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Interfacial conditions during evaporation or condensation of water
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Steady-state evaporation and condensation experiments have been conducted with water under conditions
where buoyancy-driven convection is not present. The temperature profile in each phase has been measured. At
the interface, independently of the direction of the phase change, a temperature discontinuity has been found to
exist in which the interfacial vapor temperature is greater than that in the liquid. In a thin layer immediately
below the interface the temperature is uniform in a layer~;0.5 mm! and below that the temperature profile is
linear, indicating thermal conduction. The uniform temperature layer indicates a mixing process occurs near
the interface that could result from surface-tension driven~Marangoni-Be´nard! convection and/or from ‘‘en-
ergy partitioning’’ that is necessary to account for the measured temperature discontinuity near the interface.
When the measured interfacial properties are used with the expression for the phase change rate that is obtained
from statistical rate theory, it is found that the predictions are in close agreement with the measurements.

DOI: 10.1103/PhysRevE.64.051509 PACS number~s!: 64.70.Fx
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I. INTRODUCTION

The conditions existing at the liquid-vapor interface du
ing a phase change process are not well understood, pos
because of uncertainties in the thermodynamic condition
the interface and/or the possible presence of convect
Classical kinetic theory has provided the molecular basis
the understanding of evaporation for over a century@1–4#.
Initial progress with mercury showed promise, but with oth
liquids and particularly water, the results were less cert
Although classical kinetic theory does not lead to a pred
tion of the liquid-vapor phase change rate, it has been use
define two empirical parameters, the evaporation and c
densation coefficients,be andbc @3#, and these coefficient
have been used to correlate a large number of measurem
Marek and Straub@5# have recently surveyed the reporte
values of these coefficients for water and pointed out
wide variation at nominally the same experimental con
tions. The results of this survey suggest that the basic d
nitions of these coefficients is inadequate in some as
undefined way, or that the experiments are not being p
formed under the conditions assumed.

One of the possible experimental difficulties
convection—either buoyancy or surface-tension driven.
though surface-tension driven~or Marangoni-Be´nard! con-
vection has been well documented for fluids other than w
@6,7#, Cammengaet al. @8# have pointed out the absence
experimental evidence for water. This absence is often at
uted to contamination. However, in the experiments of B
nes and Hunter@9# and particularly those of Cammeng
Schreiber and Rudolph@10# and Schreiber and Cammeng
@11# measures were taken to ensure cleanliness, but non
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these studies indicated the presence of Marangoni-Be´nard
convection@8#.

However, one of the difficulties is knowing whether co
vection should be expected. In the analytical investigatio
to determine the criterion, it is usually assumed that the
uid phase is a continuum with no phase change at the
~liquid-vapor! surface—only cooling or heating@12–14#.
This leaves out the flow field required to supply~or remove!
liquid to the interface where the evaporation~or condensa-
tion! is taking place. Further, experimental observations
not appear to support the criterion developed from these a
lytical approaches. Using an experimental approach in wh
several liquids, but not water, were studied, Chai and Zh
found that the traditional criterion for the onset
Marangoni-Be´nard convection was not in agreement wi
their observations, and they suggested a modified crite
@6#. If the analytical criterion for the onset of surface-tensi
driven convection is to be improved, it seems necessar
know the coupling between the local-equilibrium propert
at the liquid-vapor interface and the evaporation or cond
sation flux. This coupling relation is unlikely to be predicte
from a continuum formulation or classical kinetic theory@5#.

An expression for the evaporative flux that shows prom
of providing this relation has been obtained from statisti
rate theory~SRT! @15–20#. This approach uses the transitio
probability concept of quantum mechanics, assumes
quantum-mechanical states within the energy uncertainty
an isolated system are equally probable, and that the rat
exchange between these quantum states has the same
It leads to an expression for the phase change rate tha
pends only on the material and molecular properties of
fluid undergoing the phase change process and on the lo
equilibrium properties at the interface in each phase~see the
Appendix!. For water, the material and molecular propert
are known.

