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Abstract. electrode geometry and ways to

decrease electrode temperature
In most of scientific and erosion. The stated data

vorks, dealing with pLasma of investigations results
acceleration processes in MPD shoves that the use of lithium
thrusters, published in an as a propellant allies to
earlier period (60-70-s) as obtain higher Levels of MPD
voll as during the Last -i10 thrusters efficiency [2] vith
year,. special attention was simuLtaniouse decrease of
payed to the problems of cathode erosion.
continuous and stable plasma MPD thrusters toota on
flow acceleration from low quasiatationary modes allov to
(uboonic)velocities to make a model of plasma flow

velocities oignificances dynamic proceses vith high
higher than sound velocity, power Levels.

However, interconnection In differ to adopted in
of flov parameters and most of published theoretical
magnetic field.defining plasma investigations on plasma
acceleration processes, is not acceleration processes in MPD
clearly known. In particular thrusters, in the present
the character of such paper a concept of plama flow
interconnection defines vith movable boundaries and
conditions of plasma changing boundary conditions
acceleration stability and is adopted.
plasma flow boundary Published vorks presented
formation, which may not on scientific conferences
correspond to electrode system analysis shoves, that
geometry. quasi-one-dimensional

approximation describes
i. Introduction. peculiarities of plasma

acceleration processes in MPD
In the article by profea- thrusters rather good to use

sor Jahn [l2, where the main it in the present paper.
investigation problems for

future EPT are stated, the 2. Theoretical analysis
necessity of ingeneering of plasma acceleration
methods of plasma parameters, processes in self-field
current and magnetic field MPD thrusters.

distributions and thrusters

characteristics calculation This type of thrusters
creation is marked. Special coves Coaxial High Current
attention is payed to Thrusters (CHCT) and Butt High
definition of stable Current Thruster (BHCT). A
thruster's work, optimal scheme of BHCT is shovn on
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f ig. 1. Possib i ty of In BHCT v ith propeL rant i d

implement at i or of variety of through mul t hollo cat hodw
acceleration processes in such the area of gasdyrnanmL
thrusters i described in acceleration of subsonic
t3- flow iL vell determLrned.

The concept of plasma, With A 2 i magnetic field
flow boundary mobility can be holds plasma. On external f ov
used vith a condition of boundary electrons are

electromagnetic forces magnetized and charged

prevalence on gas-dynamic particleo diffusion across
forces, which mean within magnetic field is rather
such modes of MPD thrusters small. That is why one may
operation, when P /P > 1. consider that on the flow

m g.d. od
This relation can be boundary As this

presented n uch a formcondition is satisfied on thepresented in such a form,
axis, it is satisfied in all

2 the volume. Then the work ofP k °  I - -+
= A volumetic forces jXBv=0, and

P 8n a the only factor accelerating
the flow is soul heating j /2.

While transition trough M=t
where k = C /C ; I - current; flow acceleration is morep v

efficient by means of
m- mass flow; M - mach volumetric electromagnetic
number; a- sound velocity, forces. Condition J( becomes

Relation P /pd. is a unsatisfied. Left boundary ofm g.d.

criterion of similarity of this area near the cathod

plasma flov. butt is rather stable, and the

With A « I gasdynamic value of velocity and M number

acceleration prevails, which may be determined from the

im characteristic to Arcjet following.

Thrusters, and plasma flow m bound
boundary in formed by the p = A = i

channel vals (electrodes). g.d. aver

With A 1 volumetric From 1i) one can determine

electromagnetic forces M at the end of ionization

prevail. They accelerate the area at the exit of cathode

flow and form its boundaries. vith accuracy of sound

Naturally, the two velocity.

extreme cases, A « i and A > 7 2
require different approaches, M = 2

to construction forms of

channel geometry and thrusters As in MOD flows magnetic

electrode . <fast ) sound velocityelectrodes. 2 2 1/2

As the most efficient m Aa ) , vhere C -

modes for MPD thrusters are Alfven velocity, is a
the modes of electromagnetic characteristic velocity of

acceleration, when A ~I 2 /m >l disturbance spread, a problem

of continuous transition
ve will analyze this case. through critical velocity

In any MPD thrusters type C conditions arises.
areas of gasdynamic (heating)>

subsonic flow acceleration and Interconnection between

electromagnetic supersonic number M= v/a, M= v/C and A

flow acceleration do exist, number is defined by the
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fol l vinL, relat on:n a C t L 1 (
S e qu"i n <,. demandioM =M<+1. 2A) V h numerical L rte rit o,. InSoordinate 

plan AM- the= v = (2) boundarLs of supersonLc flow
It follows from (2) that accQleration are veil defined

