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Molecular dynamics study of kinetic boundary condition at an interface
between argon vapor and its condensed phase
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Division of Mechanical Science, Graduate School of Engineering, Hokkaido University,
Sapporo 060-8628, Japan

(Received 6 November 2003; accepted 29 April 2004; published online 25 Jung 2004

The evaporation and condensation at an interface of vapor and its condensed phase is considered.
The validity of kinetic boundary condition for the Boltzmann equation, which prescribes the
velocity distribution function of molecules outgoing from the interface, is investigated by the
numerical method of molecular dynamics for argon. From the simulations of evaporation into
vacuum, the spontaneous-evaporation flux determined by the temperature of condensed phase is
discovered. Condensation coefficient in equilibrium states can then be determined without any
ambiguity. It is found that the condensation coefficient is close to unity below the triple-point
temperature and decreases gradually as the temperature rises. The velocity distribution of
spontaneously evaporating molecules is found to be nearly a half-Maxwellian at a low temperature.
This fact supports the kinetic boundary condition widely used so far. At high temperatures, on the
other hand, the velocity distribution deviates from the half-Maxwellian. 2@4 American
Institute of Physics.[DOI: 10.1063/1.1763936

I. INTRODUCTION . 2
f'=ouf*, ou=- _f ngcolldg ()]
RT@ §Z<0

The evaporation from and condensation on a liquid or

solid surface have long been an important subject of fundayhere fooll js the distribution function of molecules incident

mental researches in physics of fluids. Molecular gas dynamsy, the interface.

ics (rarefied gas dynamigsan give an accurate description A number of problems have been solved on the basis of

of the behavior of vapor adjacent to its condendeglid or Eq. (1) (especially in the case af=1, the complete conden-

solid) phase. This has actually been accomplished by SOIVingatior), and thereby various phenomena have been found

the Boltzmann equation with a kinetic boundary condition at(see Refs. 1 and 2 and references théreifowever, the

an interface between vapor and its condensed phase. Thgysical appropriateness of EQ) has never been verified,

boundary condition widely used can be writtertas and the parameter in Eq. (1) cannot be determined in the
ot re } framework of the molecular gas dynamics. In the present
f=af™ (1-a)f" (£,>0), (D paper, we shall shed light on the first teerfi® in Eq. (1), and

S ) examine its validity by the numerical method of molecular
where f°! denotes the velocity distribution function of out- dynamics(MD) for argon.

going molecules from the interface ard is the velocity In the following section, we shall clearly state the prob-
component normal to the interface. The parametef0  |em and provide the outline of the analysis. In Sec. Ill, we
<a=1) has been called the condensation coeffiCidtite  gescribe the method for MD simulations. The numerical re-

I1). f¢is a Maxwellian with saturated vapor density at the  geyoted to conclusions.

temperature of the condensed phase

Il. PROBLEM STATEMENT
) (2)

o 1 grite
fe=p,f*, f*=———‘exp - —o=— : : :
(27RT,)%? 2RT, Let us consider an interface between a vapor and its
condensed phase. The temperature in the bulk condensed
whereR is the gas constant ang} and &, are the velocity phaseT, is assumed to be constant. In order to study the

components tangential to the interface. The synibsigni-  physically appropriate boundary condition, we start from not
fies the distribution function normalized by the gas densityEq. (1) but a general expression f6f"",
and the superscript represents a Maxwellian. Fdf in the fout:fzeap+fref (£,>0), 4)

second term, the diffuse reflection is usually used:
wherefgl,,is a distribution function of molecules spontane-
dAuthor to whom correspondence should be addressed. Telephonéf):rlifs_ly gjxt/apgpratmg from. the interface a" is deflned.as
+81-11-706-6430;  fax: +81-11-706-7889;  electonic  mai: 1 —1  —levap We define the spontaneous evaporation as
yano@mech-me.eng.hokudai.ac.jp an evaporation that occurs independently of incident vapor
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molecules, and thereforég),, should be determined by, .
Equation(4) is general in the sense that an arbitr&®y can
be written as the right-hand side of E@). The essential
points are whethefg;,, exists and howfl,, is given if it
exists.

