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a b s t r a c t

In this work, a two-dimensional analysis is used to study the thermal performance of a cylindrical heat
pipe utilizing nanofluids. Three of the most common nanoparticles, namely Al2O3, CuO, and TiO2 are con-
sidered as the working fluid. A substantial change in the heat pipe thermal resistance, temperature dis-
tribution, and maximum capillary heat transfer of the heat pipe is observed when using a nanofluid. The
nanoparticles within the liquid enhance the thermal performance of the heat pipe by reducing the ther-
mal resistance while enhancing the maximum heat load it can carry. The existence of an optimum mass
concentration for nanoparticles in maximizing the heat transfer limit is established. The effect of particle
size on the thermal performance of the heat pipe is also investigated. It is found that smaller particles
have a more pronounced effect on the temperature gradient along the heat pipe.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Heat pipes and their applications in thermal management have
been studied for decades. They constitute an efficient, compact tool
to dissipate substantial amount of heat from various engineering
systems including electronic components. Heat pipes are able to
dissipate substantial amount of heat with a relatively small tem-
perature drop along the heat pipe while providing a self-pumping
ability due to an embedded porous material in their structure. A
limiting factor for the heat transfer capability of a heat pipe is re-
lated to the working fluid transport properties. In order to over-
come this limitation, the thermophysical properties of the fluid
can be improved. An innovative way to enhance liquid thermal
conductivity is the dispersion of highly conductive solid nanopar-
ticles within the base fluid. This new generation of conductive flu-
ids with nanoparticles are referred to as nanofluids [1]. The
nanoparticles within the fluid change the other thermophysical
properties such as density and viscosity. A number of investiga-
tions have been conducted to study boiling and natural and forced
convection using nanofluids [2].

Due to the useful features of a nanofluid, various research
groups [3–14] have tried to engage it within a heat pipe and study
the subsequent thermal enhancement experimentally. Different
nanoparticles such as silver [3,8,11,13], CuO [5,9], diamond
[6,12], titanium [4,7], nickel oxide [10], and gold [14] have been
utilized within the heat pipe working fluid. The improved thermal
ll rights reserved.

: +1 951 827 2899.
performance is observed through a reduction in thermal resistance
[3,6–9,11,13,14], a drop in the temperature gradient along the heat
pipe [3,12,13], an increase in the heat pipe efficiency [4], and an
enhancement in the overall heat transfer coefficient [10]. In some
studies [5,9], the existence of an optimum amount of nanoparticle
mass concentration providing the highest thermal performance
has been established. Liu et al. [9] have shown that the heat pipe
operating pressure has a significant effect on the thermal perfor-
mance. In another study, Riehl [10] has observed that a higher heat
transfer coefficient can be seen when using nanoparticles in water
under low heat input conditions. Tsaia [14] investigated the influ-
ence of particle size on the heat pipe thermal performance.

Almost all of the research work on the use of nanoparticles in
heat pipes is experimental. To the best of authors’ knowledge;
there is a lack of information in modeling heat pipe characteristics
in the presence of a nanofluid. The focus of the present work is to
model the influence of a nanofluid on the thermal performance of a
heat pipe. A comprehensive analytical model proposed by Zhu and
Vafai [15] is modified to include the effects of nanofluids within a
cylindrical heat pipe. A common range of concentration for differ-
ent nanoparticles, namely Al2O3, CuO, and TiO2 in water is consid-
ered as the operational fluid within the heat pipe under various
heat inputs. The temperature profile, thermal resistance, and the
maximum heat transfer limits are investigated. A significantly
higher thermal performance is observed due to a reduction in the
thermal resistance as well as the end to end temperature gradient.
Furthermore, the maximum capillary limit heat transfer increases
when using a nanofluid as the working fluid. To the best of our
knowledge, there is no study on the effect of a nanofluid on the
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Nomenclature

