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Evaporation from an Extended Meniscus for Nonisothermal
Interfacial Conditions
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A study is presented to determine the effects of evaporation from the thin film region of a liquid-vapor
meniscus within the micropores of a heat pipe porous or grooved wick on the interfacial shape, temperature
distribution, and pressure distribution. Wayner's theoretical treatment of evaporating thin films is applied to
the problem of an evaporating extended meniscus within circular or slotted pores. In this application of Wayner's
model, the nondimensional momentum equation is uniquely scaled in terms of the capillary number, to justify
the use of the static meniscus curvature as a boundary condition for the extended meniscus profile even for the
dynamic evaporating conditions studied herein. This boundary condition for small capillary numbers is consistent
with the observation of the nearly constant meniscus curvature with evaporation rate that the thin film must
asymptotically approach. From these basic tenets, the mechanical and thermal behavior of a stably, evaporating,
nonisothermal extended meniscus is predicted. The resulting predictions are qualitatively consistent with the
experimental findings of Wayner and the previous theoretical studies. They further support the claims that for
the cases studied herein, both thermocapillary stresses and vapor recoil stresses at the liquid-vapor interface
are negligible. However, scaling arguments are presented that identify the conditions necessary for these terms
to be important.

Nomenclature
A = Hamaker constant
Ca = capillary number, fjijujcr
Cl = accommodation coefficient
h = film thickness
/ = dimensionless grouping defining importance
K = curvature
k = liquid thermal conductivity
M = molecular weight
^evP = evaporative mass flux
mid = ideal evaporative flux
n = normal vector to liquid-vapor interface
P = pressure
R = radius or width of pore
Rg = universal gas constant
S = dimensionless grouping defining importance of

thermocapillary stresses
T = temperature
u = velocity parallel to wall
uv = vapor velocity
V = molar volume
X, Y = dimensionless groupings defining importance of

circumferential curvature
x = axial spatial coordinate
y = spatial coordinate perpendicular to wall
A/i = latent heat of vaporization
77 = dimensionless film thickness
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6 — dimensionless temperature
K = ratio of evaporative to conductive thermal

resistance
JJL = dynamic coefficient of friction
£ = dimensionless axial coordinate
II = disjoining pressure
p = density
a = surface tension

Subscripts
a =
T __

pertaining to the transition region
pertaining to the interline region
liquid
vapor
reference state

Introduction

I T has been postulated that the high heat transport rates
exhibited by heat pipes are indebted to the process of thin

film evaporation. The presence of the thin film as a region of
the liquid-vapor interface within the micropores of a heat pipe
wick (see Fig. 1) constitutes a transition between a flat non-
evaporating adsorbed film, a microscopic region where the
free energy of the liquid-vapor interface is dominated by the
molecular potential between the fluid molecules at the liquid-
vapor interface and the adjacent molecules of the solid wick,
and the meniscus region, a macroscopic region dominated by
the curvature of the liquid-vapor interface. Thus, the thin film
is a region where the combined effects of the solid-fluid mo-
lecular interactions and the curvature of the liquid-vapor in-
terface are important.

The analysis of the thin film thermofluid behavior is in-
debted to Derjaguin,1 who showed that the gross effect of the
solid-liquid molecular interactions on the liquid in the thin
film is a pressure reduction relative to the pressure of the
vapor phase in equilibrium with the thin film. This pressure
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WALL

Fig. 1 Thin film region between an adsorbed film and a meniscus.

reduction was referred to as the disjoining pressure. For non-
polar fluids, a general theory of van der Waals forces was
developed that was used to establish the relationship of the
disjoining pressure to the local film thickness.2-3

