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RADIATION-INDOCED VAPORIZATION KINEFDTICS FROM
A SURFACE INTO VACUUM

V.I.Mazhukin, A.A.Samokhin

Abgtragt

Vaporization kinetics from a surface lnte vacuum ia inVas;
tigated for various transient heating regimes due to intense jrv-
radiation of the surface. One-dimeusicnal fthecratical model of
the process includea heat conduetion into the esurface, vapor
flux through a Knudsen layer, and vapor flow without plasma for—
mation., Transient vaporization kinetles turne eut to he mors com~
plicated than it was assumed previcusly. Results of numerical
calculations show that there are transient molutione of sthe non~
iiniar vapbrizétion problam withk a constant value of the flow
Mach number M = 1 at the outsr edge of tha Knuddgen layer. Evolu-
tion of M depende strongly on variation of radiation inténasity.
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Radistion-induced vaporization process depends esmentislly on
pressure p and teppereture T distributions in irradiated
substances. If p is greater than a critical valus f% for 1i-
quid~gas phase transition in the regiocn where T <« Tc than the
vaporization process can be describsd with the help of continuous
equation of state /1/. In the case of lower values p < Pe there
is a sharp vapcorizaiion front which separates liquild and vapor-
states, At thie front usual comservaiion laws for mass, momenium,
and snargy fiuwes ars suppoged %o hold as wsll as some other re-~
lations which describe nonrouilibrium vwaporization kinetics,

Por collisionlese vapor flow the mass fiux across the phase

trangition front ie given by & well-lmown formalsa

Jo = p (R ) ‘f'V ()

whars Pf is ths liquid danai.ty,/l?g (7;) is the eaturaiion pree-
sure corrssponding fo the surface ftemperaturs TE, and R~: k/ﬂa
is the gas constani, Relation (1} follows straightforwardly from
an assumption thal vwapsry distwibation Dunciion at ths evaporating
purface has s Mazwellian fors and thave ars no hackeoatiered sar-
ticlas, Expresesivna for momentum and anavgy Tluxrm can be obtained
in the samps menner, Howewey, thess threa ralatione sre incompeti~
ble with hydrodynemlic sxpresamione for ths fluwes gn tha® in ceili~
#ional regims backesstiered partieclss shonld be faken into socount.
%ith the help of some azsumptions dpn nonequilibriuvm diefri-
Sution functlon /2/ in vefs. /3,4/ expresaloenns for vapor flow pa-
ramaters in terms of Py and T, wers ob¥ained in the case when
the flow Mach muabsr [just outalde the Enudaen laysr 1s equal fo

unity.
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The case M = 1 corrvegponds to veperigsaiion intov wvacuum or
low~pressure gxternal atmosphere. If the sxiarnal pressuvre is
not small compared %o Pg ther M < 1, Stabisnary vaporigation ki~
netics with M £ 1 ig investigated in marn, papsrs /5-10/ with
the help of various approaches. An &xemple of the modal appreach
ig deecribed in some detaila in Appendix A,

1% should be mentioned thet the exiternal gms prsasure is
not the ownly reason for decreasing of M. If the eurfacé tampera-
ture varies $oc fast the value of M doew No% remein ceanstant du-
ring Vransient vaporigation from ¥he surfase into veouum hecsuse
previously evapergied mass pleays the #dams role as exbernal gas
atmorphere,

Yaporisation kineticos cah almo be affeciwd Wy plawma forme-
tion in vapor Tlow /10-12/. Dscreasing of radiastion intaensity at
the abmorbing Surface dues to plbeme formation ia lavestigated in
meny pepers /13,147, while 1ittle attantich le payed %o plabme
effect on vaporization kinetiow.

In %his paper avolution of ¥ 18 invesiigated for various
traneition rosimaé af surface vaperization intc vecuum sustainsd
by intense irradiation of ¥he surface Velgw plaswd formetion thre-~
shold, This preblém ia lmportant for deveral reassons.

