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Abstract

This paper presents a two-dimensional analytical model for low-temperature cylindrical heat pipes. A closed-form

solution which incorporates liquid±vapor interfacial hydrodynamic coupling and non-Darcian transport through the
porous wick for the ®rst time, is obtained for predicting the vapor and liquid velocity and pressure distributions. In
addition, the steady-state vapor and wall temperatures for a given input heat load in the evaporator region and a

convective boundary condition in the condenser region, are obtained. The e�ects of liquid±vapor interfacial
hydrodynamic coupling and non-Darcian transport through the porous wick on the vapor and liquid velocity and
pressure distributions as well as the heat pipe capillary limit are discussed and assessed. The analytical solutions of

the axial vapor and wall temperature distributions, the vapor and liquid pressure distributions, and the centerline
vapor velocities compare very well with both experimental and numerical results. This work constitutes for the ®rst
time a comprehensive analytical solution which provides closed form solutions for the vapor and liquid ¯ow as well
as the operating temperature and the maximum heat removal capability of the heat pipe. # 1999 Elsevier Science

Ltd. All rights reserved.

1. Introduction

Heat pipes are currently used in a wide variety of

heat transfer related applications. Analyses of heat

pipe operations, both analytical and numerical, have

been performed extensively by many investigators.

Almost all of the analytical studies have been concen-

trated on the dynamics of vapor ¯ow. Liquid ¯ow and

the liquid±vapor coupling were mostly neglected in

analytical studies because of their complexity. A com-

prehensive analytical model for the overall simulation

of steady-state heat pipe operation is not available in

open literature. Cao and Faghri [1] investigated the

e�ects of heat pipe wall and the porous wick on the

heat pipe operation. They concluded that it is import-

ant to include the porous wick and the wall in heat

pipe analysis and to treat the entire heat pipe as a

single system rather than to analyze the vapor ¯ow

alone. Rosenfeld [2] also reported the importance of

heat transfer within the wall and the porous wick in

the case of an asymmetric heat input.

Due to the di�culty of obtaining an analytical sol-

ution for overall heat pipe operation, more and more
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Nomenclature

A1 constant de®ned in Eq. (44)
A2 constant de®ned in Eq. (45)
B constant de®ned in Eq. (22)

C constant de®ned in Eq. (26)
D constant de®ned in Eq. (30)
G1 constant de®ned in Eq. (28)

G2 constant de®ned in Eq. (34)
h convective heat transfer coe�cient, [W/m2 K]
hfg latent heat of working ¯uid [kJ/kg]

K permeability of the wick [m2]
ke� e�ective thermal conductivity of the liquid-saturated wick [W/m K]
kwall thermal conductivity of the heat pipe wall [W/m K]
L length of heat pipe [m]

La length of the adiabatic section [m]
Lc length of the condenser section [m]
Le length of the evaporator section [m]

M1 constant de®ned in Eq. (29)
M2 constant de®ned in Eq. (35)
p pressure [Pa]

pc capillary pressure [Pa]
Q input heat [W]
r radial coordinate [m]

rc e�ective pore radius of the wick [m]
Ro heat pipe wall outer radius [m]
Rv vapor core radius [m]
Rw heat pipe wall inner radius [m]

Re injection Reynolds number (rvv1Rv/mv)
T temperature [K]
Tb bulk temperature of the coolant in cooling jack [K]

u axial velocity [m/s]
ui axial interfacial velocity [m/s]
Uv mean axial vapor velocity [m/s]

Ul maximum axial liquid velocity [m/s]
v radial velocity [m/s]
v1 vapor injection velocity [m/s]
v2 vapor suction velocity [m/s]

x axial coordinate [m].

Greek symbols
E porosity of the wick

g porous wick shape parameter (
��������
E=K
p

)
m dynamic viscosity [N s/m2]
r density [kg/m3]
sl surface tension of the working liquid [N/m].

Subscripts
i liquid±vapor interface
l liquid phase

v vapor phase.