Using the concept of the disjoining pressure, a continuum
description of the thin film was made possible. Analysis of
the evaporating thin film thermofluid behavior was estab-
lished first by Derjaguin et al.,4 and later more completely
by Wayner et al.5 In the latter studies of nearly perfectly
wetting liquids, the thin film has been characterized as having
small interfacial slope and Reynolds numbers, allowing for
the application of boundary-layer type approximation to de-
scribe the fluid mechanics in the thin film region. Their results
show that the interline heat transfer coefficient varies rapidly
from zero at the adsorbed film, indicating zero evaporation
at the adsorbed film, to a value equal to the overall interfacial
heat transfer coefficient over a small distance from the ad-
sorbed film, indicating that the choking effect of the disjoining
pressure on the evaporation is confined to the near proximity
of the adsorbed film. Moosman and Homsy6 used a pertur-
bation analysis to extend Wayner's theoretical treatment of
the interline, to investigate the transport processes associated
with a horizontal, evaporating, nonisothermal interface formed
at the exit of two parallel plates. Their results likewise show
that the evaporation rate profiles obtained for their geometry
exhibit sharp peak values in the thin film region. Wayner and
Schonberg7 8 investigated the effect of varying evaporation
rates on the interfacial shape of a liquid-vapor interface formed
between the exits of two capillary feeders. Their results show
that the thin film curvature approaches a constant asymptotic
value as the thin film joins the meniscus. However, this
asymptotic value of the thin film curvature in their geometry
may increase with increasing evaporation rates.

Experimentally, Welter9 studied the effect of evaporation
on the interfacial shape in a capillary tube, where the liquid
is resupplied to the interface solely by capillarity. He observed
that for stable evaporating interfacial conditions a variation
in the evaporation rate did not noticeably alter the radius of
curvature of the meniscus region, which was observed to be
equal to the radius of the capillary tube for the perfectly
wetting liquids considered in his experiments. The significance
of this result is that it indicates that for an evaporating inter-
face within a capillary tube the thin film curvature approaches
an asymptotic value equal to the invariant meniscus curvature,
thereby imposing a boundary condition to the thin film in-
terfacial shape as the thin film at its maximum extent.

Wayner et al.10 used ellipsometry and interferometry to
measure the thin film profile and the adsorbed film thickness
for an evaporating interface formed at the exit of circular
capillary feeder. Their results showed that the shape of the
thin film in the interline region is only slightly tapered as it
merges with the flat adsorbed film, and that the adsorbed film
thickness decreases with increasing evaporation rate. These
observations characterize the interfacial shape in proximity
of the adsorbed film, and thus they define the interfacial thin
film boundary conditions that must be satisfied in the prox-
imity of the adsorbed film.

Relative to capillary resupplied evaporation from cylindri-
cal or grooved pores such as exist in heat pipes, the effect of
thin film evaporation on their performance was first addressed
by Holm and Goplen.11 Their results, obtained by neglecting
the effect of interfacial curvature on the liquid in the thin
film, indicated that roughly 80% of the evaporative heat trans-
port of heat pipes utilizing triangular capillary grooves occurs
in the thin film. More recently, Stephan and Busse12 predicted
similar trends in an extension of Holm and Goplen's analysis
to account for the conjugate heat transfer problem, associated
with both the heat pipe wall and the liquid within the groove,
and by accounting for the effect of interfacial curvature in the
thin film. Swanson and Herdt13 considered the evaporation
process from the liquid-vapor interface within the micropores
of a heat pipe porous wick under nonisothermal interfacial
conditions. They assumed a Hagen-Poiseuille flowfield for the
liquid in the meniscus and thin film regions, and solved for
the entire liquid-vapor interfacial shape. The results of their
study uniquely show that the mean curvature of the meniscus
region is constant, a result that is experimentally confirmed
by Welter.9 Finally, Chebaro and Hallinan14 considered the
same geometry as Swanson and Herdt,13 but for isothermal
interfacial conditions. Their approach was to compute only
the thin film region interfacial shape, while imposing on the
thin film interfacial shape the condition that its asymptotic
curvature must be equal to the invariant curvature of the
meniscus region consistent with the pore geometry. One result
of this study was to show that the thin film region may sustain
increasing evaporation rates by decreasing in length and thick-
ness. The decrease in the thin film length and thickness occurs
in order to increase the liquid flow rate from the base of the
meniscus to the thin film. However, the assumption of iso-
thermal interfacial conditions in this study is unrealistic, as
this assumption causes the evaporation rate to peak in the
meniscus region instead of the thin film.

