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A numerical evaluation of the heat and mass transfer concerning a flat capillary
evaporator provided by a bi-layered porous wick is presented. The wick has a shape
of a flat disc and is assembled between the liquid feeding channel and the vapor
chamber. An external heat input is applied into the upper surface of the bi-layered
wick, where the working fluid evaporates. The mass and heat transfer are modeled
using the mass and energy conservation equations. The model allows to verify the
effect of design variables, such as working fluids, dimensions, permeability, aver-
age pore radius and thermal conductivity of the wick, in the performance of the
capillary evaporator. It can be used as a predictive tool to design similar capillary
pumping systems for thermal control of satellite or electronics systems in general.
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Introduction

The heat transfer analysis of the operation of the capillary evaporators have provided
important phenomeno logical and design information. Demidov and Yatsenko [1] reported a
theoretical investigation of the heat and mass transfer in the porous wick of capillary pumping
systems. A numerical solution of the mathematical model was developed for studying the
displacement of the evaporation front as the thermal load of the system increases. The same
problem was also studied by Figus et al. [2]. They applied two models, a continuum volume-av-
eraged formulation and a pore network model, for similar boundary conditions as those used by
Demidov and Yatsenko [1] and assuming no pressure jump at the evaporation front.

Cao and Faghri [3] presented analytical solutions for the velocity and temperature
fields for a similar problem, however subjected to different boundary conditions. They consid-
ered a completely liquid-saturated wick, with the evaporation front located in the outer surface,
heated by an isothermal fin. Cao and Faghri [4] reported an extension of their previous work
presenting a numerical analysis of a 3-D geometry.

Takahashi et al. [5] analyzed the heat and mass transfer with phase change in a cy-
lindrical porous wick of a capillary evaporator. They assumed the same criterion developed
in Figus et al. [2] which is based on the available area for evaporation. Contrary to Figus et
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al. [2], they included the capillary pressure jump at the liquid-vapor interface obtained from
a static drainage curve and mercury porosimetry measured for a nickel sintered porous wick
(r,=1.6 um, ¢ =0.53).

Kaya and Goldak [6] studied numerically the heat and mass transfer in the capillary
porous structure and the boiling limit for a loop heat pipe. Depending on the heat flux supplied
to the wick, the evaporation front was located at the outer surface of the porous structure or
within it.

Although the works previously cited provided the basis of the heat and mass transfer
in capillary porous wicks, there is a lack of a comprehensive model that can predict the onset of
drying at the fin/wick interface by capillary and boiling limits from consideration of the thermal
and hydraulic properties of the working fluid and porous wick. Here, a fully liquid saturated
wick bi-layered, in the shape of a flat disc, assembled between the liquid feeding channel and
the vapor chamber, is considered.

Problem formulation

The geometry of interest here is shown in fig. 1(a). This figure depicts a capillary
evaporator with a bi-layered porous wick of a CPL. In this work, the wick is a flat circular
disc and is assembled between the liquid feeding channel and the vapor chamber. The upper
part of the wick is heated by an external heat flux. After start-up, the evaporation of the
working fluid that takes place around the fin occurs in three regimes, depending on the mag-
nitude of the applied heat flux: evaporation in microfilm, evaporation in the external surface
of the wick, and evaporation within
the wick. Here, the evaporation in
the external surface of the wick is
considered the normal operation
mode of a CPL, as verified by Li and
Ochterbeck [7] and assumed also by
Cao and Faghri [3].
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Figure 1. (a) Cut of the flat capillary evaporator with
bi-layered wick in the shape of a flat disc and

(b) schematic diagram of the calculation domain and
the boundary conditions

Here, the equations of conser-
vation of energy and mass are cast
in cylindrical co-ordinates and the
physical domain of interest and the
boundary conditions are represented
schematically in fig. 1(b). Due to the
cylindrical symmetry, only the sec-
tion represented by a dotted line in
fig. 1(a) is modeled.

