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Abstract

The evaporation and condensation coe�cients of water are extensively analyzed considering also data hitherto not
taken into account. From the performed evaluation, a decline of both coe�cients with increasing temperature and
pressure is derived. For water, the condensation coe�cients is generally higher than the evaporation coe�cient.

Evaporation and condensation coe�cients exceed 0.1 for dynamically renewing water surfaces, while the analysis
reveals coe�cients below 0.1 for stagnant surfaces. The in¯uence of impurities and surface active substances, as well
as the e�ect of the dynamic surface tension is discussed. 7 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Condensation; Evaporation; Phase change

1. Introduction

Despite intensive research, many questions of evap-
oration and condensation have remained unsolved due
to numerous interdependent parameters and the com-

plexity of the corresponding physical mechanisms. The
evaporation coe�cient KE and the condensation coef-
®cient KC are used to calculate the net mass ¯ux at a

plane phase boundary from kinetic theory:
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Eq. (1) is known as Hertz±Knudsen±Schrage Equation

[85], or Kucherov±Rikenglaz-Equation [49], respect-

ively. For a curved interface, an analogous equation
has been derived [60]. A more complex kinetic evapor-
ation and condensation equation taking into account
the velocity distribution of the re¯ected molecules is

given by Ytrehus [103]. An overview on interphase
mass transfer is given by Rose [81].
In many publications, the evaporation coe�cient is

not distinguished from the condensation coe�cient,
both terms are rather used synonymously. Often the
simpli®cation

KE �KC �K �2�
is introduced into Eq. (1).
The mechanisms involved in condensation and

evaporation at an interface are sketched from a
molecular view point in Fig. 1. Impinging molecules
from the vapour phase can be re¯ected back into

the vapour or can be absorbed by the liquid. Fur-
thermore, some kind of replacement is possible,
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with vapour molecules replacing the same number

of liquid molecules in the interface. The mechanisms

are analogous for evaporating molecules, as depicted

in the lower half of Fig. 1.

For an interface in equilibrium, the net mass ¯ow

rate is zero, as the number of evaporating molecules

equals the number of condensing molecules. There-

fore, Eq. (2) is valid especially for the state of equi-

librium. As the interface is usually in a state of

non-equilibrium, the identity of the condensation

and evaporation coe�cient cannot generally be

assumed. Moreover, there is no physical reason for

Eq. (2), as capture and emission of molecules at an

interface depend on di�erent physical mechanisms

[42,63]. Picker [74] con®rmed the validity of Eq. (2)
from growth and condensation experiments of R11

vapour bubbles. However, this ®nding cannot be
generalized for all substances.
To correlate experimental data of evaporation rates

with theoretical predictions, Knudsen [43] de®ned the
evaporation coe�cient as:

KE � number of molecules transferred to the vapour phase

number of molecules emitted from the liquid phase

�3�

KE < 1 implies an incomplete evaporation with some

of the molecules emitted from the liquid not remaining

Nomenclature

KC condensation coe�cient
KE evaporation coe�cient
_m�net net mass ¯ow rate per unit area (kg sÿ1mÿ2)
M mass per mole (kg molÿ1)
p pressure (N mÿ2)
R universal gas constant (J molÿ1 Kÿ1)
T temperature (K)

W temperature (8C)
vv speci®c vapour volume (m3 kgÿ1)

Subscripts
l liquid
v vapour

Fig. 1. Molecular mechanisms of condensation and evaporation at a liquid±vapour interface.
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in the vapour phase, but returning to the liquid again.
KE � 1 represents a perfect evaporation with all mol-

ecules being emitted from the liquid remaining in the
vapour phase.
In analogy, PruÈ ger [76] de®ned the condensation

coe�cient as:

KC � number of molecules absorbed by the liquid phase

number of molecules impinging on the liquid phase

�4�

KC < 1 denotes an incomplete condensation, i.e. not
all vapour molecules striking the interface are absorbed
by the liquid, while KC � 1 represents a complete con-

densation.
Assuming an ideal gas and neglecting interactions

between individual molecules in kinetic theory, the
de®nitions of the evaporation and the condensation

coe�cients do not include real gas e�ects, as well. The
experimental evaluation of phase change coe�cients
therefore rather re¯ects the ratio of measured coe�-

cients to theoretical values predicted by kinetic theory.
Thus, the coe�cients de®ned in Eqs. (3) and (4) can
also be understood as the adaptation of experimental

data to simpli®ed theoretical predictions taking into

account real gas e�ects and peculiarities of the method
of measurement employed.

