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Abstract—The physical operational mechanisms for the evaporator of capillary pumped loops are

described, and possible working limits are identified. A generalized mathematical formulation for the flat-

plate type evaporator is given, which includes liquid flow and heat transfer in the porous wick structure,

three-dimensional vapor flow in the groove, and heat transfer in the cover plate. The liquid and vapor

flows are coupled via the interfacial mass flux, and the entire evaporator is solved as a conjugate problem.

Numerical results under different working conditions and with different fluids are presented, which provide
guidance for the evaporator design of capillary pumped loops.

INTRODUCTION

DuE 10 high power thermal transport requirements
for many proposed space-based systems, the capillary
pumped loop (CPL) has been developed, and has
become a candidate for the thermal management sys-
tem of spacecraft with high power loads (Chalmers et
al. [1], Ku et al. [2], Holmes et al. [3]). In heat pipes,
the capillary force provides the necessary pumping
pressure to return the liquid condensate to the evap-
orator from the condenser. Since the capillary force
available in a heat pipe is limited, the power loads and
heat transfer distance often suffer serious restraints
because of the large liquid flow resistance in the wick.
The CPL, however, is a continuous loop with vapor
and liquid flowing in the same direction. Unlike the
heat pipe, the CPL requires a wick structure only in
the evaporator section, and the pressure losses in the
CPL are significantly reduced compared to those in
the heat pipe. As a result, a large increase in the
thermal transport capacity is possible over that seen
with heat pipes. A generic capillary pumped loop is
schematically shown in Fig. 1.

Most CPL designs consist of an evaporator, a con-
denser, a two-phase reservoir, and connecting plumb-
ing [2, 4, 5]. Some of the designs also include mech-
anical pumps in the loop [6). In capillary pumped
loops, the evaporator design is crucial to the heat
transfer performance. A typical plate-type capillary
evaporator consists of a liquid flow passage, a porous
wick structure, and a cover plate to which a heater is
attached [7, 8]. The bottom of the cover plate is pro-
vided with fins which are in contact with the wick
structure. The heat flows from the heater to the liquid—
vapor interface in a direction opposite to that of the
capillary liquid movement, and evaporates into the
grooves formed between fins. The vapor flows through
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the grooves into the transverse vapor-collecting chan-
nels, and from there to the vapor duct. The evaporator
is the most important part of the capillary pumped
loop, which needs specific consideration. Wulz and
Embacher [8] modeled a flat-plate type evaporator
using a steady state two-dimensional model. The
evaporation location of the liquid-vapor interface and
the interface temperature were prescribed, which are
generally unknown, and liquid flow and heat transfer
in the wick region were considered.

In the present paper, the physical operational mech-
anisms of the CPL evaporator are described, and a
general model which couples the liquid flow in the
wick and three-dimensional vapor flow in the grooves
is proposed. The model is also capable of simulating
the transient heat transfer and fluid flow processes in
the CPL evaporator. To the authors’ knowledge, these
issues have not been addressed completely before.
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Fi1G. 1. Schematic of a generic capillary pumped loop.



402 Y. Cao and A. FagHr

¢, specific heat [JTkg™ 'K ']

latent heat of evaporation [Jkg ']
k thermal conductivity [Wm ™ 'K ']
K wick permeability {m?]

L, total length in x direction [m]

L. total length in y direction [m}
L
L

NOMENCLATURE

t.s  vapor velocity at liquid-vapor interface
[ms ]

w velocity in z direction {ms~ '}

X, 3.z coordinates [m].

Greek symbols

. total length in z direction [m] o thermal diffusivity [m* s~
«  heated length in the x direction B accommodation coefficient
[m} ] cffective contact angle
L., height of the upper surface of the groove it viscosity [Pas]
[m] P density [kgm 7]
L.,  Theight of the porous structure fm] o liquid-vapor surface tension [Nm ']
ns vapor mass flux due to evaporation ) porosity.
[kgm~?s ']
P pressure [Nm™ 7] Subscripts
q heat flux [Wm 7] ¢ condenser
R, gas constant [Jkg 'K '] co cover plate
¥ effective capillary radius of the wick e cvaporator
pores [m)] eff cifective
T temperature [K] in inlet
H time [s] ] liquid
U velocity in x direction fms™ '] min  minimum
A velocity vector [ms™] out outletatz=L.
v velocity in p direction [ms ™'} rf reference
in liquid velocity at y = 0 [ms™ '] solid structure
s liquid velocity at liquid-vapor interface v vapor
[ms "] B liquid—vapor interface.
OPERATION OF THE CPL EVAPORATOR 2o cos )
Ap=p,—p= B (n

Due to symmetry, a segment cut out of a flat-plated
evaporator is studied. The cut was made through the
axes of the fin and the adjacent groove. Such a segment
is schematically shown in Fig. 2.