The volume-averaged equation
for the conservation of mass of liquid
in cylindrical co-ordinates is

10 ov,

r@r(rvr)—i_ 0z =0 M

Here, the volume averaged no-
tation is omitted for simplicity. The
formulation of the conservation of
linear momentum depends on the
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flow velocity. Neglecting the influence of gravity, the » and z components of the equation for
the conservation of linear momentum reduce to Darcy’s Law, i. e.,
K op K op
Vv, =———, Vv, =——— 2)
ML Or U Oz
Substituting the conservation of momentum in the conservation of mass and assuming
constant properties, we obtain a Laplace equation for the pressure, i. e.:

1
1of o) 0()_, 3)
ror\ %or) o0z\oz
The equation for the conservation of the thermal energy is also written neglecting the
convective terms. Following Cao and Faghri [3], the characteristic Peclet number
(Pe=RePr=v,_; R'/a,) for the application of interest here is of the order of 1072 Then, the

equation for the conservation of thermal energy, assuming isotropic media and constant proper-

ties, 1s written:
1af,ary, afar g W
ror\_ or oz\ 0oz

Following fig. 1(b), the boundary conditions are:
At the surface at » = 0, cylindrical symmetry requires that:
0 =0 and or =0 (5)

r or
At the surface at » = R, the boundary is assumed impermeable to liquid flow and adi-
abatic. Then:

6_p =0 and 8_T =
r or
At the inlet surface at z = 0, the porous wick is fed with a liquid flow with far end
temperature 7}, i. e.:

0 (6)

or
pP= pl,in and — ﬂe g + plvz,incpT = plvz,incp]iin (7)
In the volume-averaged sense and assuming local thermal equilibrium between the
liquid and solid phases, 4, is the effective thermal conductivity of the fully liquid saturated
porous medium. Finally, at the outlet surface, two sections are observed. First, underneath the

metallic fin (z=L_,0<r<R")

8—sz and —xlea—Tzqf (®)
z 0z

Second, assuming that the pore size is not extremely small, i. e., the wick is not a hy-
groscopic porous medium, from Kelvin’s Law, the surface temperature is approximately equal
to the vapor saturation temperature in the bulk of the vapor channel. Also, the conduction heat
transfer from the fin is responsible for the liquid evaporation. Therefore, the boundary condition
at the evaporation surface can be written:

__w, ot

dT=T, 9
aZ Kplhlv 82 an sat (pv) ( )
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This set of boundary conditions closes the formulation. The total working fluid mass-

flow rate is given:
R
i =| [ X2 p |rar (10)
U Oz o

0

The pressure difference (p, — p;;,) corresponds to the total pressure loss of the CPL
components. In all stable operation points, this pressure difference balances exactly the capil-
lary pressure difference across the medium. The total heat transfer rate at the fin is responsible
for the liquid evaporation at the outlet surface and part of it flows to the liquid channel. A total
energy balance in the wick provides:

O =qi e =0+ 0, (11)
where Q'f is the applied heat transfer rate at the fin surface.
The heat transfer rate to the liquid channel Q,, following eq. (8), is given:

R
0= j [—ze a—Tjrdr, at z=0 (12)
0 oz

This heat transfer is responsible for raising the incoming flow temperature of the sub-
cooled liquid 7, to the inlet porous wick surface value 7(z = 0). When Q) is large, the liquid in
the channel can reach the onset of nucleate boiling which is also called a boiling limit for the
CPL operation. The boiling limit of interest here is the dryout that occurs underneath the fin, by
excess temperature. Assuming cylindrical capillaries, the maximum capillary pressure (Young-
Laplace’s equation) that the wick can withstand is therefore:

20
Apcap,max =Pv = Pimin = (13)
rP

This maximum capillary pressure is related to the threshold for percolation of the
non-wetting phase and is commonly identified as the wick bubbling pressure.

Non-dimensional equations

Following Udell [8] (see also Kaviany [9]), the characteristic scales for pore size,
capillary pressure and liquid velocity can be defined:

1/2

ds =(kle)

o
5 DPref = =
d
ref

(14)
kpw_ k1 o (k)0

- w Loy Z(k/g)l/2 W L,

Vet

For the heat transfer, the heat flux applied to the fin is taken as the reference value,
4.t = 95 Then, to develop a characteristic temperature diference, we can assume that the fin
temperature at z = L, » = 0, T}, is related to the fin heat flux by a conduction shape factor S
such as:

q; = ASAT,,, = 2,8(T; -T,) (15)
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Therefore, it is possible to define a reference temperature difference:
AT =T, —T, =L 16
ref — *f - ( )

where an order of magnitude for S can be obtained later.

