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Abstract

An analysis of the recent experimental results by Fang and Ward is given. They found a tem-
perature jump almost upto 10 K across the evaporating surface of water, octane and methylcyclo-
hexane. We use nonequilibrium thermodynamics to obtain the appropriate boundary conditions at
the surface. Interfacial transfer coe�cients, appearing in these boundary conditions, can then be
determined from the experiments. We present them in a form useful for engineering calculations.
A comparison is made with the predictions for the transfer coe�cients from kinetic theory. For
the three materials the kinetic theory values were found to be 30 to 100 times larger than those
found from the experiment. It is explained why this gives a liquid surface, which is colder than
the adjacent vapor, contrary to the prediction by the kinetic theory. The relative magnitude that
we �nd for the interfacial transfer coe�cients, suggests that the condensation coe�cient of the
kinetic theory decreases with increasing internal degrees of freedom in a molecule. However,
a lower value of this coe�cient is not su�cient to explain the small value of the transfer co-
e�cients. As a possible explanation for this, we forward the hypothesis that the single-particle
collision model used in the kinetic theory for this phenomenon, should be modi�ed to account
for multiparticle events. c© 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Kinetic theory predicts a temperature jump across the surface during slow evaporation
[1–7]. Evaporation is slow if the resulting velocity �eld in the vapor is characterised by
a low-Reynolds number. Nonequilibrium thermodynamics for interfaces similarly pre-
dicts a jump [8,9]. While kinetic theory gives an explicit size of the jump, nonequilib-
rium thermodynamics does not. For this purpose it needs the constitutive coe�cients. In
Ref. [10] it was shown that nonequilibrium thermodynamics reproduces the results

∗ Corresponding author. Fax: +31-71-527-4397.
E-mail address: bedeaux@chem.leidenuniv.nl (D. Bedeaux)

0378-4371/99/$ - see front matter c© 1999 Elsevier Science B.V. All rights reserved.
PII: S 0378 -4371(99)00162 -4



414 D. Bedeaux, S. Kjelstrup / Physica A 270 (1999) 413–426

found using kinetic theory, if one identi�es the constitutive coe�cients with the ones
found in kinetic theory. The reason for the analysis [10] was to show that, kinetic
theory together with the boundary conditions used, which predicts a so-called “in-
verted temperature pro�le”, is not in conict with the second law, a fact which had
been questioned [7]. Recently, a detailed measurement of the temperature pro�le by
Fang and Ward [11,12] has veri�ed the existence of a temperature jump, and found
it to be substantial. This means that the equilibrium condition for the temperature,
Tg = T l, like the equilibrium condition for the chemical potential, �g = �l, is not ful-
�lled during slow evaporation. (Superscripts g and l denote the gas and liquid phase,
respectively.) The temperature is found to change almost upto 10 K from one side
of the surface to an other, while the chemical potential is found to change up to
about 50 J.
In Section 2 we review the description of evaporation using nonequilibrium ther-

modynamics, and introduce Onsager transfer coe�cients for transfer of heat and mass
across the interface. In Section 3 we use the experimental results of Fang and Ward
[11,12] to obtain these interfacial transfer coe�cients. In Section 4 these interfacial
transfer coe�cients are related to the corresponding coe�cients in the vapor by the
introduction of scaling coe�cients. The interfacial transfer coe�cients, found using ki-
netic theory, are evaluated in Section 5. They are found to be a factor between 30 and
100 larger than the ones found in the experiment. Conclusions for the physics of the
evaporation process are discussed in Section 5.

2. Slow stationary evaporation

For a detailed description of the experimental setup, that we analyse, we refer to
Fang and Ward [11,12]. In the experiment, the liquid is supplied at a constant rate
at the bottom of the evaporation chamber while vapor is withdrawn at the top at the
same rate. The molar ow is Jw. The entropy production rate for a bulk phase with
heat and mass transport is given in a one-component system by

� = J ′q
@
@x

(
1
T

)
=−J ′q

1
T 2
@T
@x
; (1)

where J ′q is the measurable heat ow. Our analysis is done along the central line of the
evaporation chamber. The position along the central line is given by x. The temperature
pro�le along the central line was measured. Because of the cylindrical symmetry of
the apparatus, the ow of heat and mass along the central line are directed along it.
The ux equation, which follows from the above entropy production, is

