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KINETIC THEORY OF TRANSFER PROCESSES

CONDENSATION COEFFICIENT: DEFINITIONS, ESTIMATIONS,
MODERN EXPERIMENTAL AND CALCULATION DATA

A. P. Kryukov,? V. Yu. Levashov,® and N. V. Pavlyukevich” UDC 533.72; 538.9

A brief analysis of different approaches to the calculation and measurement of the condensation coefficient of a
vapor is presented. It is shown that, on frequent occasions, calculations give values of this coefficient that are at
variance with the corresponding experimental data and that the condensation coefficient is determined most exactly
on the basis of the molecular-kinetic theory. It was established that the spread in the literature data on the measured
values of this coefficient is explained mainly by the fact that these values were obtained not in the immediate vicinity
from the boundary between the gas and liquid phases but at a large distance (as compared to the mean free path
of molecules) from it. Results of calculations of the condensation coefficient of argon by the method of molecular-
dynamic simulation are presented.

Keywords: condensation coefficient, velocity-distribution function of molecules, molecular-kinetic theory, molecular-
dynamic simulation.

Introduction. In the case where the processes of evaporation of a liquid and condensation of a gas (vapor) on its
surface are investigated by the method of continuous-medium mechanics, corresponding boundary conditions are formulated
depending on the features of the gas flow in a thin (Knudsen) layer [1]. The parameters of this flow are determined by the
Boltzmann kinetic equation, for solution of which it is necessary to know the velocity-distribution function f; of the gas
molecules flying from the phase boundary. It was shown in [2] that, of all the gas molecules falling on the surface of a liquid,
only their part determined by the coefficient B is condensed on this surface, and the other part of the molecules (1 — p) is
reflected from it. Thus, in the general case, the function f; determining the velocity distribution of the molecules flying from
the surface of the condensed phase is divided into two parts, the first of which f. defines the evaporated molecules and the
second one f; defines the molecules reflected from the interface:

Jo=fer (=B .

Here, the condensation coefficient {3 is determined as the ratio between the number of the molecules condensed on the liquid
surface and the number of the molecules falling on it.

The authors of [3] investigated the evaporation of a liquid in a vacuum and established that the distribution function
f+ is fairly close to the Maxwell function. It was shown in [4] that, in the case where molecules are not reflected from the
surface of a liquid in the process of its evaporation—condensation, "it would be reasonable to suggest that the molecules flying
from the interface have a Maxwell velocity distribution." In [5], it was shown on the basis of the comparison of the results
of the molecular-kinetic and molecular-dynamic calculations of the evaporation of a liquid in a vacuum that the velocity-
distribution function of the molecules-flying from the interface corresponds to the semi-Maxwell semifunction in the case
where the mass-flow velocity and the evaporation-surface temperature are equal to zero. Thus, to determine the velocity-
distribution function of the molecules flying from the surface of a condensate, it is necessary to know the coefficient of
condensation of molecules on this surface.

Methods of Determining the Condensation Coefficient. The notions of the coefficients of evaporation and
condensation were introduced by M. Knudsen [6], who determined the evaporation coefficient as the ratio between the
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number of the molecules escaped from a liquid and the number of the molecules moving from the boundary between the
liquid and the gas with zero Maxwell velocity and saturation density corresponding to the temperature of the interface. At
a later time, this scheme of evaporation was called the diffusion. It is frequently supposed that the evaporation coefficient
is equal in value to the condensation coefficient; however, it was shown in [7] that this supposition is correct only for the
equilibrium state. It was established in [8] that the coefficients of evaporation 3, and condensation . of helium II are close
to unity in the case of its low-intensity evaporation; in this case, B = .