The non-dimensionalization is completed defining the aspect ratios 7, = R'/L, and
n,=R/L..
Non-dimensional variables and parameters

Based on the characteristic scales, scaled length, radius, pressure, velocity, tempera-
ture and heat flux are:

sz . s P _p(k/g)l/2 Vo vl

z =, r =" p = - ) - - 1/
Lz R Dret o Vief O'(kg)l/z (17)
« T-T T-T,)AS .
T = v :( V) R __ 49 _4
AT 03 Gret 4t

The boundary condition for the pressure of the liquid-phase, at z=L,, R'<r <R,
produces the driving force for the capillary pumping. With the non-dimensionalization pro-
posed it becomes:

I M (18)
0z 0z
where the evaporation-cooling number, Ev, is defined:
1/2 1/2
By phyo(ke) ™S _ pihyo(ke) (19)

qr 4 /’Le(Tf_Tv)lul

The evaporation-cooling number is the ratio between the absorbed as latent heat, by
the evaporation of the capillary-pumped liquid flow and the conduction heat transfer rate across
the porous wick from the fin to the evaporation surface. From the inlet boundary condition for
the energy equation, z = 0, a characteristic Peclet number appears as:

_ plcp,la(kz;)l/2
/16#1

From the non-dimensional variables previously defined, the following non-dimen-
sional equations are obtained:
— Equation of conservation of thermal energy:

2 ¥ *
A (r*aTJ:O 1)

ez niror or

Pe (20)

— Boundary conditions:

*

z =0, -

£

+ Pevr T = Pevr Tl*
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Z =1, 0<r <r* ——=SL
oz
FE< <1, T =0
. * (22)
=0, or _=0
or
=, oT 0
or
The non-dimensional z and » heat fluxes are:
oL or’
OSL o
2= (23)
. 1 oT
q.=— o
m,SL, or
Equation of conservation of linear momentum:
2 % *
e 24)
oz n, ror or
Boundary conditions:
z = O’ p]* = p:
=1, o</ <, Py
oz
peept<y, 1Ol (25)
0z Evoz
» =0, P
or
r=1, p L-0
or
The non-dimensional z and » liquid velocities are:
vi L= Zp L
C . (26)
* 1 apl
Vp =7 =
’ mn, or

The conservation equations were solved numerically by the finite volume method

[10, 11]. The tridiagonal matrix algorithm was employed to solve the discretized equations in a
segregated form. The numerical algorithm can be summarized as:

— An inlet velocity is estimated to solve the Laplace equation for the temperature. From the

solution for 7', the outlet velocity is calculated using the boundary condition given by eq. (9).
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— The pressure equation is solved using the outlet velocity calculated in first step. Then, the
velocities are calculated and the values are compared to the ones used in first step.
— Return to first step until a converged solution is obtained.

The code verification was developed according to the method reported by Eca and
Hoekstra [12], and it was found that a grid of (150 % 150) is sufficient to obtain accurate solu-
tions. Convergence was examined by checking the overall mass and energy balances. The cou-
pled equations are assumed to converge when overall energy and mass balances are satisfied
within + 1% .

Results and discussion

The results are presented as follows. Three analyses are developed: analysis of the
effect of the magnitude of the external heat transfer rate in the mass-flow rate, analysis of the
onset of drying (one-layer), and analysis of the effect of a bi-layered structure on the mass-flow
rate and onset of drying. For the results presented here, water was used as working fluid. A
wick, initially with one layer and next with two layers with different thermal properties, was
used as porous wick. The thermodynamic properties of the wick and the working fluid and the
non-dimensional parameters are presented in tab. 1.

Table 1. Dimensions, properties of wick, fluid thermophysical properties
and calculated reference and non-dimensional variables

Dimensions and properties Calculated variables
Wick dimensions Reference values
R mm 15 dos m 26.46 x 107
R mm 75 Deet Pa 269111
L, mm 10 Vier m/s 1.18 x 1073
Fluid properties AT, ¢ K 10
/i kg/m? 995.6 g W/m? 4000
Cy J/kgK 4180 Non-dimensional variables
1 Pa.s 7.98 x 107 m 0.75
o N/m 7.12 %1072 7, 1.5
hy, Jkg 2.382 x 10° P 0.027
p(T,) Pa 7299.45 Pe 12.28
Wick properties
e — 0.5
7, um 3-15
K m? 35 %1071
Dot W/mK 4-8
Jer W/mK 4
7, °C 40
7 °C 30

Analysis of the onset of drying

The heat transfer rate imposed in the fin is transferred to the outlet surface, causing
evaporation, and also to the inlet surface, resulting in heating of the liquid channel. Both these
heat transfer paths have their characteristic thermal resistances. As a result of these thermal
resistances, the fin surface reaches a temperature which can be reasonably large in certain con-
ditions. The maximum capillary pressure that a pore with radius r, can sustain is, 20/r,. The
non-dimensional maximum capillary pressure is:
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. 20'(K/a3)1/2 Z(K/g)l/2
Apcap,max = or = ’ (27)
p P
Note that this maximum non-dimensional capillary pressure is a purely geometrical
parameter. When applied to a porous wick, this means that the maximum capillary pressure is
the one that occurs when the average radius of the curvature of all menisci exposed to the vapor
phase is equal to r,,.