The expression obtained from statistical rate theory
the phase change rate has been previously examined
evaporation, and the predictions were found to be in cl
agreement with the measurements for three different liqu
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C. A. WARD AND D. STANGA PHYSICAL REVIEW E64 051509
@21–23#. Theoretically the same expression should be va
when the net molecular flux is reversed, i.e., for conden
tion ~negative evaporation!, but it has not been previousl
examined for condensation. For this purpose, a coordin
series of steady-state evaporation and condensation ex
ments have been conducted. Since water expands on co
for temperatures less than 4 °C, experiments were condu
under conditions where no buoyancy-driven convection d
ing either evaporation or condensation would be present.
temperature profile was measured in both phases nea
interface using small~;25 m diameter! thermocouples. The
profile indicates that independently of the direction of the
molecular transport, the interfacial vapor temperature
higher than that in the liquid, that there is a thin layer
liquid ~;0.5-mm deep! near the interface in which the tem
perature is uniform, and that below the uniform temperat
layer, the mode of energy transport is by conduction. Us
the measured interfacial temperatures, flux rate and inter
curvature, the SRT expression for the phase change rate
be used to predict the pressure in the vapor and the re
compared with the measurements.

The analysis raises a kinetics issue. In classical kin
theory, the unidirectional liquid evaporation rate is usua
assumed to be independent of the conditions in the va
phase@1–4#, whereas, the SRT expression for the pha
change rate depends on the entropy change that results
one molecule transferring from the liquid to the vapor pha
DsLV and this quantity depends on the conditions in b
phases. This predicted dependence of the SRT phase ch
rate is evaluated by comparing the measurements with
predictions.

II. EXPERIMENTAL METHODS

Water was deionized, distilled, nanofiltered, degass
and held in a sealed glass vessel that was connected
syringe pump through a valve. As indicated in Fig. 1, a s
ond outlet from the syringe led to a conical funnel~7-mm-
mouth diameter! in the phase-change chamber through a 1
mm-diam stainless-steel tube. Before water was transfe
to the syringe, the chamber and syringe were evacuated
pressure of less than 1023 Pa with a vacuum system. After
wards the valve between the syringe and the glass conta
was opened and water was allowed to flow from the gl
container into the syringe. The syringe pump pushed wate
the funnel mouth where a liquid-vapor interface was form

The chamber was then pressurized with N2 to 0.4 MPa for
1 h to force water into any cavities that may have been
unfilled when the test liquid was introduced. Afterwards t
chamber was decompressed to near atmospheric and h
the water in the syringe pump was expelled through the f
nel and drained from the chamber. Ideally, this removed
water containing dissolved N2. Finally, the chamber was
evacuated for 1 h to dry thechamber. Degassed water r
mained in the syringe and funnel. The syringe pump w
then advanced until the water-vapor interface was agai
the mouth of the funnel. The system was ready to run
evaporation experiment. To run a condensation experim
one additional preparation step was required.
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When an evaporation experiment was to be performe
valve between the chamber and the vacuum system
opened slightly, initiating evaporation. From outside t
chamber, the height of the water-vapor interface could
measured with a cathetometer to610 mm. Both the syringe
pumping rate and the valve to the vacuum system were
justed until the liquid-vapor interface remained at a const
height. The steady-state evaporation rate was then equ
the pumping rate. The latter could be measured to60.3 mL
~liquid!/h.

When a condensation experiment was to be run, the s
procedure was followed to establish a water-vapor interf
at the mouth of the funnel. Afterwards, prepared water w
allowed to flow, without exposure to air, into the concent
test liquid reservoir indicated in Fig. 1. A heating jack
maintained the reservoir-water temperature at a prede
mined value. The water in the funnel was then cooled
flowing a cooling fluid into the tube that was concentric
the tube leading from the syringe to the funnel~see Fig. 1!.
This caused vapor coming from the test-liquid reservoir
the chamber to condense at the liquid-vapor interface
was maintained at the funnel mouth. The reversible syrin
pump was then used to withdraw water from the funnel a
rate that maintained the interface at a constant height. In
circumstance, the steady-state condensation rate was eq
the withdrawal rate of the syringe pump, and could be m
sured with the same accuracy as the evaporation rate. T
during either an evaporation or a condensation experim

FIG. 1. Schematic of the phase-change chamber and defin
of the interface shape parameters,df and (z02zF).
9-2
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INTERFACIAL CONDITIONS DURING EVAPORATION . . . PHYSICAL REVIEW E64 051509
an unmoving water-vapor interface was present at the fun
mouth.

