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a b s t r a c t

An experimental study was carried out to investigate the thermal performance of a flat capillary pumped
loop (CPL) using the water based and the ethanol based Cu nanofluids as the working fluids under several
steady sub-atmospheric operating pressures. The evaporator of the CPL was placed horizontally and
heated from the bottom. The experimental results show that adding Cu nanoparticles into both base
fluids can significantly enhance the evaporating heat transfer coefficient and the maximum heat removal
eywords:
anofluids
eat transfer enhancement
PL
eat pipe

capacity. There is an optimal mass concentration of Cu nanoparticles corresponding to the maximum heat
transfer enhancement. The operating temperature or the operating temperature has an apparent effect on
the heat transfer enhancement. The heat transfer enhancement effects increase distinctly with increasing
the operating temperature. The heat transfer coefficient and the maximum heat removal capacity can be
increased up to 45% and 16% after substituting Cu-ethanol nanofluids for the base fluids, respectively. The

cover
present investigation dis
by using Cu nanofluids.

. Introduction

The pursuit of high performance and miniaturization of elec-
ronic component in recent years leads to production of more heat
er unit volume. As a result, how to dissipate the heat becomes
critical factor in the electronic product design. As a high effec-

ive heat-exchanger device, the capillary pumped loop (CPL) has
ttracted more and more attention.

The CPL is a two-phase thermal control system that uses cap-
llary force formed in the vicinity of the wick surface to transport
he working liquid. A large number of investigations have been con-
ucted on the heat transfer characteristics in CPLs. The first CPL was
roposed by Stenger in 1966 [1], but it received special attention

n the late 1970s. At that time, CPL technology had been developed
s an option for transporting thermal energy within spacecrafts
nd satellites [2,3]. Most of CPLs have a reservoir that is used for
emperature control as well as storing excess working fluid and pro-
iding pressure priming [4]. Currently, miniaturization of CPL is at
he forefront of an extensive research and development to provide
ooling solution to the high load/heat flux problem of advanced

lectronic packaging [5]. At the same time, CPLs without the reser-
oir have appeared also. Chen and Lin [6] carried out a research
n using the CPL without the reservoir for cooling electronic chips.
his CPL without the reservoir had a flat evaporator using porous
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ed that the thermal performance of a CPL can be evidently strengthened

© 2010 Elsevier B.V. All rights reserved.

material as capillary structure. They investigated the parameters
affecting the thermal performance of the CPL. Figus et al. [7] per-
formed a research to apply the CPL for the cooling system of the
print circuit board (PCB). The used CPL had a flat evaporator and had
no the reservoir. Ramos and Vlassov [8] also carried out an experi-
mental and theoretical study on thermal performance of a grooved
construction CPL without the reservoir. Their study showed that the
CPL without a reservoir could be used with a heat source without
a precise control.

Since the heat pipe utilizes phase change of the working fluid to
transfer heat, the selection of working fluid is of essential impor-
tance to achieve the maximum heat transfer. In 1995, Choi [9]
firstly proposed the concept of “nanofluid”. That is, adding nano-
scale metal or metal oxide particles in the liquid with a certain
way and proportion, which forms a new class of heat transfer and
cooling working fluid. Because of its stability and high thermal con-
ductivity, the nanofluid shows a promising prospect in the heat
transfer enhancement. At present, research on the heat transfer of
the nanofluid concentrate mainly on forced convection in tube and
pool boiling. Keblinski et al. [10] made an interesting review to
discuss the properties of nanofluids and future challenges. Wang
and Mujumdar [11] summarized the recent researches on flow and
forced convective heat transfer characteristics of nanofluids. Weer-

apun and Somchai [12] summarized the published experimental
and numerical investigations of forced convective heat transfer of
nanofluids. Majid and Bahrami et al. [13] provided an overview on
the effective thermal conductivity of nanofluids. Cheng et al. [14]
carried out an overview on the studies of nanofluids boiling and

dx.doi.org/10.1016/j.tca.2010.09.007
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:liuzhenh@sjtu.edu.cn
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Nomenclature