The pumping force for the CPL evaporator is pro-
vided by the pressure head developed at the liquid-
vapor interface

F1G. 2. Schematic of the modeled CPL evaporator segment.

where o is the liquid—vapor surface tension, ¢ is the
effective or average contact angle. and r is the effective
radius of the wick pores at the interface. The effective
contact angle 6 in equation (1) should be considered
to be the dynamic contact angle instead of the static
one, and its value changes during transient operation.

Before the CPL startup, no heat is applied at the
evaporator, and the CPL evaporator is under thermal
and mechanical equilibrium, Ap = 0. The contact
angle in this case should be 7/2, which means that the
pores at the liquid—vapor interface are flooded by the
liquid. A cross section of the segment in Fig. 2 at this
condition is schematically shown in Fig. 3(a).

At time 7 = 0, heat is applied at the CPL evapor-
ator, which is transferred through the fin and reaches
the liquid—vapor interface. Evaporation takes place at
the interface, and vapor flows into the groove. As a
result, the liquid is drawn through the wick to the
liquid-vapor interface to preserve the mass balance.
At the same time, capillary menisci are established at
the interface with an effective contact angle 8. These
menisci facilitate the pumping function, which draws
liquid from the wick to the liquid—vapor interface and
circulates the fluid throughout the CPL. If the power
load is increased at the evaporator, the effective con-
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FiG. 3. Description of different operating conditions for a
CPL evaporator.

tact angle @ will decrease, resulting in an increase of
the capillary pumping head and a higher liquid flow
rate. This operating condition is shown schematically
in Fig. 3(b).

As the power load at the evaporator is further
increased, the effective contact angle will reach a limit
Bin, and the capillary pumping head will reach a
maximum. In this case, the liquid interface will recede
into the wick to reduce the liquid flow resistance in
the wick structure. This operating condition is shown
schematically in Fig. 3(c). The pressure balance for
the whole CPL at the steady state is

2ocos@

= Apl.e +Apv,e +Apv+Apc +AP1 (2)

where Ap, is the pressure drop due to the liquid flow
in the wick structure of the evaporator, Ap,. is the
pressure drop due to vapor flow in grooves, Ap, is
the pressure drop due to vapor flow in the pipeline
between the evaporator and the condenser, Ap, is the
pressure drop in the condenser, and Ap, is the pressure
drop due to the liquid flow in the pipeline between the
condenser and the evaporator. Since the height of the
wick structure is small (usually on the order of a
millimeter), the liquid pressure drop in the evaporator
wick structure should be very small. As a result, the
capillary limit at the operating condition shown in
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Fig. 3(c) has been already reached. Therefore, this
operating condition should be avoided when design-
ing a CPL evaporator if the capillary force is the only
driving force for the CPL operation.

Since heat is transferred from the cover plate fin to
the liquid-vapor interface, a temperature gradient is
established at the fin—wick interface. When the heat
flux is high, boiling may begin at the fin—wick interface.
If the number and the size of vapor bubbles generated
at the interface are small, these bubbles may migrate
from the fin—wick interface to the liquid—vapor inter-
face, and vent into the vapor groove without destroy-
ing the capillary menisci. However, as the heat flux is
increased further, bubbles generated may coalesce,
form a vapor blanket at the fin-wick interface, and be
released into the groove with a high pulsive vapor
pressure. In this case, the capillary menisci at the
liquid-vapor interface will be destroyed and the boil-
ing limit will be reached. This boiling limit is very
similar to that of the conventional heat pipe in which
the capillary pumping force is eliminated due to the
destruction of the capillary menisci. The working con-
dition in this case is schematically shown in Fig. 3(d).
Like the working condition in Fig. 3(c), a two-phase
reservoir or mechanical pump is needed to maintain
the operation of the-CPL. The operating condition
shown in Fig. 3(b), on the other hand, is the normal
operating condition for a CPL evaporator without
the assistance of a mechanical pump or two-phase
reservoir. For this reason, the operating condition
shown in Fig. 3(b) is modeled in this paper for the
purpose of CPL design.