J ′q =−�@T
@x
; (2)

where � is the thermal conductivity. As a dividing surface and frame of reference,
we use the equimolar surface [13], and this has x = 0. The direction of the x-axis is
chosen such that x is positive in the vapor and negative in the liquid. Thus there is no
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excess mass and no corresponding interfacial chemical potential. The molar ux, Jw, is,
as a consequence, continuous through the surface. There is excess of Helmholtz (free)
energy at the surface due to surface tension. It follows that, in a nonequilibrium system
the surface has its own temperature, T s, which may di�er from the bulk temperatures
on both the sides of the surface. The measurable heat ux from the liquid into the
surface, J ′lq , is not the same as the measurable heat ux out of the surface into the
gas, J ′gq , because the enthalpy densities, hw, di�er in the two phases. It is the total
energy ux through the surface, Je, which is continuous in the stationary state. The
total energy ux is the measurable heat ux plus the enthalpy carried by the mass ux,
giving

Je = J ′gq + h
g
w Jw = J

′l
q + h

l
w Jw (3)

for stationary heat and mass ow.
The entropy production rate for heat and mass transport into and across the liquid–

vapor interface in a one-component system is equal to [10]:

�s = J ′lq

[
1
T s

− 1
T l(0)

]
+ J ′gq

[
1

Tg(0)
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T s

]
− Jw 1T s [�

g
w; T (0)− �lw; T (0)]

≡ J ′lq �s; l
(
1
T

)
+ J ′gq �s; g

(
1
T

)
− Jw 1T s�s�w; T ; (4)

where �s�w; T is the chemical potential di�erence across the interface evaluated at the
temperature of the surface, T s. In the stationary state, we eliminate the heat ux in
the liquid phase from the entropy production, using Eq. (3). Furthermore using the
thermodynamic identity

@(�w=T )
@(1=T )

= hw ; (5)

one �nds independent terms of the interfacial entropy production rate as

�s = J ′gq

[
1

Tg(0)
− 1
T l(0)

]
− Jw 1T l [�

g
w; T (0)− �lw; T (0)]

≡ J ′gq �s
(
1
T

)
− Jw 1T l�s�w; T =−J ′gq

1
T lT g

�sT − Jw 1T l�s�w; T ; (6)

where now �s�w; T is the chemical potential di�erence across the interface evaluated
at the temperature T l of the adjacent liquid. The chemical potential of a vapor in
equilibrium with pure liquid at the liquid temperature is

�lw = �
g; o
w + RTl lnp∗

w ; (7)

where p∗
w is the vapor pressure in equilibrium with the liquid and �g;ow is the vapor

pressure at the standard state. This pressure, p∗
w; is also referred to as the vapor pressure

of the liquid. The chemical potential of the vapor phase at the liquid temperature is

�gw = �
g; o
w + RTl lnpgw ; (8)
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where pgw is the real pressure of the gas close to the interface and at the same standard
state as chosen for the liquid. By combining the above two equations, we �nd the force
conjugate to Jw:

− 1
T l
�s�w; T =−R ln p

g
w

p∗
w
: (9)

The derivation of this expression assumes the gas to be ideal. For a non-ideal gas one
must replace pressures by fugacities.
The ux equations, which follow from Eq. (6) together with Eq. (9), are:

J ′gq =−lsqq
1
Tg
�sT − lsqw RT l ln

pgw
p∗
w
;

Jw =−lswq
1
Tg
�sT − lsww RT l ln

pgw
p∗
w
:

(10)

We have included a common factor 1/T l in the coe�cients. The matrix of Onsager
transfer coe�cients is symmetric, lsqw=l

s
wq. There are, therefore, only three independent

transfer coe�cients describing the transport of heat and mass across the surface during
stationary evaporation. We use the name transfer coe�cient for transport across the
surface.

