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A mathematic model is developed to describe heat and
mass transfer with phase change in the porous wick of
evaporator of capillary pumped loop (CPL). This model
with six field variables, including temperature, liquid
content, pressure, liquid velocity, vapor velocity and
phase-change rate, is closed mathematically with addi-
tional pressure relationships introduced. The present
model is suitable to the numerical computation, as the
established equations become comparatively easy to
solve, which is applied to CPL evaporator. The numer-
ical results are obtained and the parameter effects on
evaporator are discussed. The study demonstrates that
instead of an evaporative interface, there exists an
unsaturated two-phase zone between the vapor-satu-
rated zone and the liquid-saturated zone in the wick of
CPL evaporator.

Keywords CPL evaporator - Porous wick - Phase
change - Heat and mass transfer - Numerical analysis

Nomenclature

¢ Specific heat, J/(KgK)

k  Thermal conductivity, W/(mK)

k, Equivalent permeability of vapor, m>
k;, Unsaturated permeability of liquid, m?
K, Infiltrating conductivity of vapor, ms™"
K, Hydraulic conductivity of liquid, ms™!
m  mass rate of phase change, Kg/(m?s)
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Pressure, Pa

Heat flux, Wm 2

Heat load of the evaporator, W

Source term, saturation

Time, s

Temperature, K(°C)

Velocity component in x-direction, ms™
Velocity component in y-direction, ms™
Velocity vector, ms™!
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Greek symbols
Latent heat, JKg ™
¢  Phase content, %
i Viscosity, Kg/(ms)
v Kinematic viscosity, m~s™
p  Density, Kgm >
o Porosity, %

Subscripts

eff Effective quantities
/[ Liquid

s Solid

v Vapor

1 Introduction

Evaporators capable of transferring high heat fluxes (for
example, as high as 100 W cm ) are of great interest for
cooling of electronic components. A promising design for
the evaporator is applied to capillary pumped loop
(CPL), which has been advanced in recent 20 years
(Fig. 1). The advantage of a CPL system is that it needs
no power to operate and can transfer heat over distance
as long as 30 foot or more. Since heat is transferred along
with evaporation and condensation, a CPL is much more
economical in terms of weight than conventional heat
systems, which is very important for the application in
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Fig. 1 Schematic of a system of CPL

the thermal control for satellite, spacecraft and space-
platform.

Though the CPL has the potential as a heat transfer
system with high efficiency, some technical problems
remain unsolved. The primary concern is their reliabil-
ity. It has been proven that the CPL is not very reliable
in the space operation and the explanation for this has
been elusive. Another problem is that the CPL requires a
lengthy start-up procedure and the start-ups are not
always successful. To analyze the phenomena, the
physical process in the CPL evaporator should be
investigated, either experimentally or numerically.

The main difficulty to evaluate heat transfer in such a
system is lack of understanding for multiphase interac-
tions in unsaturated porous media. For the majority of
porous materials, the pore dimensions are small, which
accentuates the interfacial tension effects. The experi-
ment is also difficult to obtain data on system variables,
such as individual phase pressure, liquid—vapor interfa-
cial geometry, and fluid velocities on the pore level. The
pore geometry is extremely complex, which necessitates
the macroscopic averaging of microscopic phenomena.
These make the experimental approach almost impos-
sible.

Although experimental data on the present topic is
scarce, some relevant theoretical and numerical investi-
gations had been reported in the literature. Cao and
Faghri [1] developed an analytical solution for heat and
mass transfer processes during evaporation in the wick
of a CPL evaporator. The model is strictly limited to a
homogeneous porous wicks completely saturated by li-
quid. In their later study, Cao and Faghri [2] presented a
conjugate analysis for a system including a segment of
wick and a vapor groove. In particular, the influence of
working fluid property on vapor flow in groove was
studied. Again, evaporation is taken to only occur at the
groove-wick interface. Khrusalev and Faghri [3]
numerically investigated a similar configuration. They
formulated the problem based on two important
assumptions. First, there existed a superheated vapor
zone in the vicinity of heated wall while the wick was
saturated by sub-cooling liquid elsewhere. Based on
this assumption, Darcy’s law was applied to the vapor
zone and the liquid zone, respectively. Second, when
the vapor zone did not exceed the heated surface,

there would be liquid meniscus on the top of porous
surface. On the other hand, when the vapor zone ex-
tended beyond the surface of the heated wall, this liquid
meniscus would disappear and the critical heat flux was
reached.

