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Abstract

Nonstationary evaporation of liquid is analyzed on the bases of the phenomenological theory––thermodynamics of

irreversible processes. It is shown that relaxation of vapor generation is observed in the case of sharp change of heat

flux.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Evaporation and condensation processes play an

important role in modern engineering, vapor-generating

systems, contact heat exchangers of industrial power

equipment, vacuum metallurgy, obtaining of ultra-pure

materials and specimens with special properties in

microelectronics and different chemical technologies, in

fuel systems of internal combustion engines, cryogenic

engines of rockets, and different technological processes

of pharmaceutic industry. From the point of view of

exploitation safety, processes of nonstationary evapo-

ration are of special importance in engineering calcula-

tions of transient models of vapor-generating systems of

powerful electric power plants.

At present, the problem of a stationary evaporation–

condensation process has been studied adequately. To

earlier works in this field there refer studies of Stefan,

Hertz, and Knudsen [1,2] where the known Hertz–

Knudsen relation for rate of evaporation under sta-

tionary conditions

j ¼ b
PS � P0ffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRTS

p ; ð1Þ

was obtained. Here b is the empirical coefficient of

evaporation which characterizes the ratio of the number
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of molecules reflected by the phase interface to the

number of molecules incident on this surface and PS is

the pressure of saturated vapor of liquid at temperature

TS . From the viewpoint of the molecular-kinetic theory,

the rate of evaporation of the condensed phase with the

energy of thermal motion kT much smaller than the

bond energy of atoms is determined by two processes:

separation of atoms from the surface due to thermal

motion and their back motion as a result of collision

with atoms of the gas phase. Thus, the Hertz–Knudsen

relation is the difference of two one-sided Maxwellian

flows of particles. A detailed review of works on evap-

oration and condensation phenomena can be found in

[3,4]. Further studies were conducted on the basis of the

kinetic Boltzmann equation and its models at small

transfer rates. In [5,6], the kinetic theory of evaporation

with account for variation of the distribution function of

the gas phase due to macroscopic motion of medium

was developed for the first time. At small degree of

nonequilibricity, to a resultant flow of substance J ¼ nu
there corresponds a small, compared to mean thermal

velocity of motion of molecules, velocity of vapor mo-

tion u toward the normal to the phase interface. In [7–9]

a more thorough kinetic analysis of evaporation and

condensation processes is given; in this analysis, use of

a two-flow function in modeling allows one to take

into account both macroscopic motion of the vapor

phase and the discontinues character of the distribution

function near the phase interface. The kinetic Boltz-

mann equation is solved by the method of moments in a
ed.
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Nomenclature

h specific heat of vaporization

J specific density of mass vapor flow

j specific density of molecular vapor flow

k Boltzmann constant

Lij phenomenological coefficients

l characteristic macroscopic scale of the

process

lef characteristic scale of a thermodynamic

system

m mass of one molecule

n concentration of molecules

P pressure

PQ specific volumetric power of heat liberation

R universal gas constant

S surface area of evaporation

T temperature

t time

u flow velocity

V volume of the system

Greek symbols

ai empirical coefficient of evaporation

b thickness of the Knudsen layer

d dynamic and kinematic viscosities

q vapor density

s characteristic time of relaxation

/ thermodynamic potential

Subscripts

P pressure

S parameters on the line of saturation

i, j, k current indices

r relaxation of the thermodynamic system

v relaxation of the vaporization process

O initial parameters of the system
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stationary problem formulation. In [10], similar methods

are used for analysis and numerical solution of one-

dimensional stationary problems which model intense

stationary processes of evaporation and condensation.

As a result of solution of the equations of gas dynamics

for an outer region (relative to the Knudsen layer), the

authors obtained approximation of the distribution

function of vapor on the outer boundary of the Knudsen

layer. In [11], the process of supercondensation at a

small temperature difference was studied. The distribu-

tion function was obtained as a result of approximate

solution of the stationary Boltzmann equation. In zero

approximation, the dependence of the distribution on

the velocity of vapor motion was taken into account. In

[12], the problem of vapor supercondensation was con-

sidered from the viewpoint of modern kinetic theory by

solving the Boltzmann equation in a correct problem

formulation. The conditions of origination of a reverse

temperature profile on the phase interface are found for

the mode of continuous medium motion. At present,

development of the methods of solution of the kinetic

Boltzmann equation allowed one to study the problem

of stationary evaporation or condensation rather thor-

oughly. A review of the state-of-the-art of the problem

can be found, e.g., in [13].

