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Hydrodynamic and Thermal Study of a Water-Filled
Micro-Heat-Pipe Array

Stéphane Launay,∗ Valérie Sartre,† and Monique Lallemand‡

Institut National des Sciences Appliquées, 69621 Villeurbanne Cedex, France

A detailed mathematical model for predicting the heat transport capability and the temperature distribution
along the axial direction of a 55-micro-heat-pipe array, filled with a polar fluid (water), has been developed. This
steady-state model combines hydrodynamic flow equations with heat transfer equations in both the condensing
and evaporating thin films. The velocity, pressure, and temperature distributions in the vapor and liquid phases
are calculated. Various boundary conditions fixed to the micro-heat-pipe evaporator and condenser have been
simulated to study the thermal performance of the micro-heat-pipe array below and above the capillary limit. The
effect of the dryout or flooding phenomena on the micro-heat-pipe performance, according to boundary conditions
and fluid fill charge, can also be predicted.

Nomenclature
A = cross-sectional area, m2

g = gravitational acceleration, m/s2

H = height, m
h = heat transfer coefficient, W/m2 · K
hlv = latent heat of vaporization, J/kg
K = curvature, m−1

L = axial length, m
l = wall wetted width, m
M̄ = molar weight, kg/mol
m = mass, kg
ṁe = evaporating mass transfer rate, kg/s
n = number of control volumes
P = pressure, Pa
p = perimeter, m
q = heat flux, W/m2

Q = heat transfer rate, W
Rth = thermal resistance, K/W
R̄ = gas constant, J/mol · K
rc = meniscus curvature radius, m
T = temperature, K or ◦C
u = velocity, m/s
V̄ = molar volume, m3/mol
W = width, m
z = axial coordinate, m
α = contact angle, deg
δ = thickness, m
δ′ = film slope
η = coordinate, m
θ = micro-heat-pipe tilt angle, deg
λ = thermal conductivity, W/m · K
λ∗ = thermal conductivity ratio
µ = viscosity, kg/m s
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tional de la Recherche Scientifique 5008, Institut National des Sciences
Appliquées, 20 Av. A. Einstein; m.lal@cethil.insa-lyon.fr.

ξ = coordinate, m
ρ = density, kg/m3

σ = surface tension, N/m
τ = shear stress, Pa

Subscripts

A = adiabatic
ad = adhesion
C = condenser
E = evaporator
eff = effective
ext = external
i = interfacial
l = liquid
max = maximum
sat = saturation
T = total
v = vapor
w = wall
0 = at ξ = 0

I. Introduction

M ICRO heat pipes (MHP) are commonly used as efficient
heat spreaders to eliminate hot spots and to reduce tempera-

ture gradients of electronic equipment. A MHP consists of a small
noncircular channel that uses sharp-angled corners for the capil-
lary pumping. To predict the MHP performance, many theoreti-
cal models, based on vapor and liquid flows along the MHP, have
been developed.1,2 However, previous investigations on evaporat-
ing extended meniscis in grooves of various geometries have shown
that models based on the fundamental laws of physics should cor-
rectly predict the real system behavior only if the microregion is
considered.3 Indeed, in this region, the liquid film thickness is so
small that the intermolecular forces become important. Depending
on the fluid polarity, the short-range attractive forces between the
liquid and the wall molecules are quite different and then affect the
apparent contact angle of the liquid on the wall.4 For strong polar
working fluids, the intermolecular forces are composed of molecu-
lar and electrostatic interactions. These forces produce an adhesion
pressure in the liquid, which causes the liquid to spread out over
the wall. Varying the adhesion forces results in a noticeable change
in the meniscus profile.5 The effect of these forces on the tempera-
ture difference between the saturated vapor and the meniscus inter-
face has been investigated by Stephan and Büsse6 and Hallinan and
Chebaro.7 In previous work,8 an MHP model taking into account the
microregion has been coupled to a capillary flow model to calculate
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Fig. 1 Schematic diagram of the MHP.

