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Vaporization of heated materials into discharge plasmas
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The vaporization of condensed materials in contact with high-current discharge plasmas is
considered. A kinetic numerical method named direct simulation Monte Gar&MC) and
analytical kinetic approaches based on the bimodal distribution function approximation are
employed. The solution of the kinetic layer problem depends upon the velocity at the outer boundary
of the kinetic layer which varies from very small, corresponding to the high-density plasma near the
evaporated surface, up to the sound speed, corresponding to evaporation into vacuum. The heavy
particles density and temperature at the kinetic and hydrodynamic layer interface were obtained by
the analytical method while DSMC calculation makes it possible to obtain the evolution of the
particle distribution function within the kinetic layer and the layer thickness.20®1 American
Institute of Physics.[DOI: 10.1063/1.1345860

I. INTRODUCTION evolution of the particle distribution function within the
layer. The numerical simulation results will be compared
The vaporization of a heated surface interacting with dis-with the analytical results for the case when the vapor veloc-
charge plasmas has a great interest for different applicatiorigy at the outer boundary of the kinetic layer is given as a
such as ablation controlled artpulsed plasma thrustefs, parameter.
high-pressure dischargésjacuum arcs, electrogung, and
metal evaporation by laser radiation actfoim most models,
the rate of evaporation is calculated using the Langmuir
relationship that is, however, limited to the case of vapor- Il. MODEL OF THE NONEQUILIBRIUM LAYER

ization into vacuum. In this section we will present two different kinetic mod-

Anisimo\’ considered a case of vaporization of a metale|s (particle simulation and analytical approadbr the non-
exposed to laser radiation using a bimodal velocity distribusquilibrium layer near the evaporating surface.

tion function in the nonequilibriungkinetic) layer. The main _ } )
result of this work is the calculation of the maximal flux of A- Particle simulation
returned atoms to the surface, which was found to be about |n the nonequilibrium layer near the surface there are
18% of the flux of vaporized atoms. This result was obtainecollisions between particles that eventually lead to a change
under the assumption that the atom flow velocity is equal taf the distribution function. The DSMC method uses particle
the sound velocity at the external boundary of the kineticmotion and collisions to perform a simulation of gas dynam-
layer. In many physical situations, however, the expansion ofcs under nonequilibrium conditions. Each particle has spa-
the vapor is not by the sound speed since there is a deng@| and velocity coordinates. The collision approach between
plasma in the volume discharge. Beffis* analyzed metal particles is based on a probability model developed from the
vaporization into discharge plasmas in the case of a vacuumginetic theory and commonly used in DSM€.
arc cathode spot. He concluded that the parameters at the To perform the DSMC simulation we have to specify
outer boundary of the kinetic layer are close to their equilib-conditions at two boundarigsee Fig. L At the evaporating
rium values and that the velocity at the outer boundary of th%urface with densitmo and temperaturdl, the Ve|ocity
kinetic layer is much smaller than the sound velocity. In bothgistribution function for emitted particles is in the equilib-
the analyses mentioned above, no information is providediym form®1°
about the change of the particle velocity distribution function
from a nonequilibrium state to an equilibrium state inside the m |32 mV?
kinetic layer. fO(V):”O(TkTO) ex% - 2kTo)’ Vi=>0. @)

In the present article we study the nonequilibrium layer
close to the evaporating surface using the particle methodt the outer boundary of the kinetic layer the distribution
known as direct simulation Monte Carl®SMC).*? It will function for particles is assumed to be
determine the thickness of the nonequilibrium layer and the

32 (Vy—V1)2+V2+V2
fl(V)=n1<—) exp(—m x 2 L
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ng ny steady state when the sum @f andG,, is exactly balanced
T, | T, by the flux of molecules leaving from the outer boundary or
I v, sticking on the surface:
- <
= 4 = Gs+Gp=G, + Gy, (6)
E o =
% “ = whereG, is the flux of the particles returned to the surface
during the time step an@; is the flux of the particles cross-
x | ing the outer boundary of the layer.
1 | In the DSMC approach, in order to calculate the evolu-
Kinetic Layer | Plasma tion of the distribution function inside the kinetic layer, we
o 1 have to specify the thickness of the layer in units\ofThe
FIG. 1. Schematic representation of the near surface layer. parameters at the outer boundary of the kinetic ldygrand

T,) and the flux of returned particles are calculated as a
function of the distance of the location of the outer boundary

of the layer and of the velocity at this boundary.
where V; is the velocity,n; is the density, and, is the

temperature. These boundary conditions are supplemented

by using an empirical relation betwedry and ny. As an )

example, we have used the equilibrium vapor pressure fdp- Analytical approach

the case of Teflon in the forn Let us consider the analytical approach developed in

