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Abstract

The heat and mass transfer within a porous structure with partial heating and vaporization on the upper surface is
studied numerically[ Two models are presented] a continuum "Darcy# model and a pore network model[ Both approaches
show that the liquid!vapor front enters inside the porous structure[ When the structure is characterized by a single pore
size\ the continuum model and the pore network model lead to the same stationary solution and the liquidÐvapor front
is smooth[ When there exists a pore size distribution\ pore network simulations show that the front resembles fractal
fronts typical of invasion percolation[ Implications of the results to capillary pumped loops "CPL# are discussed[ In
particular\ the results indicate that capillary _ngering may limit the operating range of CPL[ Þ 0888 Elsevier Science
Ltd[ All rights reserved[

Nomenclature

d length ðmŁ
d� thermal network mesh size ðmŁ
` ~ow conductance ðm1Ł
k permeability ðm1Ł
L latent heat of vaporization ðJ kg−0Ł
Lf length of the _n ðmŁ
Lx length of the porous structure in the x!direction ðmŁ
Ly length of the porous structure in the y!direction ðmŁ
p pressure ðPaŁ
pc capillary pressure ðPaŁ
R index of the pore structure disorder
s bond cross section ðm1Ł
S cross section "thermal network# ðm1Ł
T temperature ðKŁ
Tsat saturation temperature ðKŁ
T9 temperature at the entrance of the wick ðKŁ
DT T−T9 ðKŁ
u bond average velocity ðm s−0Ł
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v _ltration velocity ðm s−0Ł[

Greek symbols
l thermal conductivity ðW m−0 K−0Ł
G vaporÐliquid front
o porosity
m viscosity ðPa s−0Ł
r density ðkg m−2Ł
s surface tension ðN m−0Ł
f heat load ðW m−1Ł
fm mass source term ðkg m−1 s−0Ł
Vf liquid domain
Vv vapor domain[

Subscripts:superscripts
ef e}ective
l liquid
ref reference
v vapor
s solid
sat saturation[

0[ Introduction

The study presented in this paper is related to the
evaporator of capillary pump loops "CPL#[ Capillary
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pump loops have been developed as an attractive system
for the thermal management of spacecraft with high
power loads ð0Ł[ Typically\ a CPL consists of an evap!
orator and a condenser interconnected by a system of
pipe "Fig[ 0#[ Figure 1 shows the cross section of a classic
cylindrical evaporator[ Under the in~uence of the heat

Fig[ 0[ Schematic of a CPL[

Fig[ 1[ Cylindrical evaporator[

load applied on the external surface of the metallic
grooved structure\ the liquid contained in the porous
wick vaporizes\ the vapor ~ows through the grooves
towards the condenser and the condensed liquid returns
to the evaporator owing to the capillary pressure across
the meniscii that form at the surface or inside the porous
wick[ By choosing a working ~uid having a large heat of
vaporization\ ammonia for example\ one may expect to
dissipate signi_cant heat ~ux[ In such a system\ the evap!
orator is the most important part[ Therefore\ the optimal
design of CPL requires a thorough understanding of the
physical phenomena occurring within the evaporator[
This is the primary objective of the present paper[
Additionally\ the in~uence of various factors\ such as the
transport properties and:or the structural characteristics
of the wick are partially explored[ Our study is not the
_rst dedicated to this problem[ For basically the same
two!dimensional system as the one considered in our
study\ Cao and Faghri ð1Ł developed an analytical solu!
tion[ This solution is however restricted to homogeneous
wicks and situations in which the wick is completely
saturated by liquid[ The fact of considering a two!dimen!
sional model is supported by the numerical results pre!
sented in ð2Ł "note\ however\ that the results presented in
ð2Ł were obtained within the framework of a continuum
model and not pure network models#[ In that later study\
Cao and Faghri presented a conjugate analysis of a sys!
tem including a segment of wick and a groove[ In particu!
lar\ in~uence of the working ~uid on the vapor ~ow in
the groove was studied[ Again\ this study was restricted
to situations where the change of phase takes place at the
grooveÐwick interface and not within the wick[ The same
year\ Demidov and Yatsenko ð3Ł presented a numerical
study showing that vapor zones can take place within the
wick under the _ns[ The study of Demidov and Yatsenko
was carried out at the continuum or Darcy level[ For the
present study\ we developed a continuum level model
which is similar to the one presented in ð3Ł[ Our method
of solution is\ however\ di}erent[ In addition\ we
developed a pore network model[ To the best of our
knowledge\ a pore network model has never been used
before in the context of capillary evaporators[ The main
motivation for developing a pore network model stems
from recent studies on liquidÐvapor phase change in
capillary porous media\ ð4Ð6Ł[ These studies show that
fractal patterns of the invasion percolation type ð7Ł\ could
be expected when capillarity dominates the process "in
the system under study\ the capillary forces are clearly
the dominant forces#[ It is well known that the continuum
approach to porous media is not adapted for modeling a
system close to a percolation threshold[ In such a case\
pore network models are much more appropriate[ In
particular\ the pore network simulations show that capil!
lary _ngering may lead to deprime of the evaporator
even if the working conditions are far from the nominal
capillary capacity of the wick[ Also\ it may be observed
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that typical evaporator geometries have groove and _n
dimensions of about 0 mm[ With typical pore diameters
of the order of 09 mm and particle diameters ranging to
099 mm\ there may be only 09Ð19 pores per mm ð8Ł[
Therefore\ pore networks containing roughly the same
number of pores as in a representative section of a real
system can be considered easily[ The pore network
approach is also helpful for determining the conditions
under which the continuum model presented in Section
2 is valid[ It is shown that this continuum model is in
fact appropriate only when the pore size distribution is
extremely narrow[