Generally, evaporation and condensation coe�cients
can be obtained theoretically from molecular dynami-
cal calculations or empirically from evaporation or

condensation experiments. Due to its technical import-
ance and the availability of numerous data, the phase
change coe�cients of water are chosen in the follow-

ing.

2. Theoretical predictions of phase change coe�cients

From molecular data, the evaporation and the con-
densation coe�cients of a substance can be derived by

means of statistical mechanics and theoretical physics.
For non-polar substances, such as CCl4, good agree-
ment between measured and theoretical values is
obtained, whereas for water deviations of nearly two

decades are observed (Fig. 2). According to some
models [23,44], the condensation coe�cient of water
increases with increasing pressure contrary to exper-

imental data, as shown in the following section.
Several authors [17,23,65,102] derive evaporation

and condensation coe�cients from the free angle ratio

of the water molecule. Danon [15] calculates the evap-

Fig. 2. Theoretically predicted evaporation and condensation coe�cients of water.
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oration coe�cient from the internal evaporation
energy of a molecule, while Kochurova [44] uses the

hole potential. Matsumoto et al. [61] determine con-
densation coe�cients from molecular dynamics compu-
ter simulations.

3. Analysis of experimental data

Evaporation and condensation are not only import-

ant in technical equipment, but also in other ®elds.
For example, the formation and dissolution of clouds
is decisive for weather forecasting. However, the data

provided by geophysics and meteorology are usually
not considered in the reviews of evaporation and con-
densation coe�cients. For water, numerous experimen-
tal values of the evaporation coe�cient [2±5,7,8,11±

13,16,17,20,22,27,28,32±35,41,45,47,53±56,62,67,68,76±
80,83,90,94] and the condensation coe�cient [9,10,14,
21,23±27,29,30,38,39,54±56,59,64,66,69±71,83,86,90±92,

95±97,99,101] are available. Their determination is
quite di�cult, as the temperature at the interface,
which jumps within a few molecule layers, cannot

directly be measured. The calculation or extrapolation
of the interface temperature from a known bulk tem-
perature of the liquid or vapour is usually associated

with errors.

Unlike in this article, some of the works analyzed do
not strictly distinct between evaporation coe�cient and

condensation coe�cient (Figs. 3 and 4). Rectangles
with corners and straight lines with end points depict
regions with no distinct data points available. Like the

theoretically calculated coe�cients above (Fig. 2), the
experimental data scatter over several decades. A
unique determination of evaporation and condensation

coe�cients as a typical property of water dependent
on temperature and pressure is not possible. Thus, a
categorization of the experimentally determined coe�-

cients into two groups is suggested:

0:1RKE�C� < 1:0 �group I� and

KE�C� < 0:1 �group II� �5�

Most of the data of the evaporation coe�cient can be

categorized into group II (Fig. 3), while most of the
condensation coe�cients fall into group I (Fig. 4).
The performed analysis reveals the condensation

coe�cient of water to be higher than the evaporation
coe�cient. This is con®rmed by Rubel and Gentry [83]
for water �KC11:2 � KE� and by microgravity exper-

iments for growth and condensation of vapour bubbles
in R11 [87].
The experimental methods and setups for measuring

the phase change coe�cients greatly di�er. An over-

Fig. 3. Evaporation coe�cient of water as a function of pressure.
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view is given, among others, in [34,36,42,73,75] and
concisely in the Tables 1 and 2 below.