3. Transfer coe�cients from experiment

The results of Fang and Ward [11,12,22] make a direct calculation of the interfacial
transfer coe�cients possible. We use Eq. (10) for the heat and the molar ux. In the
experiment one measures the average heat and molar uxes. Furthermore, it measures
the temperatures of the liquid and the vapor along the central line, as well as the
pressure of the vapor. We assume the heat and molar uxes along the central line to
be equal to the average of these uxes over the surface of the evaporating surface. If
we use the measured temperature pro�le and tabulated thermal conductivities, we �nd
values of the heat ux in the vapor, which are smaller than the average values given
by Fang and Ward. The same is true for the molar ux which we found using the
temperature pro�les together with the energy balance, cf. Eq. (3). We have nevertheless
chosen to use the averages for both uxes given by Fang and Ward. This will result
in values of the transfer coe�cients that are larger. For a �rst evaluation of these
coe�cients from experimental data, this is not expected to a�ect the conclusions to be
reached. As discussed in the appendix, the vapor pressure of the liquid is not e�ected
by the small curvature of the surface.
Besides the temperatures and the pressure, one can determine two of the three inde-

pendent transfer coe�cients. In the determination of the diagonal coe�cients we shall
use two choices for kh: The �rst choice sets it zero, and therefore neglects cross e�ects.
This is not realistic, but is an approximation which is often made. The second choice
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Table 1
The uxes, the temperatures, the pressure; the vapor pressure; the concentration of the vapor and the resulting
interfacial transfer coe�cients for water

Evaporation
rate/ J ′gq = T l= T g= �sT= pg= p∗

w= c
g
w= lsqq= lsww=

�l=h mol=102m2s W=m2
◦
C

◦
C K Pa Pa mol=m3 103J=m2s mol2=104Jm2s

701 1.56 −134 −0.2 3.3 3.500 596 605 0.34 10.6 8.1 4.6 1.14
752 1.41 −133 −2.8 0.9 3.7 493 500 0.29 9.9 7.9 4.4 1.00
852 1.69 −140 −4.7 −0.5 4.2 426 433 0.26 9.1 7.1 4.6 1.05
901 2.32 −150 −5.1 −0.9 4.2 413 420 0.25 9.7 6.9 6.2 1.43
1002 2.06 −154 −8.7 −3.6 5.1 311 320 0.21 8.1 5.6 3.3 0.95
1002 1.94 −162 −7.6 −2.3 5.3 343 347 0.23 8.3 7.1 7.6 1.05
1003 2.21 −165 −7.7 −1.5 6.2 333 345 0.24 7.2 4.9 2.8 0.84
1101 2.27 −169 −10.5 −4.2 6.3 269 276 0.20 7.2 5.4 4.0 0.92
1102 2.42 −153 −10.2 −4.1 6.1 277 283 0.20 6.7 5.0 5.2 1.05
1201 2.28 −177 −11.0 −4.8 6.2 264 267 0.19 7.7 6.8 9.3 1.08
1203 2.70 −178 −10.5 −4.0 6.5 269 276 0.20 7.4 5.4 4.8 1.07
1301 2.32 −191 −11.8 −5.8 6.0 245 250 0.17 8.5 6.9 5.3 1.03
1403 2.74 −191 −12.3 −4.9 7.4 233 240 0.18 6.9 5.1 4.3 0.95
1503 2.83 −197 −13.4 −5.9 7.5 213 223 0.17 7.0 4.6 2.9 0.87
1603 2.99 −202 −14.5 −6.5 8.0 195 201 0.16 6.7 5.0 4.6 0.97

uses the value 0.18 found from kinetic theory. The value of the transfer coe�cients for
other choices may be found approximately by linear intra- or extrapolation, from the
values for kh equal to 0 and 0.18. The values obtained from Fang and Ward’s results
for water are given in Table 1.
The temperature of the water entering the evaporation chamber was 26◦C, 15◦C or

35◦C, which is indicated by superscripts 1, 2 or 3, respectively. The concentration cgw
and the pressure p∗

w were taken from Ref. [14]. There are two columns both for l
s
qq and

lsww. The �rst gives the value obtained with kh = 0 and the second one with kh = 0:18
and �vapH = 45 × 103J/mol [14]. The value of lsww is, within the accuracy, more or
less independent of cgw. The coe�cient lsqq decreases slightly with the concentration,
but is certainly not proportional. For kh=0:18 more than half of the molar ux is due
to the temperature jump.
For octane we calculate, from Fang and Ward’s results [11,22] the values given in