At present, the processes of nonstationary evapora-

tion or condensation, where a value of molecular flow of

evaporating substance is the function of time, have been

studied relatively unadequately. In this case, according

to the Le Chatelier–Brown principle, a sharp change in a

value of evaporating-substance flow must cause such

changes in the system, which could lead to compensation

of this change [14,15].
The effect of the dynamics of variation of a value of

evaporating-substance flow on evaporation rate can also

be obtained in hydrodynamic approximation. As is seen

from the Hertz–Knudsen formula, a value of pressure

above the surface of the Knudsen layer is not constant

but depends on the hydrodynamic conditions of vapor

flow and must be found from the Navier–Stokes equa-

tions

ou
ot

þ u
ou
ox

¼ � 1

q
oP
ox

þ m
o2u
ox2

: ð2Þ

Having integrated Eq. (2) for x and having used the

theorem of the mean, we obtain the expression for

pressure above the surface of the Knudsen layer

P ðtÞ ¼ P0 � qlef
ou
ot

� q
2
u2 þ l

ou
ox

: ð3Þ

Having substituted expression (3) to the Hertz–

Knudsen formula, we finally obtain

JðtÞ ¼
PS � P1 � qlef ou

ot �
q
2
u2 þ l ou

oxffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p : ð4Þ

It should be noted that the term of the form

qlefðou=otÞ in expression (4) determines inertial proper-

ties of vapor flow, ðq=2Þu2 is the dependence of the rate of
vaporization on the kinetic energy of flow, and lðou=oxÞ
is the effect of viscous friction, which, in turn, depends on

the specific configuration of the system of vapor removal,

the presence of contradictions or expansions in the

channel, curvilinear portions, steps, etc.

The problem of nonstationary evaporation of con-

densed substance to vacuum is solved numerically in [16]
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on the basis of the uniform model Boltzmann equation.

The authors have analyzed the process of transition

from a free-molecular mode of vapor expansion at the

initial stage of evaporation to the model of continuous

medium motion. As a result of numerical solution of the

kinetic equation, time dependences for temperature,

density of flow of evaporating substance and vapor

density were obtained. It is interesting to note a wave-

like character of temperature variation that is caused by

relaxation phenomena in setting of a badward molecular

flow. Collisions of atoms in the gas phase bad to

appearance of the backward molecular flow and de-

crease of ‘‘pure’’ evaporation rate. As is shown in [16],

time, during which backward flow is stabilized, is of

about 20 times of free motion and this time can con-

ventionally be taken the time of establishment of a

hydrodynamic mode of vapor motion, although in act

this mode cannot be reached within the Knudsen layer.

The authors also showed that in pulse heating the con-

ditions, at which the hydrodynamic mode cannot be

reached at all, can be implemented.

Thus, detailed investigation of the dependence of

evaporation rate on thermodynamic parameters of the

system in the case of a nonstationary process is of great

scientific interest. The present paper is aimed at theo-

retical and experimental study of the process of non-

stationary evaporation in the system liquid-saturated

vapor in the case of sharp changes of one or several

thermodynamic parameters of the system.
2. Phenomenological description of substance evaporation

in the thermodynamics of irreversible processes

In the thermodynamics of irreversible processes it is

adopted to use linear phenomenological laws [14,15]

which close to equilibrium can be written as

Ji ¼
X
j

Lij
o/
oaj

; ð5Þ

where Ji ¼ oai=ot is the generalized velocity and

o/=oaj ¼ Xj is the generalized force. In the case of two

phases characterized by the parameters a1 and a2 which
are related by

a ¼ a1
a1 þ a2

; 1� a ¼ a2
a1 þ a2

; a1 þ a2 ¼ 1;

the thermodynamic potential of the system can be

written in the form

/ ¼ /1aþ /2ð1� aÞ: ð6Þ

It follows from Eqs. (5) and (6)

J ¼ Lð/1 � /2Þ: ð7Þ
In the case of the evaporation process, expression (4)

is the Hertz–Knudsen formula for the evaporation rate.

Assuming L to be equal to bv=4, we obtain

J ¼ b
v
4
ðnS � nÞ; ð8Þ

where v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kT=pm

p
.

