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Heat and mass transfer with phase change in an evaporator unit cell is analysed using a mixed pore net-
work model. Two different kind of wick are investigated: a monoporous capillary structure characterised
by a monomodal pore size distribution and a bidispersed capillary structure characterised by a bimodal
pore size distribution. The evaporator thermal performance, i.e. the conductance, and the overheating of
the casing are compared at different heat loads with experimental results and show a good agreement.
For a large range of flux, the bidispersed wick has higher thermal performance than the monoporous
wick. A bidispersed wick prevents the overheating of the casing which is the most encountered limit
in LHP application. The liquid–vapour phase distribution, as well as the vapour saturation and the vapour
mass flow rate are investigated to explain these behaviours.
1. Introduction

Capillary pumped loops (CPL) and Loop heat pipes (LHPs) ([1])
are cooling devices used in space, aeronautic or terrestrial applica-
tions to meet the thermal control problems of advanced electron-
ics. An LHP (see Fig. 1a) is composed of a condenser, a liquid and a
vapour line, a compensation chamber and an evaporator. An LHP
can be studied at the scale of the whole system, e.g. [2–4], or at
the scale of only one of the components which is generally the
evaporator since this is the place of the vaporisation process, e.g.
[5,6]. The evaporator consists of a metallic casing, a porous wick,
vapour grooves and a liquid-core. The heat flux that needs to be
evacuated is transferred by conduction up to the porous wick
through the metallic wall of the evaporator. This induces the
vaporisation of the fluid and the formation of menisci at the sur-
face and/or within the porous wick. The menisci adjust themselves
to balance the total pressure drop in the others components of the
loop. The vapour is then evacuated thanks to vapour grooves. A
cross section of a cylindrical evaporator is depicted in Fig. 1b,
where dashed lines delimit the evaporator unit cell shown in
three-dimension in Fig. 1c.
Heat andmass transfer in capillary evaporator have been studied
when the vaporisation only occurs at the wick/groove interface
(liquid saturated wick) ([8–10]) or within the wick (using the
so-called ‘‘vapour pocket” assumption, e.g. [11–13]). However, a
recent work [7] highlighted that a two-phase zone actually exists
under the casing, as already supposed in [14–17], calling into
question the relevance of the ‘‘vapour pocket” assumption in a
three-dimensional capillary evaporator unit cell. As pointed out in
[13], the most interesting regime, corresponding to the best
evaporator performances, is actually the regime in which there is
no vapour pocket and where liquid and vapour coexist within the
wick. Identifying the correct operation regime is of course crucial
in the prospect of designing better evaporators. Several parameters
and/or properties have been investigated numerically and/or
experimentally in order to improve the evaporator performances.
Amongst other the geometrical dimensions and the position of
vapour grooves [10], the choice of the working fluid ([18,19]) or
the use of a bilayerwick ([20–22])were investigated. In this context,
the use of a bimodal capillary wick has been considered in the
literature and seems to be promising to improve LHP performance.

Bimodal structures are characterised by the existence of two
distinct pore size distributions It exists essentially two methods
to manufacture them inducing a structural difference ([23]). The
first method collects together small pore particles into clusters,
leading to a so-called ‘‘bidispersed” structure. Large pores are
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Nomenclature

a step between two pores center (m)
b lattice spacing of the large network (m)
cp specific heat capacity (J/kg/K)
d diameter (m)
hev evaporator conductance (W/m2/K)
hg convective heat transfer coefficient (W/m2/K)
k thermal conductivity (W/m/K)
K permeability (m2)
l length (m)
ni; njw; nk number of pore, i.e. grid point, in the wick in the x, y

and z direction
n unit normal vector
N number of pore, throat or cluster
P pressure (Pa)
Q heat flux (W/m2)
T temperature (K)
u velocity vector (m/s)
V volume (m3)

Greek symbols
d standard deviation
e porosity
q density (kg/m3)
r surface tension (Pa/m)

Superscripts
� effective

Subscripts
c cluster, casing
cap capillary
cc compensation chamber
g grooves
l liquid
L large network
loop loop
max maximum
p pore
PN pore network value
R experimental value
sat saturation
sub subcooled
sup superheated
S small network
t throat
t theoretical value
T total
v vapour
void void
w wick
located between clusters of small pores (Fig. 2a). The second
method consists in sintering a mix of powder and pore formers.
The pore formers are then removed through a dissolution or evap-
oration process. In that case, large pores are located at the places of
Fig. 1. (a) Schematic of a LHP; (b) cross section of a cylindrical evaporator and (c) eva
permission from Elsevier. (For interpretation of the references to colour in this figure le
the pore formers (Fig. 2b), creating a so-called ‘‘biporous” struc-
ture. Scanning electron microscopy (SEM) images of a bidispersed
structure and a biporous one are shown in Fig. 3. The large pores
create preferential paths for the vapour while the small pores
porator unit cell delimited by the red dashed line in (b). Reprinted from [7] with
gend, the reader is referred to the web version of this article.)



Fig. 2. Schematic structure of a bimodal porous medium for (a) a bidispersed wick
and (b) a biporous wick. The arrow indicates the flow paths. Adapted from Rasor
and Desplat [23].
permit to increase the evaporation surface area and the number of
menisci, which improve the transport of the liquid ([25]). It is
therefore expected that the bimodal structure improves the
performances through more appropriate liquid and vapour
phase distributions within the wick when vaporisation occurs
inside the capillary structure.

