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A two-phase closed thermosyphon (TPCT) is a device for heat transmission. It consists of an evacuated-
close tube filled with a certain amount of working fluid. Fluids with nanoparticles (particles smaller than
100 nm) suspended in them are called nanofluids that they have a great potential in heat transfer
enhancement. In the present study, we combined two mentioned techniques for heat transfer enhance-
ment. Nanofluids of aqueous Al,0; nanoparticles suspensions were prepared in various volume concen-
tration of 1-3% and used in a TPCT as working media. Experimental results showed that for different
input powers, the efficiency of the TPCT increases up to 14.7% when Al,Os/water nanofluid was used
instead of pure water. Temperature distributions on TPCT confirm these results too.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Effective thermal management has become one of the most vi-
tal challenges in many technologies because of constant demands
for faster speeds and continuous reduction of device dimensions.
Recent technological advances in manufacturing have led to the
miniaturization of many devices with various applications.

Thermal performance of equipments can be improved in many
ways such as using two-phase close thermosyphons (TPCT) which
are high efficient heat conductors and can be used to enhance heat
transfer because of phase changes of working fluid inside them.
TPCTs have simple structure, small thermal resistance, high effi-
ciency and low fabrication cost making them one of the most
widely used devices in many fields, such as heat recovery, electron-
ics and solar heating systems (Noie et al., 1999; Akbarzadeh et al.,
1997; Xiau et al,, 1996; Liu et al., 1992; Vasiliev et al., 2008).

A typical TPCT consist an evacuated-close tube filled with a cer-
tain amount of working fluid, and hermetically sealed. When the
TPCT is heated at one end, the working fluid evaporates (phase
change) and rise through the hollow core to the other end of the
TPCT at near sonic speed, where its thermal energy is being re-
moved by a heat sink or other means. Then the vapor condenses
and falls back to its origin. In contrast to the conventional heat
pipes which capillary force returns the liquid to evaporator section,

Abbreviations: CHF, critical heat flux (W); TPCT, two-phase closed thermosy-
phon; AR, aspect ratio (L/D;); FR, filling ratio of the working fluid.
* Corresponding author. Tel./fax: +98 511 8816840.
E-mail address: zeinali@ferdowsi.um.ac.ir (S.Z. Heris).

0142-727X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.ijheatfluidflow.2009.03.001

a TPCT uses gravitation to return the condensate. Since, the latent
heat of evaporation is much larger than sensible heat, therefore in
TPCTs working fluid transport very large amount of heat and make
TPCTs 100s to 1000s times better than a solid copper rod. Key fac-
tors affecting on thermal performance of a TPCT are: filling ratio
(FR), aspect ratio (AR), inclination angle, operational temperature
and pressure and working fluid. Many researchers have studied
these factors (Harada et al., 1980; Noie et al., 2005; Streltsov
et al,, 1975; Kaminaga et al.,, 1997; Vafai et al, 1992; Shalaby
et al., 2000). Most commonly used working fluids in TPCTs are
water; methanol; ethylene glycol (EG) and their mixtures which
are originally poor heat transferring fluids.

Since thermal conductivity of these fluids plays an important
role in these energy efficient heat transfer equipments, numerous
techniques have been introduced to improve it. Because of higher
thermal conductivity of solids compared to those of liquids, an
innovative way of improving the thermal conductivity of a fluid
is to suspend ultrafine metallic or nonmetallic solid particles.
Numerous theoretical and experimental studies of suspensions
containing solid particles have been conducted initiating Max-
well’s theoretical work (1881) published more than a century
ago. However, due to high density and large sized particles used,
it was a challenge to prevent particles from settling in the suspen-
sion. The lack of stability of such suspensions induced additional
flow resistance and possible erosion. Consequently fluids with
nanosized particles suspended in them which later called nanofl-
uids has been proposed by Choi (1995) from the Argonne National
laboratory, USA. By suspending nanosized particles in a fluid, its
heat transfer performance can be significantly improved with
incurring either little or no penalty in pressure drop.
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Nomenclature
A external surface of insulate tube (m?)
G specific heat of water (J kg~ K™1)
D; internal diameter of main tube (m)
heony convective heat transfer coefficient (Wm=2C~1)
1 current (A)
ki liquid thermal conductivity (Wm~! C™1)
Ksurr. thermal conductivity of surrounding air (Wm~! C™!)
L. length of evaporator section (m)
L total length of tube (m)
M Merit number (:[hfgkfa,,u,*l}%)
m coolant water mass rate (kg/s)
ms nanoparticles mass in suspension (kg)
Nu Nusselt number (=hcony Le/Ksurr.)
Pr Prandtl number (=v/x)
Qconv. convection heat transfer rate (W)
in inlet heat by evaporation (W)
Qout outlet heat by condensation (W)
Qrad radiation heat transfer rate (W)
Ra Rayleigh number (=g(Tins. — Tsurr)L7 /00)
T, adiabatic temperature (°C)