K permeability of the wick [m2]
k thermal conductivity [W/m K]
keff effective thermal conductivity of the liquid-saturated

wick [W/m K]
klayer nanolayer thermal conductivity [W/m K]
kwall thermal conductivity of the heat pipe wall [W/m K]
h convective heat transfer coefficient [W/m2 K]
hfg latent heat of the working fluid [KJ/Kg]
L length of the heat pipe [m]
La length of the adiabatic section [m]
Lc length of the condenser section [m]
Le length of the evaporator section [m]
P Pressure [Pa]
Q input heat [W]
Qc heat transfer rate at the condenser section [W]
Qe heat transfer rate at the evaporator section [W]
r cylindrical coordinates [m]
rp nanoparticles radius [nm]
rc effective pore radius of the wick [m]
Ro heat pipe’s outer radius [m]
Rt heat pipe thermal resistance [K/W]
Rv vapor core radius [m]
Rw heat pipe’s inner radius [m]
T temperature [K]
Tb bulk temperature of the coolant in cooling jack [K]
u horizontal velocity component [m/s]
U velocity along the axis [m/s]
v vertical velocity component [m/s]
v1 vapor injection velocity [m/s]

v2 vapor suction velocity [m/s]
w nanolayer thickness [nm]
x cylindrical coordinates [m]

Greek symbols
/ particle concentration
e porosity of the wick
c porous wick shape parameter

ffiffiffiffiffiffiffiffi
e=K

p� �
l dynamic viscosity [N s/m2]
l+ dimensionless dynamic viscosity ll

lv

� �
q density [kg/m3]
q+ dimensionless density ql

qv

� �
rl surface tension of the working fluid [N/m]

Subscripts
0 heat pipe with pure fluid
bf base fluid
i liquid–vapor interface
l liquid phase
max maximum
nf nanofluid
np nanoparticle
p particle
v vapor

Superscript
+ dimensionless quantity
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maximum heat transfer in heat pipes. Our results establish the
existence of an optimum concentration of nanoparticles within
the working fluid with respect to attaining the maximum heat
transfer. This optimum concentration is established for different
nanofluids under different operational conditions.

2. Analysis

The schematic of a cylindrical heat pipe used in the present
analysis is given in Fig. 1.

Heat applied at the evaporator section causes vaporization and,
consequently, a pressure increase in the working fluid. The vapor
formed in the evaporator flows towards the condenser as a result
of the pressure difference between the evaporator and condenser
regions. Vapor condenses releasing its latent heat in the condenser
and the condensate flows back to the evaporator through the por-
ous wick thus completing the cycle. The mathematical model
adopted in this work is based on the following assumptions: the
process is steady state; radiative and gravitational effects are neg-
ligible and the fluid is considered Newtonian and incompressible.
Fig. 1. Schematic of a cylindrical heat pipe under consideration.
Moreover, the injection and suction velocities at the liquid–vapor
interface are considered to be uniform. Also, the wick is assumed
to be isotropic and saturated with the working fluid. The liquid
flow within the porous wick is modeled using the generalized
momentum equation [16].

2.1. Governing equations

The mass and momentum conservation equations for liquid and
vapor regions are [15]:
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where e, K, and F, are porosity, permeability and a geometric func-
tion based on the porous wick structure described in Vafai [17].

2.2. Analytical solution

The analysis of Zhu and Vafai [15] is modified to incorporate the
presence of a nanofluid within the heat pipe. The analysis is carried
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on to obtain the velocity, pressure, temperature, and the maximum
heat transfer limit for the heat pipe for various operational condi-
tions using nanofluids.

2.2.1. Liquid velocity profile
The maximum liquid velocity profile is determined by integrat-

ing the liquid continuity and applying proper boundary conditions
[15]. The liquid velocity can be presented as:

UlðxÞ ¼
�Bv1x 0 � x � Le

�Bv1Le Le � x � Le þ La

�Bv2ðL� xÞ Le þ La � x � Le þ La þ Lc

8><
>:

L ¼ Le þ La þ Lc

ð6Þ

where B is given in Table 1 and can be seen that it is dependent on
the liquid density.