Different definitions of the condensation coefficient exist. For example, in [9], this coefficient was determined on
the basis of the transient-state theory. In the series of works of Japanese authors [9-13], the condensation coefficient was
determined by the method of molecular-dynamic simulation (MDS). In [10], the process of evaporation—condensation on the
surface of argon at a temperature of 80 K was considered and its was shown that, for the equilibrium state of a liquid, the
popular notion that the condensation represents a monomolecular reaction and the condensation coefficient is determined by
the number of the vapor molecules reflected from the surface of a liquid is not always true. The point is that a gas molecule
can be found on the surface of a liquid for a definite time with no transfer of its energy to the liquid, and then it can re-
evaporate. In this case, it is impossible to differentiate the reflection from the re-evaporation and, in addition, molecular
exchange is possible, with the result that the gas molecule falling on the surface of the liquid "dislodges" a liquid molecule
from its surface. Therefore, to investigate the condensation process in detail (to follow the behavior of every molecule), it
is necessary, in the view of the authors of [10], to estimate the energy transferred by a gas molecule falling on the surface
of a liquid to the liquid molecules. Using this approach, the authors of [10] obtained, for the equilibrium state, the value 0.8
for the condensation coefficient. Analogous ideas were proposed in [11], where it was noted that an atom can be considered
as condensed if it acquires a kinetic or a potential energy typical for the liquid atoms. In [12], with the use of correlation
functions allowing one to determine the ratio B, between the number of the gas molecules reflected from the surface of
a liquid and the number of the gas molecules colliding with this surface, as well as the ratio Peycn between the number of the
molecules participating in the molecular exchange and the total number of collisions, the following expression was obtained
for the condensation coefficient: § = 1 — (B, + Pexcn)- The authors of this work note that the molecular exchange is of crucial
importance for any liquid (water, organic compounds). Dependences of the coefficients of condensation 3, reflection 3, and
molecular exchange Beycp on the temperature of the surface of a liquid in the equilibrium state, obtained in [12], are presented
in Fig. 1. It is interesting that, when the molecular exchange is disregarded, i.e., when it is assumed that § = 1 — {3, the
condensation coefficient is equal to ~0.9 throughout the temperature range being considered.

In [13], the following processes were investigated by the MDS method: 1) the evaporation—condensation of a pure
liquid in the case where the liquid—vapor system is in the equilibrium state; 2) the evaporation—condensation of this liquid under
the nonequilibrium conditions, and 3) the evaporation—condensation of a liquid mixture. The authors of this work separated
four types of behavior of a gas (vapor) molecule near the boundary between a gas and a liquid: evaporation, reflection,
condensation, and molecular exchange. They determined the condensation coefficient as the ratio between the number of
the condensed molecules and the total number of the molecules falling on the surface of the liquid. Their calculations have
shown that the condensation coefficient depends on the temperature of the liquid (Fig. 1). The authors of [13] speculated
that this dependence is due to the molecular exchange. They note that, in the case where a condensate has a low temperature,
the number of the liquid-phase molecules found near the interface is much larger than at a high temperature. In this case,
the energy of a falling molecule is effectively scattered and, as a result, the molecule is condensed practically completely.
However, when the number of the molecular bonds in a liquid is small, the energy of a falling gas molecule is transferred
to a small number of liquid molecules, with the result that re-evaporation can take place, i.e., the falling gas molecule and
a liquid molecule can exchange places. Moreover, it is shown in [13] that the coefficients of evaporation and condensation are
more difficult to determine under nonequilibrium conditions. In this work, the situation where a hot vapor of argon contacts
with a cold liquid argon film was considered. The initial temperature of the vapor was equal to 150 K, the temperature of the
liquid was equal to 80 K, and the density of the vapor was critical (1/3). An examination of the liquid—vapor system with the
indicated initial parameters during 100 ps gives the value of the condensation coefficient 3 = 0.9, which differs from the value
0.8 of this coefficient obtained under the equilibrium conditions.