Several experimental studies were devoted to bidispersed wicks
applied to LHP evaporators and several important parameters
impacting the performance have been analysed. The optimal ratio
between small pores and large pores was investigated in [26]. The
influence of wick thickness, small pore size and cluster size on
dryout values, on the evaporator wall overheating and on the heat
transfer coefficient was studied in several papers published by
the group of Catton ([27–31]). The 63 lm–455 lm–3 mm (small
pore diameter–cluster diameter–thickness of the wick) wick
structure [31] was the most appropriate to evacuate high heat flux
(around 990W/cm2). However, their analysis of the heat transfer
coefficient showed that the 40 lm-300 lm-1 mm structure [30]
led to the highest value. Indeed, the evaporative performance is
duly enhanced by decreasing the size of clusters, as it was also
shown in [32].

More recently, studies have turned to the use of biporous wick
structures for LHP as their manufacturing method permits to
achieve a greater control of the final porosity compared to the fab-
rication process for bidispersed structures. According to [24,33,34],
a high content of pore formers of a small size leads to an
Fig. 3. SEM pictures of wick structures with bimodal pore size distributions: (a) bidisper
enhancement of LHP performances compared to a classical wick.
The evaporator temperature, the evaporator thermal resistance
and the evaporator heat transfer performance were analysed in
[35]. The heat transfer performance for the evaporator with a
biporous wick is enhanced by nearly 80% compared to the evapo-
rator with a monoporous wick. Another biporous process fabrica-
tion was proposed in [36] where it was shown that the tested
LHP could start up and ran correctly under different heat loads.

For a given wick thickness, the critical heat flux is not necessar-
ily as high as expected due to preferential vapour paths leading to
the breakthrough of the vapour into the compensation chamber
(see for example the 1 mm thick wick in [30]). To prevent this
issue, a bilayer wick composed by a monoporous layer at the inlet
(near the compensation chamber) and a bidispersed [21] or bipor-
ous [37] layer next to the solid wall have been proposed as an
interesting solution. This configuration led to a decrease in the
vapour temperature [21] and in the total thermal resistance of
the evaporator [37] compared to a monolayer wick (monoporous
or biporous/bidispersed wicks).

Only a few numerical studies complement these experimental
works. An analytical model for predicting the operating conditions
of a bidispersed wick was developed in [38,39]. They assumed that
three successive stages occur in the capillary structure. The first
one corresponds to a liquid-saturated wick. The second stage
begins with the occurrence of vapour within the large pores.
Finally, when the capillary limit is reached, the menisci in the small
pore are destroyed corresponding to the third stage. Later, the
authors improved their model concerning the second stage [40]
and obtained better agreement with experiments. For low heat
flux, the heat transfer coefficient of the bidispersed wick is worse
than the one of the monoporous wick. This phenomenon is
explained by the low effective thermal conductivity and the high
porosity of the bidispersed structure. They also pointed out that
the spacing between large pores is an important criterion to
correctly evaluate the maximum admissible heat flux.

A continuum heat and mass transfer model for a flat evaporator
unit cell with a bimodal wick was presented in [41,17]. The model
is two-dimensional and for steady-state operating condition. The
model takes into account the phase change within the capillary
structure considering three vaporisation modes: the evaporation
occurs at the wick/groove interface and the wick is fully saturated
with liquid (1st mode); then the wick is divided into two zones (a
two-phase zone and a liquid-saturated zone) and the vaporisation
occurs in the two-phase zone (2nd mode); and finally the wick is
divided into three zones (a dry vapour zone located under the cas-
ing, a two-phase zone and a liquid-saturated zone) and the vapor-
isation occurs in the two-phase zone (3rd mode). The treatment of
the two-phase zone is based on a radius R� which defines the
threshold meniscus radius from which the pores become vapour.
The flowwithin the wick is computed using Darcy’s law, while only
conduction is considered for the heat transfer. A heat sink term
sed wick and (b) biporous wick. Reprinted from [24] with permission from Elsevier.



appears in the energy equation to account for evaporation in the
two-phase regions. Using this model, the prediction of the casing
overheating is in accordance with experimental results. An
interesting aspect of this method lies in the fact that structural
characteristics (pore size distribution, porosity, permeability. . .)
of the wick are taken into account. However, the convective term
in the heat transfer equation is neglected and the studied geometry
is original but not usual.

A 1D mathematical model of evaporative heat transfer in a loop
heat pipe (with mono and bidispersed wick structures) was devel-
oped and compared with experiments in [42]. They assumed that
the wick could be spontaneously separated into three regions
when the heat flux is applied. The first one is a vapour blanket,
the second one is a two-phase zone and the third one is a saturated
liquid zone. The liquid and vapour saturated regions were assumed
to be isothermal. The liquid flow and the heat transfer were only in
the radial direction, while the vapour flow was only in the axial
direction. The treatment of the two-phase zone was the same as
in [17]. Their results were in a general accordance with the exper-
iment. However, the mean absolute error of the evaporator wall
temperature for the monoporous wick (for the bidispersed wick
respectively), for low heat flux, was about 40% (14% respectively).
These deviations can be explained by the assumptions on the
three regions which are not in agreement with the results reported
in [7].

In this context, the objective of the present paper is to propose a
numerical study of heat and mass transfer within a three-
dimensional evaporator unit cell constituted by a bimodal wick
structure taking into account explicitly the bidispersed structure
of the wick through a pore network model (PNM).
2. Bidispersed structure two-scale pore network model

Our model is based on the representation of the porous medium
in term of a two-scale cubic network of pores and throats as
sketched in Fig. 4. In a one-scale cubic PNM (see Fig. 4a) such as
the one used in [13], the distance a between two pores, referred
to as the lattice spacing, also corresponds to the discretization step
used to solve the governing equation and is constant, which is
quite acceptable for a sintered wick. As illustrated in Fig. 2, the
bidispersed capillary structure can be viewed as a network of small
pores embedded in a network of larger pores, while the biporous
medium can be viewed as a network of large pores embedded in
Fig. 4. Pore network model: (a) Monoporous wick and (b) bidispersed wick. Note that, fo
depicted with a constant size of pores and throats in (b). It should be clear however that b
a network of smaller pores. The purpose of this paper is to focus
on the bidispersed wick. Two lattice spacings, denoted by a for
the fine network and by b for the large pore network are therefore
introduced for describing a bidispersed capillary structure.