The velud of ¥ charsctdrigés nonequilibrium propertiaes of
the vaporizetion process. The case M= O corpesponds %c phasne
vquilibrium while at M = 1 mass flux /' & 0.82,& und momen-
tom flux {recoil pressure} f} = 0.55 P have respective-
1y their maximum ahd wminimum valuses.

If the relation W = 1 holds during vaporlzation process
then the banaviour of the condensed phase is independent of

the exterior vapor flow. In thie cass the vaporization problew
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for condense phase reduces to one-phase version of the Stephan
problem, the aurfaqs temparature Tg being a slowly changing
function of the vaporization frent veloeity /15/. Suech sn appro- {
ach 18 widely used for description of radiation-induced vspo-~
rigation process below plasma formation threehold /16-23/.

Bvaluation of M 1is essential also in the vaporization front
8tebility problem /22,23/. The vaporization surfsce ean be dras-
tieally affected by perturbations in exterior vapor flow whan
M ¢ 1. Thin situation has much in common with the stability
problem of subsonie combustion front which was discussed a long
time ago. by G.Darrisus and L,Landau /24/.

As 1t is mtated in /24/, ths combusiion is unsteble in the
theory while a stable bshavior of the front is very often obaserved
sxporimentally. This dlsagreement 1s disoussed in many papers
/24,25/ and will not be dealt with here.

In the Darrieus-Landau theory a dispersion ralation for

emall psrturbatione /) ~ Px,:)(ﬂt + 0 kx) at the burning (

liquid surface is as follows

A+ 20kV - kv + ko p =0 "

where (7 is the surface tension and {/ 1is the gase flow
velocity, the ges deneity being supposed negligibly small com-
~P§rgd to the liquid density /} . Bg (2) means that deformation
of the combustion front (which colncides with liquid surface) re-

sults in the recoil prssmsure modulation

_ - VUL
/)‘r:a Ky +ﬁ€Vﬂ/1 /De

(3

Such pressure reaction givee rise to augmentation of the



surface perturbations.
Under the condition M = 1 recoll pressure response $0 small
and smooth surfaee perturbat¥iocns is determined by Ta' if Ts ra-

mains constant shen instead of (3) and (2) one has

pr =K%, (4)

ﬂ2+ﬂkV+€k3/ﬁe=0 (5)

In contrast to eqe.{2) in €q.{5) thers is no term which gives rise
to unatable hehavior of the surface perturbations,

To clarify the difference be¥wean ihebs two cases let us con~
sider an equation for the pressure perturbations in fha vapor
flow

(1 L/«Q f) = U, ('ogl 3?(2) (6)

where 2Z-axis ls normal to unperturbed vaporization front % = O
and Uc i8 the sound velocity. Por two-~dimensional pressure per-

turbations /':) ~ (:r/.?(‘ﬂ‘f +lkX - AR) from (6) it follows

?\z(uz*utz)-z‘jzua-'—ulzkzzp) (7)

” -4
=[Jzzuu((quufk?--uzzz)gjfu—ur) , (8)

where for a given wave numbsr K> O parameters Nl and A
should ba determined from a linearized version of hydrodynamic
gyguations.

At &<, eq.(8) gives A 1,2 xK. In thie case only

the value )i = K is used in expression for pressure perturba-



tions J24/. 1T U, 2 -l >0 then
- fhek £ UK (9)
;‘f\ = -@— “+ j‘_cr.’k_ ; ?‘12 L S —:’Eff” _
Do ki z.2 -, 21

Kow both valuss of ,\ should be taken into account because
real parts of >\| and ﬂ? have the samec signature,

In ref./26/ only the valus 3= 3, is used in expression
for f; « Such form of the solution is valid in subsonic regime
and cannot be used in the came when [/-i/ > O.

Solution of e6q.(6) given by linear combination of exponente
with A= M

sannot be obtained in the Tramework »f linear analysis. The onme

and ,A=}?neads en extra boundary condition whioh

guestion alsec ariess in nne~dihensicnal perturbation problem
which is dizcussed in Avpendix B .