The condensation of gas molecules on the surface of a liquid with transfer of their energy to the liquid molecules
was investigated by Langmuir [2, 14], who supposed that the time necessary for the scattering of the energy obtained as
a result of the collision of a gas molecule with one or several molecules on the surface of the liquid corresponds, in order of
magnitude, to the period of vibrations of the liquid molecules in the condensed state. Taking into account the fact that energy
is transferred rapidly from molecule to molecule, Langmuir speculated that the condensation coefficient is equal to unity. The
authors of [15], where the condensation of a water vapor on the surface of a water with a temperature ranging from 268 to
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300 K was investigated by the MDS method, also inferred that the condensation coefficient is close to unity for the indicated
temperature range. It was shown in some works that the condensation coefficient depends on the vapor pressure [7, 16] and
the temperature of the condensed phase [13].

A large number of works were devoted to the experimental determination of the evaporation and condensation
coefficients of substances. It should be noted that the values of the condensation coefficient obtained in these works fall
within the fairly large range. For example, the experimentally determined values of the condensation coefficient of water
vary from ~102to 1. The experimental values of this coefficient presented in review [7] range from 0.006 to 1.00. The values
of the condensation coefficient of water determined in [17, 18] fall within the range from 0.4 to 1.0. It is noted in [15] that
the value of this coefficient determined in different experiments range from 0.01 to 1. It seems likely that the large spread
in the experimental data on the condensation coefficient of water, obtained in the indicated works, is explained by the fact
that this coefficient was measured by the nondirect method, i.c., at a large distance (as compared to the mean free path of the
vapor molecules) from the interface. Moreover, even small differences between the experimental conditions (the presence
of an impurity on the condensation surface, the difference between the temperatures of the surfaces of the liquids being
investigated, and so on) can have a crucial influence on the measurement results [12, 19, 20].

The aforesaid allows the conclusion that the condensation coefficient is determined most exactly from the standpoint
of the molecular-kinetic theory, because it is precisely this theory in which a clear geometric boundary between the gas and
liquid phases, called the interface, at which the condensation coefficient should be determined, is used. However, in actual
practice, the boundary between the gas and liquid phases is not clearly defined, i.e., it represents a thin transient layer (in
the molecular-dynamic scale) with a density changing from the density of the liquid to the vapor density. The thickness of
this layer comprises several distances between the molecules (atoms) in the condensed phase [5, 12]. From the standpoint of
molecular dynamics, a clear boundary between the phases is also absent. The position of this boundary can be determined
only with certain assumptions.

It seems likely that the problem on the boundary between the phases is more simply solved from the standpoint of the
continuous-medium mechanics. Actually, since the spreading of the vapor—liquid interface is substantially smaller than the
characteristic scales used in the continuous-medium mechanics, it may be suggested that the boundary between the gas and
liquid phases is close to the nonspread geometric boundary between them. However, in this case the above-presented definition
of the condensation coefficient becomes not entirely correct. If the condensation coefficient is determined as the ratio between
the number of molecules falling on the surface of a liquid and remaining on it and the total number of molecules flying to
this surface, the following contradictions arise. The molecules flying to the surface of the liquid can interact repeatedly (as
a result of the collisions) with the vapor molecules found near the interface and, as a result, can reflect back to the gas phase.
It is significant that, in this case, the molecules do not reflect from the interface, which, apparently explains literature data
suggesting that the condensation coefficient decreases with increase in pressure. Actually, an increase in the pressure leads
to an increase in the frequency of intermolecular collisions; because of this the probability that a molecule will reflect before
it reaches the condensation surface increases. It may be that a flow of molecules moving from the boundary between a gas
and a liquid as a result of the evaporation of the liquid will reflect completely the flow of molecules flying to the surface of
the condensed phase. In this case, the condensation coefficient should be close to zero, because neither of the molecules will
reach the surface of the condensed phase.

