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a b s t r a c t

A theoretical model of fluid flow and heat transfer in a heat pipe with axial ‘‘X”-shaped grooves has been
conducted to study the maximum heat transport capability of these types of heat pipes. The influence of
variations in the capillary radius, liquid–vapor interfacial shear stress and the contact angle are all con-
sidered and analyzed. The effect of vapor core and wick structure on the fluid flow characteristics and the
effect of the heat load on the capillary radius at the evaporator end cap, as well as the effect of the wick
structure on the heat transfer performance are all analyzed numerically and discussed. The axial distri-
bution of the capillary radius, fluid pressure and mean velocity are obtained. In addition, the calculated
maximum heat transport capability of the heat pipe at different working temperatures is compared with
that obtained from a traditional capillary pressure balance model, in which the interfacial shear stress is
neglected. The accuracy of the present model is verified by experimental data obtained in this paper.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Heat pipes with axial ‘‘X”-shaped microgrooves (see Fig. 1)
have been introduced as an attractive option for a wide variety
of advanced thermal devices, such as spacecraft thermal control
systems and microelectronic cooling systems, due to the powerful
heat transfer capability, stable operation under microgravity con-
ditions and the high degree of temperature uniformity [1,2].

The heat pipe with microgrooves is charged with the appropri-
ate amount of working fluid. The heat flux is applied to the evapo-
rator section, where to vaporize the liquid. The vapor condenses at
the condenser section to release the latent heat. The condensate
will be driven from the condenser back to the evaporator by the
capillary pressure created in the microgrooves [3–5].

There have been a few investigations on heat pipe with microg-
rooves wick structure [6–18], especially in the design, fabrication,
and performance prediction. Benson [6–9], Kalahasti [10] at Sandia
National Laboratory have been involved in the design and fabrica-
tion of a new kind of flat micro heat pipe spreaders with mush-
room wick structure as passive heat dissipation devices. These
microscale flat plate heat spreaders allow the heat to be dissipated
in any direction across the wafer surface, and provide tremendous
potential in dissipating heat from hot spots. These flat plate heat
pipes have been found to be promising for situations where space
available for the cooling system is a major constraint, such as in
ll rights reserved.
processor cooling in laptop computers, cooling of the solar energy
collector panels in satellites, etc.

Differing from microscale flat plate heat pipe, heat pipes with
axial microgrooves have been introduced as an attractive option
for a wide variety of advanced thermal devices to transport heat
in the long distance, such as spacecraft thermal control systems.
These devices own the advantage of powerful heat transfer capa-
bility and the high effective thermal conductivity. Especially, as
an optimum choice of high capacity grooved heat pipe in the frame
provided by ESA (European Space Agency) [11], heat pipe with ax-
ial ‘‘X”-shaped microgrooves combines a high capillary pumping
pressure with a low axial pressure drop in the liquid. Meanwhile,
the retardation of the liquid flow due to the countercurrent vapor
flow over the liquid–vapor interface is minimized as compared to
other axial groove designs. In addition, entrainment limit is en-
hanced due to longer wet perimeter of wick groove and narrower
slot width. However, compared with rectangular, trapezoidal, or
triangular groove designs, the radial thermal resistance of ‘‘X”-
shaped groove geometry may be larger and the boiling limit might
be weakened due to an increase in the wall thickness of the heat
pipe.

While there have been a majority of the available investigations
on axially grooved heat pipe based on triangular [12,13], rectangu-
lar [14,15], or trapezoidal [16–18] grooves, especially in the predic-
tion of the heat transport capability considering countercurrent
vapor flow in open capillary grooves, there is relatively little work
on ‘‘X”-shaped grooves in the literature. Thomas and Damle [1]
proposed a good analysis on the fully developed laminar flow
within a reentrant groove using a finite element model, and the
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Nomenclature

A cross-sectional area, m2

bj constant values, in Eq. (7)
A* dimensionless area, A/h2

C1
1
l

dP
dz

D hydraulic diameter, 4A/p, m
D* dimensionless hydraulic diameter, D/h
d diameter of wick structure (see Fig. 1), m
do outer diameter of heat pipe, mm
f friction coefficient
h wall thickness of heat pipe, m
hfg latent heat, J/kg
_m mass flow rate