The goal of the current study is to extend the study of
Chebaro and Hallinan14 to consider the more realistic non-
isothermal evaporating extended meniscus that merges with
the bulk or intrinsic meniscus in circular or slotted pores. The
present analysis applies the approach of Schonberg and Wayner8

to the capillary pore geometry. It also utilizes the same rea-
soning for selecting the thin film boundary conditions as de-
scribed in Chebaro and Hallinan15 for the nonisothermal prob-
lem. Uniquely, the momentum equation is scaled in terms of
Ca to justify the use of the static meniscus curvature as a
boundary condition for the extended meniscus profile even
for the dynamic conditions studied herein, where there is
evaporation from the extended meniscus. Scaling arguments
are presented to justify the use of a Cartesian frame of ref-
erence for circular pores, except for very small pore radii,
and to justify the neglect of thermocapillary and vapor recoil
stresses at the liquid-vapor interface.

Analysis
The thin liquid film between the adsorbed film and the

meniscus of an evaporating interface is considered under non-
isothermal conditions. A rectangular coordinate frame of ref-
erence is employed, with the x axis along the wall, and the y
axis normal to the wall as depicted in Fig. 1, where x = 0 at
the intersection of the adsorbed film with the thin film. The
use of an x-y coordinate system neglects the circumferential
curvature which, as shown by Dussan et al.,16 is insignificant
at least in determining the flowfield for the length scales con-
sidered within the thin film region. The conditions that must
be present in order to insure the appropriateness of this as-
sumption are described later. The thin film region is char-
acterized for wetting liquids, typical of those used in most
heat pipes, by small interfacial slope, and hence, as shown
from a dimensional analysis by Moosman and Homsy,6 the
viscous stresses normal to the interface are negligible relative
to surface tension and disjoining pressure in determining the
capillary pressure Pv - Pt. The interfacial tangential stress is
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also assumed negligible, and thus the interface is said to be
"mobile."17 Furthermore, for small Reynolds and Bond num-
bers typical of micropores, the inertial forces normal to the
interface, due mostly to the vapor recoil, are also small. Thus,
the normal stress equation is reduced to the augmented La-
place-Young equation equation

pv - P, = O-K + n (i)
where Pv is the vapor pressure and P, is the liquid pressure.
Note that, by neglecting the tangential stress due to a surface
tension gradient and using Eq. (1) for the interfacial normal
stress balance, the results from this analysis will represent a
base solution for assessing the effects of the interfacial vapor
recoil and thermocapillary stresses.

The evaporation model of Wayner et al. ,5 which is indebted
to the synthesis of condensation and evaporation data by
Schrage18 and modified to account for the effects of curvature
and disjoining pressure on the evaporation rate for small dif-
ferences in temperature between the interface and the vapor,
is used here and is given by

/_M_

,2,
glv

where M is the molar mass of the fluid, Tv is the temperature
of the vapor, Th, is the interfacial liquid temperature, and Vl
is the molar volume.

The dynamics of the liquid flow in the thin film are ap-
proximated by the lubrication theory of fluid mechanics and
as a boundary layer-type approximation, hence

d2u
dy2 (3)

where p{ = P/(x). Utilizing a no shear stress condition at y
= /z, (du/dy) = 0, which assumes a negligible surface tension
gradient at the interface, and a no slip condition at the wall,
u = 0, Eq. (3) is solved, yielding

(4)

The validity of the assumption of a negligible surface tension
gradient will be addressed later.

Using the velocity profile given by Eq. (4), the mass flow
rate across an area of height h and unit width is given by

3v, dx

Assuming that the pressure field in the vapor phase is constant
and differentiating Eq. (1) with respect to x, gives a relation-
ship for dP//djc as shown:

(6)

(7)

dx dx

where for the small slope approximation

Strictly, this expression for the curvature is valid only for a
slotted pore, but can be shown to be approximately valid for

circular pores. More accurately, for a circular pore the cur-
vature is

K =

d2r,
dx2

/ \ 2-i

' *©
(8)

where r, is the radial distance from the tube center to the
liquid-vapor interface. Scaling arguments can be used to jus-
tify the approximation for the curvature in Eq. (7), and there-
fore justify the use of a Cartesian frame of reference, espe-
cially as the difference between the wall temperature and the
vapor temperature increases. The Cartesian frame of refer-
ence is argued to be a reasonable approximation if 1) the
circumferential curvature term leads to a negligible change in
pressure drop in the extended meniscus relative to the axial
curvature term; and 2) the contribution of the circumferential
curvature has a negligible effect on the film profile in the
extended meniscus. The conditions necessary for ensuring
these two requirements are developed below.

