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COMPROMISE KINETIC-FLUID MODEL OF ELECTRONS DYNAMICS
IN ELECTRIC PROPULSION DEVICES WITH CLOSED ELECTRONS DRIFT
AS AN ALTERNATIVE TO THE HYBRID PIC-FLUID METHOD

Electric propulsion devices with closed electron drift include Hall effect thrusters, plasma-ion thrusters with a
radial magnetic field, and helicon thrusters, which are sources of plasma, ions, and electrons. Within the frame-
work of the hybrid PIC-Fluid method for calculating a Hall effect thruster, which has been actively replicated
in recent decades, the level of detail in the PIC unit does not correspond to the criterion of substance continuity,
and the fragmentary set of equations in the Fluid unit does not contain several terms necessary for the calculation
and indicates a profound misunderstanding of the origin and limits of applicability of the equations and the true
nature of the processes. The calculation of ionization characteristics, the height of the potential barrier at the
plasma boundary, the electrons and ions, and their energy fluxes to the surface of the thruster chamber is carried
out using a Maxwell distribution, the conditions for the formation of which did not correspond to the realities in
the rarefied plasma of electric propulsion devices. The closeness of the calculated integral characteristics to the
measured ones is achieved using empirical coefficients with a difference of tens of times in different publications
with a complete inability to predict the characteristics of samples of electric propulsion devices that have not yet
been developed and tested. In this paper, a compromise method is proposed, the possibility of which is due to
the closeness of the electron velocity distribution to isotropic due to the influence of a strong magnetic field and
non-specular reflection of electrons from the potential barrier at the plasma boundary. The method operates
with the angular moments of the distribution function without integrating the components of the kinetic equation
by the velocity module. To calculate the densities of mass, momentum, energy, and their fluxes considering dis-
sipative processes, it is sufficient to determine the angular moments of the second and third orders, the traces of
which include the moments of the zero and first orders, respectively. Equations of angular moments are given as
intermediates between the kinetic equation and the velocity distribution function moments equations. The expan-
sion of the velocity distribution function in a series of angular moments is recorded. Calculations have been
performed that show sufficient agreement with the known measurement results and a significant difference in
the characteristics of the Langmuir layer and plasma at the boundary with it from those found using the Maxwell
distribution. The use of the obtained results allows us to significantly increase the accuracy of predicting the
thruster parameters and thereby reduce the volume of costly experiments to optimize their characteristics.

Keywords: Hall effect thruster; velocity distribution function; moments of the distribution function; kinetic equa-
tion; Langmuir layer; Hybrid PIC-Fluid.

design and testing. One of the key operational parameters
here is power efficiency. Thus, it is important to identify
the components of energy losses and use adequate meth-
ods to describe them.

In the case of HET, the main components of such

1. Introduction

1.1. Motivation for the study

Currently, the most widely used types of electric

propulsion thrusters (EPT) are Hall effect thrusters losses are:
(HET) and plasma-ion thrusters (PIT). Both HET and - ions velocity dispersion in the external beam of the
PIT with radial magnetic field in ionization chamber  thruster;

(PITR) relate to devices with closed electron drift in
crossed electric field with main axial projection and mag-
netic field with main radial projection. A promising di-
rection in the electric propulsion are also helicon devices
(HD): thrusters as well as plasma and electrons sources.

The main task of mathematical modeling of pro-
cesses in electric propulsion devices is to predict their
main parameters in order to reduce the costs of their

- electrons energy losses due to ionization;
- losses of ions, electrons and their energy in flows
to the anode and dielectric walls of the channel.

1.2. Current state

In the last quarter of a century, the so-called Hybrid
PIC-Fluid (HPF) method has become widely used, where
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the problem of ions dynamics is solved in the particle-in-
cell (PIC) unit, and the problem of electrons dynamics —
in the Fluid unit [1].

The problem of ion velocity dispersion in the PIC-
unit was solved by dividing the longitudinal section of
the thruster channel into several dozen cells in the axial
and radial directions with an average number of macro-
particles of the order of several dozen.

In the Fluid-unit, the overestimated values of the
electron energy flux to the channel walls, found using the
Maxwell distribution, were corrected using the concept
of secondary electron-electron emission. The underesti-
mated values of the axial electron current, found taking
into account scattering in the plasma volume, were cor-
rected using 'empirical coefficients' for so called ‘anoma-
lous mobility', freely varied by each new author in a wide
range with the purpose of 'fitting' the results of calcula-
tions of two or three integral characteristics of the
thruster to the measurement results. The distributions of
local characteristics found in this way differed signifi-
cantly from the real ones.