The temperature in each phase near the interface on
chamber center line was measured with a thermocou
~TC1! mounted on a rigid frame that was connected to
positioning micrometer. The position of the thermocoup
was determined with the cathetometer. This thermocou
was small enough~25.4-mm diam! that its junction could be
positioned in the liquid phase with little distortion of th
interface. A second thermocouple~TC2, 81.3-mm diam! was
also mounted on the frame. Its junction was 0.5 mm ab
that of the smaller junction. Both thermocouples were u
to measure the temperature in the vapor phase. A third t
mocouple was permanently positioned near the throat of
funnel. In the test-liquid reservoir, three thermocouples w
present, positioned as indicated in Fig. 1. When the temp
ture profile, interface height, and~syringe! pumping rate
were unchanging for 30 min, the system was judged to b
a steady state.

III. EXPERIMENTAL RESULTS

Once steady state had been reached, two temperature
files in each phase were measured while the system wa
steady state. The minimum steady-state periods for
evaporation and condensation experiments were 165 and
min, respectively. As indicated in Fig. 2, the temperatu
measured with the differently sized thermocouples agree
within 60.25 °C, indicating that any heat conduction alo
the thermocouple had little effect on the measurements.
positions closest to the interface in each phase where
temperatures were measured were 0.0260.01 mm above the
interface, and 0.0460.01 mm below.

FIG. 2. Measured temperature profiles on the phase-cha
chamber center line during steady-state evaporation or condens
~experiments E1 and C1, see Table I!. During each experiment, two
temperature profiles were measured at least 30 min apart. The
perature profile in the liquid phase of C1 is an approximate inv
sion of the temperature profile in the liquid phase during E1. N
the agreement between the differently sized thermocouples an
steady-state nature of the profiles. The long-dashed straight
were drawn from the measured throat temperature~Fig. 1! to the
value measured at the deepest point in the liquid. No measurem
could be made between these two points.
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A. Temperature profiles in the liquid phase near the interface

The experiments were run in pairs. First, an evaporat
experiment was conducted. The evaporation rate was ch
high enough so that the liquid interfacial temperature w
less than 4 °C. The interface was the position of smal
temperature in the liquid phase. Since water expands
cooling for temperatures less than 4 °C, this ensured that
ing the evaporation experiments, the least dense liquid wa
the interface, and no buoyancy-driven~or Rayleigh-Be´nard!
convection would be expected.

Then a corresponding condensation experiment was
formed by approximately inverting the temperature profile
the liquid phase~see Table I and Fig. 2!. This ensured that
during the condensation experiments, the interfacial liq
temperature was above 4 °C and was the highest temper
in the liquid phase. Thus, the least dense liquid was agai
the interface. There was no buoyancy-driven convection
the vapor phase in either the evaporation or condensa
experiments, since the lowest temperature was at the bo
of the vapor phase in each case. The temperature profile
the liquid and vapor phases of experiments E1 and
~Tables I and II! are shown in Fig. 2.

If the imposed temperature profile does elimina
buoyancy-driven convection as these results sugg
surface-tension driven~or Marangoni-Be´nard! convection is
not necessarily eliminated. When the temperature profile
the liquid phase near the interface is closely examined,
finds a layer where the temperature is approximately u
form, and then deeper in the liquid phase the temperature
an approximately constant gradient. The uniform tempe
ture layers of experiments E1 and C1 are easily seen in F
3 and 4. For the evaporation experiments, the thicknes
the uniform temperature layer varied from 0.35 to 0.61 m
and tended to decrease as the evaporation rate was incre
These thicknesses correspond to the highest and lo
evaporation fluxes, respectively.

For the condensation experiments, the uniform tempe
ture layer ranged from 0.22 to 0.37 mm, but did not correl
with the condensation rate. The temperature profile near
interface measured for condensation experiment C4 is i
cated in Fig. 5. The thickness of the uniform temperat
layer in the liquid phase was 0.25 mm and the condensa
flux was 0.04 g/s m2. For experiment C1~Fig. 4!, the thick-
ness of the uniform temperature layer was 0.22 mm and
condensation flux was 0.315 g/s m2. Thus an order of mag-
nitude change in the condensation flux did not significan
change the thickness of the uniform temperature layer.

B. Mode of energy transport in the liquid phase

The existence of an approximately uniform temperat
layer near the interface but a constant gradient in tempera
deeper in the liquid phase~see Figs. 3, 4, and 5! raises a
question about the mode of energy transport in the liq
phase. This question is further complicated by the tempe
ture discontinuity that was measured at the interface in e
of the experiments. In evaporation experiment E1, the in
facial vapor temperature was measured 361 mean-free
paths~MFP’s! above the interface and was greater than
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TABLE I. Measurements.

