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Abstract

An analytical solution for both the liquid and vapour flows inside a flat micro heat pipe (MHP) coupled to an analytical solution for
the temperature inside the MHP wall is presented. The maximum heat transfer capability of a flat MHP, on which several heat sources
and heat sinks are located, is calculated. The capillary structure inside the MHP is modeled by considering a porous medium, which
allows to take into account capillary structures such as meshes or sintered powder wicks. The thermal model is able to calculate the part
of heat flux transferred only by heat conduction in the MHP wall from the heat transferred by change of phase.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Substrates with high thermal conductivity are continu-
ally under development to meet the demand of increasing
power density on electronic devices. Diamond is one of
the materials having the greatest thermal conductivity,
which ranges between 1000 and 2000 W m�1 K�1, but its
cost is very large. One way to obtain such or higher thermal
conductivities at a lower cost is to micromachined two-
phase micro heat pipes (MHPs) in a cheaper substrate of
high conductivity material like copper, aluminum or sili-
con. A MHP is a cavity of small thickness, less than
1 mm, which is filled with a two-phase working fluid. Heat
sources and heat sinks are located anywhere on the cavity
with the other parts being thermally insulated. The heat
sources can be electronic components or any system dissi-
pating high heat fluxes and having to be maintained at a
low or a constant temperature. The heat sinks can be any
classical cooling devices. Vapour is generated at the heat
source level and it condensates at the heat sink level. The
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liquid returns from the condenser to the evaporator
through a capillary structure. For the cooling of electronic
components, the more common working fluids are water,
acetone, ethanol or methanol.

For both metallic and silicon MHPs, three types of cap-
illary structure can be found in literature. The most simple
MHPs have a single non-circular channel for both the
liquid and the vapour phases [1–5]. For these MHPs, the
liquid returns from the condenser to the evaporator by cap-
illary flow in the sharp corners of the pipe. These types of
MHP are generally placed in an array of parallel MHPs in
order to increase the heat exchange area. Lots of works
have been published for the thermal and hydrodynamic
modeling of single MHPs or arrays of MHPs. Among
them, Longtin et al. [6] have developed a 1D model based
on the conservation equations and the Young–Laplace law
to calculate the maximum heat transfer capability of a
micro heat pipe of triangular cross section. Sartre et al.
[7] have coupled the Longtin et al. [6] model to a thermal
2D conduction model, taking into account the high heat
transfer in the contact area between the meniscus and the
wall. More recently, Wang and Peterson [2] and Launay
et al. [8] have improved the Longtin equations to model

mailto:frederic.lefevre@insa-lyon.fr


Nomenclature

a,b,c MHP dimensions, m
Am0,A0n,Amn Fourier coefficients of T*

B,C dimensionless lengths
Bi Biot number
Bm0,B0n,Bmn Fourier coefficients of U
Cm0,C0n,Cmn Fourier coefficients of P
d diameter of the mesh fibre, m
g gravitational acceleration, ms�2

G dimensionless parameter
h heat transfer coefficient, W m�2 K�1

H height, m
hlv latent heat of vaporisation, J kg�1

K permeability, m2

N mesh number
P pressure, Pa
P* total pressure, Pa
Q heat transfer rate, W
r pore radius, m
T temperature, K
T* dimensionless temperature
u velocity along the x axis, ms�1

v velocity along the y axis, ms�1

V velocity, ms�1

w distance between two fibres, m
x,y,z coordinates, m
X,Y,Z dimensionless coordinates

Greek symbols

/ (X,Y) dimensionless heat flux
g ratio between the evaporator and condenser

areas
u heat flux, W m�2

u0 imposed heat flux, W m�2

k thermal conductivity, W m�1 K�1

l dynamic viscosity, Pa s
q density, kg m�3

r surface tension, N m�1

n porosity

Subscripts

c condenser
cap capillary
eff effective
e evaporator
eq equivalent
g gravity
l liquid
max maximum
p porous medium
s solid
sat saturation
v vapour
w wall

1376 F. Lefèvre, M. Lallemand / International Journal of Heat and Mass Transfer 49 (2006) 1375–1383
arrays of micro heat pipes made of several aluminum wires
bonded between two aluminum sheets.

