N

N

Formation of unsaturated regions in the porous wick of a
capillary evaporator
Masahito Nishikawara, Hosei Nagano, Laetitia Mottet, Marc Prat

» To cite this version:

Masahito Nishikawara, Hosei Nagano, Laetitia Mottet, Marc Prat. Formation of unsaturated regions in the
porous wick of a capillary evaporator. International Journal of Heat and Mass Transfer, 2015, 89, pp.588-595.
{10.1016/j.ijheatmasstransfer.2015.05.054). <hal-03517036)

HAL Id: hal-03517036
https://hal.science/hal-03517036v1

Submitted on 7 Jan 2022

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-03517036v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

- OATAO

Open Archive Toulouse Archive Cuverte

Open Archive TOULOUSE Archive Ouverte (OATAO)

OATAO is an open access repository that collects the work of Toulouse researchers and
makes it freely available over the web where possible.

This is an author-deposited version published in : http://oatao.univ-toulouse.ftr/
Eprints ID : 17323

To link to this article : DOI:10.1016/j.ijjheatmasstransfer.2015.05.054
URL : http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.05.054

To cite this version : Nishikawara, Masahito and Nagano, Hosei and
Mottet, Laetitia and Prat, Marc Formation of unsaturated regions in
the porous wick of a capillary evaporator. (2015) International Journal
of Heat and Mass Transfer, vol. 89. pp. 588-595. ISSN 0017-9310

Any correspondence concerning this service should be sent to the repository

administrator: staff-oatao@listes-diff.inp-toulouse.fr



http://oatao.univ-toulouse.fr/
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.05.054
mailto:staff-oatao@listes-diff.inp-toulouse.fr

Formation of unsaturated regions in the porous wick of a capillary

evaporator

M. Nishikawara *>*, H. Nagano?, L. Mottet “, M. Prat “¢

2 Department of Aerospace Engineering, Nagoya University, Furo, Chikusa, Nagoya 464-8603, Japan
b Department of Mechanical Engineering, Toyohashi University of Technology, 1-1, Hibarigaoka, Tenpaku-cho, Toyohashi 441-8580, Japan
€INPT, UPS, IMFT (Institut de Mécanique des Fluides de Toulouse), Université de Toulouse, Avenue Camille Soula, F-31400 Toulouse, France

94 CNRS, IMFT, F-31400 Toulouse, France

ABSTRACT
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The heat and mass transfer in a porous wick within a capillary evaporator were analyzed in three dimen-
sions, using a pore network model to simulate immiscible liquid-vapor flow and phase changes in the
capillary structure. Characteristics of the porous structure, such as pore radius distribution, permeability
and porosity were obtained from measurements of an actual wick and were included in the calculations.
Scenarios involving both a fully liquid-saturated and an unsaturated wick containing liquid and vapor
were examined under steady state conditions. The location at which the initial vapor phase was
generated was identified based on classical nucleation theory. The transition from a saturated to an
unsaturated wick was assessed by modeling the distribution of the liquid-vapor interface, and the wicks
were compared based on color 3D renderings of temperature and pressure distributions and meniscus
curvatures. The maximum temperature of the unsaturated wick exceeded that of the saturated wick
although the area of the liquid-vapor interface in the unsaturated wick was five times that in the
saturated wick. Since a distribution of pore radii was considered in these calculations, the interface
within the wick was not smooth but exhibited asperity. The distribution of meniscus curvatures in the
unsaturated wick was much wider compared with the saturated wick. The results obtained in the case
of an unsaturated wick demonstrated the occurrence of the heat pipe effect, induced by a distribution

of capillary pressures.

1. Introduction

Loop heat pipes (LHPs) and capillary pumped loops (CPLs) are
widely applied to various thermal control devices. They allow sig-
nificant heat transfer without electric power by taking advantage
of capillary pressure in a porous medium and the phase change
of a working fluid between liquid and vapor. Unlike conventional
heat pipes, the wick in these units is restricted solely to the
evaporator, and so longer transport lengths and larger radiation
areas are possible.

