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Abstract.

In most of scientific
wvorks, dealing with plasma
acceleration processes in MPD
thrusters, published in an

(60-70~-%5) as
the last 8-410
attention vas

earlier period
vell as during
years, special

payed to the problems of

continuous and stable plasma
flow acceleration from low
(subsonicivelocities to

velocities significances

higher than sound velocity.
Howvever, interconnection
of flow parameters and

magnetic field,defining plasma

acceleration processes, Ls not
clearly known. In particular
the character of such

interconnection defines
conditions of

acceleration stability

plasma

and
flow
vhich may not
correspond to electrode system
geometry.

plasma boundary

formation,

1. Introduction.

In the article by profes-—
sor Jahn (113,
investigation problems for
future EPT are stated, the
necessity of

vhere the main

Lngeneering
methods of plaema parameters,
field

thrusters

current and magnetic
distributions and

characteristics calculation

creation i marked. Special
attention ia payed to
definition of stable
thruster-‘s vork, optimal

Moscow Aviation Ingtitute.

@lectrode geometry and vays to
decrease electrode temperature

and erosion. The stated data
of investigations results
showves that the use of lithium
as a propellant allies to
obtain higher lLevels of MPD
thrusters efficiency 21 vith
simultaniouse decrease of

cathode erosion.
MPD thrusters
quasistationary modes allov to

tests on

make a model of plasma flow
dynamic processes wvith high
lLevels.
In differ to
most of published

investigations on

pover
adopted in
theoretical
plasma
MPD
present

acceleration processes in
thrusters, in the
paper a concept of plasma flowv
vith movable and
changing conditions
is adopted.

boundaries
boundary

Published works presented
conferences
that

on scientific
analysis shoves,
quasi-one-dimensional

approximation describes

peculiarities of plasma
acceleration processes in MPD
thrusters rather good to use

it in the present paper.

2. Theoretical analysis
of plasma acceleration
self-field

processes in
MPD thrusters.

This type of thrusters
coves Coaxtial High Current
Thrusters (CHCT) and Butt High

Thrusters
BHCT ie

Current
scheme of

(BHCT). A
shown on

682
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Eiigisia . Possibility of
implementation of variety of
acceleration processes in such
thrusters is described in
£813.

The concept of plasma,
flov boundary mobility can be
used vith a condition of
electromagnetic forces
prevalence on gas-dynamic
forces, vhich wmeans vithin
such modes of MPD thrusters
operation, vhen P P x4,

m g.d.
This relation can be

presented in such a form,

2

P k I M
m IJO
= = A ]
| an A a
gd. m
vhere k = €¢ /Cc ; 1 - current
P v
m- mass flow; M - mach
number; a- sound velocity.
Relation P ZP Ls a
m N
criterion of similarity of

plasma flow.

With A &« g gasdynamic

acceleration prevails, vhich
is characteristic to Arcjet
Thrusters, and plasma flow
boundary in formed by the

channel wvalls (electreodes).

with A Zd volumetric
electromagnetic forces
prevail. They accelerate the
flow and form its boundaries.
Naturally, the tvo
extreme cases, A € 4 and A Z 4
require different approaches,
to construction forms of

channel geometry and thrusters
electrodes.

As the most efficient
modes for MPD thrusters are

the modes of electromagnetic
S
acceleration, wvhen A ~I m >1,

ve vill analyze this case.

In any MPD thrusters type
areas of gasdynamic (heating)
subsonic flowv acceleration and
electromagnetic supeérsonic

flow acceleration do exist.

In BHCT wvith propellant feed
through rmulti hellow catheode
the area of gasdynamic
acceleration of subsonic
flow Ls vell determined.
wWith A Z
holds plasma. On external flov

1 magnetic field

boundary electrons are
magnetized and charged
particles diffusion across
magnetic field Le rather
emall. That is why one may
consider that on the flow
boundary Jl . As this
condition is satisfied on the
axts, Lt is satisfied Ln all
the volume. Then Lho_*vork of
volumetic forces JXBv=0, and
the only factor accelerating
the flow is soul heating j ~ro.
While transition trough M=1
flow acceleration is more
efficient by means of
volumetric electromagnetic
forces. cond;lion Jl becomes
unsatisfied. Left boundary of
this area near the cathode

butt is rather stable, and the
value of wvelocity and M number
may be determined from the
following.