In some casez the reistion M = 1 can be probadly used as an
additional toundsry conditiom /22,23/ though its dpplicability
linite are noi known, This gquestion is closaly connected with noo~
iinear propertles cf hydrodynamic equa%ions.

The dach number drops from 1ts maximum vslue M=1 if TS
diminishes so fast that PS('E ) decrsases fastsr than the recoil
pressure. It is evidant that a sudden interruption of vaporiza-
tion process has the same sffect on the vapor flow as that pro-~
duced by an eéxtraction of plston fror a gas atmosphers with velo-
city&(:L%, In the latter case initial gag pressure on the piston

A P drops abruptly to lower value/%
y-2, 28/ 2)
peplits=)
At ) = 5/3  8q.10 gives P 041320 = 0.0495 0 = 0.027/3
because the recoil pressure /2~ = (4 *JUW?//3 and Moo=i.
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Thus, a sudden drop of fg tv ths value , - 0.027/%- drives
the Mach numbsr {o zero. For deeper drop of f% condensation pro-

cess beging at ths surface which will not be considered here,

In ref.27 C.J.Knight has analyzed transient surface vaporiza-
tion numerically on the basis of {Yheoretical model which includes
transienit heat conduction into the surface, vapor fiux through
a Knudsen layer at the surface, and transient one-dimensional
fiow of vapor into the surrousding vacuum without plasma forma-
tion. The examplsas are glven for aluminium and only the caase of a
top-hat absorbed radiation intensity is considered. It is conclu-
dsd in /27/ that the Knudsen layer attached to the surface tends
tc bs choked when the absorbed intensity is conatant or increasing
and unchoked when the intensity is decreasing, the vaporization
problem being fully coupled in the latter case.

Howaver, this conclusion cannot be applied to differsnt rs-~
gimes of radtation-induced vaporization. A3 it is shown 1o the
pregent paper evolution of M 1s more Eobhisticated in other casses.

A tbaoretica; model is essentially the same as in /27/

7., ab 2 T
C,O/% “V"pa)zfﬁ(‘%‘};); -e<zap,

- A e - £ (1
X2 L)z ?
YA -1 2=q
pz-_pp,/)? r/%b" -—/0‘*‘“/M) Xz __/31/ (12)
- £ r-t)? £ £t 7t

. \ ~ 7
Iofje-m$555) 17— 2,0 (13)
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. {IT N (14)
- 14
*:LTYZ:’ \/rr te nr/f/v’x] €=M, |
‘ A

7 2 25 2.5 _

‘Q * //7 i) = p a7 ”’a-g = (15)
Dy w2 M o 1 2P -

Nf(/l (’l'z? ; / el oca<b,

whare common notations are used. Numsrical cslculation of the
aystam (11~16) is carriesd cut with the help of iteration proce-
dures described in /28/. Dertalle of the cali~ulation procedures
will be publiehed elsewhers.

Figs.1 and 2 shkow ivat gwitch cut of the absorbed radiation

intensity ] = ID at T = *O regulte in ravid droo of the

saturaticn prasuouxe [7,) 4 7; ) and the dact:i number M. In contrast (
to /27/, hovevar, at ., = 'O MWi/rmi and t.= T s the
Mach nvwber doss tiot reach zere value und beginse to increawee
after the minimum /{, = 0.12 is rsached ut af = £-7/% = 48 ne.
This difference is prebably due to serme numericnl rearens, In
partinular, an exceseive enlargament of time step in the calcu-
lation givem rise to decreasing of ’{lm .