The circular pore curvature defined in Eq. (8) in the ex-
tended meniscus where the film slope is small is approximated
as, using h = R - r,-:

K 1 d2h
R - h (9)

The flowfield in the extended meniscus occurs as a result of
the axial pressure gradient, dPf/dx defined in Eq. (6). Sub-
stituting the above expression for K into this equation yields

(10)

If the second term in the curvature expression is much smaller
than the first, then the change in circumferential curvature
has a negligible contribution on the flowfield. Using h(} and
jc() as reference length scales, this condition requires for R »
h that

(x()/R)2
(H)

The axial length scale x(} is selected to represent the length of
the extended meniscus at which the capillary pressure term
balances the disjoining pressure term

XQ - (o/io/n()) (12)
where I10 is the reference disjoining pressure A/h?}. Finally,
the reference film thickness /zf), for the worst case scenario,
is maximally given by the equilibrium adsorbed film thickness,
obtained from a balance of the disjoining pressure in the
adsorbed film with the capillary pressure in the intrinsic me-
niscus:

h0 ~ (ARIa) (13)

Then, from Eqs. (11-13), in order for the circumferential
curvature gradient to have a negligible effect on the flowfield
in the extended meniscus, the following inequality must be
satisfied:

X = (A/aR2)1'3 « 1 (14)

Given approximate values of the modified Hamaker constant,
A ~ 10~21J and cr ~ 0.01 N/m, the pore radius must be much
greater than 10~9 m. Clearly, pore radii greater than 0.1 jum
ensure this requirement.
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To ensure that the circumferential radius of curvature like-
wise has negligible effect on the film thickness, the circum-
ferential curvature must also have a negligible effect on the
adsorbed film thickness, which can be inferred by recognizing
that by definition the adsorbed film has zero evaporation rate.
Therefore, from Eq. (2), using

a = C, I

b = C,

M
1/2

1 \2vRjJ RgTvTh,
M

(15)

2TTRTJ RgT/i,

and the augmented Laplace-Young equation to express P, -
Pv, and further assuming that T,v ~ Tw in the adsorbed film,
then

(a/b)(Tw - Tv) - no - aK0 = 0 (16)

Above, KQ is the adsorbed film curvature 1/R. If the curvature
term is to have a negligible contribution on the adsorbed film
thickness, then from Eq. (16)

Y = o-IR « 1 (17)

This dimensionless grouping represents the ratio of the cap-
illary pressure difference between the extended meniscus and
the adsorbed film to the pressure drop in the extended me-
niscus. When the pressure drop due to the flow is large, the
circumferential term has a negligible contribution to the ad-
sorbed film thickness. That such a situation is possible is ap-
parent from the experimental observations of Sujani and Way-
ner,19 who showed that only small temperature differences (1
mK) are only necessary to dramatically affect the adsorbed
film thickness.

Assuming that the inequalities given by Eqs. (14) and (17)
are satisfied, the use of a Cartesian frame of reference is
henceforth considered valid. The analysis then proceeds by
applying conservation of mass within the film. This requires
that the reduction in the liquid flow rate equals the evapo-
ration rate, thus

dT (18)

For nonisothermal conditions, the evaporative flux will de-
pend locally upon the interface temperature. Thus, in addition
to solving for the flow and pressure fields, it is also necessary
to solve the energy equation for the temperature field. Ne-
glecting advective heat transport and axial conduction, and
assuming that the wick wall temperature, Tw is approximately
constant, the energy equation reduces to

(19)

The boundary conditions needed to solve Eq. (19) are given
by

T(0) = Tw and = mevpA/z

Utilizing these boundary conditions, Eq. (19) is solved yield-
ing

T(y) = (mevpA/i/% + Tw (20)