Expt.
no.a

Liquid interface
temp.
TL °C

Vapor interface
temp.
TV °C

Temp. at throat
TC3 °C

(z02zf)
Fig. 1 mm

Evaporation
rate
mg/s

Measured pressure
in vapor phase

Pa

Uniform
temperature

layer thickness,
d mm

E1 20.46
0.05

2.660.05 26.16
0.05

0.97 41.94
60.54

593634 0.34

C1 25.66
0.05

26.06
0.05

0.006
0.05

0.81 212.73
60.12

3181
6127

0.22

E2 20.16
0.05

2.86
0.05

19.26
0.05

0.95 41.82
60.31

639634 0.38

C2 19.26
0.05

19.56
0.05

0.106
0.05

1.37 27.77
60.133

2161686 0.37

E3 20.26
0.05

2.46
0.05

12.56
0.05

0.90 24.29
60.21

616634 0.35

C3 12.66
0.05

13.06
0.05

0.006
0.05

0.87 26.088
60.16

1463645 0.19

E4 20.16
0.10

2.560.10 7.106
0.05

0.96 17.266
0.2

629634 0.61

C4 6.96
0.06

7.560.06 20.106
0.05

1.06 21.681
60.42

959632 0.25

aThe value ofdf in Fig. 1 was 7.0 mm in each experiment.
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interfacial liquid temperature by 3.060.1 °C. When the di-
rection of the net molecular transport at the interface w
reversed by inverting the temperature profile in the liqu
~experiment C1!, the temperature discontinuity didnot re-
verse. The interfacial vapor temperature, measured
63 MFP above the interface, was 0.460.1 °C greater than
that in the liquid.

In all cases, evaporation or condensation, the interfa
temperature in the vapor was greater than that in the liq
The magnitude of the temperature discontinuity increa
with the evaporation flux, but a correlation between th
could not be discerned for condensation, perhaps becaus
temperature in the vapor could only be measured sev
MFP’s from the interface.
on-
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C. Measured pressure in the vapor phase

During the evaporation experiments, the chamber w
continuously evacuated. The mean values of the vapor-ph
pressure@6standard deviation~SD!# measured at the top o
the chamber with the manometer~see Fig. 1! are listed in
Table I. The error bars are the standard deviation calcula
from measurements made during the steady-state perio
each evaporation experiment.

During the condensation experiments, the chamber
closed, and the area of the liquid-vapor interface in the te
liquid reservoir was 24.561.3 times larger than that of th
liquid-vapor interface at the top of the funnel. A separate
of control experiments was performed with a humidity se
sor and mass spectrometer to determine if there would h
been significant air leakage into the chamber during the c
TABLE II. Predictions.

Expt.
no.

Predicted
vapor-phase

pressure,
P0e Pa

Predicted
liquid phase

pressure
on center line

Pa

Interface radius
on center line,

R0 mm

Evaporation
flux

g/m2 s

Saturation
pressure

@TV

Pa

Saturation
pressure
@ TL

Pa

E1 592.4 617.3 6.088 1.017 766.6 593.062.2
C1 3282.0 3294.3 7.119 20.315 3360.9 3281.969.9
E2 605.6 620.7 6.20 0.797 747.3 606.162.2
C2 2224.5 3300.7 4.545 20.177 2266.4 2224.465.6
E3 601.3 615.8 6.506 0.595 726.2 601.762.2
C3 1458.8 3295.6 6.690 20.150 1497.3 1458.764.5
E4 605.8 621.0 6.143 0.419 731.4 606.164.5
C4 994.81 3298.2 5.628 20.040 1036.6 994.864.2
9-4
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INTERFACIAL CONDITIONS DURING EVAPORATION . . . PHYSICAL REVIEW E64 051509
densation experiments. These control experiments indic
the Hg manometer readings could have been slightly
fected, but the vapor partial pressure corresponded close
the saturation pressure of water based on the mean tem
ture of the test-liquid reservoir. This value is recorded
Table I for each condensation experiment.