Pm bound

P
g.d. aver

From (1) one can determine

M at the end of itonization
area at the exit of cathode
vith accuracy of sound

velocity.
. ? 2
M = 4.2 a m 10 /I

As in MAap flovs magnetic

(fast) sound velocity
b ;A

C =(C _+a ) 5 vhere c -

m A A

Alfven velocity, L a

characteristic velocity of
disturbance spread, a problem
of cont imuous
through

c conditions

transition
eritical velocity

arLses.

Interconnection betveen

numbers M= v/a, M = wv./C and A
m m

number is defined by the




folloving relation:

=0 .5
M =M(1+4.2A) vith
m
k =¢ /C = 53 (2
P v
It follows from (2) that
in MPD thrusters with one
Sstage vith the increase of A,
even vith M=1, the flow
remaines subcritical.

In tvo-stage schemes vith
Supersonic flowv from the first

stage a limitation on A~

B : =
I /m value exigtsg. Besides that

in such schemes limitation
connected wvith posaible
transition trough drift
velocity Vdr= E/B ig also
Present.

Thig twvo characteristic

Peculiaritiesg may be
demonstrated on the most
Simple example of coaxial

thruster vith constant crosg

Ssection.
The system

of equationsg

for thisg thruster Ln
nondimensional values is r9):
—3
pv—= 3§ <3
2 — -2
kM _d® +dp+a d(B°) = o (4)
o o
k-1 2 Do Z2A
- — = o —
=M dIY i dT: d(B)=
k II
2 (=]
= 0O (5)
P = p (6>
e e (7>
5 I
— L A
o = 9 (8)
j_= - dp.dz (o)
z
vhere p = p/po and [0 on;
II = vBrE
In the System (8)-(o)
there are three criteria,
defining the characteor of
plasma flov M, TI. A and only
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one “quation (9, , damand&ng
numerical Ltntegration. In
coordinate plan M-T] the
boundaries of Supersonic flow
acceleration are vell def i ned
(3) Mg, k-4-k < =3

This alloves to def ine

the area of stable thrustersg
eperation by means of sclution
of the system (3)-¢(2) vith the

follovihg boundary cenditions:

%50 =4 mEl $=0 mao M>g
O =1 £ k-g/k 2 € 1 u>1nmax_5. 1
The firgt condition B=0
wvith z=1 consider total
ocutflow of current inside the
thruster. The Ssecond - the
absence of flov Stagnation to
M<1 and imponsibilily of
transition through dretft
velocity.
Boundaries of stable
=2.29 at the

opération with “o

inlet of the channel are showvn

on Fig.z. wWith M =2_.23 it
=3

follows from €2) that three ig

a limitation on the value of

A connected with smooth

o

transition through magnetic

sound v lofitY A S 8 39
Calculat{ons shoves

significant influence of a on
o

the character of current
outf low along the axig
(Fig.83). With the Lncrease of
Ao the length of current

outflow anraasa, hovever,

vhen reach dri ¢ velocity
Lnside the channel (large
Ao) only small part of current
ocutflowvs inside the channel
{curve 3. The rest of current
flovse out of the @«lectrode
system. =

This s one of the

reasons for coaxital thruster

degeneration to butt
(end-fire) thruster.

Variation of jr(z) Le
shown on fig-e; vhere
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exper imental data, obtaitned 1n
[4)] are given. The character
of calculation and experimental

data values correspond.

The second reason Ls
cooperative action of pinch
and Hall aeffects, decreasing
particles denstity near the
anode, increasing longitudinal
current density jzahd

correspondingly current

outflow out the electrode
system.

Main peculiarities of
BHCT are the followving:

- location of itonization
area inside multihollow
cathode and near itse surface
vhile propellant feed trough
the cathode:

- continuity of
transition from suberitical to
supercritical velocities (um>1

3 - S
wvith any value A ~ I /m;
o

-necessity to profilate
anode geometry in
correspondence with flowv;

-possibility of existence
of a number of acceleration
processes.