Low-temperature heat pipe wicks are manufactured out of
metals such as copper, aluminum, or stainless steel, which

possess much higher thermal conductivities than the working
liquids used in heat pipes. As a result, the transport of energy
through the walls of the wick should yield minimal temper-
ature drop, and therefore Tw is approximately constant and
is assumed to be approximately the same as the temperature
of the heat source. This claim has been previously substan-
tiated by temperature measurements of Holm and Goplen11

along the wall of a triangular groove.
The temperature of the interface along the thin film T,v(x)

is obtained by substituting h for y in Eq. (20), yielding

Th, = (mevphh/k)h + Tw (21)

The following nondimensional variables are now defined:

77 - h/h0, f - jc/jco, n* = n/n()

M
\2UR

\1/2 [>,MA/z
) [RgTvT/v

n0 =

e =

o - Tw - Tv

T T
h> ~ 1v

(k/hQ)

where u0 is a characteristic velocity of the liquid, and K rep-
resents the ratio of evaporative interfacial resistance to con-
ductive resistance in the thin film.

The combination of Eqs. (1), (2), and (21) yield a rela-
tionship for the nondimensional interfacial temperature 0 in
terms of the nondimensional film thickness 77 given by

6 =
Ar() 7/n*)

AT0
(22)

In obtaining Eq. (22), the product Th,Trl and 7, which is given
by *(Th, + rif) in Eq. (2), are approximated as T2 and Tv,
respectively. Now, combining Eqs. (18) and (22), the follow-
ing nondimensional fourth-order ordinary differential equa-
tion for the thin film interfacial shape is obtained

3Ca +77!!*) - rr (23)

The choice of the capillary number, defined as the ratio of
viscous to surface tension forces in the intrinsic or bulk me-
niscus, as a dimensionless parameter is that its magnitude
helps to identify the boundary condition for the extended
meniscus for large film thicknesses (where the extended me-
niscus merges with the intrinsic meniscus). This dimensionless
variable has been used in the related topic of advancing/re-
ceding menisci in capillaries to correlate the increase in the
apparent contact angle 6d for dynamic conditions. In general,
the correlation has been of the form20-21:

a, F(SS)} (24)

where F(QS) is some function of the static contact angle. Gen-
erally, it has been shown that the dynamic contact angle changes
negligibly relative to the static angle when Ca < 10~5.

The problem of evaporation from a stationary meniscus
parallels that of an advancing meniscus where the meniscus
is fixed in space, but where the tube wall is drawn downward
at a velocity u. Therefore, the magnitude of the capillary
number can be used to assess whether the contact angle in-
creases dynamically, and therefore, in a pore geometry, how
the intrinsic meniscus curvature changes relative to static equi-
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librium curvature. (If the contact angle increases, then the
bulk curvature must decrease.) The capillary numbers typical
of phase change devices relying upon evaporation from pores
are generally much smaller than 10~5. Thus, the intrinsic me-
niscus curvature for dynamic evaporating conditions is ap-
proximately equal to that for static equilibrium conditions, as
has been observed by Welter.9

The procedure that will be used to solve Eq. (23) for the
thin film interfacial profile employs the same procedure de-
veloped by Chebaro and Hallinan15 in studying an evaporating
thin film within micropores under isothermal interfacial con-
ditions. The boundary conditions needed to solve Eq. (23)
are to be specified in a manner that forces the asymptotic
curvature of the thin film to match the curvature of the me-
niscus. Ideally, the other boundary conditions would be spec-
ified at the adsorbed film according to 77 = j]0 and 77' = 77"
= 77'" = 0. However, because the resulting solution is strictly
the adsorbed film solution, 77 = rj0 = const, it is necessary
to specify the boundary conditions at a point shifted away
from the adsorbed film (£ = £,), where £, will be chosen with
the requirement that at £„ 77" is negligibly small, and r\"l —
0. Thus, in general form the following boundary conditions
at £ = £, are employed:

and = o
The condition imposed on the choice of £, guarantees that ga
belongs to the so-called interline region, the region of the
thin film where the interfacial curvature is negligible. Since
the interline region or region adjacent to the adsorbed film
is characterized by negligible curvature, the differential equa-
tion that governs its interfacial profile is obtained by setting
the curvature terms in Eq. (12) to zero,5 yielding the following
equation:

-Mn,*)T - a)2 V AT,,
(25)

valid in the region 0 < £ < £,. The boundary conditions for
Eq. (25) are chosen to be consistent with the contention of
Dussan et al.16 just outside the adsorbed film, i.e.,

rj, = 1 + 8 and at 0

The parameter 8 depends on the evaporation rate as shown
in Wayner's experiments. The interline slope s has been pos-
tulated by Dussan to be fluid-solid dependent only,16 and
independent of the thin film and the meniscus region. Thus,
prescription of these boundary conditions may be sufficient
to describe the physical boundary conditions inherent to the
thin film, although to obtain other than qualitative results the
material value for e must be obtained by experiment.

From the interline solution a matching point £, is selected
such that 77" will be negligibly small, but not zero, and at
which the film thickness TJ,^,,) and slope 77^(4) provide two
of the initial conditions for the solution to Eq. (23) for the
transition region, i.e., the remainder of the thin film region.
Next, iteration is required upon 77" to obtain matching of the
thin film asymptotic curvature with that of the meniscus.

The solutions of Eqs. (23) and (25) requires the specifi-
cation of the form for II. For organic fluids typical of low-
temperature heat pipes, the contributions to II are primarily
van der Waal's forces, and thus the form of II = A/h3 is
chosen. Using Gregory's approach for computing the effects
of adhesion22 Ash and using the combining relation described
by Israelchvili23 to account for effects of cohesion Au, a value
for A of 3.18e - 19 was determined.

Results
Results are presented for a heat pipe utilizing ammonia as

a working fluid and transporting heat between a sink and a

source at a nearly constant source temperature of 50°C. The
vapor temperature in the evaporator is assumed to be ap-
proximately the same as the temperature of the source. The
heat pipe wick is considered to have an average pore radius
of 20 /mi. The average meniscus radius in the evaporator
section will also be 20 /mi that corresponds to an average
meniscus curvature of 50,000/m. The evaporator heat trans-
port rate of the heat pipe is a variable, while still maintaining
the 50°C average operating temperature by adjusting the heat
sink conditions. For differences between the wall temperature
and the vapor temperature, AT = Tw - 7TI, of 0.0015, 0.002,
and 0.0025 K, the corresponding average heat transport rates
for the thin film portion of the interface only (i.e., the trans-
port from the meniscus region is found to be negligible) are
respectively, 0.206, 0.405, and 0.55 W/cm2. These heat fluxes
are obtained by multiplying the latent heat of vaporization
by the average evaporation rate from the extended meniscus.

For these heat fluxes the following interline boundary con-
ditions are used:

q" = 0.203 W/cm2

( = 0.00, = 1.04, 7j i = 0.0001

q" = 0.405 W/cm2

f - 0.00, 77, = 1.04, 77; - 0.0001

q" = 0.550 W/cm2

£ - 0.00, 7], = 1.04, 77; = 0.0001

At fa, iteration upon 77" to obtain matching with the meniscus
region yields the following boundary conditions for the thin
film region:

q" = 0.203 W/cm2

4 = 53.6, 77 = 1.21, 77' - 0.01373, 77" - 0.0009027

q" = 0.405 W/cm2

£, = 40.8, 77 = 1.25, 77' = 0.01565, 77" - 0.0010231

q" = 0.550 W/cm2

&= 38.0, 77 = 1.30, 77' -0.01883, 77" - 0.0012071

The choice of these boundary conditions is obtained through
iteration, to insure that the "initial conditions" near the ad-
sorbed film yield an interfacial curvature that equals the static
equilibrium meniscus curvature outside of the transition re-
gion. The interline slope 77', is selected to be constant at a
specified value of 77,, consistent with the "material slope"
hypothesis of Dussan.16 The values for each of these were
selected primarily to ensure the stability of the numerical
technique. As the heat flux was increased, the length of the
transition region decreases, thus the value of £, at which the
interline region is matched to the transition region decreases.