the local heat transfer coefficients in an aluminium/ammonia MHP
evaporator. Various studies have been conducted to determine the
thermal performance of an MHP. Mallik et al.9 and Huang et al.10

have developed three-dimensional conduction models, with the as-
sumption of an anisotropic conductivity of the material to determine
potential advantages of integrating an array of very small heat pipes
in the substrate of semi conductor chips. Another way to deter-
mine the longitudinal temperature variation, to solve the liquid and
vapour phase energy equations for the evaporator and the condenser
sections, has been used by Wu and Peterson11 and Sobhan et al.12

In the present work, triangular MHPs, filled with water, are stud-
ied (Fig. 1). One of the particularities of the model is to study the
MHP thermal performance vs the fluid fill charge. The liquid distri-
bution and the temperature profiles are determined from the model,
where heat transfer and fluid flow models in microscopic and macro-
scopic regions are coupled. The microscopic analysis allows the
determination of the heat flux profile and the thermal resistance in
each section of the condenser and the evaporator from the liquid
film thickness. Thus, flooding and/or dryout lengths, reducing the
MHP effective thermal conductivity, are calculated for each MHP
extremity, respectively, vs the fluid fill charge and the heat input.

II. Modeling
A. Fluid Flows Along the MHP

Liquid and vapor flows have been investigated in a water MHP,
whose cross section is an isoscele triangle. Its apex angle (70 deg) is
fixed by the silicon MHP fabrication technique using an anisotropic
etching with potassium hydroxide. During operation, the working
fluid recedes into the MHP corners, generating the necessary cap-
illary forces to drive the condensate back to the evaporator. By dif-
ferentiating the Laplace–Young equation with respect to the longi-
tudinal MHP coordinate z and neglecting some terms (Marangoni
effect, etc.) as many authors have done,1,13 we have

dPl

dz
= dPv

dz
− d

dz

(
σ

rc

)
(1)

To formulate the differential equations governing the flows inside
the MHP, the following assumptions are made: 1) there are steady-
state conditions, 2) in each MHP cross section, the vapor properties
are assumed constant but variable along the MHP axial direction,
3) both liquid and vapor flows are laminar and incompressible, 4) the
interfacial curvature, in the axial direction of the MHP, is neglected,
5) the wall temperature Tw in each section of the MHP is constant,
6) the heat flux QE is uniformly distributed along the axial evap-
orator length L E but varies along the MHP perimeter, and 7) axial
heat conduction is neglected if there is no dryout or flooding zone.

The fluid flow model is based on a one-dimensional model devel-
oped by Launay et al.14 and Zaghdoudi et al.15 The MHP is divided
into several control volumes for which the mass, momentum, and
energy equations are written for the liquid and vapor phases. For the
energy equation, heat is supposed to be transferred by vaporization
and the liquid–vapor interface is at the thermal equilibrium state.
The numerical model is developed considering the counter current
flows of vapor and liquid in the microchannel. The liquid and vapor
cross-sectional areas Al and Av , the wetted perimeters plw and pvw ,
and the liquid–vapor interfacial perimeter pi are all expressed in
terms of rc, of the control volume length dz, and the geometrical

characteristics. These conservation equations can be written as

ρv

d(Avuv)

dz
= −Aiρl ui (2)

d(Alul)

dz
= Ai ui (3)

ρv

d(Alul)

dz
= −d(Av Pv)

dz
− |τi |pi − |τvw|pvw − ρv Avg sin θ (4)

ρl

d
(

Alu2
l

)
dz

= −d(Al Pl)

dz
+ |τi |pi + |τlw|plw − ρl Al g sin θ (5)

where ui = −QE/L Eρl Ai hlv is the radial phase change velocity.
The shear stresses τ are determined according to the Longtin et al.
expression.1