Expression (5) is the expansion into series of the

functional dependence of flow on the generalized ther-

modynamic force, where only the first order is taken into

account. In [17] it is shown that for the case of highly

intense transition processes in the expression for gen-

eralized flow a great number of expansion terms must be

taken into account

Ji ¼ Ls
i

oJi
ot

þ
X
k

LikXk

�
þ Ls

ik

oXk

ot

�
: ð9Þ

Expression (9) can also be obtained on the basis of

the Le Chatelier–Brawn principles. According to the

given principle, in the case of sharp variation of a value

of flow, an induction gradient of the corresponding

thermodynamic parameter impeding this variation must

originate in the system

dJi
dt

¼ �
X
j

L��
ij

o/
oaj

� �
ind

: ð10Þ

Combining (5) and (10), we obtain (7).

Thus, for a two-phase system in the case of highly

intense processes expression (7) takes on the form

J ¼ LJ
dJ
dt

þ Lð/1 � /2Þ þ L/
d

dt
ð/1 � /2Þ: ð11Þ

For nonstationary evaporation, expression (8) with

account for (9) and (11) can be

J ¼ sv
oJ
ot

þ b
V
4
ðnS � nÞ þ sPb

V
4

oðnS � nÞ
ot

; ð12Þ

where

sv ¼
blef
v

;

or assuming that vapor obeys the law of state of an ideal

gas and using an explicit expression for a logarithmic-

mean velocity of motion of molecules, we obtain

J ¼ sv
oJ
ot

þ bffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p ðPS � P Þ þ sP
bffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkT
p oðPS � P Þ

ot
:

ð13Þ

The first and third terms in formulas (12) and (13)

reflect inertial properties of a molecular flow of evapo-

rating substance which impede, according to the

Le Chatelier–Brown principle, instantaneous change of

flow with variation of thermodynamic parameters of the

system. It should be noted that a similar expression for
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vaporization rate under nonstationary conditions can be

obtained from hydrodynamic considerations, having

substituted to expression (4) the relation JðtÞ ¼ nu which
relates vaporization rate JðtÞ and hydrodynamic velocity

of vapor motion u

JðtÞ ¼
PS � P1 � qlef

n
oJ
ot �

q
2n J

2 þ l
n

oJ
oxffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkT
p : ð14Þ
3. Molecular-kinetic description of the process of non-

stationary evaporation of the condensed phase

We consider the density of the flow of vapor mole-

cules directly at the liquid surface as a difference of two

molecular flows: descended by the liquid and absorbed

by the phase interface from the surrounding vapor

jðtÞ ¼
Z þ1

�1
dny

Z þ1

�1
dnz

Z þ1

0

nxf ðrS ;~n; tÞdnx

�
Z þ1

�1
dny

Z þ1

�1
dnz

Z 0

�1
nxf ðd;~n; tÞdnx: ð15Þ

We assume that vapor above the liquid surface is

ideal and that molecules emitted by the liquid have the

Maxwellian distribution with a temperature TS and

pressure PS . In this case, the density of the molecular

flow emitted by the phase interface is determined by the

expression

jS ¼ PS=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkTS

p
; ð16Þ

which is obtained as a result of integration of the first

term of Eq. (15) with the Maxwellian distribution

function. In the case of evaporation to vacuum, it

coincides with the Hertz–Knudsen formula. To calculate

the second term of Eq. (15), which characterizes the

density of flow of molecules reflected back to the phase

interface, it is necessary, in a general case, to solve the

kinetic equation in order to determine the nonequilib-

rium distribution function. If for determination of the

distribution function on the outer boundary of the

Knudsen layer we restrict ourselves to consideration of

only binary collisions of molecules in vapor, we can use

the kinetic Boltzmann equation in the absence of

external forces

of
ot

þ~n
of
o~x

¼ 1

m
Jc: ð17Þ

We use an approximate solution of Eq. (17) obtained

in [21]. We expand the distribution function into a series

in terms of the Hermit polynomials

f ¼ f ð0Þ
X1
n¼0

1

n!
aðnÞi H ðnÞ

i ; ð18Þ
where f ð0Þ is the function of the Maxwell distribution. As

a result of substitution of (18) into Eq. (17) we obtain an

infinite system of differential equations. Restricting

ourselves to first three terms of (18) and assuming all the

rest coefficients aðnÞi to be zero, we come to the distri-

bution function in the so-called 13-moment approxi-

mation [21]

f ¼ f ð0Þ
X
i;j

1

�
þ pij
2pRT

CiCj �
qi
RT

Ci 1

�
� C2

nRT

��
;

ð19Þ

where Ci ¼ ni � ui, qi ¼ m
R
CiC2f dui.