T, condenser temperature (°C)

T. evaporator temperature (°C)

Tin inlet temperature of cooling water (K)

Tins. temperature on external surface of insulation (K)
Tout outlet temperature of cooling water (K)
Tsurr. surrounding temperature (K)

Vv Voltage (V)

Vi total volume of suspension (m?)

Greek letters

o thermal diffusivity (m?s~1)

& emissivity factor of insulator

B Boltzmann constant in Eq. (6) (Wm2K™%)
o) surface tension of liquid (Nm™!)

n efficiency of TPCT

9 momentum diffusivity (m?s~!)

\J Nanoparticles volume fraction

Ds Nanoparticles density (kg m—3)

Nanofluids are also well known in production of nanostructured
materials (Tseng, 2002), engineering of complex fluids (Tohver
et al., 2001), as well as enhancement of wetting and spreading
behavior (Wasan et al., 2003).

Alumina (Al;03) and copper oxide (CuO) are the most common
and inexpensive nanoparticles used in experimental investigations
by many researchers. Lee et al. (1999) pioneers measuring thermal
conductivity of nanofluids of various types and materials. Eastman
et al. (1999) and Keblinski et al. (2002) have concluded that the
effective thermal conductivity of nanofluids increases with volume
fraction of nanoparticles. The dependency of thermal conductivity
enhancement of nanofluids on particle shape has been emphasized
by Hamilton et al. (1962) and Wang et al. (1999) and Eastman et al.
(2001) have investigated the effect of particle size. In another work
Das et al. (2003) have studied the temperature dependence of ther-
mal conductivity enhancement in nanofluids experimentally.

Zienali et al. (2006, 2007) have investigated the convective heat
transfer of Al,03/water and CuO/water nanofluids in circular tubes
and observed that heat transfer coefficient enhances by increasing
the concentration of nanoparticles in the nanofluids. For Al,O3/
water nanofluid with volume fraction of 7.5% of nanoparticles,
45% increment in the average wall heat transfer coefficient has
been achieved by Palm et al. (2004) for the same Reynolds num-
bers. In the case of ethyl eneglycol/Al,05 nanofluid, the average
wall heat transfer coefficient has increased 70% for volume fraction
of 7.5%. Bang et al. (2005) have considered the boiling heat transfer
using Al,Oz/water nanofluid on a horizontal smooth surface. They
have showed that nanofluids have poor heat transfer coefficients
compared with pure water in natural convection as well as in
nucleate boiling. However, on the contrary, Tu et al. (2004) have
found significant enhancement in pool boiling heat transfer coeffi-
cient of Al,03 nanofluid.

Although extensive research on the TPCT and nanofluids has
been conducted in literature, investigation on cases combining
both the TPCT and the high thermal performance of nanofluids
techniques has not been done thoroughly. Some of the studies pre-
sented in literature regarding heat pipes with nanofluids as work-
ing fluid are as follow.

