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Abstract

The free e¥§ansion of jet ideal nonequilibrum plasma is con-

sidered. The outIlowing environment consists of the ions, electro-
nes and neutral particles. For numerical simulation the unsteady
eggations of glasmadynamics are used. The solution is conducted by
time-dependent computing method with use of modified Godunov
finite-difference scheme on mobile grid. Calculations determine
the conditional boundary of area of continuous flow with sSub-
sequent correction of calculating grid. The test calculation of
axisymmetric expansions of three-component one-high-speed
two-temperature plasmags from round nozzle vacuum and outflows
of plazma from rgng orifices are conducted.
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Introduction

The sisady supersonic Jet outflow of ideal nonequilibrum pla-
sma in vacuum was subject of research of many authors. The initial
conditions of task are the garameters on nozzle end faces. In case
of absclute gas the flowfield 1s unequivocal determined by request
for nozzle end face of Mach number profiles and inclination of ve-
locity vector to axis of symmetry, as well as significance 7. The
outflow of absolute gas corresponds expansion in vacuum of comple-
tely frozen plasma and can be considered as some utmost case of
free expansion of nonequilibrum plasma.

The analytical decision of task in such statement i1s away
even for absolute gas. The exact decisions be present are rece-
ived by numerical methods [(1]. The close account of exact and ap-
groximate methods of calculation of free expansion of ideal abso-

ute gas, as well as analysis of results of numerical researches

are present in work (2,3]. The methods advanced for absolute gas,
In many cases can form the basis for decision of tasks of plasma
exgansion. However in general case the free expansion of nonequi-
11brum plasma differs beside of considerable features (4].

Equations of plasmadynamic

In general case of equation, which express the 1laws of
conservation of mass, momentum and energy of system, consisting
-rom substance and radiation ( in general case nonequilibrum ) are
given in (5,6]. These equations form the system of equations,
which describe the movement of plasma in view of energy, radiation
pressure and radiastion heat exc .

As 1s marked in [4] for conserning to of low-temperature
Tlzsms, areas typical feor suppressing number of use, pressure and
density of radiations energy are small in comparison with gasdy-
namic pressure and internal energy of plasma. Considerable usualis
©hir the plasma hezt exchange. In czse, when the maximal relation
0 infiow speed of radiaion energy to speed of convection transfer

A
T/ puhy w1, taske of accounts of -asdynamic parameter: and

rediations can be divided and to be declded independently or. each

iy =r
' eiementary models of radiating plasmas are the models
ally absclutely thick and thin environment. From the point
of Influsnce on plasmadynamios of elersy 1osses &t  the
cf radia‘imn ihzse models can b: considsred as thes  utmoss
ro logses an rullztlon are awsy in opilcelly absolutely
riasma and are w.=juivocal determined of iocal parameters orf
Loopitically etasoalutely thin on=. These models are applied
falll iﬁl;?éb' -z presenied by the gasdynamic parametsr:

d o

cmz, Instea 1
v decision ¢f m
of plasma appe

midmadels,

‘radiation parameters.
Jority of gractical tacks of applied gasdy-
I's by possible application of simple dro-

Ao et DS TS - s T = = 2
LAECTE O supersimic piasmg dote reiles hasi-

W omodey b 3 *ally Idezl (inviscld and non heat con-
rlesma, guite satisfactorily siowing siwwrent in noszles
are i1imit=d by aporoasch of optically absolutely thick
en there is no electrical and megnetic fields the hydro-
quetions o which equations of continuity, movement (in
age ihree., 2nergy and conditicns for =ach of 4 the com-

P 3 ] , |}
onent oI piasma reizte can be recorded in kind (5):
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Here the summation i1s proceeded on repeating indexes, Gi’J at 1=J
and 81+J at 1=3, 1=1,2,3. The components @, Q" and ¢" - corres-

pond change of a components ener er units of time and unit of
volume in consequenggo of elastigyagd inelastic collisions, as
well as radiation. For plasma as a whole

4 A A 3
) Gu=0i ) B=0; )@+ -0 (5)
a=1 a=1 a=1
The eggation of condition for case of thermally ideal gas 1s reco-
rded kind:
pa = nCIkTG.' (6)

In given work the three-component plasma containing electrons,
lons and neutral particles basically condition considers. The ki-
netical model for such mixture includes only the processes of ion-
i1zation and recombination and is described by elementary equation

dn
g kin,n
dt .

2
e ~ Rleny, (7)
where Ri and Rr - lonization and recombination coefficient.

