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Expression for predicting liquid evaporation flux: Statistical rate theory approach
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Recent measurements of the conditions existing at the interface of an evaporating liquid have found that the
temperature approximately one mean free path from the interface in the vapbighasthan the temperature
of the liquid at the interface. The measured temperature discontinuity at the interface is appbsite
direction of that predicted by several recent studies based on classical kinetic theory. A theoretical approach
based on the transition probability concept of quantum mechanics, called statistical rate(8#0ryis used
herein to develop an expression for predicting the evaporation flux. The expression obtained is free of any
fitting parameters. When applied to predict the conditions at which a particular value of the evaporation flux is
expected and the result compared with the measurements at 15 different experimental conditions, it is found
that the SRT expression accurately predicts the condit{@1063-651X98)11412-3

PACS numbegps): 68.10.Jy

[. INTRODUCTION and uses the Boltzmann definition of entropy to introduce a
thermodynamic description of the system. It has been applied
Recently, models of the Boltzmann equation have beein the past to predict the rate of gas absorption by a liquid
used to predict the conditions existing at the interface of af5,9], the rate of electron transport between ions in solution
evaporating liquid. It was predicted that the liquid could[7], and the rate of gas adsorption on single crystal metal
evaporate only if the temperature in the vapor wlessthan  surfaceq8,10]. In each case, it was found that after the mo-
that in the liquid at the interfacfl,2]. However, recent ex- lecular and materialor equilibrium) properties of the sys-
perimental studies have found the opposite relation betweerems considered had been established, SRT could be used to
the temperature in the vapor at the interface and that in thpredict the rate of the kinetic process. However, in each case
liquid during steady-state evaporation. Using two differentthe transport process took place under conditions that could
experimental arrangements, a series of 20 experiments hawe approximated as isothermal.
been conducted with water evaporating at different rates A more rigorous test of the statistical rate theory approach
[3,4]. In each experiment, the temperature in the vapor at thevas reported recently when thermal desorption of CO from
interface was found to bgreaterthan that in the liquid. In. Ni(111) was examined10,11. Using the equilibrium iso-
one experiment, the temperature in the vapor was measurederms for this system, the value of the material properties
within one mean free path of the water surface and underequired to specify the chemical potential of CO adsorbed on
steady-state conditions it was found toliigherthan that in  this single crystal surface were determirfé@]. The values
the liquid by as much as 7.8 K. of the material properties were incorporated in the SRT
It is reasonable to suppose that the disagreement betweenuations to obtain the expression for the rate of CO trans-
the results obtained from classical kinetic theory and theport to the N{111) surface. These equations were then ap-
measurements results from the boundary conditions thaslied to examine temperature programmed desorgfiétD)
were assumed in order to generate solutions to the Boltzexperiments.
mann equation. However, there is no method available in The TPD experiments were completely independent of
classical kinetic theory that can be used to derive the boundhe experimental circumstance from which the molecular and
ary conditions. Rather they are assumed and none of theaterial properties had been established. It was found that
boundary conditions considered have supposed that the terover a range of initial surface concentrations of CO on
perature of the molecules leaving the liquid were other thamNi(111), the SRT equations could be used to accurately pre-
the temperature of the liquid. dict the measured TPD spectra of the sysfdr). In this
Since there is no apparent explanation for the observacase then, the temperature at the interface was changed as a
tions based on classical kinetic theory, we investigate théunction of time, but the temperature of the surface and of
possibility of predicting the conditions existing at the inter- the gas was the same at any instant during the process.
face of an evaporating liquid using statistical rate theory In the evaporation process, the temperature at the inter-
(SRT) [5—13. This theoretical approach is based on the tranface has been found experimentally to have a different value
sition probability concept as defined in quantum mechanicén the liquid than in the vapor. In order for SRT to be applied
under this circumstance it must be extended to take account
of the temperature in the phases at the interface being differ-
* Author to whom correspondence should be addressed. FAXent. After this extension is made, it is found that the expres-

416-978-7322. Electronic address: ward@mie.utoronto.ca sion for the evaporation rate has a different dependence on
"Present address: Trojan Technologies, Inc., 3020 Gore Roadhe thermodynamic properties at the interface in each of the
London, Ontario, Canada N5V 4T7. phases from that obtained from solutions of the Boltzmann
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small volume may be taken to be the same as those in the

steady-state system. Our central assumption is that at this
Interface instant, the evaporation rate in the small system is the same
as that in the steady-state system. Thus, if an expression for
the rate of evaporation is developed for the small volume
that is valid at the instan the expression may be applied in
the steady-state system at any time.

Note that the small volume and reservoir form an isolated
system and that their properties are defined from conditions
existing in the steady-state system. The statistical rate theory

Liquid In "Isolated" Element of approach may now be applied to obtain the expression for
Steady State System  Steady State System the rate of evaporation in the small volume at the instant
FIG. 1. Schematics of the steady-state system and the relatﬁ;] imp_ortant .e.'e’.“em of this approqch is the final, thermo-
isolated system. The isolated system is defined from the properti namic equilibrium §tate of the isolated systd@—?].
existing in the steady-state system at the liquid-vapor interface. Based on the_ properties of the small system, the final tem-
perature in this state will b&- and the final pressure in the

equation. For example, the SRT equations indicate that théPor phasee . th's pressure is different from the instan-
liquid can evaporate even if the temperature in the vapor i§&neous pressur@” (see below

greater than that in the liquid at the interface. This difference

can be traced to the application of the quantum mechanical B. Rate of interfacial molecular transfer

transition probability concept in the SRT approach. The SRT  gjnce the local equilibrium approximation has been

approach leads to an expression for the rate of evaporatiofyjopted, each phase of the small volume may be treated as a
that is free of any fitting constants and the predictions fol-cgnonical ensemble system. Each portion of the small vol-

lowing from the expression can be directly compared withyme has a known temperature; thus each has a limited range
the observations of Refg3] and[4]. of quantum mechanical energiA€£“. This range is defined
by