1.3. Purpose and approach

The objectives of this study are:

- to analyze the reasons why the above-mentioned
problems using the PIC-Fluid method have not actually
been solved;

- to present of the method for solving these prob-
lems using a compromise Kinetic-gas dynamics model;

- to demonstrate and analyze preliminary calcula-
tion results.

2. Formulation of the problem
2.1. Problem in PIC-unit

The necessity of using PIC in describing ion dy-
namics is based, on the one hand, on the authors’ convic-
tion that it is impossible to solve this problem by means
of gas dynamics and, on the other hand, on the lack of
understanding of the value of the error when recalculat-
ing solutions in the PIC unit to gas-dynamic parameters
in the Fluid unit.

The measured values of ion velocity dispersion in
HET are in the range of 5-10%. In order for the error in
calculating the distribution by two coordinate projections
and two velocity projections not to exceed 10%, it is nec-
essary to have at least 10 macro-particles in each of these
four directions — with a total number of 10000. Several
dozen macro-particles, for example 100, in each cell
means an error of the method of at least 30%. It means
that the sought value of ion dispersion is deeply within
the error limits of the method.

The conviction that it is impossible to solve this
problem by means of gas dynamics can only be explained
by the fact that the authors know only one approximation
within its limits — the method of local thermodynamic
equilibrium, which is not applicable to rarefied plasma in
HET. The dispersion of any projection of the ion velocity
in gas dynamics is represented by the corresponding
component of their pressure tensor — in this case, axial-

axial Pi(xx), for finding which the equation given in the
paper [2] can be used:

aPi( )+ﬁ( _ _(XX))+1£(\/— P(xx)r)+
ot ox\ ! rort "'
oV 1
+2P(xx) ix -m. ‘2 8&
1 6X 1 X St 1

where V;, — axial projection of ions mass flux velocity;

. dng Lo
m; —ion mass, St — volume ionization rate.

2.2. Problem with "anomalous mobility"

The problem of ‘anomalous mobility' is related to
the fact that estimates of the axial electron flux, taking
into account their scattering only on atoms and ions in the
plasma volume, turn out to be significantly lower than
those actually existing in HET and PITR.

The first attempt to explain and describe the real
electrons axial mobility was to take into account the so-
called wall conductivity by introducing into electrons
motion equation, in addition to the frequencies of elec-

tron-atom v,, and electron-ion v, scattering, also the

frequency of collisions with the wall v, .

This attempt turned out to be insufficient, since it
did not solve the problem of anomalous mobility not only
in the channel, but also in the external beam of the
thruster. As a result the expression appeared (in our no-
tation):

- . me(Vei+Vea+Vw) K ff
VeA:u[ — =B IEf,

VP,
ene

ECM_E, e 3)

where B — magnetic induction; i, — unit vector, trans-
verse to the magnetic line in the axial-radial plane;
E(fff), Ve, —effective electric field tension and the part

of electrons mass flux velocity crossed to magnetic line;
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Kg —some empiric coefficient; n,, P, —electrons pop-

ulation and pressure.

The second term in expression (2) is introduced
with reference to the anomalous "Bohm" diffusion coef-
ficient [3] — the paper from 1949:

kTe

16eB’ @

DBohm =

where according to (2) must be Kg =1/16.

The authors of the paper [4] explain the presence of
the second term in (2) by plasma turbulence, without be-
ing embarrassed by the absence of any characteristics of
the plasma itself in this term.

There is an expression similar to (2), but it was not
obtained "from scratch", but as a result of solving the
equation of motion of electrons in a strong magnetic
field:

~ . me(Vei+Vea+Vw) 1. ff
[Il o5 +|(pE|B E(f ). (5)

It can be noted that the terms in brackets are vectors
transverse not only to the magnetic line, but also to each
other. The sum of their absolute values in (2) has no phys-
ical sense.

Multiple replication of an expression (2) demon-

strates the “development” of the coefficient Kg from

1/16[1] through 1/100, 1/107 to 1/160 [4] down
(when describing processes in the thruster channel) to
1/4 [1] and higher — in the external beam, a total in 40
times.