Ln MPD thrusters i th one [a ] Mi. k- /k 5 n < 1
stage vith the increase of A. This alloves to deftino
even vith M=i, the flow the area of stable thrustersremaines subcritical. operation by means of solution

In two-stage schemes with of the system (3)-(o) vith the
supersonic flow from the first following boundary conditions:

stage a Limitation on A z=0 B=i e=1 B=O Z0 z l2 .
I /m value exists. Besides that < n k < -k z i > tLn such achemes Limitation 

max .
connected vith possible The first condition a=0transition trough drift with z=L consider totalvelocity tdr= E/B iL also outflow of current inside the
preent. thruster. The second - the

T to c absence of flow stagnation to
This two characteristic "(i and Lmpossibility ofeculiarities may be tran tion through drift

demonstrated on the most velocity.
simpLe example of coaxial oundare f stathruster vith constant croa Bondari of stablet t tconstant croperation vith M =2.23 at thesection. 0

The system of equations inlet of the channel are shovn
for this thruster in on Fig.2. Vith M =2.23 itn o n d i m n aoon a l v a l u sW a h fA 2 o itnondLmensionaL values is 3]: follows from (2) that three is

C a imitat ion on the value of
pv = i () A connected with mooth

kM 2d+ dp+- d( 2 ) = o 0 transition through magnetic0k- 
sound velocity A < 39.S- 2 -2 k-Cacu aton shovesSod >+dT.+ kd<()= significant influence of A on

_) di--dd+ 

OfoA on0 the character of current
= 0 outflow along the axis

(Fig. ). With the increase of
Ao the length of current

p - currentPT
P T (6) outflov increase, however

Jr h vwhen reach drift velocity
Sr (7) inside the channel (large

= S/2 A ) only small part of current
8 ) outflows inside the channel

(curve 39. The rest of current
j - dd fLows out of the electrode

= vB/E 
reasons for coaxial thrusterIn the system () , degeneration to buttthere are three criteria, (end-fire) thruster

defining the character of Variation of j <,plasma flo o, . A and only hown on fig. 4, r whereY-- ,n, oo 
o

fi._ v or
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expe. Lmental data. obtCaird Ln, type .L th T=con t L th

[4] are gLven. The character proces~ of accelerat ion vith

of calculation and expe ri mer, tt a Ls:act n of "free zing

data values correspond. condttorn B,/pr=const.

The second reason is It s e asy to show. using

cooperative action of pinch mass flov equatton m=pvs=const.

and Hall effects, decreasing Amperes law B=poI/aTr and

particles density near the condLtton B/pr = conet that

anode, increasing longitudinal function v<i> is of the

current density j and following form:

correspondingly current vI=const or MI=const.

outflow out the electrode Such mode of flow is

system. possible if magnetic Reynolds

Main peculiarities of number is greater than i

BHCT are the following: Re =/Ojvl -10.
- location of ionization m

area inside muLtihoLLov Equation (10) in

cathode and near its surface non-dimensional

while propellant feed trough form is the following:

the cathode: kM2 (2 I2+np+2A fIdkM (M -i)/2lnp+2OA fM dI (ii

- continuity of o o

transition from subcritical to

supercritical velocities (M >1 where A -relation of magnetic
m o

2.
with any value A - I /m; pressure of flow boundary to

o average static pressure in
-necessity to profilate t

anode geometry in 22 2

correspondence with flow; a= B / B averoging
aver bound

-possibility of existence coefficient of magnetic
of a number of acceleration pe e

pressure

proceases. a~-0,5 with j (r>= const
For theoretical calculation z

of MPD thrusters parameters It follows from (11).

and characteristies the last that
2 -2

three peculiarities are of p=exp-tkM /2(M -1)-20A (M-1)/M3

greatest importance. (12)

Possibility of different Then from mass

acceleration processes comes flow continuity equation, flow

from Bernulli integral for
cross section as function of M

magnetogasdynamic flows m3 number is determined:

2
v dp -7 . = i/pM (19)