In the work mentioned above, a common assumption
is usually made as that the evaporation takes place only
at the interface between vapor-saturated region and li-
quid-saturated region, and the interface thickness is
zero, which implies that there are two single-phase re-
gions in the wick: the vapor zone and the liquid zone.
However, different results have also been reported in
such a structure with phase change. A two-phase zone is
observed between liquid and vapor saturated zones [4].
Udell [5] developed a numerical model to predict the
length of this zone as a function of the heat flux, fluid
properties, and porous medium characteristics. Zhao
and Liao [6, 7] developed an experimental structure to
study the characteristics of capillary-driven flow and
phase-change heat transfer. Their study shows that for
small and moderate heat fluxes, the whole porous
structure was fully saturated with liquid except adjacent
to horizontal heated surface where evaporation took
place uniformly. For higher heat fluxes, a two-phase
zone developed in the upper portion of the porous
structure while the lower portion of the porous structure
was saturated with sub-cooling liquid. When the im-
posed heat flux is further increased, a vapor blanket is
formed below the heated surface and the corresponding
critical heat flux is reached.

As we known that the capillary force results from
the surface tension on meniscus. Under steady-state
conditions, the meniscus of liquid perfectly wetting a
solid surface extends as a liquid thin film over the solid
surface. The thickness of this liquid film is dependent
on physical properties of liquid and solid as well as
surface tension related to temperature. The surface
tension, thereby the liquid film thickness, decreases
with the increase of temperature. This implies that
surface tension gradient exists and liquid content gra-
dient occurs in the porous wick influenced by temper-
ature gradient. Thus, this surface tension region should
be treated as unsaturated two-phase region, in which
the interstices of wick are shared by vapor and liquid at
the same time. Evaporation takes place mostly on the
specific interfacial area between the liquid meniscus
and the vapor, which means that phase change occurs
everywhere in this two-phase region. Based on this
analysis, a mathematic model for the porous wick
of CPL evaporator is constructed and solved numeri-
cally in the present paper, by which heat and mass
transfer in vapor, two-phase and liquid regions is
investigated.

2 Mathematic modeling

A segment cutting out of a flat-plate evaporator is
studied through the symmetry axes of the fin and the



adjacent groove, shown in Fig. 2. To develop the
mathematic model, the following assumptions are made.

1. Homogeneous and isotropic medium with no dis-
tension or contraction.

2. The effect of gravity is neglected.

3. Subject to local thermodynamics
throughout the analysis domain.

4. In unsaturated region, liquid phase and vapor phase
are in funicular (continuous) state, respectively.

equilibrium

2.1 Single-phase region

In the single-phase regions (vapor or liquid), there is no
phase change. Incompressible flows are assumed in li-
quid phase as well as in gas phase. The governing
equations can be written as follows.

Continuum equation:

Aeip: -
b)) =0 m
t
Momentum equation:
,0,8171 Pi (7 Hi 27
= = (V- =— P— LY Vi 2
i U A G

1

Energy equation:

oT -
where ¢ is phase content, V is velocity vector, p is den-
sity, ¢ is specific heat, T'is temperature, P is pressure, pis
viscosity of fluid, K is permeability of porous wick, ¢ is
time, k.4 is effective thermal conductivity, k.= (1 — &)
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Fig. 2 Schematic of modeled CPL evaporator segment
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k;+ & k. The subscribe v stands for vapor, / for liquid
and s for solid. The heat capacity in the energy equation
is defined by

pe = [pery + (1 = p)pyele + (1 =€) (pe),

2.2 Two-phase region

Traditionally, analyses of two-phase flow in porous
media are based on the assumption that vapor and li-
quid phases are treated as distinct and separate fluids.
The motion of each phase is described by the generalized
Darcy’s law in which a relative permeability is intro-
duced to account for a decrease in effective flow cross-
section due to the presence of the other phase [8§].
Unfortunately, the resulting equations are not conve-
nient for numerical solutions because the physical
properties appeared are difficult to obtain and the gov-
erning differential equations are plentiful.

In what follows, we developed a model with six field
variables to describe the simultaneous heat and mass
migration in unsaturated porous media with phase
change [9]. The field variables include temperature 7,
liquid content g, pressure P, liquid velocity ¥, vapor
velocity 7, and phase-change rate . For the two
dimensional model, eight variables need to be solved.

