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Introduction

In practice. research on parameters of plasma
jets is of great importance in connection with the
plans of broad use of electric propulsion (EP) on
space vehicles having a long term of operation (up to
10 years). A correct mathematical model of the
plume, being applied to estimate the processes
connected with EP-spacecraft interaction, will allow,
first, to reduce drastically the time and costs spent for
ground tests, and second, to predict loading and
erosive effects of EP upon a spacecraft and also to
formulate recommendations on improvement of a
spacecraft design to reduce the negative effect of
plasma jets on a spacecraft's elements.

The possible negative effects are as follows :

e evaporation from the solar battery surfaces and
sputtering of the erosion products on the structure
elements of a spacecraft ,

¢ EP's thrust losses and generation of torques,

e influence of a circumambient plasma artificial
formation (PAF) on radio signal passability and
distortion of the polar pattern of onboard antennas.

In practice, the first two effects only occur in
case a plasma flow touches a space vehicle's elements
either by its peripheral side (out of the main plume,
1.e. at angles greater than the divergence angle of the
Jjet) or by its far zone (at distances greater than 1 m,
where the flow density drops in 1 to 2 orders of
magnitude). Hence, a mathematical model of the
dynamics of a plume must coincide with bench
measurements of the proximal zone, and also
describe adequately both the peripheral and rarefied
areas of the plume.

The methods used nowadays to predict effects of
a plasma plume are based on the approximation of
distributions of flow and energy densities in EP jets,
obtained on test stands at short distances of about
Im. The mathematical models for PAF (including EP
Jets) developed in TsNIIMASH take into account the
influence of both the self-consistent electrical fields
of plasma and external geomagnetic field on PAF's
characteristics. In particular, the above factors affect
noticeably the distribution of ions flow densities in
the peripheral area of an EP's plume at distances
more than 1 m. These models have been validated
reliably with bench measurements, and also by a
number of independent methods in space plasma
experiments within the EPICURE program

The most essential difference of our model is
that the self electrical field of a plasma jet
strengthens the cross-sectional components of a flow

of ions while plasma is spreading in vacuum where
there is no influence of conductive walls of the test
facility. The geomagnetic field B blocks the plasma
spread in the direction perpendicular to the induction
vector B, and at the same time the field strengthens
flows of ions along B. As a result, in the vicinity of a
space vehicle some specific needle- or petal-shaped
PAFs appear {1+3]. Their sizes are 3 to 30 m for
most of the popular EP. Such sizes do determine the
characteristic distances at which there is an
interaction of an EP's plume with. for example. solar
array (SA). However, thesc propertics of plasma jets
are not available for reproduction on common test
facility. So. bench measurements of the proximal
zone of an EP's plume are insufficient to estimate the
intensity of ion flows on a space vehicle's elements
(SA, radars. etc.) having sizes more than 1+2 m.

Problem formulation

The objectives of this study are as follows:

I.Compare all the most popular
mathematical models of a plume with the recent
experimental ground measurements of the plasma
plume parameters of Hall-thrusters (SPT-100,
TAL D-55, SPT T-100) and also compare them
with the self-similar model developed at
TsNIIMASH.

2.Demonstrate that the self-similar model is
suitable for description of plumes of all EP types,
including the End-Hall Thruster, lon Engine and
Arcjet.

3.Prove the prediction for the expected
effect: while an EP's power increases (in
particular, in the Hall-effect ones) the role of
peripheral flows grows, owing to the growing role
of the internal electrical field, which accelerates
ions of the beam in a cross-sectional direction.

4 Demonstrate that on low Earth orbit’s
(LEO) the geomagnetic field alters essentially the
pattern of flows in a jet at distances ~3 to 10 m
from the exit plane.

The characteristics of EP plumes are described
in detail in ref. [2], and also there are mathematical
solutions for different modes of the expansion of
plasma jets in space. In particular, it was found that
all dissipative effects can be estimated while using
the only dimensionless criterion :

= aT,o
Ne?

n_n

Here "a” is the spatial scale of the plasma jet
cross-section.
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In a gently expanding jet, o' ~ a/d << 1,
relative effects of transversal and longitudinal heat
fluxes are quite different since:

[Tx ~ 1 N /7‘,~ a;
I, = Mla; = ITal = Ta" T

Here, the additional parameter /7 is the spatial
scale of sufficient temperaturc change.