Table 2. The temperature of the octane entering the evaporation chamber was 26◦C.
The values of cgw and p∗

w were taken from Ref. [15]. There are two columns for both
lsqq and l

s
ww. The �rst gives the value obtained with kh = 0; and the second one with

kh = 0:18 and �vapH = 43× 103J/mol. For the experiment with ow rate of 550 �l/h
the vapor pressure of the liquid is lesser than that of the gas. For kh = 0 this results
in a negative value of lsww. This is contradictory to the second law and is therefore
impossible. We have left the corresponding place in the table blank. Therefore in this
case the cross coe�cient cannot be equal to zero. For kh = 0:18 the temperature jump
gives a positive molar ow, while the pressure leads to a negative contribution, with the
uncertainties of the pressure measurements considered. Since evaporation was observed,
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Table 2
The uxes, the temperatures, the pressure; the vapor pressure; the concentration of the vapor and the resulting
interfacial transfer coe�cients for octane

Evaporation
rate/ J ′gq = T l= T g= �sT= pg= p∗

w= cgw= lsqq= lsww=
�l=h mol=102m2s W=m2 ◦

C
◦
C K Pa Pa mol=m3 103J=m2s mol2=104Jm2s

440 9.3 −61.8 8.6 11.7 3.100 686.6 696.5 0.290 5.7 3.8 2.8 0.78
510 11.40 −73.1 4.6 8.3 3.7 530.6 535.7 0.227 5.6 4.4 5.2 0.93
550 12.5 −80.4 2.9 6.8 3.9 481.3 477.2 0.203 5.8 4.2 — 1.41
630 16.0 −92.2 −1.1 3.7 4.7 350.6 362.6 0.152 5.4 2.7 2.1 0.77
675 16.9 −93.7 −2.1 2.8 4.9 318.6 337.9 0.139 5.3 1.7 1.3 0.62

Table 3
The uxes, temperatures, pressure; vapor pressure; and the concentration of the vapor and the resulting
interfacial transfer coe�cients for methyl–cyclohexane

Evaporation
rate/ J ′gq = T l= T g= �sT= pg= p∗

w= cgw= lsqq= lsww=
�l=hmol=102m2s W=m2

◦
C

◦
C K Pa Pa mol=m3 103J=m2s mol2=104Jm2s

475 1.31 −50.1 10.7 13.2 2.50 2950.4 3067 1.240 5.7 1.4 0.89
490 1.540 −72.5 3.7 7.0 3.3 2037.2 2106 0.875 6.2 1.9 2.0 1.01
585 2.38 −88.6 −5.9 −2.1 3.9 1146.6 1124 0.509 6.2 15.8 4.84
600 2.45 −84.7 −3.5 0.1 3.6 1319.9 1316 0.581 6.4 7.4 3.11
735 2.97 −98.5 −13.3 −7.5 5.7 686.6 672.1 0.311 4.6 9.0 3.19

this shows that the coupling coe�cient is important and unequal to zero. The value of
lsww is, within the accuracy, more or less independent of c

g
w. The coe�cient lsqq appears

to change with the concentration for kh = 0:18, but is certainly not proportional. For
kh = 0:18 more than half of the molar ux is due to the temperature jump.
For methyl–cyclohexane we calculate, from Fang and Ward’s results [11,22] the

values given in Table 3.
The temperature of the methyl–cyclohexane entering the evaporation chamber was

26◦C. The values of cgw and p∗
w were taken from Ref. [15]. There are two columns for

both lsqq and l
s
ww. The �rst gives the value obtained with kh=0; and the second one with

kh=0:18 and �vapH=36×103J/mol. For kh=0; negative values of lsww are found for the
higher evaporation rates. As this is contradictory to the second law, we have left the
corresponding places in the table blank. In this case the cross coe�cient is, clearly, not
unequal to zero. For kh = 0:18 this problem disappears. For this value of kh one �nds
a negative value of lsqq for the lowest evaporation coe�cient. This suggests that kh is
probably between these values. The value of the coe�cients scatters considerably, due
to the very small di�erence between pg and p∗

w. Within this accuracy, no systematic
dependence on cgw is found.
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4. Scaling coe�cients

To compare the interfacial transfer coe�cients with the corresponding coe�cients
in the adjacent vapor phase, we introduce dimensionless scaling coe�cients [16]. We
relate the main coe�cient for heat transport to the corresponding bulk coe�cient in
the vapor by

lsqq = �
gTg

kq
�
; (11)

where kq is the scaling factor and � is the surface thickness. The thickness of the
liquid–vapor interface is of the order of 1.5 times the diameter d of the molecules
[17], the latter being usually a few Angstrom to a nm. As only the ratio kq=� matters
we take �= 1:5d in the calculations below.
The mobilities of the molecules are characterized by their self-di�usion coe�cient.