Thus, the state of the system is described by the q, T ,
ui, pij, and qi which obey the system of differential

equation of conservation of mass, momentum, pulse,

and energy and also the equations for the tensor of

viscous stresses and heat flux. As a result of substitution

(19) to the second term of (15) we obtain

j ¼ 2
PSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkTS
p

 
�

P ðd; tÞ þ md oj
otffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkTtðd; tÞ
p

!
: ð20Þ

In the kinetic theory, the equation of dynamic bal-

ance of molecular flows on phase, interface can be ob-

tained from the Enskog general equation [20], which,

with account for disappears of collision integrals for

total invariants, can be written as

oni
ot

þ o

o~ri
� ni~vi

� �
¼ 0: ð21Þ

where ri, vi, and ni are the radius vector, velocity, and

density of the number of the ith-kind molecules.

In the case of an isotropic space, the quantityX
i

ni~vi ¼ 0

and Eq. (21) is reduced to the discontinuity equation of

the gas mixture. However, in the presence of the phase

interface integration of Eq. (21) with respect to the

coordinate normal to the evaporation surface, allows

obtaining of the equation of the dynamic balance of

molecular flows. In the stationary case, integration

bads to the Hertz–Knudsen relation and in a nonsta-

tionary case we obtain a more complex expression which

allows for induction properties of evaporating-substance

flow

JðtÞ ¼ buðnS � nÞ þ b
on
ot

l:

Taking the expression relating the rate of vapor

generation JðtÞ and the hydrodynamic velocity of vapor

motion u into account, we obtain

JðtÞ ¼ buðnS � nÞ þ oJ
ot

bl
u
:



Fig. 1. Typical graph of the dependence of pressure variation

on time for the case of sudden termination of heat supply to the

system.
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The dynamics of pressure change in the closed vol-

ume under nonstationary evaporation. The character

of pressure changes in evaporation in the closed vol-

ume in the case when the value of this pressure is smaller

than the pressure of saturated vapor at the set temper-

ature has been studied, probably, for the first time in

[18,19]. The relation between an increase of pressure and

the rate of evaporation can be obtained assuming that

vapor pressure in the volume levels out instantly (i.e.,

pressure is the same over the whole volume). The con-

centration of vapor molecules in the volume in evapo-

ration is the function of time and can be presented in the

form

nðtÞ ¼ n0 þ S
Z

jdt; ð22Þ

where S is the surface of the evaporation surface. Taking

the system to be thermostated and differentiating the

equation of state of the ideal gas by time, we obtain

dp
dt

¼ bS
V

ðPS � P Þ kT
2pm

� �1=2

: ð23Þ

The authors of [18] used the integral presentation of

(23)

lnðPS � P Þ ¼ � bS
V

kT
2pm

� �1=2

t þ const: ð24Þ

Relations (23) and (24) were checked experimentally

and hold with sufficient accuracy in the case of slow

processes, when the density of evaporating-substance

flow j changes smoothly and monotonously

sv
oj
ot

����
����� 1: ð25Þ

When the rate of the change of the evaporating-

substance density is rather high, the inertial term is (13)

must be allowed for in the system of thermodynamic

equations describing the process.

We consider the process of liquid evaporation caused

by constant heat supply to the system. The amount of

vapor formed per time unit from the unit surface can be

calculated in this case from the equation of energy

conservation

Jm ¼ PQV
hS

: ð26Þ

In this case, expression (14) for estimation of the

degree of the effect of inertial properties of the system on

the process of nonstationary evaporation can be written

as

PQkT sv
hmðPS � PÞ

� �1=2

< 1: ð27Þ
The last term in Eq. (13) described the change in rate

of evaporation caused by relaxation of local pressure,

this can be neglected since this process occurs at the

velocity close to the velocity of sound. Assuming that

vapor obeys the equation of state for an ideal gas and

using (13) we can obtain equation describing the

dynamics of change of pressure in the system in non-

stationary evaporation

svV
SkT

d2P
dt2

þ V
SkT

dP
dt

þ bffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p ðPS � PÞ ¼ 0: ð28Þ

Solution of Eq. (28) can be obtained in the form

PS � P ¼ Pmax exp

�
� t
2sv

�
cos

bSkT

V sv
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p
� �1=2

t

 !
;

ð29Þ

where a maximum amplitude of pressure Pmax can be

found from (26)

Pmax ¼
PQV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p

bhSm
:

Expression (29) describes the change of pressure in

the case of sudden interruption of heat supply in the

system. A typical curve of PS � P dependence on time is

shown in Fig. 1.