As illustrated in Fig. 4b, the distance b corresponds to the
distance between two large channel intersections of the large pore
network. A key aspect of the model is to interconnect properly
the large pores and the fine pores. As a result, the distance between
two large pores along the three main directions of the large pore
network is not b but the finer spacing a (this is clearly illustrated
in Fig. 4b). This allows connecting easily the pores of the fine net-
work to those of the large network. As the result, the discretization
step of the transport equation in the two-scale PNM is actually the
fine pore lattice spacing a since all the pores are in fact distributed
over a Cartesian grid of step a. The large pore network simply
corresponds to the introduction of a spatial correlation in the pore
and throat size distribution along the grid of spacing a so as to form
the large pore network. In this respect, the discretization step is the
same as in the one scale network.

In pore network models, the capillary pressure is expressed as a
function of the throat size using the Laplace–Young equation (see
Eq. (19) below). Generally, the pore size distribution (PSD) is given
in literature. However, the PSD, obtained for example by mercury
porosimetry, actually corresponds to throat size distributions
(TSD). Thus, the throat diameters in the PNM must correspond to
the ‘‘pore size distribution” obtained experimentally. In addition
to the actual TSD, we want our network to have the same porosity
as the real wick we are interested in. How to achieve this goal, i.e.
how to specify the porosity and the PSD and TSD of the PNM from
available experimental data for a given wick, is described in
Appendix A for a one-scale PNM (monoporous wick) and in
Appendix B for the two-scale PNM (bidispersed wick).

As explained in Appendix B, the main unknowns for the
construction of the bidispersed network are the lattice spacing b
of the large network, the porosity eL of the large network, the
distribution of the large pore diameter dp;L and the one of the small
pore diameter dp;S, noting that the size of large pores, small pores
and the size of the small pore clusters are generally available from
the experimental works. These experimental data permit to
determine an approximate number of large pores for the PNM to
be representative of the real sample. In this respect, it is important
to note that the large pore network controls the vapour preferen-
tial paths within the wick allowing the vapour to escape from
r simplicity, only the pores are randomly distributed in (a); whereas the network is
oth throats and pores are randomly distributed in the model presented in this paper.



beneath the casing. Thus, based on the geometrical consideration
explained in Appendix B, b, eL, dp;L and dp;S are determined and used
for the construction of the two-scale pore network.

3. Numerical model

3.1. Governing equations

As in [13], a mesoscale approach is used. This means that capil-
lary effects are handled as in classical pore network model whereas
the temperature and pressure fields are computed according to a
mean field approach. For this reason, this mesoscale model is
referred to as a mixed pore network model. Here, only the main
governing equations and adaptations of the model for the bidis-
persed structure are presented. For more details see [7]. Subscript
i denotes the liquid l or the vapour v phase, while subscript j
corresponds to the large network L or the small network S.

Heat transfer through the metallic casing occurs only by
conduction.

r � ðkcrTÞ ¼ 0 ð1Þ

where kc is the thermal conductivity of the casing.
Heat transfer occurs by convection and conduction within the

wick,

ðqcpÞiui � rT ¼ r � ðk�i;jrTÞ ð2Þ

where ui is the velocity of phase i and k�i;j is the effective thermal
conductivity of network j when the pores are occupied by phase i.
The effective thermal conductivity of the wick depends on the solid
matrix conductivity, the fluid thermal conductivity and the poros-
ity. The arithmetic average between the classical arrangement of
the phases in parallel and in series is used:

k�i;j ¼
1
2

ejki þ ð1� ejÞkw þ kikw
ejkw þ ð1� ejÞki

� �
ð3Þ

where kw is the thermal conductivity of the solid matrix.
Darcy’s law (Eq. (4)) is combined with the mass conservation

equation (Eq. (5)) for determining the pressure field within the
wick.

ui ¼ �Kj

li
rP ð4Þ

r � ðqiuiÞ ¼ 0 ð5Þ
The vapour phase is supposed to be a slightly compressible

ideal gas whereas the liquid phase is supposed to be
incompressible.

3.2. Boundary condition

The heat load Q is applied at the external surface of the metallic
casing (Eq. (6)). Energy conservation (Eq. (7)) and no flow
conditions (Eq. (8)) are imposed at the casing/wick interface. A con-
vective boundary condition is used at the casing/groove interface
(Eq. (9)). The pressure Pcc and the temperature Tcc are imposed at
the inlet of the wick. They are supposed to be equal to the compen-
sation chamber pressure and temperature (Eqs. (10) and (11)). The
groove temperature Tg is taken at the saturation temperature corre-
sponding to the groove pressure Pg (Eq. (12)). The groove pressure
Pg is computed using the loop model presented in [7] (Eq. (13)).
Spatially periodic boundary conditions are imposed on the lateral
sides of computational domain.

Casing external surface:

ðkcrTÞ � n ¼ Q ð6Þ
Wick/casing interface:

ð�k�i;jrTÞ � n ¼ ð�kcrTÞ � n ð7Þ
rP � n ¼ 0 ð8Þ
Groove/casing interface:

ðkcrTÞ � n ¼ hgðT � TgÞ ð9Þ
Wick inlet:

Tcc ¼ Tsat � DTsub ð10Þ
Pcc ¼ PsatðTsatÞ ð11Þ
Groove:

Tg ¼ TsatðPgÞ ð12Þ
Pg ¼ Pcc þ DPloop ð13Þ

n is the interface normal unit vector. The heat transfer coefficient hg

is computed using a relation presented in [43]. DTsub is a possible
subcooling of the liquid at the wick inlet. DPloop is the pressure
drop in the other components of the loop determined as presented
in [7].

