the value increased to 5.2% for the 1 vol% ZnO.
The kinematic-viscosity results shown in Figure 4, which
were obtained using an Ubbelohde viscometer, went up to
65% in Al2O3 and to 7.6% in ZnO. In addition, the results

Fig. 1. TEM image of the aluminium oxide nanoparticles dispersed in
nanofluids.

Fig. 2. TEM image of the zink oxide nanoparticles dispersed in
nanofluids.
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Fig. 3. Thermal conductivity of the nanofluids.
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Fig. 4. Kinematic viscosity of the nanofluids.

of the measurement of the zeta potentials for the examina-
tion of the dispersion stability were excellent: 50.84 mV
(pH= 4�3) in Al2O3, and −44�0 mV (pH= 12�5) in ZnO.
After one week, no sedimentation effect occurred.

3. EXPERIMENTAL SETUP

Figure 5 shows a schematic diagram of the plate heat
exchanger that was used in this study, which was an
SUS316 fluid gasket with a 1.5 kW maximum heat
exchange rate, composed of seven sheets. Figure 6 shows
the structure of the used plate. The detailed specifications
are shown in Table I. The heat exchange experimental
device is composed of high- and low-temperature flow-
ing paths. The temperature of the heat exchanger is kept
at 40± 0�5 �C upon the entry of high-temperature side
fluid, and at 20±0�5 �C upon the entry of low-temperature
side fluid. A pre-heater is installed on the high-temperature

Fig. 5. Schematic diagram of the experimental apparatus.

side, and a chiller on the low-temperature side, to main-
tain a certain temperature. To analyze the heat exchanger’s
thermal performance and pressure loss, a T -type thermo-
couple was installed inside the pipes at the high- and
low-temperature entry sides to measure the temperatures,
and the pressure loss was measured by attaching a seizer
to each layer. The fluid flux of the experimental device
was 0.8∼2.4 kg/m in the method involving the adjust-
ment of the valve and pump-applied voltage. The flux was
measured using a mass flow meter, and the range of the
Reynolds number of the heat exchanger was 100–500. In
the case of the general plate heat exchanger, it generates a
warm-current effect in the domain of a low Reynolds num-
ber, and it is known to show the characteristics of turbulent
flow at the 100 Reynolds number and over, according to a
reference. Hence, this study was conducted specifically to
experiment on the Reynolds number up to the maximum
of 500, considering the pump discharge rate and the size
of the experimental pipe gauge.

4. RESULTS AND DISCUSSION

The heat transfer in the plate heat exchanger of the hot
and cold stream was shown as having used correlation
(1) and (2), and the error correlation with the heat rate
was shown as correlation (3). Heat transfer was conducted
within a 5% error range, and the experiment results are the
same as those shown in Figure 7. In particular, this study
used the correction of the preliminary empirical correla-
tion (Wanniarachichi, 1995), and the results were within a
5% error range, as shown in Figure 8.

Qh = �
mh cp�h�Th� i−Th�o� (1)

Qc = �
mc cp�c�Tc�o −Tc� i� (2)

J. Nanosci. Nanotechnol. 11, 5769–5774, 2011 5771
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Fig. 6. Photograph of the plate heat exchanger.

Error�%�=
∣
∣
∣
∣

Qh−Qc

Qh

∣
∣
∣
∣
×100 (3)

In the above equations, m is the mass flow rate of the
basic fluids, c is the effective specific heat, and T is the
inlet and outlet temperature. After measuring the temper-
ature in the inlet and outlet, the use of LMTD for investi-
gating the heat transfer characteristic in the heat exchanger
was expressed in the following correlation:

�TLMTD = �Th� i−Tc�o�− �Th�o −Tc� i�

ln�Th� i−Tc�o/Th�o −Tc� i�
(4)

Table I. Geometric characteristics of the plate heat exchanger.

Vertical port distance, Lv (m) 0�2
Horizontal port distance, Lh (m) 0�05
Effective channel width, Lw (m) 0�075
Corrugation amplitude, b (m) 0�0018
Port diameter, Dp (m) 0�0275
Chevron angle 30�

Heat transfer area (m2) 0�076
Number of plates 7
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Fig. 7. Heat balance of the plate heat exchanger for water.

Correlation (5) is the result of the heat flow rate when
LMTD was used as a plate heat exchanger. As the overall
heat transfer coefficient, the sum of the convective heat
resistance in the hot and cold stream and the conduction
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Fig. 8. Comparison of the results of the measurement with the corrected
empirical Wanniarachichi equation of water for (a) convective het transfer
rate and (b) pressure drop.
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Fig. 9. Overall heat transfer coefficient as a function of Reynolds
number.

resistance of the heating place in the heat exchanger was
shown as correlation (6).