The right of the author of each new paper to "as-

sign" the values v, and Kpg allows "adjusting” the re-

sults of calculations of the thruster integral characteristics
to the measured ones. A comparison of the calculated and
measured distributions of the parameters in space (pre-
sented by far from all the papers) shows a significant dis-
crepancy. In general, as in paper [5], in this case it turns
out that calculations along the entire length of the thruster
channel show the flow of ions exclusively outward,
whereas in the reality of HET in the near-anode region
(almost a half the length of the channel) there is a flow of
ions to the anode, which reflected in the absence of elec-
tric potential sign change together with ions flow [6].

In this case, the main task in any modeling is actu-
ally lost —not to comment on the results of measurements
of already existing thruster sizes, but to predict the pa-
rameters of those that have not yet been created.

The presence of the second term in (2) is connected,
among other things, with the absolutely unfortunate name
"wall mobility". The reflection of electrons occurs not

from the wall, but from the potential barrier in the bound-
ary bipolar shield. Such a shield exists at the plasma
boundary with any neighborhood — both with the wall
and with the surrounding vacuum. This shield is non-uni-
form and non-stationary due to plasma oscillations — the
reflection of electrons is, on average, elastic, but not
specular.

Also, there are no selected directions in scatterings
both in the volume and in the boundary shield. These
scatterings are not the factors of mobility. Their role is
not to initiate the axial flow of electrons, but to do not
allow the magnetic field to transform the axial flow into
a completely closed azimuth one.

Thus, the so-called "wall mobility" is actually a
boundary scattering that occurs both in the thruster chan-
nel and in the external beam. This effect itself cannot be
directly represented in the gas dynamics equations writ-
ten for a point in the volume, but as a boundary condition
for the flow of electron momentum flux azimuth projec-
tion to the boundary, as was done in [8]:

R V,
pgpS) :npjemeneve(p, (6)

where V, average electron velocity module;
Np =0.1-0.2 — electron momentum relaxation coeffi-

cient of during scattering in a shield.

In the equations of gas dynamics, the flow of the
azimuth projection of the electron momentum towards
the boundary without a mass flow must be represented by
the corresponding radial-azimuth component Pg”") of

the pressure tensor:

r—zg(&(“”) r2)+enevexB =

:—(vea +vei) m,n, V.

e'e e

U]

Directly in the equation of motion, the named effect
can be represented taking into account the results of pa-
per [8], in which, neglecting the curvature of the channel,
the almost constancy of the value mgngVe, along the

magnetic line is shown. Taking into account the curva-
ture of the channel, this means that the torque density
MeNeVe ol is constant. Using the techniques presented

in [2], this allows us to write;
€neVex (B r) =

v . (8)
= —[Vea +Vei +Mp Z_Aerj (meneveq)r)
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where ar — channel width. e 1 | m; .
Taking into accouqt the above, expres_sions (6) —(8) kT, ) +n 2nm, ' )
should be used to describe processes both in the thruster
channel and in the external beam without using the sec- )
ond term in (2). where the first term
2.3. Problem with electrons energy lost EAPp _ 1 (18)
kT, 2

The characteristics of the electron and their energy
flux from the plasma, recorded using the Maxwell distri-
bution, have the form:

kT, eAQ
[, =N [—=—exp| —— |, 9
e 2nmg p[ kTeJ ®)
Qs =rep(eA(\fH‘gso)v (10)
€20 _jn| ||, (11)
kTe 2mmg
SSOZZkTe' (13)

where T, —electrons flux density from plasma;

s
A — potential drop inside bipolar shield; 5 —average

— electrons energy flux density from plasma;

residual energy of an electron in the end of shield.

The idea of secondary electron-electron emission
arose due to fact that the values of T, and g4 found
using (9), (10) significantly exceed the actual values in
HET.

This problem is solved in the paper [1] and many
other ones using the expressions (in our notation):

Ies :(1_8)re1 (14)

Usx =rep(eA(lH‘gsO —SeA(p), (15)
eap 1 m;

==+In (1-8 , 16

kTe [( ) ZTCmeJ (16)

where Ty — primary electrons flux density from plasma;

I'es . Qs —summary electrons flux density and electrons

energy flux density from plasma; & — coefficient of sec-
ondary electron-electron emission.

The presence of the first term in the right part of
(16), characteristic of all known HPF-style papers, is one
of many examples of the practice of using "ready-made"
expressions without understanding their origin and limits
of applicability. Expression (16) comes from the formula
for the float potential in the theory of a spherical Lang-
muir probe, with zero total current from the plasma to the
probe:

represents the potential difference between the plasma at
a large distance from the probe and the boundary of the
plasma with the bipolar layer near the probe.