D. Calculation of the interface shape

The Laplace equation was used to calculate the shap
the axisymmetric interface. If the pressure profile in ea
phase is assumed hydrostatic, this equation may be writte

FIG. 3. Temperature measured near the interface on the ver
center line of the chamber during evaporation experiment E1.
experimental conditions are listed in Table I. Note the interfac
liquid temperature is below 4 °C, a temperature discontinuity w
present at the interface in which the interfacial vapor tempera
was greater than that in the liquid, immediately below the interf
the temperature in the liquid phase was spatially uniform, a
deeper in the liquid the temperature profile had a constant grad

FIG. 4. Temperature measured near the interface on the ver
center line of the phase-change chamber during condensation
periment C1. Note the interfacial liquid temperature is above 4
a temperature discontinuity was present at the interface in which
interfacial vapor temperature was greater than that in the liquid,
temperature immediately below the interface was spatially unifo
and deeper in the liquid the temperature profile had a constant
dient.
05150
ed
f-
to
ra-

of
h
in

terms of the radial and axial positions on the interfa
r (f),z(f), and the turning anglef ~see Fig. 1!:

dz

df
5

2sinf

q
, ~1!

dr

df
5

cosf

q
, ~2!

where

q52S r ~f!

sinf D1Wg~z02z!S 1

nsat
L ~TL!

2
1

nsat
V ~TV!

D 1
2

R0

,

~3!

and the molecular weight is denoted asW, the gravitational
intensity asg, the radius of curvature on the center line
R0 , the specific volumes asnsat

j , and the temperature at th
interface asTj ( j 5L,V). A superscriptL or V indicates a
property of the liquid or vapor phase and the subscript sa
a property that it is to be evaluated at the saturation con
tion.

The boundary conditions for the integration of these eq
tions are provided by the values of the interface shape
rameters,z02zf and df . These parameters are defined
Fig. 1, and were measured in each experiment with the ca
tometer. Their values are listed in Table I. This system
equations was solved numerically withR0 and the maximum
turning anglefMax chosen to satisfy the conditions impose
by the measured values of the interface parameters.

The area of the interface may then be calculated from
function r (f) that is obtained by this integration

ALV52pE
0

fMax r ~f!

q
df. ~4!

al
e
l
s
re
e
d
nt.

al
ex-
,

he
e
,

ra-

FIG. 5. Temperature measured near the interface on the ver
center line of the phase-change chamber during condensation
periment C4~Table I!. Note a temperature discontinuity was prese
at the interface in which the interfacial vapor temperature w
greater than that in the liquid, the temperature immediately be
the interface was spatially uniform, and deeper in the liquid
temperature profile had a constant gradient.
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C. A. WARD AND D. STANGA PHYSICAL REVIEW E64 051509
The pressures in the liquid and vapor phases at the inter
as a function of the turning angle are given by

PL5P0
V1

2gLV

R0
1

Wg

nsat
L

@z02z~f!#, ~5!

PV5P0
V1

Wg

nsat
V

@z02z~f!#. ~6!

Thus, the pressure at the interface in each phase ma
calculated once the value ofP0

V has been determined. Th
interfacial pressure could not be measured directly, but it
be calculated and compared with that measured at the to
the chamber with the Hg manometer.

IV. INTERFACIAL CONDITIONS DURING PHASE
CHANGE PROCESSES

The SRT expression for the net phase change rate is g
in Appendix A. In summary,j LV is in terms of the entropy
change that results from one molecule making a transi
from the liquid to the vapor phase,DsLV and the molecular
exchange rate between the phases of an associated systeKe
@23#. The associated system is defined by supposing tha
one instant the steady-state system that we consider ex
mentally is isolated and allowed to evolve to equilibrium
When the isolated system has reached thermodynamic e
librium, the molecular exchange rate between the liquid a
vapor phases in the isolated system would be the valu
Ke . The expression forj LV @Eq. ~A1! in the Appendix# is
given by

j LV52Ke sinh~DsLV /k!.

The expression forDsLV andKe may be obtained from the
closed, coupled system of equations, Eqs.~A1! through~A6!.
When the expressions forDsLV andKe are inserted into Eq
~A1!, it is found that the expression forj LV is in terms mo-
lecular properties, material properties, and the interfacial,
cal equilibrium properties of each phase. The molecu
properties include the molecular vibrational frequenciesv l
and the partition function for the molecule. The approxim
expression given for the partition function in Eq.~A6! is for
the triatomic water molecule. The material properties of
liquid and vapor phases that appear in the expression forj LV

arensat
L , Psat(T), andgLV, and the local equilibrium proper

ties of each phase areTV, PV, TL, andR0
21. The center-line

curvatureR0
21 could be replaced by the pressurePL. The

value of R0 is determined from the measured interface p
rameters and the numerical integration of Eqs.~1!–~3!.