Since we start from Eq4), in the equilibrium state of
T,, f*is equal tof®(£,>0), and hencef"™'=fe— {3, .
Sincef gl,,is independent of vapor, all the effects of incident
vapor molecules are included . Therefore,f may be

regarded as the distribution function of reflected molecules. Bulk condensed phase

Equation(4) enables us to validate the first term in Eq.

(1) by examiningfgl,,. In an extreme situation of no inci-

dent molecules, we immediately have

fou=fe =0 (5

In Sec. IV, we shall realize such a situation in an MD simu-

lation of evaporation into vacuum, and determiig,,as a

distribution function of molecules evaporating into vacuum.
The existence of the spontaneous evaporation is thus con-

firmed, and this means that our starting pdiit is valid. It
will be shown thatfgl,, is a half-Maxwellian in relatively
low temperature cases and is equalatt®(£,>0) with o
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FIG. 1. Molecular fluxes at the interface.

In the equilibrium state, sinc€Jgy,)={(Jco), We have
(Jendg =(Javap from Egs.(6) and(7), and hencer.=a. In
this paper, we define as
(%

<Jout>e,
which is equal tax, anda, in the equilibrium state. We shall

(€)

defined below. The result supports the physical validity ofevaluatea for a wide temperature range including the triple

the first term in Eq(2).
Although several authots® have executed MD studies

point.

for evaporation and condensation at the interface, the spon-
taneous evaporation has never been examined. On the com- COMPUTATIONAL METHOD
trary, they have tried to count the number of reflected mol-

ecules in equilibrium statés® However, it seems to be

We consider the dynamics of molecules at an interface

intrinsically difficult® because molecules experience compli-Petween vapor and condensed phases of argon. The phenom-
cated interactions at the interface; the spontaneous evapor@?0n concerned is assumed as one dimensional in a macro-
tion can be determined only in the vacuum evaporation MDSCOPIC sense, i.e., the interface is assumed as planar in a

simulation as will be done in the present paper.

macroscopic sense and normal to thexis (see Fig. 2

Next, we shall explain the relation between the conden-

sation coefficient and the parameterFrom Eg.(4), it can
be readily seen that the molecular mass fluxet°df {3,
and f" satisfy a relation,

<Jref>:<‘]out>_<‘]:5a[>1 (6)

where <Jref>:f§Z>O§zfrEfd§v <‘Jout>:fgz>0§zfou{d§v and
(IVap =S e,~0-faflé. Note that the evaporation flux

J2P_ Y is a function of onlyT, under the present assump-
eva| yle p p

A. Equilibrium simulation

To begin with, we describe the method for equilibrium
MD simulations for argon. The computational method is al-
most the same as those developed in Refs. 4, 11, 12, where a
system ofN molecules is considered in a simulation cell with
dimensions., XL, XL, for a specified average temperature
T, . The simulations are executed fby= 70, 75, 80, 85, 90,

100, 110, 120, and 130 K. A vapor-liquid equilibrium is ob-
tained between the triple-point temperat(88.8 K) and the

tions. Application of thg mass conservation law at the i”ter'critical-point temperaturél50.7 K), and a vapor-solid equi-
face leads to the definition of the condensed mass fluYium is obtained below the triple-point temperature, where

<Jcnd9,
<Jcnd9=<‘]coll>_<‘]ref>a (7)

where(Jeo) = — [ ¢ <0&,f*'d€ (see Fig. 1 The definitions
of condensation coefficient, and evaporation coefficieat,

can then be given as

o :<‘Jcnd9 o :<‘J2€a
¢ <‘]coll> , € (Jout>e,

where (Joue=p, VRT¢/(27) is the outgoing mass flux at
the equilibrium state. While is determined only by, , «,

®)

the sublimation occurs.
As an intermolecular potential of argon molecules for
85K=T,<130K, we use a 12-6 type Lennard-Jones

potential®
o 12
7~

where the particle diameter is 3.405 A and the potential
depth e/k is 119.8 K (k is the Boltzmann constantThe
Lennard-Jones potential however gives poor saturated vapor
density below the triple point. To obtain reliable results for
T,=70, 75, and 80 K, we use the Dymond-Alder

0_6

r

P(r)=4e , (10

in general depends on the both vapor and condensed phagmtential®* which is a numerically tabulated one. The
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. number of molecule®=2000, while in higher temperature
cases of 110 KT,<130K, we increasé, to 300 A andN
to 4000. The surface arég XL, is fixed to 50<50 AZin all
cases.