Ae the area of the bottom of the evaporator (m2)
I the current (A)
l the effective length (m)
h the heat transfer coefficient (W/(m2 K))
Q heating power (W)
Qloss heat loss (W)
q heat flux (kW/m2)
R total heat resistance of CPL (K/W)
T temperature (◦C)
Tv operating temperature, or saturated temperature of

the vapor (◦C)
� uncertainty
V electric voltage (V)
w nanoparticles mass concentration (wt%)
� density (kg/m3)
� nanoparticles volume fraction (%)

Subscripts
0 water
c condenser
e evaporator
l liquid
n nanofluid
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Table 1
Structural parameters of CPL system.

Evaporator Vapor line

Outside diameter: 0.036 m Outside diameter: 0.004 m
Inner diameter: 0.031 m Inner diameter: 0.003 m
Inner height: 0.014 m Length: 0.45 m
Thickness of the bottom: 0.003 m

Condenser Liquid line

pressure transducer were recorded by the data acquisition system

F
r

v vapor
w wick

wo phase flow. Up to now, the number of published literature has
eached over 200 [15].

The studies concerning application of nanofluids in heat pipes
re still in its initial stage, almost all studies are experimental inves-
igations and some experimental results cannot be unified yet.
esearch on the application of nanofluids in heat pipes was firstly
ublished by Chien et al. in 2003 [16]. Over 20 relevant articles have
een published since then, involving micro-grooved heat pipes
16–22], mesh wicked heat pipes [23,24], sintered metal wicked
eat pipes [25–27], oscillating heat pipes [28–31] and various ther-
osyphon [32–39]. The nano-materials used include metals, metal

xides, diamond, carbon nanotubes and several other materials.
Because the construction and the geometrical size of heat pipes,

he kind of the base liquids, the kind and size of nanoparticles and

he operating conditions widely varied among these experiments.
t is therefore very difficult to quantitatively make a comparison
mong the different experimental data. Also, most of the exiting
esearches proposed only some qualitative conclusions. However,

ig. 1. Schematic diagram of experimental apparatus TEM. (1) Evaporator; (2) DC pow
eservoir; (7) liquid line; (8) thermocouple locations; (9) digital acquisition system; (10)
Outside diameter: 0.004 m Outside diameter: 0.004 m
Inner diameter: 0.003 m Inner diameter: 0.003 m
Length: 0.26 m Length: 0.45 m

the qualitative trends are the same whereby the heat transfer was
enhanced by substituting nanofluids for the base fluid.

Up to now, no study concerning application of nanofluids in CPL
has been reported. This study focuses on the fundamental under-
standing of the steady operation characteristics of a miniature CPL
with a flat mesh wicked evaporator and without the reservoir after
substituting the water based Cu nanofluid and the ethanol based
CuO nanofluid for the base fluids as the working fluids. Effects of
filling rate, kind of the base fluid, nanoparticle mass concentra-
tion and operating temperature on the evaporating heat transfer
coefficient (HTC), the maximum heat removal capacity or the max-
imum heat flux (MHF) and the total heat resistance in the CPL were
investigated and discussed. The experimental results are useful for
designing miniature CPLs using nanofluids as the working liquid.

2. Experimental apparatus and process

2.1. Experimental apparatus

Fig. 1 shows the schematic diagram of the experimental appa-
ratus. The experimental system consisted of a test CPL, a DC power
supply, a data acquisition system and a computer. The test CPL
was composed of a flat evaporator, a condenser, an outlet vapor
line and an inlet liquid line. The evaporator was heated by a skin
heater that was mounted on the copper bottom wall of the evap-
orator and the input power was supplied by a DC power supply.
The measured electric voltage drop across the skin heater and the
current were used to calculate the heat input. The vapor in the
condenser was cooled by the cooling water from a temperature-
controlled water bath. All the data from thermocouples and the
(Agilent-34970) which is fed into the computer. The temperature
of the cooling water was adjusted to keep the operating pressure
at a constant value for the different input power. The design char-
acteristics of the CPL are given in Table 1.

er supply; (3) pressure transducer; (4) vapor line; (5) condenser; (6) thermostat
computer.
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ig. 2. Schematic diagram of the evaporator. (1) Base of the evaporator; (2) 150 me
8) liquid line; (9) thermocouple locations.

