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Analytical Model for Capillary Evaporation
Limitation in Thin Porous Layers

Y. X. Wang* and G. P. Peterson’
Rensselaer Polytechnic Institute, Troy, New York 12180

Fluid flow and heat transfer in thin porous layers are of fundamental importance in numerous applications,
includingthe development of high power-density electronics coolingdevices, loop heat pipes, aerospace radiators, as
well as micro fuel cells. A two-dimensional analyticalmodel has been developed to evaluate the pressure distribution
and capillary evaporation limitation in a uniformly heated thin porous layer and the effects of the porous structure
and properties of the working fluid on the capillary evaporation process. Two types of porous materials, sintered
powder and layers of screen mesh, with different characteristics were investigated. The results indicated that the
maximum capillary evaporation heat transfer is proportional to the thickness and the permeability of the thin
porous layer, but that increasing the thickness of the porous layer can result in higher superheat. Higher Bond
numbers were shown to correspond to higher capillary evaporation heat-transfer limitations. By comparison, the
sintered wick structure had a significantly higher effective conductivity and a higher capillary pumping pressure
than the mesh screen. As a result, the maximum evaporation heat-transfer rate for the sintered powder layer was
much higher than for any of the mesh screen layers evaluated.

Nomenclature
a = length of studied porous layer, m
Bo = Bondnumber
b, = width of studied porous layer, m
C, = constant
d, = diameter of particles, m
g = gravity acceleration, m/s?
g0 = source term, gy = —v;q" /K 8hg,, N/m*
hy = latent heat of vaporization,J/kg
K = permeability,m—2
kegr = effective thermal conductivity, W/m K
p = pressure, Pa
P, = -capillary pressure, Pa
P,,, = saturated pressure, Pa
P* = pressure drop, P* = P(x, y) — Py (Ty,), Pa
q” = heat flux per unit area, W/m
g/, = maximum evaporationheat flux, W/m?
Re = Reynolds number
ot radius of liquid meniscus, m
T; = liquid—vapor interfacial temperature, K
T, = surface temperature of the solid wall, K
T.. = saturated temperature of the liquid, K

up = Darcy velocity in x direction, m/s

vp = Darcy velocity in y direction, m/s

o = contactangle, grade

Vi = dynamic viscosity of the working fluid, m*/s
8 = thickness of the porous layer, m

£ = porosity

m = viscosity of the working fluid, N - s/m?

ol = liquid density, kg/m’

o = surface tension, N/m
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Subscripts

cap = capillary

e = evaporator

) = liquid phase
max = maximum

Introduction

HASE-CHANGE heattransferand fluid flow in thin porouslay-

ers have a fundamentalimportance in a wide variety of applica-
tions in the electronics cooling, nuclear, chemical, and biochemical
industries. This is especially true in the microelectronic industry,
where increasesin the number of integrated circuits on a single chip
and the operating speed are both increasing, resulting in significant
increases in the power density. This ever-increasing power density
has forced the industry to develop more advanced cooling devices
in order to accommodate what in the very near future will reach
or exceed 200 W/cm? in a single chip, which conventional cooling
techniques cannot effectively dissipate. Alternative cooling meth-
ods, such as liquid impingement, capillary pumped loop systems,
and flat heat-pipe heat spreaders, have not proven to be capable of
rejecting the required level of heat in most applications. In flat heat
pipes, loop heat pipes, and other phase-change cooling devices the
porous media used to return the liquid from the condenser section
to the evaporator are typically the limiting factors. These porous
wick structures are usually fabricated from sintered powder, metal
screen, metal foam, or other highly conductive porous media.

The maximum heat-transport capacity on the surface of these
porous mediais determined by a combination of the interfacial area,
the frictional pressure, and the capillary pumping capacity of the
porous structure. In addition to the capillary limitation, the boiling
limitation often becomes important in applications with extremely
highheatfluxes. Because the wick structure, porosity, thickness,and
size of the conduit all have a significant effect on the evaporation
process and the capillary action, it is necessary to evaluate these
effects simultaneously.

In addition to the transport of the working fluid by the capil-
lary pumping pressure, the porous structure has a significant ef-
fect on the heat and mass transport processes. Although previous
investigators' > have shown that the evaporation heat transfer from
a porous surface is directly related to the capillary flow, effective
thermal conductivity, and permeability, the exact nature of this re-
lationship is not well understood. Clearly the evaporation process
in fine porous media is fundamentally different from pool boiling,
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but the mode and the precise pointat which this difference begins to
become important is not well understood. When the diameter of the
particle or the wire becomes small, that is, when the Bond number
Bo <0.01, the surface temperature increases monotonically with
the heat flux.* In addition, the formation of vapor film occurs at the
critical heat flux, which was proportional to the permeability of the
porous layer. Experiments conducted by Sondergeld and Turcotte?
demonstrated that no significant superheatis required to initiate the
surface evaporation of the thin liquid film.