The local non-dimensional capillary pressure at the outlet surface is given:

. - K/e)?
Apcap=(p P ‘i( ) (28)

where p, = p.(T,) and p, is obtained from the solution of the model, p, =p,(r)atz=L..

Figure 2(a) presents the non-dimensional capillary pressure at the top surface as a func-
tion of properties for two heat fluxes, q; =10.5 and q; = 5.0. All properties were kept constant
and correspond to the properties of the porous wick with non-dimensional average pore radius of
11.34. The horizontal lines represent the maximum non-dimensional capillary pressure for each
characteristic non-dimensional pore size. Non-dimensional pore size from 11.34 to 56.69 as
shown. We note that for the non-dimensional inlet heat flux of 5.0 all media would remain satu-
rated by liquid except those with the larger non-dimensional pores of 37.80 and 56.69.

For higher heat flux, all media with pore sizes above 11.34 would suffer dry out un-
derneath the fin. Therefore, there is a relation between the pore size (and all medium properties)
and the heat flux at the onset of drying. Note that this drying underneath the fin may not cause
the failure by the capillary limit, since there may be a stable condition for operation with the
embedded evaporation front according to Demidov and Yatsenko [1], Figus ef al. [2], Takahashi
et al. [5], Kaya and Goldak [6]. This, however, is not analyzed here. Nevertheless, this test al-
lows the definition of safe operation limits.

Analysis of the onset of drying in the bi-layered structure

Here, the analysis of the porous wick with two layers is presented. It is expected that
this kind of porous structure improves the capillary pumping capacity, avoiding reaching the

0.19 0.19
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Figure 2. (a) Non-dimensional capillary pressure profiles at z* = 1.0 for non-dimensional inlet heat
fluxes for one layer and (b) bi-layered wick
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capillary limit. It is also expected that the heat transfer to the feeding liquid channel is de-
creased. For the bi-layered porous wick, porous wick 1 and 2 have non-dimensional lengths of
L:l =0.4and L;z = 0.6, respectively. The porous wick 2 has the effective thermal conductivity
constant (4., = 4.0 W/mK). The effective thermal conductivity of the porous wick 1 was varied
(4e,1) from 4.0 to 8.0 W/mK in order to evaluate its effect on the onset of drying.

Figure 2(b) presents the non-dimensional capillary pressure at the top surface as a
function of properties of the wicks with one and two layers for a non-dimensional inlet heat
flux of 10.5 and four characteristic non-dimensional pore average radius (from 11.34 to 56.69).
All properties were also kept constant and correspond to the non-dimensional average porous
radius of 11.34. Note that for the non-dimensional inlet heat flux of 10.5 in the wick with two
layers, as the thermal conductivity increase the local capillary pressure decreases and may not
exceed the maximum allowed capillary pressure.

For a given non-dimensional heat flux there will be a minimum non-dimensional av-
erage radius needed to avoid the drying of the wick in the region underneath the fin, which will
be called critical non-dimensional average radius (r;,crit)' This is given:

]/'* _ 20
p.crit (pv _ pl )(K/g)l/Z

where p, = p,(T,) and p, is the local value of liquid pressure calculated from the model,
p,=pr)atz=L_. Here, o = o(T") where T is the porous wick temperature.

Figure 3 presents curves of critical non-dimensional average radius as a function of
the non-dimensional heat flux in the upper part of the wick (z* = 1) for a wick with one- and
two-layers. Figure 3(a) presents the non-dimensional critical average radius for two non-dimen-
sional heat fluxes (5.0 and 10.5). This is the same condition presented in fig. 2(a) and 2(b). Note
that, in the region underneath of the fin, the smaller the non-dimensional heat flux the higher
the critical non-dimensional average radius. That is, the temperatures underneath the fin and the
mass-flow rate decrease with the decreasing of heat flux. As a consequence the capillary pres-
sure also decreases. Since the critical average radius is inversely proportional to the maximum
capillary pressure according eq. (29), when the non-dimensional heat flux is decreased the crit-

(29)
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Figure 3. (a) Critical non-dimensional average radius profiles at z* = 1.0 for non-dimensional inlet heat
fluxes for one layer and (b) bi-layered wick
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ical non-dimensional average radius increases. For the non-dimensional heat flux of 10.5 the
porous wick should be manufactured with minimum critical non-dimensional average radius
of 10.86 (r, = 2.87 um, calculated for the properties from tab. 1), while for non-dimensional
heat flux of 5.0 it is sufficient a minimum critical non-dimensional average radius of 32.18
(r,=8.51 um, calculated for the properties from tab. 1).