Newton’s equations of motion foN molecules in the
cell are solved by the leap-frog method with the time step 1
fs. For the both potentials, the cutoff radius is set to 15 A.
The periodic boundary conditions are imposed for all three
directions of the simulation cell.

When a steady state is attained, a thick condensed phase
is formed at about the center of the cell as shown in Fig. 2.
The thickness of the bulk condensed phase is at least 30 A in
low temperature cases and 60 A or more in high temperature
cases. After that, the simulation is continued until 10 ns and
the configuration of molecules is sampled every 400 fs. This
yields 25000 samples. Since there are two interfaces in the
cell, we have 50000 samples in one simulation. The en-
semble averages are evaluated frddg=50000 sampled

3ot
o
‘

configurations.
In MD simulations, an averaged density can be calcu-
lated as
1 :
p=—= 2 m', (17
Ns):p NS iEEp

where =, is a volume element in the physical spane, is
the mass of théth molecule f'=m, m is the mass of a
moleculg. The summatiorEiEEpmi means the mass of the
molecules insideZ,. One can also calculate a fluk by
counting the number of molecules passing through a unit
Tg =130 (K) area per unit time, and then the ensemble-averaged flux is
calculated as(J>:(1/NS)2NSJ. The averaged bulk vapor
FIG. 2. Snapshots of equilibrium simulations in relatively low and high density(saturated vapor dens)ty;v, bulk quuid (or solid)
temperature cases. . . .
densityp,, and(Jeo)e and(Jope Obtained from the equi-
librium simulations are shown in Table |, wheli&.,). is the
Dymond—Alder potential gives excellent results for the heatnass flux of molecules incident on the interface in the equi-
of sublimation and atomic separation of solid artpaand the  librium state. The numerical results show good agreement

Y

YN

X

saturated vapor densitfig. 3. with corresponding experimental ones. Clearly, an equilib-
The other parameters are as follows: In the cases dfium condition(Jope=(Jcon)e is satisfied.
70K<T,<100K, the cell lengthL,=100A and the total The averaged density profiles are shown in Fig. 4. Note

that, here and hereafter, one of the two interfaces in a cell,
facing in the positivez direction, is presented and discussed.

P Triple point The density in the transition layer can be well fitted with a
g 83]8 (K) function,
o 0.1
= 3 | pPutPe  Pu—Pe Z—Zn
£ : | p@)= 5t M 5 e ) 12
o i
§ 0.01F ! whereZ,, denotes the center of the transition layer attie
3 F ! 10-90 thicknesgsee Table ). Z,, and § are obtained by a
g C ) nonlinear least-squares methodLevenberg—Marquardt
g 0.001F | © Lennard-Jones potential method’). These values are affected by the simulation cell
= : | & Dymond-Alder potential size and temperature. We introduce the following coordinate:
g - : «_ 2= Zm (13
< 1 1 1 1 L 1 1 ZF = ,
% 00001 = 5—36""90 100 110 120 130 5
Temperature (K) and thus we can compare various physical quantities of dif-

FIG. 3. Saturated vapor density calculated with the Lennard-Jones potentie]:ﬁrent temperatures ”? tE coordinate. As shown in Fig. 4,
and the Dymond—Alder potential. The solid line is a new equation of statdne bulk vapor phase is well developedthzZ for all cases

for argon proposed by Tegelet al. (Ref. 16. of T,.
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TABLE I. The results of equilibrium simulations. The values in parenthesgs Bndp, columns are experi-
mental onegRef. 16.