Ixamples of evolution of /73 and /w’ for various step-
1like and smooth decreasing of the absorbed intensity are shown

in Fig.3 and 4. The drop of M beccmee vanishingly small at small
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crungen of 1. If 1 = Jo w 10 w/w® drops to 1 = 7ID = 0.951,
at 'f'u a 1T M8 then M remains conbtant with an aocouraocy up to 10'4.
Bor Lo = 5 MW/em®, 7,= 1 and 2/48 whan /05 = 40,5 and T0.6 dar
respectively, M ie constant with the same aboursey if q = 0,8,
From Pig.4 1t 15 also seen that the ohange of M is delaysd with res-
pect to decreasing /4 I and P, ,» Fig.5 shows avolution of P;

and M induced by intensity modulatiou]!ﬁ==I,[l~£i""/27*‘f/c”/])
T=20ns , imposed at the absorbsd imtenalty I = 5 WW/cn®
at t 26, =2 yLE The Mach number deviates from unity only
after an appreciable decrsasing of I and FM = 1 ~ M remains po-
gitive evan during increasing I. Bvolution of M depends strongly
on modulation parameter @ . At & = 0.5 » M im of the oxder

of surface temperature variation ETS /‘fg and rapidly diminishes
at lower values of g , #o that & M < 107% a8 @ = 0.2, In

the case of Gaussian pulse I(# =1 Pﬁp(‘tz/'rz)) [ 30ns,
(Fig.6) FN <1074 when I= 28 W/cmg 4nd saturation pressu-
re /)5 < 22 bar. Such a behaviour of % M suppoxts a sugges~
tion that the Mach number can be conetani in sote time-dependsnt
vaporization regimes.

The resulte obtained in this paper reveal a rather complica-
ted nature of transient vaporization kinetice whieh is due to
ponlinear properties of hydrodynamio equations. Linearized ver-
sion of the vaporization problem needs en extia boundary conditi~
on at the outer edge of the Knudsan layer. Por this purposs the
relation M= 1 can be used though its applicability limite are
oot well defined. Numerical caloulations show that $he relation

¥ = 1 holds for a variety of traneient vaporization regimes in-



duced by time-dependent radiation intsnsity striking on a metal

surface in vaouium.

Appandiz A

At a large ovaporation rate the vapor near the phase inter—
face 1s Bet in translational equilibrium which is restored by
ecllisions betwaen particles in s region adjacent to the surface.
This Knudssn layer region ean Be considered as a gasdynamic dis-
continuity provided a mean free path is small enough.

It ie usually supposed that evaporated mrticles are described
by & Maxwellian dietribution function nsjé(lﬁ) with 2éro mean
velooity, 7; and pg (7;) being the surface temperaturs and
saturation ooncentration, while backecattered particles are des-
eribed by e distribution function /3)17[/h;77 , which ie propor-
tiorigl to s Mexwellian funetion p f(lgT} with vapor concentration

i, mean velewvity 4 , snd temperature 7 /6/. Parameters #,
U, and T are expressed in terms of /i, , /; , and S with
the help of thres conssrvation laws for mass, momentum and energy
fluxes at the gasdynamic discontinuity. In this modsl /3 incresa-
s8s from 1 %o 6.3 ae ({ increases from zero to a sonic value /6/.

In suéb d t{reatment an exact form of nonsquilibrium distribu-
tion function remeins unknown. For this reason it is useful to
oonaider other approximations which re_ult in different expres-—
sion for mams, momentuin ahd energy fluxes on nonequilibrium vapor

flo"u

12

In ref./8/ (mee also /10/) ths following expressions for the

fluxer ars used

mntf:J“—'/Q(f“ﬁ) (AD)
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nkT+mnid? = g =45 ps(1+p3)
(A2)

[KT‘*)’HUZ’;Zf 7%))

where €_/' is the energy flux. In equilibrium f = 0, / = 0,
and /7, =[?3 « In contrast to /6/ /3 in (A1), (A2) decreases
as the evaporation rate increases. According to (AY), (A2), there

is a relation between mass and momentum fluxes
/'=2/},(1—/°r//’s) (A4)

From (AI)-(A3) it follows a quadratic equation for &
with a solution

u= £ (L )
- F )“ 64 J? 2m (A5)
In (A5) U =0 4ir / = 0 while maximum velocity value ig
glven by an expression
=5 £
Ue = ¢ f‘ = V;; : (46)
which coincides with the sound velocity {/, = SkT73m in

monoatomie vapor as it is sesn from (A3) at W=l .
If for the sake of simplicity it is supposed that £= 3k /Z
then eq.(A1)—(A3) give