_ _ _ Refs. 9-11, where the vapor paramet&isand n; at the

Po=Pcexi—Tc/To) and no="Po/kTo, @ outer boundary can be obtained without information about

where Py is the equilibrium pressurd?;=1.84<x 10°°N/m*  the layer thickness. This means that the problem is reduced

and T,=20815K are the characteristic pressure and temto integration of the conservation equations of mass, momen-

perature obtained empirically. The physical meaning of theum, and energy across the layewe consider a nonequi-

characteristic pressure and temperature is that the equilitibrium layer (thickness of about a mean free pathadja-

rium pressure equal; when vapor reaches the temperaturecent to the surfacéas shown in Fig. )L where the velocity

of T.. The calculations are performed assuming that vapodistribution function of the evaporated molecules reached

consists of Ck molecules at a surface temperature in theequilibrium by the rare-field collisions with the background

range 550—650 K that is typical for an electrothermal pulsecheavy particles and furthermore the vapor flow is described

plasma thrustet. by a hydrodynamic approach. Using Anisimov’s assumgtion
The DSMC model employed in the present article hashat the velocity distribution function for the returned par-

the following strategy. Uniform cells 0.k in size are em- ticles (V,<0) is 8f,(V), whereg is the proportionality co-

ployed, and time stepat=0.3\/V, s (Ref. 13 wherek and efficient, the relation of the heavy particle parameters at the

Vin,s= (2kTo/m)®* are the molecular mean free path and theouter boundary of the kinetic layer in the case of an arbitrary

most probable thermal speed at the ablated surface. Molelocity is obtained from the modéland reads as follows:
ecules enter the flow field successively from the surface due

to evaporation, and from the outer boundary due to Maxwell- n, ny

ian velocity distribution that allows particle velocities in the WO)“: anl+ﬁ2(T1)°-5

negative direction. Using the assumption about the distribu-

tion function at the surface and at the external boundary Egs. x{exp( — ®) — am®erfc(a)},
(1) and (2) we can calculate the flux of molecules entering

from the surfaceGg, and from the outer boundary of the nq ng )
layer, G,,, as follows: 4_do:2_dl{(1+2a )

Gs=No(2kTo/m)* 2" ) — Bl(0.5+ a?)erfo(a)— a exp — oD/ 7O, (D)
and

np M
(Wd0)1'5_ (dy)

xerfd ) — (2+ a?)exp(— a?)/ %3],

Gp=n4(2KT,/m)%®
X [exp— a?)— 7%%a{1—erf(a)}]/27°°, (5

wherea=V,/(2kT,/m)°%> The molecular interaction is de-

scribed by the variable hard-sphef¢HS) model!? The  where dy=m/2kT,, d;=m/2kT;, erfc(@)=1—erf(a), and
VHS model is employed to select molecular collision pairserf(«) is the error function. The equation systdi) is ob-
from cells and to distribute the postcollision velocities. Thistained using the boundary conditiotig—(3) and the conser-
model assumes that the scattering from molecular collision isation laws of mass, momentum, and energy across the
isotropic in the center of mass frame of referefic®oth  layer®!°By calculating the parameters at the outer boundary
boundariegwall and outer boundary of the kinetic layere  of the kinetic layer we can obtain the flux of returned
assumed to be perfectly absorbing. The flow will arrive at aparticles:

=7 Ha(a?+2.5—0.58{(2.5+ a?)
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! ! FIG. 3. The DSMC calculated return flux as a function of the distance of

FIG. 2. Comparison of the analytic and DSMC return flux as a function Oflocati_on of the outer boundary of the kinetic laylerin the case of sound
velocity V; with the distance of location of the outer boundary of the kinetic velocity at the boundary 1.
layerL as a parameter.

layer thickness. This is not the case when the velocity at the
outer boundary of the kinetic layer is small as shown in Fig.

0
J_= f Bf(V)vVdV 4(b), where the DSMC distribution function agrees well with
o the analytic approximation. Therefore it is not surprising that

kT, |%° the calculated flux of returned particles is also found to be in

:ﬁN1( oom)  LEX— a?)—am®Serfd@)}.  (8)  good agreement with the analytical result. It should be noted

The system of equatior{) has four unknowns and therefore

the solution can be found having one unknown as a param - = Analytical
eter, which is the velocity/; at the outer boundary of the 0.020 @l DSMC (L=100 %)
kinetic layer in our case. 0.018 —A—DSMC (L=1})
0.016
lIl. RESULTS B3
0.012

DSMC calculations and a comparison with the analytical _ o.010-
predictions for the flux of returned atoms is shown in Fig. 2 & ¢.008
where the thickness of the kinetic layer is used as a param  0.006-
eter. One can see that in the case of small velocity ( 0.004 -
=<0.5) at the outer boundary all results agree well. This is the  0.002
case when the thickness of the nonequilibrium layer is aboui  0.000
one mean free path. In the case when evaporation occurs 3 2 30 1 2 3
about the sound velocity at the outer boundary, the DSMC 4, VI(2KT jm)°®
calculations approach the analytical value at a layer thicknes:
of ~10-20 mean free paths. .