The capillary evaporators in LHPs and CPLs are normally
different from those found in conventional heat pipes. The direc-
tions of heat absorption flow and supplied liquid are as in
Fig. 1(a), while the positioning of heat pipes are the same as in nor-
mal evaporators. The capillary evaporator consists of a wick,
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grooves, casing, and core. Liquid in the wick evaporates due to
heating of the casing, and the vapor flows to the grooves due to
capillary pressure at the liquid-vapor interface. The liquid effi-
ciently transports heat through condensation and then returns to
the evaporator. LHPs and CPLs both operate based on this cycle,
and detailed descriptions of these units are available in Ref. [1].
This work focused on heat and mass transfer within the capil-
lary evaporator, since these are complex and determine the perfor-
mance of the system. Previous analytical studies in Refs. [2-15]
identified two main phenomena in the steady-state; a “saturated”
behavior in which the wick is fully filled with liquid at a lower heat
flux, as in Refs. [2-5], and an “unsaturated” behavior in which the
wick exhibits a two-phase state such that both liquid and vapor are
present at higher heat flux values, as in Refs. [6-13]. References
[2,3,6] developed the first numerical models for the investigation
of heat and mass transfer in a capillary evaporator. Reference
[14] analyzed the unsaturated wick using two steady-state solu-
tions: the continuum model and pore network simulation, and
examined the influence of pore size distribution, heat flux, and
wick thermal conductivity on the liquid-vapor interface and on
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Nomenclature

A area (m?)

B Bond number

Ca capillary number

Cp specific heat at constant pressure (J/kg K)

g gravity (m/s?)

8in flow conductance (m?)

h heat-transfer coefficient (W/m? K)

Hpy latent heat (J/kg)

k thermal conductivity (W/m K)

L length (m)

m mass flow rate (kg/s)

P pressure (Pa)

Pe Peclet number

Qeyap heat transferred by evaporation (W)

Qeak heat leak to the compensation chamber (W)

O sens sensible heat transferred from the inlet to the outlet of
the wick (W)

Qapply heat flux applied to the case (W/m?)

Tpore pore radius (m)

T'th throat radius (m)

T temperature (°C)

u velocity (m/s)

Greek

€ porosity

Ocont contact angle (rad)

u viscosity (Pa s)

v kinetic viscosity (m?/s)
P density (kg/m?)

o surface tension (N/m?)
Subscripts

cap capillary

cc compensation chamber
cont contact

e evaporator

evap evaporation

eff effective

gr groove

int interface

I liquid

max maximum

meni meniscus

nuc nucleation

sens sensible

sat saturation

sup superheat

% vapor

the thermal performance. Reference [8] developed a numerical
model for an LHP evaporator in the case of either a saturated or
unsaturated wick, and concluded that initiation of boiling below
the liquid-vapor interface is very unlikely. 3D heat transfer analy-
ses using a continuum approach have also been presented in Refs.
[4,5,13]. However, to the best of our knowledge, no model consid-
ering the distribution of the porous microstructure in an unsatu-
rated wick in three dimensions has yet been developed.

In the present work, a 3D numerical model simulating heat and
mass transfer in the capillary evaporator of saturated and unsatu-
rated wicks was developed, based on a pore network model (PNM),
to study immiscible two-phase flow through a porous media and
steady-state phase changes. Transition from a saturated wick to
an unsaturated wick is also considered, and phase distributions
based on capillarity at the liquid-vapor interface are calculated.

2. Three-dimensional numerical model

The computational domain is shown in Fig. 1(a), corresponding
to a portion of the periodic structure of a capillary evaporator.
Unlike the half width portions applied in previous studies such
as Refs. [2-6,8-10,14], the full width was used, such that the center
of the domain is the center of the porous medium, to analyze the

Lx=4.0 Casing
Ly=3.5 Vapor phase
izzl fl 0 Groove

X871 Liquid phase
Ly c=1.0 Wick
Ly g=1.0 N

_ X
Ly w=2.5 Lxt 4 4 4 44
(mm) Liquid supply (CC)
()

asymmetrical characteristics of fluid behavior. The geometry of
the capillary evaporator is the same as in Ref. [16]. In this model,
a shorter Lz value of 1.5 mm was applied so as to decrease calcula-
tion costs and the casing is included to investigate heat flux distri-
bution at the casing-wick contact surface.