We therefore write the coe�cient, which gives the resistance to mass transport across
the surface, in terms of the self-di�usion coe�cient in the vapor as

lsww =
kwD

g
s c
g
w

�RTg
: (12)

Both kq and kw are expected to be very small, reecting the fact that the interface is
a barrier for transport of both heat and mass.
For the cross coe�cients we introduce the heat of transfer

qs∗ ≡
(
J ′gq
Jw

)
�T=0

=
lsqw
lsww

: (13)

The heat of transfer is an absolute quantity unlike the bulk enthalpies. We introduce
the following new scaling relation

qs∗ ≡ −kh(hgw − hlw) ≡ −kh�vapH : (14)

�vapH is the vaporization enthalpy. The scaling factor kh is minus the ratio of the heat
of transfer and the vaporization enthalpy.
The scaling factors are now calculated using experimental values of the thermal

conductivity of the vapor. For the self di�usion coe�cient of the vapor we use the
relation to the thermal conductivity Dgs c

g
w=2�g=3R, which follows from kinetic theory,

cf. Eq. (19) below. For water vapor at Tg = 273:9 K, we use �g = 0:018 J/Kms
[14] and obtain the values given in Table 4. For octane vapor at Tg=284:7 K we use
�g=0:0109 J=Kms [15] and obtain the values given in Table 5. For methyl–cyclohexane
vapor at Tg=265:5 K we use an estimated value of �g=0:0096 J=Kms and obtain the
values given in Table 6.
A very striking fact is that all scaling coe�cients, for the three uids considered,

have a very similar size around 10−6. This implies that temperature and chemical
potential di�erences across the surface are comparable in size with di�erences found
over a distance of about 1:5× 106 molecular diameter in the vapor. This distance is in
the order of a mm. Using the above scaling coe�cients, one may easily give reasonable
estimates of the interfacial transfer coe�cients for other uids.
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Table 4
The scaling coe�cients for water obtained from
experiment

kh = 0 kh = 0:18

kq 9.0×10−7 7.2×10−7
kw 3.2×10−6 7.1×10−7

Table 5
The scaling coe�cients for octane obtained
from experiment

kh = 0 kh = 0:18

kq 2:2× 10−6 1:5× 10−6
kw 8:8× 10−7 2:4× 10−7

Table 6
The scaling coe�cients for methyl–
cyclohexane obtained from experiment

kh = 0 kh = 0:18

kq 1:9× 10−6 3:7× 10−6
kw 9:6× 10−7

5. Transfer coe�cients from kinetic theory

Expressions for the interfacial transfer coe�cients have been derived using kinetic
theory in the gas phase. From their results [4] it follows that [10]

lsqq = 0:79
(
1− 0:40�
1− 0:46�

)
cgwRT

gv ;

lsqw = l
s
wq =−

(
0:10�

1− 0:46�
)
cgwv ;

lsww =
(

0:23�
1− 0:46�

)
cgwv
RTg

: (15)

Here � is the condensation coe�cient, v ≡ √
3RTg=M is the mean thermal velocity

and M is the molar mass. The condensation constant gives the fraction of incident
particles which, after collision with the liquid surface, are re-emitted as a Maxwell
distribution with the temperature of the liquid. Experimental values of � between 0.1
and 1 are reported. Its actual value is slightly controversial. The above expressions
are derived for monoatomic gases. Polyatomic gases have also been analysed using
kinetic theory [18], but convenient expressions are not available. We will discuss the
possible inuence of the internal degrees of freedom, and in particular their inuence
on the transfer coe�cients, in the concluding section. As it is clear from the above
expressions, lsqq varies at most 10% as a function of the condensation coe�cient, and
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Table 7
Transfer coe�cients for evaporation of water using kinetic theory