The second configuration deals with MHPs having a sin-
gle vapour core and a one dimensional capillary structure
such as parallel grooves [9,10]. As the capillary flow is
1D, 1D hydrodynamic models are often sufficient to calcu-
late the performances of this type of MHP. Lefèvre et al.
[11] developed a 1D hydrodynamic model based on the
Longtin equations to calculate the maximum heat power
capability of such a MHP. The comparison with the exper-
imental results of Hopkins et al. [9] shows good agreement
between the experimental and calculated performances.

An other configuration deals with MHPs having a single
vapour core and a 2D capillary structure, such as metallic
meshes [12] or crossed grooves [13,14]. A 2D capillary
structure is well adapted to electronic cooling. Indeed, it
allows the spreading of heat in two directions and thus sev-
eral electronic components placed anywhere on the same
MHP can be cooled. Huang and Liu [15] have presented
a 2D hydrodynamic model for the liquid flow in a flat plate
heat pipe. This model has been modified by Qin and Liu
[16] to take into account an anisotropic capillary structure.
Tan et al. [17] have developed a similar model using a point
source approach to optimise the locations of several elec-
tronic components on flat heat pipes. Nevertheless, in all
these models, the vapour flow inside the MHP is not taken
into account, whereas, the pressure drop in the vapour
phase can be important because of the thickness of the
internal vapour space.

In the present work we present a 2D hydrodynamic
model for both the liquid and the vapour flows coupled
to a 3D thermal model, which allows to consider several
electronic components and heat sinks on a flat plate heat
pipe. If the thermal resistance of the wall is small, it is
important to take into account the heat conduction inside
the MHP wall. Indeed, if the distance between the heat
source and the heat sink is small enough, one part of the
heat is transferred by conduction through the MHP wall.
Furthermore, due to heat diffusion in the wall, the areas
of condensation and evaporation are larger than the area
of the electronic components and the heat sinks. Taking
into account the heat diffusion in the wall leads to larger
evaporating and condensing areas, which occur in the mass
conservation equation of the hydrodynamic model.

2. Governing equations and boundary conditions

The geometry of the two-phase MHP is shown in Fig. 1.
It consists of a flat plate of a · b rectangular dimensions.
The electronic components and the heat sinks can be
located at different places on the MHP and have different
heat powers. The rest of the surface is adiabatic. The wall
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Fig. 1. Scheme of a two-phase MHP with heat sources and heat sinks.
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of the MHP is made of a material of thermal conductivity
ks and its height is equal to c. The capillary structure is
modeled by considering a porous medium of permeability
K, heat conductivity kp and height Hp. The liquid inside
the porous medium has a dynamic viscosity ll, a heat con-
ductivity kl and a density ql. The equivalent conductivity of
both the liquid and the porous medium is equal to keq. The
vapour space height is equal to Hv, and kv and lv are the
vapour heat conductivity and dynamic viscosity, respec-
tively. The thermal properties are supposed to be constant
inside the MHP. They are calculated at the saturation tem-
perature Tsat.

A 3D thermal model has been developed, assuming that,
apart from the heat sources and the heat sinks, all the sur-
faces of the MHP are well insulated. This thermal model
has been developed on the basis of a work published by
Fen and Xu [18], which is about a one phase heat spreader
in metal, dissipating heat only by conduction through the
metal to a fin. In the present model, the heat supplied by
the electronic components is transferred through the
MHP wall to the porous medium where it causes the evap-
oration of the liquid. At the level of the heat sink, the
vapour condensates and finally the heat is transferred by
conduction through the wall to the heat sink. If the dis-
tance between the heat source and the heat sink is small
enough, one part of the heat can be transferred by conduc-
tion through the MHP wall.

The steady-state heat conduction equation in three
dimensions is solved in the MHP wall, assuming its thermal
conductivity ks is constant. The boundary condition at
z = c is an imposed heat flux u0 at the electronic compo-
nent area, an imposed heat flux equal to �g · u0 at the heat
sink area (g being the ratio between the heat sinks and the
heat sources areas) and a heat flux equal to zero in the adi-
abatic area. A Fourier condition is taken into account at
the junction between the MHP wall and the porous med-
ium; the saturation temperature Tsat being the vapour tem-
perature, which is supposed to be constant. The heat
transfer coefficient h is calculated by considering the ther-
mal conductance of the porous medium filled with liquid.