Fig. 1(b) shows the pore network model (PNM) for fluid simula-
tion. The PNM divides the voids of the porous structure into spher-
ical pores and cylindrical throats. Unlike the continuum approach
used for solving flows in porous media in Refs. [2-4,6,8,9,11,13],
the PNM allows a distribution of pore radius values and corre-
sponding local variables. Furthermore, it differs from the lattice
Boltzmann method for solving the flow field directly over the
entire void in Refs. [17,18]. Since local voids are represented as
simple shapes associated with throats and pores in the pore net-
work, the present model allows analysis of a greater quantity of
pores. Detailed descriptions of the PNM have been previously pub-
lished in Refs. [14,15,19,20].

At a low applied heat flux, the liquid-vapor interface stabilizes
at the wick-groove interface, representing a saturated state. When
the applied heat flux is high and superheating of the liquid phase
near the casing exceeds a certain value, vapor bubbles trapped in
the porous structure of the wick or in the casing cavity can grow
and a vapor phase is created and invades the porous wick. The

Bulky <—> Pore
N pore Throat
111?' = *rth
Lz
Periodic
Boundary
(b)

Fig. 1. Schematics of (a) the capillary evaporator and (b) the pore network model applied during fluid analysis in the wick.



liquid-vapor interface is stabilized within the wick, representing
an unsaturated state.

The main assumptions of the model are: (1) the groove is satu-
rated with a constant temperature and pressure over its entirety,
(2) there is a local thermal equilibrium between the bulk solid and
fluid in the wick, (3) the fluid is incompressible, (4) the temperature
dependence of the fluid properties is considered, (5) the liquid-va-
por interface has no thickness, (6) the process is steady-state, and
(7) the effects of gravity and thermal radiation are neglected.

2.1. Governing equations for thermal hydraulics

In the PNM, the mass flow rate, ri1;, in the throat between pores
iandj is:
g
mj :TU,APU'/ M
-l

where gj; is the flow resistance in the throat, v_; is the kinematic vis-
cosity coefficient of phase I (liquid or vapor), and AP;; is the pressure
difference between pores i and j. Assuming Poiseuille flow in a cir-
cular pipe, the flow resistance is:

_ g
&ij = 8l (2)

where 1y, and Iy, are the radius and length of the throat. A system of
linear equations for the pressure field is obtained by considering
mass conservation at the i pore:

> i =0, then 3)
J

S 2iAp; —0. (4)
— Vi
j
The energy conservation of the wick, including a convection
term and the heat conduction equation of the evaporator casing,
is expressed as:

iV (myT) = ke JAV?T (5)
and
kcaseszT = 07 (6)

where ¢, is the specific heat at constant pressure of the fluid, T is the
temperature, A is the cross-sectional area of the control volume,
kcase 1s the thermal conductivity of the casing, and k. is the effective
thermal conductivity of the wick. This is obtained by volume aver-
aging the thermal conductivity of the bulk solid and the working
fluid with porosity ¢, as in Eq. (7).

keﬂ_,’ = Skj =+ (1 — S)kbulk~ (7)

In a saturated wick, the liquid evaporates over the entire
wick-grooves interface while, in an unsaturated wick, the evapora-
tion interface consists of a part of the wick-grooves interface and
the liquid-vapor interface in the wick. The evaporation interface
is defined as T, as in Fig. 1(a). Note that condensation is also pos-
sible at the I" interface. The I" interfacial conditions are expressed
as follows.

The mass continuity condition is as below:

mn_l = mn_v- (8)

The energy conservation condition at the wick-grooves inter-
face is given by the following equations:

oT
e A = WAT =T, (9)

hA(T — Tgr) = it Hpg. (10)

The energy conservation condition and the temperature condi-
tion assuming thermal equilibrium at the I" interface in the wick
are:

aT aT .
|:7l<ejf7VA%‘l—:| — |:7keffJA%'r:| = mang (11)
and
Tv = Tl = Tsah (12)

where n is the direction normal to the I' interface, h; is the interfa-
cial heat-transfer coefficient calculated using the equation in Ref.
[21], Tgr is the temperature of the grooves, Hy, is the latent heat of
the working fluid, and Ty, is the saturation temperature of the
working fluid, calculated from the pressure based on the saturation
curve of the P-T diagram. The region in the grooves is saturated and
its temperature is determined from the pressure in that area: Pg. Py,
is, in turn, calculated from the pressure of the compensation cham-

ber (CC), P, and the pressure loss from the grooves to the CC,
APjines, as follows:
Pgr = Pcc + APline57 (13)

where P is calculated from the temperature of the CC, assumed to be
constant, and APy, is calculated from the mass flow rate in the loop,
assuming Poiseuille flow in a circular pipe, as presented in Ref. [22].
The other boundary conditions, commonly applied in previous
studies, are: (1) uniform heat flux at the heating surface (y = Ly),