Equations (1–5) constitute a set of five first-order, nonlinear, cou-
pled ordinary differential equations with five unknown variables:
rc, ul , uv, Pl , and Pv . This system is solved numerically with the
following boundary conditions:

rc|z = LT = rc,max, ul |z = LT = uv|z = LT = 0

Pv|z = LT = Psat, Pl |z = LT = Psat − σ/rc,max

The maximum curvature radius rc,max, located at the condenser end,
is the radius of the inscribed circle in the inner triangular cross
section. Solving the differential equation system from the end of
the condenser allows the prediction of hydrodynamic and thermal
characteristics of the MHP whatever the fluid fill charge and the
boundary conditions fixed at the evaporator and condenser sections.

B. Governing Equations of Heat Transfer
The mathematical model of the evaporating and condensing

regions allows the determination of the temperature distribution
along the axial direction. This approach includes the effects of the
capillary-induced flow in the corners and the flow and the evapo-
ration of the thin-film caused by the adhesion pressure Pad and the
surface tension in the thin film region. In the heat transfer model
of each MHP control volume [(Al + Av) dz], the thermal resistance
Rth depends on the liquid film thickness, normal to the interface,
calculated with the evaporator and condenser models,

1

Rth
=

n∑
j = 1

1

Rth, j
=

n∑
j = 1

λl cos α j

δ j
dz dξ (6)

where ξ is the coordinate along the triangle perimeter divided into
n elementary lengths dξ and the local contact angle α j is deduced
from the film thickness gradient.

1. Heat Transfer in the Evaporator
As shown in Fig. 2, the liquid–vapor interface, when it is close to

the wall, is composed of three regions: 1) the adsorbed film region,
where this film cannot be evaporated due to the high adhesion forces;
2) the evaporating thin film region, so-called microregion, where a
great part of evaporation occurs; and 3) the macrofilm, where the
adhesion forces are negligible and the meniscus curvature radius is
constant.

In the evaporating thin film region, the high evaporation rate in-
duces a transverse liquid flow, which is governed by the surface
tension and the adhesion forces. The second mechanism is domi-
nating when the meniscus is very close to the wall. The capillary
pressure Pc is then given by

Pc = Pv − Pl = σ K − Pad (7)

The term σ K accounts for the meniscus curvature K , which is linked
to the film thickness δ j by

K = d2δ j

dξ 2

[
1 +

(
dδ j

dξ

)2
]− 3

2

(8)
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Fig. 2 Cross section of the liquid film in the evaporator section.

For water, which is a strong polar working fluid, Pad depends on δ j

by a logarithmic relation,16

Pad = ρl(R̄/M̄)Ti ln
[

Al(δ j/3.3)Bl
]

for δ j ≤ 3.3
/

A1/Bl
l

Pad = 0 for δ j > 3.3
/

A1/Bl
l

(9)

Al and Bl are constants, which only depend on the fluid nature. For
water, Bl = 0.0243 and Al = 1.5336 (SI unit). The evaporation rate
is calculated from the Wayner et al. model.17 From the mass and
momentum equations for the transverse liquid flow, the evaporating
mass flux is

ṁe = ρl

3µl

d

dξ

(
δ3

j

dPc

dξ

)
(10)

Both the adhesion and surface tension forces reduce the liquid evap-
oration and lead to an increase of the interfacial temperature. Thus,
the equilibrium interface temperature Ti is higher than the saturation
temperature Tsat. At steady state, the heat conduction of liquid film
is equal to the evaporation heat; thus, Ti is

Ti = Twλl/(δ j hlv) + aTv + bσ K

a + bρl(R̄/M̄) ln
[

Al(δ j/δ j 3.3)Bl
] + λl/(δ j hlv)