Vapor Out

Il. STATISTICAL RATE THEORY EXPRESSION , 5 ,
o — o o
FOR THE RATE OF EVAPORATION (AE")“=(E")*—(EY)", (]

Consider the single-component system shown schematfzere the ensemble average of the endgys equal to the

cally in Fig. 1 in'\./vhich evaporation is occurring under irgernal energy of phase, U%, and the ensemble average of
steady-stgte conditions. We suppose the temperature and, square of the energy is denoted@ The energy
pressure in the vapor at the interface @*ePV and those in range for each phase may be expressed ’

the liquid areT",Pt. The energy required to maintain the
temperature in the liquid at the interphase constarftais

supplied by its surrounding8,4]. We propose to develop an
expression for the evaporation flux that is in terms of these

properties and the molecular and material properties of th&/hereCv is the constant volume specific heat of phase
substance that is evaporating. The possible quantum mechanical states of the phase

would be those with energies of*+ AE“.
) ) o In the small volume at the instantthe molecular distri-
A. An isolated system at an instant in time bution \; is such that there arl- molecules in the liquid
Consider a small volume that consists of vapor and liquidbhase antN" in the vapor phase. Let the number of quantum
phases in contact with a thermal reservoir that has a tempergechanical states of the isolated systemall volume and
ture T* (see Fig. 1 Within the small volume, we suppose thermal reservojr corresponding ta\; that are within the
the interphase may be approximated as a surface and take tegergy range of the small volume be denotedd3 ;). If
position of the surface to be such that there is no adsorptionl,(\j) denotes one of these states, then
Thus a molecule is in either the liquid phase or the vapor
phase. We assume that the phases are each uniform up to the Isv<Q(\)). ©)
surface and that the intensive thermodynamic properties of
each phase are constant over the extent of the respectiidese states are viewed as unperturbed states. At the instant
phases. We take the depth of a phase t&b® wherea is t, there is a virtual molecular distributiox, corresponding
eitherL or V, and the cross-sectional area of the surface tdo the transfer of a molecule from the liquid phase to the
be SA. The limits onSL* are discussed below. vapor:
At an instantt, let the number of molecules in the liquid

and in the vapor be denoted B$ andN" and the tempera- Ae: NE=—1NV+1. (4
ture in the liquid and vapor phases of the small volume at
this instant be the same as those in the steady-state systehgt the number of quantum mechanical states of the isolated
TH,TV. We assume that the local equilibrium variables maysystem corresponding to this distribution be denoted as
be used to describe the thermodynamic state of each of tHe(\,), and an unperturbed guantum mechanical state of this
respective phases; thus the pressures in each phase of tistribution asu.(\y). Then

(AE®)=+T*KCS, a=L or V, )
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1<e<Q(\)). (5) NE(A) —NE(N) =1, (12

For the small volume, the probability per unit area for aand the number of molecules in the vapor is changed,
transition from a state corresponding to molecular distribu- v v
tion \; to a state corresponding to molecular distributign NY(A ) —NY(rj)=1. (13
may be obtained from a first-order perturbation analysis o
the Schrdinger equation[6,7]. If the isolated system is
known to be in one of the quantum mechanical states o
molecular distribution\; at the instant and then the pertur- . )
bation is imposed for a timéft, one finds that the result SA)-SA\)= > [S-S(\)], (14
K[X;j(u,),\(u.)] may be written I=LVR

tI'he entropy change of the isolated system when the molecu-
pr distribution changes from; to A, may be expressed

(2m)|V, |2¢ st where the superscripR indicates_t_he_ reserv_oir. Since we
— e ()  have assumed that the local equilibrium variables act as the
h oA independent variables for the entropy of each phase and the
reservoir, the Euler relation may be applied to obtain

K[)\j(uu)v)\k(ue)]:

where( is the energy density of the stat¢¥,,| is the matrix
element corresponding to a transition from a stat& ofo a  H' u'N!

state of\,, # is the Planck constant divided byr2and we 5'=Tr— BT (15

have assumed

whereH and u denote the enthalpy and the chemical poten-
tial. We assume that neither the chemical potential nor the
temperature of the respective phases is changed as a result of

we takeK[)\j(gv),)\k(uE)] to be cons?ant for all of th_e the change from molecular distributian to A Since there
guantum mechanical states of the possible molecular d'Strﬁ's no exchange of molecules between the small volume and
butions that are within the energy range of the small volume

AEY AEY, and denote it a& y [6,7]. The probability of a the reservoir, by applying Eq15) in Eq. (14), one finds

fcransitilon from\; to molecular distribution\, at any instant HY (N ) HL()\J-) HY(\y) HV()\].)
in the intervalédt, denoted as{\;,\,], would be the prod-  S(Ay) —S(\j)= C Tt VY
> A . T T T T
uct of the probability of finding the system in a quantum
mechanical state of molecular distributian at the instant UR(N) - UROY))
with the probability of a transition at any instant to any quan- TC T° ) (16)
tum mechanical state of the distributiap times the number
of states corresponding to distributian: where we have taken advantage of the fact that the reservoir
does not change pressure or volume. When the molecular
KvQ (N ) 0A ®) distribution changes from; to Ay, one molecule in the
Q(N;) 6t small volume changes phase. The condition for the reservoir

and system to form an isolated system is that
If the Boltzmann definition of entropy is assumed valid and

St(AEL+AEY)> 27, (7)