In the ®rst evaporation experiments [2,3,80] from a
stagnant water surface in a glass vessel into vacuum,
evaporation coe�cients ranging from 0.004 to 0.015

were deduced. Objections against these low values
mainly base on the measurement of surface tempera-
tures with thermocouples and the cooling of the inter-

face by evaporation.
However, the evaporation coe�cient of CCl4 was

determined very exactly near unity with the same ap-

paratus [2,3]. Thus, the substance itself seems to have
an in¯uence, too. In subsequent experiments Alty [4,5]
determined the surface temperature from the surface
tension of an evaporating water drop and found

evaporating coe�cients an order of magnitude higher,
between 0.01 and 0.06.
Tschudin [93] attributed the low evaporation coe�-

cient to the high dipole moment of the water molecule.
The low evaporation coe�cient of polar liquids is
usually explained by the orientated liquid surface and

the adsorbed gas layer due to the high dipole moment
[88,102].
The grouping according to Eq. (5) also applies for

the experimental methods. Experiments with a stag-
nant, quasi-static interface �KE�C � < 0:1� and exper-

iments with a continuously renewing, dynamical
interface �KE�C �r0:1� can be distinguished. The

meniscus in a glass vessel can be regarded as a quasi-
static surface, while a rapidly moving water jet with its
short contact time to the surroundings of a jet tensi-

meter [32,34,35,38,39,54±56] is continuously renewing.
The contamination of a quasi-static water surface

signi®cantly impedes evaporation, as the impurities ac-

cumulate along the interface and are not carried away.
Due to the high dipole moment, water surfaces are
very sensitive to contamination. This explains the con-

sistency of the evaporation coe�cient with theoretical
values for non-polar substances, such as CCl4 [2,3].
Contrary to stagnant surfaces, renewing surfaces are
less sensitive due to their short exposure time. The

greater impediment of surface contamination for evap-
oration explains the generally higher values of the con-
densation coe�cient compared to the evaporation

coe�cient. The condensation coe�cients of group II
were mainly gained from droplet growth experiments
on atmospheric nuclei or NaCl aerosols in cloud

chambers, where the accumulation of contaminants
along the interface cannot be excluded. In experiments
with ®lm condensation (group I) mainly higher con-

densation coe�cients are reported due to the move-
ment of the ®lm surface.

Fig. 4. Condensation coe�cient of water as a function of pressure.
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4. Pressure and temperature dependency

The condensation coe�cient of water measured in
direct contact condensation by Finkelstein and Tamir
[21] can be correlated with a reference pressure of p0 �
1 bar (Fig. 4):

KC� p� � 5:9083 � 10ÿ3 �
�
p

p0

�ÿ1:3686
�6�

In contrast to theoretical predictions [44], both coef-
®cients decrease with increasing pressure (Figs. 3 and
4), which can be explained by real gas e�ects. A similar
pressure dependency is well-known from ®lm conden-

sation of metal vapours [1,48,50,89].
Komnos [46] takes into account deviations of the

vapour from the ideal gas behaviour by correlating the

condensation coe�cient of water with the speci®c
vapour volume vv� p�:

KC� p� � 0:05 � vv� p�
vv� p0 � 1 bar� � pR70 bar� �7�

The decline of the condensation coe�cient with

increasing pressure according to Eqs. (6) and (7) is
shown in (Fig. 5). Although not obvious from theory
[98], the experimental data imply the evaporation coef-

®cient and the condensation coe�cient of water to
depend on both pressure and temperature.

5. Dynamic surface tension

For water, decreasing condensation and evaporation
coe�cients with time over two decades are reported by
several authors [10,27,38,40]. Vietti and Fastook [97]
observe a decline of the condensation coe�cient from

1.0 to approximately 0.1 for water droplets in a CO2

atmosphere. Declining evaporation and condensation
coe�cients with time are not only reported for water

(dipole moment 1.8), but also for less polar ¯uids, e.g.
R11 (dipole moment 0.5) [74,87].
Pure, freshly formed water surfaces show a higher

surface tension than older ones. Lenard [52] in 1887
seems to be the ®rst to observe a decrease in the sur-
face tension of a water surface after its formation, a
phenomenon termed as dynamic surface tension. The

relaxation of the surface tension of water at di�erent
temperatures is depicted in Fig. 6 [84].
Typical relaxation times to reach stationary values

of surface tension lie in the order of milliseconds.
After the formation of a surface, the molecules need
about 10ÿ10 s to orientate. Thus other mechanisms

than the orientation of the molecules at the interface
must be involved. Pallasch [72] reports a dependency
of the dynamic surface tension from the velocity of the1
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Fig. 5. Condensation coe�cient of water at di�erent pressures.

