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Abstract—A one-dimensional mathematical model of the heat transfer during evaporation of the liquid

from the liquid—vapor interface located in a porous structure into the dry region between the interface and

the solid heated surface is developed for the case when the vapor flows through the narrow dry porous

zone along the heated surface towards the vapor channel. The model predicts the location and shape of

the liquid-vapor interface, the overall heat transfer coefficient, and the heat fluxes which can be recognized

as critical for the evaporator. The numerical results are presented for the case of the miniature evaporator
for electronic components cooling.

1. INTRODUCTION

Evaporators which are capable of withstanding high
heat fluxes, for example larger than 100 W cm 2, are
of great interest for electronic components cooling
systems. The most. promising evaporator design is the
so-called “inverted meniscus’” type which has been
considered by Raiff and Wayner [1], Feldman and
Noreen [2] and Solov’ev and Kovalev [3]. These
authors carried out some experimental and analytical
investigations of the performance characteristics of
the inverted meniscus type evaporators. However,
some critical mechanisms related to the formation of
the vapor blanke: in the porous structure along the
heated solid surface were not simulated numerically.
In order to predict the critical heat flux and effective
heat transfer coefficients in the evaporator, the fol-
lowing mathematical model has been developed. The
model includes the following interconnected problems
which are treated simultaneously in the frames of the
numerical analysis.

(1) Heat transfer during evaporation from a pore.

(2) Heat transfer and vapor flow in the dry region
of a porous structure with the stable side boundary,
the location of which depends on the operational con-
ditions.

(3) Heat conduction in a solid fin (or wall) with a
non-uniform heat sink on side surfaces.

These interconnected problems are considered in
detail in the following sections.

2. PHYSICAL MODEL OF THE INVERTED
MENISCUS EVAPORATOR

Schematics of the two configurations of the charac-
teristic elements of the inverted meniscus evaporators

+This work was completed at Wright State University,
Dayton, OH 45435, U.S.A.

are shown in Fig. 1. In the first configuration (Figs.
1(a) and (b)), the heated triangular fin is inserted in
the porous plate and sintered with it in order to pro-
vide good thermal contact. In the second con-
figuration (Fig. 1(c)), the heated wall is flat. With
a small heat flux, evaporation of the liquid, which
saturates the porous element, can take place exclus-
ively from the surface of the porous body into the
vapor channel as shown in Fig. 1(a). However, with
extremely high heat fluxes, which are significantly
more interesting for the industrial applications, the
existence of the stable vapor blanket inside the uni-
form porous structure along the heated solid surface
was anticipated (Raiff and Wayner [1]; Solov’ev and
Kovalev {3]; Wulz and Embacher [4]), as shown in
Figs. 1(b) and (c). Note, that one more operational
regime can possibly exist, which is unstable and
referred to by Ku [5], where the vapor bubbles form
at the heating surface and migrate until vented into
the vapor channel. In the present paper only the case
of the stable vapor blanket is considered. In this case
evaporation takes place into the dry region of the
porous structure at the liquid—vapor interface, the
location of which shifts depending on the operational
conditions. The heat is conducted to this interface
from the heated surface through the dry region of the
porous element, and the vapor flows mainly along the
solid surface through this region towards the vapor
channel. The vapor flow is provided by the capillary
pressure gradient due to the difference in the curvature
of the menisci along the liquid—vapor interface. While
the vapor flow takes place in a comparatively narrow
porous passage, the liquid with the same total mass
flow rate (steady state) is filtered perpendicularly
through the entire porous element to the liquid—vapor
interface, and the pressure gradient in liquid along
this interface is negligible in comparison to that in
vapor. This assumption can be justified in the case
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A cross-sectional area

a, b, C; constants

specific heat at constant pressure
hy,  latent heat of vaporization

h heat transfer coefficient

K permeability

K curvature

k thermal conductivity

ks  thermal conductivity of dry porous
structure

ky, thermal conductivity of solid wall or
fin

L,  length of the vapor blanket

J4 pressure

Dis bulk liquid pressure near the liquid—
vapor interface

Dvs vapor pressure near the liquid—vapor
interface

P {& p. dy/d,, mean vapor pressure for a
given x

Pa disjoining pressure

heat flux

gas constant

men  Fadius of curvature of the meniscus

pore radius

. characteristic roughness size

local radius for a given s (Fig. 2)
e, av\/z/vv, Reynolds number for the
vapor flow

Ky coordinate along the solid-liquid
interface

T temperature

T, temperature of the solid surface at
x=0

t total

depth of the fin penetration into the

porous plate

tw thickness of the solid wall (Fig. 1(c))

U, area-averaged vapor velocity along the
x coordinate
i, jﬁv u, dy/d,, mean vapor velocity along

the x coordinate for a given x

NOMENCLATURE

v, area-averaged vapor velocity along the
y coordinate

Uys vapor blowing velocity (normal to the
liquid—vapor boundary)

w half-width of the evaporator
characteristic element

x,y coordinates (Fig. 1).