1[ Problem statement

Due to symmetry\ the study is restricted to a segment
of the wick as sketched in Fig[ 1[ On the basis of the
study of Cao and Faghri ð2Ł\ a two!dimensional geometry
is considered[ Only stationary solutions are studied[ Due
to the high thermal conductivity of the metallic _n com!
pared to the thermal conductivity of the vapor within
the groove\ the temperature within the wick reaches the
saturation temperature _rst under the _n[ In agreement
with Demidov and Yatsenko ð3Ł\ this leads to the for!
mation of a vapor zone[ Hence\ a typical computational
domain is shown in Fig[ 2[ In Fig[ 2\ the vaporÐliquid
front is shown as a smooth line separating a liquid zone
from a vapor zone[ We shall see that such a representation
is not always correct\ owing to capillary e}ects[ This is\
however\ a useful representation within the framework
of the continuum model presented hereafter[

Fig[ 2[ Computational domain[

2[ Continuum level model

2[0[ Differential equations

The continuum level model is based on the following
main assumptions] negligible gravity e}ect\ local thermal
equilibrium between the solid phase and the vapor or the
liquid\ radiative and convective heat transfers negligible
compared to conductive heat transfer and latent heat
transfer[ The liquid vapor transition takes place at a front
of zero thickness[ This last assumption is associated with
porous structures characterized by a single pore size[
Incompressible ~ows are assumed in the liquid phase as
well as in the gas phase[ This last assumption is not
strictly correct since pressure and temperature variations
occur within the vapor zone[ We note that a similar
assumption was made by Demidov and Yatsenko ð3Ł[
Under these assumptions\ the governing equations\ where
l corresponds to liquid and v to vapor\ read

Continuity and momentum "Darcy# equations\

9 = vi � 9 in Vi with i � l\ v "0#

vi � −
k
mi

9pi in Vi with i � l\ v "1#

which can be combined to obtain

91pi � 9 in Vi with i � l\ v "2#

Energy equation\

91Ti � 9 in Vi with i � l\ v "3#

Conditions on the front[

Tl � Tv � Tsat at G "4#

where Tsat is the saturation temperature[

pv−pl � pc at G "5#

where pc is the capillary pressure

rlvl = n � rvvv = n at G "6#

lef
v 9Tv = n−lef

l 9Tl = n � rlvl = nL at G "7#

where n is the normal unit vector at the front[ lef
v and lef

l

are the e}ective thermal conductivity of the porous
medium saturated by liquid and by vapor respectively[
These thermal conductivities were estimated according
to a parallel arrangement model\ i[e[ lef

i �"0−o#ls¦oli

with i � l\v and where o is the wick porosity\ ls is the
solid thermal conductivity and li corresponds to the ~uid
thermal conductivity[ In Equation "7#\ L is the latent heat
of phase change[