(11)

with

a = C1

√
M̄/2π R̄Ti (Pv M̄ hlv/R̄TvTi )

b = C1

√
M̄/2π R̄Ti (V̄l Pv/R̄Ti )

where C1 is the evaporation coefficient equal to 2 (Ref. 7).
The model output parameters are the interfacial temperature Ti ,

the radial heat flux distribution along the wall q , and the film thick-
ness δ j from which is deduced its slope δ′

j and the interface curvature
K . The total heat flux dissipated in the microregion and the contact
angle can be predicted, too. The origin of ξ is set at the intersec-
tion of the adsorbed thin film region and the evaporating interfacial
region. The boundary conditions corresponding to the set of Eqs.
(7–11) at ξ = 0 can be expressed as

δ0 = 3.3

{
1

Al
exp

[
− a(Tw − Tv)

bρl(R̄/M̄) Tw

]}1/Bl

K0 = 0, δ′
0 = 0, Q0 = 0, Ti0 = Tw

where δ0 is the thickness of the adsorbed thin film.
The heat transfer coefficient of the macrofilm is calculated from

the liquid film thickness. In this region, the interfacial temperature
Ti is supposed equal to the saturation temperature.

In an operating MHP, vaporization can also take place in the
adiabatic section, particularly when dryout occurs at the end of
the evaporator.3 Thus, the microregion model is applied until Tw

is greater than Tsat. If the dryout occurs, the longitudinal conduction
thermal resistance into the wall is taken into account.

Fig. 3 Cross section of the liquid film in the condenser section.

2. Heat Transfer in the Condenser

At the condenser, the liquid is assumed to flow transversally to-
ward the corners and then axially in the meniscus region. The con-
densing film is divided into three regions (Fig. 3): 1) a film region of
constant thickness, 2) a transition region where both the film thick-
ness and the curvature vary, and 3) a meniscus region of constant
curvature. In region 1, the film thickness is calculated by the Nusselt
theory, in which the driving forces are the capillary forces,

δ(ξ) =
[

4µlλl(Tsat − Tw) ξ

ρl(dP/dξ) hlv

] 1
4

(12)

with dP/dξ = (d/dξ)(σ/rc).
In the transition region, the film profile is calculated from a fourth-

order polynomial, whose coefficients are defined according to the
boundary conditions

dδ

dξ

∣∣∣∣
ξ = l1

= 0,
dδ

dξ

∣∣∣∣
ξ = l2

= tan α

d2δ

dξ 2

∣∣∣∣
ξ = l2

= 1

rc
,

d3δ

dξ 3

∣∣∣∣
ξ = l1

= 0

where α is the apparent contact angle of the fluid and rc is the
constant curvature radius of the meniscus region. At the condenser,
the origin of ξ is set at the middle of one side of the channel. Then, the
width of the regions 1, 2, and 3 are l1, l2 − l1, and lT − l2, respectively,
with lT corresponding to the total wetted width, equal to the triangle
half-basis.

III. Numerical Treatment
To determine temperature and heat transfer rate distributions

along the MHP, the models of fluid flows and heat transfer in the
evaporator and condenser sections are coupled together and numeri-
cally solved for each control volume of length dz. The fluid flow and
microregion models are both solved using the fourth-order Runge–
Kutta procedure. Thus, for each control volume, δ j (ξ), Al , Av , and
Rth, the wall temperature Tw and then Q can be determined by the
condenser and evaporator heat transfer models, by use of the cap-
illary radius rc calculated by the fluid flow model. The numerical
treatment scheme, developed by Launay14 can be summarized as
follows. The input data are the heat load at the evaporator QT , the
MHP array fluid fill charge, and the external wall temperature at
the condenser section. Tsat and rc are first initialized at the end of
the condenser, z = LT . The heat transfer rate dissipated in a given
control volume, calculated by the condenser heat transfer model, is
then introduced as input data of the fluid flow model. Then rc, Pl ,
Pv , ul , and uv are calculated for the next control volume, and this
procedure is repeated. Comparing the total heat flux dissipated at the
condenser with the heat transfer rate input allows us to determine
Tsat iteratively. At the evaporator section, the wall temperature of the
evaporator end, z = L E , is first initialized and then corrected until
the whole heat load, dissipated along the evaporator, is equal to the



LAUNAY, SARTRE, AND LALLEMAND 361

heat input QT . The fluid mass is deduced from the cross-sectional
area of each phase along the MHP. To obtain equality between cal-
culated and input fluid fill charges, the maximum curvature radius
at the end of the condenser, z = LT , or the flooding zone length are
adjusted.