-- + -- +(10 /m) v dl=conet
2 p

(10) This means, that every

mode on current and massflow

It follows from (t10. its own flow geometry

that with different functions corresponds to. to which

p(p) and v(I> different electrode geometry must

processes may exist, correspond. - -

As plasma temperature However, function I=M i

is approximately constant a a special form of the exponent

set of isotermic process may function. In general it is

be considered. One of the worth to consider function

possible processes, connected I = M , where n>O. Then,

with v(I) and MCI> functions using the system of MOD

4
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equat ionr Ln quCL onedLmenQ sto- *cc. terat Lc.r ar r .

ral approximation, one may ob- =-/ Wp dB.'dz t 0 v dth M =
r c. 0Lain the folloving relatLon 
r

for flow parameter and magnetic Orne may obtaLr from that
fields determination, taking with M=i:
into account EMF of Hall in 22 A (kM *2n-i)/n (2i)the Ohm is law vith T=const: 

2 0 k02n- n 21

kM2 -- 2 or, with n=l and C-O,s
0 0 2

p=exp-tkM /2(M -i)-2A /(i-2n) or, a-o,s
o o 

2hi-2n A ku + i (22)
(i4)-i) o 0

Hovever, one should take
=/; s 0.5 (1S) into account, that vhile flows=i/pM; R = S

acceleration to velocities
" = 0. n close to drift velocity <( "

1); j =-it/ da/dz~o>
- - - i-n r o
J = PM (17) oven a small value of HalL EMF

may Lead to magnetogasdynamic

J = ( MU -n instability. This helps to formr m o current vortexes near the anode
l-2n - surface, vhich becomes known

- Io o  )/2 R (1s) vhite parameters calculation in
tvo-dimensional approximation

2 I -- fig. 5)
z=o 2RMf (<kMU+t(2n-i)M - If take into account Hall

-- 2o -- n -i-2 EMF. one should take into
--- 2 -- i-n -t-2no"

--2A nM )/<(i- M C( ) account one more Limitation,
- n which follow from (i0):

/M dM (p0)

r < <l-n >n (29)
Subscript "O"relates to

flow cross section, vhere M

=M . In one stage schemes S. Onset phenomenon in MPD
0 thrusters and ion

Mo=i. sound instability.
Correspondingly in this cross
section value of A is equal

t 0 :to:
-7 2A =0.89*S10 I 2/ma (20) Onset phenomenon, limittng

o MPD thrusters characteristics,
has been videly discussed in

Parameter o IM./em- scientific Literature, for

relation of current to mass example in C53. First

flow in current units (. - ion calculations, made by us,
L shoved, that with the increase

mass, L - eLectrone charge). 2
With small values of Hall of A O I /m accelerating fl o v

parameter and big Re EMF of diameter decreases. That is

HaLL may be neglited. and then Vhy, it was worth to search

in equation (1O) for the boundary of stable
there is only one Limitation, modes in non-dimensional

connected with impossibility coordinates plane A =f /D
of transition through drift Generalization of
velocity at end of gasmagnetic experimental volt-Ampere

5
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characte r i t .Li of MPD Lca cu L at . -a d p, r n,, a
Lhru stlr , opercat ring L n value z are prac ti caLL t )-
stationary and qusil tationary name.
modes vith variouse

propellants, at lowed to
determine boundary of
stability ts3, which is shown 4. Characteristics of self
on fig.6. field MPD thruster.

Knoving the boundary, one
may determine critical
currents with knovn D /D Folloving relations are

a c the basis for calculation:
and m: 7. - relation of thrust in
I = 1.2 10 ma Ar (24) respect of current T(I 2

);

- relation of voltage in

As physical peculiariti e respect of current U(I>.

of charge transfere into anode Used for thrust

are similar to that with calculation equations:

presence of external magnetic I. T= 7o nR niR ) i an
field near the anode surface. a c off

Then for MPD thruster with 72
applied magnetic field the 2. T=( 0. 75+Ln(R /R ))10 I

a c
boundary of stability does not are not acceptable for two
change, if use instead of reasons. With changeable
A similar by sense value: electrode geometry, (<R / )

-7 a c off
IBc (a -t )

1 0  
can not be constant.

o pa A (25) Basing on the concept of
o accelerating plasma flow

boundary movability and

vhere B - magnetic induction roeatione, obtained above,
c relation for thirst vas

at the end of cathode; obtained from impulse equation
' , - anode and cathode radii in the form 9]3:

Therefore, ion sound T=< 0.+.a33A
2 - n ) 2 n

instability boundary is 0.SA 2n(2n- ) 7 2  
(26)

universal for both MPD With n=t and M = i(one
thrusters types and any 0

propellants. stage scheme) relation <26)

Experimental data on significantly reduces:

onset phenomenon, given in 6). -2 -7 2
are in good correspondence with T=0. . I (27
(24). In experiments with Thrust coefficient
thruster DT-5 in Stuttgart -2
University with relation k= +. depend on

Da /Dc =4. ; I/ and is a variable. With
A c= 0.7 (fig.6) for Argon the increase of A flow

ocr 0

(Ar) propellant and T ~oeV. it boundary ra-dius, decrease and
e relatively decrease the

follows from (24) volume, where electromagnetic
2 0. forces act. By this the factI =2.4 10 m of decrease of K vith

cr 2

As can be seen from fig.7, increase I /m~A is explained.

6
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and not by IrLCt LOr Ln charactI tLt i c Orn L . 13 .and
boundary layer. as sta td in 14, froni the poiL t of vtew of

[71. Experimenrtal data. given high fftici.,cy vi t h
in this article, dea ing vith acceptable specifkc mpulse
KI variation approve not only and Low voltages, advantages

of LLthium are of no doubt.
quantitative but qualitative

Plasma flov parameter&correspondence of obtained
calculatLon in two-dtmenslonal

relation (Fig.)a>. Relations
MQD approxmat io, on the model(26) and (27) are acceptable D pox o the od

ith A ih A < of slovly changing channelvith A 1 i. Vith A( 1
o o approved the fact. that A is

gasdynamic component of thrust 0
a criterion of similarity of

plays ite role.
plama flov.

Theoretical determination plasma fl
Plasma flov parameters

of thruter's Volt-Amperema flow param
Scharacterstc by means of distribution along the length.

characteristic by means of
integral uEdL is rather shovn on fig.. - are identicalintegral U=JEdL Lc rather

difficuLt. Much easer to vith preservation of condition
difficult. Much easier to 2

A ~I /m= const.
determine Volt-Ampere o

characteritic (VAC) through

energy expenditures on 5.MPD thrusters vith Applied
thruster's processes [3s. Magnetic Field (Butt(End-fire>

Volt-Ampere characteristic Hal thrusters BHT).
for Lithium thruster with power
up to 500 kv is given on fig.P.

The influence of electrode The scheme of BHT differs
geometry on BNCT efficiency is from that of BHCT only by
shown on fig.io. presence of coil, producing

For example of external magnetic field. only
correspondence calculation and experimental investigation of
experimental data, distributions of currents.
experimental characteristiLe of magnetic fields and plasma
MPD thruster obtain in CBr are parameters inside the thruster
given on fig. it and 12 and in the outflov allowed to
together vith calculated receive physical modeL of
according to above relations acceleration process and to
curves, develope methods of

Fig. s1 and 14 shov calculation of BHT
nomograms of BHCT characteristics. This
characteri stcs for H 2  and Li. measurements probe vith the

It is easy to show, that help of three component

with A =const specific impulse magnetic probe with Hall-type
o sensors with lithium

I p=const. Using relation for propellant with power up to
4okw [Pi.

thrust (27) and (20) one may 4okv toi.

obtain: There are two

characteristic areas of flow

I = 1.2 a A (1. 0.SA-2) (28) acceleration. First has the
sp o o o outer boundary, defined by

It was shown above, that magnetic force line, passing

the value of A has a through outer cathode diameter.
o It is the area of previaled

Limitation, that is why gasdynamic accelearation
specific impulse of one stage

MPD thruster iL Limited. As ' out) T h e e c o n d a r e a  of

can be seen from electromagnetic acceleration is

7
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Loc ate d f ro t r, boundary of t*L r, B - -S B .. S- B 0. S B

the i rst a r -a to ma q netic
..S /B ] c29)

force Line, pa tirng through the a a

exLt anode edge. In this area where B S B S- n.ag n et L
c c a a

J -0. RadiaL component of current

dencity j iL practicaLLy fLeld and cross section near

constant along the Length. On cathode and anode.

the upper boundary of this area Magnetic probing

eLectrones are moving along showed, that Hall currents j.

magnetic force Line of external and accelerating volumetric

magnetic field.