� = 1 � = 0:1 dimension

lsqq 3:5× 105 3:1× 105 J=m2s
lsqw −32:5 −1:84 mol=m2s
lsww 3:3× 10−2 1:9× 10−3 mol2=Jm2s

Table 8
Transfer coe�cients for evaporation of octane using kinetic theory

� = 1 � = 0:1 dimension

lsqq 1:5× 105 1:3× 105 J=m2s
lsqw −13:4 −0:76 mol=m2s
lsww 1:3× 10−2 7:4× 10−4 mol2=Jm2s

Table 9
Transfer coe�cients for evaporation of methyl–cyclohexane using
kinetic theory

� = 1 � = 0:1 dimension

lsqq 1:6× 105 1:4× 105 J=m2s
lsqw −15:1 −0:86 mol=m2s
lsww 1:6× 10−2 8:9× 10−4 mol2=Jm2s

the ratio lsqw=l
s
ww is independent of it. Using c

g
w = 0:285 mol=m

3, for water at 0:9◦C,
cf. Ref. [14] and Table 1 we obtain the values given in Table 7. Similarly one obtains
for octane at 11:7◦C with cgw =0:290 mol=m

3, cf. Ref. [15] and Table 2 we obtain the
values given in Table 8. Similarly for methyl–cyclohexane one obtains at −7:5◦C with
cgw = 0:311 mol=m

3, cf. Ref. [15] and Table 3 we obtain the values given in Table 9.
The values of the coe�cients for octane and methyl–cyclohexane are lesser by a

factor of about 2.5 than those of water. This is due to the molar mass ratio, which
reduces the mean thermal velocity of octane and methyl–cyclohexane by roughly that
factor relative to water. The cross coe�cients are negative. If for instance, the tem-
perature of the vapor is higher than the temperature of the liquid the pressures being
the same, a molar ow from the liquid to the vapor results. The positive vaporiza-
tion enthalpy cools the vapor relative to the liquid and reduces the thermal force. The
negative sign of the cross coe�cient is therefore in accordance with Le Chatelier’s
principle.
Comparing the kinetic theory values for the diagonal transfer coe�cients to the

experimental values, the most striking observation is that for all uids the kinetic
theory values are larger by a factor between 30 and 100 than the experimental values.
The single particle collision model for the transfer of heat and mass at the interface
seems clearly inadequate for the description of evaporation.
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For the calculation of the scaling coe�cients we use the thermal conductivity and
the self-di�usion coe�cient, as given by kinetic theory:

�g = 1
2c
g
wR‘v and Dg = 1

3‘v ; (16)

where ‘=(�d2cgwN )−1 is the mean free path and d the diameter of the molecule. The
resulting scaling coe�cients are

kq = 1:58
(
1− 0:40�
1− 0:46�

)
�
‘
;

kw =
(

0:69�
1− 0:46�

)
�
‘
;

kh = 0:44
RTg

�vapH
: (17)

Substituting the values of the various quantities for Tg=273:9 K and using an estimated
diameter d = 3 × 10−10 m, for water, we obtain the values given in Table 10. In the
calculation of kh we used �vapH =2:5RTg which is appropriate for kinetic theory. For
octane at 284.7 K we similarly obtain the values given in Table 11 using an estimated
diameter d=8× 10−10 m. For methyl–cyclohexane at 265.5 K we similarly obtain the
values given in Table 12 using an estimated diameter d= 7× 10−10 m.
Due to the estimated larger diameter of the octane and the methyl–cyclohexane

molecules, both kq and kw are larger than the corresponding values for water. It follows
that the water surface has a resistance to the transport of heat and mass which, ac-
cording to kinetic theory, is almost �ve orders of magnitude larger than the vapor over
a comparable distance, i.e. the surface thickness. For octane and methyl–cyclohexane
the same numbers are di�erent by a little over three orders of magnitude. According
to kinetic theory, one may therefore expect temperature, and chemical potential di�er-
ences, across the surface which are of the order of magnitude found over a distance
of 10 �m in the water vapor and 1 �m in the octane and the methyl–cyclohexane
vapor. The scaling factors are proportional to the third power of the molecular diame-
ter. The di�erence in the scaling factors of water with octane and methyl–cyclohexane
is consequently largely due to these di�erent diameters, or equivalently di�erent in-
terfacial thicknesses. This makes the coe�cients of octane about (8=3)3 ' 20, and
methyl–cyclohexane (7=3)3 ' 13, times larger.
Comparing the size of the scaling coe�cients with that of the experimental values,