The potential drop inside the layer itself is repre-
sented only by (11).

The potential difference app, arises as a self-con-

sistent electric field generated by the plasma itself, equal-
izing the flows of electrons and ions to the probe due to
the transfer of energy from electrons to ions, equal to
eA@p , due to which the velocities of both components

at the plasma boundary are equal to the ion-sound
('Bohm") velocity:

m;V3

2

=€AQp =—— (19)

The use of both records (16) and (19) within the
HPF models means that one component of the total en-
ergy flux of electrons and ions to the surface is taken into
account twice — both in electrons and in ions energy
fluxes.

Moving along a magnetic line, only 2% to 5% of
secondary electrons in HET are scattered on atoms, ions
or electrons — the bulk of them reaches the opposite wall
in the channel and do not have time to mix with the pri-
mary electrons in the plasma. One can note that expres-
sion (15) takes into account the difference in the energy
distributions of secondary and primary electrons, which
is not taken into account in many papers in the HPF-style.
Almost all secondary electrons reach the opposite surface
without being able to induce secondary emission in turn.

This means that one need to write instead of (15):

Te =(1-8)Tep +Soppl

opplep_opp = Te.

(20)

where SOpprep_Opp

opposite wall.

The only result of secondary emission is a negligi-
ble correction to the electrons population in the plasma,
on the order of a small fraction of the electrons reaching
the surface.

In a flow along the entire length of the channel with
a velocity limited by the magnetic field, each electron has

—the secondary electrons flow from
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time to collide with only few other electrons, which is
absolutely not enough to form a distribution that is so-so
closed to Maxwell one. Any attempt to model processes
in electric propulsion devices with closed electron drift
without solving the Kinetic task is doomed to failure.

3. Compromise kinetic-fluid model

3.1. Categories and equations set

Being not Maxwell one, electrons velocity distribu-
tion function in HET and ionization chamber of PITR
however is closed to isotropic one due to two factors:
strong magnetic field and non-mirror reflection of elec-
trons from Langmuir bound of plasma [2]. Thus, it is pos-
sible to built the equations system with detailing not by
degrees of distribution deviation from Maxwell one (as
in the method of local thermodynamic equilibrium), but
by degrees of deviation from isotropic one.

The main object in kinetics is the particle velocity
distribution function [9]. The main gas-dynamic parame-
ters are the moments of the distribution function —tensors
of different ranks [10]:

M[n](t’ F): m_[f(L F, \7)\7|—nwd3\7 _ PM<\7(n—|> , (21)

d*v=dQvidyv, (22)

where m — particle mass; pyy — mass density;

dQ=sin8d3de —solid angle element in spherical co-

ordinates; < > —averaging symbol; VW — factors of

v [10]:
vnlovv.v. 23)
H-K_J
ntimes
For instance: M[O]:pM — mass density;

M[l] = f)(v) — mass flux density=momentum density;
M[Z] =II — momentum flux density (Kinetic tensor),
half of which trace %Trl_[ = g(v) is the energy density;

M S Q —the 3" rank nameless tensor, half of which

vector-trace %TrQ =q Is the energy flux density.

The basic equation in kinetics is Boltzmann kinetic
equation, which writing to electrons is [9] and the equa-
tion of the velocity distribution function moment of the

n® order can be obtained by multiplying all the terms

of the kinetic equation by me<\7m> :

ey 1)
ot 24)
e Nz o =) 8fe(v)’
-—V, | fe (V)IE+VxB)|=—2
2o [t oe)) -2
aMIn]
Z e V.M[en+1]+
ot
o @
. LML”‘11E+ML”]><I§J:6 £
me ot
.0 . .0 S
where V,, =iy +iy +iy — Hamiltonian
OVy OVy oV,
: . 8. (V)
operator in the space of velocity, TR
[n] v
%:mejmvmd% — collision integral —
5t 5t

change f.(v) and MM per unit time as a result of col-
lisions; \_AJ —operation of transforming an arbitrary ten-

sor A into symmetric one.