In dependence on values of flow paramcters
involved in criterion 7, the different thermal regimes
of jet expansion can be realized:

1. For [T <<1and /T, <<1 -an adiabatic one;

2. For [T, < 1 and 77, = | -the temperature is
uniform transversely. and adiabatically changes
along the jet axis;

3. For 7l > 1 and [1,> 1 -an isothermal one.

The first casc corresponds to extremely dense
flows in an arcjet. The second situation is typical of
rarefied plasma flows, and suggests that temperature
is uniform in the flow cross- sectional plane in
vicinity of the flow pole due to high thermic
conductivity of the plasma. The last case is inherent
to rarefied plumes of an ion thruster, and also in SPT
and TAL of low power.

The self-similar model suggests that the
distributions of plasma flow parameters in the distal
zone of a jet where a>> a, are defined by :

the flow rate of particles N,
the ultimate plasma velocity  u,,,

the electron temperature T,

. k= l/ a’2
the factor of flow divergency m.

The stationary plasma (SPT) or anode layer
(TAL) electric thrusters are in the space examples of
an isothermal flow. Their operation results in arising
of expanding ion flow with the following
representative initial parameters [4+7]: N~ 2.10"° s
,T~1:10 eV, o = 10>+ 10* 1/Om'm, a ~ 0.1m, a' ~
0.2. The value of the dimensionless criterion for such
flows is as: /7= 20 + 100 >>1.

Hall-type thrusters

The most comprehensive measurements of the
parameters of a Hall-type thruster's plume have been
performed for 1.35-kW SPT and TAL. The data can
be divided into two groups: cross-sectional
distribution of the density of the ion flow and cross-
sectional distribution of electron concentration in the
jet. A comparison of the experimental data of the first
group with the self-similar model has been presented
elsewhere [2]. In that publication we compared
experimental data and the self-similar model with
two time -consuming models based on the solution of
kinetic equations. In fig. 1a the angular distributions
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of an ionic current density from report [8] (curve 1)
and from the work [9] (curve 2) are shown. The
dashed line corresponds to the self-similar model.
There are also data points taken from [5+7} in the
figure. The coincidence of the experimental data and
the theoretical distribution in the core of a flow was
satisfactory. In fig. 1b we depicted the samec
dependences in other coordinates to visualize the
differences in the distribution of current density in
the peripheral zone of a jet at large angles from the
flow axis. In these coordinates the self-similar model

is a straight line f =1+k 1220, where k — the
characteristic of the flow divergence, defined above.

and f‘:[___jc

j-cos3 7
figure that the self-similar model describes better

than other models both the central zone of a flow and
the peripheral one.

2/3
] . One can see from the

The same can be illustrated on another data set
as well. The experimental data of the second group
n(6) were compared with the following theoretical
models (fig.2):

o Carney’s approximation {10} - curve “C”
¢ Roberts’s approximation {11] - curve “R”
e Narasimha’s model [12] - curve “N”

o exponential approximation [13]- curve “O”

self-similar model (isothermal mode) [2] -curve
wg g

The coefficients for Carney’s approximation
ng exp(— (A(1-cos 0)'")

n(r.6)= r? cos® @

were taken: =33 and m=0.65. These values are best
to describe SPT-100's jet spread[14].

The coefficient for Roberts’s approximation
Nv
cos™ @

was fitted as m=8 based on the maximal coincidence
with the experiment values.

Narasimha’s model

N My
n= V2 cos? 9oexp(— Y sin? Oj
mugr 2
was calculated for M*=14. .

The  coefficient for  the
approximation

exponential
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Fsin HJ ?

n(r.6) = C, exp —(
2

C, ( ej
+—-exp| ~——
r- C4

was chosen 'y, =0.22 as most corresponding to the
experimental distribution for distances of about 1 m.