For theoretical calculation
of MPD thrusters parameters
and characteristies the last
three peculiarities are of
greatest importance.

Possibility of different
acceleration processes comes
from Bernulli integral for
magne togasdynamic flows (3]

v dp =2 s
;—*f +(40 /m)JV dI=const

o
.40
» 4} follovs from Gy
that with different functions
p(O and vI) different

processes may exist.

As plasma tempoerature
is approximately constant a
set of iLsotermic process may

be considered. One of the
possible processes, connected

with v(I)> and M(I) functions

typw vt th T=const Ls the
process of acceleration wvith
satisfaction of “freezing"

condition BrsPr=censt.

It is easay to show, using
mass flowv equation m=pvS=const,
Amperes LlLaw n:uox/aﬂr and

condition B/7Pr = const that
function wv(I)> is of the
folloving form:

vi=const or MI=const.

Such mode of flow Le
possible if magnetic Reynolds
number is greater than 1
Re =povl ~10.

m

Equation (140) Ln
non-dimensional
form is the following:

2 —2 - - —
kM (M -1)/2+Llnp+20A SM IdI (11
o (=]

vhere A -relation of magnetic
o

pressure of flow boundary to

average static pressure in

itz

2 2 :
a= naver 5 B Wl averoguing
coefficient of magnetic

pressure
a~0,5 with j (r)>= const
z

It follovs from gy
that " 3
p=0xp—(k“°/2(u -4)-20A (M-41)/M]
o

L2y
Then, from mass
flow continuity equation, flow

cross zection as function of M
number is determined:

s = 1/pM (13)
This means, that every
mode on current and massflow,
its own flow geometry
corresponds to, to vhich

electrode geometry must

correspond.
Hovever, function-}=i ~e L8
a special form of the exponent
function. In general it L
function
I = M % vhere n>o0. Then,
using the

vorth te consider

system of MaD



undl Lons n qua.il.onedlménstc-—

nal approximation, one may ob-

tain the following relations
for flow parameter and magnetic
firelds determination, taking

into account EMF of Hall in
the ohm i1s lav wvith T=const:

2 -— 2
p=exp-[kM /2(M -1)-20A ~7(1-2n)
(= o
1-2n

* (M 1) (1 4)
- — — — 0.5 (1%)
£=1/pM; R = S

— 0.% n
B = 41/8 M (16)
s o0 <17)
. (=,

i =R 1 ' el

=Re (1 - -
Jl" m n (=]
o
1-2n -

- M Y2 R (18)
<On0 HO

— 2 — it {
z=]] 7/2Re f(ku M+(2n-4)M -

(=] m o
o
20A -§_2>/¢1 -ii—nC 'i"2“>
= # -
o no OnO

-— Y
/M dM (19)

“"O"relates to
vhere M

Subscript

flov cross section,

=M . In one stage schemes
o
Mo=41.
Correspondingly in this cross
section value of A 18 equal
)
to:
Ciiy oy [
A =0.833%10 I /ma (20)
o

Parameter L =1M_sem-
o i

relation of current to mas s

(M -
L

flowv in current units

mass, L - electrone charges.
With small wvalues of Hall
parameter and big Re EMF of
m

Hall may be neglited, and then
(19)

is only one
vith

transition

in equation
there Limitation,
connected

of

itmpossibility
through drift
velocity at end of gasmagnetic

Lon

4]
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acceleration area.
] S-1/n dBr/dz £ O vith M = M
r (=} o
One may ocbtawn from that
vith M=1:
2
200A = (kM +2n-1)/n (214)
o o
er, with n=4 and o~0,5
2
A B ENM 4 2 (22)
(=] o
However, one should take
into account, that vhile flow
acceleration te velocities
c¢lose to drift velocity «( =
T j =-4/4 dBrdz~0)
r o
even a eamall wvalue of Hall EMF

may lead to magnetogasdynamic
instability. This helps to
current vortexes near the anode
vhich becomes known

form

surface,
vhile parameters calculation in
tvo-dimensional approximation

g 8%

If take into account Hall
EMF , one should take into
account one more limitation,
vhich followv from (19) -
[ £ (1- Y/ (23)
. > -1
3. Onset phenomenon in MPD

thrusters and Lon

sound instability.