Local thermodynamic equilibrium equation at the
front "ClausiusÐClapeyron equation#\

pl � psat � pref exp"−A"0:Tsat−0:Tref## at G "8#

where pref and Tref are reference pressure and temperature[
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Boundary conditions

At y � 9\ pl � p9\ Tl � T9 "09#

At x�9 and x�Lx\
1pi

1x
�9\

1Ti

1x
�9\ i� l\ v

"00#

At y � Ly and 9 ¾ x ¾ Lf\
1pi

1y
� 9\

lef
i

1Ti

1y
� f\ i � l\ v "01#

At y � Ly and Lf ¾ x ¾ Li\ pv � pl\
1Tv

1y
� 9 "02#

At y � Ly and Li ¾ x ¾ Lx\
1pl

1y
� 9\ Tl � Tl "03#

Some compromise is necessary in terms of boundary con!
ditions if one wants to consider only an element of the
wick and not the whole loop[ In Equation "02#\ pl is the
pressure in the groove[ We also have p9 � pl−Dp where
Dp denotes the pressure loss within the loop[ As can be
seen from Equations "01# and "02#\ the heat ~ux through
the groove is assumed to be negligible compared to the
heat ~ux coming through the _n "note that the thermal
conductivity of the _n is about two orders of magnitude
greater than the thermal conductivity of the vapor#[
Equation "03# states that a saturation temperature equal
to Tl is imposed at y � Ly and Li ¾ x ¾ Lx[ We also
assumed that the mass ~ux at y � Ly and Li ¾ x ¾ Lx\
Equation "03#\ was negligible compared to the mass ~ux
crossing the section of the liquidÐvapor interface located
within the wick[

2[1[ Numerical procedure

The conservation equations and boundary conditions
were solved by applying the Galerkin _nite element
method ð09Ł[ The additional di.culty here is that the
front position is unknown[ This di.culty was dealt with
a front tracking method[ The developed front tracking
method is based on a moving structured grid that pro!
gressively adjusts to the front shape[ This implies to
regenerate the grid at each step[ The overall numerical
procedure can be summarized as follows]

"0# Specify an initial arbitrary liquidÐvapor front
location[

"1# Generate the grid[
"2# Solve the pressure Equation "2#[
"3# Compute the velocity and the ~ow rate\ Equation

"1#[
"4# Solve the energy Equation "3#[
"5# Compute the new front location[
"6# Go back to step 1[
"7# Repeat the procedure until convergence[

A 80×80 elements grid turned out to be satisfactory\

see ð00Ł where all the details regarding the numerical
procedure can be found[

2[2[ Results

The results presented in what follows were obtained
with ammonia as the working ~uid[ The porosity of the
wick is o � 9[3[ Its permeability is k � 09−02 m1[ The
thermal properties taken in the computation as ls � 9[3
W m−0 K−0\ ll � 9[4 W m−0 K−0\ lv � 9[94 W m−0

K−0\ L � 0[02 095 J kg−0[ The geometric parameters are
Lf � 1×09−2 m\ Lx � Ly � 4×09−2 m[ The boundary
conditions were speci_ed as follows] T9 � 15>C\
Tl � 29>C\ P9 � Psat"Tl#−39 Pa\ Pl � Psat"Tl#[ f is varied
in the range 3499Ð8999 W m−1[

Figure 3 shows the temperature _eld and the front
location for f � 5999 W m−1[ Figures 4 and 5 display

Fig[ 3[ Temperature _eld "continuum model# DT � T−T9[

Fig[ 4[ Pressure distribution along the boundary of the com!
putational domain[ j is the curvilinear coordinate along the
boundary of the computational domain "j � 9 at point A#[ "See
Fig[ 2 for de_nition of points A\ B\ C\ D\ E[#
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Fig[ 5[ Temperature distribution along the boundary of the
computational domain[ j is the curvilinear coordinate along the
boundary of the computational domain "j � 9 at point A#[ "See
Fig[ 2 for de_nition of points A\ B\ C\ D\ E[#

the pressure and temperature distributions along the
boundary of the computational domain[ As indicated in
Fig[ 4\ the pressure drop is higher in the vapor zone than
in the liquid zone[ This is consistent with the fact that the
kinematic viscosity of the vapor is here larger than the
kinematic viscosity of the liquid "nl � 1×09−6 m1 s−0\
nv � 0[0 09−5 m1 s−0#[ The much greater pressure drop in
the region of corner point C is consistent with the fact
that all the vapor produced at the front should escape
through the relatively small cross section Lf ¾ x ¾ Li[
Figure 5 shows that the vapor is superheated except on
the front where the temperature is equal to the saturation
temperature[ Consistently with the development of a
vapor zone underneath the _n\ the maximum tem!
perature is reached on the wickÐ_n interface[