A

T

T[)\] ,)\k]:

introduced into Eq(8), one obtains [H-(\) —HE ) T+HY(M) —HY(A ]
PN exr{suk)—sm) © FLUF—UR) =0, (7
Ik ot k ’ After substituting Eq(17) into Eq. (16), one finds
where S(\) is the entropy of the isolated system when the S(N) —S(A))
small volume is in molecular distributianandk is the Bolt- L v
zmann constant. (MM n i_i [HY(\ ) —HY(\ )]
At the same time that there is a probability of a transition T TV ™ Tt K e

from \j to Ay, there is a probability for a transition corre- (18)
sponding to the transfer of a molecule from the vapor to the

liquid phase. Suppose that this virtual molecular diStribUtiOﬂThe total entha|py of each pha% may be expressed in
is denoted a3, where terms of the enthalpy per molecute by introducing the

L v number of molecules in each phase
Ao NE+INV-1, (10

. . . H'=h'N', i=L,V; (19
Following the procedure outlined above, one finds
kv 0A ox S(Ni) = S(\j)
St k '

then Eq.(18) may be written
T[)\J ,)\i]:

(11 L v

11
S(xk)—so\,-):(%— %) +hv(ﬁ— F)' (20)

When the molecular distribution changes framto dis-
tribution A, the number of molecules in the liquid phase is  Following the same procedure, the entropy change for a
changed, molecular transition from distribution; to \; is found to be
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S(N)=S(Nj)=—[S(\) —S(\))]. (22) C. Equilibrium exchange rate between the liquid
and vapor phases

Thus The small volume and reservoir form an isolated system

1 1 and the condition for thermodynamic equilibrium is that the
) - hV<_V_ _L> (220  total entropy -+ SY+SF) is a maximum. From this condi-
™ T tion, one finds that the necessary conditions for thermody-

, . namic equilibrium are
Note that the expression for the change in entropy between q

distributions\j and A\ and between\; and \; are given in usowd o1 011

terms of the intensive thermodynamic properties existing in LTV POV T (30
the small volume when the molecular distribution Ng. e e e e

When Egs.(20) and (22) are substituted into Eq$9) and
(11), respectively, one obtains an expression for the prob
ability of the transfer of one molecule from the liquid to the
vapor at any instant

kLvSA ML MV
T[)\j,)\k]z St ex;{(kTL KTV +

A

S(Ai)_s()\j):_(F_W

where the subscrip on a property indicates that it is to be

evaluated at the condition of thermodynamic equilibrium. As

the small volume evolves to equilibrium, the vapor phase

undergoes a change of temperature and the molecular distri-

1 1 bution between the phases is also changed. We assume that

v F” K.y andKy, are constant for all molecular distributions and
temperatures in this range.

hV

k

23 When the small volume and the reservoir have evolved to
and a probability for the transfer of one molecule from thethermodynamic equilibrium, let the molecular distribution in
vapor to the liquid at any instant the volume be denoted ag and the molecular distributions

corresponding to the transfer of one molecule from the liquid
Kyl 6A wtboowV)y RV 11 to the vapor phase and from the vapor to the liquid be de-
N ]= 5t F{—(ﬁ— ﬁ) "k (W— F) } noted as\; and\ 4. Following the procedure outlined above,

(24) one finds

To obtain the expression for the unidirectional evapora- ws  uY
tion rate, we suppose the intensive properties of the liquid S(M)—S(?\e)=<F— v
and vapor phases are unchanged during the transfieNp{, © €
molecules. The time required for this transfer is denoted S
At. Sincer\j,\] is constant during this period, we sup-
pose thatAN, y is proportional tor] \j,A;] timesAt:

atouvy RV (11 S(Ng) = S(Ne)=—
AN y=K_y ex KT kT + TV At,

v
+hg

1 1 a1
TS TS (31)

L Vv
Be_Fe
Te Te

\%
e

1 1) 32
T TS

In view of Eq. (30) both S(A;) —S(N\e) and S(Ag) —S(\e)
] vanish and sinc&, y andK,, have been assumed constant,
where one finds from Ed6) that under equilibrium conditions the expression for the unidirec-
tional rate of evaporatiofEqg. (27)] becomes
(2m)|V, % 6 P a

h jis'=Ky (33

k

K=

andC is a proportionality constant. Then in the limit Aft
being small, the unidirectional evaporation flux may be writ-
ten

and from Eq.(29)
jet=Ky. (34)

ML MV hV 1 1

LV Sl e . . .

77 =Ky eXF“kTL— _kTV) + K (_TV_ F” (27 Under equilibrium conditions, the unidirectional rate of
evaporation must be equal to the unidirectional rate of con-

In order for Eq.(27) to be valid, the number of molecules densation. From Eq$33) and(34) one sees that
transferred duringAt must be very small compared to the
number of molecules in each phase: Kiv=KyvL=Ke, (35

N*>AN,y, a=L or V. (28)  whereK_; is the molecular exchange rate between the two

phases under equilibrium conditions. Under these conditions,

This condition is examined below. Following a similar pro- we assume that we may apply classical kinetic theory to

cedure, one finds as the expression for the unidirectionaletermine the rate at which molecules from the vapor phase

condensation rate collide with the liquid-vapor surface and that each of these

v molecules is transferred to the liquid phase. Thus, if the pres-

_ h_ (i_ i) 29 sure in the vapor under equilibrium conditions is denoted as
T TH ) PY and the molecular mass as then

L \%
J ‘KVLeXF{ (kTL kT~ K
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PV
Ke=—e (36)