Greek symbols
o accommodation coefficient
half-angle of the metallic fin
| liquid film thickness
vapor blanket thickness
cos [arctan (d4,/dx)]
nen  IMENISCus contact angle
minimum wetting contact angle

QDQD“<Q':Q¢~€

men,min

@ porosity

@ surface porosity

u dynamic viscosity

v kinematic viscosity

p density

o surface tension.
Subscripts

€ evaporator

eff effective

1 liquid

loc  local

max maximum

men meniscus

min  minimum

o outlet (x = L)

P pore

pen  penetration

s solid-liquid interface

sat  saturation

v vapor

w wall

0 liquid film free surface.

when the maximum pressure drop in liquid over the
wetted region of the characteristic element in con-
sideration is negligible compared to the pressure drop
in vapor in the dry region, and it allows description
of the heat transfer in the vapor blanket in a one-
dimensional (1D) approximation as shown below.
The validity of the discussed assumption can be
checked after the numerical results for the pressure
drop in the vapor blanket have been obtained, as
explained in the section concerning the numerical
results.

The thickness of the vapor blanket, §,, increases
with the heat flux which can lead to the increase of

the thermal resistance of the element. In the situation
when J,),_, is of the same order of magnitude as the
minimum thickness of the porous element (see Fig.
1(b)), the vapor can penetrate into the liquid channels
which can obstruct the liquid supply of the evaporator
and result in the dry out. The value of the heat flux at
which the dry out takes place can be considered as
critical.

The operating parameters of the evaporator depend
upon the heat and mass circulation in the entire system
(for example in a heat pipe) with the evaporator in
consideration. In the present model the physical situ-
ation for the characteristic element is determined by
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Fig. 1. Schematics of the modeled elements of the inverted

meniscus evaporators : (a) with the triangular fin for low

heat fluxes ; (b) with the triangular fin for high heat fluxes
and (c) with the flat heated wall for high heat fluxes.

the three parameters: the pressure in the liquid near
the interface, p,;, the temperature of the solid surface,
T,, at x = 0, and the liquid-vapor meniscus radius at
the end of the vapor blanket (x = L,s), Ryeno. NOte
that the superheat of the fin exists at the following
condition :

TO > Tsal (Plé + 20-/Rmen,min) (1)

where the subscript “sat” denotes the normal satu-
ration temperature corresponding to a pressure
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(plé+26/Rmen,min) and Rmen,min = RP/COS Gmen,min- In-
equality (1) characterizes the vatue of the solid-liquid
superheat. R, is related to the fluid circulation in
the entire device. For the case of the evaporator with
the forced liquid supply it can be set R, > Rumenmin
because in this case the pressure drop in liquid is not
due to the capillary pressure. For the case of the heat
pipe, Ryeno can be defined from the pressure balance
for the whole heat pipe at the steady state

26/Rmen,0 = Apv + API + App,] (2)

(provided that R ., max = ©0) Where Ap, is the pressure
drop due to the vapor flow along the heat pipe, Ap, is
the pressure drop due to liquid flow along the liquid
channels of the heat pipe, and Ap,, is the pressure
drop due to the liquid filtration through the porous
plate in the evaporator section (and in the condenser
section if it also contains the porous plate). That
means that the capillary pressure drop presented in
the left hand side of equation (2) supports the fluid
circulation in the heat pipe while the capillary pressure
drop 20(1/Rpenmin— 1/Rumen,o) provides the vapor flow
in the vapor blanket. Since these two pressure drops
can be of the same order of magnitude, the existence
of the vapor blanket in the inverted meniscus evap-
orator is important for the analysis of the heat pipe
with evaporator of this type. At high heat fluxes the
liquid—vapor interface doesn’t touch the solid super-
heated wall, §,|,_, > 0, and the liquid meniscus radius
is supposed to reach its minimum, Ry i, at least at
one point along this interface. Note that analytical
investigation by Solov’ev and Kovalev [3] was restric-
ted by the case 6,|._, = 0. The vapor blanket thick-
ness, d,, depends on the values of the mentioned par-
ameters (p;, Ty, and R, ,), and can significantly
affect the local effective evaporative heat transfer
coefficient, 4. It can be anticipated that in the heat
pipe with the considered evaporator an increase in
the heat input causes a decrease of R, and the
corresponding growth of the thickness of the dry zone.
Therefore, the thermal resistance of the evaporator
should increase with the heat flow rate in the heat
pipe. This trend has been observed in the experiments
by Solov’ev and Kovalev [3]. Note that the steady-
state situation is modeled when no boiling of the liquid
occurs at the liquid—vapor interface, and the phase
change due to evaporation of the liquid at this inter-
face takes place.