A. Predicted pressure in the vapor phase

The total evaporation rate,JLV may be obtained by inte
grating j LV over the surface

JLV52pE
0

fMax
j LV

r ~f!

q
df. ~7!
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When the measured values ofTL, TV, R0
21, andJLV , which

are listed in Tables I and II, are used in Eqs.~1!–~7! and
~A1!–~A6!, a closed set of equations is obtained that co
tains the single unknownP0

V . An iteration procedure may be
used to calculate this vapor-phase pressure. The values
termined by this procedure are listed in Table II. For ea
experiment, this predicted value of the vapor-phase pres
may be compared with the measured values. One finds
results shown in Fig. 6.

It has been previously found that SRT can be used
correctly predict the conditions at which evaporation of thr
different liquids including water takes place at a measu
flux @21–23#. The results in Fig. 6 indicate that for wate
SRT can be used equally well to predict the interfacial co
ditions when the direction of interfacial molecular flux
reversed so that condensation takes place.

Note from Table II that in each of the evaporation expe
ments, the predictedvapor-phasepressure,P0

V is within a
fraction of a pascal of the saturation pressure correspon
to the measuredliquid interfacial temperatureTL. Compared
to its own interfacial temperatureTV the vapor is predicted to
be at a pressure less thanPsat(T

V). Thus, the vapor phase i
superheated. By contrast, the liquid phase is predicted to
at a pressure greater thanPsat(T

L). Thus, the liquid phase is
compressed.

When the direction of the net molecular flux is reverse
i.e., for the condensation experiments, these conditions
predictednot to reverse. In each condensation experime
the predicted vapor-phase pressure is within 0.1 Pa of
saturation vapor pressure corresponding to the interfa
temperature of theliquid, Psat(T

L). The vapor phase remain
superheated and the liquid compressed. However, comp

FIG. 6. Comparison of the predicted partial pressure of the
por at the interface with that measured when either evaporatio
condensation was occurring at the interface. Except in two ca
the error bars on the measured pressure are covered by the s
the symbols. The measured pressures are listed in Table I an
predicted values in Table II. Note that there is no measured
agreement between the measurements and the predictions.
9-6
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to the conditions for evaporation, the degree of vapor sup
heating is reduced and the degree of liquid phase comp
sion is increased.

B. The potential for molecular transport at an interface

We note that in classical kinetic theory, the assumption
usually made that the liquid evaporates at a rate determ
only by the conditions existing in that phase@1–3#. However,
SRT indicates the conditions in each phase play a role
determining the net flux rate. For example@23#, the unidirec-
tional evaporation fluxr LV is given by

r LV5Ke expFsLV

k G , ~8!

and the unidirectional condensation flux by

r VL5Ke expF2sLV

k G . ~9!

~The net evaporation flux,j LV is the difference betweenr LV
and r VL .! As indicated in Eq.~A2!, sLV depends on the
chemical potentials and temperatures in the liquid and
vapor phases. Thus, unlike classical kinetic theory, the u
directional rate of evaporation or the unidirectional cond
sation rate depends on the conditions in each phase.

If Eq. ~A1! is examined, it is found that evaporation
predicted to occur whenDsLV is positive, and condensatio
is predicted to result whenDsLV is negative. SinceP0

V has
been calculated for each experiment, this prediction may
examined. The value of the pressure in each phase at
position on the liquid-vapor interface may be calculated
ing Eqs.~5! and~6!. Then assuming the interfacial temper
ture in each phase to be approximately equal to the va
measured on the center line, the values ofDsLV at the inter-
face may be calculated from Eq.~5!. There is only a small
variation in the value ofDsLV with position on the interface
In all of the experiments, the maximum variation w

FIG. 7. Dependence of the evaporation flux onsLV , the change
in entropy that results when the one molecule is transferred f
the liquid to the vapor phase. The prediction is that ifsLV is nega-
tive, the evaporative flux will also be negative~condensation!.
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;1023%. Thus, the mean value ofDsLV may be used to
calculate the evaporation flux in each experiment. One fi
the results indicated in Fig. 7.

As seen there, the measured values ofj LV are negative
~condensation! when DsLV is negative, andj LV is positive
when DsLV is positive ~evaporation!. Thus,DsLV acts as a
potential to determine the direction of molecular transport
a fashion similar to the way temperature acts to determ
the direction of thermal energy transport.