V2amkT
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evaporation and a probability for the system to undergo a
transition corresponding to condensation, but the net rate of
change in the molecular distribution is in the direction of the

largest number of quantum mechanical states. Under equilib-

However, under equilibrium conditions, as indicated in Ed-rium conditions, since the entropy is a maximum, the number

(30), the chemical potential of the molecule in the liquid

of quantum mechanical states corresponding to the evapora-

phase must be equal to that of the molecules in the vapogi,, of one molecule is equal to the number corresponding to

For the conditions that we consider
k[P-—P.(TH)]<1, (37)

wherex is the isothermal compressibility ari®l,(T) is the

the condensation of one molecule and the unidirectional rates
become equal. If the system is displayed from equilibrium,
the rate in one direction is enhanced over the equilibrium
exchange rate by the ratio of the number of states in the

saturation vapor pressure corresponding to the temperatu}"ért!m distribution to the number in the instantaneous distri-
T. Thus the liquid phase may be approximated as slighthPution. .
compressible and the chemical potential may then be written From Egs.(20), (22), (27), (29), and(43) one finds

in terms of a reference state. If the reference state is chosen

as the saturation condition, then

pH(TEPE) = [ THPL(TH]+05[PE—PL(TH], (39

whereuv!, is the specific volume of the saturated liquid phase.

L \%
7 1 1
GX%F_ WH]V(W_ F)

L \Y
[ 1 1
_eXF{_FJFW_hV(W_ F)

J(Nj)=Ke

] , (49

If the vapor is approximated as an ideal gas, its chemical o . .
potential may also be written in terms of the same referencwhereK, is given by Eq.(42). Note that this expression for

State

PV
wV(TEPY) = u[ T P (TH ] +KTE In( P—e) . (39

After inserting Eqs(38) and(39) into Eq. (30), one finds

Py=7nP.(T"), (40
where
L
Voo oL L
77=exp<ﬁ [Pe—P(T )])- (41)
ThusK, may now be expressed
7P.(TH)
Ke=——=. 42
V2mmKkT 42

In order for Eq.(35) to be valid, the evaporation flux under

equilibrium conditions must also be given by E42).

IIl. EXPRESSION FOR THE EVAPORATION FLUX

The expression for the net evaporative flux when the sys-

tem is in molecular distribution; is given by

jp=j-r=jvt. (43

From Egs.(20), (22), (27), and(35), the net rate of evapora-

tion when the system is in molecular distributispmay be
written

Ke
1(7\;)=m [QN)— Q)] (44)

A simple interpretation of this expression may be given: If at
a particular instant a certain molecular distribution exists in

the evaporation flux is in terms of the instantaneous proper-
ties of the phases. According to the hypothesis advanced
earlier, the values of these properties are the same as those in
the steady-state system and in the steady-state system they
may be measurel8,4].

A. Expressions for chemical potential and specific enthalpy

In the experimental circumstance of R€f3] and[4], the
interface between the liquid and vapor phases is curved and
the radius of the interface was measured rather than the pres-
sure in the liquid phase. If the liquid surface at a point may
be approximated as spherical, the dependence of the evapo-
ration flux onP' can be replaced by introducing the Laplace
equation
2,yLV

L_pV
Pr=PV+ .

(46)

whereR; is the radius of curvature ang-V is the surface
tension. After introducing Eq46) into Eq. (38), one finds

pHTEPY TP vy 2
TL - TL +F + Rc - oc( ) .
(47)

Since the vapor phase has been assumed to behave as an
ideal gas, an expression for its chemical potential that is
independent of the chemical potential at saturation may be
obtained from Boltzmann statistics and the Born-
Oppenheimer approximation. It may be expressed in terms of
the vibrational, rotational, and electronic partition functions
Ovib» Grot, @NdQeiec, respectively14],

m 3/2 (kTV)S/Z
szhz) pv

uV(TV,PY)
# =—kIn

—k ln(qvibqrothlec)- (48)

the small volume, there is a probability for the system to
undergo a change in molecular distribution corresponding t@’he electronic partition function is given by
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De
Celec™ Je €X kT

: (49

whereg, and D, are the degeneracy of the state and the
reference potential minimum. The vibrational and the rota-
tional partition functions for the ideal polyatomic molecules

may be expressed

exp(—0,/2TY)

Qvib= |H

= 1—exp—0,/TY) (50
and
ZkTV 1.5(77_')0.5
Gror=| 72~ o (51

where©, is a characteristic temperature for vibratiori, is
the number of vibrational degrees of freeddnis the prod-
uct of principal moments of inertia of the molecule, ands

the symmetry factor of the vibration orientation. For water
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1 1\ (0 0,
+(W_F).Zl(?+exp(e,/ﬂ)—1)

LV
Ve (ov, Y L
+ KTt PY+ R, P.(T ))
TV\* Po(TH) Uin(TY)
+In (F PV +|n<Qvib(TL)) . (56)

Equation(54) is the final expression for the net evaporation
rate. Since it is in terms of experimentally measurable vari-
ables, it may be compared with the measurements.

IV. EXAMINATION OF THE SRT EXPRESSION
FOR THE EVAPORATION RATE

In Refs. [3] and [4], measurements were made of

molecules, the vibrational characteristic temperatures arg T TV PV R, under 5 and 15 separate circumstances, re-

3650, 1590, and 3760 KL5] andn’ is 3. After subtracting
Eq. (48) from Eg. (47) and simplifying, one finds

pH(THPY k(T PY)
TL TV
L LV
Ve 2y 1 1
== | P+ -P, TL)—D(———>
T|_ . ( ) e TL TV
TV\ 4/ P.(TH) Auin(TY)
*kin (F) ( PY ) +k|n(q\/ib(TL))'
(52

spectively. The theory may be examined by taking all of the
parameters except one to be known and then using the theory
to predict the value of that parameter. To select the param-
eter to be predicted, it is important to consider the accuracy
with which the variables were measured and the sensitivity
of the expression for the net evaporation rate to the indepen-
dent variables.