—— 3
U= MVERT3 P =R 375p7)(1+9) (AT)
4
_ 3Ts _ KK (3enIm]?
=34 0 2f0(3+5M7Y
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whare
_Z

Jo=p2TRT)F (

(A8)

Thies model approach results in relatively eimple expressilons
for gasdynamiec parameters which give epproximmtely the same nume-~

rical values as in /6/.

ippendix B
Linear respounse of steady-state vapor flow to the surface
~~
temperaturs modulation 7; ~ exp/{wt) 1is described by li~-

nearizad vereion of ths systam {15)

24 23 28 _
ﬁaﬂi = S ez 0 ae THRE T, (B1)

)Z/ y 0'7
t D = L4
whbere ]9) 'l() /) 4 b and v are small deviations from the coxr-

reaponding steady-state valuse. At U<l from (B1) it follows

£ o ST~ {V
f= Aperpivt-d @) =pu (1+7); ), = ”{—u (82)

Such & form of the expression for /; correspunds to that
uaed in /24,26/,
Instead of eq.(13,14) now it is more convenient to describe

vaporization kinetics with the halp of relations
P=pIL I, M), UW=ul% #) (B3)

»hioch give after linearization
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N = :d-j—)—w 2_. q N_—_: MN _@_Z_Z "y
/ EI w1y 7w (24)

<

7oL W (85)

From (B2), (B4) and (B5) it .follows

L oeP Y pr ok oy 1 Dp
N( f“‘ 5/‘—4 ) - /l /07} D 7; j)!(‘ 27 ) (86)

~

Taking into mccount that l/</ {{ one obtaine from (A7) and
(B6) in the limit M <1 - M <<

_/‘;7 /{ /D/x ,,’:;-@ 5—) {BT)

Fq.{B7) means that M E/f beoauae S[/,(}J/pS[ﬂ:( =20
If the differsnce 1 - M becomes negative then the secov®i
term which is proportional to p)(/_v((‘wz‘ - A, &} with
)z:: (wfl- H,}%hould be taka'xi inyto account in (B2), Now /”7 o
P4 ag well ae /7 and Tj are ‘Iinearly ipdependent and an
extra boundary condition is needed to determipe "the -solufion
of (B1). As it is shown in this paper in some cases “the -wvelation

7 =7 at M = 1 can bte used for this purpoes.

=



10
2.
3.
4,
5e

6.
7.

8.

e

10.

11,

12.

14,

15.
16,

11.

- 13 -

Beferences

Yu.V.Aphenas'ev, O.¥.Krokhin. 2Zh;Bxp.Teor.Fiz. 52, 966 (1967):
Trudy FIAN 52, 118 (1370).
H.Mott-Smith. Phye.Rev., 88, 885 (1951).
@.S.Romanov, V.K.Pustovalov. Isv. AN B8SR, Hod, B4 (1967).
S.I.Anieimov. Zh,Bxp.Peor.Fis., 54, 339 (1968),
D.A.Labunteov, A.P.Kryukov. Int.J. Heat Mass Pransfer, 22,
389 (1979). '
C.J.EKnight. AIAA J. 1T, 519 (1979).
AcA.Abramov, M.N.Kogan, ¥.K.Makashev, Izv., AN SSSR, MNech.
Zhidkosty i Gasa, No 3, 72 (1981).
LeA.Samokhin. KSF PIAN {Lebedev Institute Reports), o6,
3 (1982).
¥.Ytrehus, Phys. Pluids, 28, 939 (1983).

B.Ya.Mojzhes, V.A.Hemchineky. ib. Techn, Fis. §g, 684 (1982),
V.D.Loohnygin, A.A.Samokhin. Teplofizika Vyaokikh Pomp,, 15,
1152(1977). '
A.A.Samokhin K,SP FIAN (Lebedev Institute Reporias), Ko2,

46 (1983). ' ' _

V.I.Bergelson, 4i.P.CGoludb, I.V.Kemchinov, C.P,Popov. Kvanio-
vaya Blectronica, Ho4(16), .20 (1373).