La adiabatic length, m
Le evaporator length, m
Lc condenser length, m
N number of grooves
n* dimensionless unit vector normal to meniscus, n/h
P pressure, Pa
p wetted perimeter, m
Po Poiseuille number, Po = fRe
Qin input heat load, W
rc capillary radius, m
rc,eva capillary radius at evaporator section end cap, m
rc,con capillary radius at condenser section end cap, m
Re Reynolds number
T temperature, �C

w velocity, m/s
�w dimensionless velocity
w� mean dimensionless velocity
w* dimensionless velocity
W groove width (see Fig. 1), m
x*, y* dimensionless coordinate
z axial coordinate, m

Greek symbols
l dynamic viscosity, Pa.s
q density, kg/m3

h contact angle, rad
d slot height (see Fig. 1), mm
r surface tension coefficient, N/m
a corner angel, rad
/ the angle between n* and x*

Subscripts
l liquid
v vapor
lv liquid–vapor interface
e evaporator section
a adiabatic section
c condenser section
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capillary limit of a low-temperature heat pipe was also determined
based on traditional capillary pressure balance. However, Thomas’
model only discussed the liquid flow in one reentrant groove cross-
section, the axial distribution of fluid flow for both liquid and vapor
and heat transfer in heat pipe, what is more important, has not
been included. Therefore, in the current investigation, a model that
couples the liquid and vapor flow in ‘‘X”-shaped microgrooves is
developed on the basis of the analysis on the flow in the duct of
arbitrary shape, suggested by Sparrow [19]. And a theoretical study
of the performance of this advanced heat pipe is performed by ana-
lyzing the axial distribution of the capillary meniscus radius. In
addition, a series of factors that influence the flow and heat trans-
fer characteristics of the heat pipe with axial ‘‘X”-shaped grooves
are analyzed and discussed. The accuracy of the present model is
verified by experimental data obtained in this paper.

2. Theoretical model

2.1. Fluid flow

Some simplifying assumptions are required before deriving the
governing equations. The major assumptions are:

(a) Steady fluid flow and heat transfer,
(b) Laminar flow,
(c) Constant fluid properties.

In axially grooved heat pipes, the liquid flows in the capillary
microgrooves and vapor flows in the vapor core in a countercurrent
fashion. For fully developed laminar flow with no body forces, the
governing differential equations of the velocity distribution for
both the vapor and liquid can be derived in the same format as [20]

o2w
ox2 þ

o2w
oy2 ¼

1
l

dP
dz

ð1Þ
The dimensionless coordinates and velocity can be expressed as
follows:

x� ¼ x
h
; y� ¼ y

h
; w� ¼ � w

h2C1

ð2Þ

where h is the wall thickness of heat pipe, C1 ¼ 1
l

dP
dz.

The non-dimensional form of Eq. (1) is

o2w�

ox�2
þ o2w�

oy�2
¼ �1 ð3Þ

In order to reduce Eq. (3) to Laplace’s equation, applying the follow-
ing transformation:

w� ¼ w0 � 1
4
ðx�2 þ y�2Þ ð4Þ

Yield

o2w0

ox�2
þ o2w0

oy�2
¼ 0 ð5Þ

For Laplace’s equation, Eq. (5), the exact solution is as the following:

w0 ¼
X1
j¼1

bjgjðx�; y�Þ ð6Þ

Combining Eqs. (3), (4), and (6), we have

w� ¼
X1
j¼1

bjgjðx�; y�Þ �
1
4
ðx�2 þ y�2Þ ð7Þ

where

gjðx� ; y�Þ

¼ real parts of complex variable ðx� þ y�iÞk; j ¼ 2kþ 1; k ¼ 0;1;2;3 . . .

imaginary parts of complex variable ðx� þ y�iÞk; j ¼ 2ðkþ 1Þ; k ¼ 0;1;2;3 . . . ;

(

bj are constant values determined by boundary conditions. In the
numerical calculation, the first 42 terms of infinite series are
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Fig. 1. Schematic of heat pipe with axial ‘‘X”-shaped grooves. (a) Cross-section (no interconnection among microgrooves at both ends). (b) Geometric shape of a ‘‘X”-shaped
groove.
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adopted to ensure the accuracy [19], so the number of series terms
m = 42.