Shung et al. (2005) have showed that the thermal performance
of silver nanofluid heat pipe is higher than conventional ones filled
with pure fluid. Tsai et al. (2004) have examined the effect of struc-

tural characteristics of nanoparticles on heat pipe thermal perfor-
mance and concluded the thermal resistance of heat pipes with
nanofluids was lower than that of distilled water. Naphon et al.
(2008) also have used nanofluid as working fluid in a heat pipe
and stated that at optimum condition for pure refrigerant, the heat
pipe with 0.1% concentration of nanoparticles operates with effi-
ciency 1.40 times higher than that with pure refrigerant. Khande-
kar et al. (2007) have studied thermal performance of a close
two-phase thermosyphon charged with nanofluids and observed
that nanofluids show inferior thermal performance than pure
water. And at last but not the least, Kang et al. (2008) employed
aqueous solutions of 10 and 35 nm sized silver nanoparticles in a
sintered circular heat pipe. With the same loading volume, they
showed that the temperature difference between two ends of heat
pipe with nanofluid decreased 0.56-0.65 °C compared to DI-water.

In the present study, Nanofluid is employed as working medium
for conventional TPCT to investigate the efficiency improvement of
TPCT.

2. Experimental set-up

Aluminum oxide (Al,03) nanoparticles with physical character-
istic presented in Table 1 were used in this study.

Preparation of nanoparticle suspensions is the first step of
applying nanofluids in heat transfer enhancement. In the present
study, Al,0s; nanoparticles were dispersed in distillate water by
ultrasonication without using any dispersant or stabilizer to pre-
vent any possible changes of chemical properties of the nanofluid
due to presence of additions. Nanofluids of 1%, 1.5%, 2%, 2.5% and
3% volume fraction of particles were prepared. The volume fraction
and density of nanoparticles in suspension are defined as follow:

Vs

vy (1)
ms

=y 2)

So the mass of nanoparticles required for preparation of 11
nanofluid is determined as:

ms=1x10"v. p, 3)
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Table 1

Physical characteristic of Al,0; nanoparticle was used in this study.

Particle Average Diameter (nm) Superficial Density (Kg/m?) Actual Density (Kg/m?) Cp (J/kg K) K (W/m K)
Al;,03 20 160-400 3700 880 46

After measuring the equivalent volume to the required mass of
nanoparticle powder, they were mixed with distilled water in a
flask subject to ultrasonication for about 4 h. No precipitation/set-
tlement of nanoparticles was observed after 24 h of settling the
suspension.

The system used for thermal performance measurement of
TPCT is shown in Fig. 1. The heart of this system is a TPCT made
of copper tube with internal diameter of 20 mm, 1 mm thickness
and 1000 mm in length. The evaporator and condenser sections
had 350 and 400 mm length, respectively. The electric heaters used
around the evaporator section were made of a Nickel-Chrome wire
having nominal power of 1000 W. An ammeter and a voltmeter
were assembled in the circuit to measure the input power

Qin =VI- Qloss (4)

where Qo is the total heat loss from the evaporator section by radi-
ation and free convection as follow:

Qloss = de + Qcony. (5)

The radiation and free convection heat transfer rates can be cal-
culated from Egs. (6) and (7), respectively

Qrad = 85A(Tins. - Tsurr.)
Qconv, = hwnv.A(Tins. - Tsurr.)

(6)
(7)

where free convection heat transfer coefficient was determined
using the following equation (Churchill et al., 1975):

2
0.387Ra'/®
[1+ (%)9“6]8/27

Following the preceding calculations it was denoted that the to-
tal heat loss was about 2.49% of the input power to the evaporator
section.

Local temperatures on the TPCT were measured by seven ther-
mocouples (type-LM35). Four thermocouples were mounted on
the evaporator section, one on the adiabatic section and two on
the condenser section. Also two precise thermometers were used
in the condenser section to read the input and output temperature
of coolant water. The configuration and locations of the thermo-
couples on the TPCT are shown in Fig. 2. All the electrical (such
as thermocouples, thermometers, ammeter and voltmeter) and
mechanical equipments (such as rotameter) were calibrated ini-
tially. In addition, a data logger which converted DC current from
thermocouples to digital signals made it possible to monitor all
the measured data.

To be ensured there were no remaining remnants, prior to all
experiments it was necessary to clean the inside of the main tube,

hCOTH).L[

kSUH’.