A.P.Golub, I.V.Nemchinov, A.¥.Petrukhin, Yu.E.Pleshansv,
V.A.Bybekov, Zh,Fech.Fiz. 31, 316 (1981).

J.I.Masters. J.Appl.Phys., 27, 477 (1956).

8.1.Anigimov, A.M.Bonoh-Bruevich, M.4,%1'jashevich, ¥a.A.Izas
F.4.Pavienko, G.5.Romsncv. azh.Techn.Piz., 36, 1273(1966).
A.AMglov. Mg Khim.Obrab.Mater,., Ho5, 3(1974); No3, 3 (1976)



27.
28,

- th -

BoYe,Lubey, 3,#,50bol, Fis,Khim.Obrabd.¥ater., Koi, 12 (1977);
Epg.P1a.Bh., 45, €70 (1983),

A.0,80loveike, V.I.Marvynikhina, Eng.Fie.2h., 49, 614 (1981).
A.A.Jamokhin, A.B.Uspensky. 3h.Bxp.Teor.Fiz. 73, 1023 (1377).
Fiz.Xhim,Obrab.Mater., No3, 3 (1981); Teplofizika Vysokikh
Temp., 20, 718 (1982},

A.l.Kerotchenko, A.A.3amokhin, A.P.Gus'kov. Appl,Phys.,

421, 121 (1982). '

A.A.Samokhin, Kvantovays Electronice, 10, 2022 (i383).
A.X.Xorotchenka, A.A.%amokhin, Doki. AK SS3R, 269, 581 {1983).
Ya.B.Esldovich, G.I.Barenblatt, V.B.Librovich, G.¥.Makhvilddze,
Matem,Teoriys Goreniys i Vzryva. Mosdow, 1980.

3.D.%alamandra, N.I.Majoroy. Piz.Gor. Vzryva, 18, 61 (1982).
B.B.Leévchenka, A.L.Chernyakov, Zh,Prikl.Msch.Techn.Figz,,

Fo6, 144 (1982).

¢.J.Knight. AIAAJ., 2O, 930 (1982).

A.A.8amarsky, Yu.P.Popov, Rarnostn, Meth, Gas. Dynamiky. Moscow,
1980,



o R ,_f?j‘. 327 AZ‘;,-Sng

Fig.1. Evolution of pg(i-h) s st ‘x.), A';---tw- Ty aft;r
ths absorbed intenst Yot T ad/cm” is ewitched off at
t, 0.25(1), 0.3y, 0.5 :i, i1 4) /a8

Y

Plg.2. I = 10(1) and 5(2) M#/cu | t ~T005(1) and 2(2) e
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Fig.3. Bvolution of pg(1,2) and M(1',2'), At = ¢ = % , in the
cags of etep~like intensity decreasing I = qu, q = 0.,8(1)
and 0.9(2), I,= 10 MW/cmz,. tor 1 Jus.
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Fig.4. Evolution of ps(1,'2) and M(I',E') during smooth intensiiy

decreasing I = Ioaxp(-at/"r:}, at =1t~ %, t =03 /U8,
I, 10 M/ea®, T = 25(1) and 50(2) ns.
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Fleg.S. Bweluitlon of pS(:,E, and ¥M{Y .2 ) ioduced by inisoneity
By " o e B - n ®, - N
modulation IS5 = D%~ geinl2fat/ T3 01 - 2 3, A% % § = )
2 n " : :
Iy 5 8/ em”, LI /8y T = 20 me, g o= 0.3(1) and C.5(2).
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Pig.6. Bvolution of ps( +,2) and M(1', 2‘) induced by Gausslau
intensity pulse I/I°= exp(—t2/ 7:2)(3), T = 30 ns,
I,= 30(1) and 25(2) MW/cu?,