. aT
= _kcase > ’ 14
Qapply < ay 1y ( )

(2) thermal connection via a contact heat-transfer coefficient of
10,000 W/m? K, as applied in Ref. [23], at the casing-wick contact
surface (y=Ly_w), (3) a convective boundary at the bottom of
the wick (y = 0) with a heat-transfer coefficient of 100 W/m? K, as
used in a previous study [13], (4) constant pressure values of P,
and P, at the bottom of the wick (y=0) and the wick-grooves
interface in instances when the I" interface is not included,

Py_o =P (15)

and

Puick-groove = Per, (16)
(5) impervious walls at z=0, Lz, and y = Ly_w,

M|, =0 (17)

and

my‘y:Ly,w =0, (18)

(6) adiabatic conditions at z=0 and at Lz, the casing-groove
interface, and the wick-grooves interface in instances when the
T interface is not included,

Py_o =P (19)
and

Puicic_groove = Por (20)
and (7) periodic boundaries at x=0 and Lx

Tio = Tx—txsa (21)
and

Pico = Prcinia. (22)

2.2. Characteristics of the porous structure

The parameters characterizing the porous microstructure are
the pore radius, rpor, the throat radius, ry, and the length of the



throat, Iy, as in Fig. 1(b). These variables may be tuned to accu-
rately set the porosity, permeability and pore radius distribution.
In this work, a polytetrafluoroethylene (PTFE) wick was employed,
as in Ref. [16], with porosity and permeability values of 0.34 and
2.0 x 10" m?, respectively. The mode of the pore radii and the
maximum pore radius were 1.2 and 2.1 pm. The throat radii were
constructed using a probability density function with a lognormal
distribution to fit the pore radius distribution as measured by mer-
cury porosimetry as in Ref. [24]. The permeability of the resulting
wick was calculated using computational permeability, as in Ref.
[15]. All of the main porous characteristics were fit to the mea-
sured values. Porous characteristics were determined as in Ref.
[25].

2.3. Algorithm for the transition from a saturated to an unsaturated
wick and invasion of the vapor phase

The method applied to determine the solutions of the above
equations is summarized in the flow chart in Fig. 2. In this process,
there is one convergence associated with the calculations for the
saturated wick and two convergences in the case of the unsatu-
rated wick. In the algorithm for the saturated wick, Egs. (5) and
(6) are first solved with no mass flow rate, using standard finite
volume methods with cubic lattices incorporating a mesh size, A,
of 0.1 mm and a total of 105,472 nodes. From the results, the mass
flow rate at the I" interface is calculated, which is imposed as the
boundary condition for Eq. (4). After the pressure field is solved
with the same mesh size of the finite volume method, the mass
flow rates in the wick and the overall LHP system, as well as the
pressure drop from the grooves to the CC, are calculated. Finally,
the newly calculated values for the pressure drop from the grooves
to the CC and the mass flow rates in the wick are compared with
the previous values to ascertain the degree of convergence of the
thermal hydraulics. Eqs. (5) and (6) and then solved again with
the updated mass flow rates. The above calculation loop is iterated
until the results are seen to converge.

The energy balance of the overall system is expressed as:

Qleak + Qevap + Qsens = /QapplydAv (23)

where Q.4 is the heat leak to the core, Qemp is the heat transferred

by phase change, and Q.ens is the sensible heat transferred from the
inlet to the outlet of the wick. The right side of this equation

<

I
‘ 1. Calculate the liquid-vapor interface
[P

<

‘ 3. Calculate mass flow at the interface
I

\
‘ 2. Solve the temper‘ature field ‘
\
\

‘ 4. Solve the pressure field
[

5. Calculate mass flow rate in the wick
and pressure drop in the loop
i

‘ 6. Update the values ‘

7. Convergence of
thermal hydraulic: N

o

Yes

8. Convergence of
¢ interfa N

Yes

Fig. 2. Flowchart for the numerical solution process. Steps 2-7 are applicable in the
case of a saturated wick and steps 1-8 in the case of an unsaturated wick.

represents the total amount of applied heat. Each term in the left
side is calculated as follows:

. dT

Q= | (—keﬁla‘y() A, 24)

Qevup = Zmang (25)
r

and

Qsens =

ZmeJT — chplT:|
r y=0
+ LZ e, T — Zr‘ncp_,,r]. (26)

r—wick r

In this work, Eq. (23) was satisfied with a maximum relative
error of less than 1%.