The liquid–vapour interface is located within the wick and/or at
the wick/groove interface. Energy conservation (Eq. (14)) and tem-
perature continuity (Eqs. (15) and (16)) are imposed at the menisci
located within the wick. Energy conservation (Eq. (17)) is imposed
at the wick/groove interface if the considered wick point is in
liquid state; otherwise a convective boundary condition is used
(Eq. (18)). The Clausius–Clapeyron relationship is used to link the
temperature and the vapour pressure along the liquid–vapour
interface, i.e. at each meniscus present in the system.

Liquid–vapour interface within the wick:

ð�k�l;jrTÞ � n� ð�k�v;jrTÞ � n ¼ qlhlvul � n ð14Þ
qvuv � n ¼ qlul � n ð15Þ
Tl ¼ Tv ¼ TsatðPvÞ ð16Þ
Liquid–vapour interface at the wick/groove boundary:

ð�k�l;jrTÞ � n ¼ qlhlvul � n ð17Þ
Vapour–vapour interface at the wick/groove boundary:

ðk�v;jrTÞ � n ¼ hgðT � TgÞ ð18Þ

hlv is the latent heat of vaporisation.
The Laplace law (Eq. (19)) is used to determine the maximum

pressure difference that can exist between the liquid and the
vapour across a meniscus for a perfectly wetting fluid.

DPcap;max ¼ 4r
d

ð19Þ

where d is the diameter of the considered throat and r is the surface
tension.

4. Method of solution

An iterative home-made code written in Fortran90 was devel-
oped in order to solve Eqs. (1)–(19). A finite volume method [44]
is used to discretize the governing equations with grid points cen-
tred on pores. As mentioned before, the equations are discretized
over the finer grid of step a containing both large and small pores.
An upwind scheme is used for the convective term in the energy
equation (Eq. (2)). The interface thermal conductivity is set as a
compound value of the conductivities of the two materials at the
wick-casing boundary. For the bidispersed case, permeabilities KL

and KS and porosities eL, and eS are defined for the large pore
network and the small pore network respectively. Permeability



Fig. 5. Computational chart for the case with a liquid saturated wick. Reprinted from [7] with permission from Elsevier.
and porosity of a link connecting a small pore and a large pore are
taken as compound values between the two considered nodes
(using harmonic means).

For low heat flux, no vapour occurs within the wick. Solving
the problem is then easy. The corresponding algorithm is sum-
marized in Fig. 5. When Tsup, the difference between the temper-
ature of the liquid under the casing and the saturated
temperature, is greater than a fixed threshold (usually between
2 and 4 K and taken here at 4 K), vapour forms within the wick
and the unsaturated case has to be solved using the algorithm
summarized in Fig. 6.

Once all equations are solved, the pressure difference DP,
defined as DP ¼ Pv � Pl is computed for each meniscus present in
the two-scale network. This value is compared for each meniscus
to the capillary pressure threshold defined by Eq. (19). If
DP > DPcap, the meniscus is then displaced into the adjacent pore
and all the equations are solved again. The interface is considered
as stable when the condition DP < DPcap is satisfied for each
meniscus.
5. Results

5.1. Model validation

In this section, simulations are compared to experimental
results available in Lin et al. [32]. These authors studied one mono-
porous wick (called sample A in [32]) and three bidispersed wicks
(called sample B, C and D in [32]). Sample A and sample D are
numerically studied in this paper. The geometry dimensions, as
well as the porous medium properties, the loop dimensions and
the working fluid are the same as the ones used in the experiment
of Lin et al. [32]. Unknown parameters not specified in [31] are
deduced or taken to be as much as possible close to realistic values
based on other studies by the same group ([24,33,37,42,45]). Note
that the grooves are manufactured within the wick. All the proper-
ties used in the simulations are summarized in Table 1.

Of primary interest is the quantification of the evaporator ther-
mal performance, i.e. the conductance hev (also called heat transfer
coefficient),



Fig. 6. Computational chart for the case with an unsaturated wick. Reprinted from [7] with permission from Elsevier.



Table 1
Porous material properties, fluid properties, geometrical dimensions and loop dimensions used in simulations.

Evaporator dimensions

Evaporator active length (mm) 40
Evaporator outer (mm)/inner (mm) diameters 15.5/12.5
Wick outer (mm)/inner (mm) diameters 12.5/9
Number of grooves/length of grooves (mm) 8/40

Wick properties (Nickel) Sample A
Monoporous wick

Sample D
Bidispersed wick

Thermal conductivity (W/m/K) 91 91
Throat diameter range (lm) 6 ± 4 1.2 ± 1.1 and 13 ± 6
Cluster diameter (lm) 20–62
Throat diameter p.d.f Normal Normal
Lattice spacing (mm) a = 0.0847 a = 0.0847 and b = 0.3388

Experiment Numerical Experiment Numerical

Porosity 0.743 0.747 0.768 0.764
Permeability (m2) 2.3 � 10�12 1 � 10�12 7.7 � 10�12 6.8 � 10�12

Casing property (Aluminium)

Thermal conductivity (W/m/K) 205

Fluid property (Ammonia) Liquid Vapour

Thermal conductivity (W/m/K) 0.52912 0.024365
Dynamic viscosity (Pa s) 156 � 10�6 9.63 � 10�6

Specific heat capacity (J/kg/K) 4678.7 2841.3
Latent heat of vaporisation (J/kg) 1,225,580
Interfacial tension (N/m) 0.029589
Liquid density (kg/m3) 624.46

Geometrical dimensions (mm) (see Fig. 1c for definitions)