Fig. 6. Dynamic surface tension of water at di�erent temperatures.
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surface. For motions faster than 2 m/s, the surface
should be regarded as dynamic.

Evaporation and condensation coe�cients depend
on the structure of the interface [102]. The energy for
the molecules to separate from the interface or to be

caught by it depends on the equilibrium of the inter-
face. Just after their formation, surfaces do not
have reached this equilibrium and therefore show

higher evaporation and condensation coe�cients. This
is supported by jet tensiometer experiments
[32,34,35,38,39,54±56] with exposure times of the jet of

about 1 ms, when the static surface tension has not
been reached yet (Fig. 6).

6. Surface active substances and impurities

Measuring the evaporation coe�cient of mercury
Knudsen [43] observed a similar scattering as with

water. With a contaminated mercury surface, Knudsen
found a value of 0.0005, while a cleaner surface yielded
about 1/9, a value previously determined by Hertz [31].

For a very clean surface, an evaporation coe�cient
near unity was measured.
The surface of water is very sensitive to impurities.

Contrary to alcohols and R113, Weinzierl [100] did

not observe the onset of thermocapillary convection

with water surfaces. Moreover, the velocity of a clean

water surface induced by Marangoni convection is an

order of magnitude higher compared to a surface with
impurities [37].

Mache [57,58] noticed a strong reduction in the

evaporation of water in glass vessels due to the ac-

cumulation of dissolved glass components on the water

surface and the formation of a thin glass ®lm. Glass
vessels washed out by permanent use, however, showed

a smaller reduction. The experiments of PruÈ ger [76±79]

con®rmed Mache's glass e�ect. Cammenga et al. [12]
determined an evaporation coe�cient of 0.002 for

water in a glass vessel. Replacing the glass vessel by a

copper capillary evaporation coe�cients two orders of
magnitude higher between 0.25 and 0.38 were

measured in the same apparatus.

Rideal [80] observed a reduction in the evaporation

coe�cient of 20 to 50% for water covered with di�er-

ent fatty acids. Experiments with alcohols as surface
active substances show an even higher reduction of

nearly two decades (Fig. 7). The enormous impediment

of evaporation from water surfaces by surface active
substances is also con®rmed by experiments with

mono glycerides, fatty acids, and fatty alcohols [82].

The smallest concentrations of a surface active sub-

stance in the range of some ppm reduce the evapor-

ation coe�cient of water to values around 3.5 � 10ÿ5

Fig. 7. Reduction of the evaporation coe�cient of water by surface active substances.
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[18]. Similar results (6.8 � 10ÿ5 with cetyl alcohol and
3.5� 10ÿ5 with fatty alcohols) are presented by Bakha-
nova et al. [6]. More decisive than the thickness of the

layer of surface active molecules is their degree of
interface coverage (Fig. 8) [19,51,83].

7. Conclusion

The frequently applied assumption that evaporation

and condensation coe�cients are constant properties
of a substance is not con®rmed by the analysis carried
out for water. Evaporation and condensation coe�-

cients of water obtained theoretically or experimentally
rather scatter in a range of more than two decades
with the condensation coe�cient exceeding the evapor-

ation coe�cient. Both coe�cients decrease with
increasing temperature and increasing pressure.
Due to the dynamic surface tension and a reduced

sensitivity to impurities, evaporation and condensation

coe�cients measured on dynamically renewing sur-
faces, such as jets or moving ®lms, are higher than
those on quasi-static, stagnant surfaces.

Surface active substances and impurities tend to ac-
cumulate at interfaces and reduce the evaporation and
condensation coe�cients of liquids. Even small con-

taminations of the surface signi®cantly reduce the
interfacial mass transfer. Evaporation and conden-
sation in glass vessels can strongly be hindered by the

accumulation of dissolved glass components on the
interface.
An intensi®ed research in both theoretical and exper-

imental methods for the determination of evaporation
and condensation coe�cients is desirable. Further-
more, de®ning both coe�cients to correlate experimen-

tal and theoretical mass transfer rates at an interface
implies that real gas e�ects should be included in the
equations of kinetic evaporation and condensation to

provide better theoretical models for phase change pro-
cesses.
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