MATHEMATICAL FORMULATION

For the flow and heat transfer in the porous wick
structure, the wick is assumed to be homogeneous
and isotropic, where the volume-averaged technique is
applied. For an incompressible fluid, the continuity
and momentum equations can be written as [9]

ou,

5;{-0 (3)
plow 1o o N P Hoo H
(p<61+<pv Vu,—)— 6x,-+(pv u; Ku,- 4

(=123

where x,, x, and x, correspond to x, y, and z respec-
tively ; u,, u, and u; correspond to , v, and w, ¢ is the
porosity of the wick, and K is the wick permeability.

The continuity and momentum eguations for the
vapor flow in the groove, under the condition of vary-
ing density but constant viscosity , are [10]

%

5 HPVV=0 )
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bv._ \Y lVV-V A% 6
Pp; = ~VPEuV(V-V) VIV, (6)

The equation of state is given by
p=pR,T. (7

The energy equation for the whole CPL evaporator
can be generally written as [11]

T
0o +V-VI=aV'T (8)

where

iC I— Co s

w = PPl T ,,,fp,)f:‘ng
PiCp.;

_ Ken; _ ok +(1-9)k,

PiCp.; P,

The subscript j refers to the three regions of interest :
the solid cover plate, the wick, and the vapor space.

In the cover plate region, heat transfer is purely by
conduction

=0, V=90
PiCos = PsCps = Poolpeor K = kg = Ky )
It follows that,

w=1, a=ky/peopeo-

In the groove region,

o=1, pc,,=pco. ki =k, (10)
Therefore,
w=1, a=kJlpe,,.
In the wick structure region,
PiCo = PiCprs K =Ky (11)

For the analysis presented in this paper. the heat
transfer in the three regions is coupled, and the con-
servation equations are solved as a conjugate
problem. The boundary conditions are described
below.

Atx=0and x= L.,

Ot ow ¢
w=0, =0, =0 1 =0 (12)
ox ox A
Aty=L,,
cT
kco (T‘ =Y. (13)
ay
Aty =290,
v
u=w=0, =0, T=T,. (14)
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Atz =0,
oT
w=u=0v=0, - =0. (15)
éz
Atz=1L_,
ow cT
= =0, u=v=0 =0 (16)
‘0z éz

The boundary condition at the liquid-vapor inter-
face is morc involved. The liquid-vapor interface
(y=1L,,and L, <x <L) is assumed to be flat. A
mass flux #1; due to the evaporation into the groove
needs to be calculated. The liquid velocity at the inter-
face on the wick side is ¢, = w1,/p,, and the cor-
responding interface vapor velocity on the vapor side
is v, s = mgy/p,. For the calculation of heat transfer,
the two regions are solved as a conjugate problem,
and n, 1s directly used in the energy equation at the
interface. In addition, a heat sink, msh,, is applied at
the grids on the wick region side next to the interface
to simulate the latent heat absorption due to evap-
oration. The thermal conductivities for both regions
at the interface are

2
ko= (7

where k. is the effective thermal conductivity of the
wick structure.

The mass flux can be calculated by the relation due
to Silver and Simpson [12]

28 \/( I )(p p>
Il el | e I8
" 2-p 2nR, JI VT, (18)

where f§ is the accommodation coefficient. pf* is the
equilibrium saturation pressure corresponding to the
interfacial liquid temperature 7)., and can be cal-
culated using the Clausius—Clapeyron equation

P = pexp “% 1’"!’
! Rg T'I Trl‘ .

where p,, and T, are the reference pressure and
temperature.

(At the interfaces between the vapor and the cover
plate (x=L, and L,.<y<UL,: y=1L, and
L,y<x< L)), u=1v=w=0 due to the no-slip con-
dition. The heat transfer boundary condition can be
written as

(19)

orT eT
(k@ a) = (" a,;)

where the interface thermal conductivity is
ko, = 2k k./(k,+k), and n is the direction normal
to the cover—vapor interface.