Nu = 0.825 +

8)

Filling —» —pg—————— —+ T0 vactcum

e
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Fig. 1. Schematic of experimental set-up.
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Fig. 2. Location of thermocouples on TPCT.

especially whenever there was a changeover from one nanofluid to
another. This was done in three steps, cleaning with trichloroeth-
ane and methanol followed by vacuum drying. Before proceeding
to test the nanofluid system, baseline experiments were conducted
with pure water. Once the quality and repeatability of the baseline
data was established, five water based nanofluids were used as
working fluid. Park et al. (2002) expressed that when a TPCT
reaches maximum heat transfer, evaporator temperature increases
continually. The experiments showed that 45 min was needed for
the system to reach steady state condition.

3. Experimental results

The quantity of heat transferred to the coolant water can be cal-
culated from inlet and outlet water temperature difference, taking
into account the water mass flow rate and specific heat as,

Qout = MCy(Tour — Tin) 9)

The efficiency of TPCT can be expressed as a ratio of the output
heat by condensation to the inlet heat by evaporation, i.e.

’/, — QOU[
Qin
Uncertainty of the experimental data may have resulted from
measuring errors of parameters such as current, voltage, inlet
and outlet temperature of cooling water, mass flow rate, and can

be calculated using the following relations for efficiency (Holman,
1989):

(10)

max E, = +[(E,,)* + (~Eq,)*]""? (11)
maxEq,, = +[(En)* + (Ep)* + (Eftpe-1,))°]"? (12)
maxEq,, = +[(Ev)’ + (E)*]'? (13)

Because of small order of magnitude, the effect of Q,ss on uncer-
tainty can be neglected .The thermocouples used have maximum
precision of 0.1 °C. Flow rates were measured directly from the
taken time to fill a glass vessel of known volume with 5.0%
uncertainty in measurement. The maximum precision of ammeter

and voltmeter was 0.1V and 1A, respectively. The maximum
uncertainty of efficiency calculated taking into account the above
considerations is 5.41%.

To compare the efficiency improvement of the TPCT filled with
nanofluids and pure water, the TPCT charged with pure water was
examined too. For different input powers (48.4-195.2 W), the effi-
ciency was calculated and is presented in Fig. 3.

When the TPCT is charged with nanofluids, the efficiency is sig-
nificantly enhanced, i.e. the heat transfer capability improves. For
example, at the input power of 97.1 W, 1% nanofluid can improve
the efficiency of the TPCT from 75.1% to 81.56%. This improvement
increases with the volume concentration of nanoparticles. Also, the
TPCT efficiency continues to increase as the input power increases,
however it is not the same. For all working fluids, the gradient of
efficiency at lower input powers is larger than the higher ones.
For example when the input power increases from 48.4 to
97.1 W, the efficiency of TPCT loaded with a nanofluid of 2% con-
centration increase 14.7%, while for an increment of the input
power from 146.3 to 195.2 W this improvement is only 2.7%.

Fig. 4a-d presents the steady state distribution of wall temper-
ature of the TPCT. For higher input powers, the average tempera-
tures within sections of TPCT increase.

When TPCT charged with nanofluid, temperature differences
between evaporator and condenser section are less than pure
water. It confirms that thermal performance of TPCT is better when
nanofluid is used instead of pure water. By dispersing more Al,03
nanoparticles in working fluid, the smaller rise in wall temperature
of TPCT observed than pure water under various heats loading.

As Fig. 4a shown by findings, the distribution of wall tempera-
ture of TPCT containing pure water were 58, 56, 54, 55, 47, 28,
28 °C, respectively. When the TPCT is filled with nanofluids, illus-
trate the lower wall temperature of TPCT than that of pure water,
from 52 °C to 26 °C for 1% nanofluid.

Fig. 5 represents Efficiency of TPCT versus average temperature
of evaporator for different input powers. Considering the figure,
efficiency of TPCT enhances with input power increasing and evap-
orator average temperature decreasing. The results of Figs. 4(a-d)
and 5 clearly present that the addition of nanoparticles to pure
water lead to evaporator average temperature decreasing notice-
ably and also improve the efficiency of TPCT.