A. Available experimental results
1. Experiments of Ref. [3]

In the experimental study of Rdf3], the temperature was
measured near the interface of water as it evaporated under

The expression for the enthalpy per molecule of the vapokteady-state conditions. Water was pumped into a cylindrical
may also be obtained from the expression for the partitionsyaporation chamber at an accurately controlled rate with an

function[14]

3 e} 3
hV=4kTV-Dotk 3, - +k %,
=1

infusion pump(0.5% accuracy over a liquid flow rate range

of 0.48-8.82 I/l The liquid interface was visible from out-

side the chamber. The pressure in the evaporation chamber
and the flow rate were adjusted to bring the system into a
steady state. Once the system had reached a steady state, the
temperature in the liquid and in the vapor near the interface

Note that these expressions for the chemical potential and then the center line was measured twiteh apart, at each of a
enthalpy are in terms of molecular and material propertieseries of positions. The maximum deviation in a reading at

T TV, PY, andR,.

B. Expression for fluxes in terms of measurable variables

The expression for the net evaporation flux may now beg

obtained from Eqs(27), (29), (42), and(43):

7PL(ThH) ( AS —As) 54
=———|exp——exp———|,
2amir | Pk P

where
L \%
T 1 1
AS= T W)-Fhv(ﬁ— _I_—L>, (55

or from Eqgs.(52) and (53

any position was 0.4%or 0.7 °Q. These measurements
were used as the boundary conditions for the continuum en-
ergy equation and the temperature at the interface of each
hase calculated. The values obtained are listed in Table I.
he temperature of water entering the evaporation chamber
was near room temperature, but was not controlled. Also the
pressure in the vapor was measured with a Pirani-type gauge
(Balzers, TPR 01Bto an accuracy of approximately20%.

The area of the liquid-vapor interface in each experiment
was calculated from measured interface parameters and this
area was used to determine the net evaporation fluxes. The
calculated area of the interface was compared with the image
obtained from a charge coupled device camera. Based on
measuremestl h apart, the error was less than 0.1%.

In Fig. 2(a) the temperature measured at the interface in
each phase is shown as a function of the measured pressure
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TABLE |. Summary of the water evaporation experiments of R&¥.
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Liquid Radius of
evaporation Pressure in Temperature on the vapor ~ Temperature on the liquid interface at
rate the vapor side of the interface side of the interface centerR, Evaporation ﬂuxj_
(ul/h) (P3 (+deviation (°C) (+deviation (°C) (mm) (@m2s™
20 1030 13.40.1 9.3t0.1 7.02 0.038
30 773 8.50.1 3.7#0.1 6.21 0.068
40 546 7.30.1 1.90.1 6.83 0.119
50 387 4.80.1 -3.8+0.1 7.66 0.127
55 293 1.5-0.1 —9.6+0.2 12.04 0.146

in the vapor phase. As may be seen there, the temperature imovements made in the experimental apparatus. The most
the vapor was found to be greater than that in the liquid inmportant one was in the measurement of the pressure in the
each experiment case. The average flux was calculated fromapor phase. The Pirani gauge was replaced with an absolute
the measured net evaporation rate and area of the liquiddg manometer that could be used to measure the pressure
vapor interface. In Fig. @) the corresponding evaporation near the liquid-vapor interface with an accuracy of 13.3 Pa
rate of each experiment is shown. Note that as the averager 0.1 mm. Second, the temperature of the water entering
evaporation flux was increasély lowering the pressure in the evaporation chamber was controlled at one of three val-
the vapoy the temperature discontinuity also increased. ues, 15 °C, 26 °C, or 35°C, and at each of these tempera-
tures the flow rate and pressure in the vapor were adjusted
until steady-state evaporation was established. The total flow
In the experimental study of Re], a procedure similar rate of. Watt_er entering tht_a chamber was measured with the
to that of Ref.[3] was used. There were three notable im->ame infusion pump. Third, after a ste_ady state had be_en
reached, the temperature on the center line of the evaporation
20 chamber was measured with two differently sized thermo-

2. Experiments of Ref. [4]

 In the vapor couples. The measurements made with the smaller thermo-

_ 159w 1n the liquid coup!¢(25.4 pm in dlgmete} were used as the boundary
SN " conditions for the continuum energy equation and the tem-
§ 104 o = — perature at the interface of each phase was calculated. This
€ 3 = allowed the temperature to be measured closer to the inter-
2 5 i — face than in Ref{3] and in one case allowed the temperature
E o red o in the vapor to be measured within one mean free path of the
= ] interface. Based on measurenweit h apart, the maximum
¢ 5] e temperature difference at the interface in the liquid phase
£ was=*0.2 °C and in the vapar-0.4 °C. The measured values
g -107 il of TH, TV, PY, R., andj for the 15 experiments of Reff4]
£ ] are listed in Table I1.
= -5 For the experiments of Ref4] in which the temperature

20— . . —— : : of the water entering the evaporation chamber was main-

tained at 35 °C, the temperature in the liquid at the interface,
the temperature in the vapor at the interface, and the average
evaporation flux are shown in Figs(a@ and 3b) as a func-

tion of the measured pressure in the vapor. Note that as a
result of replacing the Pirani gauge with the absolute ma-
nometer, the pressure in the vapor was much more accurately
determined in this case; however, the direction of the tem-
perature discontinuity and the relation between its magnitude
and the average evaporation flux is the same as that found in
Ref.[3] at each evaporation rate, the temperature at the in-
terface in the vapor is greater than that in the liquid at the
interface, and as the evaporation flux was increased the dis-
continuity in temperature at the interface was observed to
increase as well. Similar results were found when water en-
tered the evaporation chamber at 15 °C and 26£IC

0 200 400 600 800 1000 1200

f=]

—

w
1

—h
0.054

Evaporation flux (g s"lm2)
=]
=

—hy

{ Water entering at room temperature
0.00 L) T M T M T Ll 1
0 200 400 600 800 1000 1200

Pressure in the vapor (Pa)

B. Sensitivity analysis of the evaporation rate expression

FIG. 2. Summary of the measurements reported in R¢fThe

The expression for the net evaporation fd&g. (54)] may
error bars on the pressure indicate possible instrument error.

be used to determine the variation in this rate that results
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TABLE Il. Summary of the water evaporation experiments of R&f.