Let us introduce the non-dimensional coordinates X, Y
and Z:

X ¼ x
a
; Y ¼ y

b
; Z ¼ z

c
ð1Þ

If DT = T � Tsat is the temperature difference between
the local and the saturation temperatures, the 3D steady-
state heat conduction equation can be written as

o2T �

oX 2
þ 1

B2

o2T �

oY 2
þ 1

C2

o2T �

oZ2
¼ 0 ð2Þ

with the dimensionless temperature defined as follows:

T � ¼ ks
u0c

DT ; B ¼ b
a
; C ¼ c

a
ð3Þ

The boundary conditions are written as

oT �

oX

����
X¼0

¼ oT �

oX

����
X¼1

¼ 0 ð4Þ

oT �

oY

����
Y¼0

¼ oT �

oY

����
Y¼1

¼ 0 ð5Þ

oT �

oZ

����
Z¼0

¼ hc
k
T � ¼ BiT � ð6Þ

/ðX ; Y Þ ¼ oT �

oZ

����
Z¼1

¼
1 in the evaporator area

0 in the adiabatic area

�g in the condenser area

8><
>: ð7Þ

where Bi is the Biot number and /(X,Y) is the non-dimen-
sional heat flux. Depending on the boundary conditions,
the non-dimensional temperature T* can be expanded in
a form of an infinite Fourier series as

T � ¼
X1
m¼1

Am0ðZÞ cosðmpX Þ þ
X1
n¼1

A0nðZÞ cosðnpY Þ

þ
X1
n¼1

X1
m¼1

AmnðZÞ cosðmpX Þ cosðnpY Þ ð8Þ

The non-dimensional heat flux can be written using the
following expression:

/ðX ; Y Þ ¼
X1
m¼1

Bm0 cosðmpX Þ þ
X1
n¼1

B0n cosðnpY Þ

þ
X1
n¼1

X1
m¼1

Bmn cosðmpX Þ cosðnpY Þ ð9Þ

The expressions of Bm0, B0n and Bmn depend on the loca-
tion of the heat sources and the heat sinks (Fig. 2). For a
rectangular evaporator i of coordinates [ae1(i),ae2(i),be1(i),
be2(i)], the value of Bm0, B0n and Bmn are equal to

Bm0 ¼
2

mpb
sin

mpae2ðiÞ
a

� �
� sin

mpae1ðiÞ
a

� �� �
� ½be2ðiÞ � be1ðiÞ� ð10Þ
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Fig. 2. Coordinates of heat sources and heat sinks.
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B0n ¼
2

npa
sin

npbe2ðiÞ
b

� �
� sin

npbe1ðiÞ
b

� �� �
� ½ae2ðiÞ � ae1ðiÞ� ð11Þ

Bmn ¼
4

mnp2
sin

mpae2ðiÞ
a

� �
� sin

mpae1ðiÞ
a

� �� �

� sin
npbe2ðiÞ

b

� �
� sin

npbe1ðiÞ
b

� �� �
ð12Þ

For a rectangular condenser j of coordinates
[ac1(j),ac2(j),bc1(j),bc2(j)] the value of Bm0, B0n and Bmn

can be obtained by multiplying the previous expressions
by �g. By substituting Eqs. (8) and (9) into Eqs. (2), (6)
and (7), we obtain the following expressions for coefficients
Am0, A0n and Amn:

Am0ðZÞ ¼
Bm0½ðmpC þ BiÞ expðmpCZÞ þ ðmpC � BiÞ expð�mpCZÞ�
mpC½ðmpC þ BiÞ expðmpCÞ � ðmpC � BiÞ expð�mpCÞ�

ð13Þ

A0nðZÞ ¼
B0n

npC
B þ Bi

� �
expðnpCZB Þ þ ðnpCB � BiÞ expð� npCZ

B Þ
� 	

npC½ðnpC þ BBiÞ exp npC
B

� �
� ðnpC � BBiÞ expð� npC

B Þ
ð14Þ

AmnðZÞ ¼
Bmn½ðGpC þ BiÞ expðGpCZÞ þ ðGpC � BiÞ expð�GpCZÞ�
GpC½ðGpC þ BiÞ expðGpCÞ � ðGpC � BiÞ expð�GpCÞ�

ð15Þ

where

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n

B

� �2
r

ð16Þ
3. Hydrodynamic model

As the internal height of the MHP is small compared to
its dimensions a and b, a 2D hydrodynamic model has been
developed for both the liquid and the vapour flows.
Through the permeability K of the medium, many capillary
structures can be modeled such as rectangular grooves,
crossed grooves, metallic meshes or sintered metal powder
wicks. Nevertheless, it has to be noticed that for grooved
wick structures, the thinning of the fluid film that occurs
in evaporator sections would affect the resistance of the
film. This is not taken into account in the thermal model
in which the equivalent thermal conductivity of the porous
medium is assumed to be constant. The hydrodynamic
model is based on the Huang and Liu [15] model for a por-
ous medium. It has been extended to take into account the
vapour flow inside the MHP. The 2D hydrodynamic model
permits the calculation of both the vapour and liquid veloc-
ities in the MHP. Knowing the capillary pressure, it is pos-
sible to calculate the maximum heat transfer capability of
the MHP.

3.1. Hydrodynamic model for the liquid

The liquid velocity normal to the vapour–liquid inter-
face (in the z direction) is assumed to be zero. The govern-
ing equations for the liquid flow can therefore be expressed
by the Darcy�s law:

ul ¼ �K
ll

oP l

ox
ð17Þ

vl ¼ �K
ll

oP l

oy
ð18Þ

P is the pressure, u and v are the velocities in the x and y

directions, respectively, and the subscript l denotes the
liquid. These equations assume that the permeabilities are
the same in the x and y directions, but it is possible to con-
sider an anisotropic wick of permeability Kx and Ky along
the x and y directions as it is shown by Qin and Liu [16].

The mass balance for the liquid can be written by the
following expression:

oul
ox

þ ovl
oy

¼ 1

hlvqlHp

u

����
z¼0

ð19Þ

in which hlv is the latent heat of vaporisation and u the heat
flux, which can be any function of x and y. In this case, u is
calculated in the thermal model at z equal to zero:

ujz¼0 ¼ u0BiT
�jz¼0 ð20Þ

Introducing Eqs. (17) and (18) into Eq. (19) leads to the
following second order differential equation:

o2P l

ox2
þ o2P l

oy2
¼ � ll

KhlvqlHp

u

����
z¼0

¼ � ll

KhlvqlHp

u0BiT
�
����
z¼0

ð21Þ
As the velocities ul and vl are equal to zero on the (x,y)

boundaries, the boundary conditions for the pressure are:

oP l

ox

����
x¼0

¼ oP l

ox

����
x¼a

¼ oP l

oy

����
y¼0

¼ oP l

oy

�����
y¼b

¼ 0 ð22Þ

With those boundary conditions, the pressure can be ex-
pressed in Fourier�s series:
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P l ¼
ll

KhlvqlHp

X1
m¼1

Cm0 cos mpXð Þ þ
X1
n¼1

C0n cos npYð Þ
"

þ
X1
n¼1

X1
m¼1

Cmn cos mpXð Þ cos npYð Þ
#

ð23Þ

By introducing Eqs. (8) and (23) into Eq. (21), and com-
paring the terms on both sides of these equations, the coef-
ficients Cm0, C0n and Cmn are determined as

Cm0 ¼ u0Bi
a
mp

� �2

Am0ð0Þ ð24Þ

C0n ¼ u0Bi
b
np

 �2

A0nð0Þ ð25Þ

Cmn ¼ u0Bi
1

mp
a

� �2 þ np
b

� �2 Amnð0Þ ð26Þ

The velocities u and v can easily be deduced from Eqs.
(17), (18) and (23). If the MHP is not in a horizontal posi-
tion, it is possible to take into account the body forces act-
ing in the pressure field:

P �
l ¼ P l þ qlgH lðx; yÞ ð27Þ

where g is the gravity field and Hl(x,y) is the liquid height
at the coordinates x and y inside the MHP.