Kinetic Analysis of the Condensation Process. It should be noted that when the evaporation of a liquid and the
condensation of a vapor on its surface are investigated from the standpoint of the molecular-kinetic theory, it is assumed
that the temperature of the interface is known and remains constant throughout the evaporation—condensation process.
Consequently, it is important to determine the condensation coefficient at a constant temperature of the condensation surface.
Because of this, in the present work, the coefficient of evaporation of a liquid and the coefficient of condensation of a vapor on
its surface were determined for the case where the temperature of the interface remains unchanged and the molecules flying
to it have definite parameters. The obtained values of the evaporation and condensation coefficients should characterize the
ability of the phase boundary to absorb or reflect the molecules falling on it.

If all the molecules flying to the boundary between the gas and liquid phases remain on it, i.e., if they are condensed
during the kinetic-relaxation time (in the molecular-kinetic time scale), the condensation coefficient, by definition, is equal to
unity. Consequently, it makes sense not to try to make a comprehensive molecular-dynamic description of the condensation
process but only to determine (simulate) the conditions at which all the molecules falling on the condensation surface adhere
to it, including due to their penetration into this surface.

n [21], the approximate expressions for the boundary "conditions of slipping" in the process of evaporation of
a liquid and condensation of a vapor on its surface are presented. These expressions were obtained for a two-component
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mixture without considering the Knudsen layer on the assumption that the flow of molecules escaped from the surface of

the liquid (y = 0) consists partially of the evaporated molecules determined by the coefficient § and the molecules reflected

diffusely from the heated liquid surface on condition that the evaporation coefficient is equal to the condensation coefficient.
The following relations are true for a one-component gas:

26 (Ps (hy) P, ]
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The first of these relations can be also used for a two-component mixture on condition that the pressures involved in it are
the partial pressures of the evaporating and condensing components. In this case, the equality (7, — 7o)/ Tpp << 1 should
be fulfilled.

In the late 1970s, the following approximate formula was proposed for calculating the density of a stationary one-
dimensional mass flow of a condensing vapor propagating with a subsonic velocity [22]:

_ T
=167 25l yosim| L= e |l (1)
\IZTERTOO Ps Tco

This relation was obtained for the case where the molecules falling on the surface of a liquid are completely condensed, i.e.,
the condensation coefficient is equal to unity. In [23], an equation for calculating the evaporation—condensation process by
the diffusion scheme of reflection of molecules from the interface at arbitrary evaporation and condensation coefficients has
been derived.

In the case where the condensation coefficient differs from unity, formula (1) takes the form

. L - R By [Tpo
|]|B¢1|—1.67m{1+0.511n(1)0 . ]} (1a)

The following relation is true for an ideal gas:

By = poRT,y - )
In accordance with [23],
po=p, [1= 2P/ = ps =B W) (3)
B RTp.b B RTp.b
N 2n N 2n

The system of three equations (la), (2), and (3) includes, at definite values of 7}, , Ps, T, and Py, the three unknowns | j| =
| Jj |l3¢1| , Po, and Py, which can be determined from the solution of the indicated equations.

In 1988, an author of the present work [24] obtained an equation for determining the minimum (limiting) value of
the condensation coefficient fj;,, at which condensation with a stationary one-dimensional vapor flow propagating with
a definite velocity u,, is possible. This equation was obtained in the following way. Since | j| = pwh#1 [us), Eq. (3) can be
written in the form
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In the case where the condensation coefficient is not equal to unity, ps can be replaced by p, and the following relation can

be used:
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Let us substitute py from (5) into (4) and determine, from the expression obtained, the quantity p,, e
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From this expression, one can determine the minimum condensation coefficient at which the condensation with a definite
rate u,, is possible. In this case, the denominator of (6) is zero, i.e., the quantity p,, tends to infinity. In the final analysis,
from (6) we obtain
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Sometimes it is useful to express formula (7) in terms of the Mach number. For example, in the case of monoatomic gas,

where the velocity of sound is calculated by the formula o, = é RT,, , we obtain

1
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The use of formula (1), where j = ”prO'B:l , in combination with formula (8) in the case where the mach number is
determined as M, = u,/a,, gives the following expression for Bjjm:
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|B_1 =4 and Ti =2, Bjim = 0.84. Consequently, at (};,, < 0.844, condensation is impossible.
s p.b
Formulation of the MDS Problem. The coefficient of condensation of a vapor on the surface of a liquid film
simulated by a system of N molecules in the form of a parallelepiped with sizes L, x L, x L, (Fig. 2) is determined.