Radius of
Liquid evaporation ~ Pressure in  Temperature on the vapor Temperature on the liquid interface at .
rate the vapor side of the interface side of the interface centerR, Evaporation fluxj
(ul/h) (Pa (xdeviation (°C) (+deviation (°C) (mm) (gm2sY
707 596.0 3.2:0.1 —0.3+0.1 4.42 0.2799
75 493.3 0.6:0.1 —2.9+0.1 4.39 0.2544
85 426.6 —0.6+0.1 —4.8+0.1 4.47 0.3049
97 413.3 —1.0+0.1 —5.2+0.0 4.27 0.4166
100° 310.6 —3.8+0.1 —8.9+0.1 3.95 0.3703
100° 342.6 —2.7+0.1 —7.7+0.2 4.31 0.3480
100° 333.3 —1.6+0.2 —7.8£0.0 4.60 0.3971
110 269.3 —4.6x0.1 —10.7+0.1 4.36 0.4081
110 277.3 —4.3+0.2 -10.3+0.0 4.44 0.4347
12¢° 264.0 —-4.9+0.0 —11.0+0.2 4.15 0.4097
12¢0¢ 269.3 -4.1+0.1 —10.6+0.1 4.13 0.4860
13¢° 245.3 —6.0=0.0 —11.9+0.1 4.12 0.4166
14¢ 233.3 —5.2+0.1 —12.4+0.1 4.27 0.4938
15¢° 213.3 —6.2+0.1 —13.5+0.0 4.17 0.5086
16¢° 194.7 —6.8+0.4 —14.6-0.0 4.18 0.5386
&The liquid temperature entering the evaporation chamber was 26 °C.
®The liquid temperature entering the evaporation chamber was 15 °C.
“The liquid temperature entering the evaporation chamber was 35 °C.
from a small change in the independent variables. If the ) o In the vapor
changes in the independent variables are sufficiently small, ~ 1 ®nthe liquid
then ¢ ol
\5 ] e
Aj 1/ 9] 1/ 9j 8
== | —5y|APY+ = [ = |ATt 5 ] e
j (aPV) j\att £ 5 He-
- - 2 gl
+ 1 ATV+ o) AR 5 z .
—_| — —_— ~
i \aTv IR, e &7 g -10] -
"E e o
or g | -
g -151 -
Aj (APV) th(AS) Zu;yLVARC th(AS) &
= | v |coiN | — 2 =7 coth =+ ]
j P k kT- R k 20 — —
hg 1) (hg ) [AS)] AT 0.7 200 300 A0
+ =~ 5| +|—=xr—4|coth —| | =
kT- 2/ \kT- k)| T ]
v 3 v P 0.6-.
+lal1 T n 1 z 6| eXF(6|/T ) _‘E J
TH T2 4 [exp0,/TY)—17]2 . ket
= 0.5
ATY AS é ] A iy
Xv cot ak (58) = 1
'g 0.4 et
To estimate the sensitivity of the rate expression to the dif- g ]
ferent parameters, we may consider the experiment with the =
highest evaporation rate. The quantitative change in the & 031
evaporation flux may be calculated from the values of the . o
. . . . Water entering at 35°C
parameters for this experiment that are listed in Table Il, 02 '
; 100 200 300 400
A 8.0 31.8
__] =—|—]APY—| —| ATt Pressure in the vapor (Pa)
j Pa K
s FIG. 3. Summary of the measurements reported in RéfThe
_(0'12 ATV_(7X10 AR (59 error bars on the pressure indicate the accuracy with which the
K m ¢ pressure could be read.
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The magnitudes of the coefficients APV, AT", ATV, and
AR, are smaller in the expression faij/j at the lower rates 1.2
of evaporation.

One of the most accurately measured variables was the
net evaporation flux: 0.5%. One of the least accurately mea-
sured was the pressure at the interface. If the temperatures
T-, TV and the radiusR, are taken to have been measured
exactly, then in order for the value of the net evaporation
flux j to be calculated as accurately as it could be measured,
the pressure in the vapor would have to be measured to ap-
proximately 6<10 % Pa. However, it was measured to
within only =13.3 Pa in Ref[4] and to within only 20% of
the reading in the experiments of RE3).

If one assumes tha®", TV, andR, were measured ex- ]
actly, then in order for the net evaporation flux to be calcu- =
lated as accurately as it could be measured, the temperature 0
at the interface4in the liquid would have to be measured to 0 02 04 06 08 10 12
W|th|_n 1.6X10 * K. It was measurgd to within only ap- Pressure in the vapor
proximately +0.2 K [3,4]. The error in the measured value predicted by SRT (kPa)
of PV results in an error in the calculated evaporation rate
that is two orders of magnitude larger than that from the FIG. 4. The SRT expression for the evaporation flux was used to
error in the measured value ot. predict the pressure in the vapor phase that would result in a par-

ticular evaporation flux if the curvature of the interface and the
temperatures in the liquid and in the vapor phase at the interface
were those measur¢d] and listed in Table I. The predicted values

C. Comparison of the predictions with the measurements of the pressure are given on the abscissa. The values of the pressure

) ) on the ordinate are those measured at the same evaporation flux. If
Since the net evaporation rate could be measured MOfgere were perfect agreement, all points would lie on the 45° line.

accurately than the other variables, we take the valugs of The vertical error bars indicate the uncertainty in the measured

Tt TV, andR, to be the experimental values listed in Tablesvalue of the pressure.