An amount of vapor formed in the system from the

instant of termination of heat supply can be calculated

by the formula

DGðtÞ ¼ PQV
hSm

exp

�
� t
2sv

�
cos

bSkT

V sv
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p
� �1=2

t

 !
:

ð30Þ

Making use of the quantity

sr ¼
V
bSv

;



Fig. 2. Dependence of dimensionless value of additional

vaporization on time in the case of sudden termination of heat

supply to the system.
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as a characteristic scale of time measurement and the

quantity

DGr ¼
PQV
hSm

sr;

as the scale of measurement of vapor amount, we can

write Eq. (30) in a dimensions form

DGðtÞ ¼ 1

sr
exp

�
� t
2sv

�
cos

1

4svsr

� �1=2
t

 !
: ð31Þ

The time-dependence of the dimensionless value of

additional vaporization caused by sudden termination of

heat supply to the system is given in Fig. 2 (for com-

parison, the graph of the dimensionless value of addi-

tional vaporization, calculated by the Hertz–Knudsen

formula, is shown by the dashed line [18]).
Fig. 3. Oscillogram of pressure relaxation in a thermostated

volume with a sharp decrease of vapor pressure above the liquid

surface due to fast evacuation of the cuvette.
4. Experimental techniques and equipment

The object studied in this experiment is the hermeti-

cally closed cuvette with optical windows, a branch tube

for vapor evacuation, and a heating element. vapor

pressure in the cuvette was measured by a piesoceramic

gauge connected to the charge-sensitive amplifier and

the oscillograph. Several copper-constantan thermo-

couples for measuring liquid temperature near the phase

interface and vapor temperature were mounted in the

cuvette. The liquid in the cuvette can be heated either by

a heater or due to volumetric liberation of Joule heat in

electrolysis. Two types of experiments were conducted

on the experimental setup: (1) study of relaxation of

thermodynamic parameters of vapor in the cuvette with

a sharp decrease of vapor pressure above the phase

interface and (2) relaxation of thermodynamic parame-

ters of vapor with a sharp change of liquid temperature

due to pulsed heating. The experiments were conducted

mainly with degassed distilled water.
5. Measurement results and discussion

Fig. 3 gives a typical graph of pressure relaxation in

the cuvette with a sharp decrease of vapor pressure over

the liquid surface due to fast evacuation of the cuvette.

As is seen from the graph, the process has a self-oscil-

latory character.

With a certain error, the experimental curve in Fig. 3

can be approximated by dependence (29). Although the

observed pressure fluctuations are obviously anhar-

monic, from this graph we can also find

bSkT

V sv
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p
� �1=2

¼ 2p;
1

2sv
¼ 5; ð32Þ

hence sv � 0:1 and sr � 0:01. The anharmonic character

of pressure fluctuations is caused by different mecha-

nisms of heat transfer in the system: (1) with an increase

of vaporization flow, heat absorption in phase transition

occurs due to liquid cooling; (2) with a decrease of

vaporization flow, there take place partial condensation

of vapor, liberation of hear in condensate microparti-

cles, and subsequent transfer of it to the gas phase. At

the same time, the quantity sv for water in the case of

surface evaporation can be estimated from the molecu-

lar-kinetic theory. If we consider density of the flow of

vapor molecules directly at the liquid surface as a dif-

ference of two molecular flows (emitted by the liquid

and absorbed by the phase interface from the sur-

rounding vapor) and use a nonstationary distribution

function, which was obtained in 13-moment approxi-

mation of the solution of the kinetic Boltzmann equa-
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tion, for calculation of density of a molecule flow, we

can obtain

sv ¼
2bmd

ð2� bÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p ; sr ¼
V
bS

ffiffiffiffiffiffiffiffi
pm
8kT

r
;

where d is the thickness of the Knudsen layer above the

phase interface. From the physical point of view, the

presence of inertial properties of vaporization is associ-

ated with additional energy consumption in accelerated

passage of molecules through the Knudsen layer.