C. The temperature profile during the liquid-vapor
phase transition

When either evaporation or condensation is taking pla
the measured temperature profiles indicate:~1! A tempera-
ture discontinuity exists at the liquid-vapor interface, a
independently of the phase change direction, the tempera
is always greater in the vapor. The magnitude of the te
perature discontinuity increases with the evaporation fl
During condensation, the temperature could only be m
sured;10 MFP’s from the interface, and a relation betwe
it and the condensation flux could not be discerned fr
measurements made at this distance from the interface.~2! In
the liquid phase immediately below the surface, the tempe
ture is approximately spatially uniform for a depth that d
pends on the phase change process, but is on the ord
;0.5 mm.~3! Below the uniform temperature layer, the tem
perature profile in the liquid was observed to have a cons
gradient, indicating the mode of energy transport there
thermal conduction.

The existence of the uniform temperature layer and
constant temperature gradient in the subinterface region
gests that surface-tension driven convection is present in
liquid near the interface. A complete description of the e
ergy transport must explain the temperature discontinuity

We note that when equilibrium exists between the liqu
and vapor phases of water, the temperature would be
same in each phase, but the average energy per mole
would be;2 orders of magnitude higher in the vapor than
the liquid. The fact that during evaporation the measu
interfacial vapor temperature is higher than in the liquid su
gests that it is predominantly the molecules from the hig
energy tail of the energy distribution that are able to esc
the liquid. This suggestion is supported by previous stud
of the steady-state evaporation of water, octane or methy
clohexane@21–23#. For each substance, the interfacial vap
temperatures were measured to be greater than that in
liquid. The magnitude of the temperature discontinuity v
ied from one substance to another, but for each substan
increased as the evaporation rate was increased. At the h
est evaporation rate of water, the temperature in the va
was measured within approximately one MFP of the int
face and was 7.8°C higher than that on the liquid side of
interface. Thus, on average the molecules encountered
thermocouple simultaneously with their first collision. It a
pears the higher-energy molecules were coming right ou
the liquid.

We note that the explanation in terms of the energy d
tribution is based on single-particle events. Bedeaux

m
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Kjelstrup @24# have suggested that multiple particle eve
are necessary to explain the observed temperature disc
nuities reported by Fang and Ward@21,22#. Also, it has been
pointed out by Fang and Ward@21–23# that if it is assumed
that the evaporation and condensation coefficients are e
to unity, classical kinetic theory leads to a prediction o
temperature discontinuity for evaporation in the opposite
rection from that measured; however, for condensation,
predicted temperature discontinuity is in the same direc
as that predicted from classical kinetic theory on this ba
but much smaller than that measured@25–28#.

A much larger temperature discontinuity~‘‘a few million
degrees’’! has been thought to exist at the solar coro
photospheric chormospheric ‘‘surface’’ for some time@29#
and recent results confirm its existence@30#. Although the
solar circumstance is much more complex than the one
consider, there are conceptual similarities. If one thinks
the solar surface heating the corona, it would be imposs
for the corona to be hotter than the surface, but if one thi
of the higher-energy particles escaping the surface, the
no reason the corona could not have a higher tempera
Similarly, if during evaporation, the molecules of higher e
ergy are the ones escaping the liquid, there is no reason
interfacial vapor temperature could not be higher than tha
the liquid.

For fluid evaporation, an estimate of the molecular ene
of the escaping molecules above the average would
TLDsLV . Note that under equilibrium conditionsDsLV is
zero and that as the evaporation flux increases,DsLV in-
creases, as does the temperature discontinuity. The depl
of the interface layer of the higher-energy molecules by t
‘‘energy-partitioning’’ would give rise to an equilibration o
mixing process that could contribute to the molecules in
layer near the surface having a uniform temperature.

The predicted necessary condition for condensation is
DsLV is negative. A negative value ofDsLV indicates there is
an increase in entropy when a molecule transfers from
vapor to the liquid. Molecular transfers in both directions a
predicted, but a larger number is predicted to transfer in
direction of increasing entropy than in the reverse directi
The fact that the temperature is higher in the vapor than
the liquid during steady-state condensation indicates
there is a preferential transfer of the lower energy molecu
from the superheated vapor to the compressed liquid ph
A measure of the energy of the molecules transferring fr
the vapor to the liquid would beTVDsLV . The equilibration
of these molecules with the others in the liquid phase wo
also give rise to a mixing process.