Superscript
+ dimensionless quantity.
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numerical models have been developed. Some compre-
hensive numerical models [3±5] cover both the vapor

¯ow and the liquid ¯ow. The boundary and inertial
e�ects were included in these numerical models by
applying the generalized momentum equation in por-

ous medium to describe the liquid ¯ow in heat pipes.
The coupling of the liquid and vapor momentum
equations was also incorporated in these models by

applying either the Laplace±Young equation [3,4] or
the momentum jump condition [5] at the liquid±vapor
interface. In these models, the matching conditions of

velocity and shear stress at the liquid±vapor interface
were neglected by assuming a non-slip condition and
neglecting the interfacial drag. The e�ects of these
matching conditions as well as the boundary and iner-

tial e�ects on heat pipe operation have not been inves-
tigated in any of the previous studies.
Vafai et al. [6±12] have developed comprehensive

pseudo-three-dimensional analytical models for asym-
metrical ¯at-shaped, including both disk-shaped and
¯at-plate, heat pipes. They incorporated liquid ¯ow,

secondary vapor ¯ow and the e�ects of liquid±vapor
hydrodynamic coupling and non-Darcian transport in
their models [8±11]. Their results show that, for the

¯at-shaped heat pipes, while the e�ects of liquid±vapor
interfacial hydrodynamic coupling are negligible,
neglecting the boundary and inertial e�ects can lead to
signi®cant error in predicting liquid ¯ow and the maxi-

mum heat transfer capability of the heat pipe.

In the present work, a two-dimensional analytical
model is developed for the overall simulation of the

steady-state cylindrical heat pipe operation. This ana-
lytical model employs matched asymptotic expansions
for the liquid ¯ow to incorporate liquid±vapor inter-

facial hydrodynamic coupling and the boundary and
inertial e�ects. A closed-form solution is then obtained
based on an in-depth integral method. The e�ects of

liquid±vapor hydrodynamic coupling and the bound-
ary and inertial e�ects on cylindrical heat pipe oper-
ation and operating limit are also investigated. The

analytical prediction of vapor and liquid velocity and
pressure distribution as well as vapor and wall tem-
perature distributions compare very well with both the
experimental data reported by Huang et al. [13] and

the numerical results reported by Tournier and
El-Genk [5].

2. Mathematical modeling

The schematic of the cylindrical heat pipe and the
coordinate system used in the present analysis is
shown in Fig. 1. Heat applied at the evaporator section

causes vaporization and subsequent pressurization of
the working liquid. The vapor ¯ows to the condenser
section and releases latent heat as it condenses. The
heat is then removed from the condenser wall surface

by convection. In the present analysis, vapor and

Fig. 1. Schematic of the heat pipe and the coordinate system used in the analysis.
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liquid ¯ows are assumed to be steady, laminar
and incompressible. The wick is assumed isotropic and

saturated with the working liquid. The liquid and
vapor phases are coupled at the liquid±vapor interface.
The vapor injection and suction at the liquid±vapor

interface are assumed to be uniform.

2.1. Governing equations for vapor ¯ow

Based on the above assumptions, the continuity and
the momentum equations governing the vapor ¯ow are

given by
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The x-direction shear stress in the momentum

equations is neglected based on the work of Busse and
Prenger [14] which shows the validity of the boundary
layer approximation for the vapor ¯ow in long cylin-

drical heat pipes.

2.2. Governing equations for liquid ¯ow

The liquid ¯ow within the porous wick is modeled
using the generalized momentum equation [15] which

accounts for the boundary and inertial e�ects. The
convective term in the generalized momentum equation
is dropped in accordance with the analysis given in
Vafai and Tien [15]. The governing equations for the

liquid ¯ow are
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In the above governing equations, rv is the vapor den-

sity and rl the liquid density, mv the vapor dynamic
viscosity, ml the liquid dynamic viscosity, K and E are
the permeability and porosity of the wick and F is a

geometric function based on the porous wick structure
and is calculated using the expression outlined in Vafai
[16], i.e., F=1.75/Z150E 3/2.