The subsequent solution to Eqs. (23) and (25) yields data
for interfacial shape, evaporative flux, pressure distribution,
and interfacial temperature distribution within the thin film.
Figure 2 shows three thin film profiles computed for ammonia
for the above heat transport rates. The profiles shown in the
figure are the combined solution of Eqs. (23) and (25). This
figure indicates a decrease in the film length with increasing
heat fluxes and also shows that in the bulk or intrinsic me-
niscus region the small slope approximation is still valid (dh/
dx < 0.2). Figure 3 provides an exploded view of the thin
films in the interline region, which clearly shows that the
thickness of the adsorbed film decreases with increasing heat
transport rates. For a different geometry (i.e., a capillary
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Fig. 3 Exploded view of the thin film profiles in the proximity of the
adsorbed film.

feeder where experimentally the meniscus curvature is not
constrained by a tiny pore geometry), Wayner and co-workers10

experimentally verified the same trend using ellipsometry to
measure the adsorbed film thickness. The decrease in the film
length and thickness with increasing heat transport rate is due
to an associated increase in the evaporative fluxes as seen in
Fig. 4. When the evaporation increases from the thin film,
the liquid flow rate from the base of the meniscus to the thin
film has to increase in order to maintain steady-state opera-
tion. This can occur only by increasing the pressure gradient
in the liquid (see Fig. 5). The liquid pressure in the meniscus
or curvature-controlled region is unaffected by the evapora-
tion rate since the meniscus curvature is constant. Thus, in
order to supply increasing flow rates to the thin film region
with increasing evaporation rate, the pressure gradient must
increase, and the liquid pressure in the thin film and the length

2.5-108

2-108

£
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M0»

5-10'
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Fig. 4 Evaporation profiles for ammonia at vapor temperature of
322 K.
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Fig. 5 Pressure gradient profiles for ammonia at vapor temperature
322 K.

of the thin film must decrease. The adsorbed film thickness
must also decrease, as with increasing evaporation rates in
the thin film the total pressure drop from the meniscus region
to the adsorbed film increases. This is achieved by increasing
the disjoining pressure (A/h%) in the adsorbed film. Therefore,
the adsorbed film thickness hQ must decrease.

For a 20-jLtm pore, Fig. 4 shows that the evaporation from
the liquid-vapor interface in the proximity of the meniscus is
small. However, because the surface area is large, the total
evaporation from the meniscus region is likely dominant, and
thus no conclusion can be made about the relative importance
of the thin film evaporation relative to the total evaporation
from the meniscus. The figure also shows that the evaporation
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Table 1 Numerical values of important dimensionless groupings

0 5 10 15 20 25 30 35 40 45

x (microns)

Fig. 6 Thin Him temperature distribution for ammonia at vapor
temperature of 322 K.

from the interface reaches a maximum in the thin film. Figure
6 shows the interfacial temperature variation for AT = 0.0015
and 0.0025 K. Obvious from this figure is that for the low
average heat fluxes considered, the interfacial temperature
variation is extremely small.

The results of this study were obtained by neglecting ther-
mocapillary stresses and vapor recoil stresses at the liquid-
vapor interface in the extended meniscus. That these as-
sumptions are valid for the conditions studied is evident from
the following scaling arguments. Significant interfacial ther-
mocapillary stresses would require that the tangential shear
stress boundary condition at y = h for small slope be

du
' dy

da
dx

(26)

With this boundary condition, the solution of Eq. (3) for the
the velocity field is

' <27)
where y is equal to da/dT. In the extended meniscus, dP,ldx
~ dll/ck, therefore, in order for thermocapillary stresses to
be neglected, the thermocapillary stress term must be signif-
icantly lower in magnitude than the disjoining pressure gra-
dient term. After scaling each term, the following criterion
defining the conditions required for the neglect of thermo-
capillary stresses to be reasonable is established:

«:„) (28)

or

S = (yATVIIA) « I (29)