Repeat experiments on th force are Located

BHT model shovn on fig. t6 not inOide the thruster with

only approved results obtained distance betveen cathode and
earlier, but gave a number of

anode edge L 0 . Then (20)new. Firstly, profitating of ca a

anode along magnetic field can be represented in the
resulted in uniform following form:

distribution of energy,

brought by electrones to the T =K IB D (90)
anode. In comparision with H T a

cylindrical anode temperature This relation corresponds

decreased by more than 1.5 times °to physial sense and thrust
and vas ~ 2000K. coefficient can always be

ults of magnet probes determined with givenResuLts of magnetic probe e

measurements are given on fig. ectrodes dimenons and

17. 18 and it. magnetic field.

Secondly, electrone ELectromagnetic component

temperature and plasma dencity of thrust from discharge

measurements by electric probes current can be defined as

shoved, that T increased vith magnetic pressure on cathode
e edge.

the increase of radii and -7 2
T =K 0 I

reached 4-5 eV near the anode I T

surface. ParticLes dencity vas Oaadynamic component
greater on the axis and produced by impulse change
decreased towards the anode, while propellant flow out of
Ion velocity vector, determined cathode

by rotating electric probe by T d=.4 mjkT /M
maximal ion current, at gd B L

thruster's exit was all most Total BHT thrust vil be:

the same as magnetic force -7 2
Line direction. ALl this served T a K I 

+ 
.mkT

as a basis for obtaining 0.5
calculational relation for BHT /M. (31)
thrust in respect of current

and magnetic field.

Halt component of Volt-Ampere characteristic

electromagnetic thrust calculation can be made

according to methode of energy

Th=fj rdv can be defined in expenditures balance.

the following form: ResuLts of experimental

determination of

T =I/7l S B (I-B /B )i0.o5* characteristics of the model
H ca a a a c vith profilated anode and

multi hollow cathode (fig. i )

8
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are ~h, owr, o ftg. 20. 21 22. urrernt 1 k A f . 14 .

To deterrti e electrode Character of varlat tor, of
system d r ern i ons of th relat ive outflow currenlts
thruster, currents and value I/I Ln connection wvth

magnetic ftelds a set of
charcteo . f. discharge current and masscharacterLsties, given on ftg.

f Lyov vtthout external magnetlc29, may be defined. From (25)
field and vth it LQ rhovn onthe critical value of magnetic field and vith it s ho on

induction can be determined fig. 2P . Vth the
with given electrodes existence of magnetic field

dimensions for any current and outflow currents increase

mas fLov. efficiently with A>t and atop

at the Level approximately 40%

. nvesigaton of MP of discharge current. The6. Investigation of MPD
thrusters in quaatationcrease of current outflowthruoterc in quasteat lonary

modes. begina from the mode. when

magnetic fields begin to form

flow boundary. Magnetic probing

Accelerator, developed in of outflow currents in

RIAME MAI (fig.24) consists of tationary give the same value.

pulsed electromagnetic value
ConcLuion.

for gas feeding and onclu

electrodes. In the process of

investigations experimental Theoretical analysis of
verification of the influence processes of acceleration in
of cathode and anode as vell quasi one dimensional
as external magnetic field on approximation taking into
thrusters volt - Amperes account plasma flov boundary
characteristics as currents mobility and obtained on its
outflow was made. The basis thrusters
following variants of characteristies showed good
electrode system were correspondence with
investigated (fig. 25). In the experimental data.
electrical scheme timing of MPD thrusters
mass input into accelerator characteritties improvement as
channel and discharge current vell as its specific
vas made. Fig. 26 shoves parameters demands
osciLogramm of current and coordination of electrode
voltage. Oscillations on the system geometry, geometry and
curve of voltage are observed value of external magnetic
when critical current modes field with accelerating plasma
are reached. flow geometry.

Electrode geometry Main limitation on
influence on volt-Ampere obtaining high specific
characteristic is vell seen on impulse and efficiency is ion
fig. 27. On fig. 28 Volt-Ampere sound instability.
characteristic, shoving the Experimentally determined
influence of longitudinal field boundaries of stability allows
on discharge voltage, is shown. to determine necessary

Characteristic feature dimensions 'of electrodes.
is, that vith mass flow currents, mass flovw and

m=o0.55g/sec discharge voltage magnettc fields on the stage
U~200V. This is rather close of design which ensure
to the value, corresponding to necessary parameters.
MPD thruster characteristics Comparative analysis of
nomogramm with hydrogen with thrusters characterisatee

9
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