Figure 6 presents the evolution of the front location as
a function of the heat load[ Not surprisingly\ the size of
the vapor zone increases with f[ Naturally\ as depicted
in Fig[ 7\ the _n temperature also increases with f[
Additional results can be found in ð00\ 01Ł[ In particular\
the in~uence of a thin gap between the _n and the wick
was also explored by means of the continuum model ð01Ł[
This gap allows the vapor to escape from the wick and
therefore leads to reduce signi_cantly the _n temperature
for a given heat load[

3[ Pore network simulation

3[0[ Model formulation

Pore network simulation has been extensively used for
studying immiscible displacements as well as many other
transport processes in porous media ð02Ł[ As mentioned
before\ such models have also been used for studying
liquidÐvapor phase change phenomena ð4\ 5\ 03Ł[ In these
works\ however\ the change of phase was driven by mass

Fig[ 6[ Evolution of the front position as a function of heat load[

transfer under isothermal or quasi!isothermal conditions[
To the best of our knowledge\ the _rst pore network
models taking into account the heat transfer in the con!
text of liquidÐvapor phase change in porous media are
the model used in the present study ð00\ 04Ł and the one
developed by Satik and Yortsos ð05Ł[ In this type of
model\ the pore space is modeled by a network of sites
"pores# and bonds "throats#[ A square lattice was used
for the present study\ Fig[ 8[Taking into account the
conductive heat transfer in the solid requires to consider
a complementary square network as explained below[ As
for the continuum model\ gravity e}ects are neglected[
The key elements of the pore!network model are as fol!
lows]

Mass and momentum balances

Using technique similar to a standard _nite volume
technique\ the continuity equation can be discretized as
follows at node i]

s
k

rj
kiu

j
kiski � 9 k � 0\ 3 "04#

where j � l "liquid# or v "vapor# depending on the ~uid
occupying node i[ k varies from 0 to 3 where 0 "respect!
ively 1\ 2 and 3# corresponds to the bond located to the
north "respectively east\ south\ west# of node i[ ski is the
cross section of bond ki[ uj

ki is the average velocity in
bond ki\ which is expressed by a Poiseuille!type law\
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Fig[ 7[ Evolution of temperature at point B "point where the temperature at the wickÐ_n interface is maximum# as a function of heat
load[

Fig[ 8[ Sketch of pore network model[

uj
ki � −

`ki

mj

pi−pk

dki

"05#

In Equation "05#\ dki is the length of the throat\ pi the
pressure at node i\ pk the pressure at the neighbor node
connected to node i by throat k\ `ki is the ~ow con!
ductivity of throat k which is classically expressed in
terms of the hydraulic diameter dh as

`ki �
d1

h

21

with

dh �
3sik

peik

where peik is the throat perimeter and sik the throat
section[ In this approach\ the pressure drop is assumed
to be associated with throat only[

Equation "04# applies to nodes that are connected to
neighbor nodes by bonds that do not contain a liquidÐ
vapor interface "in this model\ the meniscii are assumed
to stabilize within bonds between two invasions#[ When
a liquidÐvapor interface is present in a bond\ Equation
"04# is modi_ed for taking into account the mass ~ux due
to the change of phase at the liquidÐvapor interface[ For
instance\ in the case of a vapor node having one bond
containing a liquidÐvapor interface\ the mass balance is
expressed as

s
k

rj
kiu

j
kiski¦fms3i � 9 k � 0\ 2 "06#

where fm is the mass ~ux associated with the change of
phase in that bond[ fm is deduced from the energy bal!
ance at the liquidÐvapor interface as explained below[