Onset phenomencon, Limiting
MPD thrusters characteristics,
has been videly discussed in
scientific literature, for
example in [5). First
calculations, made by us,

showved, that wvith the increase

- S :
of A°~ I /m accelerating flowv
That Lo

diameter decreases.

vhy, it was vorth to search
for the boundary of stable
modes in non-dimenstional

coordinates plane A =f(D D .
o a =

deneralization of

experimental volt-Ampere
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characteristics of MPD
thrusters, operating Ln

stationary and gquasistationary

modes vith variocuse
propellants, alloved to
determine boundary of
stability 131, wvhich is showvn

on fig.o.
Knowving the boundary, one

may determineg critical
currents wvith known D /Dc
a
and m: 5
I .= 4.2 40 wma A (24)
cr ocr

As physical peculiarities
of charge transfere inte anode
are similar to that wvith
presence of external magnetic
field near the ancde surface.
Then for MPD thruster with

applied magnetic field t he
boundary of stability does not
change, i use Linstead of
Ao similar by sense value:
e
IB (R -R )10
# c a ¢
A°= g (25)
uo

vhere Bc- magnetic induction
at the end of cathode;
Ra, RC— ancode and cathode radii

Therefeoere, Lon sound
instability boundary is
universal for both MPD
thrusters types and any
propellants.

Experimental data on

onsét phenomenon, given in (61,
are in good correspondence vith
(24). In experiments with
thruster DT-5%5 in Stuttgart
University wvith relation
D /D =4.9;
a c

A = 0.7 (fiLg. 6) for Argon
ocr 9 g

(Ar) propellant and T ~1eV, it
e
follove from (24):

2

10.
I =2.4 410 m
cr

As can be seen from R e

calculation and evperimental
values are practically the
same.

4. Characteristics of self

field MPD thruster.

Followving relations are
the basis for calculation:

- relation of thrust in
respect of current T(I1 ) ;

- relation of voltage in

respect of current U(I).

Used for thrust
calculation equations:
= 3 2
1. T=40 Ln(R /R ) I and
a e art

£ oo
2. T=(0.7?75+Lln(R /R )10 I
a c

are not acceptable for twve
reasons. wWith changeable

electrode eometry, (R /R )
g y a S B

can not be constant.

Basing on the concept of
accelerating
boundary
relations,

plasma flowv
movability and
obtained above,
thirst vas
obtained from impulse equation

in the form [39]:

relation for

2 2(4-n)(2n-1)
T=(O0.5+.833M A +
o o
-2n(2n-1) 7.2
O0.5A 220 X (26)
o
With n=4 and H°= 1{one
stage scheme) relation (26)

significantly reduces:

-2 =g 2
T=(1.99+0.5Ao 10 > 4 (27)
Thrust coefficient
-2
kT=(1.99f0.5A ) depends on
)
D i " p =
I /m and tis a variable. wWith
the increase of A flow
=3

boundary }dﬂiue, decrease and
relatively decrease the
volume, vhere @lectromagnetic
forces act. By this the fact
of decrease of KT vith

L 3 3
increase I /m~Ao 18 explained,



friction Ln
stated in

and not by
boundary layer, as
[?]. Experimental data, given
in this article, dealing with
KT variation approve not only

quantitative but qualitative

correspondence of obtained

relation (Fig.8). Relations

(26 and (27) are acceptable

vith A Z 1. with A < 1
o °

gasdynamic component of thrust
plays its role.

Theoretical determination
Volt-Ampere
means of

of thruster- s
characteristic by

integral uU=JSJEdlL is rather

difficult. Much easier to
determine Volt-Ampere
characteristic (VAC) through
energy expenditures on

thruster‘s processes [3).

Volt-Ampere characteristic
for Lithium thruster with powver
up to 500 kW is given on fig.eo.