Our sclf-similar density distribution is given by

Nv 1
n=
matu, [ rz}’”
1+
a2

1
A

for isothermal flow; a=a(x) — the characteristic

where p; =y for adiabatic flow, and p; =1-

cross-sectional size of a jet, u.=u.x) - the speed
along the jet axis. These values are determined by the
solution of a system of non-linear ordinary
differential equations. It is obvious that a=a(x) is
some characteristic line of flow; x and r - are
cylindrical coordinates. At high Mach numbers M,
within some initial zone of the jet it can be assumed
that w=const, and a(x)~ap+a’y x, i.e. the flow is
conical. For common TAL and SPT M,°=25. In this
case it deems sensible to enter parameter k — a
characteristic of jet divergence

1 2
a=ag+—=x,ie k:(aO )

Jk

In figure 2 all the distributions are plotted in

ne

special coordinates f{tg’), where f = —,
n-cos” @

allowing to present more evidently the peripheral
zone of the jet. In this case the self-similar model is

again a straight line f =1+k g0, coinciding

with the experimental points [14+16). From the
analysis of both the first group of data (fig.1) and
second (fig. 2) we receive with two independent
methods the same values of the factor of flow
divergence k = 26 for all 1.35-kW SPTs and TALs.

End-Hall Thruster

The developed method is checked by precise
measurements on jet spread from a cesium plasma
generator exploited in the EPICURE, a full-scale
radiophysical experiment [1].

The most detailed information was acquired by
directional sampling. The n,, T, and V; distributions
in the cross-section of the jet were measured for
distances R;=0.3m, R,=0.7m and R;=1.2m from the
plasma generator.

To obtain distributions in a broad range of polar
angles 6 in a stand of about 3-m diameter, the
generator was rotated around its axis which was
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perpendicular to its axis of symmetry and went
through the centre of the exit cross-section. Three
measuring sets were mounted on the stand axis at
three specific points.

Such lay-out of the experiment allowed to
minimize the disturbance from the chamber walls
along the line of measurements, because a metal wall
is almost an ideal neutralizing agent to slow down
Cs™ ions and also a highly cffective adsorption
"pump" for Cs atoms.

The three distances of measurcments
(R=0.3+1.2 m) covered the zonec of non-linear
expansion of the jet. Here somec additional
acceleration of the jet occurs and the cross-sectional
size a(x) varics nonlinearly. It enables to check
theoretical conclusions for diverse regimes of jet
spread. The paramecters of the genecrator were
controlled in a broad range. Either adiabatic
regime (I < 1) or isothermal (IT > 1) was
maintained with varying power of the discharge
and flow rate in the jet.

The adiabatic mode was maintained at the
following parameters of discharge: anode voltage [,
= 28 V, current I, = 50A, ions flow

rate N =4,2-10" I/s. At the initial cross-section,
the measured values were : temperature 7,=0,25 eV,
velocity Vo=2kmps, Mach number M = 2.6. The
value of the thermic parameter for the regime: /7 =

0.1 The generator of plasma in EPICURE
operated under exactly the same conditions.

Isothermal regimes were also investigated. The
parameters of discharge were as follows: U, =27V,

1=65A, N =42.10 I/s. At the initial cross-
section of the jet it was measured: 75 ~/,8 el I'~ 3,7
kmps. The corresponding’ value of the thermal

parameter I7 = 60.

Using the three values n; (R,0) measured along
the axis, the dependence afx) was plotted and
compared with the predicted one. Fig. 3a
demonstrates that predicted and measured
dependencies a(x) coincide well for both regimes.
Using predicted dependencies a(x) and wu(x), the

ne (9)

radiuses R,=0.7 m and R;=1.2 m. There is a good
coincidence in a large range of spreading angles

(Fig.3b).

Thus, the developed estimation method
correctly describes the parameters distribution in a
fully-ionized plasma jet. The obtained solution
provides a description of a jet both in its distal zone,
which has a constant spread velocity and direct lines
of flux, and its proximal zone, where heat energy
transforms into the longitudinal and cross-sectional
acceleration of the flow and the lincs of the flux are
curved.

theoretical profiles were plotted for two
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In the EPICURE space experiment the
amplitude of radio emission of onboard transmitters
[23] was measured on the ground. When the
generator of plasma was actuated there appeared a
radioshadow surrounded by a transient zone with
periodic amplification and attenuation of the signal.
For waves of 12-cm length. properties of the
radioshadow depended on the rather dense proximal
zone of the jet (~ Im). The radioshadow borders and
the signal strength distribution outside the shadow
werc estimated on the basis of the jet model
presented above. The experimental data and the
theoretical dependence of the radio signal amplitude
(A= 12 cm) along the spacecraft trajectory are plotted
in fig4. The estimated configuration of the
radioshadow is very sensitive to any change in the jet
parameters. Thus. the radiophysic estimations well
coincides with the experiment.

