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Abstract
Thermal performance of a flat heat pipe cooling system is experimentally investigated. Pure
water and AlOs-water based nanofluid are used as working fluids. An experimental setup is
designed and constructed to study its performance under different operating conditions. The effect
of working fluid, filiing ratio, volume fraction of nano-particle in the base fluid, and heat input rate
on the average heat transfer coefficient and in turn the average Nusselt number are investigated.
Total thermal resistance of the heat pipe for pure water and Al,Os-water based nanofluid are also
predicted. Correlation is obtained to predict the influence of Prandtl number, filling ratio and
dimensionless heat coefficient, K, for Nusselt number. Results showed that the average heat
transfer coefficient, using Al;Osz-water based nanofluid enhanced by 10.5% up to 37% compared to
that of pure water, depending on filling ratio and volume fraction of nano-particles in the base fluid.
The experimentat data are compared with the available literature and discrepancies between results
are discussed.
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FR  Filling ratio a Adiabatic
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Y/ Applied voltage, Volt kq Dimensionless heat transfer,
X Horizontal coordinate parallel o the Kepxly xaT
test section Q
Greek Symbols uxC
) Volume fraction of nano-particles, % Pr Prandtl number, ef
p Density, kg/m3
1 Dynamic viscosity, N.s/m*

Accepted December 31, 2009.



M. 35

1. Introduction

Thermal density of electronic parts and
systems has been increased continuously since
high speed and high density are required for
them. To solve this growing of heal generation
by such electronic equipment, two-phase
change devices such as heat pipe and
thermosychon cooling systems are now used in
electronic industry and attracted the attention of
several researchers{1].

Heat pipes are passive devices that
transport heat from a heat source to a heat sink
over relatively long distances via the latent heat
of vaporization of a working fluid. The heat
pipe generally consists of three sections;
gvaporator, the adiabatic scction and the
condenser. In the evaporator, the working fluid
is evaporated as 1t absorbs an amount of heat
equivalent to the latent heat of vaporization,
while in the condenser section; the working
fluid vapor is condensed and returns back to the
evaporator. Nanofluids which are produced by
suspending nano-particles with average sizes
below 100 nm in traditional heat transfer fluids
such as water and ethylene glycol are new
working fluids that can be used in heat pipes. A
very small amount of guest nano-particles,
when dispersed uniformly and suspended stably
in  host fluids, can - provide dramatic
improvements in their thermal properties. The
goal of using nanofluids 1s to achieve the
highest possible thermal properties at the
smallest possible volume fraction of the nano-
particles (preferably < 1% and of  particle
size<50 nm) in the host fluid.

Babin et al. [2], investigated analytically
and experimentally the performance limitation
and operating characteristics of micro heat pipe.
A mathematical model descnbed the
distribution of the liquid in a micro heat pipe
and uts thermal characteristics was developed
by Khrustalev and Faghri [3]. Longtin et al. [4],
studied analytically one dimensional mode}l of
micro heat pipe to yield pressure, velocity and
film thickness informatjon along the length of
the pipe. Results showed that, the maximum
heat transfer capability of micro heat pipe
varied with the inverse of it is length and the
cube of it is hydraulic diameter. Hopkins et ai.
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[5]. investigated analytically and
experimentally heat transfer capabilities of two
copper-water flat miniature heat pipes with
diagonal trapezoidal micro capillary grooves
and one copper-water flat miniature heat pipes
with axial rectangular micro capillary grooves.
Kim et al. [6], investigated experimentally and
analytically a model for heat and mass transfer
in a miniature heat pipe with a grooved wick
structure. T was reported that the maximum
heat transfer rate of 3 and 4 mm outer diameters
heat pipe can be enhanced up to 48% and 73%,
and the thermal resistance reduced by 7% and
} 1%, respectively. Lefe'vre and Lallemand [7],
solved analytically both the liquid and vapor
flows governing equations inside a flat micro
heat pipe coupled with analytical solution for
the temperature inside the micro heat pipe wall. -
Revellin et al. [8], investigated analytically a 2-
D hydredynamic model for both the liquid and
the vapor phases and a 3-D thermal model of
heat conduction inside a flat micro heat pipe
wall.  Joung et al. [9], investigated
experimentally the performance of loop heat
pipes with cylindrical and flat evaporators for
diverse applications. Kaya et al. [10] developed
a numerical model to simulate the transient
petformance characteristics of a loop heat pipe.
Kang et al. [11]), investigated expenmentally
the performance of a conventional circular heat
pipe provided with deep grooves using
nanofluid. The nanofluid used in their study
was aqueous solution of 35 nm diameter silver
nano-particles. 1t is reported that, the thermal -
resistance decreased by 10-80% compared to
that of pure water.