After the results for the saturated wick were obtained, the tran-
sition to an unsaturated wick was considered. This transition
occurs because of the growth of bubbles in the wick, and the clas-
sical equation for boiling critical superheat, AT, is:
20T

p_i/erg 7

where ¢ is the surface tension, p , is the density of the vapor and r
is the radius of the bubbles. When superheating of the liquid phase
occurred at the casing-wick contact surface, AT, exceeded AT
and the calculations shifted to those associated with an unsaturated
wick, as in Eq. (28):

ATnuc < ATsup =T- Tsat~ (28)

ATnuc =

(27)

Eq. (28) can be verified in several liquid phase nodes. The initial
vapor phase was generated at the pores corresponding to the max-
imum value of ATy, — AT, Following vapor phase initiation, the
calculations modeled the vapor path connected to the grooves,
applying an invasion percolation pattern (IP), as in Refs. [19,20],
in the first layer of pores in contact with the casing until the vapor
connected to the grooves. The throats are invaded one by one in an
IP process. The invaded throat has the maximum radius in all
throats at the interface. Calculations involving an unsaturated wick
began with a phase distribution obtained in the above manner.
Following convergence of the thermal hydraulics, convergence of
the pressure balance at the liquid-vapor interface was obtained.
The possible maximum capillary pressure in a throat is:

Pcup_max = m7 (29}
T'th

where 0 is the contact angle. When the pressure difference between

the vapor and liquid phases at the interface in the throat, AP,

exceeded the maximum capillary pressure in the throat, as in Eq.

(30), the vapor phase displaced the liquid phase (equivalent to an

invasion process):

Pcup_max < APint = Pv - Pl- (30)

Here P, and P, are the vapor and liquid phase pressures at the inter-
face. If the invading menisci are calculated directly using Eq. (30),
the number of menisci can be overestimated. According to Ref.
[12], less than 13 throats are invaded at the same time. In this
model, therefore, the number of moving menisci at any given time
was adjusted based on the following simplified algorithm. A coeffi-
cient, ¢y, was introduced such that the condition for the invading
meniscus was expressed as follows:

Pcap_max < Cint X APy (31)

The value of this coefficient was raised gradually from a chosen
minimum value. Once some menisci were satisfied by the



equation, the appropriate throats were invaded, following which
the thermal hydraulics were again solved. From the solved pres-
sure field, the invading menisci were again calculated using the
chosen minimum c;,; value (not last step c;,;) until the coefficient
eventually reached a value of unity. At this point, the condition
described by Eq. (31) exactly corresponded to Eq. (30) and hence
the calculations ceased since there was no further intrusion of
menisci. The number of moving menisci at any given time could
be finely tuned by the above algorithm and, in these calculations,
the minimum coefficient value was set at 0.01 and raised in incre-
ments of 0.01 and the average number of moving menisci at any
given time was 6.27. It was confirmed that c;, was small enough
not to influence the phase distribution at the equilibrium state.

After the interface was invaded, liquid clusters were able to
form, representing isolated regions of liquid-filled pores discon-
nected from the liquid reservoir. These were not stable under
steady-state conditions because they were not connected to a liq-
uid supply and therefore they disappeared as soon as they were
formed. The Hoshen-Kopelman algorithm in Ref. [26] was used
to identify and then remove these clusters.