Fig. 2 shows a detailed schematic diagram of the evaporator,
hich was similar to one of the three classical types of evaporators
entioned by Faghri [4]. The evaporator consisted of the base, mesh

creens, the supporter of the screen, the outlet vapor line, the inlet
iquid line and the flange. The supporter was used to keep the mesh
creens close to the wall. Two mesh layers were used in this CPL
nd the wicks were made of stainless steel mesh screens. The wire
esh network and the thickness of the mesh screen at the bottom
ere 150 and 2 mm, and, those at the top were 300 and 6 mm. The

eason for choosing two sizes of mesh layers was to decrease the
ow resistance of the working fluid in the mesh layers.

Ten 0.1 mm Omega thermocouples were mounted on the CPL
o measure the surface temperature distribution. Five thermocou-
les were installed at the bottom wall of the evaporator: one was
laced at the center, and the others were uniformly distributed
t a radial position of 7.5 mm from the center. The thermocouple
ocations were shown in Fig. 2. The average wall temperature of the
vaporator was the arithmetical average of the five thermocouples.
ecause the temperature difference between the outer wall and the

nner wall was very small (less than 0.1 K), the measured average
uter wall temperature was directly applied as the average inner
all temperature. One thermocouple was installed at the outlet of

he evaporator to measure the saturation temperature of the vapor,
.e., the operating temperature. In addition, one thermocouple was
nstalled at the outlet of the condenser to measure the tempera-
ure of the working liquid. The others were installed equidistantly
n the condenser to measure the average wall temperature of
he condenser. A pressure transducer was installed at the out-
et of the evaporator to measure the saturated pressure of the
apor.

.2. Working liquids

In the present experiment, both distilled water and chemical-
ure ethanol were used as the base fluids and the nanofluids
onsisted of the base fluids and Cu nanoparticles. Cu nanopar-
icles were commercial product made by the gas condensation

ethod. The conference average diameter reported by the maker
as 20 nm. The nanofluids were prepared by directly dispersing Cu
anoparticles into the base fluids, after which they were oscillated
ontinuously for about 10 h in an ultrasonic box with a working

requency of 25–40 kHz so that the nanoparticles can be uniformly
ispersed. The oscillation time was a conference time and could
nsure a full dispersion. It must be noted that no surfactant was
dded into the base liquid. In the study, the mass concentration of
he nanofluids arranged from 0.2% to 2.0%.
(3) 300 meshes; (4) vapor line; (5) viton o-ring; (6) flange; (7) supporter of mesh;

The mass concentration w was used to describe the nanoparti-
cles concentration, and the volume fraction � can be estimated by
following correlation:

1 − w

w
· �n

�0
= 1 − �

�
(1)

2.3. Experimental process

The test started after the nanofluid was filled into the CPL for a
week. At the beginning of each test, the whole system was vacu-
umed to a pressure of 0.08 Pa before the charging of the working
fluid. The experiment was carried out at the three steady operating
temperatures of 30 ◦C, 40 ◦C and 55 ◦C, respectively. During each
run, the temperature of the cooling water was carefully adjusted to
keep the operating pressure at a stable state during each input. The
temperature and the pressure were recorded by the data acqui-
sition system only after the wall temperatures of the vapor line
remained stable for a long time. The electric voltage and the cur-
rent of the AC power supply were also recorded. After each run, the
CPL was stopped from working for a week. After which the CPL was
restarted again and the test was repeated. There was no meaning-
ful difference between the two tests. The reason for the excellent
repeatability should be that the random motion of nanoparticles
in the base liquid under the effect of buoyancy could make the
nanofluid uniform again after nanoparticles were settled for a long
time. For a uniformly dispersed nanofluid, the experiment results
could be well repeated.