Pastukhov et al. [12], experimentally
investigated the performance of a loop heat pipe
in which the heat sink was an external radiatot
cooled by air. It is reported that the use of
additional means of active cooling 1n
combination with loop heat pipe allows to
increase the value of dissipated heat up to 180
W and to decrease the systern themmal
resistance down to 0.29 K/W. Chang et al
[13], investigated experimentally the thermal
performance of a heat pipe Cooling system with
the thermal resistance model. An experimental
investigation  of  thermosyphon  thermal
performance has been carried out using water



Mansoura Engineering Journal, (MED), Vol. 34, No. 4, December 2009.

and dielectric heat transfer liquids as the
working fluids was performed by jouhara et at.
[14]. The copper thermosyphon was 200 mm
long with an inner diameter of 6 mm. Each
thermosyphon was charged with 1.8 ml of
working fluid and tested with an evaporator
length of 40 mm and a condenser length of 60
mm. The thermal performance of the water
charged thermosyphon outperformed the other
three working fluids (FC-84, FC-77 and FC-
3283) in both the effective thermal resistance as
well as the maximum heat transport. However,
these fluids, offered the advantage of being
dielectric which may be better suited for
sensitive  electronics  cooling  applications.
Furthermore, it provided adequate thermal
performance up to approximately 50 W, after
which Jiquid entrainment compromised the
thermosyphen performance.

Lips et al. [15], studied experimentally
the performance of flat plate heat pipe (FPHP).
Temperature fields in the heat pipe were
measured for different filling ratios, heat fluxes
and vapor space thicknesses. Experimental
results showed that the Liquid distribution in the
FPHP and thus its thermal performance
depends strongly on both the filling ratio and
the vapor space thickness. A small vapor space
thickness induces liquid retention and thus
reduces the thermal resistance of the system.
Nevertheless, the wvapor space thickness
influences the level of the meniscus curvature
radii in the grooves and hence reduces the
maximum capillary pressure. As a result, it has
to be carefully optimized to improve the
performance of the FPHP, In all the cases, the
optimum filling ratio was in the range of one to
two times the total volume of the grooves. A
theoretical  approach, in  non-working
conditions, has been developed to model the
distribution of the hquid inside the FPHP as a
function of the filling ratic and the vapor space
thickness.

Nanofiwmids are thought to be the next-
generation heat transfer fluids due to their
enbanced heat transfer performance compared
to that when using traditional fluids. It offer
stability compared to those of micro- or milli-
sized particles and have a higher conductivity
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than the host fluids themselves. These fluids are
proposed for wvarious uses in important
applications, such as medical, electronics,
coolant of automobiles, and HVAC [16].
Nanofluids with metallic and oxide nano-
particles have been investigated by several
workers (Chei [17}, Das et al. [18-19], and Lee
et al. [20]}, who found great enhancement of
thermal conductivity (5-60%) over the volume
fraction range of 0.1-5%. You et al. [21] found
that nanofluids exhibited three-fold increase in
critical heat flux of that for the base fluid. This
parameter plays an important role in heat
transfer where boiling is involved. All these
features indicate the potential of nanoftuids in
applications involving heat removal. Issues
concerning stability of nanofluids, have to be
addressed before they can be put in use.
Ironically, nanofluids of oxide particles are
more stable but less effective in enhancing
thermal conductivity in comparison with
nanofluids of metal partictes.

This article experimentally investigates
the thermal performance of a flat heat pipe
cooling system for electronic equipment. It
aims to investigate the effect of different
operating - conditions on the thermal
performance of the constructed heat pipe. These
conditions involves the type of working fluid
(pure water and Al;Oj-water based nanofluid);
filling ratio of the working fluid; veolume
fraction of nano-particles in the base fluid, and
heat irput rate. Empirical comrelation for its
thermal performance taking into account the
various operating parameters is also presented.