Evaluation for distilled water under normal condi-

tions gives sv � 0:005 and sr � 0:01. An excess of the

experimental value in comparison with the theoretical

estimation indicates that substantial contribution to the

inertial parameter sv is associated with a change in the

liquid evaporation of surface in boiling-up and, conse-

quently, with the kinetics of formation and growth of

vapor bubbles, and also with motion of liquid masses

caused by the growth of these bubbles.
6. Conclusions

Use of the method of the thermodynamics of irre-

versible processes in the phenomenological analysis of

nonstationary evaporation and the results of experi-

mental study of pressure relaxation in thermostated

volume with a sharp change in the vaporization flow

indicate considerable effect of inertial properties of the

thermodynamic system in the dynamics of development

of a nonstationary process. In calculation of nonsta-

tionary modes of operation of fuel-power equipment

one should allow such phenomena as additional vapor-

ization and inductive pressure drop with a sharp change

in the vaporization flow.
References

[1] H. Hertz, Ann. Phys. (Leipzig) 17 (1882) 177.

[2] M. Knudsen, Die maximale Verdampfungsgesehwindigkeit

des Quecksilbers, Ann. Phys. 47 (1915) 697–708.

[3] O. Knacke, Stranskii, Mechanism of evaporation, Usp.

Fiz. Nauk 68 (2) (1959) 261–305.
[4] J.P. Hirth, G.M. Pound, Condensation and Evaporation,

Pergamon Press, 1963.

[5] R.Ya. Kucherov, L.E. Rikenglaz, Hydrodynamic bound-

ary conditions in evaporation and condensation, Zh. Eksp.

Teor. Fiz. 37 (1(7)) (1959) 125–126.

[6] R.Ya. Kucherov, L.E. Rikenglaz, Change of the coefficient

of condensation, Dokl. Akad. Nauk SSSR 133 (5) (1960)

1130–1131.

[7] D.A. Labuntsov, Analysis of evaporation and condensa-

tion processes, Teplofiz. Vys. Temp. 5 (4) (1967) 647–

654.

[8] T.M. Muratova, D.A. Labuntsov, Kinetic analysis of

evaporation and condensation processes, Teplofiz. Vys.

Temp. 7(5) 959–967.

[9] N.V. Pavlyukevich, G.E. Gorelik, V.V. Levdansky, V.G.

Leitsina, G.I. Rudin, Physical kinetics and transport

processes in phase conversions, Nauka i Tekhnika Press,

Minsk, 1980.

[10] D.A. Labuntsov, A.P. Kryukov, Analysis of intensive

evaporation and condensation, Int. J. Heat Mass Transfer

22 (7) (1979) 989–1002.

[11] R.Ya. Kucherov, L.E. Rikenglaz, T.S. Tsilaya, Kinetic

theory of overcondensation with a small temperature

difference, Zh. Tekh. Fiz. 32 (11) (1962) 1392–1398.

[12] L.D. Koffman, M.S. Plesset, L. Lees, Theory of evapora-

tion and condensation, Phys. Fluids 27 (4) (1984) 878–880.

[13] A.P. Kryukov, Kinetic analysis of evaporation and con-

densation processes, in: Proc. Int. School-Seminar, Minsk,

1991, pp. 3–21.

[14] S.R. De Groot, Thermodynamics of Irreversible Processes,

Amsterdam, 1952.

[15] I. Prigogine, Introduction to the Thermodynamics of

Irreversible Processes, Moscow, 1960.

[16] S.I. Anisimov, A.Kh. Rakhmatulina, Dynamics of vapor

expansion in escape to vacuum, Zh. Eksp. Teor. Fiz. 64 (3)

(1973) 869–876.

[17] A.V. Luikov, Application of irreversible thermodynamics

methods to investigation of heat and mass transfer, Int. Zh.

Heat Mass Transfer 9 (1966) 139–152.

[18] L. Bogdandy, H.G. Kleist, O. Knacke, Zeits. Electrochem.

59 (1955) 460.

[19] Ya.B. Zeldovich, Chemical Physics and Hydrodynamics,

Nauka Press, Moscow, 1984, pp. 107–121.

[20] J.O. Hirschfelder, Ch.P. Curtiss, B. Bird, Molecular

Theory of Gases and Liquids, Wiley/Chapman and Hall,

New York/London, 1954.

[21] H. Grad, Commun. Pure and Applied Mathematics 2 (4)

(1949) 331–407.


	Induction relaxation of thermodynamic parameters in nonstationary evaporation
	Introduction
	Phenomenological description of substance evaporation in the thermodynamics of irreversible processes
	Molecular-kinetic description of the process of nonstationary evaporation of the condensed phase
	Experimental techniques and equipment
	Measurement results and discussion
	Conclusions
	References