3. HEAT TRANSFER DURING EVAPORATION
FROM A PORE

Evaporation of the liquid occurs from the surface
of the liquid menisci situated at the liquid—vapor inter-
face. Schematic of the cylindrical pore and liquid men-
iscus is shown in Fig. 2. The description of the heat
transfer during evaporation from a pore is given here
with the two following main assumptions.

(1) The temperature of the solid—liquid interface T,
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Fig. 2. Schematic of the evaporation from a cylindrical pore.

can be considered constant along the s coordinate for
small s.

(2) The curvature of the axisymmetrical liquid—
vapor surface of the meniscus is defined by the main
radius of curvature K = 2/R,,., and hence is inde-
pendent of s.

The validity of the second assumption has been proved
numerically by Khrustalev and Faghri [6], where it
was shown that this assumption could give an error
less than 5% when calculating the overall heat transfer
coefficient during evaporation from a capillary
groove. Since heat transfer during evaporation from
thin films in a pore is similar to that in a capillary
grove, this assumption can be justified for the present
analysis.

The local heat flux through the liquid film due to
heat conduction is

() = k2 ;T @)

where the local thickness of the liquid layer 6, and
the temperature of the free liquid film surface T; are
functions of the s-coordinate. T; is affected by the
disjoining and capillary pressures, and also depends
on the value of the interfacial resistance, which is
defined for the case of a comparatively small heat flux
at the interface, g;, by the following relation given by
the kinetic theory (Carey [7]) :

gs = __( 20 ) hfg |: Dys _ (psat)5:| (4)
=) /R, LT, T,
where p,; and (p,..)s are the saturation pressures cor-
responding to T, and at the thin liquid film interface,
respectively.

The relation between the saturation vapor pressure
over the thin evaporating film, (p,,.);, affected by the
disjoining pressure, and the normal saturation pres-
sure corresponding to T, p..(T;), is given by the
extended Kelvin equation (Carey [7]) :
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— (.psat)é —psat(Ta) +pd_0'K
(psat)6 = psat(Ta) eXp I: legT‘s K

&)

Equation (5) reflects the fact that under the influence
of the disjoining and capillary pressure, the liquid free
surface saturation pressure (p,,)s is different from nor-
mal saturation pressure p,,(7s) and varies along the thin
film (or s-coordinate), while p,; and T, are the same for
any value of s. This is also due to the fact that T changes
along s. While the evaporating film thins approaching
the point s = 0, the difference between (py)s given by
equation (5) and the pressure obtained for a given T
using the saturation table becomes larger. This difference
is the reason for the existence of the thin non-evap-
orating superheated film, which is in equilibrium state
in spite of the fact that 75 > T..

Under steady state conditions, ¢, = ¢;, and it fol-
lows from equations (3) and (4):

5| 2a hfg Dvs (psat)é]
T5 = T; + — —— . 6
ki <2~ “>. /2nR, [\/Tv JTs ©

Equations (5) and (6) determine the interfacial tem-
perature, T, and pressure, (p,,)s for a given vapor
pressure, p,;(x), temperature of the solid-liquid inter-
face, T, and the liquid film thickness, d,(s).

As the liquid film thins, the disjoining pressure, p,,
and the interfacial temperature, T}, increase. Under
specific conditions, a non-evaporating film thickness
is present which gives the equality of the interfacial
and solid surface temperatures, Ts = 7. This is the
thickness of the equilibrium non-evaporating film J,.
For water the following equation for the disjoining
pressure was used in the present analysis (Holm and

Goplen [8]):
Pa = PR Ts1n [a <3él§> :I M

where a = 1.5336 and b = 0.0243. From equations
(5)—(7), the following expression for the thickness of
the equilibrium film is given:

5. =33 exp | PaT) =P/ T/ T, + 0K
0 =334 exp X

pvé Ts e
*in (pm(Ts) T)]} - ®

The total heat flow through a single pore is defined
as

®%T,—T,
0, = f = 2onrds

o Ok
Rp T - Té
= : anmen
L d/ky
R
x sin [arctan ——p———:l ds. (9
s++/Rhen—RE
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The surface of the pore wall is totally covered with
microroughnesses, where the characteristic size varies
from, for example, R, = 1078 to 10~¢ m. Apparently,
the thin liquid film formation can be affected by some
of these microroughnesses. The following approxi-
mation for the liquid film thickness was given by
Khrustalev and Faghri [6]: for J, <& < §,+ R, and
R.>» 6,

&= 50+R,—ﬁ!f—s2
+/Ren+ 52+ 2R enssin g, (10)

where for surface with microroughness 6; = 0, and the
liquid film thickness in the interval §, = d,+ R, is

6] = Rr+60

- Rmen

- Rmen + (R ﬁ'ten + 32 + 2Rmens sin emen) 12 .
amn

For the smooth surface model, 6, is the angle between
the solid-liquid and liquid-vapor interfaces at the
point on s where the disjoining pressure and dK/ds
become zero. Note that for small values of the accom-
modation coefficient (for example o = 0.05) the value
of R, has not affected the total heat flow rate through
the liquid film (Khrustalev and Faghri [6]).

The interfacial radius of curvature is related to the
pressure difference between the liquid and vapor by
the extended Laplace—Young equation:

20 N plv (11
DPvs—Ds = -
° ° Rmen ¢2 pl pv
where v,; is the vapor mean blowing velocity specified
for a given meniscus, and ¢ is the porosity which is
needed in this equation because the evaporation takes
place into the dry region of the porous structure. Tem-

perature of the saturated vapor near the interface, 7,
is related to its pressure by the saturation conditions:

Tv = Tsat(pvﬁ)' (13)

Then the heat transfer coefficient during evaporation

from the porous surface is defined as
. 90,

hep=—

an (T s Tv)

where @, = A4,/A, is the surface porosity which is the

ratio of the surface of the pores to the total surface of

the porous structure for a given cross-section (in this
paper it is assumed that ¢, = ¢).

(12)

(14)

4. HEAT CONDUCTION IN THE SOLID FIN OR
WALL

Since it can be anticipated that the temperature
drops in metallic fin or wall are much smaller than
those across the dry zone of the porous structure
because k,, > kg, the heat conduction in the solid fin
or wall is considered using a 1D approach. For the
case of the flat wall (Fig. 1(c)) it means that d7,/dy
is not included in the consideration. The heat con-
duction in the triangular metallic fin is described by
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the following equation (Fig. 1(b)), which was

obtained as a result of energy balance on a differential

element consideration :
aT, dT, 1

i +E_+(T T,)

Keg COS Y
x0,(x)k, siny

=0 (15)

where T is the local temperature of the porous struc-
ture at the liquid—vapor interface location. Similarly,
the heat conduction equation for the wall in Fig. 1(c)
is
d?T, ke
(=T 5o+ 2
dx? 1,0 (x)k ke

=0. (16

The boundary conditions for equations (15) and
(16) are

Tw|x=0 = TO (]7)
dT,
i 0. (18)

For the second configuration g, is the uniform heat
flux at the outer surface of the heated part of the flat
wall. The value of ¢, and the functions é,(x) and T,(x)
should be given by the results of the vapor flow and
heat transfer in the dry region solution considered
below.

5. VAPOR FLOW AND HEAT TRANSFER IN THE
DRY REGION OF THE POROUS STRUCTURE

The local heat flux due to heat conduction across
the dry region of the porous structure from the solid
surface to the liquid—vapor interface where evap-
oration takes place is

T,(»)—T.(x)

) (19

Gioc (X) = kerr
Equation (19) is valid for the case k, « k.5 and
Cp(Tw—T,) « hg. Hence, the mean velocity of the
vapor flow for a given x along the solid surface is (the
mass and energy conservation balances)

"X

1
=S rNE oc d
6v(x)hfgpv J; q] (x) x

ke [T —T(x)
T 8, (x)ep, f 8,(x)

@,(x)

dx  (20)

where #,(x) is the mean vapor velocity along the x-
coordinate. The modified Darcy’s equations for the
vapor flow in both directions through a porous struc-
ture where the value of 0.55 is used for a dimensionless
form-drag constant, Nield and Bejan [9], are

ap, 55

= - Zu- ﬁpvu ) Q1)
op. I 055
a’; ="Evv(y)+—pvvv(y) 22)

UK
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where u, and v, are the area-averaged vapor velocities.
The corresponding continuity equation is

ou,
ox  dy

6v
0.