Energy balance

Heat transfer by conduction in the solid\ liquid and
vapor phases was simulated as well as the heat transfer
due to the change of phase[ Radiative and convective
heat transfer are negligible here compared to conductive
and latent heat transfer and therefore have not been taken
into account[ To take into account the conductive heat
transfer through the solid phase\ a _ner network than the
pore network was considered\ Fig[ 8[ This network is
termed the thermal network[ As can be seen from Fig[ 8\
the distance between two nodes of the thermal network
is twice as small as the distance between two nodes of the
pore space network[ In addition to the nodes of the pore
space network\ complementary nodes are located in the
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solid phase and in the middle of bonds[ The energy bal!
ance for node i is expressed as follows]

s
k

l�ki

Ti−Tk

d�
Ski � 9\ k � 0\ 3 "07#

where Ti is the temperature at node i\ Tk the temperature
at _rst neighbor node k[ Ski is the exchange surface
between the considered nodes\ Fig[ 8\ d� is the distance
between two nodes of thermal network[ l�ki is the thermal
conductivity of segment k joining node i to neighbor node
k which is _rst expressed according to a series arrange!
ment model as "see Fig[ 8 for the notations#

l�ki �
lslf "dks¦dkf#
dkslf¦dkfls

"08#

where lf and ls are the thermal conductivities of solid
and ~uid "liquid or vapor# phases respectively[ Equation
"08# leads\ however to underestimate the heat transfer by
conduction since in our model the solid phase is not
continuous but made of isolated grains[ Hence\ Equation
"08# leads to exaggerate the in~uence of the conductive
heat transfer in the ~uid phase compared to the real three!
dimensional system[ In the present e}ort\ this problem
has been dealt with by using the following estimate
instead of Equation "08#\

l�ki �
lsl

ef
f "dks¦dkf#

dksl
ef
f ¦dkfls

"19#

where lef
f is the e}ective thermal conductivy of the porous

medium saturated by liquid " f � l# or vapor " f � v#\
see Section 2[0[ The essential point is that the apparent
conductivities in each saturated zone\ liquid or vapor\
are about the same in the continuum and discrete
approaches[ As we shall see\ Equation "19# leads to a
satisfactory agreement with the continuum model pre!
dictions[ Naturally\ this part of the model could be modi!
_ed and improved easily if necessary[

Boundary conditions

The boundary conditions are similar to the ones used
for the continuum model\ Equations "09#Ð"03#\ except
for the thermal problem where ~ux conditions were
imposed at the grooveÐwick interface\ i[e[

At y � Ly and Lf ¾ x ¾ Lx\ l�
1Ti

1y
� f:19\ i � l\ v

"10#

The factor 0:19 in Equation "10# was deduced from a
preliminary simulation of pure thermal conduction in the
_n!groove region and is a direct consequence of the much
lower thermal conductivity of the vapor compared to
that of the metallic _n[ Although this boundary condition
is a little more satisfactory than the zero ~ux condition
considered before\ its in~uence on the results is weak[
However\ for the comparison between the two models\
Section 3[1[0\ Equations "09#Ð"03# were imposed[

The saturation temperature Tsat is imposed at each
liquidÐvapor interface[

Source term fm

The source term fm is determined on each liquidÐvapor
interface from the energy balance\

fm

L
� lef

v

Tv−Tsat

d�
−lef

l

Tsat−Tl

d�
"11#

Numerical procedure

The numerical procedure can be summarized as
follows[ Initially the network is saturated by liquid except
the _rst series of bonds underneath the _n which are
saturated by vapor "in order to allow the vapor to escape
from under the _n towards the groove#[ The temperature
_eld is then determined by solving the system of equations
de_ned by Equation "07#[ The source term at each liquid
interface is deduced from Equation "11#[ This enables us
to determine the pressure _eld by solving the system of
Equations "04#Ð"06#[ Once the pressure _eld is known\
the pressure di}erence DP across the liquidÐvapor inter!
faces is determined and compared to the maximum pres!
sure di}erences given by Laplace|s law\ i[e[