Thus, there are at least two processes that could contri
to establishing a uniform temperature in the liquid near
interface—surface-tension driven convection and ‘‘ene
partitioning’’ during the phase change process. Since the
no criterion available to determine when surface-tens
driven convection can be expected that can be applied for
experimental circumstances we consider, the conclusion
surface-tension driven convection is in part responsible
the uniform temperature layer must be viewed as tentati
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V. CONCLUSION

In both the evaporation and condensation experiments
measured temperature profile indicates thermal conductio
a subinterface liquid region, a uniform temperature lay
~;0.5 mm! in the liquid near the interface, and a temperatu
discontinuity at the interface in which the interfacial vap
temperature is greater than that of the liquid. Although
experimental conditions are such that there is no buoyan
driven convection, the uniform-temperature layer sugges
‘‘mixing’’ process in the liquid phase near the interface. O
possible source of the mixing is surface-tension driven c
vection. Another is the ‘‘energy partitioning’’ at the interfac
that is required to account for the measured temperature
continuity.

The SRT approach gives the expression for the ph
change fluxj LV in terms of molecular and material propertie
of the substance undergoing the phase change process
the interfacial, local equilibrium properties in each pha
TL, TV, R0

21, andPV. The molecular and material propertie
for water are known; thus by measuring the phase cha
flux and three of the four local equilibrium properties, a
unequivocal prediction can be made of the fourth. This p
cedure has been used to predict the vapor-phase pressur
each experiment, the measured interfacial temperatures
terface curvature and phase change rate were used in
SRT expression and the vapor-phase pressure,PV predicted.
The predictions indicate that during the phase change
cess, the pressure in thevapor is very near the saturation
vapor pressure corresponding to the interfacialliquid tem-
peraturePsat(T

L), and when the predicted values ofPV are
compared with the measured vapor-phase pressures,
close agreement is found for both evaporation and cond
sation.

One of the significant differences between the SRT
pression for the net phase change rate and that of clas
kinetic theory is that SRT indicates the unidirectional rate
evaporationr LV is affected not only by the state of the liquid
but also by the state of the vapor. Similarly, the unidire
tional rate of condensationr VL is predicted to depend on th
thermodynamic state of each phase. The net rate~i.e., r LV
2r VL! is predicted to be in terms of change in entropy th
results from one molecule transferring from the liquid to t
vapor phasesLV . WhensLV is positive, the net rate is pre
dicted to be evaporation, and ifsLV is negative the rate is
predicted to be condensation. But the value ofsLV depends
on the thermodynamic properties in each phase, see
~A2!.

As a result of this dependence, during steady-state eva
ration, it is predicted that the liquid is at a pressure grea
than Psat(T

L) and the vapor is at a pressure less th
Psat(T

V); thus the liquid is compressed and the vapor is
perheated. When the net molecular flux at the interface
reversed to produce steady-state condensation, it is fo
that the degree to which the liquid is compressed is increa
and the degree to which the vapor is superheated is redu
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APPENDIX

The expression for the net evaporative fluxj LV that is
obtained from SRT is in terms of two thermodynamic fun
tions,DsLV andKe and may be written@23#

j LV52Ke sinh~DsLV /k!, ~A1!

wherek is the Boltzmann constant. Local equilibrium is a
sumed valid in each phase, and if the chemical potentia
the interface in phasei is denoted asmi and the temperature
by Ti , then the functionsLV may be written

DsLV5S mL

TL
2

mV

TV D 1hVS 1

TV
2

1

TLD , ~A2!

wherehV is the intensive enthalpy in the vapor phase. T
thermodynamic functionKe may be expressed

Ke5

Psat~TL!expS vsat
L

kTL
@P0e

L 2Psat~TL!# D
A2pmkTL

, ~A3!

where the pressureP0e

L is determined as the iterative solutio

of
S

oid

hy

s

05150
-

at

e

P0e
L 5Psat~TL!expF vsat

L

kTL
@P0e

L 2Psat~TL!#G1
2gLV~TL!

R0

.

~A4!

An approximate expression forDsLV has been given@23#,

DsLV

k
54S 12

TV

TL D 1S 1

TV
2

1

TLD (l 51

3 S \v l

2k

1
\v l /k

exp~\v l /kTV!21
D 1

vsat
L

kTL
@PL2Psat~TL!#

1 lnF S TV

TL D 4S Psat~TL!

PV D G1 lnS qvib~TV!

qvib~TL!
D , ~A5!

whereqvib is the vibrational partition function:

qvib5)
l 51

3
exp@2\v l /~2kT!#

12exp~2\v l /kT!
. ~A6!

For the water molecule, the three measured vibrational
quencies@31# have values of 1590, 3651, and 3756 cm21.
.
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