(23)

It should be noted that the Darcy’s equation is semi-
empirical and describes the flow with the uniform
velocity profile, therefore, it is assumed in the present
analysis that u, does not depend on y. Taking the
definitions of the mean vapor pressure and axial vel-
ocity for a given x, p, and #,, into consideration (see
the Nomenclature) and integrating equation (21) over
y, the following equation can be obtained for the
gradient of the mean vapor pressure along the x-coor-
dinate

dp,
dx

v 0.55
= - RRO—TopmE. (4

JK
Since the situation when §, « L, is considered, the
vapor pressure drop across the vapor blanket is much
smaller than that along the x-coordinate. At the
solid fin (or wall) surface v,|,_, =0, and at the
liquid—vapor interface wv,|,_; =v,e where &=
cos [arctan (dd,/dx)] is the cosine of the angle between
the y coordinate and the normal to the liquid—-vapor
interface and vy; is the blowing velocity (normal to the
liquid—vapor interface) :

T,—T,

TSy (25)

vy =k
Equation (25) implies that the total amount of energy
transferred from the heated solid surface to the liquid—
vapor interface by the heat conduction across the dry
porous zone, is spent on vaporization of the liquid.
Since the axial velocity profile is nearly uniform, it
follows from equation (23) that v, = v,4y/d,. Inte-
grating equation (22) twice over y for a given x and
implementing the definition of p,, the difference
between the vapor pressure near the liquid—vapor
interface, p.5, and the mean vapor pressure of the
vapor flow, p,, for a given x can be estimated as
follows

vsep,  0.55
05, 00)

K4 /K

Combining equations (20) and (24), finally we have
for the vapor filtration flow pressure gradient along
the x-coordinate :

vvkeﬂ' * Tw — Ts
K, o,

PPy = &( 26)

dp,
dx 6.k dx

g

"X - 2
055 [keﬁ J T,-T. dx} o

pv\/i 5vhfg 0 5v

The boundary condition for the equation (27) follows
from equations (12), (25) and (26)
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20 P\%Ueélro 1 1
_le= = + + — D
7 ’ P Rmen|x=0 (PZ P Pv
0.55p,

2K

Now, the equation for T, should be derived. The local
heat flux at the liquid—vapor interface due to the evap-
oration of the liquid is:

Gloc (X) = [Ts (X) - Tv (x)]he,p(x)-

Combining equations (19) and (29) because of the
steady state situation in the consideration, the
expression for the local temperature of the porous
structure at the liquid—vapor interface location is:

Tw (.X) + he,p (x) Tv (x)év (x)/keff
1 + he,p (x) 5v (x)/keff

Substituting equations (25) and (26) into equation
(12) and differentiating it, the following equation for
the radius of the meniscus curvature can be obtained

4 (20 _d 2paa(l 1
dx Rmen B dx (02 14l Pv
keﬁ dTw de d5v
x hgd2 {( dx  dx >5V_(TW—TS) dx:|
keﬂ‘”v dT‘w de d8
T 3K hgp, H dx  dx )+(T »— T dx:I

. ka V T,
+ 255 (———“"‘ ) {sz [2(Tw~ ) (g—Tl _d 5)5v
4\/K hep 0, dx  dx

keﬂuvg(Tw - Ts)|x=0

3Khip,

(e°0is0.)v=0-  (28)

(29)

T(x) =

(30)

dé de
p— —_— 2 v — 2 JES—
(Ty—=T) dx}zeav(n L) dx} (3D
with the boundary condition
Rmen|x=0 = CO (32)

where C, should be chosen from the constitutive con-
dition for the minimum value of the meniscus radius
along the liquid—vapor interface

min {Rmen(x)} = Rp/ cos Omen,mim (33)

Now, the condition of the liquid—vapor interface
mechanical equilibrium should be considered which is
necessary in order to find its location or §,(x). In the
analysis by Solov’ev and Kovalev [3] it was assumed
that §,(x) = const- x°3* which is not quite satisfactory
because of some reasons. For example, for the hypo-
thetical situation when starting from a definite point
along the x-coordinate, x,, there is no evaporation
from the liquid—vapor interface, it should be
dyl+>x, = const, which condition is not satisfied by the
discussed expression. Wulz and Embacher [4] have
modeled the vapor flow in the uniform zone of the dry
porous structure. The thickness of the vapor zone was
determined as 0.1 mm at g,,, = 17500 W m~? by
comparing the calculated temperature difference
between the fin top and the phase boundary with the
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value determined by experiment, using the simpler
vapor zone model. Chung and Catton [10] have con-
sidered the problem of steam injection into a slow
water flow through porous media, where the interface
location was also unknown. They have found . . . that
the interface can be idealized as a stream line as far
as the momentum equations are concerned.” In the
present paper the concept of a streamline is used
indirectly as explained below. For the asymptotic case,
K - o0, u, — 0, integrating Euler’s equation along a
streamline gives
Py P