pci �
1s cos u

di

where s is the interfacial tension\ u the wetting angle
"assumed equal to zero# and di is the throat width[ For
some bonds\ one found "except for su.ciently low heat
loads# that DP × pci\ indicating that the stationary solu!
tion has not been reached[ At this stage\ various bond
invasion criteria can be developed[ The two we have used
are the following] "0# only the bond associated with the
maximum value of DP:pci is invaded\ "1# all the bonds
such that DP:pci × 0[0 are invaded by vapor[ Satis!
factorily\ both criteria lead to the same stationary solu!
tion ð00Ł[ Once the network phase distribution has been
updated\ the overall procedure is repeated until the
stationary solution is obtained\ i[e[ until DP ³ pci on each
liquidÐvapor interface[ Note that any isolated liquid clus!
ter that forms is removed\ i[e[ all bonds and nodes belong!
ing to such a cluster are declared to be occupied by vapor
"in the present e}ort\ mechanisms such as condensation\
re!imbibition of pores by liquid\ liquid _lm ~ows are
neglected\ therefore any isolated liquid cluster that forms
must vaporize before the stationary solution is reached#[
The results presented in what follows were obtained for
a 88×88 pore network\ which corresponds to a 088×088
thermal network[ It is worth noting that this number of
pore "¼ 09 999# is quite representative of real systems[
Ammonia is the working ~uid[

3[1[ Results

3[1[0[ Pore network simulation versus continuum model
In order to compare the two approaches\ i[e[ the pore

network model and the continuum model\ we assumed
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that all bonds have the same width\ d � 09 mm and we
imposed the same boundary conditions as for the con!
tinuum model\ Equations "09#Ð"03#\ with f � 4999 W
m−1[ The physical properties of the various phases are
equal to the ones used for the simulations with the con!
tinuum model presented in Section 2[ Figure 09 shows
the solutions of the two approaches[ They are practically
identical[ The fact that both approaches lead to same
results is con_rmed in Fig[ 00 that shows the evolution

Fig[ 09[ Pore network simulation versus continuum model solution[ LiquidÐvapor front position] black dot line*continuum model^
white solid line*network model[ f � 4999 W m−1^ DT � T−T9[

Fig[ 00[ Vapor zone and liquid zone surface fraction as a function of heat load] � network model\ **Ð continuum model[

of the vapor zone size as a function of heat load[ This
indicates that the continuum model considered in the
present paper and the similar one developed by Demidov
and Yatsenko ð3Ł are valid in the limit of an extremely
narrow pore size distribution[

3[1[1[ Pore network simulations
In this section\ the in~uence of some disorder in the

pore size distribution is investigated[ The bond widths
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are uniformly distributed between dmin and dmax with a
bond average width kept equal to 09 mm[ The ratio
between the smallest width and the largest one is noted
R\ R � dmax:dmin[ Increasing R corresponds to an increase
in the pore structure disorder[ The solid thermal con!
ductivity is ls � 09 W m−0 K−0[ Thus\ in this series of
simulations\ a thermal conductivity corresponding to a
highly conductive solid phase was used[ The permeability
slightly varies as a function of R in the range 2[1Ð
2[3×09−02 m1[ The porosity is o � 9[324[ The boundary
conditions were speci_ed as explained before with
T9 � 09>C\ P9 � P0−39 Pa\ where P0 is the pressure of
the vapor in the groove[

3[1[1[0[ Vapor zone extension as a function of heat load[
The simulations presented in this section were performed
for R � 1 and heat loads in the range 4999Ð199 999 W
m−1[ For heat loads lower than about 09 999 W m−1\ the
wick is not invaded by vapor\ i[e[ for each liquidÐvapor
interface located in the _rst series of bond underneath
the _n the pressure di}erences across the interface is
lower than the capillary threshold given by Laplace|s law[
This is illustrated in Fig[ 01[ As can be seen from Fig[ 01\
there exists a vapor pressure gradient under the _n[ This
gradient is associated with the vapor ~ow towards the
groove along the _n[ When the heat load becomes
su.ciently high\ the pressure di}erence across some
liquidÐvapor interfaces becomes greater than the capil!
lary pressure threshold of the associated bonds[ There!
fore\ the vapor invades the wick until a stationary solu!
tion is obtained\ i[e[ until the interface pressure di}erence
is lower than the capillary pressure threshold for each
elementary interface forming the front[ This is illustrated
in Figs[ 02 and 03[ As can be seen from Fig[ 03\ the front
is not smooth as before but highly irregular[ Naturally\
as the heat load is further increased\ the vapor zone