It is noted in fig. 3(b) that for the same non-dimensional heat flux of 10.2, as the
thermal conductivity of the wick 1 increases, the minimum critical non-dimensional average
radius also increases in the region underneath of the fin. The minimum critical non-dimensional
average radius is 32.18 (two-layers Il - 4, ; = 8.0 W/mK), 21.86 (two-layers I -4, ; = 6.0 W/mK)
and 10.86 (one-layer). Therefore, these results provide guidelines for the design and manufac-
ture of the porous wicks in order to avoid the drying of the region underneath the fin.

It is noticed in fig. 3 that the minimum critical non-dimensional average radius is
located in the region underneath of the fin at z* = 1.0 and »* = 0.0. Thus, the fig. 4 presents the
critical non-dimensional average radius as a function of the non-dimensional heat flux at this
location (z* = 1.0 and r* = 0.0).

Figure 4 presents the minimum critical non-dimensional average radius (7, o) as a
function of the non-dimensional heat flux for a wick with one, fig. 4(a), and two layers, fig. 4(b).
The curves shown in these figures represent the capillary limit, 7. e., bellow the curves the cap-
illary limit is not reached and there is no vapor breakthrough and above the curves occurs the
vapor invasion of the porous wick. Note in, fig. 4(b), that, as the thermal conductivity of the
wick 1 increases, the capillary limit is displaced and the minimum critical non-dimensional
average radius also increases. For a minimum critical non-dimensional average radius of 20, for
instance, the non-dimensional heat flux increases from 7.5 (one layer) to 15 (two layers) which
refer to a heat flux of 3 x 10* W/m? and 6 x 10* W/m?, respectively.

80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

5 -
P S NN FWUTY SRS FRUTE FWRES PR R bl b b b L T e e e
0 25 5 75 10 125 15 175 20 225 25 0 25 5 75 10 125 15 17.5 20 225 25

(2) in (b) i
Figure 4. (a) Minimum critical non-dimensional average radius at z* = 1.0 and r* = 0.0 as a function of
the non-dimensional inlet heat flux for one layer and (b) bi-layered wick
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Conclusions

The model developed here allowed to verify the effect of design variables in the
steady-state performance of a flat capillary evaporator. The analysis of the wick with one and
two layers showed that the wick with two layers is better than with one layer regarding the onset
of drying underneath the fin. Thus, the capillary limit, or onset drying, has a relation between
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the pore size (and all medium properties) and the heat flux. If this limit is reached, the evapora-
tion front may penetrate within the wick. This can be used as a criterion for the specification of
the maximum heat flux allowed during operation in steady-state.

The larger the thermal conductivity of the porous wick 1 (underneath the fin), the
smaller is the heat transfer to the feeding channel, causing a smaller increase of the inlet tem-
perature. The increase of the thermal conductivity of the porous wick 1 causes the increase of
the capillary limit, avoiding the onset drying of the region underneath the fin. The increase of
the thermal conductivity also decreases the mass-flow rate, causing the decrease of the pressure
losses through the porous wick.

Finally, the dimensions of the bi-layered wick (R =15 mm, R"=7.5 mm, L_, =4 mm,
L., = 6 mm) and its thermophysical properties can be used for a design of a flat capillary
evaporator.

Nomenclature
A - heat transfer area, [m?] Greek symbols

. —i-l
¢, — specific heat, [Jkg K] a — thermal diffusivity, [m?s~']
Ev — evaporation-cooling number,k [7]1 4 — thermal conductivity, [WmK-']
h,, — latent heat of ti - ity [
Klv - 1 frieali?lito ‘EI‘I’SI]’(’ra ion, [Jkg™] #  — dynamic viscosity, [Pas]
. pe ¢ thick Y p — mass density, [kgm™]
< T wIe thickness, [m] O o — surface tension, [Nm™']
rm  — mass-flow rate, [kgs™'] e — :

porosity

Pe — Peclet number, [—]
p — pressure, [Pa] Subscripts
g - heat flux, [Wm™] _ i
O — heat transfer rate, [W] gap _ Z#:ct?g
R — fin radlu.s, [m] f - fin, fin/wick interface
r, — pore radius, [m] in — inlet
R — wick external radius, [m] 1 _ llquld llquld side
I - temperature, [K] sat — satura’tion
v — liquid velocity, [m/s] v — vapor
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