The input power was calculated from the measured electronic
voltage drop and the current and the heat flux was calculated
according to the input power and the effective heated area of the
evaporator. The average heat transfer coefficient of the evaporator
(HTC), h, was calculated by the following equation:

h = q

Te − Tv
(2)

The thermal resistance of the CPL, R, was calculated from Eq. (3):

R = Te − Tc

Q
(3)

The experimental uncertainties of the heat flux and the HTC are
given respectively as√( )2 ( )2 ( )2 ( )2
�q

q
= �V

V
+ �I

I
+ �A

A
+ �Qloss

Qloss
(4a)

�h

h
=

√(
�q

q

)2

+
(

�(�T)
�T

)2

(4b)
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o calculate the heat loss, the heat absorbed by the cooling water
n the condenser and the heating power supplied to the evapora-
or were compared. The maximum heat loss was less than 3% of
he input power. The maximum temperature uncertainty of the
hermocouple was 0.2 K. Both the maximum uncertainties of the
lectric voltage drop and the current were the same 0.1%. The
ncertainty caused by the heating area was 0.5%. Therefore, the
ncertainties of the heat flux and the HTC were estimated to be
.4% and 4.6%.

. Experimental results and discussions

.1. Determination of the optimal liquid filling ratio

Fig. 3(a) and (b) shows the effect of the filling ratio of both water
nd ethanol, which was defined as the ratio of the liquid volume to
he whole volume of the CPL. The operating temperatures were
xed at 30 ◦C for water and 55 ◦C for ethanol, respectively. It is

ound from Fig. 3 that the thermal resistance is at the minimum
hen the filling ratio is about 55% either for water or for ethanol.

or other operating temperatures, the present experiment has con-
rmed that the thermal resistances were also the least when the
lling ratio was fixed at about 55%. Therefore, it could be concluded
hat there existed an optimal filling ratio to the CPL and this optimal
lling ratio was about 55%.
.2. Comparisons of the temperature distributions between water
nd the water based Cu nanofluids

Fig. 4(a) and (b) displays the temperature distributions of the
vaporator wall, the vapor line, the condenser wall and the liq-

ig. 3. Effect of the filling rate on the total thermal resistances of CPL using both
ater and ethanol.
Fig. 4. Distributions of wall temperature in the CPL under the operating temperature
of 55 ◦C.

uid line in the CPL using the base fluids and Cu nanofluids with
a nanoparticle mass concentration of 1.0 wt% respectively. The fill-
ing ratio and the operating temperature were kept at 55% and 55 ◦C,
respectively.

For water as the working liquid, the wall temperatures of the
evaporator for water are 59.8 ◦C and 65.8 ◦C when the input pow-
ers are fixed at 6.2 W and 19.6 W, respectively. While, for the water
based Cu nanofluid as the working liquid, the wall temperatures
of the evaporator are 58.4 ◦C and 62.4 ◦C at the same mentioned
above input powers, respectively. This means that the wall temper-
atures of the evaporator for the nanofluid are lower than those for
water at the same input power. The addition of nanoparticles in the
working fluid reduces the wall temperature of the evaporator and
enhances the heat transfer performance. The effect of nanoparticles
on reducing the evaporator wall temperature is more significant at
the high fluxes. In addition, the maximum input power is about
20 W for the CPL using water, while it goes up to 23.2 W for the
CPL using the nanofluid. This result shows that the maximum heat
removal capacity of the CPL is also improved when distilled water
was replaced by the nanofluid.

For ethanol, similar to the case adding nanoparticles into water,
the addition of nanoparticles in ethanol reduces also the wall
temperature of the evaporator and increases the maximum heat

removal capacity. The enhancement efficiency of the thermal per-
formance is also basically the same extent as that for water.

On the other hand, after substituting the nanofluid for the base
fluid, both condenser wall temperature and liquid temperature
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ig. 5. Effect of the nanoparticles mass concentration on the heat transfer coefficient
n the evaporator.

t the liquid line have hardly any changes. This fact means the
anofluid has no enhancement effect on the heat transfer in the
ondenser due to no nanoparticles passing through the condenser
ith vapor.