Fig[ 01[ Distribution of local capillary pressures "smooth line#
and capillary pressure thresholds "irregular line# along the
liquidÐvapor interface for an almost liquid saturated wick[

Fig[ 02[ Distribution of local capillary pressures "smooth line#
and capillary pressure thresholds "irregular line# along the
liquidÐvapor interface for the stationary solution corresponding
to f � 00 999 W m−1[

Fig[ 03[ Temperature _eld and liquidÐvapor front for f � 04 999
W m−1 and R � 1^ DT � T−T9[

increases as shown in Fig[ 04[ It is interesting to observe
that the vapor zone extension is not a simple function of
heat load[ As can be seen from Fig[ 04\ the location of
the front is practically the same for heat loads varying
from 04 999 to 24 999 W m−1[ The pinning of the front
can be expected when most of the liquidÐvapor interfaces
become located in relatively narrow bonds[ Together with
the rough shape of the front\ the front pinning is a conse!
quence of the local capillary pressure thresholds distri!
bution[ When the heat load is about equal to 199 999 W
m−1\ the vapor breakthrough is obtained[ Naturally\ the
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Fig[ 04[ Temperature _elds and liquidÐvapor fronts as a function of f "R � 1#^ DT � T−T9[

vapor breakthrough should be avoided when operating
a CPL "the vapor breakthrough may lead to sudden
deprime of the loop#[ The growth of the vapor zone is

associated with the increase of the _n superheat as shown
in Fig[ 05[ As can be seen from Fig[ 05\ the _n superheat
is practically zero as long as the wick is saturated[ The
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Fig[ 05[ Fin superheat as a function of heat load[

superheat increases as the vapor zone increases[ The
change in the slope in Fig[ 05 for f � 04 999 W m−1

can be explained by the fact that signi_cant invasions of
bonds in the _n corner region occurs only for f − 04 999
W m−1[

3[1[1[1[ In~uence of pore size distribution[ The in~uence
of the pore size distribution was further explored by
varying R between 0 and 4 for f � 24 999 W m−1[ The
results reported in Fig[ 06 indicate that the bond width
heterogeneity may favor the invasion of the vapor[ In
particular\ it is interesting to observe that the vapor
breakthrough is nearly obtained for R � 4 while the
vapor breakthrough can be expected to occur with sig!
ni_cantly greater heat load for R � 0[ Note that the capil!
lary capacity of the wick\ i[e[ the average pore size\ is
about the same for R � 0 and R � 4[

Fig[ 06[ In~uence of R "spreading factor of pore size distribution#
on the front shape and position[

3[1[1[2[ In~uence of wick thermal conductivity[ The in~u!
ence of the wick thermal conductivity was brie~y
explored[ For otherwise identical conditions\ simulations
were performed for ls � 09 W m−0 K−0 and ls � 9[4 W
m−0 K−0[ The results are presented in Figs[ 07 and 08[
An interesting result\ illustrated in Fig[ 08\ is that the
front position is nearly independent of ls here[ This is not
surprising since\ with the boundary conditions that are
imposed in the simulations\ the heat ~ux are necessarily
identical[ Naturally\ this implies signi_cant di}erences in
the temperature distributions as shown in Figs[ 07 and
08[ As expected\ the _n superheat is much greater with a
low thermal conductivity wick\ Fig[ 08[

Fig[ 07[ In~uence of the wick thermal conductivity on the front
shape and temperature distribution for f � 24 999 W m−1]
"a# ls � 9[4 W m−0 K−0^ "b# ls � 09 W m−0 K−0^ DT � T−T9[
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Fig[ 08[ In~uence of wick thermal conductivity of the _n
superheat[

4[ Discussions

In this section\ we _rst discuss brie~y why the shape of
the liquidÐvapor interface is characteristic of capillary
_ngering ð7Ł\ when there is some disorder in the pore
structure\ i[e[ when R × 0[ Second\ we suggest an
improved design of the wick directly inferred from the
results presented in the present paper[

In the pore network or discrete approach\ the con!
vergence towards the stationary solution can be viewed
as an immiscible displacement in which vapor\ which is
here the non!wetting ~uid\ displaces liquid ammonia[
Therefore\ one may expect similarities with drainage pat!
terns "displacement of a wetting ~uid by a non wetting
~uid#[ These depend on the viscosity ratio and the capil!
lary number\