IV. Results and Discussion
The dimensions of the 55-MHP array are the following (Fig. 1):

triangle basis W = 230 µm, triangle height H = 165 µm, to-
tal length LT = 20 mm, evaporator and adiabatic section lengths
L E = L A = 5 mm, and condenser length LC = 10 mm. The working
fluid is pure saturated water, and the walls are made of silicon.

First, results about meniscus curvature radius, velocity, pressure,
and temperature distributions in the vapor and liquid phases are
presented with respect to heat inputs at the evaporator. Then, the
heat flux and film thickness distributions in a cross section of the
evaporator and the condenser are given. The effect of the fluid fill
charge and the MHP internal width on the MHP performance are
also studied.

A. Capillary Limit and Optimum Fill Charge
The capillary limit, which corresponds to the maximum heat

transfer capability, without dryout at the evaporator and without
flooding at the condenser, is reached when the capillary radius rc

is as small as possible at z = 0 and rc = rc,max at z = LT . In these
conditions, the fill charge is considered as an optimum. That rc is as
small as possible signifies that rc would be negative for a next step
on z. The rc value depends on the dz value; it becomes smaller as
dz decreases. For example, for dz equal to 20 µm, rc minimum is
equal to 4.5 µm for the capillary limit.

For the MHP array just described and with the following exter-
nal conditions imposed at the condenser section, Text = 50◦C and
hext = 1000 W/m2 · K, the capillary limit is 2 W and the correspond-
ing optimum fill charge is 3.6 mg. In the next simulations, the heat
inputs correspond to the capillary limit and to a heat input slightly
lower than this limit.

B. Liquid and Vapor Velocities Profiles
Vapor and liquid velocities in a MHP are mostly determined by

the mass transfer due to the phase change and by the cross-sectional
area of the vapor and the liquid. The liquid velocity profiles for heat
inputs of 1.5, 1.9, and 2 W are shown vs z∗ (the non-dimensional
length z/LT ) in Fig. 4. Because the heat flux is supposed uniformly
distributed along the axial evaporator length, the evaporating mass
flow rate is constant in each section, and then, the total liquid mass
flow rate increases linearly with z in the evaporator region. For
Q = 1.9 W, by the consideration of the liquid flow direction (de-
creasing z), the liquid velocity increases from the condenser to a
maximum at z∗ ≈ 0.18. Then, for z∗ < 0.18, the liquid mass flow
rate variation being greater than the liquid cross-sectional area vari-
ation, the liquid velocity decreases. For Q = 2 W (capillary limit),
the maximum liquid velocity is reached when z∗ → 0. At the evap-
orator beginning, the strong increase of the liquid velocity is due to
the strong decrease of the liquid cross-sectional area, which tends
to zero. For a heat input greater than 2 W, dryout occurs. The vapor

Fig. 4 Liquid velocity profiles for Q = 1.5, Q = 1.9, and Q = 2 W.

velocity profiles for 1.9 and 2 W are shown in Fig. 5. No signifi-
cant differences are observed between these two heat input values.
At the evaporator, the vapor production due to liquid evaporation
leads to a vapor velocity increase beyond the beginning of the adi-
abatic section because of the axial heat conduction in the wall. In
the adiabatic section, the vapor velocity still increases because of
the decreasing vapor cross-sectional area until condensation occurs.
Then, the vapor velocity decreases to zero. For the same reason, a
vapor velocity decrease is observed before the limit between the
condenser and adiabatic sections.