2.3. Vapor±liquid hydrodynamic coupling

The vapor and liquid phases are coupled at the
vapor±liquid interface. The continuity of mass ¯uxes
in the r-direction at the liquid±vapor interface yields

rvvv�x, r � Rv� � rlvl�x, r � Rv�

�
8<:ÿrvv1, 0RxRLe

0, LeRxRLe � La

rvv2, Le � LaRxRL

�6�

The continuity of axial velocity and shear stresses at
the liquid±vapor interface yields

uv�x, r � Rv� � ul�x, r � Rv� � ui�x� �7�

and

mv

@uv

@ r

����
r�Rv

� ml

@ul

@r

����
r�Rv

�8�

where ui(x ) is the interfacial velocity at the liquid±
vapor interface. The vapor injection velocity, v1 is re-
lated to the input power Q by the following relation:

v1 � Q

2rvpRvLehfg

�9�

where hfg is the latent heat of the working ¯uid. The

vapor suction velocity v2 is determined by the mass
balance which requires that the ¯uid entering the
vapor region in the evaporator section to ¯ow out

through the condenser section.

2.4. Boundary conditions

The boundary conditions are as follows:

x � 0: uv � vv � ul � vl � 0 �10�

x � L: uv � vv � ul � vl � 0, pv � pl �11�

r � 0: vv � 0,
@uv

@r
� @pv

@ r
� 0 �12�

r � Rw: ul � vl � 0 �13�

The above governing equations, coupling equations
and boundary conditions are used to obtain a closed-
form analytical solution for the vapor and liquid vel-

ocity and pressure distributions which accounts for the
e�ects of liquid±vapor coupling and non-Darcian
transport through the porous wick.
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3. Analytical solution

An in-depth integral analysis along with the method
of matched asymptotic expansions is employed to
obtain the closed-form analytical solution for the

vapor and liquid velocity and pressure distributions.
The temperature values are then obtained through the
use of a simple conduction model.

3.1. Vapor velocity pro®le

The following velocity pro®le is utilized for the
vapor ¯ow within the heat pipe:

uv�x, r� � Uv�x��a0 � a1r� a2r
2� �14�

where

Uv�x� � 1

pR2
v

�Rv

0

uv�x, r�2pr dr �15�

is the mean vapor velocity. Applying the boundary
conditions given by Eqs. (7) and (12) to Eq. (14) yields

the following vapor velocity pro®le:

uv�x, r� � ui�x� � 2�Uv�x� ÿ ui�x��
"
1ÿ

�
r

Rv

�2
#

�16�

3.2. Liquid velocity pro®le

Vafai and Thiyagaraja [17] have shown that the

momentum boundary layer thickness at the interface
between a porous medium and a ¯uid or an imperme-
able medium is of the order of (K/E )1/2. Utilizing the

method of matched asymptotic expansions the liquid
velocity pro®le within the wick region is derived in

three parts: an inner solution for the interface zone
between the liquid-wick and the vapor phase, an outer

solution for the main wick region and an inner sol-
ution for the interface zone between the liquid-wick
and the heat pipe wall. This results in the following

velocity pro®le:

ul�x, r� �8>>>>>><>>>>>>:

c1 � c2 exp

�
ÿ rÿ Rv��������

K=E
p

�
0Rrÿ Rv��������

K=E
p R1

Ul�x� outer solution

c3 � c4 exp

�
rÿ Rw��������

K=E
p

�
ÿ1Rrÿ Rw��������

K=E
p R0

�17�
where Ul(x ) is the maximum liquid velocity. Applying
the boundary conditions given by Eqs. (7) and (13)
and matching the inner and outer solutions yields

ul�x,r� �

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

Ul�x� � �ui�x� ÿUl�x�� exp

�
ÿ rÿ Rv��������

K=E
p

�
0Rrÿ Rv��������

K=E
p R1

Ul�x� outer solution

Ul�x� exp

�
rÿ Rw��������

K=E
p

�
ÿ1Rrÿ Rw��������

K=E
p R0

�18�

Eq. (18) can be written in a more compact form, by utilizing the fact that the thickness of the interface regions,��������
K=E
p

