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Abstract

The thermodynamic analysis conducted here demonstrates that the capillary pressure discontinuity at the concave
liquid—vapor interface could promote interfacial evaporation. The phase equilibrium temperature of the concave liquid
interface decreases with increasing surface tension and/or decreasing radius of curvature of the concave liquid—vapor
interface. The shift of phase equilibrium temperature and, hence, of latent heat implies that interfacial evaporation may
even occur at a temperature lower than the nominated saturation temperature. According to these analytical results,
bubbles can initiate from active cavities as long as the temperature of the liquid microlayer under the bubbles is higher
than the phase equilibrium temperature, which may even be lower than the nominated saturation temperature. The
conclusion is consistent with experimental observations about bubble formation. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

The phase change at the liquid—vapor interface is of
great importance in many heat transfer phenomena,
such as bubble formation, evaporation at the liquid—
vapor interface, mass transport phenomena in porous
materials, etc. A good understanding of evaporation or
phase change phenomena at the liquid—vapor interface is
crucial to the realization of the corresponding mech-
anisms of the abovementioned processes. Many efforts
[1-15] have been made to investigate the liquid—vapor
interfacial phase-change phenomena. An interfacial
evaporation model has been proposed from molecular
kinetic analysis [1,2] such that
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: (1)

where J is the interfacial evaporation mass flux per unit
interface area, o the accommodation coefficient, M the
molar weight of the vapor, P;, the interfacial vapor
pressure, T;, the saturation temperature with respect to
interfacial pressure, P, the bulk vapor pressure away
from the interface, 7, the bulk vapor temperature with
respect to the pressure P, and R is the universal gas
constant. From Eq. (1), the driving force for evapora-
tion is the pressure difference between the interfacial and
bulk vapor pressures. If the interfacial temperature T, is
taken as approximately equal to the bulk vapor tem-
perature Ty, i.e., T}, = T\, the interfacial evaporation will
be driven by the interfacial and the bulk vapor pressure
difference from the viewpoint of molecular kinetics. This
driving pressure difference can be effectively changed so
as to produce supersaturated bulk vapor for condensa-
tion or to superheat bulk vapor for evaporation.

The difference between interfacial and bulk vapor can
also result from the effect of surface tension. This is the
basis for many interfacial phenomena and applications,
such as bubble formation, processes in heat pipes, etc.
As a result, studies of interfacial evaporation by the
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Nomenclature v molar volume
X concentration
/ ; fugacity Greek symbols
AH' ideal molar heat of vaporization T dispersion force
ey latent heat of liquid o accommodation coefficient
J interfacial evaporation mass flux ; Boltzman constant
K curvature of the liquid—vapor interface hemical il
M molar weight of vapor K : chemica potentia
P pressure u cohegwe energy
R universal gas constant P density .
Te effective radius of interface curvature ¢ surface tension
T temperature Subscript
w molecular interaction potential v liquid—vapor interface
U molar cohesive energy 1 liquid
V specific volume v vapor
effect of surface tension have attracted much attention in and, hence,
the last two decades, among which the viewpoint of 2Pyo
Wayner and his co-workers [4-11] prevails. They have Py — P = rpRT (5)

proposed an expression for the description of interfacial
evaporation on the liquid—vapor interface, as:

M \Y2[PMh wP
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where v; is the molar volume of vapor, IT connects with
the dispersion force of extremely thin films, ¢ is the
surface tension and K is the curvature of the interface.
The first term on the right-hand side of Eq. (2) reflects
the effect of superheat, which demonstrates the role of
wall heating and drives interfacial evaporation. The
second term on the right-hand side of Eq. (2) is treated
as the interfacial resistance resulting from the surface
tension and the dispersion force. Here, the dispersion
force is neglected and the curvature, K, is a positive
value for the concave liquid-vapor interface. However,
the conclusion to consider the resistance of surface
tension to interfacial evaporation is questionable.

Consideration of interfacial evaporation is generally
based on the Kelvin equation [1,16], and interfacial in-
teraction analysis [17] gives

20
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where r. is the effective capillarity radius of liquid—vapor
interface curvature, o the surface tension and p; is the
liquid density. Assuming the term in the bracket to be
small, Eq. (3) can be approximately expressed by the
following polynomial as

poepdio2 Lol(-2 Y 4)
v repRT; repiRT;

This shows that the pressure difference (P;, — P,) would
be positive if interfacial tension existed.