Q = UA�TLMTD (5)

1
U

= 1
hc

+ t

ks
+ 1

hh

(6)

In the above equation, U is the overall heat transfer
coefficient, ks is the thermal conductivity of the plate,
t is the thickness of the plate, hc is the cold liquid, and
hh is the hot liquid. Figure 9 shows the overall heat
transfer coefficient as a function of the Reynolds num-
ber. At the specific 400 Reynolds number, where 1, 3, and
6 vol% Al2O3 was applied, the result under 6 vol% Al2O3

increased to 30%. In the case of the 1 vol% ZnO, the
overall heat transfer coefficient went up to approximately
14.5%. In the pressure drop in Figure 10, under the con-
dition of 6 vol% Al2O3, the pressure drop increased to
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Fig. 10. Pressure drop as a function of Reynolds number.
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Fig. 11. Heat flow rate as a function of volumetric flow rate.

84.5%, and to 11.5% in the case of 1 vol% ZnO. Never-
theless, because the viscosity and density inside nanofluids
are not same, the results of this experiment should not be
examined based on the Reynolds number standards, when
studying the heat transfer characteristics. This is why the
flow rate in the heat exchanger goes up according to the
increase in the nanofluid viscosity, compared to the gen-
eral fluids. Therefore, this experiment should be evaluated
based on the volumetric flow rate, considering the vis-
cosity and density, when examining the heat exchanger
efficiency. The purpose of studying the heat exchanger
efficiency was summarized in Figure 11 as being related
to the volumetric flow rate. The results were the follow-
ing. The heat flow rate did not increase under 1 and
3 vol% Al2O3, but the figure went up to approximately
7% only in the case of the 6 vol% Al2O3. In the case
of 1 vol% ZnO, based on the volumetric flow rate, the
figures were within the experimental errors. Therefore,
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Fig. 12. Pressure drop as a function of volumetric flow rate.
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Fig. 13. Analysis of the efficiency of the nanofluids in a plate heat
exchanger.

the experiment was performed only for the 1 vol% ZnO.
Figure 12 shows the pressure drop results in the plate
heat exchanger measurements, with the changes in the
volumetric flow rate. As the volume of the nanofluids
became higher, the pressure drop increased linearly. Under
6 vol% Al2O3, the figure went up to 40%, as opposed
to water.
In this paper, the nanofluid efficiency applied to the

plate heat exchanger was studied by measuring the heat
flow rate (W) and pumping power (W) according to the
volumetric flow rate. The experiment, however, failed to
conclusively prove the nanofluid efficiency, as in the final
results shown in Figure 13. Pantzali et al.7 reported that
this phenomenon is related to the plate structure, then
concluded that an increase in viscosity suppresses the
convective heat transfer coefficient, and an increase in
thermal conductivity cannot make up for it when ana-
lyzing the fluid’s moving characteristics in the plate. On
the contrary, this study showed the most suitable condi-
tion of nanofluid existence through the experiment results.
As such, the properties of nanofluids should be correctly
defined, and the correspondence between thermal conduc-
tivity and viscosity should be investigated. Then the most
proper nanofluids should be developed.

5. CONCLUSIONS

This study was performed by fabricating two-step Al2O3

and ZnO nanofluids, which have excellent dispersion sta-
bility. After measuring the thermophysical properties of
such nanofluids, the obtained figures were applied to the
plate heat exchanger for the measurement of the heat trans-
fer coefficient and the pressure drop. The results were as
follows:
(1) The overall heat transfer coefficient according to the
same Reynolds number increase went up to 30% under
6 vol% Al2O3 compared to water. As for the heat trans-
fer efficiency with increasing volumetric flow rate, how-
ever, the heat transfer increase under 1 and 3 vol% Al2O3

was not high compared to that under water. The result
went up to a maximum value of 7% only under 6 vol%
Al2O3.
(2) When the pressure drop was analyzed in the same vol-
umetric flow rate, the pressure drop increased linearly as
the Al2O3 nanofluid volume went up. Moreover, the result
rose to a maximum of 40% under 6 vol% Al2O3.
(3) This experiment failed to prove (by examining the
nanofluid efficiency in the plate heat exchanger) the utmost
effectiveness of nanofluid application according to the
structural characteristics of the plate heat exchanger.
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