, is much smaller than (RwÿRv)/2. This results in

ul�x,r� �

8>>>><>>>>:
Ul�x� � �ui�x� ÿUl�x�� exp

�
ÿ rÿ Rv��������

K=E
p

�
RvRrRRw � Rv

2

Ul�x� exp

�
rÿ Rw��������

K=E
p

�
Rw � Rv

2
RrRRw

�19�

3.3. The mean vapor velocity

The mean vapor velocity Uv(x ) is determined by

integrating the vapor continuity equation. Utilizing the
vapor velocity pro®le and the boundary conditions
given by Eqs. (6)±(8), (10) and (11), the integration of
the vapor continuity Eq. (1) with respect to r from 0

to Rv yields

Uv�x� �

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

2v1
Rv

x, 0RxRLe

2v1
Rv

Le, LeRxRLe � La

2v2
Rv

�Lÿ x�, Le � LaRxRL

�20�
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3.4. The maximum liquid velocity

The maximum liquid velocity Ul(x ) is determined by
integrating the liquid continuity Eq. (4) with respect to

r from Rv to Rw. Applying the liquid velocity pro®le
given by Eq. (19), the mean vapor velocity given by
Eq. (20), and the boundary conditions given by Eqs.
(6)±(8), (10) and (13) within the integrated liquid conti-

nuity equation yields

Ul�x� �
8<: ÿBv1x, 0RxRLe

ÿBv1Le, LeRxRLe � La

ÿBv2�Lÿ x�, Le � LaRxRL
�21�

where

B � 2Rv

r��R2
w ÿ R2

v�

 
1� 8r�

m�g2R2
v

!
�22�

where g=
��������
E=K
p

is the shape parameter of the porous
wick, and r+=rl/rv, m

+=ml/mv. If the hydrodynamic

coupling is neglected at the liquid±vapor interface, the
following expression is obtained for B based on a no-
slip condition at the liquid±vapor interface:

B � 2Rv

r��R2
w ÿ R2

v�
�23�

3.5. Interfacial velocity

The interfacial velocity is determined by utilizing the

vapor and liquid velocity pro®les in Eq. (8). This
yields

ui�x� � Ul�x� � 4

m�gRv

Uv�x� �24�

The fact that 1/g=
��������
K=E
p

W(RwÿRv)/2 is used in the
derivation of Eq. (24). Substituting Eqs. (20) and (21)

into Eq. (24) results in the following expression for
ui(x):

ui�x� �
8<: Cv1x, 0RxRLe

Cv1Le, LeRxRLe � La

Cv2�Lÿ x�, Le � LaRxRL
�25�

where

C � 8

m�gR2
v

ÿ B �26�

Neglecting the hydrodynamic coupling at the liquid±
vapor interface leads to C=0.

3.6. Vapor pressure distribution

The pressure distribution in the vapor phase is

obtained by integrating the vapor momentum
equations with respect to r from 0 to Rv. Introducing
vapor continuity equation, vapor velocity pro®le,
vapor-liquid coupling conditions and the related

boundary conditions into the integrated momentum
equations results in the following derived expression
for vapor pressure distribution:

pv�x� � pv�0� �
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2
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2
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2
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�27�

where
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3R2
v
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If the hydrodynamic coupling at the liquid±vapor interface is neglected, Eq. (27) reduces to
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Eq. (31) is similar to that obtained by Faghri [18],
which in turn was in agreement with similar relations

developed by Busse [19] earlier. It should be noted that
in Ref. [18], in addition to not accounting for the
liquid±vapor coupling, the non-Darcian e�ects and for

that matter the liquid ¯ow transport was not taken
into account. In fact, Ref. [18] considered only the
vapor ¯ow.

3.7. Liquid pressure distribution

The liquid pressure distribution is determined by
integrating the generalized momentum Eq. (5) with
respect to r from Rv to Rw. Integrating Eq. (5) and uti-
lizing all necessary boundary conditions and the cited

relationships results in the derivation of the following
expression for the liquid pressure distribution:

pl�x� � pl�0� �
8<: G2v1x

2 �M2v
2
1x

3, 0RxRLe

G2v1Le�2xÿ Le� �M2v
2
1L

2
e�3xÿ 2Le�, LeRxRLe � La

ÿG2v2��xÿ L�2 ÿ �L� La�Lc� �M2v
2
2��xÿ L�3 � �L� 2La�L2

c �, Le � LaRxRL

�32�

where
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If the boundary and inertial e�ects are neglected, G2

and M2 are reduced to the following relationships:

G2 � ml

2K

 
B� 1

gRv
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!