Lx 5
Ly 3.25
Lz 3
Lxv 0.5
Lyw 0.75
Lyg 1

Loop dimension

Length (mm)/inner diameter (mm) of the vapour line 470/5
Length (mm)/inner diameter (mm) of the liquid line 580/4
Length (mm)/inner diameter (mm) of the condenser 800/5
hev ¼ Q
Tc;max � Tg

ð20Þ

where Q is the applied heat load in W/cm2, Tc;max is the maximal
temperature of the casing and Tg is the vapour temperature within
the removal channels, i.e. the vapour grooves. The overheating of
the casing DTc , defined as the casing excess temperature, is the dif-
ference between the casing temperature Tc;max and the saturation
temperature within the groove Tg ,

DTc ¼ Tc;max � Tg ð21Þ
The variations of the evaporator conductance and the overheat-

ing of the casing as a function of the heat flux are shown in Figs. 7
and 8. The numerical conductance is greater than the one mea-
sured experimentally, whereas the overheating of the casing is
underestimated. Note however that several unknown parameters
were estimated, such as the compensation chamber temperature,
as well as the fin and groove dimensions and thus could explain
the observed differences. Nevertheless, the trend is respected and
a general good agreement is found. Our conclusion is that the
agreement between the present model and the experimental
results of Lin et al. [32] can be considered as sufficiently good to
use with confidence our pore network model for studying bimodal
capillary structures within a capillary evaporator. Moreover, this
kind of model allows quantifying several parameters, such as the
liquid–vapour phase distribution, the vapour saturation as well
as the vapour flow rate, which are not easily obtained experimen-
tally, while they are often key elements to explain the behaviour of
the evaporator performance.

5.2. Evaporator heat transfer coefficient and vapour saturation

The evaporator heat transfer coefficient as a function of the
applied heat load is shown in Fig. 7. At low heat flux, the mono-
porous evaporator has better thermal performance than the bidis-
persed one. However, the evaporator heat transfer coefficient of
the monoporous sample decreased rapidly after 10 W/cm2. The
trend of the conductance for the bidispersed sample is different
compared to the monoporous wick. From 5W/cm2 to 25W/cm2,
the heat transfer increases from about 1.5 W/cm2/K to 3 W/cm2/
K. The difference between these trends can be explained by
considering the liquid–vapour phase distribution within the wick
similarly as in [7]. For this purpose, the liquid–vapour phase distri-
butions for different heat fluxes are depicted in Fig. 9 for both the
bidispersed and the monoporous structures.

The fraction of pores right under the casing occupied by vapour
in the plane located right under the casing and the vapour
saturation within the wick are investigated to explain the conduc-
tance behaviour (Fig. 10). As can be seen from Figs. 9 and 10, the
monoporous wick is rapidly invaded by vapour. At low heat flux,
60% of the wick are already invaded by vapour and 70% of the
wick/casing interface are occupied by vapour pores. By contrast,



Fig. 8. Variation of vapour DTc as a function of the heat load applied to the casing.

Fig. 7. Variation of evaporator conductance as a function of the heat load applied to the casing. The labels (a1–d1, a2–d2) correspond to the phase distributions illustrated in
Fig. 9.
the bidispersed wick vapour saturation is less than 5% and the frac-
tion of pores occupied by vapour at the wick/casing interface is less
than 30%.

Contrary to the monoporous wick, the liquid phase is predom-
inant under the casing for the bidispersed wick, thus ensuring a
better thermal performance in accordance with the results and dis-
cussion presented in [7]. Indeed, as discussed in [13] three evapo-
rator regimes can be distinguished with the increase in the heat
load. The first regime corresponds to the low heat loads where
the wick is saturated, i.e. there is no meniscus recession within
the wick and the conductance is constant. During this regime,
the evaporator has relatively poor thermal performances. The sec-
ond regime occurs when vapour begins to invade the wick. During
this regime, a two-phase zone exists under the casing, i.e. the liq-
uid and the vapour phases are both in contact with the casing. This
second regime thus corresponds to the occurrence of a two-phase
zone under the casing and can be itself divided into three parts
qualitatively described as follows: the first one corresponds to
the increase in the conductance; the second part corresponds to
the best performance of the evaporator (the conductance reaches
a plateau); the last part corresponds to the beginning of the
decrease in the thermal performance when the vapour at the
wick/casing interface exceeds a certain fraction of the wick/casing
surface, i.e. the vapour becomes predominant in this zone. Finally,
the last and third regime corresponds to a rapid fall in the conduc-
tance and begins when the layer of pores under the casing is fully
occupied by vapour. Note that the upper and lower bonds of the
fraction of pores occupied by vapour under the casing which deli-
mit each regime depend on the geometry and properties of the
wick and the casing.

As already mentioned, the monoporous evaporator has better
thermal performance than the bidispersed one at low heat fluxes.
Under 6.7 W/cm2, the bidispersed wick is still full of liquid (regime
1) (Fig. 10), which as recalled above corresponds to relatively poor
evaporator performances whereas the monoporous wick is already
invaded by vapour, and thus in the best regime (regime 2). Consis-
tently, the heat transfer performance of the bidisperse wick is less
good than the monoporous wick one. Beyond 6.7 W/cm2, the bidis-
persed wick operates in the second regime according to the con-
ductance behaviour. The variation of the fraction of vapour pores
under the casing is in good agreement with this observation.
Indeed, the conductance increases with the heat load until 10 W/
cm2 and seems to stabilize (according to experimental data) corre-
sponding respectively to the first and second parts of the second
regime described in [7]. The conductance of the monoporous wick
is almost constant until 10 W/cm2, corresponding to a fraction of



Fig. 10. Variation of the vapour saturation and the occupancy state of pores under the casing as a function of the heat flux applied to the casing. Svc is the fraction of pore
occupied by vapour right under the casing. The labels (a1–d1, a2–d2) correspond to the phase distributions illustrated in Fig. 9.