The objective of the present investigation focuses on develop-
ing an analytical model to predict the heat-transfer performance
of the thin porous layer and the capillary evaporation limitation in
thin porous media structures. The effects of thickness, porosity, and
permeability of the porous layer on the maximum heat-transportca-
pacity and temperature difference/superheat have been investigated
and evaluated.

Mathematical Model

In many heat-transfer applications a thin homogeneous porous
layeris bonded onto a uniformly heated, solid surface, as illustrated
in Fig. 1. The heat-transfer process typically occurs at a horizontal
impermeable bounding surface and the fluid flow is driven by the
capillary force created by the liquid curvature. Evaporation is as-
sumed to take place at the surface of the porous layer at which the
liquid vapor interface is formed. In this process uniform heat flux is
addedto the solid surface, and the working fluid evaporates from the
surface of the porous media. The fluid flow typically occurs from
the outer edges towards the center of the heated area and is driven by
the capillary force created caused by the variation of the curvature
of the liquid surface between the center region and the outer edges.

The porous structure can be made of sintered powder, metal
screen, metal foam, or other porous media. The maximum capillary
evaporation heat-transport capacity of the porous layer is reached
when the frictional pressure drop through the layeris equal to or less
than the capillary pumping capacity of the wick structure. In addi-
tion to the capillary limitation, the boiling limitation might also be-
come relevant, particularlyin very fine, thin porous layers. The heat
transfer and fluid flow are governed by mass, energy, and momen-
tum conservation,and because the liquid movement in the direction
perpendicularto the surface is much smaller than that occurringin a
direction parallel to the surface it can be treated as two-dimensional
flow in the thin layer.

Mass Conservation

Because the evaporation only takes place in the porous surface
and the thickness of the porous capillary layer is much smaller
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Fig. 1 Evaporationin a heated thin porous layer.

compared to the width and length of the layer, the control volume
in the z direction can be considered as unity. The conservation of
mass through the porous media can be expressed as

"

auD aUD q
0x ay S,O/hfg

=0 (1)

Momentum Equation

At low velocities and low Reynolds numbers, and neglecting the
viscouseffects,the momentum equationfor flow in the porous media
can be characterized by Darcy’s law as

K oP

up=——=— @)
y 0x
K oP

vp = ——— 3)
w0y

As the saturated working fluid fills the porous material in the en-
tire heated area (fluid-saturated porous media), the pressure around
the boundary is equal to the saturation pressure. The boundary con-
ditions for the problem described here can be defined as

opP
x =0, o =0 (4a)
0x i
opP
y =0, _— =0 (4b)
ay y=0
X =aq, Px,y) = Pa(Toa) (40)
y = b, P(x,y) = Pa(Tsa) (4d)

Substituting Eqs. (2) and (3) into Eq. (1) yields

82P+82P vg'
ax2 3y Ké&hy

&)

Assuming P* = P (x, y) — Py (Tyy) and g = —v,q”/ K 8hy,, Eq. (5)
and the associated boundary conditions become

92pP*  9*p* _
%2 e 372 +8 =0 (6)
oP*
x =0, =0 (7a)
0x —o
oP*
y=0, =0 (7o)
ay y=0
x=a, P*(x,y) =0 (7c)
y=b, P (x,y)=0 (7d)

To solve the differential equation shown in Eq. (6), a transfor-
mation is made to obtain a homogeneous equation and the relevant
boundary conditions. If

P* = P — (80/2)x> + (80/2)a? 8)

the differential equation and the boundary conditions become

9P N P _, o
ox2 ay2
3P
x =0, . =0 (10a)
0x _—
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x=a, P(x,y)=0 (10b)
3P
y =0, — =0 (10¢)
ay y=0
_ 5 _ 80/ > 2
y=b, P(x,y) = 2(x* —af) (10d)

The general solution for Eq. (9) with the corresponding boundary
conditions as presented in Eq. (10) can then be determined as

00

P(.y) =) cycosh(B,y) cos(Bux) (1)

m=1
where B, is the positive root of
cos(Bna;) =0 (12)

and

_@m—Dx

B 2

m=1,2,3,... (13)

