MATHEMATICAL SIMULATION FOR PPT Of

1 4 s T A -~ -~ . M
L.aomiika, Q. Pupuv’_ A.Rudikov 5

Qo
D
=
0n
@D
—
=
—
2
(4]
oy}
P



IR B B S B B B B B B D B B G B A aE

-~ g30%e

plasma temperature in eV

e
.
18

U - voltage on the accumulator (U, - ir
- discharge channel volume,

- thermal velocity of "heavy" particles,

- electrodynamic velocity of "heavy" particles,
voa - efficient (mean-mass) outflow rate,

Vim — mean rate of plasma high-velocity component,

ionization level in the channel,

1=
I

ratio of magnetic pressure to a gas-dynamic one in the chan-

nel,

¢.- mean potential of breaking chemical bondings in propulsive
mass,

mean potential of plasma particles ionization,

S
I

N - kinetic el fieiency.

6 - plesma concuctivity.

The increase in operational lirfetime of an artiricial earth sa-
tellite and the requirements on its accuratzs attitude stabilization,
have aroused interest in the development and creation of varios pulsec
plasma thrusiers (PPT) of erosion type. At pr=2sent PPT with solid-sta-
t= dizlectrics as a propulsive mass are considered to be the simplest.
PPTs with coaxial geometry (eificieacy up to 30-35%) possess the besr
characteristics, but it was possible to obtain steady outlet characte-
ristics during the resourse output only at energies above 300-350 J.
Theretfore at present PPT of g rail desigm with the use of solid-state
dizlectric as a propulsive mass is considered to be promising. Cos?
and time reduction on PPT experimental refinement and optimizatio

calls for the development of effective techniques on engineering ana-
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lysis of thruster parameters.

In PPT of erosion type the delivery of the propulsive mass from a
dielectric surface into a discharge channel and plasma rlow is essen-
tially of non-uniform character in space. It makes the development of
an adequate design-theoretical model to be a rather complicated mat-
ter. Most of mathematical models on pulsed sources of erosion plasma,
advanced earlier, are, as a rule, of qualitative character. It gives
no way to use them for solving the optimization problems. Meanwhile,
when predicting the PPT integral performances, a number of sound as-
sumptions makes feasible to get true, in a quantitative sense, depen-
dence of discharge contour parameters and propulsive mass properties.

In the proposed mathematical model space-nonuniform plasma forma-
tion in a discharge channel is substituted for uniform equilibrium
plasma which keeps some effective plasma volume. The value of this vo-
lume depends on geometric dimensions of a discharge channel and a zone
of discharge current localization. The size of the latter depends on
the ratio of magnetic pressure to gas-dynamic one, the value which can
be considered as a main factor of space nonuniformity of plasma in a
discharge channel. The effect of space nonuniformity on plasma resis-
tance 1n the channel and other plasma parameters are taken into acco-
unt by including the auxiliary factors of nonuniformity.

Mathematical description of the operation in the PPT discharge
channel was made at the following main assumptions and premises:

- plasma is three-particulate (atoms, ions and electrons), isot-
hermal and equilibrium with Maxwell’s distribution function;

- plasma conductivity is of Spitser character (electron-ion col-
lisions dominate);

- energy 1s supplied from plasma to the grain surface by the
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emission which follows Stefan-Boltzmann’s law. Relative ratio ol plas-
ma-wall blackness depends only from plasma temperature and is determi-
ned through the equation
£ =011

- plasma ionization process is described through Sah equation;

- plasma distance inductance during the discharge does not change
and is determined through the equation

L= R0t A sH bl
where L, = 21n((D/Sg)+1), Sg = (D,Dg+DyH+DyH) / (D, +Dy )
1 - the size of discharge current localization behind the

channel cut,

- ablating mass is supplied to the discharge channel without de-
lay in time,

- kinetic energy of plasma flow 1is the additive function of
2lectromagnetic and ges-dyramic mechanisms of acceleration.

Mathematical similation of the FPT operation incliudes rollowing
equations:

- Kirchhoff’s eqguation for the RLC-contour

(L+L; ) (d1/dt)+(R+R,)1-U = O, (1)
dusdt = 1/C,

- equation of ernergy ifor ohmic losses in plasma velume

O

i2R/S,, =e.3N/81) (¢ (K, +0/2)+9,+2T), (2)
where e=1,6.10"!'°K - electron charge, K,-coefficient, taking into
consideration energy ifor .atoms excibtgtion,
- equation of en=rgy for determining mass inflow ifrom the walls
into plasma volum2 at the expense of ahbsorbed radiant ilow
(6N/8%)ep.= 10%9eT4S,, (3)

- equation for changing the number of "heavy" particles in the
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discharge channel
(dN/dt) = (8N/9t) - Synv,, (4)
equation for ionization (Sah’s equation)
na?/(1-a) = 6.1037T3/2exp(-¢, /T), (5)
from hereafter the numerical coefficients in the equations are

wricten for the International System of Units:
thermal velocity of "heavy" particles
Vy =-40%@TA4) %, (6)
- electrodynamic velocity of "heavy" particles

vy & SDACT (1+PT.(D, D) J 7R y14=, (7)