C. Pressure and Meniscus Curvature Radius Profiles
The liquid and vapor pressure profiles along the MHP for 1.5, 1.9,

and 2 W are shown in Fig. 6. For 2 W, the vapor pressure drops along
the MHP are weak as compared to the liquid ones. When the liquid
pressure profiles are compared with the liquid velocity distributions
(Fig. 4), the great decrease of the liquid pressure corresponds to the
steep increase of the liquid velocity at the evaporator. At the same
location, the liquid recession in the corners due to liquid evaporation
is intensified by the great difference between liquid and vapor pres-
sures. The meniscus curvature radius (Fig. 7) and, consequently, the
liquid cross-sectional area, which is proportional to the square of
the meniscus curvature radius,18 decrease drastically.

The comparison of the velocity and pressure profiles of the liquid
and the vapor for two close values of the heat input shows that the

Fig. 5 Vapor velocity profiles for Q = 1.5, Q = 1.9, and Q = 2 W.

Fig. 6 Liquid and vapor pressures for Q = 1.5, Q = 1.9, and Q = 2 W.

Fig. 7 Meniscus curvature radius for Q = 1.5, Q = 1.9, and Q = 2 W.
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capillary pumping of the MHP is mainly limited by the liquid flow
characteristics.

D. Saturation and Wall Temperature Profiles
The saturation temperature Tsat and the wall temperature Tw pro-

files are shown in Fig. 8 for 1.5, 1.9, and 2 W. Tsat is derived from
the vapor pressure value, which is given by the fluid flow model, by
assuming a liquid–vapor equilibrium state. Tw is deduced from Tsat

and the liquid thermal resistance. Note, for each heat input, that the
gradient along the MHP in the vapor phase is larger than the temper-
ature gradients in the liquid film at the evaporator and the condenser
sections. The temperature difference |Tsat − Tw| is smaller at the
condenser compared to the evaporator. This can be explained by a
greater heat transfer area in the condenser section than in the evap-
orator. The temperature profiles for 1.9 and 2 W are quite similar
with a 0.6-K gap. Indeed, the small heat input difference (0.1 W) is
not sufficient to modify the liquid distribution along the MHP and
to increase significantly the vapor pressure drops.

E. Meniscus Profile and Heat Transfer Rate in a MHP Cross Section
The meniscus profiles and heat transfer rates in the evaporator and

condenser sections are shown in Figs. 9 and 10. The width of the
wetted wall of a half-corner in a given cross section of the evaporator

Fig. 8 Saturation and wall temperatures for Q = 1.5, Q = 1.9, and
Q = 2 W.

Fig. 9 Heat flux and film thickness variation in cross section of the
evaporator.

Fig. 10 Heat flux and film thickness variation in cross section of the
condenser.

Fig. 11 Heat transfer ratio for a cross section of the evaporator.

Fig. 12 Heat transfer ratio for a cross section of the condenser.

and the condenser are lE and lC , respectively. At the evaporator, as
shown in Fig. 9, the heat transfer increases sharply at the transition
of the adsorbed thin film region to the thin film evaporating region;
then, it reaches a maximum (q = 1.2 106 W/m2) in the microregion
and decreases when the film thickness increases. In comparison, the
heat transfer profile at the condenser (Fig. 10) is rather different:
The heat transfer is constant at its highest value (q = 4.6 104 W/m2)
in the condensing region (region 1) and decreases when the film
thickness increases. Figures 11 and 12 show quantitatively the heat
transfer ratio dissipated by the evaporator and condenser sections.
The heat transfer ratio is defined as

heat transfer ratio =
∑l

ξ = 0 q dξ dz

QT dz/L E or LC
(13)

Note that 60% of the heat input (QT dz/L E ) is dissipated on 4 µm
for a total wetted wall width lE = 23 µm, in an evaporator cross sec-
tion, and that 60% of the heat load (≈QT dz/LC ) is dissipated on
15 µm for a total wetted wall width lC = 85 µm, in a condenser cross
section. Similiar to Peterson and Ma,19 it can be concluded that the
best way to increase the evaporating and condensing heat transfer
is to increase the evaporating and condensing thin film regions by
an enhanced geometry. These results have been also shown by Za-
ghdoudi et al.,15 who compared the performance of a four-corner
MHP with that of a three-corner MHP.

