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Abstract In this work, heat transfer of a fluid containing
nanoparticles of aluminum oxide with the water volume
fraction (0.1-0.3) percent has been reported. Heat transfer
of the fluid containing nano water aluminum oxide with a
diameter of about 20 nm in a horizontal double pipe
counter flow heat exchanger under turbulent flow condi-
tions was studied. The results showed that the heat transfer
of nanofluid in comparison with the heat transfer of fluid is
slightly higher than 12 percent.

1 Introduction

The various types of heat exchangers such as double pipe
and plate heat exchangers (PHE) are widely used in food
and chemical processing industries. The plate or corrugated
plate heat exchangers are replacing conventional concen-
tric or double pipe heat exchangers. A plate heat exchanger
is a type of heat exchanger that uses metal plates to transfer
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heat between two fluids. This has a major advantage over a
conventional heat exchanger in that the fluids are exposed
to a much larger surface area because the fluids spread out
over the plates [1, 2]. A plate heat exchanger consists of a
series of thin and corrugated plates. These plates are gas-
keted, welded or brazed together depending on the appli-
cation of the heat exchanger. The plates are compressed
together in a rigid frame to form an arrangement of parallel
flow channels with alternating hot and cold fluids. To
enhance the thermal efficiency of the heat exchangers, the
thermal capability of the working fluid must increase [3, 4].
Addition of small amount of high thermal conductivity
solid nanoparticles in base fluid increases the thermal
conductivity, thus increasing the heat transfer rate in the
heat exchangers [5-8]. Nanofluid is the name conceived by
Argonne National Laboratory (ANL), USA, to describe a
fluid in which nanometer-sized particles are suspended.
Nanofluids are a class of heat transfer fluids created by
dispersing solid nanoparticles in traditional heat transfer
fluids. Research results showed that nanofluids have ther-
mal properties that are very different from those of con-
ventional heat transfer fluids such as water or ethylene
glycol. The ANL performed nanofluid experiment, where it
was found a 20 % increase in the thermal conductivity.
Theoretically the thermal conductivity increases are based
on the volume fraction and shape of the particles. The
increase of the thermal conductivity leads to an increase in
heat transfer performance. In fact the reduction of the
thermal boundary layer thickness due to the presence of the
nanoparticles and the random motion within the base fluid
may have important contributions to such heat transfer
improvement as well [9—11]. Nanofluids were first used by
Choi [12]. He showed that addition of small amount of
nanoparticles to the base fluids increased the thermal
conductivity of the fluids up to approximately two times.
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Many experimental works have been attempted in the
nanofluids area. Some of these works are focused on use of
nanofluids in the circular pipes or in the heat exchangers.
Yang et al. [13] reported experimental results which
illustrated the convective heat transfer coefficient of
graphite nanoparticles dispersed in liquid for laminar flow
in a horizontal tube heat exchanger. Effects of the Rey-
nolds number, volume fraction, temperature, nanoparticle
source, and type of base fluid on the convective heat
transfer coefficient have been investigated. The experi-
mental results showed that the heat transfer coefficient
increased with the Reynolds number and the particle con-
centration. For example at 2.5 wt% the heat transfer
coefficient of the nanofluids were 22 % higher than the
base fluid at 50 °C fluid temperature and 15 % higher at
70 °C. Wen et al. [14] presented an experimental study
which evaluated the convective heat transfer coefficient of
Al,O5; nanoparticles suspended in deionized water for
laminar flow in a copper tube, focusing in particular on the
entrance region. The various concentrations of nanoparti-
cles (0.6, 1.0, and 1.6 %) were tested under a constant wall
heat flux. The results showed that the use of nanofluids
affected a pronounced increase in the heat transfer coeffi-
cient causing a decrease in the thermal boundary layer
thickness and a decrease along the tube length. High
accumulation of nanoparticles in the thermal boundary
layer near the wall resulting from particles migration
phenomenon may be one of the reasons of the increase of
heat transfer in nanofluids. Assuming the small size and
low friction for particles, nanofluid is homogenious. Under
these conditions, general and principal relations of heat
transfer for nanofluids are applicable. If it is assumed that
nanoparticles have been dispersed in the fluid, dispersion of

Fig. 1 Experimental setup

the particles in the pipe would be homogenious. Although
this consumption is not true in real systems due to the
particles migration phenomenon, it is a useful way for
estimating the nanofluid physical features. The aim of this
study is to investigate the effect of alumina nanoparticles in
the fluid on the heat transfer in double pipe heat exchangers
to identify the role of nanofluids in the increase of heat
performance of heat exchangers and to use these nanofluids
in the industrial applications.