D

where the ratio of magnetic pressure to a dynamic one is determi-
ned through the equation
B =6.10"1i%D/(n(1+a)T), (8)
- plasma distance resistance
R=Kg (S, *1+D) /(6 (H+1)Sg) /L, 72/ (1+8)°- 25 (9)
where 6 =2.10%T3/2/(30+1, 151g(T3/(an))).
Kg - numerical coefficient.
Geometric parameters of the discharge distance, in particular,
are:
- section area of the outlet
S = DD,
- dielectric operation area
Sa = RDH(1-K) + D DK
where K=0 1s for the railtron with the transverse supply of the
propulsive mass grains and K=1 for the end railtron with the longitu-
dinal supply of the grain,
- efficient plasma volume
V = 8, {Htl),
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the expense of gas-dynam]

acceleration

s

the factor of space non
the Kinetdic impulse.
"heavy" particles and

time "t" is detarmine
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N, = S;K; lanv,dt (14)

)
0

where K; - coefficient taking into consideratiocn the recombinati-

on of ions in plasma flow.

Mass of the propulsive mass carried away from the channel per im-
pulse
m = MN. (15)
Specific PPT parameters are: - efficient (mean mass) plasma outrl-
low rate
V= P/m, (16)

- Kinetic efficiency
n = P2/(mCUy%), (17)
- average velocity of plasma quick component, accelerated by
electromagnetic forces
Vim = Py/Z(N;MY. (18)
The system set of equations from (1) to (18) presents closed mat-
hematical simulation for calculating PPT integral parameters and disc-
harge channel volume-averaged plasma parameters for time interval.

Initial data for PPT calculations were:

geometric dimensions of the discharge channel (D,D,,Dy.,H),

parameters of discharge contours (C,R,,Ly Up).

propulsive mass characteristics (A, ¢;, ¢.). for teflon:
A =46,7, @ = 1548"'%. = 4,28

Physical model under the discussion is described in a closed sys-
tem set of equations without empirical equation dependensies and coef-
ficients for specific modes of PPT operation. The system set of equa-

tions was solved by using IBM PC numerical calculation technique. In
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from some tens of Joules up to hundreds of Jou

Procedure on the design analysis and on opiimizatlon oI Pri. 1In

tegral parameters of a rail design with transverse or longitudina
supply of propulsive mass grains was developed on e of mathema

ical model. There have been made calculations ror mean plasma parame-
ters 1in PPT discharge channel with various mechanisms of plasmoid ac
Experimentally obtained characteristics of rail-geometry PPT witl
various mechanisms of propellant (teflon) supply are presented Iin
table (experiments are performed by S.P.Kholev, bninsk). Also i
denominator the calculated parameters obtained with the help oI the
above  sz2:d mathod ar2 presentasd. Besides the paramet=srs given 1. the
table, 1-8 PPT varianss hai th2 same param
Ual = 180 bt el “Wis 100
J), #nereas S-.1 PPT variants nad the following parame:2rs: D = & mm,
1 i S S ool R S O O -

70 7Y, JExperiments en 1-%'variants ssere perrvorced ind she. 60z by

S.P.%holsv, whereas expsriments on 9-11 variaats wzre perform-1 by
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Table
[ | T | | | | [ 1
Np | H | Dk |Mechanism | mx105 | Vm | P | effici- |
| | mm | mm | of | gr/imp.| Km/sec. | Gxsec | ency |
I l | |supply of | exp/ | exper./ | exper./ | exper
| l l |propellant| calcul.| calcul. | calcul. | calcul. |
i # f I f + % I 4
l | | | longitud. | I | |
e 120 o 8BS R Eng | 110/- |3.3/- 10.37/- | 5.6/- |
l l l | transver. | | l |
F % % i % f f % f
b e | W g |2.2/- |41.0/- |0.090/- |18.8/~ !
il ol |2.8/2.9 |36.0/38.0]0.095/0.110]16.9/21.0]
. |8 13.874.2 ISS.O/SZ.OIO.126/0.135|20.3/21. )|
| 5 | 150 | 12 |longitud. |4.0/5.8 |34.0/23.0]0.137/0.133|19.0/16.0]|
PG | 24% 4 16.0/9.5 |16.5/12.2]0.100/0.110| 8.0/ 6.5]|
bl 185 |16.7/11 [14.3/ 9.0]0.103/0.100| 7.7/ 4.0]
} t i % f % { 1 f
| 8 | 120 | 12 |longitud. |4.6/5.8 |32.6/22.9/0.150/0.133|23.5/15.0]|
% % % i % % % % %
Fa-d ! 3o g L i2gvez | ST D1T/0:15 |8/ |
110 | 30 | 15 |transver. | 21/19 | 8.5/8.0 |0.18/0.15 | 9/8 |
31 . | 0.5 | 18717 | 9.0/8.7 ]0.15/0.14 | 10/9 l
} | | 1 | 1 1 1 |

The comparison of calculation results with experimental data sho-
wed their fair accord. Relative error in determination of PPT integral
parameters on the proposed procedure does not surpass 20%.
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