(20)

NUMERICAL PROCEDURE

The conservation equations and boundary con-
ditions were solved by applying the control volume
based finite-difference method [13]. The three-dimen-
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sional vapor flow in the groove was solved by using
the partially-parabolic numerical procedure described
by Pratap and Spalding [14], in which the second
derivatives of the velocities in the z direction were
neglected. The finite difference equations were solved
by marching downstream. At each cross section, a
two-dimensional elliptic flow was solved. The step-
wise march was continued until the end of the flow
domain was reached. The marching was repeated until
a converged solution was obtained. For the liquid
flow in the wick structure, the flow is predominantly
in the x—y plane due to the heat input condition shown
in Fig. 2. The liquid velocity in the z direction is
negligibly small compared to » and v, and therefore
was set to zero in the numerical computation. A com-
bination of the direct method (TDMA) and the
Gauss—-Seidel method was employed to solve the dis-
cretization equation. The overall numerical sequence
is as follows :

1. Initialize the numerical domain. For the case
of evaporator startup, the initial vapor and liquid
velocities are zero, and the initial temperature is uni-
form at T;,.

2. Calculate the liquid—vapor interface mass flux as
well as the corresponding liquid and vapor interface
velocities using equations (18) and (19).

3. Solve the three-dimensional vapor velocities in
the groove region using equations (5)—(7) by the par-
tially-parabolic method.

4. Solve the liquid flow in the porous wick structure
region (equations (3) and (4)).

5. Solve the energy equations (8)~(11), over the
whole evaporator domain. The three regions (cover
plate, porous wick structure, and groove) are solved
as a conjugate problem.

6. Go back to step 2 until the converged solution
is obtained for each time step.

Grid independence has been studied, and it was
found that the computer code written is essentially
independent of the number of cells used. A change
of the number of cells from 6(x) x9(y) x 10(z) to
8(x) x 13(y) x 14(z) resulted in a maximum outer
cover temperature change from 307.0 to 306.43 K.
A further refinement to 12(x) x 18(y) x 20(z) gave a
maximum temperature of 306.08 K. Although a
numerical solution using finer grid gives a more accur-
ate solution, the CPU time required is much higher
due to the three-dimensional nature of this study.
Therefore, most of the results in this study were
obtained using a mesh of 8(x) x 13(y) x 14(z). The
numerical model is also insensitive to the accom-
modation coefficient f. A change of g from g = 0.1
to 0.3 resulted in a change in the maximum tem-
perature of less than 0.1%.

RESULTS AND DISCUSSION

For validation, the numerical model was examined
by checking the overall mass and energy balances

over the numerical domain. At the steady state, mass
balances for liquid flow in the porous wick and vapor
flow in the groove are given by the following
expressions

j f p,vmdxdz—J J pwsdxdz  (21)

f f P v,sdxdz—f‘ (P dxdy  (22)
Ly JO Ly JLy,

where v;, is the incoming liquid velocity at y =0,
5 18 the liquid velocity at the liquid—vapor interface
(y=L,, Ly<x<L)), v,5 is the corresponding
vapor velocity at the interface, and (p,w,)q. is the
outflow vapor mass flux at z = L_.

An energy balance over the numerical domain

requires that
> dxdz

[Losr [ (2

L, Ly(
= J; J; (vav)mn[hrg + cP(Tout — 'Tm)] dx dy (23)

The steady-state numerical results show that the equa-
tions above were satisfed with a maximum relative
error of 1 to 2%.