Thus the system of equations (1) - (4) can be recorded in
kind [4]:

2p 3 o '

oo 4 }: —;pU* = 0; (8)

o 1=1Ox

0ne 2o i 2

;; + -1;;inev =RinAne - aneni, (9)
i 3

oput o e :

e, i E: --[PUIUJ + Pﬁlj] = 0; (10)

at a=1ox3
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Ei e EE - gf (II)
dt p dt p
) dr d
_@_e=_p+qg+qgf-'-q§; (12)
2 m, dt dt
p=pR(T + al.); Pe= apRTe, (I3)
where
) a
h=-R(T+al)+— I
2 m,
a =

n/(ng + n,) = mn./p; R = R/mA;

Ri=ki(ne,Te); Rr=kr(ne,Te).

Qc=Q¢4 * Q54» Q%= (3/2)n n, (8kT_/(mm_)1"/? «
X AT = Te)/Te]RTe(me/mA)<oeA>;

Q.= neni(e“/mi)teme/(kre)1‘/2[(T - T /T IA;

For optically thick plasmas ratios for S, Q" and Q0 can be
submitted in kind (4):

on

Q= -(I+

dan
RT)—% @ =0; ¢ =o0.
dt e

]|

The equations of conservation (8), movement (10) and energy
(11) are recorded for plasma as & whole. Equation of energy for
electrones (12) excludes the practical energy whereas it 1s small

in comparison with internal energy. The equation (9) 1s possible
tc be recorded in kind:

. 3 . 3,3
opa L& . p p-a
i —pans’ = kim— a(t - a) - kR.— . (98)
at 1=101‘ A mA

As 1s shown in [4] in enough wide range of parameters, rea-
ilzing in supersonic source, equation of energy for electrones has

the kind of balance T(Tg - Tg) = Cn_. Thus
Q + QC° = 0. (14)

In [4] system of equation of kind (8) was resolved numerical-
ly by method of characteristics.
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Numerical technigue

-, gasdynamics the wide distribution has received the time-
-dependent method. The method is in detail described in [7]. For
research of expansion of Eartially ionized gas the time-dependent
method was applied in work (8] 1in aﬁgendix to account of current
in nozzle of none%uilibrum plasma. Thls method is based on appli-
cation of non-stationary e?uations of plasmadynamics and recelpti-
on with their helps of deci{sion for stationary flow as utmost con-
dition at t=s . )

In frameworks of finite volumes method the differential e ua-
tions, which describe the current of inviscid non heat conducfive
nonequilibrum %as, are recorded in form of integrated conservation
laws. The equations (8)-(11) for two-dimensional and axisymmetric

plasma flow in Cartesian coordinates can be submitted in kind,
similar [9]: :

3
- Pm+J'Zﬁdo=¢, (I5)
ot

Q o
where
[ P5,.] [ P(G-R) : E8 9
P= | pu A= | pu(g-x) + pi, [, @ |oO ;
pu | pU(g-A) + piy 0
pE PE(G-A) + pq 0

ners F - conservative varlabl vectors: A - conservative variabl

vertors of flux; o - surface, which 1imits the given volume ele-

Mesnt, Las the external normal n and movas with speed X; g=uy+ Uy -

- Viiocity vecter;  u; v- ths componenis  1In directions x and y of
220 F3:an coondinates; p, po- density and pressure; E - the speci-

SATT sl ‘henges
3 al = o
Sl v g o B e
e m, m, @
© - mazs sneed of charge comnonents formation ae 8 recult of ele-
whialy preeesges (lonlzgiioh, »ecombination.

b £ flzrence 5F given formulation from usual forn of record
wroelins that the ce’1 gnesd 7 1s included in determining equati-
n: g velume of eah elem:snt dzpends on the time. For numeri-a:
R & 2qua”ions  i3) pave the advantages, s they are
2natlis #orE with 221ls of artitrary form with mobile sides. 1+t

<6 ronveaniant al account of arez: with free boundaries, as far ac
Jeriiie ) correct s coniigursiion of grid cells dirzctily during
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g count.

The flowfisld consldered is situated between surfaces of body
(inciu’ing nozziz end face), surface of change, some surface
througi fﬁe which plasma outflows from the area and plane of sym-
metry. At finite pressure in environment the area of free expansi-
on for nozzle end face 1s limited by shock waves, at outflow in
vacuum the extent of free expansion area becomes infinite.