�36�

M2 � 0 �37�

3.8. Vapor and wall temperatures

For a fully-thawed low-temperature heat pipe, the
vapor phase can be assumed to be saturated and uni-

form. Therefore, there is no need to solve the energy
equation for the vapor phase. The validity of this ap-
proximation was examined by Huang and El-Genk

[20] experimentally. They measured the axial vapor
and wall temperature distributions of a copper heat
pipe with water as the working ¯uid. Their results

show that the vapor temperature is uniform along the
heat pipe. They also found that the wall temperature
in the evaporator and the condenser sections is almost
uniform, except near the interfaces with the adiabatic

section where axial conduction in the wall is most pro-
nounced. In the present study, the heat pipe is heated

uniformly over the evaporator section and convectively
cooled in the condenser section. The vapor tempera-

ture is assumed uniform along the heat pipe, and a
one-dimensional heat conduction model is used for the
wall and liquid-wick regions. For steady-state oper-

ation, the convective boundary condition at the wall
outer surface (r=Ro) is:

Q � 2pRoLch�Twall,c ÿ Tb� �38�
where Q is the heat input, h is the convective heat
transfer coe�cient, Twall,c is the wall temperature in
the condenser section, and Tb is the bulk temperature
of the coolant. The vapor and wall temperatures are

obtained as follows:

Tv � Tb � Q
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�
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where kwall is the thermal conductivity of the heat pipe
wall, and ke� is the e�ective thermal conductivity of

the liquid-saturated wick.

3.9. The maximum heat transport capillary limit

For a heat pipe under steady-state operation, stable
circulation of the working ¯uid in the heat pipe is

achieved through the capillary pressure established by
the wick structure. In conventional heat pipes, there
exists a maximum capillary pressure that can be devel-

oped for a liquid±vapor pair. The maximum heat
transport capillary limit for a heat pipe is achieved
when the sum of the pressure losses along the circula-
tion path of the working ¯uid reaches the maximum

capillary pressure; that is

Dpv�xmax ÿ xmin � � Dpl�xmin ÿ xmax � � pc�xmin�

� 2sl

rc

�41�

where pc(xmin)=pv(xmin)ÿpl(xmin) is the minimum

capillary pressure, sl is the surface tension of the
liquid, rc is the e�ective pore radius of the wick, and
xmax/xmin denotes the location where the capillary
pressure is maximum/minimum. The notation

Dp(xmaxÿxmin) refers to evaluation of Dp over the dis-
tance (xmaxÿxmin). In the present study, as stated in
Eq. (11) the condenser end (x=L ) is assumed to be

the wet point ( pv(L )=pl(L )) during steady-state oper-
ation. This reduces Eq. (41) to

pv�0� ÿ pl�0� � 2sl

rc

�42�

Substituting Eqs. (9), (31) and (33) into Eq. (42) and

solving for the maximum heat transport capillary limit
yields

Qmax � 1

2A1
�
�����������������������������
A2

2 � 8A1sl=rc

q
ÿ A2� �43�

where Qmax is the maximum heat transport capillary

limit, and

A1 � M2�L� 2La�
12p2R2

vr2vh
2
fg

�44�

A2 � �G2 ÿ 2M1��L� La�
4pRvrvhfg

�45�

When boundary and inertial e�ects are neglected, Eq.

(43) reduces to

Q max � 2sl

A2rc

�46�

4. Results and discussion

To verify the model predictions, results are com-
pared with the experimental data reported by Huang

et al. [13] and the numerical results reported by
Tournier and El-Genk [5], for a copper heat pipe with
water as the working ¯uid. The physical dimensions of

the heat pipe are chosen as: Ro=9.55 mm,
Rw=9.4 mm, Rv=8.65, Le=60 cm, La=9 cm, and
Lc=20 cm which are based on the physical dimensions

used in Refs. [5] and [13]. The wick e�ective pore
radius, porosity and permeability are chosen as 54 mm,
0.9 and 1.5� 10ÿ9 m2, respectively. The e�ective ther-
mal conductivity of the liquid-wick is calculated to be