The main technique of the compromise kinetic-fluid
model is the transition from kinetics to gas dynamics in
two steps:

MU zm, [Fllup2ay, e
0
F[n](\,)=4_1n [t.0)irlde, @

oFt +vv.Fhl

+niFF[ﬂ—1]E+ Firl.g J_ . (28)
\)

Me

e 10 (noppa) 8FM
meE Vn+2 aV(V F )_ St

where FI"l(v) _ distribution function angular moment;

iy, — the unit vector in the direction of velocity;

sF ]
5t

_change FI")(v) per unit time as a result of col-

lisions:
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Tensor degree of velocity possesses the following
properties:

T8 2= Y, e
Agiw +n(n+1) iw =n(n-1) \_6 iﬁ”‘zu (31)
(n)

where O — unitary tensor of the second rank; e —sym-
bol for the multiple dot product [11]; A —angular mo-
mentum operator:

AQZVQ'VQ, (32)
Vao=igo—+——i,0—, 33
8759 sing ? ag (33)

where Vo — Hamiltonian angular  operator;
Mol M MMM —a symbol of possible action of the

operator (gradient, curl, divergence) [11].
The angular momentum F[”] has similar properties
with iw:

TRl 3Rl _Fhd,
AP n(n+)F] 2 nfn 1) 8 FI-21 | 35)

The action of multiple dot product [11]
i
C[m+”’2k]:A[m](o)B[”] means i<m, i<n:
Clmmp inigng)
(36)

- ZA(ml---mm—ikl---ki)B(kl---kini+1---nn) :
ky...Kj

Thus, the proposed compromise model combines
the features of kinetics and gas dynamics and is interme-
diate between them in terms of the complexity of solving

problems. The angular moments F[”] of the distribution

function, like the total moments ML”], represent the

densities and flux densities of mechanical quantities, but
also related to the unit range of the velocity module.

The equation of angular moment (28) in the first
three terms of the left-hand side is similar to the equation
of total moment (25), but in the last term it retains the
kinetic feature. When moving to the equation of total mo-
ment taking into account (26), we get:

©

Ti 0 =0 @37)

— a_(Vn+2 F[n+1] )Vn+2d V= y"t2 F[FH-I]
\ \

0

The system of the angular moments equations as
well as the system of full moments equations is essen-
tially open — when writing the equation for the next un-

known moment of the n order, a divergence of the mo-
ment of order arises in the second terms on the left sides
of (25) and (28). In any description, the system of gas
dynamics equations is closed approximately using as-
sumptions of one or another level of accuracy.

In EPT conditions, if it is necessary to calculate vis-
cosity and thermal conductivity in electron dynamics, it

is sufficient to take into account the moments MLO],
1 2 3
M MP ang ME
Similarly, in the kinetic-fluid model it is sufficient
to take into account F[O], F[l], F[Z] and F[3] with the
necessary approximate expression for F[“]. Considering
that F[Z] includes F[O], and F[3] includes F[l] (34),
this means that it is necessary to write only two equations

of the form (28).
It is possible to introduce spherical functions

f"l(v), each of which includes only the degree of ani-
sotropy not taken into account in the previous ones:

flnlv)= %:2(— 1f<cln-kk \_SM F[”_ZK](V)J’ (38)

k=0
F[n] (v) _ rfc(nn__zk|<)+ Lﬁ(k}f [n-2 k](v)J, (39)
k=v

n<N

0,
V:{(n—N+1)/2, asn GO

where N — the maximum degree of anisotropy of the dis-
tribution function, which needs to be taken into account

. e e (m)= L.
in a specific approximation; C|(< ) , C|(< ) — coefficients
of the distributions:

(mp _ 2k+1 2%@2m—k)'m!

% T omel (m-k)2m) (41)
(m)- _ (2m)!
B Km0

The velocity distribution function can be repre-
sented as a series of spherical functions:
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9= 3 2n+1) il )(ﬁ)iw:
n=0 _ ,(43)

= ZN:(_]_)N ”Zl:cg )F[2n+i](v)(2n+')i|\—/2n+ﬂ

n=0 i=0
clN) = @(N+n+i)+2)ciri) (44)
The approximate expression for F[4] taking into
account (38) — (40) has the form:
Fl_| 05 FR 3 541 %Fn| s
35 35

3.2. Preliminary results

The differential equations for angular moments al-
low solve the problem of the distribution of HET param-
eters in the channel and external beam. The materials of
works [2, 7, 8, 12, 13] were used to formulate the bound-
ary conditions and integrals of electron-electron, elec-
tron-ion, electron-atom and ionization collisions in the
angular moments equations.