2. Experimental Setup and Procedure

This research adopts pure water and
Al;O;-water based nanofluid as working fluids.
The nano-particles are of 40 nm tn size. The
test nanofluid is obtained by dispersing the
nango-particles in pure water. A schematic
layout of the experimental test rig is shown in
Fig.1. The working fluid is charged through the
charging line (6). In the heat pipe, the heat is
generated by using an ¢lectric heater (12). The
vapor generated in the evaporator (8) of 85x
50x% 40mm, is moved towards the condenser (4)
of 100 x50x 40 mm via an insulated flat tube
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{(5). The condensate is allowed to return back to
evaporator by capillary action "wick structure”
through the flat tube. The surfaces of the
evaporator, adiabatic section, and condenser
sides are covered with 25 mm thickness of glass
wool insulation (3). An electric motor (9)
driving a paddle is used for circulating the
nanofiuid inside the evaporator to assure proper
dispersion of nano-particles in their base fluid
and to prevent its settling in the bottom of the
evaporator during the experiments. 17
calibrated cooper-constantan thermocouples (T-
type) are glued on the heat pipe surface and
distributed along its length to measure the Jocal
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were connected to a digital temperature
recorder via @& multi- point switch. The non
condensable gases are evacuated by a vacuum
pump. The flat heat pipe is heated during
vacuum pumping at 0.01 bar via the vacuum
line (10). The power supplied to the electric
heater (12} is measured by a muitimeter (13).
The input voltage was adjusted, using a variac
autotransformer (2). The voltage drops across
the heater were varied from 5 to 25 Volts. The
A.C. voltage stabilizer (1) was used to ensure
that there is no voltage fluctuation during the
experiments, The pressure inside the evaporator
was measured by a pressure gage with a

temperature (see Fig.2). These thermocouples  resolution of 0.01 bar,
and that for measuring the ambient temperature
8) (8 @\
1
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ol e ‘
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‘ 1. Stabilizer 2. Autotransformer | 3. [nsulation 4. Condenser | 5. Adiabatic Seclionv)
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Figure 1 Schematic layout of the test rig
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Figure 2 Thermocouples distribution along the heat pipe sections
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In the experimental work, the effects of the
type of working fluid, filling ratio, volume
fraction of nanc-particles in the base fluid,
and heat input rate on the thermal
performance of the flat heat pipe relying on
natural convection are investigated. The
experimental runs were executed according
to the following steps:

1. The flat heat pipe is evacuated and
charged with a certain amount of working
fluid '

2. The supplied electrical power is adjusted
manually at the desired rate through the
autotransformer.

3. As it was noted, the steady state condition
was achieved after 1.0 hr running time,
following the necessary adjustments for the
input heat rate. Thereafter, the readings of
thermocouples, voltage and internal pressure
were recorded as foliows:

Firstly, the readings of thermocouples, used
for measuring the temperatures of the flat heat
pipe surface and that for measuring the
ambient temperature are recorded by changing
the selector switch dial to meet all
thermocouples one after another. Secondly,
the voltages of the heater are measured to
determine the value of applied heat flux.
Finally, the pressure inside the evaporator is
recorded

4. At the end of each run, power was changed
to another value, and then from step 3 are
repeated.

5. The flat heat pipe is then charged with
another adjusted amount of working fluid
(filling ratic, FR, follows as: 9.2, 0.4, 0.45,
0.50, 0.55, 0.60, 0.65, 0.70, 0.80 and 1.0,
respectively). Then steps from 1 to 4 are
repeated.

6. Considering Al,O;-water based nanofluid
as the working fluid, the volume fraction of
nanp-particles was changed as: 0.25%, 0.4%,
0.5%, 0.6%, 0.75%, 1.0% and 1.3% by
volume, respectively. Then steps from  to 5
are repeated.
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The 17 thérmocouples (with the
uncertainty fower than 0.20 °C) were
distributed along the surfaces of the heat
pipe sections as follows: Six thermocouples
are attached to the evaporator; two
thermocouples are attached to the adiabatic
section and the rest of thermocouples (nine)
are aftached {o the condenser section. The
obtained data for temperatures and input
heat rate were used to calculate the overall
heat transfer coefficient and Nusselt number.