The differential Eq. (7) becomes

ow�

on�
¼ ow�

ox�
cos uþ ow�

oy�
sinu

¼ � x� cos uþ y� sin u
2

þ
Xm

j¼1

bj
ogj

ox�
cos uþ

ogj

oy�
sin u

� �
ð8Þ

where / is the angle between n* and x*.
To simulate liquid flow at any point ðx�w; y�wÞ on the wall, the no-

slid condition (ww = 0) is applied. According to Eq. (7), the no-slid
boundary condition can be written as

1
4
ðx�2w þ y�2w Þ ¼

Xm

j¼1

bjgjðx�w; y�wÞ ð9Þ

In axially grooved heat pipes, the average liquid velocity is
much smaller than the average vapor velocity. Hence, the vapor
velocity at any point ðx�lv; y�lvÞ of the liquid–vapor interface is equal
to the liquid velocity, thus it can be assumed to be zero (wv = 0)
[15,21]. According to Eq. (7)

1
4
ðx�2lv þ y�2lv Þ ¼

Xm

j¼1

bjgjðx�lv; y�lvÞ ð10Þ

However, it must be accented that Eq. (10) is only employed in the
calculation for the vapor flow.

The shape of the liquid–vapor interface can be assumed to be
circular, and the shear stress on the liquid–vapor interface along
the z direction is

s�lv ¼
ow�

on�

����
lv
¼ slv

hð�dP=dzÞ ð11Þ

where n* is the coordinate normal to the liquid–vapor interface, and
the shear force slv on the liquid–vapor interface can be calculated as
[20]

slv ¼ �fv
qv �w2

v

2
¼ �ðfReÞv

2Dv
lv �wv ð12Þ

Combining Eqs. (12) and (11), the boundary condition at the liquid–
vapor interface becomes

ow�l
on�

����
lv
¼ �lv

ll

ow�v
on�

����
lv
¼ lv

ll

ðfReÞv
2D�v

w�v ð13Þ

where fRe is defined as the Poiseuille number.
Eq. (13) represents the principle of coupled liquid and vapor

flow at the liquid–vapor interface in an axially grooved heat pipe,
and this equation is only used to calculate the liquid velocity in
grooved structure.

For vapor flow, according to Eqs. (9) and (10), N(N > m) points
on the liquid–vapor interface and wall to generate the over-deter-
mined matrix equations which consists of N equations and m un-
known coefficients bj in Eq. (7) are selected by using
Householder method [22] to solve the over-determined matrix
equations.

For liquid flow, according to Eqs. (8), (9) and (13), the coeffi-
cients bj are determined by the same method. Therefore, the
Poiseuille numbers for both vapor and liquid flow can be obtained
from the numerical solution of velocity distribution in vapor core
and groove using the following definition [19]

Po ¼ fRe ¼ D�2

2w�
ð14Þ

where the mean dimensionless velocity w� ¼ 1
A�
R R

A� w�dx� dy�, in
which the dimensionless area A* = A/h2, dimensionless hydraulic
diameter D* = 4A/(hp), p is the wetted perimeter.