2.2.2. Liquid and vapor pressure distributions
Liquid and vapor pressure distributions are obtained by inte-

grating the momentum equations in the radial direction. Applying
the appropriate boundary conditions [15]; the pressure distribu-
tions can be presented as:

Vapor pressure

pv ðxÞ¼pv ð0Þþ

Gv2
1þMv1

� �
x2 0�x�Le

Gv2
1�Mv1

� �
L2

e þ2Mv1Lex Le�x�LeþLa

Gv2
2�Mv2

� �
ðx�LÞ2þMv2ðLþLaÞLc LeþLa�x�LeþLaþLc

8>>>><
>>>>:

ð7Þ
Liquid pressure

plðxÞ¼ plð0Þþ
G2v1x2 0� x� Le

G2v1Leð2x�LeÞ Le� x� LeþLa

�G2v2½ðx�LÞ2�ðLþLaÞLc� LeþLa� x� LeþLaþLc

8><
>:

ð8Þ

where v1 and v2 are vapor injection and suction velocities and G, M,
and G2 are given in Table 1. It can be seen that the liquid pressure
explicitly depends on the density and viscosity of the working fluid.
Nanofluid’s density is calculated based on a simple representation
of the particle and fluid phases which has been shown to provide
a reasonable result based on the experimental work of Pak and
Cho [20], while a classical model proposed by Brinkman [21] is used
to obtain the viscosity. As such the density and viscosity of the
nanofluid can be presented as:

qnf ¼ qp/þ ð1� /Þqbf ð9Þ

lnf ¼
lbf

ð1� /Þ2:5
ð10Þ
2.2.3. Temperature distribution
The wall temperature profile is obtained assuming uniform wall

temperature along the condenser and evaporator sections. A heat
conduction model is used for the wall and liquid-wick region. As
Table 1
Analytical solution parameters.

A ¼ ðG2�2M1ÞðLþLaÞ
4pRv qv hfg

B ¼ 2Rv
qþ

nf
ðR2

w�R2
v Þ

1þ 8qþ

lþc2R2
v

� �
C ¼ 8

lþ
nf

cR2
v
� B D = CRv

G2 ¼
lnf

2K Bþ 1
cRv

2C
1� Rw

Rvð Þ
2

� �
M ¼ � 4lv

R3
v
ðD� 2Þ

G ¼ � qv
3R2

v
ðD2 � 7Dþ 16Þ
such, the heat pipe temperature profile can be presented in the fol-
lowing form [15]:

TwallðxÞ ¼

Tbþ Q
2pLc

ln Ro
Rwð Þ

kwall
þ ln Rw

Rvð Þ
keff

� �
1þ Lc

Le

� �
þ 1

hRo

� �
0� x� Le

Tbþ Q
2pLc

ln Ro
Rwð Þ

kwall
þ ln Rw

Rvð Þ
keff
þ 1

hRo

� �
Le � x� Leþ La

Tbþ Q
2pLchRo

Leþ La � x� L

8>>>>><
>>>>>:

ð11Þ

where kwall is the thermal conductivity of the heat pipe wall and keff

is the effective thermal conductivity of the liquid-saturated wick.
The steady state operation in the condenser can be presented as:

Qc ¼ 2pRoLchðTwall;c � TbÞ ð12Þ

where Ro, Lc, h, Twall,c, and Tb are the heat pipe’s outer radius, length
of the condenser section, outside convective heat transfer coeffi-
cient, wall temperature at the condenser section and the bulk tem-
perature of the coolant.