At numerical simulation the calculation area is broken by two
families of lines on final numbers of elementary volumes (cells).
The parameters of plasma for fixed moment of time t inside of each
cell are considered constant, definite on its volume and vary
only at transition from one cell to other. We determine the si-
tuation of any cell in limits of constructed grid by set of in-
dexes kR, m (k=0,..., K; m=0,..., ¥). :

For each elementary cell the relations (15) are executed. The

set of gasdynamic parameters 1in all cells at the time t& repre-
sents the known decision on layer with index n. The decision on

layer n+1 (t™1-tMiAt, t - the step till time) 1s calculated by
means of application of obvious approximations for equations (15)
In frameworks of finite volumes method ,

2 E
Folt/2.me1/2 = L(At)glfa(T)Lo(At)Fnk-1/2,m-1/2' (17)

where the operator of transition L(At) has the form
Tn+1
Fe-t/2,m-1/2 = Fo-t/2,m-1/2 - 550
= =N = =In
‘At[[A &) r-172,m = (A Jet/2,mo1

(23] 12 - (A 6]2—1,m-1/?]/02—1/2,m—1/2'

-

& =t

he top Ind=xes Indicate on number of temporary laysr, bot:om
-rattlional indexss on nurbers of calculatisn cell. Th:s velues with
rizger bottoms indexes-are celculated on side of caln

1
= Ve270r, soriermminous on directicn with normal to s
)
.

Ting 27iel ttelzrea, (The way of calculaiion of T1:x

T

| N O
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sy chocsing the of finite-differsnce scheme. 3ivan wWOr{ uses ihe
Tiiified Godunov finite-difference schem=. The operziar (1€ defi-
fz7 the values of parameters at the time of times i~ « At on
“r=ir values at ihe time of times t@ at condition, that the c=11
e fiyed and o=0,

fon

AT Tar g5 ihw deelsion oF kinetisczl edugtions resulre s
CRT Al o B | =4 8 I - - =~ = < - P
22 the smaller-siced step till tims <, than step 47, onreduysine

w2 28 eeparated from other and the operator L. is

el

'~ a~

et Jis I o P n

- P = S + TR ¢ E=At /7 {11

o B 4 g™ T F Za) Lt/ ~_= b !‘q

272 m-1/2 T ARSWBm-1y2 T Wit /3 mo1y2s E=8U/T 0 (19)
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is applied repeatedly for each cell so many times , while the sum
of consecutive steps £t does not become to equal final time t.

The effect of cells movement 1s taken into account with help
of grids operator IL,(At)

+1 Zn+1
Fri1/2,m-1/2 =[?1—1/2,m—1/2 Og—1/2,m1/2 * (20)
= apiet i\
" (1; MR 2m (I’ MR /o met *

n+1 n+1 +1
* (1:"' m]k,m-1/2 i (; “’]k-1 -1 /2]’“"-1/2,1::-1/2-

Here AQ=f(G,A ) - change of volume &s a result of sides movement

of considered cell with speed A for time Af{. Thus the values F
on sides of cell are defined not by Godunov method (7] and out-
coming from new situation of mobile sides of grid cell.

he movement calculation of external boundary of area 1s exe-
cuted similarly that, as 1s described in [(7]. The movement of ex-
ternal boundary of area ceases at achievement by her of conditio-
nal boundaries of area of continuous flow, which is determined on
technique [2]. After determination of new situation of mobile bou-
ndaries of calculation area the §rid generation pursuant to chosen
distribution law of gridpoints 1s proceeded (for example as it is
made in [7,101). Account carries out the optimization of gridpo-
ints for maintenance of condition

Zp/h 29,1, (21)

where 1 _- 1local length of free run in direction of velocity

vector, h - the size of cell.

Pursuant to these calculations of one step of time it 1s pos-
sible to present in following sequence:

1) The movement velocity of mobile boundary sites of calcula-
ting area is determined (7];

2) The Interpediate value of parameters (18), (19) 1n cells

fixed (on moment of time t") grids are calculated;

3) The new situation of gridpoints on given law of distribu-
tion 1s determined and their optimizations 1s carried out, 1f the
condition (21) 1s not executed;

4) The distribution of required parameters (20) on moment of

time t™'-t™ At are calculated.

Hereinafter shall think, that the §r1d moves only 1in one di-
rection. The velocity component normal to side surface have only
those planes which belong to family of surfaces, including sur-
faces Of change. The spe=d of sides, correspond to other direction
of grid is equal of zero.

The boundary conditions for the problem are as follows. The
soft boundary conditlons with extrapolation of zero order were put
on free boundaries of calculaing area. On axis of symmetry -
nonflow condition. The combination boundary conditions were put on
boundary Inverted to nozzle. On that sites of boundary, where the
flow run out from the calculation area - soft boundary conditions,
and on other sites - nonflow condition.
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The test calculation and comparison of recelved results witl
data [4,11] on example of axisymmetric expansior nonequilibru
plasma from round nozzle and expansion of plasma from ring orific:
were conducted.
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