.3. Effect of the mass concentration of nanoparticles on the heat
ransfer coefficients in the evaporator

Fig. 5(a) and (b) illustrates the effect of the nanoparticles mass
oncentration on the HTCs of the evaporator at the filling ratio of
5% for the water based nanofluid and the ethanol based nanofluid.
he operating temperature was kept at 55 ◦C.

It is found that both the evaporating HTC and the maximum heat
emoval capacity of water are superior to those of ethanol due to
hat the surface tension and the thermal conductivity of water are
ll greater than those of ethanol. For every nanofluid tested, the
TC is increased with increasing the heat flux at low and moder-
te heat fluxes. Then, it decreases slowly at high heat fluxes. The
aximum increases in the HTCs are about 38% and 45% compared

ith that of water and ethanol when the nanoparticles mass con-

entration is fixed at 1.0%. Additionally, the HTC increases with the
ddition of nanoparticles when the nanoparticles mass concentra-
ion is lower than 1.0%. Then it decreases to some extent when the
anoparticles mass concentration is larger than 1.0%. Therefore, it
Fig. 6. The TEM photographs of the mesh and the heated surface after the test using
the Cu-water nanofluid.

may be concluded that there exists an optimal mass concentration
for both nanofluids which corresponds to the maximum enhance-
ment effect. This optimal nanoparticles mass concentration is about
1.0% under all operating pressures in the present experiment. At the
optimal mass concentration, both the HTC and the MHF of nanoflu-
ids are larger than those of the base fluids in the heat flux range
tested.

Fig. 6(a) and (b) gives out transmission electronic microscope
(TEM) photographs of the stainless mesh surface and the copper
heated surface inside the CPL after the experiment using the water
based nanofluid. It is clear from Fig. 6(a) that almost no sedimen-
tation of nanoparticles is found on the mesh surface. On the other
hand, it can also be clearly observed from Fig. 6(b) that there exists
a very thin coating layer on the copper surface, and, the coating
layer is a complicatedly porous structure. This fact indicates that the
improvement of thermal performance of the CPL using nanofluids
results mainly from the changes of the characteristics of working
fluids and the sedimentation of nanoparticles on the heated surface.

The heat transfer enhancement of nanofluids inside the CPL
evaporator may result from the following reasons: firstly, the
increase of the effective thermal conductivity of the nanofluid;
secondly, the decrease of the solid–liquid contact angle between
the working fluid and the meshes. These two reasons result
from the changes of nanofluid properties. Thirdly, the existence

of the porous layer formed on the heated surface which also
reduces the solid–liquid contact angle between the working fluid
and the heated surface. The fourth may be attributed to the
turbulence effect of the random motion (Brownian motion) of
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found from Fig. 9 that the reducing ratio of the total thermal resis-
tance for the CPL is apparently lower than those of the cylindrical
heat pipes proposed by Kang’s study team [17] and slightly lower
than those of the same cylindrical heat pipes proposed by Kang’s
Fig. 7. Effect of operating temperature on the HTC enhancement ratio.

anoparticles in the base liquid, which behaves as a nano-scale
ffect.

Reasons for the exiting an optimal concentration of nanopar-
icles in the CPL is similar to that in a micro-grooved heat pipe
hat has been estimated by some numerical simulations [23,27].
he capillary force inducted by the porous coating layer formed by
anoparticles on evaporation section will increase with increasing
he nanoparticle concentration, and finally reaches a certain extent.

eantime, the liquid density, viscosity and flow drag will also
ncrease with increasing the nanoparticle concentration. There-
ore, there exists an optical nanoparticles concentration that keeps
alance between the capillary force and the flow drag force.

.4. Effects of operational temperature on both enhancement
atios of the HTC and the MHF

Fig. 7 reveals the effect of the operating temperature on the
TC enhancement ratio, which was defined as the ratio of the HTC
f nanofluids to that of the base fluid at the same heat flux and
perating temperature. The filling ratio and the nanoparticles mass
oncentration were kept respectively at 55% and 1.0 wt%. It is found
hat the HTC enhancement ratio increases with the increase of the
perating temperature. The reason may be as explained as follows.
he mode of heat transfer in the evaporator is a convective evapora-
ion and the HTC increases with the increase of the effective thermal
onductivity of the working liquid. Because the thermal conductiv-
ty of the nanofluid increases with the increase of the temperature,
he HTC enhancement ratio will increase with increasing the tem-
erature. In addition, the Brownian motion of nanoparticles would
lso increase with the increase of the temperature and this could
lso enhance the convective evaporation.