Temperature distribution results are compared with the exper-
imental results of Huang et al. [22] and were found to be in very
good agreement. It can be seen that the heat pipe performance is
closely linked to the employed working fluid properties. Particu-
larly, the temperature distribution is dependent on the effective
thermal conductivity of the porous wick which can be presented
as [18]:

keff ¼
knf ½ðknf þ ksÞ � ð1� eÞðknf � ksÞ�
½ðknf þ ksÞ þ ð1� eÞðknf � ksÞ�

ð13Þ

As seen in Eq. (13), keff is a function of nanofluid and solid ma-
trix conductivities and porosity of the wick. Using a nanofluid
within the heat pipe improves its thermal performance primarily
through an increase in the thermal conductivity of the working
fluid. keff increases when thermal conductivity of the nanofluid,
knf, is increased and it leads to an enhancement of the thermal per-
formance of the heat pipe. Nanofluid’s thermal conductivity is ob-
tained using the model proposed by Yu and Choi [19,23] which can
be presented as:
Fig. 2. The effect of nanoparticle concentration levels on the maximum liquid
velocity profile.
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knf ¼
kpe þ 2kl þ 2ðkpe � klÞð1þ bÞ3/
kpe þ 2kl � ðkpe � klÞð1þ bÞ3/

kl ð14Þ

kpe ¼
½2ð1� aÞ þ ð1þ bÞ3ð1þ 2aÞ�a
�ð1� aÞ þ ð1þ bÞ3ð1þ 2aÞ

kp ð14aÞ

a ¼ klayer

kp
; b ¼ w

rp
ð14bÞ

where kp and klayer are the thermal conductivities of the nanoparti-
cle and nanolayer, respectively. They proposed a modified Maxwell
model to account for the effect of the nanolayer, by replacing the
thermal conductivity of solid particles in the Maxwell model with
the modified thermal conductivity of particles kpe as seen in Eq.
(14a). A nanoparticle with the radius rp is assumed to be sur-
rounded by a nanolayer of thickness w. This model has the advan-
tage of linking the nanofluid’s thermal conductivity to the
nanoparticle’s diameter; taking into account the effect of diameter
variation on the thermal behavior of the fluid. The base fluid phys-
ical properties change vs temperature, is taken into account for the
applied range of 297 K < T < 370 K.

2.2.4. Maximum heat transfer limit
The capillary pressure of the wick provides a steady state oper-

ational pressure for the heat pipe. The maximum heat input that a
heat pipe can remove can be obtained based on the capillary pres-
sure limit as:

Dpvðxmax � xminÞ þ Dplðxmax � xminÞ þ pcðxminÞ ¼
2rl

rc
ð15Þ

To solve Eq. (15); it is necessary to know vapor and liquid pressure
distributions, which are obtained by integrating the vapor and li-
quid momentum equations in the radial direction. The maximum
heat transport by the heat pipe when boundary and inertial effects
are neglected can be presented as [15]:

Q max ¼
2r1

Arc
ð16Þ

The maximum heat transport capillary limit is affected by the den-
sity and viscosity of the nanofluid as seen in Eqs. (15) and (16) and
Table 1.
Fig. 3. The effect of nanoparticle concentration level
3. Results and discussion

The analysis was carried out by incorporating the effect of nano-
fluids in the analytical model given by Zhu and Vafai [15]. The heat
pipe considered in the present paper has a total length of 89 cm.
The condenser has a length of 20 cm, while the evaporator and adi-
abatic sections are 60 and 9 cm in length, respectively. The outer
radius of the heat pipe is taken as 9.55 mm, the inner radius is
9.4 mm and the vapor core radius is 8.65 mm. It should be noted
that the dimensions used here are just nominal. We have estab-
lished that the presented results hold for a substantial variation
in the nominal geometrical dimensions given in here.

In the present analysis, three different types of water based
nanofluids, namely Al2O3, CuO, and TiO2 were considered. In this
work, a reasonable concentration range is chosen for different par-
ticle sizes and the performance of the cylindrical heat pipe is inves-
tigated for different heat inputs. In what follows, the influence of
nanofluid on liquid velocity, pressure profile, temperature profile,
thermal resistance, and maximum heat transport capability is
investigated.