The coefficient ¢,, should be determined such that this solution also
satisfies the nonhomogenous boundary condition. Application of
the nonhomogenousboundary condition at y = b, yields

%(x2 —a?) =Y ¢, cosh(B, b)) cos(Bux) (14)

m=1

where ¢,, can be defined as

_ 8o “ 2 2
(o = a1 cosh(B.b) /0 cos(ﬁmx)(x a,)dx (15)

Integrating Eq. (15) yields

- _Li i
Cm = o cosh(Bubn) B sin(Bar) (16)

The resulting solution for the two-dimensional pressure distribution
is

. _ 280 N~ _sin(Bna)
Pay=-= ”; T cosh(3.5y) SO Bn) c0s(Bx) (1)
or
- 28 N _sin(Bua)
P, 3) = PalTia) = "; Tcosh(g, 5y O (Bn) €05(8)
—%(xz—a,z) (18)
Capillary Limitation

The pressuredifferencerequiredto return the liquid from the con-
denser section to the evaporatorsectionis generated by the capillary
force at the liquid—vapor interface on the surface of the porous me-
dia, which is directly related to the meniscus radii of the interface
by the Laplace-Young equation. This pressure difference can be
expressed as

APcap =20 (Cosa/rcap.el - Cosa/rcap.eZ) (19)

where reaper and rep 2 are the radii of liquid meniscus formed in
the porous cells at the center and the boundaries of the capillary
layer, respectively. The minimumradius of the liquid meniscusrcp, e
could be estimated for special capillary structures as addressed by
Peterson.’ The radius of liquid meniscus on the boundary Teap,e2 18
much larger than the meniscus radius in the center area so that the
last term in Eq. (19) can be neglected.

Continuous transport of liquid to the interfacial evaporation area
requires that the friction pressure drop caused by fluid flow be less
than the capillary pressure produced by Eq. (19), thatis

APup = AP, (20)

The total liquid pressure drop from the outer edge to the center
of the porous layer can be determined by Eq. (18) as

AP = Py (Ty) — P(0,0) (1)

28 N~ _sin(Bua) %o
ap =280y _Ea4) % 2
) r; B3 cosh(Buby) 2 2

When the capillary pressureis equal to the liquid viscous pressure
drop, the heatflux reachesa maximum value, and dryoutoccurs. The
maximum capillary evaporation heat flux is obtained by coupling
Egs. (19) and (22) or

. 2K $hiyo cosa ( 1 1 )
Gmax = -
i Yi rcap.el rcap.eZ
2 o0 . =
o & _ 2 Z sin(B,a;) 23)
2 a; p— ﬂ; COSh(ﬁmb/)

Itis clearfrom the precedingrelationshipthatthe critical capillary
evaporation heat transfer in the thin porous layer is proportional to
the permeability and the thickness of the porous layer. However, the
larger permeability results in a smaller capillary pumping capacity
as a result of a reduction in the curvature of the meniscus.

Results and Discussion

As mentioned earlier, the capillary evaporation heat-transfer per-
formance of the thin porous layer can be evaluated by the analytical
expression given in Eq. (23). Sintered powders and mesh screen
layers are studied here as typical examples of the types of porous
materials used in many heat-transferapplications. The results indi-
cated that the fundamental parameters of the porous media such as
the pore size, porosity, permeability, and effective thermal conduc-
tivity all have a significant effect on the maximum heat-transport
capacity of the evaporation processes.

Pressure Distribution

Working fluid flows to the evaporatorarea, driven by the capillary
force, and this flow results in a pressure drop in the liquid. The two-
dimensional pressure distribution in the porous layer for different
configurationscan be obtainedby Eq. (18). The pressuredistribution
in the porouslayeris primarily affected by the geometric parameters
of the porous layer, the heat flux, and the characteristics of the
porous structure such as permeability and porosity. The pressure
distributionfor an example case with ¢; = b, =40 mm, § = 1.0 mm,
andheatflux ¢” = 1.3 x 10° W/m? is presentedin Fig. 2. The porous
layer is assumed to be sintered copper powder with ¢ =0.52 and
K =9.0 x 107"3. Water is assumed to be the working fluid. The
pressure illustrated in Fig. 2 is the dimensionless pressure defined
as P(x,y)/P;,. Because of the larger flow area and hence smaller
flow rate in the outer area, the pressure drop in this region is smaller
than in the center region.