Te Py Pe 2 <‘Jcoll>e <‘]0ut>e
() (10°° glent) (gfen) A [glen?’9)] [g/cn?'9)]
70 0.440.50 1.55 (—) 4.60 2.18 2.19
75 1.021.16 1.53 (—) 4.96 5.38 5.36
80 2.162.41) 1.50 (—) 5.32 11.13 11.14
85 4.774.59 1.38 (1.4 6.27 25.15 25.16
90 7.617.44 1.35 (1.39 7.09 40.64 40.66
100 17.1816.87 1.30 (1.31 8.35 97.56 97.53
110 34.8633.30 1.23 (1.24 10.75 204.09 203.38
120 61.1%60.16 1.15 (1.1 12.31 372.28 372.26
130 101.28103.61 1.06 (1.07) 15.71 637.66 637.47
B. Vacuum simulation condensed phase decreases with time, and the transition layer

moves in the negativedirection, accordingly. Then, another

We now turn to the simulation method for evaporation ) .
coordinate transformation may be useful,

into vacuum. As an initial condition for the vacuum simula-
tion, a configuration at an arbitrary time in the vapor—liquid 72— (Zo—v ) J
or vapor—solid equilibrium state df, is used, for whictz,, =T 5 ==
and § are known. The periodic boundary conditions are ap- g pPe
plied in thex andy directions alone. The top and bottom of wheret is the time from the beginning of the vacuum simu-

the cell are ass_umed to be open to the vacuum. M°|eCUIq§tion, Js is a nonaveraged molecular flux evaporating into
can evaporate into vacuum but cannot come from Vacuum, 4 cyum, and is the speed of the moving coordinate. Here,
The number of molecules in the cell are therefore graduall)(Ne use the same symb! as in Eq.(13), but this would not
reduced as time goes on. As a result, the thickness of the,q 5 confusion. At each time step, we estimate the evapo-
ration flux Js at z=Lg , and eliminate the molecules in a
regionz* >L; , a virtual vacuum(see Fig. 5.
Using the velocity scaling methd8we control the tem-

(14)

o ' ' ' . .' ' ' . '. 1 perature of the condensed phase in the regfom —L} as
15k o Liquid-vapor equilibrium | shown schematically in Fig. 5. The size lof is chosen so
& PO000C6000000E0NE Evaporation into vacuum that the averaged temperature in the bulk condensed phase
= 8 can be fixed to a specifiel, ; we found that.} =0, 0.5, and
~ 1L 1 give good results. Sincg* is the moving coordinate, the
< molecules to which the velocity scaling is applied change
2 [ with time. The temperature control technique is essential to
g 0.5k realize a steady state. If an inadequate temperature control is
A applied, a steady state may not be realized or the reference
T, = 85(K) temperature may not be determined uniqd@igur tempera-
0 L . L . B A 00000000¢ ture control works well. In fact, the averaged temperature
-2 -1 and density in the bulk condensed phase are almost uniform
! ' ' ' 1 and equal taT, and p,, respectively.
o Liquid-vapor equilibrium
;g L.5r a Evaporation into vacuum |
5 X |
L .
0 Condensed phase 4 Density
Q : 1
> [ 1
= Temperature | 1
g controlled region : : Virtual
Ty ! ; vacuum
|
N | 1
R T 0 1 2 | v
| |
© “LL 0 L~
FIG. 4. Density profiles around the interface in equilibrium simulations and
vacuum simulations. The solid line represents Ef) (E,=L,L,AZ*, FIG. 5. Schematic of simulation of evaporation into the virtual vacuum on
Az*=0.1).(a) T,=85K, (b) T,=130K. the moving coordinate* defined by Eq(14).
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50 TABLE II. The results of vacuum simulations.
=~ L 00000 T Jou
2 40f (Jou e T, (U pe apu/2
E 30k — (S oy (K) [g/(cn? 9)] a (10 3 g/en?) (10 3 g/en?)
o (e @@ T T T T T T 70 2.16 0.985 0.26 0.21
80 9 ¢ @ ® * o
= e 06T e o 75 5.16 0.963 0.48 0.49
Z 10F T, = 85(K) @) 80 10.10 0.906 0.91 0.98
. ( | 85 21.83 0.868 2.06 2.07
00 500 1000 1500 2000 90 33.96 0.835 3.08 3.18
100 74.61 0.765 6.54 6.55
__ 700 110 137.74 0.678 11.78 11.82
S600F T T T T T T T T 120 213.27 0.573 17.23 17.52
g 500 F® « T {Jout Je 130 281.80 0.442 22.21 22.39
(]
Sd0r T g e (L
%300 = . .__l_._._._..‘_.._._‘_.._
200 Te = 130(K) the net flux(J,)—(J_). Clearly, the spatial uniformity of
108 [~ | | | | | | (b) the net flux in Fig. 7 indicates the steady stdte.) agrees
0 100 200 300 400 500 600 700 with the net flux forz* =2, because no molecules come from
time (ps) the virtual vacuunz* >L; =4. From the results of vacuum