The interaction between the ith and jth molecules is determined by the Lennard-Jones potential:
12 6
UGy) = 4 (3] - {EJ : (10)
j Tij
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Fig. 1. Dependences of the condensation, reflection, and molecular-exchange coefficients
on the surface temperature of a liquid: 1) B=1-P; 2) B=1— (B + Pexcn); 3) Br + Bexchs
4) Bexehs 5) Br.

Fig. 3. Trajectories of the particles interacting with the liquid surface at 7y = 1.07 and
Tjiq = 0.25.
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and the movement of molecules is defined using the molecular-dynamics method and the second Newton law

F,=m—-~, i=1..,N, (11)

where F; is the interaction force determined by differentiation of potential (10) and m; is the molecular mass.

The following dimensionless quantities were used in the calculations: the diameter of a molecule ¢ was used as the
length unit, the potential well depth & was used as the energy unit, the quantity c./m/48¢ was used as the time unit, and the
quantity &/k was used as the temperature unit. The dimensionless temperature was determined by the formula

1 N
T=WZVI-2, (12)

i=

—_

where V; =v; —u.

For integration of Eq. (11), the initial coordinates and initial velocities of the molecules are prescribed. It is assumed
that initially molecules are positioned at the sites of a simple cubic lattice inside the parallelepiped being considered and their
velocities are distributed randomly in value and direction. In this case, the velocities of the molecules are normalized such
that the temperature of the system formed by them, determined by their mean kinetic energy, has a definite value. The total
number of molecules in the system N = 8000.

At the initial stage of simulation of the condensation of a vapor on the surface of a liquid having a definite temperature,
the system is brought into the equilibrium state. At first, the temperature of the liquid is calculated in intervals of 10 time
steps, and the values obtained are compared with the prescribed ones, after which the velocities of the molecules are changed
such that they are equal. This procedure is carried out during 10,000 time steps, whereupon the process of scaling of the
velocities of the molecules is terminated; however, the calculation is continued during additional 10,000 steps. At the first and
second stages of the transformation of the system of particles into the equilibrium state, the periodic boundary conditions are
used. After the first stage is completed, a liquid film with a definite surface temperature is obtained. Then, by an analogous
method, the velocity distribution of the gas-phase molecules is determined; in this case, the temperature of the gas differs
from the temperature of the liquid.

After the indicated stages of simulation are complited, we obtain a liquid film with a definite initial temperature, on
which gas molecules moving with a definite velocity corresponding to the gas temperature are deposited. As noted above, the
coefficient of condensation of a gas on a liquid should be determined in the case where the surface temperature of the liquid
is constant, because this coefficient characterizes the ability of the liquid surface to entrain or reflect the gas molecules falling
on it. To provide this condition, we assumed that the gas is condensed from the region positioned above the liquid surface (the
region of z >22.0 in Fig. 2). Of the set of all the gas molecules, the molecules moving to the liquid surface, i.e., the molecules
for which the condition 7, < 0 is fulfilled, are selected. In this case, a molecule selected in this way begins to move from the
point positioned at a cutoff-radius distance from the liquid surface. The choice of such a distance is explained by the fact that,
at it, a gas molecule begins to "feel" the presence of the liquid phase and the liquid begins to "feel" the presence of the gas
molecule. Therefore, the parameters of the movement of molecule (their velocity and coordinates in each time step) in the
condensed and gas phases should be determined with account for the indicated effect. The observation of a gas molecule in
the model system being considered continues until this molecule "submerges" into the liquid or rebounds from its surface.
The method used for observation of each molecule allows one to differentiate the reflection from the molecular exchange.
After this procedure is completed, another molecule selected from the set of gas molecules is observed. It should be noted
that before the observation of the every next gas molecule, the liquid surface is brought into the initial state. Thus, each gas
molecule falls on one and the same liquid surface and interacts only with the liquid-phase molecules.