Figure 1 compares the logarithms of the calculated
and Maxwell distribution functions corresponding to the
same values of concentration and temperature, i.e. such
that the integrals are simultaneously the same for the cal-
culated and Maxwell functions:

4nmejf0(v)v2dv:pMe : (46)
0
4nmejf0(v)v4dv=§ PMe kT, (47)
0 2 mg

where fo(v)= FI(v)=F)(v) — equal to each other an-

gular momentum and spherical function of 0™ orders
(scalars).

Such graphs are constructed based on measure-
ments of plasma parameters using a Langmuir probe [9].
In particular, the electron temperature is determined by
the slope of the curve (straight line for Maxwell distribu-
tion). Boundary scattering effect was described by ex-
pression (6), (7) both in the channel and in external beam
without use doubtful idea of secondary emission.

The quantitative degree of difference between the
calculated functions and the Maxwell ones is the greater,
the higher the electron temperature. At the same time,
these differences are qualitatively the same. The electron

temperature kT, =4eq; is characteristic of the middle

part of the HET channel in the region of transition from
subsonic plasma flow to supersonic one.

1 fo(v)
n
£o(0)
o[ KT eap  £=mv/2
-5 — ~
e
~
N
—-10 ~ \\
AN
~
-15
calculation —— Maxwell

Fig. 1. Moment fo(v) distribution
when kT, =4eq;

Four characteristic ranges of electron energy can be
distinguished:

1) 0<e<(x2eq;);

2) (r2eqj)<e<eap—(=25kT,);

3) eap—(=25kT,)<e<eap+(=0.5kT,);

4) e>enrp+(~0.5kT,).

In regions 1 and 3 there is an excess, and in regions
2 and 4 there is a deficiency of electrons in comparison
with the Maxwell distribution.

The excess of electrons in region 1 and the defi-
ciency in region 2 are due to the active removal of elec-
trons in ionization acts from the energy region near
e~3e@; with the maximum value of the ionization

cross section to the region e <e; with the zero value of

this cross section.

The deficiency of electrons in region 4 is due to
their active removal to the radial boundaries of the
thruster channel.

The excess of electrons in region 3 is due to the cor-
respondence of the calculated and Maxwell distribution
functions: with a deficit of electrons in region 2, the sim-
ultaneous equality of integrals (45), (46) is possible only
with their excess in at least two energy regions — "to the
left" and "to the right" of region 2.

Figure 2 compares the logarithms of the calculated
and Maxwell distribution functions corresponding to the
same values of concentration and temperature
kT, =0.5eq; , which is characteristic of the near-anode

region of the channel and the external beam. Figure 3
shows the results of probe measurements of the electron

energy distribution obtained in [14] for kT, =4.5 eV —

the scale €/k T, is inserted by us. There



Jleuzynu i enepzoycmanoexku aimaaipHuX anapamie

35

meVv?2

2
41 2¢

fo| == 1.
_me\/E 0{ me] (50)

The difference compared to Fig. 2 is that it does not

4nmgfy(v)vidv =f,(c)de, &= . (49)

fe (8)=

introduce a multiplier Je into the distribution function

—while the picture in the region of small energies is more
informative than in Fig. 3. But this difference when

€>3k T, becomes not so significant.

| fo(v)
n
1(0)
o kT, eAP s=mev2/2
-“"'l.
e
=5
—-10 \\
~
.
-15
calculation —— Maxwell

Fig. 2. Moment f,(v) distribution
when kT, =0.5eq;

1kTe 2kTe 3kTe 4kT. 5k T,

14 _— ~ 3
] 0-2 i ey, "-» - E
o] . E
10~ kS
=

107 T

0 2 46 81012141618 20 2224
Electron energy (eV)

Fig. 3. Electrons energy distribution measured
in far-field plume of PPS 1350 ML Hall thruster [14]

Calculation by linear approximation gives the same
results as calculation by the method, which is actually the
core of kinetics-fluid model, as evidenced by the graph
break in the vicinity e =5k T, just like in Fig. 2.