Fig. 9. Pore network numerical visualisations of vapour and liquid phase distribution in the evaporator unit cell for the same fluxes in the monoporous and bidispersed wick.
Vapour phase is in grey and liquid phase is in blue. Figures (a1) from (d1) correspond to the bidispersed wick structure and Figures (a2) from (d2) refer to the monoporous wick
structure. (a1) and (a2) are results at 7.7 W/cm2; (b1) and (b2) are results at 12.8 W/cm2; (c1) and (c2) are results at 15.35 W/cm2 and (d1) and (d2) are results at 23 W/cm2. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
pores under the casing lower than 80%, i.e. the wick operates in the
second regime. When more than 80% of the wick/casing interface is
invaded by vapour, the conductance decreases. The vapour
becomes largely predominant under the casing thus adding a ther-
mal resistance which induces the decrease of evaporator
performance.

The best performance of evaporator is thus well correlated with
the occurrence of a two-phase zone under the casing as expected.
In brief, the bimodal capillary structure creates preferential paths
for the vapour, thus keeping a two-phase zone in contact with
the casing for a larger range of heat flux.

5.3. Evaporator wall temperature

The compensation chamber temperature is an input in our
model (Eq. (10)) which conditions the overall evaporator tempera-
ture field. Unfortunately, this value is not reported in Lin et al. [32].
The compensation chamber (CC) temperature was fixed at
283.15 K in our simulations. With this temperature for the CC,
the maximal temperature of the evaporator, located at the casing
external surface, obtained numerically, was lower than the one
obtained experimentally. Temperature fields for heat load equal
to 12.8 W/cm2 are given for the monoporous and the bidispersed
wick in Appendix C (see Fig. C1). Instead of fitting this temperature
so as to obtain comparable values with the experiment as regards
the maximal temperature, we simply consider the overheating of
the casing DTc. It is expected that the computed DTc should be
comparable to the experimental one. As can be seen in Fig. 8, this
is indeed the case, especially for the bidispersed wick.

For low heat load, i.e. under 6.7 W/cm2, the overheating of the
casing for the bidispersed wick is greater than the one of the mono-
porous wick as in the experiments. This trend is in accordance with
the conductance behaviour. Indeed, the monoporous wick operates
in the second regime (invasion of vapour) and has better thermal



Fig. 11. Variation of vapour mass flow rate partition and vapour mass flow rate as a function of the heat flux applied to the casing.
performance than the bidispersed one which is saturated with the
liquid and operates in the first regime.

Once the vapour has invaded the wick, the overheating of the
bidispersed wick increases slowly; whereas the overheating of
the monoporous one rises rapidly. This trend is well reproduced
by the simulations. With the increase of the heat load, the fraction
of vapour pores under the casing is greater than 80% for the mono-
porous sample (Fig. 10). The vapour induces a higher thermal resis-
tance and thus the marked increase of the casing overheating. The
large network of the bidispersed wick ensures paths for the vapour,
thus facilitating the vapour escape. As a result, the vapour does not
invade the layer of pores right under the casing and this prevents
the overheating of the casing. Moreover, as pointed out by others
author ([20]), the overheating of the casing rises quickly for a
low k�v , whereas the overheating of the casing is not the operating
limit for a more conductive wick, i.e. for high k�v . The effective ther-
mal conductivity depends on the porosity (Eq. (3))and k�v is higher
for a lower porosity. Indeed, the porosity of the bidispersed wick is
greater than the one of the monoporous wick. The calculated
vapour effective thermal conductivities are equal to 26.2 W/m/K
and 14.2 W/m/K respectively. As explained at the beginning of
the paragraph, this difference in the value of k�v induces a slower
rising of the overheating for the bidispersed wick.

5.4. Vaporisation partition

The mass flow rate of vapour feeding the vapour groove is
shown as a function of the heat flux applied to the casing in
Fig. 11. This mass flow rate is divided into the mass flow rate which
results from the liquid vaporisation at the wick/groove interface
and the mass flow rate which results from the vaporisation within
the wick. For a given heat flux, the mass flow rate of vapour is the
same for the monoporous and the bidispersed wick. Hence, the two
curves are exactly superimposed. For low heat flux, i.e. below than
7.7 W/cm2, the vapour essentially comes from the vaporisation
process at the wick/groove interface for the bidispersed wick,
whereas already 70–80% of the mass flow rate come from the
vaporisation within the wick for the monoporous wick. Beyond
7.7 W/cm2, the vapour which feeds the groove of the bidispersed
evaporator mostly comes from the vaporisation process within
the capillary structure. Actually, the trend shown around 7.7 W/
cm2 is correlated with the beginning of regime 2 as defined in
[7]. From 10W/cm2, the mass flow rate distribution is almost sim-
ilar for both wicks: around 80–100% of the vapour feeding the
grooves come from the vaporisation within the wick.
6. Conclusions

Pore network models of a LHP/CPL evaporator were presented
for a bidispersed and a monoporous wick structures. Simulations
were compared with experimental data. The model was validated
from the consideration of the steady-state evaporator thermal per-
formance, i.e. its conductance, and the overheating of the evapora-
tor. Comparisonswith experimental results show a good agreement
for both the monoporous and the bimodal capillary structures. The
observed difference can be attributed to the unknown parameters
(compensation chamber temperature, grooves dimensions. . .)
which were deduced from others experimental studies. However,
the trend of hev and DTc are respected, and the mixed pore network
model permits to explain their behaviour based on the liquid–
vapour phase distribution within the wick. The vapour mass flow
rate was also investigated.