simulations for different 3’s (Ly =2, 3, and 4, we confirm
FIG. 6. (Jq) in vacuum simulationsa) T =85 K, (b) T,=130K. In this that the net flux is hardly affected by the size Iof and
f'_gfie' (J-) is zero £5=4.0, L =1.0). Note thai(J;) is defined atz determined only by, . That is, the spontaneous-evaporation
o flux (Jgh,p certainly exists and can be defined by the net flux
in the vacuum simulation:
At the time when the number of molecules in a region o\ _ _
z* <L, decreases to 1000 due to the evaporation into (Jevap ={J-) <J’>_<J+>|Z*=L§' (15)
vacuum, we stop the simulation in order to avoid samplingrhe spontaneous-evaporation fluxekb,) obtained in the
erroneous configurations. This sometimes leads to the shojncyum simulation are presented in Table 1.
age of the number of samples for ensemble averages. To As shown in Fig. €a), the difference betweetiy e
compensate this, we execute seven more simulations startingroken ling and (J. )|,«_ =(J%,) (dash-dotted lingis

from different initial conditions. small forT,=85K. This implies thatJ,.;) determined from

Eq. (6) is small in the equilibrium state at low temperature.

IV RESULTS AND DISCUSSION In the case ofT,=130K shown in Fig. &), (Joue in the

A. Spontaneous-evaporation flux and condensation equilibrium state is considerably large compared with

coefficient in equilibrium state <‘]+>|z*:L;‘ =(J&ap- That is,(J,ep amounts to half or more
The temporal evolution of molecular fluklg) in the  of (Joue In the equilibrium state af ,=130K.

vacuum simulation is plotted fof, =85 and 130 K in Fig. 6. Once the fluxJZ0,) is obtained, the condensation coef-

For the both temperatures, one can see that after an initificient in the equilibrium state: can be easily evaluated from
transient state, an almost steady state is realized&j)c¢can its definition, Eq.(9). In Fig. 8(see also Table )J we plot«
be regarded as constant except for small fluctuation. In Figdor argon as a function of ;. The results of previous MD
6 and 7,(J,(_)) denotes an averaged flux in the positive simulations?~** are also shown for comparison. As men-
(negative z* direction after the steady state is established.

In the steady evaporation state, the averaged fluxes are . .
calculated at various points on the moving coordinate. Figure Tr;;%l%m}’ém
7 shows the spatial distributions of outgoing fl(i, ) and : ,( )

—
5 I B
Q
= = 08 &4--
o .x + (D] » |
E L% + + (Jp) (130K) o |
< 3L x t S 06k
SI0F s o (Ji) —(J-) (130K) o O !
&0 F x +++ 9 - | 8
§ F000008000055bEEtbbbOEGOGbOdOOdOOOSeSOS = 0.4k ® present MD A
4 2 .
= 102l « x (Jy) (85K) & O Tsuruta et al (2002) N
5 F x a (Jo) = (J.) (85K) 3 [ O Anisimov et al (1999) AN
= i X + - 2 02F A Matsumoto (1998) N
8 AAAAAAAAAAAARK X KX XXX AAAAAAABBARARRAARL (.O) | "
S 10l . ] N 1 . ] ) i ~-a
§ 10 0 1 2 3 4 O | 1 | 1 | 1 | L | 1 | 1 A
* 70 80 90 100 110 120 130
z
Temperature (K)
FIG. 7. The spatial distribution of fluxes in the steady evaporation state in
vacuum simulationsT,= 85 and 130 K,L;‘ =4.0,Lf=1.0). FIG. 8. Condensation coefficient for argon at equilibrium conditions.
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12 T, = 85(K) @ | 12F Ty = 130(K) (d)
_oop* =0 26 | ggl =0 ‘
@ L oGy
0.6 i 0.6}
L Cz
0.3F 03}
0 1 - 0 | FIG. 9. Velocity distribution of mol-
30020 -1 0 1 2 3 3 -2 A

