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Abstract: The main purpose of this work is to conduct ground development testing of the ion source
intended for use the space debris contactless transportation system. In order to substantiate the
operating capability of the developed ion source, its thermal and thermomechanical simulation
was carried out. The ion source thermal model should verify the ion source operating capability
under thermal loading conditions, and demonstrate the conditions for ion source interfacing with
the systems of the service spacecraft with the ion source installed as a payload. The mechanical and
mathematical simulation for deformation of the ion source ion-extraction system profiled electrodes
under thermal loading in conjunction with the prediction of the strained state based on the numerical
simulation of the ion source ion-extraction system units, making it possible to ensure the stability of
the ion source performance. Good agreement between the thermal and thermo-mechanical ion source
simulation results and experimental data has been demonstrated. It is shown that the developed ion
source will be functional in outer space and can be used as an element of the space debris contactless
transportation system into graveyard orbits.
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(SD). The problem of near-Earth space pollution by SD has acquired an exceptional urgency
at the present time as it significantly complicates and encumbers further space-related
activities [1]. As the simulation of the processes of near-Earth space operations and
pollution shows, an annual active removal of 5-20 large-sized objects from near-Earth
space can result in reducing the growth of space debris population caused by collisions and
fragmentation of available, both functioning and non-functioning, space objects [2]. By now,
a large number of different methods to remove SD from the vicinity of the geostationary
orbit and from low Earth orbits have been proposed [1,3-16]. However, the optimum way
to clear the near-Earth space has not yet been found while technological aspects to solve the
problem of near-Earth space pollution are under development and demonstration testing.

The service spacecraft (SSC) that approach the SD to be removed and that tug it into
a graveyard orbit by means of mechanical contact or by contactless impact can be used
for SD removal. A large-sized SD can have great residual angular momenta, or can be
tumbling, making it difficult to remove it by contact methods, especially in cases with large
solar panels and/or uncontrolled high angular velocities. These circumstances increase
the risks of destruction for SSC structural elements or SD to be removed, which can lead
to an increase in the number of SD fragments with a simultaneous reduction in their size,
and, consequently, to growing difficulties in their detection and control. In this regard,
contactless removal methods are of great interest.

Transportation of space objects by an ion beam was proposed in order to perform
conditions of the Creative Commons  transportation in the “Earth-Moon” system [17], and to remove space debris [18-20]. This
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It is necessary to show the IS sustainable operating capability in outer space under the
conditions of thermal and thermomechanical loading to assess the possibility and efficiency
of contactless SD transportation method.

2. The Status of the Problem

The IS thermal model development, taking into account the requirements of reliable
functioning and integration with the SSC systems, is considered to be one of the most
challenging research and engineering issues in the development of a system for contactless
transportation in space [21-29].

The complexity of the problem is in the need to develop reliable computational
models for IS thermo-physical processes that would take processes of different natures into
account, including plasma processes, driven by ionization of the plasma-forming gas in a
self-sustained inductive discharge, taking into account thermal dissipation characteristics
during interaction of plasma with the SSC structural elements, as well as the heterogeneity
of the materials used in the IS structure.

Structurally, the IS ion-extraction system (IES) is the most complex unit. It is necessary
to consider the electrode performance features while developing the IES design [30-32].
This is driven by the complexity in providing a gap between the IES electrodes. IES
electrodes are most often made in the form of thin-walled slightly sloping rotary shells with
close-packed perforation. Peculiarities of IES electrode operation include uneven heating
along the radius and thickness, which creates prerequisites for the reduction of output IES
performance and of those of IS as a whole, and also enhances the likelihood of electrical
breakdown in the inter-electrode gap. As a result, internal temperature stresses arise even
in freely fixed electrodes, which inevitably leads to deformation of the electrodes.

One should expect the occurrence of additional deflections of the IES electrodes
taking the following into account: a difference in electrode thicknesses, usage of various
construction materials, and operation under conditions of temperature gradients. There
is a need to solve the problem of ensuring stable operation of the IES electrodes and their
stability under nonlinear bending. The problem is further complicated by the tendency for
the electrode thickness to be decreased down to 0.3 mm.

In order to solve the problematic issues indicated, the task was set to develop an IES
thermo-mechanical model to account for the thinness of walls and non-uniform thickness
of electrodes, the effect of perforation, uneven heating along the radius of the electrodes;
as well as the task to develop an IS thermal model taking into account the usage of
various materials and operation in heterogeneous thermal load conditions. During ground
experimental development, it is necessary to demonstrate operating capability of the IS
produced on the basis of simulation results, and to show consistency between simulation
results and experimental data.