2.2.1 Continuity equations
Liquid:

d(erpy)
ot

Vapor:

8(&,0@)
ot

+ V- (e1p V) = —in (4)

+ V- (eup, V) = i (5)

2.2.2 Momentum equations

Liquid:
8[71 = = m 'LLID] H =
LTV - — T = =t v - L 6
ot E1p; piKi Kip; ©)
Vapor

v, , 1 i

V- VV, Vo =—— - =2V, 7
8t+ ’ U+8UL ! 0 P K.p, " @

2.2.3 Energy equation

oT
(p) 5+ (00 71+ (), T.) - 9T
+ ((pc)lV/ - Ve + (pc)vVU . VsU)T

= I VT — iy + 8 (8)
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For the above partial differential equations, some of
the characteristics for the theoretical model could be
discussed as follows.

1. Based on the fact of e=¢,+¢;+¢,, the mean physical
property for specific heat capacity of porous media
can be written as (p ¢),,=g& (p ¢)st € (p ¢);t+ &, (p ¢),.
The apparent heat conductivity of porous media,
according to the mean-weighted method, is simply
defined as 4,,=¢; A, +¢& 4;t¢, 4,.

2. Noting that K;=k;g/v; and K,=k,g/v,, we had
developed an effective formulation to calculate gas-
eous infiltrating conductivity K, [10], corresponding
to liquid hydraulic conductivity K;, which can dem-
onstrate the mechanisms of Darcy’s drag resistance in
terms of gaseous phase and the reaction of liquid to
gaseous mixture. It could be written as

1—w 4/301
I~ o(l - S)> v, X ©)

Uy

Kv—(l—S)3<

3. According to Baggio et al. [11], the vapor pressure in
a porous medium may be written as

—pM
PIRT

Pv = Psat €Xp |: (10)
Where P, is saturation vapor pressure, M is molar
mass of fluid (methanol for the current study), R is
universal gas constant. The exponent in equation (10)
has a typical magnitude 107>, and we shall hence take
Pv=Psac 10 the analysis that follows.

The capillary pressure p,, is defined as the difference
between the vapor and the liquid pressures:

(11)

According to the Leverett function [12], we may write
the capillary pressure as

Pe = 5‘](5‘)
- 5[1.417(1 —5) = 2.120(1 — 5)? + 1.263(1 — 5)°
(12)

Pec=Pv — D1

with

where ¢ is vapor-liquid interfacial tension, € is porosity
of porous medium.

Compared with the mathematical models for two-
phase flow in porous media, for example the separate
flow model (SFM) [8, 13], the present model can explain
reasonable migration mechanisms and is physically
meaningful. Its advantage is apparent to solve the
problems involving conjugate two-phase flow with
adjacent single-phase regions. When using the SFM,
multiple region solutions are required due to the differ-
ences in the conservation equations for the two-phase

and single-phase regions [14]. The primary numerical
difficulty is associated with numerical procedures, such
as moving numerical grids and/or coordinate systems. In
contrast, since equations of the present model for two-
phase flow strongly resembles those for single-phase
transport, a unified formulation is derived that is valid
throughout the entire domain, including both two-phase
and single-phase regions. With such a continuum for-
mulation, the interfaces between the regions do not re-
quire explicit consideration. The need for moving
numerical grids and/or coordinate mapping is thus
eliminated, as is the need for prescribing complex
interfacial boundary conditions between regions internal
to the domain.

2.3 Boundary conditions

The bottom boundary (D-E):

pr=py, Ti1=Tp (13)
The symmetric boundary (A-E,C-D):
op oT
ox 7 Ox (14)
The upside boundary (A-B):
dp ,0T
xr _ = 1
9 0, 4 o ¢ (15)
The upside boundary (B-C):
oT
wy =p1, — =0 16
bv =P By (16)

where ¢ is the system heat load (W m2).

3 Discussion

The governing equations together with the boundary
conditions mentioned above are solved with the finite
difference method. Noting that the pressure changes in
transport process and heat and mass transfer are highly
coupled, the pressure-based algorithm is principally used
in the numerical formulations and computations with
treating staggered grid in primitive variables and ADI
(Alternating Direction Iterative) technique is adopted to
solve the coupled linear equations. In order to ensure the
convergence of calculating procedure, some technical
treatments like under relaxation and error feedback are
adopted.