2+2

pv+ =pv|x=0 (34)
where the terms containing 42 and v? correspond to
the inertia effects due to acceleration of fluid. In the
present analysis the vapor flow through a porous med-
ium is described by Darcy’s momentum equation.
However, it is assumed that since the velocity profile
of the vapor flow along the x-coordinate, u,, is nearly
uniform, equation (34) can be used for the description
of the inertia effects at the liquid—vapor interface con-
cerning acceleration of the vapor. It can be anticipated
that the liquid—vapor interface can be stable provided
it has the shape which eliminates the influence of the
inertia effects due to acceleration of the vapor flow
on the vapor pressure near this interface. While the
steady-state situation is analyzed, the liquid pressure
along the interface is constant, and the pressure losses
in the vapor flow in both directions due to friction
and solid obstacles are compensated by the capillary
pressure, the vapor pressure gradient along the stable
interface due to these inertia effects should be equal
to zero. Since the velocity profile of the vapor flow
along the x-coordinate is nearly uniform, it follows
from equation (34)

=2 2 .2
pvui PvUyst

3 > = const.

(35)
Note that equation (35) is not used for the fluid flow
in the porous medium but describes the inertia effects
at the adjustable liquid—vapor interface while the
momentum equations for the vapor flow in the porous
medium are concerned. Equation (35) is necessary in
order to find the equilibrium location of the liquid—
vapor boundary. Substituting equation (20) and (25)
into equation (35) and differentiating it after some
rearrangements gives the equation for the vapor blan-
ket thickness, J, :

d2é, . . dé, ds,\* !

e {5V(TW—TS) gsin (arctan dx>[1+(dx> } }
*T,—T, ,(4T, dT;

= (TW—TS)[J0 . dx+4,¢ <dx — dx)]

8, [((*Tu—T, , ¥ ,
_dx[<L 5 dx) +82(T,—T)* (36)

where all of the terms containing (7, —T7;) can be
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calculated in the numerical procedure using the func-
tions T,(x) and T,(x) determined at the previous iter-
ation. The second-order differential equation (36)
should be solved with the two boundary conditions
for the variables §, and dd,/dx. The first boundary
condition is

5le=0 = Cl‘ (37)

C, should be chosen from the constitutive condition
that it is the value of é,|._, which provides the sat-
isfaction of the following boundary condition

(38)

Rmen’x=va = Rmen,o'

The second boundary condition is due to the sym-
metry of the considered element (Fig. 1). Since at the
point x =0dT,/dx =0, dT,/dx = 0, and dv,s/dx = 0
because of the physical reasons, it follows from equa-
tion (25)

dé,

., Y

(39)

Thus we have six main variables (or unknown func-
tions fi(x)) : Pvs, Pvs Rmen» Ts» Uys and 8, which should
be found from the six equations: (12), (25), (27), (30),
(31) and (36). These six equations should be solved
along with those presented in the previous sections for
variables k.,(x) and T,(x). Note that the value g,
which is needed for equation (16) now can be found
as:

1 JL“’ Ko T.() ~T.(x) dox. (40)

W], 8.(x)

=7
For the first configuration, ¢, is the heat flux in the
solid fin corresponding to the porous structure—vapor
channel plane. The heat flux on the outer surface of
the evaporator (and the corresponding effective heat
transfer coefficient) can be recalculated taking the
geometry of the evaporator into consideration.
Although the vapor leaving the dry zone of the porous
structure is superheated, it is convenient to relate the
local effective heat transfer coefficient to the vapor
saturation temperature because ¢, (T—T,) < hg,.
Thus the local effective heat transfer coefficient cor-
responding to the point x = L., (outlet of the vapor
flow) is defined as:

Tw (x) - Ts (x)
d.(x)

1 Ly
heir = W(T,—T.), L eff dx. (41)

6. NUMERICAL TREATMENT

The numerical procedure was organized as a
sequence of the steps:

(1) the initial approximation for the functions
0.(x), hep To(x) and Ry,(x) was chosen:
6v(x) = Cl +C2x’ TW(X) = TO’ Rmen(x) = Rmen,min
(Co+Cix/tye,) and b, = Cy;
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(2) the function p.,s(x) (actually p,(x)—ps) was
calculated from equation (12) with v,s = Cs;