As seen in Fig. 2, the maximum liquid velocity decreases when
increasing the nanoparticle concentration within the working fluid.
This is due to an increase in the liquid density in the presence of
more nanoparticles, as can be seen in Eq. (9). As a result of this in-
crease in the nanofluid density, a slower liquid flow is observed.
Fig. 3 displays the effect of nanoparticles on liquid and vapor pres-
sure distributions. With respect to the liquid pressure, it can be
seen that initially the pressure gradient decreases as the concen-
tration of the nanoparticles increases. This trend continues up to
a specific concentration of nanoparticles within the working fluid.
However, this trend reverses once the concentration increases be-
yond this specific value. It is observed that pressure distribution
along the heat pipe changes slightly between 5% and 10% of nano-
fluid concentration and there is a reversal effect on the pressure
distribution changes when the concentration reaches 20%. This
behavior is due to the opposite roles played by density and viscos-
ity, both growing with particle concentration in the liquid. At the
beginning, density effect prevails leading to a smaller pressure
drop. After reaching a critical concentration level, the increase in
viscosity overcomes the density effect resulting in a larger liquid
s on the liquid and vapor pressure distributions.
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pressure drop. Physically, an increase in density reduces the liquid
velocity which in turn results in a lower shear stress. In contrast, an
increase in viscosity increases the shear stress. These two opposite
effects cause the presence of a critical concentration for nanoparti-
cles. Fig. 3 also shows that the vapor pressure drop increases when
particle concentration increases. This is due to the changes in the
physical properties of vapor and liquid as seen in Eq. (7) and Table
1. Fig. 4 shows the wall temperature distribution for different
nanofluids with different concentration levels. The figure clearly
highlights the positive impact of the nanoparticles on the thermal
performance of the heat pipe. A lower temperature difference be-
tween evaporator and condenser can be observed when nanofluids
are used. For a 4% particle concentration, the temperature gradient
is reduced by 5%, 3%, and 5% for Al2O3, TiO2, and CuO, respectively.

The effect of particle diameter and concentration levels on the
temperature difference between evaporator and condenser for var-
Fig. 4. Heat pipe temperature distribution for different particle concentration level
ious heat loads is shown in Fig. 5. The figure shows that increasing
the particle concentration decreases the temperature difference
between the evaporator and condenser. Moreover, the temperature
difference decreases with a reduction in particle diameter. It can be
seen that for a constant temperature difference between condenser
and evaporator the use of a nanofluid as the working fluid allows
the heat pipe to operate under a larger heat load. A nanofluid based
heat pipe is able to dissipate up to 26% more heat without experi-
encing an increase in the wall temperature.

Fig. 6 shows that it is possible to down size a heat pipe’s dimen-
sion when using nanofluid as the working fluid. In this figure, L0 is
the nominal length of a water based heat pipe and L designates the
length for the nanofluid based heat pipe. As can be seen in Fig. 6,
there is a significant reduction in the size of a heat pipe when using
a nanofluid. For example, the presence of 10 nm CuO particles in
water results in 78% reduction in the nominal size.
s analyzing different nanoparticles (a) Al2O3, (b) TiO2, and (c) CuO; dp = 20 nm.



Fig. 5. Effect of CuO particle concentration levels on the thermal performance of a heat pipe under various heat input and for different particle diameters: (a) dp = 10 nm, (b)
dp = 20 nm, and (c) dp = 40 nm.
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The influence of different nanoparticle concentration levels on
the heat pipe thermal resistance is shown in Fig. 7. The thermal
resistance of the heat pipe is defined as

½Q=ðTe � TcÞ��1
:

In this figure, the thermal resistance ratio of the heat pipe with
nanofluid over one with pure water is shown. A nominal particle
diameter of 10 nm is utilized and the heat load is varied from 200
to 800 W. It can be seen that increasing the nanoparticle concentra-
tion decreases the heat pipe thermal resistance and provides a bet-
ter performance. For example, a 75% reduction in the thermal
resistance ratio is obtained for a 4% CuO nanoparticle concentration
level.
Fig. 8 represents the maximum heat transport capillary limit as
function of particles concentration for all the investigated nanofl-
uids. Fig. 8 clearly establishes the existence of an optimum nano-
particle concentration level for each nanofluid in maximizing the
thermal performance of the heat pipe. Increasing the nanoparticle
concentration enhances the maximum heat transfer until a critical
concentration level is reached. After this critical level, an increase
in the concentration decreases the maximum heat transfer. It is
worth mentioning that both density and viscosity changes have a
substantial effect on the thermal performance of the heat pipe. This
is similar to what was experienced with the liquid pressure and
once again is due to the opposite roles that density and viscosity
have in affecting the Qmax. From a physical point of view, this



Fig. 6. Effect of different particle diameter and concentration levels on the size of
the heat pipe (a) Al2O3, (b) TiO2, and (c) CuO. (Twall 6 90 �C).

Fig. 8. The effect of nanoparticles concentration levels on the maximum heat load
carrying capability of the heat pipe for different condenser temperatures, (a) Al2O3;
(b) CuO; (c) TiO2.
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occurs due to an increase in density and viscosity with an increase
in the concentration level which results in a larger mass flow and
higher pressure loss, respectively. These two factors have positive
and negative effects on Qmax, resulting in the existence of an opti-
mum particle concentration level. As seen in Fig. 8, the optimum
concentration for Al2O3, CuO, and TiO2 are about 5%, 15%, and 7%,
respectively.

The effect of porous media characteristics, shown in terms of c,
on the maximum heat transfer can be seen in Figs. 9 and 10. Fig. 9
represents the Qmax variations vs changes in nanoparticle concen-
tration level and c. The smaller c corresponds to the larger perme-
ability of the porous wick and bigger maximum heat load of the
heat pipe.
Fig. 7. The effect of different nanoparticle concentration levels on the hea
Fig. 10 shows the effect of variation in c on the Qmax. It can be
seen that increasing c reduces the maximum heat load capacity
of the heat pipe. The three dimensional representation for the max-
imum heat transfer in terms of nanoparticle concentration and c is
shown in Fig. 10. The existence of an optimum value of nanoparti-
cle concentration level in maximizing the heat load capacity can be
seen in this figure.

4. Conclusions

The thermal performance of cylindrical heat pipes utilizing a
nanofluid as the working fluid has been investigated. Three of
the most common nanoparticles, namely Al2O3, CuO, and TiO2

are considered. The heat pipe velocity, pressure, temperature,
and maximum heat transfer limit are obtained for different nano-
particle concentration levels and sizes. Moreover, the possibility of
reducing the size of the cylindrical heat pipe by utilizing nanofluids
t pipe thermal resistance. (a) / = 1%; (b) / = 2%; (c) / = 3%; (d) / = 4%.



Fig. 9. The effect of porous media shape parameters (c) and nanoparticle
concentration levels on the maximum heat transfer capability of the heat pipe.

Fig. 10. Surface representation of the heat pipe maximum heat transfer in terms of
nanoparticle concentration level and the porous media shape parameters (c).
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is studied. The results from our model confirm previous experi-
mental results, i.e., the thermal performance of a heat pipe is im-
proved and temperature gradient along the heat pipe and
thermal resistance across the heat pipe are reduced when nanofl-
uids are utilized as the working fluid. It is shown that the thermal
resistance decreases as the concentration increases or as the parti-
cle diameter decreases. The influence of nanofluid and the geomet-
rical characteristics of the wick on the maximum heat load
carrying capability of the cylindrical heat pipe is investigated.
The existence of an optimum concentration level in producing
the maximum heat transfer is established.
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