The liquid content fields of the wick with different
heat flux are shown in Fig. 3. In the calculation, we re-
gard the region of g < 0.01 as saturated vapor zone.
Considering an ideal steady-state condition during the
operation of CPL, we first assume that the wick is sep-
arated into two regions: saturated vapor zone and
unsaturated zone, and then the saturated liquid zone
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Fig. 3 Liquid content distribution in porous wick at a Q=300 W;
b Q=500 W; ¢ Q=700 W

forms on the upper surface of liquid groove in evapo-
rator. It is obvious in Fig. 3 that the area of vapor zone
is gradually expanded when the heat flux adding on the
upper fin plate increases, and the area with rather large
liquid content (g; > 0.45) is also increased. Such a trend
implies that the change of liquid content is mainly
concentrated in a relatively small range between unsat-
urated region and vapor region, when the heat flux is
increased. Since high heat flux should correspond to
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large mass transfer, more liquid will be delivered into the
wick of evaporator with relatively high velocity, which
makes the liquid content in the bottom of the wick be-
come large. When the liquid is transported into the two-
phase zone the surface tension becomes weak, and with
the increases in temperature gradient, surface tension
decreases quickly. This may account for why the area of
vapor zone becomes bigger at higher heat flux.
According to the trend of liquid content field showed in
Fig. 3, we just can say that the usual treatment of liquid-
vapor phase change as a front surface with zero thick-
ness may be only suitable for certain situations with
rather large heat flux.

The temperature fields of the wick at different heat
flux are showed in Fig. 4. It can be seen that there exists
no clear boundary between two-phase region and vapor
region like the situation in the liquid content fields. But
the large temperature gradient is concentrated in the
vapor zone, and also in the two-phase zone near the
vapor zone, i.e., low and moderate liquid content zones.
When such an area becomes larger, the temperature
arises more quickly, as shown in Fig. 4c. As the tem-
perature changes very slightly in the bottom zone, the
liquid content changes very slightly in the same region.
Compared to the numerical results shown in Figus [15],
it can be found that the area with high temperature is
much smaller when the unsaturated region is considered,
which is more reasonable.

Patterns of evaporation rate in the wick with different
heat flux are shown in Fig. 5. The large temperature
gradients of two-phase zone, apparent in Fig. 4, are
mapped into high evaporation rate in Fig.5. That is, the
area where the phase change occurs intensely is very
narrow and locates at the upper end of the two-phase
zone. It can also be found that there is no obvious phase
change in the single-phase zone and even in the area of
two-phase zone that the liquid content change is little.
Moreover, with an increase of heat flux the area of
strong evaporation narrows down, and the magnitude of
evaporation rate increases significantly. Such a result
challenges the conventional saturated model [2, 3, 15] in
which the fluid phase change occurs only at a zero
thickness interface between vapor zone and liquid zone.
The experimental results of Udell [5] also show that
there exists a very thin evaporation zone, which tallies
with the results of this paper.

It can be seen that the convective movement inside the
vapor zone, as well as high-liquid-content zone, is very
weak. The mass transfer mostly takes place in the area of
large liquid content. This peculiarity is caused by the fact
that in the model of single-phase region the interaction of
liquid and vapor is absent, and the driven force to make
the fluid flow is just the evaporation at interface.

The velocity field and pressure distribution of the
vapor and the liquid are presented in Figs. 6 and 7
respectively. As indicated in Fig. 5a, the vapor velocity
is rather low in the saturated vapor zone (g < 0.01),
and is lower in the high-liquid-content zone (the
approximate liquid-saturated zone, g, > 0.45). The mass
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Fig. 4 Temperature field in porous wick at a Q=300 W; b
Q=500 W; ¢ Q=700 W

transfer mostly takes place in the area of large liquid
content gradients. This phenomena is related to many
factors, including the boundary effect of vapor flow, the
geometry factor of the fluid flow line, the vapor outlet
direction and the mass continuity and so on. Corre-
sponding to the vapor velocity distribution, the liquid
convective movement is intense in the high-liquid-con-
tent area and weak in the area of intensity-evaporation
zone, as shown in Fig. 7.

(@5
4
3
g
E
>
2
1
0 . . . .
0 1 2 3 4 5
x/mm
Q=300 W
b) 5 .
®) 0"’\)
sl
3
g
£
BN
2
1
% 1 2 3 4 5
x/mm
Q=500 W

x/mm

Q=700 W

Fig. 5 Patterns of evaporation rate in porous wick at a Q=300 W;
b Q=500 W; ¢ Q=700 W

4 Conclusion

A three-region model is developed to describe the
transport process in capillary pumped loop. Special
attention is paid on the unsaturated porous medium
evaporating region, and a six-field model is developed to
describe the physical process. Since the equations are
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general and are of the same form as those in single-phase
transport in porous medium, they are quite convenient
for numerical simulation of multi-region problem.

Numerical results show that the change of liquid
content in the porous wick of evaporator of CPL is
obviously. This implies that the phase change region
between two single-phase regions should be treated as a
liquid-unsaturated region. The variation of liquid con-
tent is more and more concentrated in a narrow range
with the heat load on the evaporator increased. This
indicates a trend that the thickness of unsaturated region
may reduce as heat load increase.
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