Capillary Evaporation Limitation

As indicated earlier, the maximum capillary evaporationheat flux
in the thin porous layer can be evaluated by Eq. (23). It is obvious
that the evaporation heat-transfer performance of the porous layer
is affected by the fundamental parameters of porous structure such
as permeability, porosity, pore size, thickness, and effective thermal
conductivity of the layer as well as the thermophysical properties of
the working fluid. The operating temperature of the working fluid
determines these properties and therefore affects the evaporation
heat-transfer performance.
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Fig. 2 Pressure distribution in the porous layer with a; =b; =40 mm
and ¢” =1.3 X 10° W/m?2,
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Fig. 3 Effect of the operating temperature on evaporation heat trans-
fer for a) sintered powder and b) mesh screen.

The maximum capillary evaporation heat flux is presented in
Figs. 3a and 3b for sintered copper powder and mesh screen, re-
spectively. It is apparent that the maximum evaporation heat flux
increases with increases in the operating temperature until the op-
erating temperature reaches a value of 150°C (for water), at which
time it begins to decrease. This implies that the optimum operating
temperature range for water is 20-150°C.

The predicted capillary evaporation heat transfer for the sintered
copper powder layeris much higherthan for the copper mesh screen,

as shown in Fig. 3. The porous layer with a larger particle size has
a larger capillary evaporation heat-transfer flux. For mesh screens
the maximum evaporation heat flux for #150 mesh is larger than
#120, and the capillary performance of the #150is very close to that
obtained for #100 mesh. This implies that #150 and #100 would
both be good wick structure candidates.

As mentionedearlier, the characteristicsof the porous layer struc-
ture have a significant effect on the capillary evaporationheat trans-
fer. The characteristics of the porous layer can be described by the
Bond number, which is defined as

_ 8l — ) K
o¢&

Bo (24)

For the porous media with fine particles, the Bond number is
small, and the maximum capillary evaporation heat flux of the thin
porouslayerincreasesrapidly by increasing with anincreasingBond
number as shownin Fig. 4. Larger permeability and smaller porosity
also enhance the capillary evaporation level.

Increasing the thickness of the porous layer can decrease the lig-
uid flow velocity in the layer, therefore decreasing the frictional
pressure drop. As indicated in Eq. (23), the maximum evaporation
heat transfer is proportional to the thickness of the porous layer.
However, thicker porous layers result in greater superheats, as il-
lustrated in Fig. 5. As previous investigations have indicated, the
evaporation takes place on the surface of the liquid film,>*° and
the heat transfer through the porous layer is mainly by conduction.
The temperature difference (superheat) through the layer can be
estimated by the one-dimensional heat-conductionequation

AT, =T, — T, = q"8/kese 25
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Fig. 4 Effect of the bond number on the evaporation heat transfer.
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Fig. 6 Geometric effect on the evaporation heat transfer.

where kg is the effective thermal conductivity of the capillary layer
that depends on the physical properties of the capillary structure and
the working fluid. It can be specified for different kinds of porous
structures >

As indicated, the superheatis proportionalto the thickness of the
layer. Thinning the liquid film will increase the interfacial evapora-
tionrate caused by a decreasein the thermalresistance. For the same
wall heat flux the thinner the porouslayer, the smaller the superheat
required for interfacial evaporation.

For the two-dimensional fluid flow problem of interest here, the
geometric configuration of the porous layer also has a significant
effect on the maximum evaporation heat-transfer rate through the
changesoccurringin the pressuredistributionand the frictional pres-
sure drop. The maximum capillary evaporationheat-transfercapac-
ity decreases with increasing the radius of the individual particles,
whichincrease the average pore size, as shown in Fig. 6 for different
Bond numbers.

Conclusion

A two-dimensional capillary evaporation model for uniformly
heated, thin porous layers has been developed and solved analyti-
cally to determine the pressure distribution and from this the maxi-
mum capillary evaporation heat flux. Examination of this analytical
model indicatesthatthe characteristicproperties of the porousstruc-
ture have a significant effect on both the evaporation heat-transfer
performance and the pressure distribution. The structural proper-
ties of the porous media can be characterized by the Bond number,
and the maximum capillary evaporation heat flux through the thin
porouslayerincreaseswith increasingBond numbers. Increasingthe
thickness of the layer enhances the capillary flow, and the resulting
maximum evaporation heat flux is proportional to the thickness of
the porous layer. The superheat occurring as a result of the heat
transfer through the porous layer also increases proportionally to
the thickness of the layer. The maximum capillary evaporationheat
flux of the sintered powder layer in the currentinvestigationranged
from 10°~10® W/m? and was much higher for the metal mesh screen
with water as the working fluid.
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