3. Data Reduction

Accurately characterizing the thermal
power transfer. Q is a somewhat more
complicated task because it is difficult to
accurately quantify the energy loss to the
ambient surroundings. The whole surface of
the heat pipe was good insulated so that the
rate of heat loss can be ignored. The heat
input rate can be calculated using the supplied
voltage and known current measurements of
the multi-meter such that,

g =IxV (1)
and the heat flux, q as;
o

== 2

q 4 (2)
The experimental determination of the
thermal performance of the heat pipe
requires  accurate  measurements  of

evaporator and condenser temperatures as
well as the power transferred along each.
Characterizing the evaporator and condenser
temperature is a relatively straightforward
task and is obtained by simply averaging the
temperature  measurements  along  the
evaporator and condenser surfaces which
can be expressed as:
=N,
Y
- =1

=M,
zTu
i=l

== 3
) NIL‘ ’ ‘ N c ( )
Where N, N, are the number of
thermocouples on the evaporator and

condenser, respectively. The obtained data for
temperatures and heat input rate are then used
to calculate the overall heat transfer
coefficient and Nusselt number as;
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to calculate the overall heat transfer
coefficient and Nusselt number as;
g=_2
I.-T.
L
Nu =Lk )
K

of

Where L is the characteristic length, Ker s
the effective thermal conductivity of
nanofluid, which is given by [18]

Ke=Kn(1+7.479) - (5)
L =FRxH, (6)

The syrabols K, ¢ and H, are the base
fluid thermal conductivity, volume fraction of
the nano-particle in the base flud and
evaporator height, respectively,

The tetal thermal resistance of heat pipe is
given by

(7

One can calculate the reduction factor in
total thermal resistance of heat pipe charged
with napofluid by referring its thermal
resistance to that charged with pure water,
expressed as

RR = (Rwalcr"‘ Rnanoﬂuid){Rwaler (8J

4. Result and Discusston

Experiments were performed on the
considered flat heat pipe using two different
working fluids; pure water and Al Os-water
based nanofluid. In both cases, the effect of
heat input rate Q , and filling ratio, FR on its
performance are investigated. Moreover, with
using nanofluid the effect of varying volume
fraction of nang-particles in the base fluid, ¢,
on the thermal performance of this heat pipe is
also predicted. The values of local surface
temperatures along all sections of the flat heat
pipe were measured (0 < X < 300 mm), where
X is measured from the beginning of the
evaporator section. 0.0 < X < 85 mm
represents the evaporator section, 85 < X<
200 mm represents the adiabatic section and
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200<X<300mm  represents the condenser
section.
4.1 Resuits of pure water as a working
fluid
Figure 3 illustrates the  surface

lemperature along the flat heat pipe for
different heat input rates (5.0, 10, 20, 30 and
40 W) at fixed filling ratio, FR of 0.45. As
expected, the surface temperature decreases
with increasing the distance from the
evaporator, for any heat input rate. In the
mean (ime, at a certain position along the
heat pipe, the surface temperature increases
with increasing heat input rate.

Figure 4 illustrates the variation of
the average heat transfer coefficient, U, with
the filling ratio, FR, at different heat input
rates ,Q. It can be noticed that, U increases
with increasing FR up to a value of 045,
where the average heat transfer coefficient
starts to decrcase with jncreasing FR. The
average heat ftransfer coefficient, U is
directly proportional to the heat input rates,
Q. In other words, the small filling ratio
range (FR< 0.45) provides little thermal
resistance of the heat pipe.

Figute 5 shows the variation of the
average Nusselt number, Nu, with FR, [t can
be noticed that Nu, increases with increasing
FR, up to a value of FR = 0.45, where Nu
tends to decrease with increasing the filling
ratio. It can be alse noticed that the average
Nusselt number is directly proportional to
the heat input rate.