3.2. Hydrodynamic model for the vapour

For the vapour, a similar approach has been adopted to
calculate the pressure and the velocity fields inside the
MHP. Assuming that the vapour flow is laminar between
two parallel plates, we obtain the following expressions
for the velocity components [19]:

uv ¼ � H 2
v

12lv

oP v

ox
ð28Þ

vv ¼ � H 2
v

12lv

oP v

oy
ð29Þ

in which the subscript v denotes the vapour and Hv the
vapour channel height. These equations assume the vapour
flow to be incompressible, which supposes that the axial
vapour velocity is small compared to the velocity of sound.
For the common working temperatures, this assumption is
verified, which is not the case at low temperatures when the
MHP starts.

The mass balance for the vapour has for expression:

ouv
ox

þ ovv
oy

¼ � 1

hlvqvH v

u

����
z¼0

ð30Þ

Introducing Eqs. (28) and (29) into Eq. (30) leads to the
following differential equation:

o
2P v

ox2
þ o

2P v

oy2
¼ 12

H 3
v

lv

hlvqv

u

����
z¼0

¼ 12

H 3
v

lv

hlvqv

u0BiT
�

�����
z¼0

ð31Þ
Assuming that the vapour velocities are equal to zero on
the (x,y) boundaries leads to the following boundary con-
ditions for the pressure:

oP v

ox

����
x¼0

¼ oP v

ox

����
x¼a

¼ oP v

oy

����
y¼0

¼ oP v

oy

�����
y¼b

ð32Þ

from which, the pressure can be expressed in Fourier�s
series:

P v ¼ � 12

H 3
v

lv

hlvqv

X1
m¼1

Cm0 cos mpXð Þ þ
X1
n¼1

C0n cos npYð Þ
"

þ
X1
n¼1

X1
m¼1

Cmn cos mpXð Þ cos npYð Þ
#

ð33Þ

where coefficients Cm0, C0n and Cmn are given by Eqs. (24)–
(26).

3.3. Maximum heat transfer capability of the MHP

The maximum heat transfer capability of the MHP is
obtained when the following expression is verified:

DP cap ¼ DP l þ DP v þ DP g ð34Þ

where the subscript g is related to gravitational forces and
DPcap is the capillary pressure inside the MHP.

The capillary pressure can be calculated using the fol-
lowing classical expression, which results from the
Young–Laplace law:

DP cap ¼
2r
reff

ð35Þ

in which reff is the effective pore radius and r is the surface
tension of the fluid.

4. Validation with open literature data

In this section, we describe the comparison between the
model and experimental results presented by Khandekar
et al. [12]. The MHP under investigation is presented in
Fig. 3. The heat pipe size is 40 · 40 mm2, the condenser
area is 15 · 40 mm2 and the evaporator area is
10 · 40 mm2. The total internal MHP thickness, including
both the vapour space and the capillary structure is equal
to 370 lm and the thickness of the wall under the sources
is equal to 265 lm. The MHP is filled with water. The cap-
illary structure is made of 2 or 3 CuSn 325 mesh screen lay-
ers. These two configurations have been tested in a vertical
position with the evaporator below the condenser. As the
wall thickness c is very small compared to dimensions a

and b and as the heat sinks and the heat sources are not
close, the heat conduction in the wall is negligible com-
pared to the heat transfer by phase change in the heat pipe.
Furthermore, the temperature measurements are not pro-
vided in the experimental paper. Khandekar et al. [12] pres-
ent only the maximum heat flux versus the saturation



Fig. 3. Experimental MHP tested by Khandekar et al. [12].
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temperature. Thus, these results do not allow the thermal
model validation.

It is necessary to evaluate the porous medium properties
to solve the thermal and hydrodynamic models. Porosity,
permeability and effective radius are important parameters
of the hydrodynamic model. The equivalent heat conduc-
tivity of the porous medium filled with liquid is used to cal-
culate the heat conductance between the vapour and the
junction of the MHP wall and the porous medium using
relations given by Faghri [20].

For a mesh screen, the following expression permits the
calculation of the permeability K:

K ¼ d2n3

122ð1� nÞ2
ð36Þ

in which d is the diameter of the mesh fibre and n its poros-
ity. An evaluation of n is given by

n ¼ 1� 1:05pNd
4

ð37Þ

where N is the mesh number, which depends on d and the
distance between two fibres w:

N ¼ 1

d þ w
ð38Þ

For the considered porous medium, the fibre diameter is
equal to 35 lm and w is equal to 42 lm. These geometrical
properties lead to a permeability K equal to 1.8 · 10�11 m2.
The thickness of each mesh screen layer is equal to 70 lm.