Other types of thrusters

The developed model can also describe the
dynamics of plumes of other EP types, such as the
arcjet or ion engine, where values of mass flow rate
and velocity differ in several orders of magnitude.

To illustrate this the experimental data from the
report of the Joint Study Group [17] for the ESA-XX
ion propulsion have been processed. Parameters of
the ionic beam: a=0.2m, a’=0.17, T~13eV, 0=4.7-10"
, N=5. 10" s | result in the value of criterion
[7-8-10° >>1, and hence the flow is isothermal.
Theoretical and experimental dependencies can be
compared using the method described above.

In fig. 5a the lines of equal density for the ionic
flow from {17] are depicted. The experimental data
were measured at a distance of 1.5 m from the exit
plane. Fig.5b illustrates a comparison of these data
with the estimation. The straight line corresponds to
the self-similar model with the factor of flow
divergence k = 32.

Similar distributions for the plume of an arcjet
are plotted in fig.6. The experimental data are taken
from [18,19]. Parameters of the plume are T.=0.2¢V,
a=0.9 cm, a’=0.36, N’=2.45.10%'s™. In this case the
value of criterion IT=1.56-10 * <<1, so the flow is
adiabatic. The self-similar model predicts for this
case a linear dependence of the parameter

nT 1y
f= (-——i-ca—) on 1g’6 (y - the adiabatic
nT -cos” @ :
constant). Fig.6 also provides a comparison with
Carney's approximation plotted with parameters
m=8, A=0.9. For both the rather dense and slow
plume of the arcjet thruster and the high-speed ionic
beam of the ion engine, the self-similar model
coincides with the experimental points not only in
the area close to the axis, but also in the peripheral
zone.

In all the cases above, we considered plumes of
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low power propulsion, < 1.5 kW. The flow lines a(x)
for such flows in the proximal zone of the jet at x<"x,,
are straight lines, the divergence of the flow is
constant: a ' = const. k = const. However, at larger
distances, in case, when the power brought into the
flow increases, one should expect some curvature of
the lines a(x) and an increase of the divergence down
thé flow, so that @’ = f (x). This phenomenon was
revealed when we studied paramcters of the plume of
an EPICURE 1.5-kW generator. Such swelling of the
Jjet becomes more noticeable, for example, for a Hall-
effect thruster of power up to 4.5 kW.

Fig. 7a shows the distributions j(§) [20] for four
power levels, 1.35, 2.3, 3.0, 3.75kW, at the same
discharge voltage. In fig. 7b the relation is plotted in
cylindrical coordinates fira’).  where

2.3
f= £vm~~~] . 1t was taken into account some

additional expansion of the jet, a = arx). All
experimental points of the four relations apparently
lay on one straight line.

Effect of the geomagnetic field on _plasma
exhaust spread

The dynamic models of plasma jet spreading
developed in TsNIIMASH envisage not only
different thermic modes of expansion of the proximal
jet zone, which as a rule is a rather dense ; not only a
curvature of streamlines, indicating some increase of
the divergence of the flow when the power of
discharge increases, but they also take into account
the influence of the external magnetic field of the
Earth on plasma dynamics [3]. Under bench
conditions unless it is a special model experiment.
However, the fact that the plasma plume has not a
conical shape, but petal- or needle-like shape,
depending on the direction of the induction vector,
was confirmed in a full-scale experiment within the
EPICURE program. The EPICURE plasma
generator operated inflight on a spacecraft and
produced a flow of Cs* ions with the quantity flow
rate of N=2-10°° s and flow velosity u=2-10° mps.
The three-dimensional configuration of the plasma
plume was verified by several independent methods
[1,22]. Below only two examples are given.

The first one is from the field of
radiomeasurements. A radiotransmitter operated at a
frequency of 150 MHz onboard a space vehicle a
800-km altitude. A broad network of ground
receivers was involved in the experiment. During the
transmitter operation a plasma generator ,was
actuated according to a specific cyclogramme.
During the active period of generation the plasma
shielded the radio signal and on the Earth the shape
of radioshadow was registered (see fig. 8). An
analysis has shown that:

1. The radioshadow is asymmetric relative to
the flight course.
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2. The radioshadow shape is different for
uplegs and downlegs of the trajectory, ie. for
different directions of the induction vector relative to
the velocity vector of the plasma jet.