(3) the function T, {x) was calculated from the satu-
ration table;

(4) the function T,(x) was calculated from equation
(30);

(5) the function v,(x) was calculated from equa-
tion (25);

(6) equations (27), (31) and (36) with the boundary
conditions (28), (32), (37) and (39) were solved using
the Runge-Kutta procedure and new functions
Fo(%), 1/R}en(x) and 6, (x) were found ;

(7) equation (15) (or equation (16) for the second
configuration) with the boundary conditions (17) and
(18) was solved for the variables T, and d7,/dx using
the Runge—Kutta procedure and new function T, (x)
was obtained ;

(8) new functions p)s; and T,(x) were calculated
from equation (12) and the saturation table;

(9) equations (5)—(13) were solved for every point
on x and new function #; ,(x) was found ;

(10) the values of ¢, (equation (40)) and 4.4 (equa-
tion (41)) were calculated ;

(11) every previous function, f,, was replaced by
the new one using new function, f;, according to the
following formula :

S +ALLX) —fi(0)] = fix)

where A; belong to the interval from zero to unity;
and steps (4)-(10) were repeated many times until the
convergence of the solution has been reached (about
90-150 iterations were required to gain the converged
solution for every of the functions: max
{L/i=£l/fi} <0.001) and

(12) the smaller value of C| was set and the steps
()—(11) were repeated several times with different C,
until the boundary condition Rcofi—z, = Rieno has
been satisfied.

The results were obtained with constant ther-
mophysical properties corresponding to the satu-
ration temperature T, (p;s) = 100°C.

7. RESULTS AND DISCUSSION

In order to verify the assumption that the liquid
pressure along the liquid—vapor interface, p;;, can be
considered constant, the following estimation for the
pressure drop in the wetted porous structure was made
for all of the numerical results with the calculated
values of ¢, :

lpenul i

K hl‘gpl
and Apy.; values were compared with the calculated
pressure drops in the vapor blanket along the fin
surface, Appeny = Pulx—o—Pvlx—1,. For the presented
numerical results the values of the (Apyen/APpen) Were
less than 0.5% which proves the validity of the
accepted assumption. This also means that solving the
corresponding 2D problem for the liquid pressure in

Ap pen,l = (42)
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Fig. 3. Heat transfer coefficient during evaporation from the

porous surface : (a) vs liquid meniscus contact angle (for a
single pore) and (b) along the heated fin surface.

the wetted porous structure (Cao and Faghri [11])
simultaneously with the problem solved in the present
paper would not cause significant changes in the pre-
sented numerical results. In that case the pressure in
liquid along the liquid-vapor interface would be a
comparatively weak function of x, p;(x), which would
result in only a slightly different menisci radii dis-
tribution along the x-coordinate, R,..(x), because the
vapor pressure distribution in the dry zone of the
porous structure, p,(x), is the predominant function
for the considered situation.

The numerical results were obtained for the first
configuration (Fig. 1(b)) for the case of the miniature
evaporator: y = 30°, #,,=02 mm, R, =20 um,
R, =0.02 um, 6,cnmin = 33° (Stepanov et al. [12]),
o =0.05 (Paul [13]), kg = 10 Wm™' K™, k, = 438
Wm' K 9=05 ¢,=05 K=05x10""? m?
Pis = 1.013 x 10° Pa, and the working fluid was water.

Since the longitudinal circulation of the fluid in the
heat pipe which determines the value of R,.,, was
not considered in the present analysis, the numerical
results were obtained for several fixed values of R,y .

The maximum values of Reynolds numbers for the
vapor flow in the dry zone, Re, = ﬂv\/i/vv, in the
numerical experiments were up to 250, which means
that the quadratic term in the modified Darcy’s equa-
tion was predominant. Moreover, the vapor flow in
the pores at high heat fluxes could be turbulent. Note
that for the turbulent regime the macroscopic equa-
tions (21), (22) and (24) are still applicable (Nield and
Bejan [9]).

The data in Fig. 3 show that the heat transfer



Heat transfer at high heat fluxes

coefficient during evaporation from the porous
surface, &, significantly dépended on the curvature
of the liquid meniscus (Fig. 3(a)) and, hence, changed
along the liquid vapor interface (Fig. 3(b)) because
the curvature of the liquid menisci changed along this
interface. For smaller pore sizes the values of ., are
larger because of the larger relative surface occupied
by the thin films.