The presence of a two-phase zone, i.e. the coexistence of liquid
and vapour in the same zone under the casing is positively corre-
lated with the best evaporator thermal performance and prevents
the overheating of the casing. At low heat flux, the vaporisation of
the bidispersed wick takes place at the wick-groove interface only
and the thermal performance is lower than for the monoporous
wick which is already invaded by vapour, i.e. the vaporisation
also takes place within the wick. For a higher heat load, the bidis-
persed wick reaches better thermal performance than the
monodispersed wick. The first row of pores under the casing is
almost full of vapour for the monoporous capillary structure,
inducing an additional thermal resistance and a significant
increase in the casing overheating. On the contrary, the large
pores network in the bidispersed wick creates preferential paths
for the vapour and keeps a two-phase zone under the casing for
a large range of heat load. This phase distribution induces a slow
rise of the casing overheating.

We conclude that the mixed pore network model developed in
this work is a useful tool to investigate the evaporator thermal per-
formance and the casing temperature of an LHP/CPL for different
bidispersed and monodispersed wick structures. It opens up the
route towards the numerical optimisation of bidispersed capillary
structures.
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Appendix A. Determination of the pore distribution for the
monoporous PNM

In the pore network model, the capillary pressure is expressed
as a function of throat size. The throat diameters correspond to
the ‘‘pore” diameters given in the experimental data (using mer-
cury porosimetry for example). The number of pores in the PNM
is limited in order to perform the simulations for a reasonable
computational time. This often results in a lower numerical poros-
ity than the real one. The following method was adopted to obtain
a porosity comparable with the real porosity of the considered
sample. The method is based on the adjustment of the pore radius.
The aim is to determine the appropriate pore size diameter dp so to
have a good agreement between the given porosity and the calcu-
lated one. The wick geometrical dimension and the total numbers
of pores are inputs of the model, as well as the throat radius distri-
bution and the porosity e. The process to determine dp is presented
here for cube/cuboid representation of pores/throats, in three-
dimension. In the following equations the subscripts p and t refer
to ‘‘pore” and ‘‘throat” respectively.

The porosity e of the material is given and is used as an input
parameter for the model.

e ¼ Vvoid

VT
ðA-1Þ

where Vvoid is the volume of void space and VT is the total volume of
the wick. The total volume corresponds to the total volume of the
wick for the considered evaporator unit cell and is simply deduced
from the geometrical dimension of the wick.

The void space volume can be approximated by Eq. (A-2).

Vvoid ¼ VpNp þ 3VtNt ðA-2Þ
where Vp is the volume of one pore, Vt is the volume of one throat,Np

is the total number of pores and Nt is the total number of throats in
the considered geometry. Note that the pore network can be viewed
as the repetition in space of the pattern represented by one pore and
three throats. Therefore, for a monoporous network: Nt ¼ 3Np.

Let’s now express the volume of pores and throats. Pores are
cubic and their volumes can be therefore expressed using Eq. (A-3).

Vp ¼ d3
p ðA-3Þ

Throats are considered as cuboid and their volumes are given by
Eq. (A-4).

Vt ¼ d2
t lt ðA-4Þ

where dt is the throat diameter and lt the length of the throat.
The distance between two pores, i.e. nodes, is the lattice spac-

ing, noted a and is constant in each direction. Hence, the length
of the throat can be expressed as the distance between two pores
minus twice the pore radius.

lt ¼ a� dp ðA-5Þ
Combining and rearranging Eqs. (A-1) from (A-5), a third degree

polynomial equation is obtained with the pore diameter dp as
unknown.

d3
p � d2

t
Nt

Np

� �
dp þ d2

t a
Nt

Np
� VTe

Np

� �
¼ 0 ðA-6Þ

The classical Cardano’s method is used to solve Eq. (A-6).
At this stage, the mean pore diameter dp is determined so as to

obtain the desired porosity. However, the pore size has to be
distributed randomly. Moreover, if the pore diameter is constant,
this implies a constant length of throat in the network. Therefore,
in order to have a random distribution of the throat’s length, a
standard deviation rrp of the pore size has to be determined.
As the pore diameter cannot exceed the size of a grid’s mesh, i.e.
a� a, the standard deviation is defined by Eq. (A-7) .

ddp ¼ 0:99a� dp ðA-7Þ
Once pore and throat sizes are randomly distributed, the

numerical porosity can be computed. This leads to a porosity very
close to the desired value while keeping the disordered nature of
the porous structure.

Appendix B. Determination of the properties for the bidispersed
PNM

The known inputs of the model are:

– From experimental data [32]:
s the mean diameter of large pores dLp;R;
s the mean diameter of small pores dSp;R;
s the mean diameter of clusters dc;R;
s and the total porosity eR.

– From the pore network construction:
s the volume of the wick VT for the considered evaporator unit

cell;
s the step of the network a;
s and the total number of computational nodes within the

wick for the considered evaporator unit cell.

The unknowns that must be specified for the construction of the
pore network are:

– the porosity of the large network eL;PN;
– the lattice spacing of the large network b;
– the mean diameter of large pores dLp;PN;
– and the mean diameter of small pores dSp;PN .

As for the monoporous PNM, the throat diameters correspond
to the pore diameters of the experimental data. Note that the clus-
ters and pores are supposed to be circular in the real sample, while
they are modelled as cubic in the pore network.