Discussion of the Results Obtained. Results of determination of the coefficient of condensation of argon on the
surface of its liquid film at 7, = 1.07 and 7j;q = 0.25 are presented in Fig. 3. It is seen from this figure that all the molecules
falling on the liquid surface are absorbed by it. An analysis of the trajectories of all the molecules falling on the liquid surface
has shown that the condensation coefficient determined for the indicated gas and liquid temperatures comprises 0.999.

The results of calculations of the coefficient of condensation of the gas on the liquid surface at different gas and
liquid temperatures are presented in Table 1. It is seen from this table that, in the case being considered, the condensation
coefficient is close to unity, and it decreases insignificantly (approximately by 8%) when the temperature of the liquid
increases by 3.2 times.
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TABLE 1. Results of Calculation of the Coefficient of Condensation of Argon on Its Liquid Film at Different Temperatures
of the Gas and Liquid Phases

T, Tiiq B
1.07 0.25 0.999
1.07 0.5 0.992
1.07 0.7 0.935
1.07 0.8 0912
CONCLUSIONS

1. Several definitions of the coefficient of condensation of a gas on the surface of a liquid exist. In the case where
this coefficient is determined at the molecular-kinetic level, the representation of it as the fraction of the gas molecules (of
the total number of the gas molecules falling on the surface of the liquid) that remain on the liquid surface after the collisions
with other gas molecules seems worthwhile.

2. The large spread in the experimental data on the evaporation and condensation coefficients, obtained over several
decades, is explained mainly by the fact that the mass flows of molecules falling on the surface of a liquid were measured not
in the immediate vicinity of the interface but at a large distance from it. The known Hertz—Knudsen formula is strictly true
only for the free-molecular limit.

3. A calculation of the coefficient of condensation of argon on the surface of its liquid film with the use of the
molecular-dynamic simulation method has given values of this coefficient as 0.9—1.0 for a ratio between the temperatures of
the vapor and the liquid equal to 1.34-4.28.

This work was carried out with financial support from the Russian Foundation for Basic Research (grant No. 12-
08-90005-Bel.) and the Grant of the President of the Russian Federation for the State Support of Leading Scientific Schools
(NSh-4977.2012.8).

NOTATION

a., sound velocity; j, mass flow density; &, Boltzman constant; /, mean free path of molecules; L,, L, and L., sizes
of the model liquid film in the directions x, y, and z; M, Mach number; N, number of molecules in the model liquid film; P,
equilibrium pressure of the vapor in the saturation state corresponding to the temperature 7}, ; R, individual gas constant; r;;,
distance between the ith and jth molecules; 7, temperature; T, critical temperature; T}, ,, temperature of the phase boundary;
T, and P, temperature and pressure of the vapor at a large distance (in the mean-free-path scale) from the phase boundary;
t, time; U(ry), potential of interaction between the ith and jth molecules; u, mean-mass velocity of molecules; Vy, V;, and
V,, projections of the relative velocity of gas molecules on the axis x, y, and z; v;, velocity of the ith gas molecule; x, y, and
z, Cartesian coordinates; 3, Be, By, and Pexch, coefficients of condensation, evaporation, reflection, and molecular exchange;
Biim, minimum value of the condensation coefficient; € and o, parameters of the molecular-interaction potential; p, vapor
density. Subscripts: c, critical; e, evaporation; exch, exchange; g, gas; int, interface; lig, liquid; lim, limiting; r, reflection; s,
saturation; p.b, phase boundary.
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