Ca �
um

s

where u and m are the velocity and the viscosity of the
displacing "non!wetting# ~uid[ Ca is in fact the ratio of
the pressure drop associated with viscous e}ects to the
capillary pressure jump[ As capillarity is here the driving
force\ it is clear that operating stationary conditions are
necessarily associated with small capillary numbers\ i[e[
capillary dominated process[ At very low Ca\ drainage
patterns obey the invasion percolation ð06Ł[ Invasion per!
colation applies\ however\ in the quasi!static limit only[
Here\ it is clear that viscous forces do a}ect the selection
of the invaded bonds\ as illustrated for example in Fig[
01[ If one notes that the displacing ~uid is less viscous
than the displaced ~uid\ corresponding drainage patterns
are in the cross!over region between invasion percolation
and DLA "Di}usion Limited!Aggregation# patterns ð7Ł[
The analogy with drainage does not strictly hold here
however[ An important di}erence is that\ in the phase
change process under study\ the displaced ~uid ~ows not
in the same direction as the front displacement but in the
opposite direction\ i[e[ towards the front[ Contrary to
conventional drainage\ this leads to pressure gradients
that tend to stabilize the front ð6\ 07Ł[ In other terms\

since capillarity controls the process but viscous e}ects
are not negligible\ it is _nally not surprising to obtain
stabilized fractal fronts similar to the ones observed when
gravity or viscous e}ects act as a stabilizing force in an
invasion percolation process ð5\ 6\ 02Ł[ For instance\ it is
known from gradient invasion percolation ð02Ł\ that the
front width increases as the capillary number decreases[
This is consistent with the in~uence of the pore size dis!
tribution described in Section 3[1[1[ Although the stan!
dard de_nition of the capillary number does not take into
account the in~uence of R\ a little thought indicates that
increasing R amounts here to diminishing Ca[

From a practical standpoint\ the results suggest an
improved design along the lines discussed hereafter[ As
far as the wick thermal conductivity is concerned\ the
results show that the use of a high conductivity limits the
superheat of the _n[ On the other hand\ using a high
thermal conductivity may favor the liquid boiling at the
entrance of the wick for the low heat loads[ Regarding
the ~uid transport\ it seems interesting to use a relatively
high permeability in the vapor zone in order to make
the vapor ~ow easier[ High permeabilities are generally
associated with low capillary potentials\ which is not
particularly interesting since capillarity is the driving
force[ This suggests to develop a layered wick made of
porous layers having di}erent properties[ In ð08Ł\ a two
layers system was considered[ The _rst layer\ in the vicin!
ity of the _n\ has relatively high thermal conductivity and
permeability while the second layer is characterised by
smaller pores and a low thermal conductivity "the small
pores stop the development of capillary _ngering#[ The
pore network simulations reported in ð08Ł as well as the
results reported in ð8Ł for a more re_ned three layers
system show that this type of design is attractive and
would certainly deserve a more extensive study[

5[ Conclusions

Two numerical tools were developed and applied to
the study of coupled heat and mass transfers in the porous
structure[ An excellent agreement was found between the
predictions of the two models when the porous structure
is characterized by a single pore size[ When the pore size
varies\ capillary e}ects lead to fractal type fronts that
cannot be predicted by the continuum model[ The pore
network simulations indicate that the capillary e}ects
associated with some distribution in the pore size can
restrict the performance of the evaporator compared to
the single pore size case[ Although the developed network
model can be regarded as preliminary and is certainly
questionable on some aspects\ the results presented in
this paper show that pore!network models can be useful
tools for studying complex phase change phenomena in
porous media[ As far as the particular problem con!
sidered in this paper is concerned\ it would be interesting
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to develop three dimensional network models since it is
known from the immiscible displacement studies that
three dimensional phase distributions can be expected to
be di}erent from the two dimensional ones[ In particular\
it is expected that three!dimensional simulations would
lead to signi_cantly lower superheat of the _n than the
somewhat large superheat computed with two!dimen!
sional models "vapor and liquid phases are expected to
form two tangled {in_nite| clusters in 2D#[ Conducting
experiments at the pore network level would also be inter!
esting\ either in order to con_rm the _ndings of the
present paper or possibly to identify mechanisms not
included in the present model[
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