The heat transfer enhancement in TPCT by nanofluid greatly de-
pends on particle type, particle size, base fluid, and bubble nucle-
ation size. It is helpful to review some earlier studies on
nanofluids heat transfer, which most of them have shown that

0.9 4
>
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c
2 0.8 -
2
= —&8— Pure Water
w
—>%—1% Al203
—e—1.5% Al203
0.7 1 —A—2% Al203
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—0—3% Al203
0.6 T T T T 1
0 50 100 150 200 250

Input power (W)

Fig. 3. Efficiency of TPCT versus input power and concentration of nanofluid.
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Fig. 5. Efficiency of TPCT versus average temperature of evaporator for different
input powers.

the addition of nanoparticles amplify critical heat flux (You et al.,
2003; Milanova et al., 2006; Kim et al., 2007). For example Kim
et al. (2007) have illustrated that during nucleate boiling some
nanoparticles deposit on the heater surface to form a porous layer.
This layer improves the wettability of the surface considerably. You
et al. (2003) have showed that the enhancement of CHF was drastic
when nanofluid is used as a cooling liquid instead of pure water.
They observed an approximately 200% increase in CHF for nanofl-
uids containing 0.005 g/l of alumina nanoparticles.

The thermal conductivity of the working fluid should also pref-
erably be high in order to minimize the radial temperature gradi-
ent. The resistance to fluid flow will be minimized by choosing
fluids with high liquid density and low values of liquid viscosity

(Realy et al., 2006). Using of nanoparticles in pure fluid lead to im-
prove thermal conductivity, liquid density and viscosity (Williams
et al., 2008). Considering the merit number in TPCT, the effect of
nanofluid thermal conductivity enhancement is higher than viscos-
ity increasing as follow:

3 \1
M (Mekion (14)
Ky

The larger the value of merit number, the more suitable is the
fluid for TPCT (Realy et al., 2006). Addition of nanoparticles to fluid
changes the heat transfer mechanism so that besides of thermal
conductivity increase, Brownian motion, dispersion, and fluctua-
tion of nanoparticles especially near wall it leads to increase in
the energy exchange rates and augments heat transfer rate be-
tween the fluid and the evaporator section wall (Zeinali et al.,
2006b). An increase in the nanoparticles volume fraction intensi-
fies the interaction and collision of nanoparticles. Also diffusion
and relative movement of these particles near the tube wall leads
to rapid heat transfer from the TPCT wall to nanofluid. In other
words, increasing the concentration of nanoparticles intensifies
the mechanisms responsible for enhanced heat transfer. A major
thermal resistance of TPCT is caused by the formation of vapor
bubbles at the liquid-solid interface. A larger bubble nucleation
size creates a higher thermal resistance that prevents the transfer
of heat from the solid surface to the liquid (Collier et al., 1996). The
suspended nanoparticles tend to bombard the vapor bubbles dur-
ing the bubble formation. Therefore, it is expected that the nucle-
ation size of vapor bubble is much smaller for fluid with suspended
nanoparticles than that without them. Also during nucleate boiling
some nanoparticle precipitate on surface and form a layer whose
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morphology depends on the nanoparticle materials. It is well
known that a thin liquid microlayer developed underneath a vapor
bubbled growing at a solid surface (Collier et al., 1996). Therefore,
it is postulated that microlayer evaporation of the nanoparticle ini-
tially contained in it could be reason for the formation of porous
layer.

4. Conclusion

This paper aims efficiency improvement of a two-phase closed
thermosyphon, using Al,Os/water nanofluid as the working fluid.
Different volume concentrations of nanoparticles (1-3%) in sus-
pension within the TPCT were experimentally examined and re-
sults were compared with pure water, and the following remarks
are concluded from the results of TPCT performance study:

(1) Nanofluids in all concentration studied showed better ther-
mal performance than pure water. They improved efficiency
of the TPCT up to 14.7%.

(2) Temperature distributions on the TPCT were lower level
using nanofluid compared to pure water. Temperature dif-
ferences between the evaporator and condenser sections
with nanofluids were less that pure water, i.e. thermal resis-
tance of the TPCT when charged with nanofluids was less.

The higher thermal performance TPCTs loaded with nanofluid
proved its potential as substitute for conventional ones with pure
water. This finding makes nanofluid attractive as working fluid in
heat pipe and thermosyphon technology noting further investiga-
tion are needed.
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