Numerical computations were first made with
Freon-11 as the working fluid. The thermal properties
taken in the computation are' ¢, =1.02x10°] kg"
K Lk=0084Wm 'K~ p=1440 kg m~?, and
e = 1.756 x 10° J kg~ ". The properties for the wick
structure are: K=10""m? k, =10 Wm~' K,

=103Jkg "K', p, = 1440kgm3 and ¢ = 0.6.
The thermal properties for the cover plate are:
Cpoo =386 T kg™ ' K", ko, =384 Wm~'K~', and
Peo = 8930 kg m~3. The geometric parameters are:
L,=0.75mm, Ly=0.5mm, L, =3 mm, L;=4.5
mm, L,=6 mm, and L, =50 mm. An accom-
modation coefficient of f=0.1 was used in the
numerical computation. At time ¢ = 0, the evaporator
is at a uniform temperature T;,, and both the liquid
and vapor velocities are zero. At ¢t > 0, a heat flux
g. = 1.5x10* W m~? is applied at the outer surface
of the cover plate, and the evaporator startup begins.
Heat is transferred from the cover plate to the liquid—
vapor interface, and evaporation takes place at that
surface. Liquid is drawn from the bottom of the wick
structure, which is kept at a temperature T3, = 303 K,
and flows to the liquid-vapor interface. The evap-
orator gradually reaches a steady state under these
working conditions.

Figure 4 shows the steady-state flow vector field in
the z—-y plane at x/L, = 0.83. Since the magnitudes of
the liquid and vapor velocities are vastly different, the
vector scales for each phase are given in the figure.
The magnitude of the liquid velocity increases as it
approaches the liquid—vapor interface, due to the x-
direction flow from the region 0 < x < L to the evap-
oration interface. The magnitude of the vapor velocity
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Vapor: — 1.01m/s, Liquid: ¢ 5.46*10° m/s
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F16. 4. Flow vectors in the porous wick structure and groove
in the z—y plane at x/L, = 0.83.

increases as the vapor travels down the groove. due
to the mass addition at the liquid—vapor interface. On
the other hand, the liquid velocity remains constant
in the z direction. Figure 5 shows the corresponding
velocity vectors in the x—y plane at z = 0.5L.. Liquid
flow in the region 0 < x < L,; changes direction
because of the impermeable wick—cover plate inter-
face, and flows to the wick—vapor interface. The vapor
velocity at the wick—vapor interface is relatively high
and gradually reduces to zero in the y direction as the
evaporated vapor mass joins the main stream in the z
direction, which is perpendicular to the x—y plane.
Figures 6 and 7 show the corresponding tem-
perature contours in the z—y and x~-y planes, respec-
tively. The temperature is almost uniform in the z
direction, and in the y direction it gradually increases
from the inlet temperature T7;, to the highest tem-
perature at the outer surface of the cover plate.
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F1G. 5. Velocity vectors in the porous wick structure and
groove in the x—y plane at z = 0.5L_.
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F1G. 6. Temperature contours in the z-y plane at x/L, = 0.83.

Pressure drops in the wick structure and vapor
groove are fairly small. For the present case, the
maximum liquid pressure drop in the y direction is
about 2 Pa, and that in the z direction for vapor is
about 20 Pa. For a wick structure with an effective
radius of the wick pores of 50 um, for example, the
maximum capillary pumping force available is on the
order of 700 Pa based on equation (1). Therefore,
the pressure drops in the wick and groove are very
small.

After the evaporator reached the steady state, the
transient pulsed performance was studied. The heat
flux at the outer cover surface was suddenly increased
from ¢, =1.5x10* Wm *tog.=3x10*W m 2
The evaporator gradually reached another steady
state. Figure 8 presents the transient vapor velocities
in the groove at x/L, = 0.83 and y/L, = 0.563 along
the evaporator length for the pulsed heat input. The
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FiG. 7. Temperature contours in the x—y plane at z = 0.5L .
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FiG. 8. Transient vapor velocities in the groove along the
evaporator length for the pulsed heat input at x/L, = 0.83
and y/L, = 0.563.

curve labeled ¢ = 0 is the initial steady-state solution.
As the heat input is increased, more vapor is evap-
orated into the groove. As a result, the vapor velocity
gradually increases to a higher level. Figure 9 shows
the corresponding transient vapor temperatures at the
same location. Figure 10 shows the transient tem-
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Fi1G. 9. Transient vapor temperature in the groove along the
evaporator length for the pulsed heat input at x/L, = 0.83
and y/L, = 0.563.
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F1G. 10. Transient outer cover surface temperatures along
the evaporator length for the pulsed heat input at y = L, and
x/L, = 0.83.
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Fi1G. 11. Steady state vapor velocity and temperature along
the evaporator length for different working fluids.

peratures at the outer cover surface (y = L, and
x/L, = 0.83) along the evaporator length for the
pulsed heat input. Compared to the vapor tem-
perature in the groove, the outer cover temperature is
relatively more sensitive to the pulsed heat input.