The influence of electrode
geometry on BNCT eofficiency is
fig. 10;

For example of
correspondence calculation and
experimental data,

shown on

experimental characteristies of
MPD thruster obtain in (8] are

given on fig. 11 and 12
together wvith calculated
according to above relations
curves.

Fig. 19 and 14 show
nomograms of BHCT
characteristics for H2 and Li.

It 18 easy to showv, that

vith A =const specific impulse
o

I =conet. Using relation for

sp
thrust (27) and (20) one may
obtain:

-2
I = 1.2 a A (1.33+0.5A ) (28)
sp o o <3
It vas showvn above, that
the value of A has a
o
Limitation, that Le vhy
specific impulse of one stage
MPD thruster is Limited. As
can be seen from

" [EPC83-076 698

characteristics on fig. 13 and
14, from the poeint cof view of
high efficrency with

acceptable specifrc impulse

and lowv veoltages, advantages
of Lithium are of nc doubt.

Plasma flow parameters
calculation 1n two-dimensional
MAD approximation on the model
of slowly changing channel

approved the fact, that A L
o

a criterion of similarity of
plasma flowv.
Plasma flow parameters
distributien along the length,
showvn on fig.. 15 are identical
vith preservation of cendition

A ~I /m= const.
o

5.MPD thrusters wvith Applied
Magnetic Field (Butt(End-fire)
Hall thrusters BHT).

The scheme of BHT differs
from that of BHCT only by
presence of cotll, producing
external magnetic field. Only
experimental investigation of
distributions of
fields and plasma
parameters inside the thruster

currents,
magnetic

and in the ocutflowv alloved to
receive physical model of
acceleration process and to
develope met hods of
calculation of BHT
characteristics. This
measurements probe wvith the
help of three component

magnetic probe with Hall-type

sensors with Lithium
propellant with powver up to
40kwW (D).

There are two
characteristic areas of flow
acceleration. First has the

couter boundary, def ined by

magnetic force Line, passing
through ocuter cathode diameter.
Il %e the area of previaled
gasdynamic accelearation

‘;-lr;;ut)' The second area of

electromagnetic acceleration is
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located from the boundary of *ln<B B -8 B -S /B O 5% B
A 3 (-~ a c c a a < C
{ I d t a
the first area o magnetic S e S e
force Line, passing through the a a
exit ancde edge. In thisg area vhere BC s . BO S; magnetic
e

J ~0.Radial compenent of current
dgnctty J L3 practically field and cross section near
z
cathode and anode.

censtant along the Lenath. on )

h b ndar of this area i ek probirng
t < (=]

e LEre = . X shoved, that Hall currents
electrones are moving along 8
magnetic force line of external and accelerating velumetric

magnetic field.

Ropoeat experiments on the
BHT model shown on fig. 16 not inside the thruster vith
only approved results ocbtained distance between cathode and

force je Br are located

a i 7 ut ave a number of
Sariins - g anode edge L &P L Then (20)
ca a

new. Firastly, profilating of

ancde along magnetic field can be represented in the
resulted in uniform followving form:

distribution of energy,

brought by electrones te the TH=KTInaDa (90>
anode. In comparision with

: ; This relation corresponds
cylindrical anode temperature

t h i 3 L t
decreased by more than 1.5 times S AANER LR ARTNe. . Wn et

coefficient can alvays be
and wvas ~ 2000K. 5 3 !
1 determined vith given
Results of magnetic probes E :
electrodes dimensions and

measurements are given on i S (5
17, 48'and 10.

Secondly, electrone
temperature and plasma dencity

magnetic field.
Electromagnetic component
of thrust from discharge
. current can be defined as
measurements by electric probes

; ; magnetic ressure on cat hede
showved, that T increased with g P
o

edge.
the increase of radii and -2 2

T =K.10 I
reached 4-5 oV near the anode I T
surface. Particles dencity wvas Gasdynamic component
greater on the axis and produced by impulse change
decreased tovards the anode. vhile propellant flow out of
Ion velocity vector, determined cathode
by rotating electric probe by Ty =iy hjk? /M.
maximal iLon current, at gd = =