For a saturated, flat liquid-vapor interface, as shown
by the dashed line in Fig. 1, there is no pressure differ-
ence between the vapor and the liquid neighboring the
interface because the liquid and vapor are in thermo-
dynamic equilibrium. However, if the interface is con-
cave, as shown by the solid line in Fig. 1, by the use of
Fig. 2, (¢ being the chemical potential), it can be seen
[17] that, as the liquid pressure goes down due to cap-
illarity according to the Young-Laplace equation, the
saturated liquid state B gets into the metastable super-
heated state a. In this case, outside disturbance easily
makes this metastable superheated liquid evaporate to
the saturated vapor state b, with p, =p, for thermal
equilibrium and w, <y, for non-equilibrium. The satu-
rated vapor evaporates from the liquid—vapor interface
and move into the bulk vapor with the reduction of
vapor pressure due to kinetics. This saturated vapor
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Fig. 1. The diagram of the physical model.
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Fig. 2. P-V diagram and p—P diagram [16].

state b is further transformed into superheated vapor
state ¢ under the given vapor pressure. Thus, a positive
pressure difference between the interfacial and bulk
vapors promotes interfacial evaporation. Referring to
the thermodynamic analysis of Udell [16], we have [18]

Py
and
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where V; and V, are the specific volumes of the liquid
and vapor, respectively.

The present paper will focus on the thermodynamic
aspect for detecting the effect of shifting phase equilib-
rium temperature and latent heat on interfacial evap-
oration and bubble formation.

2. The shift of phase equilibrium temperature of interfacial
capillary evaporation

Suppose the interfacial evaporation process is to be
in asymptotic equilibrium, the Clausius—Clapeyron
equation is applied as

1dp_ M,
PdT ~ RT?’

(®)

This indicates that increase in pressure would bring
about a rise in temperature.

Integrating Eq. (8) through the path from (P, T}) to
(P, Ti) yields
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For a small pressure change, Eq. (9) can be approxi-
mated by the Taylor expansion to yield

Pl(]-{v - 7])A/[hfg
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where 7 is the phase equilibrium temperature with re-
spect to liquid pressure Pj.

As indicated by the approximated Kelvin equation
and Eq. (7), the pressure difference (P;, — P;) is positive
for the concave interface and related to the interfacial
capillary pressure discontinuity. An increase in surface
tension or decrease in radius of the interface curvature
increases the pressure difference. So, the phase equilib-
rium temperature of liquid declines according to
Eq. (10), implying that the liquid microlayer beneath the
nucleated vapor gets into its superheated state at a lower
temperature compared to the general saturation tem-
perature with respect to interfacial or bulk vapor
pressure. As a result, interfacial capillary evaporation
from the metastable liquid microlayer occurs if its tem-
perature is higher than the phase equilibrium tempera-
ture determined by Eq. (10); this indicates that
interfacial phase change can occur at a temperature
lower than the nominated phase-change temperature
when the interface is concave, i.e., the concave liquid—
vapor interface could promote interfacial evaporation.

As indicated by the Young-Laplace equation, the
bulk liquid pressure of the concave interface decreases
due to the action of surface tension. Based on the well-
known fundamental thermodynamic relation,

),

a fall in liquid pressure results in a decrease in chemical
potential, u, of the liquid adjacent to the interface.

Piv_Pl - (10)
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Referring to molecular interaction, the chemical poten-
tial  comprises the cohesive energy of molecules, 4, and
the thermal energy associated with entropy, x71nX,
such that [19]

p=p +xTnx, (12)

where X is the concentration and x is the Boltzmann
constant. As indicated by Eq. (12), since X is invariant,
the decrease of chemical potential leads to a decrease in
the cohesive energy .