ecules evaporating into vacuum in the
case ofLy=4. (8 T,=85K andz*

_ e =0, (b) T,=85K andz*=2, () T
12 T, = 85(K) ®)| 12} 7o = 130(K) () 20,0 Te=3sK andz" =2 O ¢
7 =2 2 =2 2*=0, (¢) T,=130K andz*=2, (f)
091 Y 0.9 b T,=130K andz* = 4. The solid curve

indicates a one-dimensional normal-
ized Maxwellian (1{/7)exp(-?) and
the dashed curve a one-dimensional
normalized half-Maxwellian
(2Wm)exp-£) (§>0). The dash-
dotted curves are a Maxwellian with
temperatures evaluated by MD simula-
tion, T, /(T,m) exp(—&T,IT,) with
T,=925K atz*=2 andT,=84.1K

at z*=4 (E,=L,L,Az*, Az*=0.2,
El=A¢, A7=0.375.

tioned in Sec. Il, the previous authors counted reflected molwhere?‘j is the marginal distribution of thg component of
ecules in equilibrium states and evaluatgld,qs) by using  molecular velocity [=x,y,z), E! a one-dimensional vol-
Eq. (7). Although some ambiguity is inevitably involved in ume element in thg direction in the molecular velocity
such a treatmentf the discrepancy of their results from ours space, andZ,N Ej} four-dimensional one in the six-
is small except for the result in Ref. 21. It can be seendhat dimensional phase spateNote thaté,, &/, andé, are as-
approaches unity below the triple point and monotonicallysumed to be independent random variaBlds. all casesf,
decreases as the temperature rises. o o andf, are equal due to the isotropy in the,y) plane. The
The temperature dependencecof qualitatively similar distrigutions of molecules evaporating into the vacuum at

to those reported in several experimental studies for variougx =0, 2, and 4 are plotted foF, =85 K and 130 K in Fig. 9.

materials other than argdiThranet al,”” Kossackiet al®).  1pe abscissd; = £ /\2RT, is thej component of normal-
For example, Fujikawat al?* have conducted experimental ized molecular velocity.

studies on the condensation coefficient of methanol by com- ¢ spown in Figs. @) and 9d), atz* =0 (center of the
bining a shock-tqbe gxperiment with an asymptotic anaziysistransition layey, all of ?j’s agree with a solid curve, a one-
based on the kinetic theory. They have shown thais dimensional normalized Maxwellian (\;(F)exp(—gjz).zg

strongly affected by temperature and density conditions. Th his means that molecules are in a local equilibrium state
long history on the determination of the condensation coef- -

ficient can be found in Cammenga’s monograph aroundz*=0. WhenT,=85K, atz*=2, f, is distorted
9 9 ' from Maxwellian [see Fig. %)] and it develops into

a one-dimensional normalized half-Maxwellian (Z)

X exp(— gjz) ((>0) atz* =4 [Fig. 9c)]. That is, in the three-
We shall evaluate the velocity distribution of molecules dimensional form,

evaporating into vacuurfil,,. In MD simulations, a veloc- R R

ity distribution functionf can be calculated as fava=2f*  (£,>0), (17)

B. Velocity distribution of spontaneous evaporation

_ yvheref* is the normalized Maxwellian defined in E®),
> X m, (16 fP, =% p., andp, is the vapor density evaporating into
Ns ic(z,nEl) vacuum. On the other hand, wh&p= 130K, bothf, andf,

gi
=
=v
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become Maxwellian with lower temperaturesee Figs. &) 160 120
and gf)], and f, deviates from the half-Maxwellian a* s e e B
=4 [see Fig. 9)]. Zhakhovskii and Anisimof? also exam- 120 Vg ™™
ined the distribution functiof, for evaporation into vacuum, < T = 85(K) . x T 80 S
and obtained the results similar to those in the present paper— () (0708000000 gyt - =
Our results makégﬁap more clear than their ones. & °o X g