In order to implement the contactless transportation method, force coupling between
the SSC and SD is ensured using a quasi-neutral ion beam injected by the IS from the SSC.
The “SSC-SD” virtual assembly orbital motion is controlled with the help of a compensating
propulsion system. The diagram of propelling force action arising during transportation
of SD by an ion beam is shown in Figure 1. The compensating propulsion system com-
prises two thrusters mounted on a two-axis gimbal unit. This configuration allows us to
change thrust of the compensating propulsion system (Frp) and its projections on mutually
perpendicular axes by the thruster gimballing.

The ion beam acts on the SD by a momentum transfer to it. In this case, the SSC must
escort the SD at some distance (d). To that end, the SSC and the SD average accelerations
must be equal, which can be achieved under the following condition: Fgp = (1 + k%—sg )Fis,
where: Mgc is the SSC mass; Mgp is the SD mass; k = F;/Fis < 1 is a coefficient equaf to the
ratio of momentum F transferred by the IS ion beam to the SD, to the momentum generated
by the IS. The contactless method efficiency is largely determined by the k coefficient value.
Many publications have been devoted to consideration of the quasi-neutral ion beam
behavior, for example, [33].
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Figure 1. Forces arising in the “SSC-SD” virtual assembly (Fjs is the force acting on the SSC (3) from
the IS; Fgp is the force acting on the SSC from the compensating propulsion system (1,2); F; is the
force acting on space debris).

The current surface that limits 95% of the ion current is generally considered to be the
beam boundary. Dimensions of the near zone are 2-3 diameters of the ion beam at the IS
exit plane. Jon beam characteristics at a distance equal to 2-3 diameters of the ion beam
from the IS exit plane are defined by the conditions for the ion beam formation by the IS
electrostatic system. Distribution of the ion current density along the radius and angle in
the IS exit plane is an initial condition to analyze the ion beam behavior in the near zone.
Similar characteristics at the outer boundary of the near zone are the initial parameters for
considering the problem regarding the ion beam evolution during its further propagation
in space. Further behavior of the ion beam is dictated by the presence of the so-called
ambipolar electric field in the beam. This field emerges due to the presence of electrons
in the beam that are introduced into the beam by the neutralizer (in flight conditions), or
come from the vacuum chamber walls (during ground development testing) to offset the
volume charge of ions in the beam. In this case, the condition of equality for electron and
ion densities is locally satisfied in the volume of the beam: 1, = n;, and the condition of
equality for the ion and electron currents flowing out through the cross section at the near
zone outer boundary is metal so: I; = L.

3. Balance of Particles and Power in the Discharge

The IS distinguishing characteristic is that the only thermal power source is the
electromagnetic field initiating an inductive discharge. The main processes that stipulate
the IS thermophysical state are the following:

- Absorption of HF power by plasma due to plasma electrical conductivity;

- Plasma formation driven by ionization and heating of electrons and leading to an
increase in the ionized propellant gas internal energy;

- Carry-over of a portion of plasma power by ions and electrons onto the walls, in-
cluding ionization energy released during recombination of ions and electrons of the
propellant gas, which is also converted into heat.

The IS operation principle is that high-frequency (HF) currents in the inductor generate
a HF magnetic field with induction Byr = 0.5Byr sin wt in the IS gas discharge chamber
(GDC) volume. In turn, the magnetic field induces a HF electric field with intensity
Einp = 0.5Byrorw cos wt where w is HF generator frequency.

Electrons oscillating with the electric field frequency are accelerated under the action
of the electric field. In the case of inelastic collisions of electrons with propellant gas atoms
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or ions, their excitation and/or ionization occurs. Simultaneously, as a result of ionization,
free electrons are generated, while some electrons escape the discharge and deposit on the
surfaces limiting the discharge (the GDC walls and/or IES electrodes). The RF discharge in
the IS is inductive and self-sustained. It does not require a permanently operating cathode
as a source of electrons inside the IS GDC. After feeding the propellant gas and supplying
power from the RF generator, the initial pulse injection of electrons emitted by an external
source of electrons (for example, a neutralizer) can be used to ignite the discharge.

Intensities of electric and magnetic fields are relatively low. Consequently, due to the
significant mass of propellant gas ions, it can be assumed that the electric and magnetic
fields do not act on the propellant gas ions. lons and atoms have a low temperature
governed by the GDC wall temperature (on the order of 250-300 °C).