As demonstrated by Israelachvili [19] the liquid co-
hesive energy, 1, is related to the molecular interaction
potential, w, by

1 ~ nw, (13)

where n ranges from 4 to 6 depending on the molecule.
Since the molecular interaction potential, w, is always
negative, a decrease in g results in the increase of the
absolute value of w as well as ui. The molar cohesive
energy U is related to the molecular interaction potential
by [19]

U = —Nynw (14)

and the latent heat of vaporization, /g, is related to U as
[19]

hgg = U + RT,,, (15)

where T;, is the liquid—vapor phase change interfacial
temperature. Eqs. (14) and (15) show that the increase in
the absolute value of the molecular interaction potential,
w, leads to an increase in the latent heat of vaporization
and decrease in the relevant saturation temperature.
This conclusion indicates that interfacial capillary
evaporation occurs at a lower temperature with a higher
latent heat for the concave liquid—vapor interface.

3. On bubble formation

Bubbles are considered generally as being formed
from active gas cavities of the heated wall [1,20,21]. Gas
can be entrapped in some cavities if the cavity side angle
and the contact angle of the filling liquid meet some
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Fig. 3. Variation of phase equilibrium temperature with the effective radius of the interface curvature: (a) water; (b) methanol; (c)
octane.
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criteria. From this viewpoint, bubble formation is based
on the interfacial evaporation mechanism. The liquid
microlayer exists between the bubble and the heated wall
in the active cavity. It is assumed primarily that vapor
evaporates from the interface if the temperature within
the microlayer is slightly higher than the saturation value
with respect to the pressure of the liquid, and the bubble
forms and grows as long as the wall heat flux or the
superheating is sufficient. Accordingly, interfacial evap-
oration plays a role in the process of bubble formation.
The required superheat for the bubble formation is [1]

20—Tsalvv

T — T (P
[T (R)] > gt

(16)

where T, (P)) is the saturation temperature with respect
to the liquid pressure P; and r is the required radius of
the liquid microlayer curvature of the active cavity. Eq.
(16) indicates that, if the cavity is active, the bubble can
form in the case of the liquid temperature being higher
than the saturation temperature of the liquid with re-
spect to local pressure and the wall being heated to reach
or exceed the required superheated temperature.

However, experimental observations have been re-
ported in open literature to show that bubble formation
may occur even though the temperature of the heated
wall is lower than the liquid saturation temperature at
the local pressure. We suppose that this disagreement
comes from the fact that Eq. (16) does not involve the
effects of interfacial evaporation of the liquid micro-
layer. As is being analyzed, the pressure discontinuity
caused by the capillarity of the concave interface of an
active cavity can increase the latent heat and decrease
the interfacial phase-change temperature of its liquid
microlayer. Accordingly, the bubble may form and grow
though the liquid temperature is lower than the satura-
tion value with respect to the vapor pressure, as long as
interfacial evaporation is sufficient to sustain this bubble
formation. Based on Eq. (15), variations of the phase
equilibrium temperature of the liquid microlayer with
the radius of liquid interface curvature have been pre-
dicted as shown in Fig. 3, where water, methanol and
octane were chosen as the working substances. For
water, the phase equilibrium temperature of an assumed
active cavity with a radius of 10 pum can be 3°C lower
than the saturation temperature with respect to the
pressure of the cavity vapor, which implies that the
bubble can form and grow at a temperature lower than
the nominated saturation temperature. As a result, this
bubble formation temperature is a little lower than the
superheat predicted by Eq. (16).

As there exist suitable limits for the cavities to be
active, it should be noted that the radii of active cavities
cannot be arbitrarily small. However, Fig. 3 illustrates
that the higher the surface tension, the stronger its in-
fluence on the phase equilibrium temperature. The sur-

face tension of saturated water at standard atmospheric
pressure is much higher than that of octane, and, hence,
the shift of phase equilibrium temperature is obvious for
water but much less so for octane.

4. Conclusions

The thermodynamic analysis conducted in this paper
demonstrates that the pressure discontinuity due to the
capillarity of the concave liquid—vapor interface shifts the
phase equilibrium temperature and corresponding latent
heat and therefore promotes interfacial evaporation. The
application of these results in the microlayer evaporation
model for bubble formation indicates that bubbles can
be formed from active cavities at a temperature lower
than the nominated saturation temperature. The pre-
diction for water, methanol and octane demonstrate
that the shift effect is more obvious for substances with
high surface tension, such as water. These conclusions
are consistent with the experimental observations that
bubbles can be formed before the normal superheat, or
even the nominated saturation temperature, is reached.
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