The vapor density evaporating into vacuym can be co T 40 =
evaluated from Eq(11). The result is shown in Table II. 400 © 00000005000
C. Kinetic theory analysis for half-Maxwellian 0 [ % % xox x x x x * | | | (a) 0

In the preceding section, by using MD simulations, we -1 0 1 2 3 4
have shown thatZl,,is the half-Maxwellian in a low tem- 200 160
perature casgEg. (17)]. In this section, we shall analyze the
behavior of the vapor evaporating into vacuum by using the 160~ —————————— S 0 120
kinetic theory of gases. o — _ Z, % xx <

First, we shall analytically prove thatg,=af®(&, =120 ®e000, 8o, T =
>0) if f8,{=fL.dpo) is the half-Maxwellian withT, . &~ o 8%eta, 0as2,,, |80 B
Suppose thatZl,, is the half-Maxwellian(17). Then, 80| T¢ = 130(K) 90000;0000000000 =

2RT€ 4O "7 TTTT5 T T T T 40
EaQ f &,f evapdg Pc (18 x (b)
0% x xx x x x xx * | | | 0
On the other hand, from the definition af Eq. (9), -1 0 1, 2 3 4
RT, &
JZ%;} = a(Jou,>8= ap, E (19 FIG. 10. Velocity and temperature of vapor evaporating into vacu@am.

T,=85K, (b) T,=130K. Symbols are the results of vacuum simulations.

Elimination 0f<JZBa;> from Eqs.(18) and (19) immediately The solid line representsTx_=T€, the dash—dotted line v,
(=106.1,130.3 m/s), and broken liffig(=30.9,47.2 K) given by Eqg23)

gives and(24), respectively Ep=L,L,Az*, Az*=0.2).
Py
pe=a . (20
We therefore obtain 2RT,
. vx=vy=0, v,= gy (23
fZBaf ap,f*=af® (£,>0) (21
[see EQ.(2)]. Thus, the first term in Eq(1) is validated 5
physically. T=T,=T,, T,= ( 1- —) T,. (24)
In the above proof, Eq(20) is a consequence deduced ™

from the assumption thd@vap|s the half-Maxwellian. How- '

ever, the numerical result shows that E20) holds even in  Note thatv, and T;’s are independent o&. On the other
high temperature cases, Whe@vap is not the half- hand, in MD simulations, the velocity and temperature can
Maxwellian [see Table Il and Fig. ®]. This may be ex- Dbe calculated as

plained as follows: althougfg},,in the case off,=130K is

distorted from the half-Maxwellian, the difference is limited
for small|Z], and therefore the difference in the mass fluxesis Vi~ ;N o %: 23 m §J ' (25)
small [see Eq.(18)]. As a result, Eq(20) holds approxi- *r
mately.

Secqnd,' we shall discuss the deviation from the half- T = 1 2 z mi(gi._v‘)Z, (26)
Maxwellian in high temperature cases. To do so, we compare ' pRNsE, T i£F, o

the velocity and temperature obtained from MD simulation

and those evaluated usmg the klnetlc theory on the assumpvhereg is thej component of moIecuIar velocity of thien

ity and temperature are 9'Ve” by WhenT€—85 K, the results from MD simulation agree with
1 1 those by the kinetic theory on the assumption of the half-
vﬁ;j &;fdé, Tﬁﬁj (&—vj)*fdE. (22)  Maxwellian. In the case of ;= 130K, however, the results

from MD do not agree with those by the kinetic theory. In
The temperature is retrieved By=(T,+T,+T,)/3. Substi-  particular, the temperatures of tangential components to the
tuting the half-Maxwellianf =2p.f* = «f®(£,>0) into Eq.  interfaceT, and T, become definitely small compared with
(22) gives T, [see also Figs.(®) and 9f)].
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