F. Effect of the Working Fluid Fill Charge
Simulations are made to study the effect of the fluid fill charge on

the MHP array thermal performances. For Q = 2 W, the optimum
fill charge for the MHP array, which is defined in Sec. IV. A, is equal
to 3.6 mg and represents 18% of the MHP array volume.

In Fig. 13, λ∗
eff, which is the ratio between the effective thermal

conductivity of the MHP array and the silicon thermal conductivity,
is plotted vs the fluid fill charge for Q = 2 W. Ratio λ∗

eff reaches
a maximum value for an amount of working fluid (m ≈ 4.4 mg)
slightly up to the optimum fill charge. For m ≈ 4.4 mg, the flooding
length at the end of the condenser is equal to 1.4 mm. The increase
of λ∗

eff can be explained by the vapor thermal resistance reduction,
which is more important than the increase of the liquid film thermal
resistance at the condenser. The vapor thermal resistance reduction,
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Fig. 13 Thermal conductivity ratioλ∗
eff vs the fluid fill charge, Q = 2 W.

Fig. 14 Qmax along the MHP width.

calculated from the vapor pressure drops, is due to the reduction of
the vapor flow length. Ratio λ∗

eff decreases when the increase of the
liquid film thermal resistance at the condenser is no longer com-
pensated by the vapor thermal resistance reduction along the MHP.
Ratio λ∗

eff decreases drastically when the fill charge is lower than
the optimum fill charge. Indeed, in these conditions, the maximum
curvature radius at the end of the condenser is lower than the radius
of the inscribed circle in the inner triangular cross section, and then,
the liquid pressure drops become greater than the capillary pumping
pressure: A dryout phenomenon occurs.

The behavior of a 3.6-mg charged MHP array has been investi-
gated for heat inputs greater than 2 W. The effective thermal con-
ductivity is almost constant when Q increases up to 30% of the
capillary limit. In fact, in these conditions, only half of the evapo-
rating region is dried, which is sufficient to dissipate Q without an
important increase of the evaporator temperature.

G. Effect of the MHP Internal Width
In Fig. 14 the capillary limit Qmax as a function of the MHP width

is shown. The MHP width W varies from 200 to 700 µm, with
700 µm being the largest width that can be realized in a 625-µm-
thick silicon wafer. Qmax increases as the MHP width W increases
because of the increase of Al and Av .

V. Conclusions
A numerical model has been developed to predict the fluid flows

and heat transfer for an MHP array whose cross section is triangu-
lar. This study leads to a better understanding of the heat transfer
distribution in the entire MHP. At the evaporator, heat is mainly
transferred in the short thin film region, where the liquid is very
close to the wall. It results from the effect of the adhesion forces
on the meniscus curvature and from the capillary forces. Thus, to
improve heat transfer, the microregion number in an MHP cross
section must be as high as possible. For triangular MHPs, the heat
transfer rate is rather limited by the large liquid pressure drops in the

corners; nevertheless, the vapor pressure drops are not negligible.
The thermal resistance of the vapor phase, calculated by consider-
ing the saturation conditions in each section of the MHP, is more
important than the transversal thermal resistance in the liquid film
and the wall. Thus, increasing the triangular MHP cross-section al-
lows the increase of the liquid and vapor flow cross sections and
consequently the increase of the capillary limit and the reduction of
the vapor thermal resistance. It results an increase of the effective
thermal conductivity of the MHP. The thermal performances of the
MHP array are strongly dependent on the amount of working fluid:
A too large amount leads to condenser flooding, and a too small
amount leads to evaporator dryout. In both cases, the heat transfer
areas are reduced, and the liquid thermal resistance increases.
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