4.2 Results of ALO;-water based
napofluid as a working fluid
Figure 6  illustrates the surface

temperature variation along the flat heat pipe
for different heat input rates, Q (5.0, 10, 20,
30 and 40 W) when using Al;Os-water based
nanofluid of volume fractin, ¢ = 0.5% and
with a fixed FR of 0.45. As expected, the
surface  temperature  decreases  with
increasing the distance from the evaporator
for any:-heat input rate. In the mean time, at
a certain position along the heat pipe, the
surface  lemperature  increases  with
increasing the heat input rate.



Mansoura Engineering Jounal, (MEJ), Vol. 34, No. 4, December 2009.

™

=
a

Temperature, °C
Y

5

30

Distance, mm
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Figure 7 illustrates the variation of the
average heat transfer coefficient, U with FR
at different values of Q, while keeping fixed
volume fraction of nanc-particles (¢ =0.5%).
It can be unoticed that U increases with
increasing the FR, up to a value of FR equals
to 0.40, where Nu starts to decrease with
increasing FR. It is also noticed that U gets
higher values as the heat input rate, Q

heat pipe surface for different values of

heat input rates
increases. Figure 8 shows the variation of
the average Nusselt number, Nu with filling
ratio, FR for Al;Os-water based nanofluid of
¢ =0.5% at different heat input rate. At a
certain heat input rate, the average Nusselt
number is seen to be increased with
increasing FR up to a value of FR equals to
0.40, where it starts to decrease. It is also
noticed that the average Nusselt number
increases with increasing the heat input rate.
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Figure 9 ilustrates the variation of the
total thermal resistance of the heat pipe, R
with the filling ratio for Al,Os-water based
nanofluid of ¢ = 0.5% at different heat input
rates (10, 20, and 30 W). As shown in the
figure, R decreases with the increase filling
ratio up to a value of FR equals to 0.40,
where its value starts to increase with
increasing FR. [t can be also noticed in the
figure that the thermal resistance, R gets
higher values as the heat input rate increases.

Figure 10 shows the variation of the total
thermal resistance of the heat pipe, R with
volume fraction of nano-particle in the base
fluid, ¢ at two different heat input rate (Q
=10 W, 20W). Over the tested range of ¢,
while keeping the filling ratio of 0.45, the
percentage enhancement in R ranged from
30% at ¢ =0.5% up to 28% at ¢ =0.6%
compared to that when using pure water.

ratio at different heat input rate

This is attributed to the increase of nanofluid
thermal conductivity due to the presence of
highly conducting nano-particles in it as well
as the reduction in nanofluid viscosity. In
the nanoftuid literature [21], the heat transfer
enhancement with nanofluids appears to go
beyond the more thermal conductivity effect.
In the nanofluids, this behavior is generally
attributed to thermal dispersion and
intensified turbulence, brought about the
nano-particle motion. The dispersed nano-
particles in  the base fluid move
homogeneously with the base fluid, so their
effect on turbulence intensity can be
ignored. Nanofluid properties may vary
significantly within the boundary layer due
to the effect of temperature gradient and
thermophorises. For a heated fluid, these
effects can result in a significant decrease of
viscosity within the boundary layer, thus
leading to heat transfer enhancement.



Mansoura Engineering Journal, (MEJ), Vol. 34, No. 4, December 2009.

el NS TSN
|
_i $=0.5% ; ) r i
| A Q=10W|
oz -l O Q=20W |L—>E _ )
SERAN S g
. 0.2 —‘ —F
5 a ' &
o x J
0,13
x >< & A
3 .
—a 3
I B ®a
0%
014
c2 o4 (11} oe 1

Filling Ratio, FR
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The effect of adding nano-particles on the
thermal performance of the heat pipe is more
evident if the data are expressed as a plot of
the reduction rate Iin total thermal resistance,
RR versus ¢, as shown in figure 11. It can
observed that, the percentage reductions of
R are 24%, 30%, 12%, 14%, and 13% for
different ¢ of 0.25%, 0.5%, 0.6%, 0.75%
and 1%, respectively. The continuing
enhancement of thermal performance is
observed up to ¢ equals to 0.5%, followed

-]

0.1

0y -

RR = (Rwater - Roanofluid)Rwater

a

[+ 0z A 08 o8 1
Volume fraction ofNano Particles, ¢ %

Figure 11 Reduoction factor of total thermal
resistance at different volume fraction

of nano-particles, ¢

Experimental Nusselt number, Nu
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Figure 10 Variation of thermal resistance with
volume fraction of nano-particles.

by a sudden reduction at ¢ equals to 0.6 %,
where it starts to smoothly increase again
with increasing ¢.