An experimental value of 33 lm has been given by Fag-
hri [20] for the effective pore radius of a 325 mesh screen in
contact with water. The following expression, which
depends on the thermal conductivity of both the liquid
and the solid, permits the calculation of the equivalent
thermal conductivity keq [20]:

keq ¼
kl½ðkl þ kpÞ � ð1� nÞðkl � kpÞ�
ðkl þ kpÞ þ ð1� nÞðkl � kpÞ

ð39Þ
For this mesh screen the equivalent thermal conductivity
is equal to about 1.3 W m�1 K�1 and the resulting conduc-
tance h is equal to

h ¼ keq
Hp

ð40Þ

The comparison between the model and experimental
data is shown in Fig. 4. Bold and dotted lines represent
the model results and points the experimental data of
Khandekar et al. [12] for two different MHPs. The first
one has two mesh screen layers, which corresponds to a
thickness equal to 140 lm and the second one has three
mesh screen layers, which corresponds to a thickness equal
to 210 lm.

As we can see in Fig. 4, the maximum heat power capa-
bility calculated by the model is about 10 W higher than
the experimental value, which represents between 30%
and 50% over prediction. Nevertheless, the variation of
maximum heat transport capability with the saturation
temperature is the same in both cases. In fact, in the exper-
imental configuration, four deflection preventing spacers of
size 3 · 3 mm2 (Fig. 3) are machined to the housing frame.
These spacers are not taken into account in the model
despite the fact that they produce an important pressure
drop in both the liquid and vapour spaces. Furthermore,
a perfect bonding of the mesh to the frame has been consid-
ered in the model, which is probably not the case in the
experimental MHP. The maximum heat power capability
of the MHP increases with the increase of Tsat. This is
due to a lower pressure drop for the liquid and the vapour
because the viscosity of the fluid decreases with an increase
in Tsat.

Fig. 4 shows that the performances are better for the
porous medium having two-layers than for the three-lay-
ered case. This is due to the pressure drop in the vapour
space which becomes high when Hv decreases. For exam-
ple, at a saturation temperature equal to 50 �C, the pres-
sure drop is equal to 3100 Pa in the vapour phase,
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whereas it is equal to 1000 Pa in the liquid phase for the
MHP having three mesh screen layers. This example shows
that the vapour pressure drop is important for a flat MHP.

5. Flow and isotherm patterns for several heat sinks

and electronic components

In this last part, we present some simulations obtained
with a MHP similar to the MHP tested by Kandhekar
et al. [12], but having three electronic components (E1, E2

and E3) and two heat sinks (C1 and C2) as shown in
Fig. 1. It is assumed that the same heat flux u0 is imposed
to the three electronic components. For both the heat sinks
the heat flux is equal to �gu0. The capillary structure is
made of two layers of CuSn 325 mesh screen. For the sim-
ulations, the saturation temperature is equal to 50 �C cor-
responding to a saturation pressure equal to 12,335 Pa.
The MHP is supposed to be in horizontal position.

Figs. 5 and 6 present the isobars inside the MHP, for the
vapour and the liquid, respectively. The rectangles in bold
lines correspond to the electronic components location and
the rectangles in dotted lines correspond to the heat sinks
location. The vapour pressure is maximum under the elec-
tronic component E1, which has the maximum heat trans-
fer rate and thus, where the vapour generation is
maximum. The vapour pressure, which is minimum under
the heat sink C1, is equal to the saturation pressure. The
capillary structure is supposed to be entirely filled in the
condenser where the vapour pressure is minimum. Thus,
the meniscus radius between the liquid and the capillary
structure is infinite and the liquid pressure is equal to the
vapour pressure due to the Young–Laplace law. The min-
imum liquid pressure is located under the electronic com-
ponent E1, where the heat transfer rate is maximum.