- Total BHT thrust will be:
thruster‘s exit was all most

the same¢ as magnetic force

=g P =
% 2 . ” T=K IB D +K *40 I +4. 4%"m(kT -
Line direction. All this served . a e T e

as a basis for obtaining 0. %5
calculational relation for BHT /M) S
¢ i
thrust in respect of current
and magnetic field. 2 :
Volt-Ampere characteristic
Hall component of g
; calculation can be made
electromagnetic thrust : 8
according’ to methode of energy
Th=fj B dv can be defined in expenditures balance.
i

the Tolloving torm: Rfﬁul}n of experimental
determination of

characteristics of the
T =I/TL & B (1-B /B )>(1+0. 5% , : : L
H ca aa a ¢ vith profilated anocde and

multi hollowv cathode (fig. 16)



are shown cocn fLg. 20, 21, &2 -

To determineg electreode
system dimensions of the
thruster, currents and
magneaetic frelds a set of

characteristies, given on fig.
23, may be defined. (25)
the critical value of magnetic
determined
electrodes

From

induction can be
wvith
dimensions for any current and

given
mass f low.

S. Investigation of MPD
quasistationary

thrusters in

modes.

Accelerator, developed in
RIAME MAI (fig.24) consists of
electromagnetic value

feeding and
In the process of

pulsed
for gas
electrodes.
Lnvestigations
verification of the influence
of cathode and ancde as vell
as external magnetic field on
thrusters volt -
characteriastics as

experimental

Amperes
currents

outflow vas made. The
felloving variants of
electrode system vera
investigated (fig. 2%55. In the
electrical scheme timing of

mass input into accelerator
channel and discharge current
vas made. Fig. 26
oscillogramm of

voltage. Oscillations on the

showves
current and
curve of wvoltage are observed

vhen critical current modes
are reached.
Electrode

influence on

geometry
volt-Ampere
characteristic is wvell seen on
fig. 272. on fig. 28 Volt-Ampere
characteristic, showving the
influence of longitudinal field
on discharge voltage, is shown.
Characteristic feature
is, that
m=0. 55g/sec discharge
U~200V. This is
to the value, corresponding to
MPD thruster

nomogramm with

vith mass flow
vol tage
rather close
characteristics

hydrogen wvith

"IEPC83-076 700

current 15kA(fig. 14;.
Character of wvaritation of

currents

wvith

relative cutflow

valuo-}/f; Ln cennection

discharge current and masse
flov without external magnetic
field and vith i1t is shown on
fLg- 29 (10]1. WwWith the
existence of magnetic
outflow
efficiently vith A>1 and stop

at the level approximately 40%

freld

currents Lncrease

of discharge current. The

Lncrease of current ocutflew
begins from the mode, vhen
magnetic fields begin to form

flow boundary. Magnetic probing
of outflow currents in
stationary give the same value.

Conclusion.

Theoretical analysis of
processes of acceleration in
quasi one dimensional
approximation
account plaama boundary
mobility and obtained on its
basis

taking into

flow

thrusters
showved good
vith

characteristies
correspondence
experimental data.

MPD thrusters
characteristies improvement as
vell as ite specific
parameters demands
coordination of electrode
sSystem geometry, geometry and
value of external magnetic
field with accelerating plasma
flov geometry.

Limitatien on
high
impulse and efficiency is Lon
instability.

Main
cbtaining specific
sound
Experimentally determined
boundaries of etability allowvs
to determine necessary
dimensions of eleclrodes,

currents, mas s flows and

magnetic fields on the stage

of design vhich engsure

necessary parameters.
Comparative analysis of

thrusters characteristies
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vorking on Lithium and
hydrogen shewvs that the use of
Lithium is promising from the
point of view of high
efficrency, as vell as
compatibility of
characteristies of nuclear
pover station vith
thermoemittive energy
transformer of “Topaz” type
and Lithium MPD thrusters
self-field and vith applied
magnetic field. Within range
of powver 8S0=100 kw the most

promising are lLithium BHT. The
problem of Lithium
condensation on vehicles
surfaces wvhile nuclear

pover atation demand

using
separate
digssension.
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