3. Results and discussion

The calculation conditions were as follows. The heat flux
applied to the casing was 1.25 W/cm? and this heat flux satisfied
the transition conditions of Eq. (28). The compensation chamber
(CC) saturation temperature was 29.4 °C. The wick material was
PTFE with a bulk thermal conductivity of 0.25 W/m K and the ther-
mal conductivity of the stainless steel casing was 16 W/m K. The
working fluid was ethanol. For these conditions, the order of mag-
nitude of the capillary number, Ca, the bond number, B, and the
Peclet number of each phase, Pe , and Pe ; were 4.73 x 1077,
3.00 x 1077, 0.32, and 0.41, respectively.

wity | Gappty/ (P1Hg) | 14

~20cos0 20 cos 0 ’ (32)

pore mode P18
__ " pore_mode "'l
B="36cos0 (33)

,OUCp,quLJ/—W _ Cpv (qUPP’y/Hfg)Ly’W

Pe, =
v keff v keff v

_ PiCpituly-w _ Spu (Gappry/Hye) Ly -w

Pe,
Kegr i keg 1

(35)

where, u is cross-sectional average flow velocity at the wick inlet, 1
is viscosity of liquid, Tpore_mode is mode pore radius, p; is liquid den-
sity, and g is the acceleration of gravity. Fig. 3 shows the tempera-
ture fields of the saturated and unsaturated wicks, including the
casing, wick, and grooves, in which gray surfaces represent the liq-
uid-vapor interface associated with the phase change. In both
fields, the maximum temperature occurred at the upper surface of
the casing, and the minimum temperature at the bottom of the
wick. The maximum temperature of the unsaturated wick was
higher than that of the saturated wick. Fig. 4 shows the pressure
fields of the saturated and unsaturated wicks excluding the casing.
On the unsaturated wick, vapor phase had larger distribution
because kinetic viscosity of vapor was larger than that of liquid.
In the saturated wick, the maximum pressure occurred in grooves,
and in the unsaturated wick, it occurred in the central part of vapor
phase of the wick. Generated vapor in the central part was high
pressure due to large pressure loss flowing to the grooves. Similar
pressure distribution are presented in the previous 2D works
[6,9]. Fig. 5(a) presents the number of moving menisci at each step
and the number of menisci at the liquid-vapor interface, starting
from the initial generation of vapor to the equilibrium state, in
the case of the unsaturated wick. The results for the liquid-vapor
interface in this plot have been normalized to the interface of the
saturated wick. The area of the liquid-vapor interface in the unsat-
urated wick is five times that in the saturated wick. Although larger
area of the interface, the casing temperature for the unsaturated
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Fig. 3. Temperature fields of the saturated (left) and the unsaturated (right) wick, including the casing and grooves.
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Fig. 4. Pressure fields of the saturated (left) and the unsaturated (right) wick, including grooves.
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Fig. 5. (a) Variations in the number of moving menisci and the liquid-vapor interface during the invasion process. The distributions of the interface at (b) the first step and (c)

the final step of calculations.

wick was higher than the saturated one. The reason why the heat
transfer decreases is occurrence of vapor phase region. Applied heat
flux evaporates at the liquid-vapor interface through the vapor
phase. Because thermal conductivity of the vapor phase is low, tem-
perature difference between the casing and the interface enlarges
depending on the size of the vapor phase. Therefore, both of the size
of the vapor phase and the area of the interface is important on the
enhancement of the heat transfer in the unsaturated wick.
Immediately before the vapor phase reaches the opposite position
to its initial location (step 102 in Fig. 5(a)), the number of moving
menisci is at a maximum of 233. Although this value is much larger
than the value of 13 reported in Ref. [12], it can still be considered
reasonable, taking into account the effects of the larger network size
and higher temperature gradient of the wick in the present study.
Fig. 5(b) and (c) show the interface at the initial step in which the
first vapor phase is generated and the final step of the equilibrium
state. The location of the first vapor phase is at the triple boundary
wick-casing-groove interface, rather than the center of the wick
along the x direction, owing to the inclusion of the saturation tem-
perature and temperature dependence of the fluid properties at
each node in Eq. (28). Note that the location of first bubble depends

Step: 1342.000000

Fig. 6. Animation of the liquid-vapor interface movement during the invasion
process. The number of steps in this animation is double the number in Fig. 3(a)
since two images before and after the cluster removal procedure have been
included. (Video data).

on a working fluid, so, in some case (for example, ammonia), the
location is in the center portion of the wick contacting the case.
An animated sequence showing the transition of the interface is
presented as Fig. 6, generated by calculating the interface position
at each iteration of the invasion process. As the equilibrium state
is approached, isolated liquid clusters are formed and subsequently
disappear. Since there is a distribution of pore radii, an irregular
interface results, as shown in Fig. 5(c). This interface recedes to a
greater extent along the center of the x direction.