It is characteristic that in [14] the results of meas-
urements in the external jet of the thruster are presented,
where there are no walls and, accordingly, no secondary
electron-electron emission, which has been used for
many years to "correct" the results of calculations using

the Maxwell distribution that does not exist in HET.
The calculations were carried out in the range

0.5e; <kT, <6eq;. The value of the potential barrier
in the boundary layer varied from eAap=4.9kT, to
eap=>5.1k T, compared with the value for the Maxwell

distribution eap=5.27k T, , and the value of the aver-
age residual energy of an electron at the end of the layer
varied from e =0.90k T, t0 g4 =0.96k T, compared

with the value for the Maxwell distribution g =2k T,.
In the range with a relative error of no more than

1.1 %, we can assume:
EAQP+Eggy=6KkT,. (51)
The value of the total energy carried away by elec-
trons from the plasma, calculated according to Maxwell,

turns out to be approximately 20% higher than the actual
value and with the addition once again of value Ay,

(18) — by 30%.

Here, the only term in equation (28) sensitive to
scale characteristics was the electron-electron scattering
integral, proportional to the electron temperature. How-
ever, the contribution of this term to the electron velocity
distribution was within 2.5% at kT, =0.5e¢; and

0.25% at kT, =e ;. Thus, the obtained results are uni-
versal over a wide range of HET operating modes.

4. Conclusions

On the example of HET, it is shown that the values
of the sought parameters of electric propulsion devices
when using the PIC-Fluid method are well within the er-
ror limits in the PIC unit, and in the Fluid unit they are
represented by a random set of records of a low level of
detail in the absence of understanding of their origin and
conditions of applicability. The closeness of the calcu-
lated integral characteristics to those measured for sev-
eral already developed standard sizes of HET is achieved
due to the variation in a wide range of the so-called 'em-
pirical coefficients' in the event of a catastrophic mis-
match of the distributed local characteristics. The main
prognostic function of mathematical models — prediction
of the characteristics of possible new models of the
thruster — is completely lost.

In this paper we have introduced compromise Ki-
netic-fluid model for description of electrons behavior in
electric propulsion devices with closed electrons drift.
It has been shown that:

1) electrons velocity distribution function in electric
propulsion devices with closed electrons drift being not
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Maxwell because of small collisions frequency is how-
ever close to isotropic due to strong magnetic field and
non-mirror reflection of electrons from potential barrier
inside Langmuir sheath;

2) it is possible to build the equations system of ve-
locity distribution function angular moments, which per-
mits to detail electrons velocity distribution in the level
anisotropy enough to have more precise values of parti-
cles, momentum and energy flow densities to walls of
chamber;

3) approximate numeric solutions for HET were ob-
tained, which have shown significant difference compar-
atively with those, obtained with the use of Maxwell's
distribution;

4) the solutions obtained together with the results of
previous works of authors [2, 7, 8, 12, 13] can be used in
calculation of electric propulsion devices with closed
electrons drift exploitation parameters with higher preci-
sion than with use of Maxwell's ones.
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KOMITPOMICHA KIHETUYHO-TA3OANHAMIYHA MOJEJIb IMHAMIKH EJIEKTPOHIB
B EJJEKTPOPAKETHHUX ITPUCTPOSAX I3 3AMKHYTHUM JIPEH®OM EJIEKTPOHIB
SAK AJIbTEPHATUBA I'nBPUJTHOMY METOAY PIC-FLUID