Different working fluids were used in the com-
putation. Figure 11 shows the steady-state vapor vel-
ocity in the groove and the temperature at the outer
cover surface with ¢, = 1.5x 10* W m~? along the
evaporator length for different working fluids. As can
be seen, the vapor velocities for Freon-11 and
ammonia are much smaller than those with water.
This is mainly due to the much larger vapor densities
for Freon-11 and ammonia at this working tempera-
ture. Also, the temperature for water is relatively
higher than those for Freon-11 and ammonia.

It is instructive to compare the three-dimensional
solutions with those of the two-dimensional model, in
which the vapor flow and heat transfer in the groove
were neglected, and only the solutions in the x—y plane
for the porous structure and cover plate were con-
sidered. Figure 12 compares the steady-state tem-
peratures at x/L, = 0.33 and z/L. = 0.5 between the

310

O 3-D, water
A 2-D, water

B

00 10 20 30 40 50 6.0
¥y, m x93

Fi1G. 12. Comparison between the 2-D and 3-D temperatures
at x/L, = 0.33 and z/L, = 0.5 for different working fluids.
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two- and three-dimensional models for different
working fluids with g, = 1.5x 10* W m~2 The tem-
perature from the three-dimensional model is gen-
erally higher than the corresponding temperature
from the two-dimensional model for a given working
fluid. In the two-dimensional modeling, the vapor in
the groove region has not been solved, and the vapor
pressure and temperature in the region remain at their
initial values. Only p¥* and 7, in equation (18) are
variables in the transient operation for the calculation
of mass flux m;. In the three-dimensional modeling,
however, liquid flow in the wick structure and vapor
flow in the groove region are solved simultancously.
When the heat input is applied at the evaporator, both
p. and T, in the groove region will increase accord-
ingly. In order to obtain the samec amount of mass
flux m;, the liquid interface temperature needs to
increase to a higher level than its two-dimensional
counterpart. As a result, temperatures from the three-
dimensional model are generally higher than those
from the two-dimensional model. The working fluid
also has a strong effect on the difference between the
two- and three-dimensional models. For water as the
working fluid, the difference between the two models is
refatively large. For Freon-11 and ammonia, however,
the differences are generally small. This is attributable
to the small vapor velocities for Freon-11 and
ammonia as shown in Fig. 11. Although the two-
dimensional modeling is less accurate than the three-
dimensional model, it has the advantage of saving
CPU time, and the computer coding efforts needed
are much smaller.

Figure 13 shows the steady-state interface tem-
perature and vapor velocityat y = L, and z = 0.5L_,
with different geometric parameters for working fluid
Freon-11 and heat load ¢, = 1.5x10* W m" . The
curves labeled with case 1 are the solutions with the
previous geometric parameters. For case 2, L. is
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velocity at y = L,, and z = 0.5L, for different geometric
parameters.
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changed from 0.5 to 0.375 mm. For case 3, L., is still
kept at 0.5 mm, while L,, is changed from 3 to 1.5
mm. It can be seen that the liquid temperature at the
interface decreases in the x direction. Since the mass
flux 1, at the evaporation interface is directly related
to the liquid temperature at the interface through
equation (18), the interface vapor velocities also
decrease in this direction.

CONCLUSIONS

The analysis of the evaporator performance
revealed that boiling at the wick/cover-plate interface
may be a major working limitation, which eliminates
the capillary pumping force due to the destruction
of the capillary menisci. Three-dimensional conjugate
modeling shows that vapor flow in the groove is highly
dependent on the working fluid used. For water, the
vapor velocity is relatively high; for Freon-11 and
ammonia, however, the vapor velocity is negligibly
small. The pressure drops in the porous wick and the
groove are also relatively small compared to the total
capillary pumping force available. A two-dimensional
model which neglects the vapor flow and heat transfer
in the groove is compared with the more general three-
dimensional model, and it is found that for some
working fluids such as Freon-11 and ammonia, rela-
tively accurate results can be obtained using the two-
dimensional modeling.
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