Fig. 7 shows the distribution of menisci curvatures, 1/rpen;, at
the liquid-vapor interface. The curvature at the interface throat
was calculated by the Laplace equation given below as Eq. (36).

1 APy
T 20

The dimensionless curvature values, using the pore radius mode
as a reference, are shown in Fig. 7. The curvature distribution rep-
resents the distribution of capillary pressures and the saturated
wick is seen to have small curvature values overall with a narrow
distribution, while the distribution of the unsaturated wick is
much wider. In the case of the unsaturated wick, the curvature at
the liquid-vapor interface is larger than that at the wick-groove
interface. Heat transfer by evaporation and condensation in the
wick may occur owing to the flow induced by a distribution of cap-
illary pressures, corresponding to the heat pipe effect, and these
results demonstrate that condensation occurs at 517 of the 2538
throats within the liquid-vapor interface, although the condensa-
tion flow rate is small, equal to only 2.18% of the total flow rate.
A heat pipe effect during the development of vapor pockets was
reported in Ref. [12] and the present study indicates that the heat
pipe effect appears under steady-state conditions.

Fig. 8 presents the comparison of the evaporator heat-transfer
coefficient between the calculation and the experiment. The
heat-transfer coefficient were calculated as follows,

(36)
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Fig. 7. The distribution of menisci curvatures of the saturated (left) and unsaturated (right) wicks.
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Fig. 8. Comparison of the measured heat-transfer coefficient with the calculated
one.
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where, T, max is the maximum temperature on the casing. The detail
of the experiment is presented in Ref. [16]. The wick and working
fluid are the same as the calculation. The shape of the evaporator
are different between the experiment of cylinder and the calcula-
tion of rectangle, but width and height of groove and ratio of con-
tact area between the casing and the wick to the cross-sectional
area of the casing are fitted to be similar geometry. In the experi-
ment, heat load increased to 23,000 W/m?, then decreased to the
end. The profile is indicated by arrows in Fig. 8. Because the CC tem-
perature changed at each heat flux in the experiment, to consider
temperature dependence of the fluid property, the other elements
of the LHP were included in this analysis. Numerical model for
the other elements was based on Ref. [22]. When the heat flux
applied to the evaporator varied, the saturation temperature in
the grooves changed, but the difference was small and less than
2 °C. In the calculation, because the unsaturated wicks at more than
13,000 W/m? of heat flux were analyzed from the saturated wick,
comparable test data was during increasing of heat load. The differ-
ence between the experiment and the calculation were 13% at
13,000 W/m? and 15% at 19,000-20,000 W/m?. At the lowest heat
flux, because error of measurement make an larger impact than
the other heat fluxes, the difference between the experiment and
the calculation may be larger. Taking account into hysteresis phe-
nomena is necessary to predict during decreasing of heat load. In
this model, the superheat for transition to the unsaturated wick is
estimated with ideal condition of Eq. (27), but measurement by
the experiment is necessary to predict with higher accuracy.

4. Summary and conclusions

A 3D numerical model of the heat and mass transfer in a capil-
lary evaporator with either a fully liquid-saturated or a vapor-lig-
uid wick under steady state conditions was developed, and a pore
network model was used to simulate immiscible liquid-vapor flow
with phase changes in a capillary structure with a distribution of
pore radii. The transition from a saturated to an unsaturated wick
owing to the formation and growth of bubbles in the wick resulting
from boiling of a liquid from critical superheating was considered.
The liquid-vapor interface area and number of moving menisci
during the transition from saturation to unsaturation were calcu-
lated and presented.

Two important results were obtained from the simulations.
Firstly, in this calculation using ethanol as a working fluid, the loca-
tion at which the initial vapor phase was generated was identified

as the triple line formed by the wick-groove-casing interface.
Secondly, the heat pipe effect induced by a distribution of capillary
pressures was demonstrated by the results obtained for the unsat-
urated wick. Additionally, the differences between the saturated
and unsaturated wicks with regard to heat and mass transfer were
clarified.
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