2 Experimental
2.1 Experimental setup

A schematic of the experimental setup used to investigate
heat transfer characteristics of nanofluid in a mini heat
exchanger is shown in Figs. 1 and 2. It consists of two flow
loops, a heating unit to heat the nanofluid, and temperature
measurement system. The two flow loops carried heated
nanofluid and the other cooling water. Each flow loop
included a pump with a flow meter, a reservoir and a bypass
valve. Four J-type thermocouples (accuracy at 0.1 %,
uncertainty at 0.1 °C) were inserted on the heat exchanger
to measure the temperatures of inlet and exit fluid streams.
All temperatures were recorded using a thermocouple
scanner. The pumps used were magnetic drive centrifugal
type with a maximum delivery rate of 90 g/s. Other specs
included: the length of test section was 120 cm. Inner tube
had an inner diameter of 6 mm and an external diameter of
8 mm. Outer tube had an inner diameter of 14 mm and an
external diameter of 16 mm. Insulation with a thickness of
17 mm was wrapped on the outer tube.
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Fig. 2 Test section
(a) Schematic representation (b,
)

2.2 Thermal properties of nanofluid

The nanofluid used in the experiment was 99.0+ % pure
alominiom oxide pre-dispersed in Water, with an average
particle size of 20 nm. The nanofluid was mixed with de-
ionized water to prepare experimental concentrations. Fig-
ure 3 is the TEM photograph of Al,O3 nanoparticles with
particle size about 20 nm. It has been reported by Wen &
Ding [14] that nanofluids with less than 4 % nanoparticles
were found to be stable and the stability lasted over a week,
no intermediate mixing was considered necessary (Table 1).

3 Data processing

The experimental data were used to calculate overall heat
transfer coefficient, convective heat transfer coefficient and
Nusselt number of nanofluids with various particle volume
concentrations and Peclet numbers. The thermophysical
properties were calculated based on mean bulk temperature
of nanofluids. The heat transfer rate of the nanofluid is:

Q = m° Cpnf (Tout - Tin) (1)

where m” is the mass flow rate of the nanofluid, and T,
and T;, are the outlet and inlet temperatures of the nano-
fluid, respectively. The effective density of nanofluid is:

Pnt = (1 - (pV)pf + (pvpp (2)

Subscripts f, p, and nf refer to the base fluid, the nano-
particles, and the nanofluid, respectively. ¢y is the

Fig. 3 TEM photograph of Al,O3 particles

nonoparticle volume concentration. Cp,¢ is the effective
specific heat of the nanofluid which can be calculated from
Xuan and Roetzel relation [15]:

(PCp) = (1 = ,) (PCyp)+0,(pC), (3)

The heat transfer coefficient of the test fluid, h;, can be
calculated by the following equation [16]:
1 1 DLnZ p, 1

- e I 4
U; hi+ 2k +Do+h0 ()

where D; and D,, are the inner and outer diameters of tubes
respectively, U; is the overall heat transfer coefficient based
on the inside tube area, h; and h, are the individual

Table 1 Physical properties of

) Types of Nano-sized Special surface  Percent Appearance The apparent
the nanoparticles nanoparticles particles (nm) (m*/g) purity density (g/m*)
v-AlLO; 20 >160 +99 White 0.9
powder
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convective heat transfer coefficients of the fluids inside and
outside the tubes respectively and ky, is the thermal con-
ductivity of the tube wall. U; is given by:

Q = UiAjAT, (5)

where A; = DL and ATy is the logarithmic mean
temperature difference. The outside heat transfer coeffi-
cient can be computed by Bell’s procedure [17]. Nusselt
number of nanofluids is defined as:

h;d;

Nu,r =
! knf

where the effective thermal conductivity (K,r) of the
nanofluids can be evaluated by Maxwell’s model that is
given as following [18]:

Kp + 2K; — 20y (K; — K)

Kir = K¢
Kp + 2I<f + (PV(Kf - Kp)

Maxwell’s formula shows that the effective thermal con-
ductivity of nanofluids (K¢ relies on the thermal con-
ductivity of spherical particles K, the thermal conductivity
of base fluid (Ky) and volume concentration of the solid
particles (@v).

4 Discussion and results

Effective thermal conductivity increase of the base fluid by
the addition of nanoparticles, the increase in the local heat
transfer coefficient approximated as k/d, where k is the
fluid thermal conductivity and 9, the thickness of the
thermal boundary layer as suggested by Wen and Ding
[14], Brownian motion, ballistic transport of energy carri-
ers as suggested by Keblinski et al. [18].

4.1 Experimental results

Preliminary experiments with water were performed to
gain experience in operating the set-up. The experiments
were performed varying the nanofluid flow rate at a given
concentration.