we conclude that kinetic theory gives values which are much too large. Furthermore,
the experiments give values which do not depend on the molecular diameter as kinetic
theory does.
We �nally mention that it follows from Eq. (17) that

kw
kq
=

0:42�
1− 0:4� : (18)

This implies that kinetic theory predicts that the condensation coe�cient can be
obtained by measuring the transfer coe�cients. Furthermore, we see that kw=kq is a
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Table 10
The scaling coe�cients for water using kinetic
theory

� = 1 � = 0:1

kq 3:8× 10−5 3:4× 10−5
kw 2:8× 10−5 1:6× 10−6
kh 0.18 0.18

Table 11
The scaling coe�cients for octane using kinetic
theory

� = 1 � = 0:1

kq 7:4× 10−4 6:4× 10−4
kw 5:4× 10−4 3:0× 10−5
kh 0.18 0.18

Table 12
The scaling coe�cients for methyl–cyclohexane
using kinetic theory

� = 1 � = 0:1

kq 5:3× 10−4 4:8× 10−4
kw 3:9× 10−4 2:2× 10−5
kh 0.18 0.18

monotonically increasing function of �; with a maximum value of 0.7 for � = 1. In
the view of rather substantial quantitative and qualitative di�erence between the ex-
perimental and the kinetic theory results, it is somewhat optimistic to use this formula
together with the experimental value of this ratio. For all that it is worth, it leads to
�=0:23 for octane and �=0:5 for methylcyclohexane. For water it gives an unphysical
value larger than one.

6. Conclusions

One of the remarkable results of the experiment is that the temperature of the liquid
near the surface is, from one to ten degrees, colder than the temperature of the vapor
near the surface. Both the size and the sign are remarkable. Kinetic theory predicts the
liquid to be warmer, and the jump to be smaller.
The explanation is the magnitude of the interfacial transfer coe�cients. For evapo-

ration, all interfacial transfer coe�cients are more than an order of magnitude smaller
than the value predicted by kinetic theory. Choosing the only free parameter in the
kinetic theory, the condensation coe�cient, small is not su�cient to explain this dif-
ference. Kinetic theory uses a model in which evaporation and condensation are a
consequence of the transfer of single particles from one phase to the other. The
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experiment shows that this must be incorrect. If one considers the equilibrium ex-
change of particles between a liquid and a vapor in molecular dynamics simulations
[19], one notices the occurrence of small clusters of particles in the vapor close to the
surface and small regions with a low density in the liquid close to the surface. Given
the experimental results from Fang and Ward [11,12] we hypothesize that these clusters
and low-density regions, or in other words multiparticle events, play an important role
in the evaporation process.
To see how the di�erence in magnitude leads to such a di�erent result, we consider

Eq. (10) for the heat ux in the vapor

J ′gq =−lsqq
1
Tg
�sT − lsqwRT l ln

pgw
p∗
w
:

In the kinetic theory analysis one �nds that the terms on the right-hand side are both
large, compared to the heat ux on the left. A small value of the transfer coe�cients
invalidates this. All terms are then found to have a comparable size. Using the sign
of the various terms, one may then conclude that �sT = Tg− T l ¡ 0 in kinetic theory
while �sT ¿ 0 when all terms are of the same order of magnitude.
The experimental results give only two out of the three independent interfacial co-

e�cients. This made it necessary to choose one of them. In the relation lsqw=l
s
ww =