2.2. Maximum heat transport capability

For any location, z, along the axial length of heat pipe as shown
in Fig. 1(b), the capillary pressure Pc can be calculated by the La-
place–Young equation [23]

Pc ¼ Pv � Pl ¼ r 1
rc1
þ 1

rc2

� �
ð15Þ

where rc1 and rc2 are the radial and axial capillary radius of the
meniscus, respectively. Since rc2� rc1, it is quite reasonable to as-
sume that rc2 ?1 and rc1 � rc(z). The differential form of Eq. (15)
becomes

dPv

dz
� dPl

dz
¼ � r

r2
c ðzÞ

drcðzÞ
dz

ð16Þ

For laminar flow, both the vapor and liquid pressure distribu-
tion along the stream can be determined from

dP
dz
¼ �f

2q �w2

D
¼ �2lðfReÞ�w

D2 ð17Þ

The mean velocity can be calculated as

�w ¼
_mðzÞ
Aq

ð18Þ

where _mðzÞ is the mass flow rate at location z.
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Substituting Eq. (18) into Eq. (17)

dP
dz
¼ �2lðfReÞ _mðzÞ

qAD2 ð19Þ

In order to simplify the calculation, it is reasonable to assume
that the length of liquid block [24] formed at the condenser section
end cap due to slight overcharging of the working fluid can be ne-
glected and the evaporator and condenser sections are under the
constant heat flux boundary condition. Therefore, the mass flow
rate can be obtained by the energy conservation equation

_mvðzÞ ¼ � _mlðzÞ ¼
QðzÞ
hfg

ð20Þ

The axial heat flux, Q(z), is specified as

QðzÞ ¼

z
Le

Q in; 0 6 z 6 Le

Q in; Le < z < Le þ La
LeþLaþLc�z

Lc
Q in; Le þ La 6 z 6 Le þ La þ Lc

8><
>: ð21Þ

where L is the length of heat pipe, Qin is the input heat load.
Combining Eqs. (15), (16), (19), (20) and (21) yields an ordinary

differential equation for rc(z) as

drcðzÞ
dz

¼ f ðz; rcðzÞ;Q in; Twork; geometryÞ ð22Þ

Once the radius at the condenser section end cap rc,con(z = Le +
La + Lc) is determined for the given heat load Qin, heat pipe geome-
try and working temperature, the capillary meniscus radius at any
location z along the axial can be solved numerically using the
fourth-order Runge–Kutta method. At the point of condenser sec-
tion end cap (z = Le + La + Lc), the vapor and liquid pressure can be
expressed as

Pv ¼ Pv0; Pl ¼ Pv0 �
r

rc;con
ðz ¼ Le þ La þ LcÞ ð23Þ

where Pv0 is the vapor pressure at the condenser section end cap,
rc,con = rv [25,26], in which rv is the radius of the vapor core.

On the basis of the analysis of capillary flow in the microgroove
[26], when the heat pipe with axial ‘‘X”-shaped microgrooves
works in steady-state and reaches the maximum heat transport
capability, the capillary radius at the evaporator section end cap
(z = 0) can be expressed as rc,eva = W/(2cosh), in which h is the con-
tact angle. Therefore, the maximum heat transport capability can
be predicted on the basis of the analysis of the axial distribution
of the capillary meniscus radius. The calculation procedure can
be summarized as follows:

(1) Assume an initial value of heat load Qin.
(2) Determine rc(z) at z = 0 by solving Eq. (22).
(3) If rc(0) > rc,eva, choose a larger value of Qin and recalculate

rc(0), else, choose a smaller Qin and recalculate rc(0).
(4) Repeat step (2), (3) until |rc(0) � rc,eva| reaches the conver-

gence condition, and then regard Qin as the maximum heat
transport capability Qmax.

3. Results and discussion

3.1. Analysis of flow characteristics

For countercurrent vapor and liquid flow in an axially heat pipe
with a grooved wick, the shear force on vapor–liquid interface de-
pends upon (Po)v. As shown in Fig. 2, with a small contact angle,
(Po)v varies with the heat pipe geometry. However, when the con-
tact angle is larger than 60�, despite the different geometry, it is
approximately constant. The Poiseuille number for the liquid flow
is given in Figs. 3 and 4 as a function of the groove geometry with
different wetting angles, h. The working fluid flow is deeply influ-
enced by (Po)l.