C. IO. Hecmepenxo, X. Yncixao, ILI. Powannyp

J10 eneKTpopaKkeTHUX MPUCTPOIB 13 3aMKHYTUM Aper(OM eJIEKTPOHIB HaJIe)KaTh XOJUTIBCHKI IBUTYHH, ITa3MOBO-
1OHHI JIBUTYHU 3 pajliaIbHUM MarHiTHHM TIOJIEM Ta TelIiKOHHI JBUT'YHH, JUKepena IUIa3MH, 10HIB Ta eJeKTPOHIB. Y
paMKaxX aKTHBHO THPa)KOBAHOTO B OcTaHHI aecatwmitts riopumHoro PIC-Fluid MeTony po3paxyHKy XOJUTiIBCHKOTO
JIBUT'YHa piBeHb AeTanizauii B 6ol PIC He BiAmoBinae KpUTEPItO CYIBHOCTI CepeIoBUILA, a (hparMeHTapHUH Hadip
piBHsAHB y O1orti Fluid He MicTHTh MEKUTBKOX JOMAHKIB, HEOOXITHHUX JJIS PO3PAXYHKY 1 CBIUUTH MPO TITHOOKE HEPO-
3YMiHHSI TIOXO/DKEHHS Ta MEX 3aCTOCYBAaHHS PIBHSHb Ta ICTHHHOI MpUpoay npotieciB. OOUUCICHHS XapaKTEePUCTHK
i0Hi3allil, BUCOTH NOTEHIIIHOr0 0ap'epy Ha MeXi IUIa3MH, TIOTOKIB €IEKTPOHIB Ta 10HIB Ta IXHBOI €Heprii Ha ToBep-
XHIO KaMepH JIBUT'YHa 3/[IICHIOETHCSI 3 BUKOPUCTAHHSIM MaKCBEITIBCHKOTO PO3IIOILTY, YMOBH (DOPMYBaHHS SIKOTO HE
BIJIMOBIJAIOTh PEaisiM y PO3PiPKEHIN I1a3Mi eIeKTPOPAKETHUX IPUCTPOIiB. BIM3bKICTh pO3pax0BaHUX IHTErPAIbHUX
XapaKTEePUCTUK JI0 BUMIPSHHUX JIOCSATAETHCS 13 3aCTOCYBaHHAM 'eMIIpUYHHUX' KOe]Illi€HTIB 3 BIAMIHHICTIO B IECATKH
pasiB y pi3HUX MyOiKalisX MpY NOBHIM HEMOXIIMBOCTI Mepel0adeHHs XapaKTepUCTHK 11le He PO3POOJICHHX 1 HE BH-
npoOyBaHUX 3pa3KiB CICKTPOPAKETHUX MPUCTPOIB. Y I1iif poOOTI 3aIPOITOHOBAHO KOMIIPOMIiCHHI METOJI, MOJKJIMBICTh
BUKOPUCTAHHS SIKOrO 00yMOBJIEHa OJIM3BKICTIO PO3MOJITY €IEKTPOHIB 32 MIBHAKICTIO JIO 130TPOITHOTO 4epe3 BILIUB
CHJILHOI'O MarHiTHOTO IOJIs Ta HEA3CPKAJIbHUM BiJIOHTTSAM €JICKTPOHIB Bijl MOTECHIITHOIO Oap'epy Ha MEXi IIa3MH.
Merox nosnsirae B onepyBaHHI KyTOBUMH MOMeHTaMH (YHKIIIT po3noiny 0e3 iHTerpyBaHHs CKJIAJ0BHX KiHETUYHOT'O
PIBHSHHS MOJYJEM IIBHAKOCTI. s po3paxyHKy IIiIbHOCTEH MacH, IMITyJIbCy, €Heprii Ta iX MOTOKIB 3 ypaxyBaHHIM
JMCUITATUBHUX IIPOILIECIB BUSBJSIETHCS JTOCTATHIM BHU3HAYECHHS KYTOBUX MOMEHTIB JPYroro i TpeThboro HOpsKiB,
CJIIJIM SIKUX BKJIIOYAIOTH BiJIIOBITHO MOMEHTH HYJIBOBOTO 1 Tepuioro nopsiakie. HaBeneHo piBHAHHS KYyTOBHX MOMe-
HTIB, IPOMDXKHI Mi>K KIHETUYHUM PIBHSHHSM Ta PIBHSHHSIMH MOMEHTIB (DyHKIIIT po3MoIiyly 3a IBHIKICTIO. 3aIIHMCAHO
po3KIanaHHs QYHKLIT PO3MOILTY 32 IBUAKICTIO JI0 Py 32 KyTOBUMH MOMeHTaMu. [IpoBelieHo po3paxyHKH, sIKi Mo-
Ka3aJIM JJOCTATHIO BIJINOBIIHICTB 3 BIZIOMUMH pe3yJIbTaTaMH BUMipIOBaHb Ta 3HAYHY Bi]MIHHICTh XapaKTEPUCTHK JICH-
I'MIOPIBCHKOTO MPOIIAPKY Ta IJIa3MU Ha KOPJIOHI 3 HUM BiJ| 3Hal/ICHUX 3 BUKOPUCTAHHSIM MaKCBEILTIBCHKOIO PO3IIO-
niny. BUkopucTaHHSI OTpUMaHHUX PE3YIbTATIB JI03BOJISIE CYTTEBO MMiJBUIIUTH TOYHICTh MPOTHO3YBAaHHS ITapaMETPIB

KoarwouoBi ciioBa: xoiiBCbKuil ABUTYH; (DYHKIIIS PO3MOALTY 32 IIBUIKICTIO; MOMEHTH (DYHKIIT PO3MOALTY; Ki-
HETHYHE PiBHAHHS; JTEHTMIOpiBChKHIA mpotrapok; Hybrid PIC-Fluid.
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