1.965 W/m K, using the equation given by Chi [21].
The thermophysical properties of the working ¯uid are
obtained at the calculated vapor temperature and are

assumed to be constant along the heat pipe. The input
heat is taken as 455 W. The cooling water enters the
condenser cooling jacket at 294.5 K and 11.33 g/s. The

temperature of the cooling water at the exit of the
cooling jacket is calculated using the equation
Q=mÇcp(ToutÿTin). The bulk temperature of the cool-
ing water is taken as the arithmetic mean of Tin and

Tout. The convective heat transfer coe�cient in the
cooling jacket is taken as 1800 W/m2 K [5]. It should
be noted that a great advantage of the presented closed

form analytical solution is the ease and speed in which
a comprehensive solution can be obtained subject to
changes in various parameter and properties. In here

some representative values were chosen for the simu-
lations. We were able to show that the main con-
clusions remain unchanged for wide range of variation

of these parameters.
Fig. 2 compares the model predictions with the nu-

merical and experimental results of the vapor and wall
temperature distributions along the heat pipe. The

model predictions of both the vapor and the wall tem-
peratures agree well with the numerical and the exper-
imental values. As can be seen in Fig. 1, the

assumption of uniform vapor temperature along the
heat pipe is good for low-temperature heat pipes.
Although there is a discrepancy between the calculated

wall temperature and the experimental data at the
beginning and the end of the condenser section, the
model predictions agree very well with the numerical
results reported by Tournier and El-Genk [5]. Since

same parameter values for the convective cooling
boundary condition are used in the present analytical
model as those used in the numerical model, the good

agreement between the analytical and the numerical
results of the wall temperatures demonstrates that the
one-dimensional approximation for the heat transfer

within the wall and liquid-wick regions is adequate for
low-temperature heat pipes. This is in agreement with
the observation of Tournier et al. [22].
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Fig. 3 compares the analytical vapor and liquid

pressure distributions along the heat pipe with the nu-
merical results of Tournier and El-Genk [5]. The absol-

ute value of the vapor pressure at the evaporator end,

pv(0), is related to the calculated vapor temperature
based on the assumption that the vapor phase is satu-

rated for a low-temperature fully-thawed heat pipe.
The analytical results agree very well with the numeri-

cal results. As the results show, the vapor pressure

variation along the heat pipe is small, which means
that a uniform vapor temperature pro®le is expected.

The variations of the mean vapor velocity, the cen-

terline vapor velocity, the maximum liquid velocity
and the interfacial velocity along the heat pipe are

shown in Figs. 4 and 5. The positive velocity value

denotes that the ¯ow is along the x direction and the
negative velocity value denotes that the ¯ow is along

the negative x direction. The analytical centerline
vapor velocity at the exit of the evaporator is com-

pared to the numerical result by Tournier and El-Genk

[5]. Again, as seen in Fig. 4, the analytical predictions
agree very well with the numerical results. This further

demonstrates that the analytical model provides accu-

rate predictions of the low-temperature heat pipe oper-
ations.

The e�ects of liquid±vapor interfacial hydrodynamic

coupling and the boundary and inertial e�ects are ana-
lyzed next. Results were obtained for the radial

Reynolds number (Re=rvv1Rv/mv) values of 2.0, 5.0

and 10.0 and are displayed in Figs. 6±8. To accommo-
date vapor and liquid pressures at di�erent Re values

in the same ®gure and to make the comparison more

meaningful, the vapor pressure at the evaporator end,
pv(0), is taken as zero in Figs. 7 and 8 for all the Re

values. The e�ects of liquid±vapor interfacial hydro-
dynamic coupling on the maximum liquid velocity

along the heat pipe is shown in Fig. 6. It should be

mentioned that liquid±vapor interfacial hydrodynamic
coupling has no e�ect on the mean vapor velocity, as

indicated in Eq. (20). This is because the vapor ¯ow

rate at steady-state operation is purely determined by
the vapor injection/suction velocities, i.e., the evapor-

ation/condensation rates. However, liquid±vapor inter-
facial hydrodynamic coupling do a�ect the vapor

velocity pro®le, as illustrated in Eq. (16). For example,

the interfacial e�ects result in a larger centerline vapor
velocity. Since the interfacial velocity is negligible com-

pared to the mean vapor velocity, as can be seen in

Figs. 4 and 5, the interfacial e�ects on the vapor vel-
ocity pro®le is negligible. The analytical results in Fig.