As we can see, the pressure drop is about DPl = 2600 Pa
in the liquid and DPv = 1500 Pa in the vapour correspond-
ing to a maximum capillary pressure DPcap = 4100 Pa. The
maximum capillary pressure, that depends on both the
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Fig. 5. Vapour isobars (Pa) (Tsat = 50 �C; Qmax = 76 W).
effective pore radius of the mesh screen and the fluid sur-
face tension, is calculated with Eq. (35). Eq. (34) is satisfied
when the maximum heat transfer rate Qmax is equal to
76 W, which corresponds to a heat flux equal to
35 W cm�2. The electronic components E1, E2 and E3 have
a heat transfer rate equal to 50.2, 17.1 and 8.7 W, respec-
tively. In this configuration, as the electronic component
E1 is very close to the heat sink C1, about 13 W are dissi-
pated only by heat conduction in the MHP wall though
the MHP wall is very thin. This example shows that it is
important to take into account the conduction through
the wall to calculate the maximum heat transport capabil-
ity of the MHP. Without heat conduction in the wall, the
maximum heat transport capability of the MHP would
have been 20% under predicted.

Figs. 7 and 8 show the vapour and liquid velocity field
inside the MHP, respectively. The maximum velocities
are about 31 ms�1 for the vapour and 4 · 10�3 ms�1 for
the liquid. These maximum values of the liquid and vapour
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Fig. 7. Vapour velocities (Tsat = 50 �C; Qmax = 76 W; Vmax = 30.9 ms�1).
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Fig. 8. Liquid velocities (Tsat = 50 �C;Qmax = 76 W;Vmax = 0.0043 ms�1).
Fig. 10. Temperature difference (Tw � Tsat) (K) at z = c for a full plate of
thickness 635 lm and k = 1040 W m�1 K�1 (Tsat = 50 �C; Qmax = 76 W).
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phases are located between the evaporator E1 and the con-
denser C1, where the distance from a heat source to a heat
sink is the lowest. The maximum Reynolds number is equal
to 112 in the vapour phase, which corresponds to a laminar
flow as it is assumed in the model. The characteristic dimen-
sion in the Reynolds number is equal to two times the height
of the vapour space. These figures show the interest of using
a capillary structure in two directions for cooling multiple
electronic components. Indeed, as the liquid flow is 2D,
the electronic components and the heat sinks can be located
anywhere on the MHP in contrary to a 1D capillary struc-
ture where heat sources and heat sinks have to be located
along the direction of the liquid flow.

In Fig. 9, the temperature difference between the wall
temperature Tw at z = c and the saturation temperature
Tsat is shown for a heat flux equal to 35 W cm�2. It is
assumed that the saturation temperature is constant in
Fig. 9. Temperature difference (Tw � Tsat) (K) at z = c for the MHP
(Tsat = 50 �C; Qmax = 76 W).
the MHP. The maximum temperature difference, DTmax

is about 50 K between the electronic component E1 and
the condenser C1 or C2. This high value is due to the low
value of the porous wick equivalent thermal conductivity.
A metallic sintered powder wick would have given better
thermal performances. It has to be noticed that the liquid
viscosity is evaluated at the saturation temperature. With
such a temperature difference, the liquid viscosity is over
estimated at the level of the condenser and under estimated
at the level of the electronic component. This is a limitation
of the model, in which it is assumed that the thermal prop-
erties are constant inside the MHP. Nevertheless, in the
case of a full copper plate of same thickness than this
MHP, the temperature difference raises to 140 K between
the colder and the warmer point of the plate. With a full
plate, a thermal conductivity of 1040 W m�1 K�1 would
be necessary to obtain the same maximum temperature dif-
ference than that obtained with the MHP as it is shown in
Fig. 10. Furthermore, even with such a thermal conductiv-
ity, the temperature field is not so homogeneous with a full
plate than with a MHP.

6. Conclusion

A hydrodynamic 2D model for both the liquid and the
vapour phases inside a MHP coupled to a 3D thermal
model of heat conduction inside the MHP wall has been
presented. The maximum heat transport capability of a
MHP on which several electronic components and heat
sinks are located can be predicted. The capillary structure
is modeled by considering a porous medium. Through
the permeability and the equivalent thermal conductivity
of the porous medium, lots of capillary structures can be
modeled. The comparison between the model and experi-
mental data shows a good agreement between the calcu-
lated and the experimental maximum performances. The
results show that it is important to model the pressure drop
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inside the vapour phase in a flat plate MHP. This model
allows the calculation of the part of the heat flux, which
is dissipated only by heat conduction through the wall.
The heat conduction through the MHP wall can modify
the maximum performance of a MHP if the wall resistance
is small enough.
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