3. The theoretical curves of radioshadow
derived from our models for the cases when the
velocity of the jet is oriented at different angles to the
magnetic field have practically coincided with the
empirical curves.

The second example is based on magnetic
measurements. The geomagnetic field perturbations
were registered with two 3-component detectors,
mounted at 4.5 m and 7m from the plasma gencrator
{22]. The measured perturbations of the geomagnetic
field B correspond to the diamagnetic displacement
of the field out of a conductive jet. A 3D picturc of
the geomagnetic field B perturbations coincides with
the 3D model of a plasma petal [2], in which
expansion across the field B causes generation of a
system of electric currents. A comparison of
calculated results with disturbances of the
geomagnetic field AB measured in the EPICURE
experiment is shown in figure 9. The x-axis is the
distance along a boom L, on which the MME's
(Magnetic Measuring Equipment, IZMIR RAN
development) detectors were mounted.

The obtained experimental data suggest that an
external magnetic field generates a system of electric
currents inside a plasma plume.

The above examples have demonstrated that
while considering the problems of SC/EP interaction
on the LEO one should take into account that at
distances of 2+3 m and more the geomagnetic field
distorts essentially the shape of the plasma exhaust.

On the role of a mathematical model
selection

One can judge by the example following below
about the importance of a good choice of a theoretical
model of an EP's plasma exhaust spread.

Generation of torques when the exhaust jet hits
structural elements of the space vehicle is one of
factors of the EP / space-vehicle interaction,
especially often occurring to the solar array due to its
large size. We have estimated values of the torques
for the geometry of real GALS-type space vehicle
(see fig.10a). At operation of an EP SPT-100 the jet
parameters are following: T=2eV, U=17000 mps,
I1=4.54. The following mathematical models have
been applied:

o the self-similar model — curve S-S;
¢ Narasimha’s model - curve N;
¢ Carney’s approximation - curve C.

In fig.10b the torques are calculated in a
dimensionless form for the case when distance h =
1.75 m. The upper three curves having alphabetic
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designation correspond to M, torque. and the lower
ones to M,. The value of M, estimated by our model.
exceeds almost in twice the predictions of other
models. Taking into account that our model agrees
best with the experimental data, it is possible to
conclude that our predictions are the most realistic.

1. A model for EP plasma jets which takes into
account the influcnce of both the internal self-

consistent  electrical fiecld and the cxternal
geomagnetic field upon their dynamics has been
developed.

2. The model describes preciscly  the

distribution of parameters in the well-studied
proximal jet zone (~ lm). Being in a better agrement.
with the experimental data. than models of other
authors, it predicts greater ion flows in the peripheral
Jet zone

3. Our estimations show that to predict effects
of the distal jet zone (~ 10m) on space vehicle's
elements and radio communication it is necessary to
take into account essential redistribution of ion flows
across the jet cross-section under the influence of its
own electrical field and the external magnetic field.
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COTIGUOUS ZONE THEORY VERIFICATION
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Fig.1 ~ Comparison of experimental data j(8) for Hall-type thrusters plumes
with the self-similar flow model
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Fig.2  Comparison of experimental data n (6) for Hall-type thrusters plumes
with the self-similar flow model
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Fig.4 The experimental data and theoretical dependence
of the radio signal amplitude (A= 12 cm)
along the spacecraft trajectory
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Contour’lines of constant.ion beam deasity in 1.5 m distance from the "ESA-XX" exit plane,
taken by a rotating multiple—probe rack in the main vacuum chamber of the 30-m? test facility
"P 100,000, (The hexagonal shape of the outer contour lines derive from the segmented ‘grid
system.) ’

Fig.5 Ion thruster beam description by self-similar model
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Fig.6 Arcjet thruster jet description by self-similar model
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Fig.7 Comparison of experimental data j(6)
for powerfull Hall-type thruster plumes .
with the self-similar flow model taking
into account some additional expansion of a jet
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Plasma configuration in EPICURE experiment

a) Réative pesitiening and dimeations of the spacacralt and plasma pelal
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Fig.8  Conformity the shape of the radio shadow and the plasma configuration
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Fig.10 Torques calculated by diffcrént flow models
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