I and Il and then use the SRT expression for the net evapo-

ration rate to predict the pressure in the vapdrthat would

correspond to these conditions. The predicted and measured

pressures obtained by this procedure for the experiments of 700

Refs.[3] and[4] are shown in Figs. 4 and 5. The measured

values of the pressure for each net evaporation flux are also

shown in these figures and the vertical error bars indicate the

accuracy with which the pressure in the vapor was measured.
If the results shown in Fig. 4 alone were considered, one

would conclude that there was a small difference in the pre-

dictions as compared to the measurements of [RBé&fHow-

ever, when one examines the results shown in Fig. 5, notes

that there is no disagreement between the measurements and

the predictions at the 15 different experimental conditions

reported in Ref[4], recalls that the pressure was measured

closer to the interface and much more accurately in R&f.

than in Ref[3], one concludes that the small difference be-

tween the measurements and prediction from the SRT ex-

Measured pressure in the vapor (kPa)
&
1 1
—0—

Water experiment
45° line

600

500

400

300

200

100

Measured pressure in the vapor (Pa)

‘Water experiment

pression for the evaporation flux is not significant. Thus we 45° line
conclude there is no measured disagreement between the pre- 00 — '2(-)0 T 4(-)0 T 6(-)0-
dictions made from the SRT expression and the measure-

ments. PV predicted by SRT (Pa)

Sl_nce the pressure that corresponds to a given e_vaporatlon FIG. 5. The SRT expression for the evaporation flux was used to
rate is accurately calculated from the SRT expression for the,eict the pressure in the vapor phase that would result in a par-
net evaporation flux, even though the measured values Qfyjar evaporation flux if the curvature of the interface and the
TS, TY,R; are used in the calculations and these variablegemperatures in the liquid and in the vapor phase at the interface
would be expected to be in error to some degree, the erragere those measuréd] and listed in Table Il. The predicted values
does not appear significant. However, if measured values aff the pressure are given on the abscissa. The values of the pressure
Th, TV, R, andPV reported in Ref[4] are simply inserted on the ordinate are those measured at the same evaporation flux. If
in the expression for the evaporation rate, the calculated vathere were perfect agreement, all points would lie on the 45° line.
ues of the net evaporation flux could be one order of magniThe vertical error bars indicate the uncertainty in the measured
tude larger than the measured value. values of the pressure and correspond to 13.3 Pa.
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10 4> sts 1>8x10 14 (69)

In the SRT procedure, a first-order perturbation theory
was used to obtain the expression for the probability of aBased on Eq(68), it appears that the necessary conditions
transition from a quantum mechanical state corresponding t&r the application of the transition probability concept are
molecular distribution\; to a quantum mechanical state of satisfied.

M- A necessary condition for Eq7) to be valid is that the
time for the transitiondt satisfies

2mh

o> (ETT AEY

(60)

There is also an upper limit tét. The transition probability

The sufficient condition for its validity can only be estab-
lished by comparing the predictions that follow from Egs.
(54) and (56) with experimental results. There are no fitting
parameters in the expression for the evaporation rate and as
indicated in Fig. 5, at least for water evaporation at low
temperature, when the conditions at which the evaporation
took place were most accurately measuféf] there is ex-

and the temperatures and chemical potentials of each phasellent agreement between the predictions and the measure-
in the small volume were assumed to be unchanged duringents over a range of experimental conditions. Clearly, other

At when many transitions took place. Thus

At> 6t (61)

and the condition o\t can be met only if the number of
molecules within each phase of the small volume is ver
large compared to the number of molecules changing ph
during At. The net number of molecules going from the

liquid to the vaporAN would be

AN=jSAAL. (62)

liquids should be examined.

In the SRT approach, the local equilibrium variables are
used to determine the expression for the change in entropy
resulting from one molecule changing phase. It might be felt
that this would limit the validity of the SRT expression for

%he evaporation flux to “small” values. However, the degree
$6 which the local equilibrium approximation limits the

range of rates for which SRT gives a valid expression is not
clear. For example, the rate at which water can evaporate is
limited because the liquid phase can spontaneously freeze
[3]. This possible change in phase of the water limited the

This number must be very small compared to the number ifiates of evaporation that could be considered experimentally.

each phase of the small voluné¢* if the thermodynamic
properties are to be unchanged:

SASLY
f=— AN (63
From Eqgs.(60)—(63)

L% o 2T 64

PE AEF+AEY” 64)

For waterAE“ may be calculated from Ed2):
AEt=1x10"20 J,
(65)

AEV=8x10"2 J.

The most stringent condition that E¢64) must satisfy oc-
curs when the evaporation flux is a maximum

2x10°(SLE
#> StsTi>5x10 14 (66)
and for the vapor
3(sLY
( )>é‘ts’l>8>< 10714 (67)

In addition, as seen in Fig. 5, at least for the water evapora-
tion rates that were achieved, there is no indication that the
SRT expression for the evaporation flux is limited to lower
evaporation fluxes. Also, when the SRT approach was ap-
plied to examine electron transfer reactidb$ gas absorp-
tion by liquids[9], adsorption kinetic$10], or thermal de-
sorption kineticd11], the local equilibrium assumption was
used in each case and in each case the SRT approach gave
predictions that were in close agreement with measurements
over the entire range of rates examined. Thus the limit to the
validity of SRT imposed by the local equilibrium assumption
is yet to be identified.