−kh�vapH we choose kh equal to zero or equal to the kinetic theory value 0.18, in
lack of other information. For kh = 0 there is no coupling between the heat and the
molar ux, meaning that there is no interaction between the uxes. In the second case,
when kh = 0:18, this interaction is chosen to be substantial.
We showed in Section 5 that the relative size of the scaling factors for mass and

heat transport, kw=kq = (RTg)2lsww=l
s
qq gives the size of the condensation coe�cient in

kinetic theory. For water this gives an unphysical value of �. For octane this gives
the value � = 0:23; and for methyl–cyclohexane a value 0.50. The conclusions drawn
from this, are rather tentative because one may question the validity of the relation.
Regarding the value of the condensation coe�cient, we may suggest that it is proba-
bly smaller for molecules with a larger number of internal degrees of freedom. It is
known that the interfacial transfer coe�cients depend on internal degrees of freedom,
both for kinetic theory [18] and molecular dynamics [20]. The experimental value
of lsww depends rather strongly on the value of kh used. It would be very useful if
the o�-diagonal coe�cient, in the matrix of transfer coe�cients, would be measured.
This will give a more reliable value of lsww. Furthermore this would give some in-
sight to the value of the condensation coe�cient and make the overall picture, regard-
ing, for instance, the dependence on the number of internal degrees of freedom more
complete.
The use of scaling coe�cients is common in engineering. We have introduced such

coe�cients here and found their experimental value to be of the order of 10−6 for
the uids considered. While we are waiting for more experimental data to accumulate,
scaling coe�cients may be used to estimate interfacial transfer coe�cients for other
uids. Large temperature e�ects are often observed following sudden pressure
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reductions in large tanks of hydrocarbon liquids. Interfacial transfer coe�cients can
be used to model such phenomena more accurately.
Ward and Fang [21] have presented the statistical rate theory, to explain the mass

and heat ux through the surface. We have not tried to obtain explicit expressions
for the interfacial transfer coe�cients from their theory, like we did for the kinetic
theory. More studies of their formulae are required in order to cast them in a form
enabling the identi�cation of the transfer coe�cients. We want to emphasize that,
contrary to what is said by these authors, their experimental results are in perfect
agreement with nonequilibrium thermodynamics. Nonequilibrium thermodynamics is in
agreement with both kinetic theory and statistical rate theory, provided, one uses the
transfer coe�cients predicted by these theories. The only thing that disagrees is the
value of these coe�cients as predicted by kinetic theory with the values obtained from
experiment. One may therefore conclude, as Fang and Ward do [11,12,21], that kinetic
theory is not su�cient in this case.
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Appendix : the vapor pressure of a droplet

In the experiment the surface was curved. Rather than expanding the Kelvin equation
for the vapor pressure of a liquid droplet in the curvature we derive the result below
for the small curvature directly. Consider for this purpose, a droplet of liquid, with
a radius R; in equilibrium with, and surrounded by, its vapor. As we see in Eq. (2)
the pressure of the liquid is higher than the pressure of the vapor. If the surface is
at the curvature is zero, 2=R= 0: The pressures of the liquid and the vapor for �nite
curvatures are most easily calculated using an expansion in the curvature. If we notate
the uniform pressure and chemical potential for the at surface as p0 and �0; we
have

pl =p0 +
(
@pl

@�l

)
T
(� − �0) = p0 + cl0(� − �0) ;

pg =p0 +
(
@pg

@�g

)
T
(� − �0) = p0 + cg0(� − �0) ;

where cl0 and c
g
0 are the equilibrium molar densitites of the liquid and the vapor, re-

spectively, for a temperature T = T l = Tg; a chemical potential �0 and a at interface.
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Together with the Laplace relation for the pressure di�erence one then �nds for the
chemical potential di�erence

� − �0 = 2
R(cl0 − cg0)

:

It follows that the liquid and the vapor pressure for a curved surface is given by

pl =p0 +
2cl0

R(cl0 − cg0)
;

pg =p0 +
2cg0

R(cl0 − cg0)
:

The vapor density is many orders of magnitude smaller than the liquid density. In the
experiment [11,12] the contribution to the vapor pressure due to the curvature is less
than 1 mPa and therefore not important. The pressure in the liquid is raised by, in very
good approximation, the full capillary pressure, which is in the order of 3 Pa, above
the vapor pressure.
For a given temperature, T; and droplet radius, R; all other properties are known.

Using Clausius–Clapeyron for a at interface, one can �rst obtain the chemical poten-
tial, �0, and the pressure, p0: Eqs. (1) and(2) then give the chemical potential of the
droplet, �, and the pressures inside and outside the droplet, pl and pg, respectively.
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