The capillary meniscus radius at the evaporator section end cap
depends on the groove configuration, contact angle, and heat load.
For a given grooved heat pipe (see Table 1), the groove geometry is
known, the meniscus radius will only depend upon the heat load.
Fig. 5 illustrates the effect of the heat load on the capillary radius
at the evaporator section end cap (z = 0). As shown in the figure,
the meniscus radius at the evaporator section end cap decreases
with the increase of the heat load. The decrease in this meniscus
radius which influences the capillary radius distribution results
in a much thinner evaporating liquid film at the evaporator section.
Therefore, the capillary pumping ability and the heat transport
capability would also increase. And the heat pipe reaches the max-
imum heat transport capability when the minimal meniscus radius
at the evaporator section end cap is obtained.



Table 1
Specification of heat pipe with axial ‘‘X”-shaped grooves

Number of groove N Outside diameter do (mm) Vapor core radius rv (mm) Wick diameter D (mm) Wick slot height d (mm)

16 4.5 1.40 0.36 0.18

Wick slot width W (mm) Evaporator length Le (cm) Condenser length Lc (cm) Adiabatic length La (cm) Contact angle h (�)
0.12 10 10 8.5 45.6

Working temperature Twork (K) Working fluid Solid material
293 Ammonia Aluminum alloy
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Fig. 5. Capillary radius at evaporator end cap versus heat load.
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Fig. 6 represents the distribution of capillary radius along the
axial direction for the given grooved heat pipe. As shown in this
figure, the capillary radius increases slowly and non-linearly along
the axial direction at the evaporator and adiabatic section, while it
begins to increase drastically at the beginning of the condenser
section.

Fig. 7 illustrates the pressure distributions for both vapor and li-
quid. Because the pressure difference between the liquid and the
vapor is inversely proportional to the capillary radius, at the evap-
orator and adiabatic section this pressure difference is much larger,
while what in condenser section is smaller. As shown in this figure,
with the increase of the capillary radius along the axis, the pressure
in liquid would increase along the axial direction, and the narrow
slot of the ‘‘X”-shaped groove weakens the shear force of vapor on
liquid, thus the condensate would be driven from the condenser
back to the evaporator easily by the capillary force. And it is also
indicated by the figure that the variation of liquid pressure along
the stream is much lager than what in vapor.

The variations of the mean axial velocity of the liquid and vapor
are shown in Fig. 8. The velocities of both liquid and vapor are zero
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Qin =47.5 W

r c  /
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 z  /cm

Fig. 6. Axial distribution of capillary radius.
at two ends of heat pipe. The axial velocity of the vapor in the
evaporator region increases linearly along z direction due to con-
tinuous evaporation of liquid by the heat load, while that in the
condenser region decreases linearly owing to the condensation of
vapor by the heat remove. The condensate flow direction, which
is from the condenser end cap back to the evaporator end cap, is
inverse to the vapor flow direction. And the condensate velocity in-
creases linearly along the liquid stream at the condenser section
and decreases at the evaporator section. In the adiabatic region,
the axial velocities for both liquid and vapor almost keep in con-
stant due to no phase change occur.

3.2. Analysis of maximum heat transport capability

Fig. 9 shows the maximum heat transport capability of grooved
heat pipe with respect to the operation temperature, in which the
present result is plotted in the solid line and what from Chi [27] is
plotted in the dash dotted line. As shown in Fig. 9, for the case
studied in this work, the peak point of the maximum heat trans-
port capability appears at 265 K, and the heat transfer performance
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is good at 230–300 K while it is deteriorated at the high tempera-
ture. The maximum heat transport capability predicted by the
present model is lower than what from Chi [27], which is due to
the effects of the liquid–vapor interfacial shear stress and variation
of meniscus radius that had not been considered in Chi’s model
[27].
0.
46
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25

6.41

Fig. 11. Geometry of heat pipe (two cores) with axial ‘‘X”-shaped grooves for ex
Fig. 10 presents the maximum heat transport capability versus
wick diameter and slot width. As shown in the figure, for the heat
pipe (see Table 1), the maximum heat transport capability in-
creases with the increase of wick diameter or the decrease of wick
slot width since the narrower wick slot can produce higher capil-
lary pumping pressure, and the increase of wick diameter makes
the permeability to be stronger. However, smaller wick slot width
might also increase friction loss, and larger wick diameter would
also decrease effective thermal conductivity of wick structure
layer. Therefore, based on the mechanical manufacture capacity,
optimization design of the ‘‘X”-shaped wick geometry for both
flow and thermal considerations is very important for engineering
application.