On the other hand, the HTC enhancement effect of the Cu-
thanol nanofluid is superior to that of the Cu-water nanofluid at
ll operating temperatures tested. The reason is unclear still in the
resent study stage.

Fig. 8 shows the effect of the operating temperature on the
HF enhancement ratio for both nanofluids, which was defined

s the ratio of the MHF of the nanofluid to that of the base fluid.
he filling ratio was fixed at 55%. Firstly, the MHF enhancement
atio increases rapidly when the nanoparticles mass concentration
s lower than 1.0%, and then it decreases gradually when nanopar-
icles mass concentration is over 1.0%. It is also observed that the

HF enhancement ratio increases with the increase of the operat-

ng temperature. It should be noted that the kind of the base fluid
as hardly any influence on the MHF enhancement ratio. The MHF
f the nanofluids can increase up to 16% compared with that of the
ase fluids at the operating temperature of 55 ◦C.
Fig. 8. Effect of operating temperature on the MHF enhancement ratio.

The experiment mentioned above indicates that the thermal
performance of the flat CPL with the evaporator heated from the
bottom wall is improved with adding of Cu nanoparticles into the
working liquid. In order to understand the influence of the heating
location on the thermal performance of the CPL using nanofluids, a
heat transfer test was carried out for the evaporator heated from the
top wall. After the nanofluid was infused into the CPL, the CPL was
undisturbed for a week, then, the experiment was carried out. No
meaningful difference in the thermal performance was found after
distilled water was substituted by nanofluids. The reason should be
that the nanoparticles settled on the bottom wall of the evaporator
cannot again come in the base liquid under the effect of the natural
convection during heating process when the top wall was heated.
The experimental result discovered that the heating location has
great effect on the uniformity of nanofluids during the heating pro-
cess, and then, has great effect on the performance improvement
of the CPL using nanofluids.

Since no experimental data of the CPL using nanofluids can be
applied to compare with the present CPL data, the experimental
data from two cylindrical meshes wicked heap pipes using nanoflu-
ids [17,18] are compared with the present experimental data in this
paper. Fig. 9 illustrates the compared result of the reducing ratio of
the total thermal resistance of heat pipes using nanofluids among
the existing experimental results of meshes wicked heat pipes. It is
Fig. 9. Comparison of reducing rate of thermal resistances between CPL and mesh
wicked heat pipes.
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tudy team [18]. The reasons may mainly be that only the evapora-
ion heat transfer is enhanced in the evaporator for the CPL and the
vaporation and condensation heat transfer all are enhanced in the
vaporator and condenser for the cylindrical meshes heat pipes.

. Conclusions

An experimental research was carried out to investigate the
hermal performance of a flat CPL using respectively the water
ased Cu nanofluids and the ethanol based Cu nanofluids as the
orking liquid. The evaporator was heated from the bottom wall.

he conclusions are as follows:

1) The wall temperatures of the evaporator for both nanofluids are
lower than those for the base fluids. The addition of Cu nanopar-
ticles into the base fluid can improve the thermal performance
of the evaporator.

2) The heat transfer coefficients of both nanofluids in the evapo-
rator depend strongly on the nanoparticle mass concentration.
There exists an optimal nanoparticles mass concentration
which corresponds to the maximum heat transfer enhance-
ment.

3) The influences of the operating temperature on both enhance-
ment ratios of the heat transfer coefficient and the maximum
heat removal capacity are remarkable. Both the enhancement
ratios of the heat transfer coefficient and the maximum heat
removal capacity increase with the increase of the operating
temperature. The heat transfer coefficients can be enhanced
up to 38% and 45% after substituting the base fluids for Cu-
water nanofluids. The maximum heat removal capacities can
be enhanced up to 16% for nanofluids compared with those of
the base fluids.
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