Fig. 2. Comparison of the calculated vapor and wall temperature distributions with the numerical results given by Tournier and El-

Genk [5] and the experimental results given by Huang et al. [13].
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Fig. 3. Comparison of the calculated vapor and liquid pressure distributions with the numerical results given by Tournier and El-

Genk [5].

Fig. 4. Variations of the mean vapor velocity and the centerline vapor velocity along the heat pipe.
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Fig. 5. Variations of maximum liquid velocity and interfacial velocity along the heat pipe.

Fig. 6. The e�ects of liquid±vapor interfacial hydrodynamic coupling on the maximum liquid velocities.

N. Zhu, K. Vafai / Int. J. Heat Mass Transfer 42 (1999) 3405±3418 3415



Fig. 7. The e�ects of liquid±vapor interfacial hydrodynamic coupling on vapor and liquid pressures.

Fig. 8. Boundary and inertial e�ects on the vapor and liquid pressure distributions.
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6 show that the interfacial e�ects lead to a larger maxi-

mum liquid velocity. The larger the injection Reynolds

number, the larger the di�erence caused by the inter-
facial e�ects. Fig. 7 shows the e�ects of liquid±vapor

interfacial hydrodynamic coupling on the vapor and

liquid pressures. The interfacial e�ect on the vapor
pressure is negligible. However, neglecting liquid±

vapor interfacial hydrodynamic coupling will lead to a

smaller liquid pressure drop along the heat pipe.

The boundary and inertial e�ects on vapor and

liquid pressure pro®les are shown in Fig. 8. As indi-
cated in Eq. (27), the pressure distribution in the vapor

phase is not a�ected by the boundary and inertial

e�ects. However, neglecting the boundary and inertial

e�ects leads to an underestimation of the liquid press-
ure. The larger the Reynolds number, the larger the

error involved in the calculation of liquid pressures by

using a Darcian model. This is in agreement with the
results by Vafai and Tien [15].

Fig. 9 shows the interfacial and the boundary and
inertial e�ects on the heat transport capillary limit of

the heat pipe. It can be seen in Fig. 9 that either

neglecting the interfacial e�ects or neglecting the
boundary and inertial e�ects can lead to an overesti-

mation of the capillary limit. This is because a smaller

overall liquid pressure drop along the heat pipe is

expected when the interfacial e�ects or the boundary
and inertial e�ects are neglected. While the interfacial

e�ects on the maximum heat removal capability is rela-
tively small, the error involved in neglecting the
boundary and inertial e�ects is substantial.

5. Conclusions

The steady-state operation of a low-temperature
cylindrical heat pipe has been studied analytically. An

analytical model, which incorporates liquid±vapor
interfacial hydrodynamic coupling and non-Darcian
transport through the porous wick, was developed for

predicting the vapor and liquid ¯ow and the maximum
heat transfer capability of the heat pipe. A closed-form
solution was obtained for the vapor and wall tempera-

tures as well as the vapor and liquid velocity and
pressure distributions for a convective cooling con-
dition in the condenser region. A closed-form solution
of the heat pipe capillary limit during steady state op-

eration was also obtained. These closed-form analytical
solutions, provide a quick, accurate prediction method
for low-temperature heat pipe operation and were

found to be in very good agreement with both exper-
imental and numerical results. The e�ects of liquid±

Fig. 9. The e�ects of liquid±vapor interfacial hydrodynamic coupling and the boundary and inertial e�ects on the heat pipe capil-

lary limit.
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vapor interfacial hydrodynamic coupling and non-
Darcian transport through the porous wick were also

analyzed. The results show that the interfacial e�ects
are small and can be neglected. However, substantial
errors can occur when using Darcy's law in calculating

the liquid pressure distributions as well as the maxi-
mum heat removal capability of the heat pipe.
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