4. Experimental verification

In order to verify the present mathematical model, an experi-
ment of the maximum heat transport capability of a ‘‘X”-shaped
heat pipe with the geometry shown in Fig. 11 is conducted. As
shown in Fig. 12, the evaporator section is heated by the heater
tape (OMEGA FGS101-060), and the condenser section is cooled
by cooling water with constant temperature. The axial tempera-
ture distribution of the heat pipe is measured by thermocouple,
and the working temperature is regarded as the mean value of
these measured temperatures.

When the input heat load reached a value Qin, if a smaller heat
load increase, DQin, will make the temperature of evaporator end
cap increased drastically, this value Qin, will be determined as
the maximum heat transport capability Qmax. This phenomenon
of temperature drastic increase indicates that the evaporator sec-
tion is partially dried out due to over evaporation and no sufficient
capillary force to pump back the condensate. In such case, the ther-
mal performance of the heat pipe would be deteriorated. The dras-
tic increase of temperature at evaporator end cap also implies that
capillary limit is a constraint for heat transfer, but not any other
kind of operation limitation, such as instability owing to upstream
compressible volume [28–31].

Table 2 is the comparison between the experimental data with
the calculated results from the present model. It can be seen the
largest error of maximum heat transport capability is 14%. The
unit:mm

12
.5

periment (axial length: 1850 mm, Le = 700 mm, La = 560 mm, Lc = 590 mm).
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Table 2
Comparison of experimental data with calculation results for single core

Working temperature Twork (K) Maximum heat transport
capability Qmax (W)

Error %

Measurement Calculation

319.3 163 176 8.0
311.1 172 196 14.0
304.5 207 212 2.4
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good agreement between the numerical results and the experi-
mental data verifies the present model is reasonable.

5. Conclusions

A theoretical model of fluid flow and heat transfer in a heat pipe
with axial ‘‘X”-shaped grooves is developed and solved numeri-
cally to obtain the heat pipe performance and maximum heat
transport capability. The model includes the effects of the
liquid–vapor interfacial shear stress, variation of meniscus radius
and the contact angle. The effect of vapor core and wick structure
on fluid flow characteristics, the effect of heat load on capillary
radius at evaporator end cap, and the effect of wick size and work-
ing temperature on heat transfer performance are all analyzed and
discussed. The axial distributions of capillary radius, fluid pressure
and mean velocity are solved. And the accuracy of the model is
also verified by the experiment. The conclusions can be summa-
rized as:

(1) The shear force of the vapor on the liquid varies with the
vapor channel geometry for a small contact angel while it
is almost no variation with the geometry when h is larger
than 60�.

(2) The meniscus radius at the evaporator end cap depends
upon the heat load for a given heat pipe. And when the min-
imal meniscus radius at this point is approached, the heat
pipe reaches the maximum heat transport capability.

(3) The capillary radius increases non-linearly along the axial
direction, at the evaporator section it would increase slowly,
while it begins to increase drastically at the beginning of the
condenser section.

(4) The pressure in liquid would increase along the axial direc-
tion, and the narrow slot of the ‘‘X”-shaped groove weakens
the shear force of vapor on liquid, hence the condensate will
be driven from the condenser back easily to the evaporator
effectively by the capillary force. The liquid pressure varia-
tion along the axial is much larger than what in vapor phase.
(5) The calculated maximum heat transport capability by pres-
ent model is lower than what from Chi’s model, in which
the interfacial shear stress is neglected.

(6) Smaller wick slot width might increase not only capillary
pumping force but also friction loss. In addition, larger wick
diameter would increase liquid flow permeability but
decrease effective thermal conductivity of wick structure
layer. Therefore, based on the mechanical manufacture
capacity, optimization design of the ‘‘X”-shaped wick geom-
etry for both flow and thermal considerations is very impor-
tant for engineering application.
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