The obtained heat transfer data are
correlated as:

Nu =3.4[K‘;0.5¢6 FRY Pl_-oom] 9)

The error in calculated Nusselt number is
predicted by the above suggested correlation
is around £15 %, as can be seen in Fig. 12.

-0 10 20 30 40
Correlated Nusselt number, Nu

Figure 12 Experimental Nusselt number versus

correlated Nusselt number over the tested
range of heat input rate
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4.3 Comparison with the available
literature

Figurel3 shows a comparison between
the present experimental results with those
reported by Kang {11] in case of using pure
water as a working fluid with FR equals to
0.5. It can be observed that the present
experimental results for the used two
working fluids have the same trend as those
reported by Kang [11]. The difference
between both results when using pure water
may be attributed to the difference in heat
pipe geometry and uncertainty in
measurements.

Figurel4 shows a comparison between
the present experimental results of the total

o7 B St wr o marea ;:j
+ Present Study (¢=0) |
—] = || Present Study (¢=0.5%)
"\; [ Present Study (¢=1%)
06 = L 4 Kang etal. |11 [{$=0)
\ ! :
g t.'\ -
E o5 . = T
o ' \
04 a ~= =
L i, SRS sy
r
| |

Heat Input, W

Figure 13 Comparison of the present results with
available literature at different value of heat
input rate '

5. Conclusions

Using heat pipes and based on
nanofluid literature, particularly those
related to the optimum operating condition,
the thermal performance enhancement of
such heat pipes charged with nanofluids
indicates nanofluid potential as substitute for
conventional fluids. This finding makes
nanofluid more attractive as a cooling fluid
for devices with high power intensity. A
compact flat heat pipe is thermaily tested
with two different working fluids; pure
water and Al;Os-water based nanofluid. The

resistance, R using AlOj-water based
nanofluid of ¢ =0.5% to those reported by
Lips et al. [15] who used a flat heat pipe
charged with n- pentane nanofluid of ¢ =
0.5%. One can see that the thermal
resistance of the heat pipe decreases with
increasing filling ratio up to a value of FR =
0.45, where it starts to increase with
increasing the filling ratio. [t can be alse
observed that the present experimental
results a little bit higher than those reported
by Lips et al [15], but have the same trend.
The discrepancies in both results may be
attributed to the differences in dimensions of
the present tested heat pipe and his as well
as due to the type of working fluid used.

05 RIS E e R T

] i Q=10 w
— [ Present Study $=0.5%
B Lips et al15], $=0.5% n-petane .

n _ n
]
L ]
02 %] o o
| q
‘? o4 o EF
o —
Q@ ez 04 06 on 1
Filling Ratio, FR

Figure 14 Comparison between present data
and previous one for the variation of
thermal resistance with filling ratio

thermal performance of this heat pipe is
predicted  under  different  operating
conditions including heat input rate, filling
ratio, and volume fraction of nano-particle in
water. From the obtained data and its
discussion, the following conclusions may
be drawn:

1- The optimum filling ratio of charged fluid
in the tested heat pipe was about 0.45 to 0.40
for pure water as well as for Al;Os-water
based nanofluid, respectively.

2- The average heat transfer coefficient with
AlOs-water nanoftuid enhanced by nearly
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37% at ¢ = 0.5% with respect to that of pure
water. The percentage enhancement reduced
to nearly 10.5 % at ¢ = 0.6%.

3-the highest percentage reduction in
“thermal resistance of the tested heat pipe
with Al,O;- water nanofluid related to that
with pure water was obtained at ¢ = 0.5%,
after which it dramatically reduced to about
0.12 at ¢ = 0.6 %, followed by a smooth
increase with increasing the volume fraction.

4- Using nanofluids with heat pipes could
Jead to a major breakthrough in solid/liquid
composites for numerous engineering
apphcations such as cocling of super
computers Better ability to manage thermal
properties of working fluid translates into
greater energy transport, smaller and lighter
thermal systems.
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