The thickness of the dry zone increased along the
x-coordinate as shown in Fig. 4(a), and the value of
C, = 6|, increased as R, decreased for a given
superheat value, T, — T,|,.,. For the larger values of
dy|x—o variation of the vapor blanket thickness along
the x-coordinate becomes weaker. The liquid menisci
radii changed along the liquid—vapor interface so that
the capillary pressure gradient provided the vapor
flow in both directions in the dry zone, Fig. 4(b). The
average vapor pressure drop along the x-coordinate
reached several thousand Pascals, Fig. 4(c). The mini-
mum physically reasonable average pressure in the
vapor blanket, j, — p;5, can occur in the situation
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Fig. 4. Performance characteristics of the modeled evap-

orator element along the heated fin surface : (a) vapor blan-

ket thickness ; (b) liquid menisci radii and (¢) mean vapor—
liquid pressure drop.
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Fig. 5. Performance characteristics of the modeled evap-
orator element along the heated fin surface : (a) temperatures
of the fin surface and of the porous structure at the liquid—

vapor interface and (b) local heat flux across the vapor
blanket.

when the liquid—vapor meniscus radius is still greater
than zero. The temperature drops at the solid heated
surface were significantly smaller than those cor-
responding to the porous skeleton at the liquid—vapor
interface, Fig. 5(a). The real superheat of the liquid,
T,—T,, which could initiate the boiling, was sig-
nificantly smaller than the superheat of the heated
solid surface: T,— T, < T,,— T,. The local heat fluxes
across the dry zone had their maximums at the point
x =0, Fig. 5(c).

The data presented in Fig. 6 were obtained for the
case Ricno > 8Ryenmin Which corresponds to the evap-
orator with the forced liquid supply. The thickness of
the dry zone at the point x = 0, C;, and the superheat
of the solid surface at the point x = L,,,, which is the
outlet of the vapor flow, (T,,—T.),, increased pro-
gressively with the heat flux, ¢,, while the effective
heat transfer coefficient, A, decreased as shown in
Fig. 6. In the situation when the minimum thickness
of the porous element could be 100 ym, at the heat
flux of g, = 200 W cm~2 while C; = 100 um, the dry
out of the evaporator could occur due to the pen-
etration of the vapor into the liquid channels. If the
temperature drop on the evaporator was restricted by
20 K because of the technical reasons, the maximum
corresponding heat flux could be no more than
g, = 200 W cm~2. For the case of the heat pipe with
a heat load corresponding to the heat fluxes in con-
sideration, the value of R.., would be significantly
smaller than 8R,., mi» Which could result in the larger
thickness of the dry zone for the same ¢,,. The increase
of the permeability of the porous structure resulted in
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the decrease of the thickness of the vapor blanket for
the same operational conditions and, hence, could
provide higher critical heat fluxes.

For extremely high heat fluxes, g, when the tem-
perature drop (7,—T,) is large, boiling of the liquid
at the liquid—vapor interface can o®ur which can
cause instabilities at the liquid—vapor interface. How-
ever, boiling of the liquid does not necessarily result
in the dry out of the evaporator of this type. Since
9o > qioc due to L, > W, the triangular geometry of
the solid fin helps to postpone boiling and, therefore,
can be advantageous compared to the case of the flat
wall in the second configuration shown in Fig. 1(c).
In other words, the triangular geometry of the fin
provides higher value of the heat flux on the outer
surface of the evaporator which corresponds to the
beginning of the boiling of the liquid at the liquid—
vapor interface.

8. CONCLUSIONS

(1) The numerical results proved the possibility of
the existence of the stable dry zone (vapor blanket) in

D. KHRUSTALEYV and A. FAGHRI

the porous structure along the heated solid surface for
a definite interval of the heat fluxes.

(2) The pressure drop in the vapor blanket along
the fin surface with the turbulent vapor flow in the
pores was many times larger than the estimated
pressure drop in liquid over the porous element which
enabled to assume the liquid pressure to be constant
along the liquid—vapor boundary.

(3) Two critical mechanisms were observed in the
inverted meniscus evaporator, both being related to
the increase of the vapor blanket in the porous plate
for increasing heat fluxes. The first mechanism was
the growth of the evaporator thermal resistance for
increasing heat fluxes which could lead to an unac-
ceptable thermal resistance of the evaporator in the
case when the thermal conductivity of the porous
structure was low. The second mechanism was the dry
out of the evaporator which could take place for a
definite heat flux ¢,,,, in the situation when the vapor
blanket thickness at the fin top was equal to the mini-
mum thickness of the porous plate. Thus, for the case
of a heat pipe, the dry out of the inverted meniscus
type evaporator can occur before the traditional capil-
lary limit or the conditions for the beginning of the
boiling are reached.
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