The calculation of the backflux dependence with dis-  °°'] U'=0.1(2kT‘/m)°'s| 3 ggi'nygc(?'w 5
tance inside the layer whem=1 is presented in Fig. 3. It 0.012 A DSMC (1%
can be seen that in the case whepn is about the sound
velocity, the flux of the returned molecules depends upon the ]
distance from the evaporating surface where the externa  0.0081
boundary is placed. Thus up to a layer thickness of about 2(s ¢ g6
mean free paths, the flux changed strongly and then it is™
weakly saturated. The DSMC calculation predicts a 16% flux ]
of returned particles, which is very close to the analytical 0.002 -
result of 18%. The reason for this difference can be under- 1
stood by analyzing the velocity distribution function of re-
turned particles in the DSMC calculation.

Results of the DSMC calculation of the velocity distri- (b) VI(2KT Jm)**
bution function and comparison with the analytic approxima- o S )
tion 51,(V) are shown in Fig. @) for the case of sound 1% verialon o he vebcly dsibuon uncton of e reimed par
velocity at the outer boundary. One can see that the distribune kinetic layerL as a parameter@ V,=(5kT,/3m)%5 and (b) V,
tion functions remain different in the case of a AXKinetic =0.1(2KT, /m)°S,

0.010 4

0.004 +
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0.018 7 returned particled_ on the velocityV; has a minimum near
0.016 - the sound speetkee Fig. . The minimum corresponds to
0.014 4 the sound speed with adiabatic index 1.3. This fact as well as
0.0124 the overestimate of the returned particle flux is connected
0010 with the assumption in the analytical approach of the form of
] the particle velocity distribution for the particles returned to
2 00087 the evaporating surface, i.e., that the distribution function of
0.006 1 the returned particles is proportional to the distribution func-
0.004 - tion at the outer boundary of the kinetic layer.
0.002
1 IV. SUMMARY
0.000
T ' 3 ' ! ' ; " Two kinetic approaches, namely the particle method
os (DSMC) and bimodal distribution function approach were
V/(2KTfm) employed to describe the parameters in the nonequilibrium

FIG. 5. Variation of the velocity distribution functidmormal to the surface kinetic I"_"yer ngar the evaporgting Surface- DSMC Calcu'_atio_n
componentwith the distance from the evaporated surface as a parameteimakes it possible to establish the thickness of the kinetic
The thickness of the kinetic layér=100n andV,= (5kT/3m)*®. layer and the evolution of the particle distribution function
within the layer. The thickness of the kinetic layer and the
vapor density and temperature in the kinetic layer adjacent to
the evaporating surface depend upon the velocity at the outer
boundary of the layer. We have found that the thickness of
the kinetic layer increases from a few mean free patlis
the case of small velocity up to about 10-2@h the case of
. 2o * . the evaporation with soun h r boundary of
=(5kT,/3m)%%. One can see that the velocity distribution the evaporatio .t sound speed at the oute pou dary o

. . . ; e layer. Comparison of the DSMC and analytical results
function approaches a drifted Maxwellian at a distance og : . :

indicates that the analytical model predicts correctly the flux

several mean free paths from the surface. The drift velocityOf returned particles over a wide range of velocity at the

slightly increases with further distance from the evaporatingoU,[er boundary of the layer. The present model can be used

surface. . . for calculation of the rate of evaporation of the heated sur-
The results of calculation of the analytic system of equa-

. - . . . face interacting with a plasma. The free parameter of this
tions (7) are presented in Fig. 6 with the normalized velocity .

. model, the velocity at the outer boundary of the layer, can be
V, as a parameter. The temperatiire densityn,;, and the

flux of returned particled _ all decrease as the velocity at determined by coupling this model with a model of the hy-

the outer boundary of the kinetic layer increases. In the "m_drodynamlc layer and the plasma bulk.

@ting case of the sound veloci_ty, the flux pf_ returne_d particlesy ck NOWLEDGMENT
is equal to 18% as was obtained by Anisinfow this case .
the analytically predicted flux of returned particles is larger ~M-K. J.F., and 1.D.B. gratefully acknowledge the finan-
than that obtained by numerical simulatiofi§%, see Fig. cial support of the Air Force Office of Scientific Research

3). It should be pointed out that the dependence of the flux ofifough Grant No. F49620-99-1-0040.

that the discontinuity in the analytical distribution function
[Fig. 4b)] is the result of the definition of the distribution
function of the returned particlgSec. 11 B).

The evolution of the particle distribution function within
the Knudsen layer is shown in Fig. 5 for the cage
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