B.1. Determination of large network porosity eL

Each cluster is assumed to be spherical with a single contact
point with its neighbours and embedded in a grid fitted on the
spheres as depicted in Fig. B1. At the scale of one cluster, the clus-
ter’s volume Vc;R and the volume of one grid’s cell Vcell are:

Vc;R ¼ 4
3
p dc;R

2

� �3

ðB-1Þ

Vcell ¼ d3
c;R ðB-2Þ

Therefore, the volume of void space not occupied by the cluster
in one cell is:

Vvoid;L ¼ Vcell � Vc;R ðB-3Þ
Note that this volume corresponds to the volume occupied by

large pores. Thus, whatever, the cluster size, the theoretical poros-
ity of the large network eL;t is:

eL;t ¼ Vvoid;L

Vcell
¼ 1� p

6
ðB-4Þ

In the three-dimensional cell, the corner delimited by the red
lines in Fig. B1 represents 1/8 of the total volume of one large pore.
Thus, the volume of the large network void space inside one cell is
equal to the volume of one large pore and is calculated as follows:
VLp;t ¼ eL;tVcell ðB-5Þ



Fig. B1. Sketch of an ideal arrangement of spherical clusters (in grey), assuming a
constant diameter, with a single point contact between clusters. Clusters are
embedded in a grid fitted on the spheres. White space represents the location of
large pores. Red lines delimited 1/8 of the void space within one grid cell, i.e. 1/8 of
one large pore volume. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Considering a spherical pore, the volume of a large pore based
on experimental data is:

VLp;R ¼ 4
3
p dLp;R

2

� �2

ðB-6Þ

Finally, the porosity of the large pore network is scaled as
follows:

eL;R ¼ eL;t
VLp;R

VLp;t
ðB-7Þ

Note that by deduction, the porosity of the small network is:

eS;R ¼ eR � eL;R ðB-8Þ

where eR is the porosity of the sample as given by the experiment.
In the PNM, the inputs for the porosities are thus:

eL;PN ¼ eL;R ðB-9Þ
eS;PN ¼ eS;R: ðB-10Þ
B.2. Determination of large network step b

Step b is determined from the comparison of the two ratios:

– Cluster number ratio: Nc;R=Nc;PN

– Large pore number ratio: NLp;R=NLp;PN

The ratios are the quantities calculated from experimental data
divided by the quantities corresponding to the pore network
model. Note that the number of clusters in the PNM is actually
lower than in the real sample. Therefore, the number of large pores
in the PNM is scaled such that:

NLp;R ¼ Nc;PN

Nc;R
NLp;R ðB-11Þ

The step b is then determined to satisfy condition (B-11) as
close as possible. The following section described how to
determine each ratio.
B.2.1. Number of clusters
From experimental data, the approximate number of clusters

within the evaporator unit cell is simply defined by:

Nc;R ¼ VT

Vcell
ðB-12Þ

In the PNM, clusters are cubic and the volume of one cluster is:

Vc;PN ¼ b3 ðB-13Þ
Therefore, the number of cluster in the PNM is defined as

follows:

Nc;PN ¼ VT

Vc;PN
ðB-14Þ
B.2.2. Number of large pores
From the experimental data and based on the porosity defini-

tion, the average large pore number is determined as follows:

NLp;R ¼ eL;PN
VT

VLp;R
ðB-15Þ

Considering that the grooves are manufactured within the cas-
ing, the following procedure is applied to determine the number of
large pores within the wick. If the grooves are machined within the
wick, the procedure is done twice: once for the lower part of
the wick, i.e. the part close to the compensation chamber, and once
for the upper part, i.e. the porous fin close to the casing; then
the numbers of large pores are added. The following three values
are defined:

i ¼ int
ni � 1
b=a

þ 1
� �

ðB-16Þ

j ¼ int
njw � 1
b=a

þ 1
� �

ðB-17Þ

k ¼ int
nk � 1
b=a

þ 1
� �

ðB-18Þ

where ni is the number of pore in the x direction, njw is the number
of pores in the y direction, nk is the number of pores in the z
direction; int is a function which returns the integer part of the
number obtained inside brackets. Actually, i returns the number
of planes ðyOzÞ defining the junction between two clusters in
the x direction, j returns the number of planes ðxOzÞ defining the
junction between two clusters in the y direction and k returns the
number of planes ðxOyÞ defining the junction between two clusters
in the z direction.

Finally, the total number of large pores in the network is:

NLp;PN ¼ ni � j� kþ ðnjw � jÞ � i� kþ ðnk � kÞ � i� j ðB-19Þ

Note that the total number of large throats in the network is:

NLt;PN ¼ NLp;PN þ 2� i� j� k: ðB-20Þ
B.2.3. Ratio comparison
Combining Eqs. (B-12)–(B-19), the step b is determined such

that the number of clusters ratio Nc;R=Nc;PN and the number of large
pores ratio NLp;R=NLp;PN are as close as possible.

B.3. Determination of the pore size dLp;PN and dSp;PN

Finally, the mean diameter of pores and throats are determined
following the procedure given in Appendix A. The two third degree
polynomial equations to solve for the large network and the small
network respectively are given by Eqs. (B-21) and (B-22)
respectively.



Fig. C1. Temperature fields within the capillary evaporator unit cell for heat load equal to 12.8 W/cm2 for (a) the monoporous wick and (b) the bidispersed wick. Black lines
delimit the shape of the vapour phase within the wick.



d3
Lp;PN � d2

Lt;PN
NLt;PN

NLp;PN

� �
dLp;PN þ d2

Lt;PNa
NLt;PN

NLp;PN
� VTeL;PN

NLp;PN

� �
¼ 0 ðB-21Þ

d3
Sp;PN � d2

St;PN
NSt;PN

NSp;PN

� �
dSp;PN þ d2

St;PNa
NSt;PN

NSp;PN
� VTeS;PN

NSp;PN

� �
¼ 0 ðB-22Þ
Appendix C. Temperature fields for the monoporous and the
bidispersed wick

As an example, temperature fields for heat load equal to
12.8 W/cm2 are given for the monoporous and the bidispersed
wick. As said in Section 5.3, the compensation chamber (CC)
temperature is an input in our model and was fixed at 283.15 K.
With this temperature for the CC, the maximal temperature of
the evaporator, located at the casing external surface, obtained
numerically, was lower than the one obtained experimentally.
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