Here, 5" represents the ratio of the thermocapillary force act-
ing on the extended meniscus to the disjoining pressure po-
tential. Since II() ~ Alhl, and, as discussed previously, HQ ~
(AR/o)l/3, this inequality can be rewritten as

(30)

l)X
Y

2) Ca
3)S
4)J

qw = 0.208
W/cm2

5.31376
4.87e - 6
8.2e - 7
0.0087
0.3e - 7

qw = 0.403
W/cm2

3.985
4.87e - 6
l.le - 6
0.01162
1.4e - 6

qw = 0.550
W/cm2

3.188
4.87e - 6
1.38e - 5
0.0145
2.25e - 6

Interestingly, this requirement shows that thermocapillary
stresses become more important as /?, AT, and y increase,
and diminish for higher cohesion and adhesion forces (a and
A, respectively). These trends are expected.

Vapor recoil stresses in the extended meniscus are maxi-
mum since the local evaporative flux is greatest there. Ne-
glecting them implies that their contribution in the normal
stress balance is small relative to the disjoining and capillary
pressures, i.e.,

pvuv-n«U0 (31)

Scaling each of these terms and rearranging, the above in-
equality can be written as

J = (P,/A.)(P,«?>K/«) « (32)

This requirement demonstrates that vapor recoil stresses be-
come more significant as surface tension effects are dimin-
ished with increasing pore size.

Table 1 summarizes the magnitudes of the dimensionless
grouping for the three cases studied that are important for
justifying 1) the use of a Cartesian frame of reference (X,
y); 2) the assumption that the intrinsic meniscus curvature is
unchanged from the static curvature (Ca); 3) that thermo-
capillary stresses are negligible (S); and 4) that vapor recoil
stresses are negligible (/).

That Y is much less than 1 for each of the cases guarantees
that the flowfield, and therefore pressure drop, is unaffected
by the gradient of the circumferential curvature. This likewise
implies that the meniscus shape is unaffected by the neglect
of the circumferential curvature. At the same time, it is also
apparent that X is not small, indicating that the predicted
adsorbed film thickness is slightly smaller than had the exact
curvature been considered. (The difference, however, is no
more than 20% greater.) That the capillary number for each
case is substantially less than 10~5 justifies the assumed static
equilibrium intrinsic meniscus curvature as a boundary con-
dition for the extended meniscus for dynamic evaporating
conditions. That S and / are likewise much less than 1 justifies
the neglect of thermocapillary and vapor recoil stresses. How-
ever, it should be noted that for qw = 0.403 W/cm2, the
magnitude of 5 is such that the neglect of thermocapillary
stresses at the liquid-vapor interface may not precisely de-
scribe the thermofluid physics in the thin film.

Conclusions
The results of the study indicate, as expected, that maxi-

mum evaporative fluxes from the wall-heated meniscus are
present in the extended meniscus when constant wall tem-
perature, and therefore nonisothermal interfacial conditions,
are considered. Furthermore, this study has shown how dif-
ferent evaporation rates, and therefore, evaporator heat fluxes,
can be sustained at the same heat pipe saturation conditions
(i.e., the same operating temperature). Since the base me-
niscus curvature is set by the standard pore curvature of the
wick, which is unchanged with increasing evaporation rates
for small capillary numbers, then in order to sustain higher
evaporation rates, the extended meniscus must adjust by de-
creasing in length to help increase the pressure gradient, and
by decreasing the thickness of the adsorbed film, with the
same result.
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These results show that ever increasing evaporation rates
can be stably maintained simply by the shortening of the thin
film and by decreasing the adsorbed film thickness. Such a
situation is not feasible, for the stability of the thin film in
sustaining evaporation is a big concern. With increasing heat
flux, the thin film interfacial temperature gradient increases,
thereby increasing the relative importance of thermocapillary
stresses on the interface. These thermocapillary stresses may
ultimately choke the flow into the thin film and, as such, must
be investigated more completely.

The results have also demonstrated that the magnitude of
the interfacial tangential stress and the interfacial vapor recoil
are small. However, despite the small magnitude of these
disturbances, the thin film region could become unstable sub-
ject to such disturbances,24 with instabilities arising similar to
the above mechanism.25
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