Since SRT has led to an expression for the evaporation
flux that appears to be in agreement with the measurements
of Ref. [4] and the expression has been obtained from the
transition probability concepts of quantum mechanics, we
investigate the relation of the SRT expression for the evapo-
ration rate with those obtained from the classical kinetic
theory approach. Classical kinetic theory does not provide an
expression fopredictingthe rate of evaporation. Rather, the
kinetic theory expression for the rate is in terms of coeffi-
cieni(s), but no method is available for predicting these co-
efficients. However, the classical kinetic theory expressions
for the evaporation rate have been used to correlate the re-
sults of a number of experiments.

The earlier kinetic theory work assumed that if the liquid
were at a temperatur&-, the expression for its unidirec-

Since the thermodynamic properties have been assumed utiienal evaporation flux was the product of the collision fre-
form over the extent of each phase within the small volumeguency of a vapor that had a Maxwellian velocity distribu-
the value ofSL“ could not be any larger than the resolution tion centered aT*, a pressure oP..(T"), and a factoto,,

of the thermodynamic properties. In the vapor phase, thishe evaporation coefficient. The vapor was also assumed to
resolution would be approximately one mean free path. Thée in a Maxwellian distribution, but centered at the tempera-
conditions at which the maximum evaporation flux was ob-ture TV and with a pressur®", and the unidirectional con-
served are shown in Table Il. At these conditions the meanlensation rate was assumed to be a product of the collision
free path was approximately 2&m; thus frequency of the latter Maxwellian distribution with a coef-
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ficient o, the condensation coefficient. These coefficients oK

are usually assumed to have the same vail. Then the 7T 15 0507K" (73
Hertz-Knudsen formul@16,17] for the net rate of evapora- '

tion may be writter{ 18] If one uses Eq(73), the value of Schrage’s condensation

coefficient can be evaluated for each of the experiments re-

j= o Pw(TL)_ PV 69) ported in Ref[4]. From the data listed in Table Il one finds
V2mmk | VTR VTV that
The Boltzmann equation was not used in the analysis and 0.0586< 0=<0.1247. (74)
therefore there was not a necessary relation betWéei", . )
andPV. Values of o that have been obtained experimentally have

been reviewed by Mills and Seb&®0]. For water evapora-

(54)] is compared with the Hertz-Knudsen expression, thdion from a suspend_ed droplet and from a horizon'_[al surface,

expression fora" can be identified. The Hertz-Knudsen (€Y record values in the same range as those in(E4.
Thus, if one simply used the Hertz-Knudsen or the Schrage

expression for the evaporation fljiEq. (69)] implicitly as- , h , I
sumes the liquid-vapor interface is flat. For such an interfaceEXPression for the evaporation rate to correlate measure-

7 given in Eq.(41), has the value unity. Under this condi- ments of the evaporation rate, one would not find any con-
tion one finds tradictions, only that the coefficients appearing in the expres-

sions for the evaporation rate varied from one experimental
;{AS) p( —AS) circumstance to another.
exp —| —ex
HK

If the SRT expression for the net evaporation flieq.

K K Subsequent kinetic theory studies of evaporation obtained
= " —. (700  expressions for the distribution function by solving a model
1— P T_ of the Boltzmann equation for the space occupied by the
P..(TY) TV vapor. Different boundary conditions were then imposed. For
example, Cipolla, Lang, and Loyalk@] assumed that the
From Eq.(70) and the expression fakS given in Eq.(56), distribution function far from the liquid surface was the
SRT indicates that"¥ is a function of the temperature and Chapman-Enskog distribution and at the liquid surface that
the pressure in both the liquid and the vapor phases. If E¢he distribution function was a Maxwellian distribution cor-
(70) is used to evaluate™ from the experimental results responding to the temperature of the liquid at the interface
reported in Ref[4] and listed in Table I, one finds that ~ and supposed the number density to be that of a saturated
vapor at this temperature. Other boundary conditions were
0.060< oK< 0.133. (7))  also considerefll,18,21. All of these more detailed kinetic
i o ) ) theory analyses led to the prediction that the liquid could
Many_other experlr_n_ents have indicated th&f* varies with evaporateonly if the temperature in the vapor wégssthan
experimental conditions. _ that in the liquid. This prediction is contrary to the measure-
In his analysis of evaporation, Schrage also used classic@lanis of Refs[3] and[4]. It is also contrary to the conclu-
kinetic theory. He assumed forms of the distribution func-gisns of SRT. The SRT approach indicates that evaporation
tion, accounted for the bulk velocity of the vapor, and also.5 occur when the temperature in the vapagrisaterthan
assumed that there was only one empirical coefficient, whicly, o temperature in the liquid. Indeed, that is the condition
he called the condensation coefficienf19]. For small bulk existing in all 15 experiments of Re4] and as indicated in
velopities, the expression for the net evaporation rate that h?ig. 5, when SRT is applied to predict the pressure at which
obtained was a particular evaporation rate would be observed for given
” P(TY PV values of ", TV,R;, SRT is found to give an accurate pre-

j= — _ (72 diction of the pressure.
1-0.50 \ \27mkT 27mkT’

The SRT expression for the net evaporation flux may be

compared with Eq(72) and the expression for Schrage’s  This work was supported by the Canadian Space Agency
condensation coefficient identified. For a flat liquid-vapor in-and Natural Sciences and Engineering Research Council of
terface one finds Canada.
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