4.2 Base line experiment using water/water

Using nanoflouid as the heating fluid in the tube side, and
water cold as the cooling medium on the outside tube,
temperature measurements were taken at fluid inlet and exit
positions after steady state has been reached. Steady state
was determined when the temperatures remained constant
with time for a 10 min. period. The mass flow rate (g/s) of
the fluid flowing inside the tube, and heat transfer rate
(W) were plotted and the result shown in Fig. 4.
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Fig. 4 Heat transfer rate—water/water exchange
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Fig. 5 Heat transfer rate—water/nano concentration, 0.2 % by
volume

4.3 Heat transfer between water/nanofluid
with concentration of 0.2 volumes

A very low nanofluid concentration was used as the first
nano heat transfer experiment. An increase in heat transfer
rate was observed at any given flow rate. The plot of mass
flow rate versus heat transfer rate is shown in Fig. 5. There
is an improvement in heat flow rate due to the addition of
nanoparticles even at very low concentrations. For example
at a mass flow rate of 60(g/s), a 7.32 % increase in heat
transfer rate is observed.
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Fig. 6 Heat transfer rate—water/nano concentration, 0.3 % by
volume

4.4 Heat transfer between water/nanofluid
with concentration of 0.3 volumes

As the concentration of nanoparticles in the fluid increases,
a further increase in the heat transfer rate is observed. The
results for the higher concentration of nanofluid is shown in
Fig. 6.

4.5 Heat transfer rate and Reynolds number

The relationship between heat transfer rate and Reynolds
number for the water/water exchange and water/nanofluid
concentration of 0.1 are shown in Fig. 7.

In the present study, Al,O3; nanoparticles mixed with the
water by (0.1-0.2-0.3) vol.% were used to investigate the
effect of the Reynolds number and temperature of the
flowing nanofluid and mass flow rate water on the heat
transfer characteristics of the nanofluid. The experimental
conditions used in this study are as follows:

(1) The Reynolds number of the nanofluid varied in the
approximate range of 15,000-28,000.

(2) The temperature of the nanofluid was 40 and 50 °C.

(3) The mass flow rates of the nanoflouid were 50 and
90 (g/s).

As can be seen in Figs. 4, 5, 6, aluminum oxide nano-
fluid with concentrations of 0.2 and 0.3 had high thermal
efficiency compared to the base fluid. For example, this
amount is 1,450,000 for water at a constant mass flow rate
and a temperature of 50 °C. This amount is 1,565,000 and

Fig. 7 Reynolds number versus heat transfer rate

1,580,000 for the nanofluid at the concentrations of 0.2 and
0.3. Figure 7 also shows an increase in the heat transfer.
For example, the thermal efficiency of water and nanofluid
with the concentration of 0.1 are 1,103,842 and 1,123,123,
respectively (in Reynolds of 23,000) which is approxi-
mately 1.71 % higher than the heat transfer of the base
fluid. This increase can be attributed to the immigration of
the particles, non-uniform distribution of the thermal con-
ductivity and viscosity of the fluid which decreases the
boundary layer thickness, resulting in the delay in the
development of the thermal boundary layer. Another rea-
son is the contact of the suspended particles in the nano-
fluid which increases with the temperature and mass flow
rate of the fluid, resulting in the increase of the contacts
with the exchanger wall. Friction is also determined on the
basis of the nano fluid type and properties of the heat
exchanger wall. These factors have also effects on the
performance and efficiency of the heat exchanger.

On the other hand, the observed moderate enhancement
in heat transfer characteristics in the case of plain tube with
nanofluid can be attributed to the increase in thermal
conductivity of the nanofluid and low thermal dispersion.
Thus it seems that the nanoparticles increase the thermal
conductivity of fluid while the chaotic movement of the
particles strengthens energy transport process.

5 Conclusion
Heat transfer performance and flow characteristic of a
Al,O; nanofluid flowing in a horizontal double pipe

counter flow heat exchanger was experimentally
investigated.
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Experiments were carried out under turbulent flow
conditions. The effects of the flow Reynolds number and
the temperature of the nanofluid and concentration nano-
flouid on the heat transfer and flow characteristics were
investigated. The following conclusions have been
obtained.

e The use of Al,Os;—water nanofluid significantly gives
higher heat transfer coefficients than those of the pure
base fluid.

e The nanofluid with suspended nanoparticles increases
the thermal conductivity of the Mixture and a large
energy exchange process resulting from the chaotic
movement of nanoparticles.

e Generally, the enhancement of convective heat transfer
coefficient depends on increasing of the fluid thermal
conductivity and decreasing of thermal boundary layer
thickness. Thermal conductivity of the nanofluids
increases with increasing of the volume concentrations.
Decreasing of the thermal boundary layer thickness can
be due to the mobility of particles near the wall,
migration of them to the center of tube, and reduction
of viscosity at the wall region.

Additional work is required to investigate the effects of
different particle concentrations on the heat transfer and
flow features of nanofluids. Moreover, the heat transfer
correlation in its simplest form will predict the heat transfer
coefficient of nanofluids flowing in a horizontal double-
pipe counter heat exchanger accurately.
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