In accordance with the law of J.C. Maxwell and L.E. Boltzmann, the main mechanism
to establish an equilibrium electron energy distribution are electron—electron collisions
(thermalization). In this case, cold electrons formed as a result of an inelastic collision
acquire the temperature of plasma electrons heated by an HF electric field. According
to [34], electrons in plasma have the Maxwellian distribution with temperature T, and
density exceeding 7, = 107 m=3. T, = 34 €V in the inductive discharge volume, and
T, = 5-7 eV in the near-wall discharge area. The electron temperature weakly depends on
the value of HF power supplied to the discharge [35-38].

A relatively low temperature of electrons, on one hand, leads to an increase in specific
energy consumption to ionize the propellant gas within the volume, and on the other hand,
it causes a low plasma potential relative to the GDC walls, and, consequently, a low energy
of ions depositing onto the GDC inner surface and the surface of the IES screen grid facing
the plasma. Low ion energy does not result in erosion of these surfaces.

The IS plasma is weakly ionized and the ionization degree does not exceed 5%. The
fraction of doubly charged and multiply charged ions does not exceed 1%. Their presence
is normally neglected when performing thermal simulation. The plasma-forming gas
pressure in the GDC is about 10~! Pa. The representative electron density values are
about 17, ~ 4 x 10 m~3. The mean free path of electrons exceeds the characteristic GDC
volume dimensions.

It has been experimentally proven that the HF discharge plasma in RIT (radio-
frequency ion thruster) is rarefied and non-equilibrium. The photons emitted by the
excited particles reach the GDC walls and are absorbed by it without interacting with the
propellant gas atoms. The consequence of the non-equilibrium state is that the electron
temperature T, is much higher than the temperature of atoms T, and ions T;.

In order to describe the plasma state correctly, it is necessary to know spatial distri-
butions for the densities of atoms and electrons (densities of electrons and ions are equal
under quasi-neutral conditions), as well as for the electron temperature. Simulation of
processes in the GDC is based on the establishment of balance of particles and power in
the plasma volume limited by the GDC walls and by the screen electrode surface [39].

In a self-sustained HF discharge, the balance of electrons is defined by the rate of
their formation as a result of ionization (the ionization rate) and the rate of their escape
(deposition) onto the GDC walls and into the holes in the IES electrodes, since the prob-
ability for recombination of ions and electrons in the GDC volume is close to zero. The
deposition rate depends on the equilibrium plasma potential relative to the GDC walls,
which is established automatically.

The balance model is developed similarly to the one described in [40] with an addi-
tional simplification with respect to neglecting the processes of stepwise ionization through
metastable states, since the probability of such ionization is low.

The electron energy distribution function in all models is assumed to be the Maxwellian
one. Obviously, only the electrons from the Maxwellian distribution tail area have an en-
ergy exceeding the atom ionization energy for almost any propellant that can be used in an
IS. On the other hand, atom excitation energies are lower than the ionization energy, which
leads to the fact that there can be several excitation events per an ionization event [41].
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The excitation energy is primarily spent for radiation. The effective energy spent for
the production of one ion in the discharge is C;p = V; + Cg, where: Cg are total radiation
losses in all the events of excitation-quenching pertaining to one event of the propellant
gas atom ionization; V; is the first potential of the propellant gas atom ionization.

A relative amount of HF power consumption for the excitation of propellant gas atoms
is defined by the ratio of cross sections of ionization and excitation of atomic levels of the
propellant gas atoms, which is calculated by integrating over the Maxwellian distribution
of the energy transferred by electrons to atoms in inelastic collisions, taking the cross
section of atomic level excitation into account.

Specific energy losses for the formation of one propellant gas (Xenon) ion Cg in
the plasma discharge as a function of electron temperature T, are given in [42]. With T,
growth, the specific radiation losses and, accordingly, the cost of an ion in the discharge
decrease. Since the electron temperature in an inductive high-frequency discharge is 4-6 eV,
the radiation losses amount to 4-6 eV per one ionization event. An increase in specific
radiation losses with T, decrease is explained by an increase in the number of excitation
events per one ionization event. The formation of a doubly charged xenon ion with the
Maxwellian distribution of electrons with a temperature of 5 eV is unlikely. In an HF
induction discharge, the fraction of doubly charged ions does not exceed 1% [43], which
allows us to discard doubly charged ions in the discharge power balance.

Variations of the main plasma parameters in the discharge along the GDC radius is
presented in [43]. The electron density decreases from the GDC axis towards its walls. The
electron temperature is maximum on the GDC walls. The ion current density changes
insignificantly, which makes it possible to use approximate relations for a homogeneous
plasma with electron density and electron temperature being uniformly distributed over
the volume. For electron density and electron temperature, their mean values that define
integral plasma parameters derived from them (density, ion beam current, near-wall plasma
potential drop near the GDC surface and emission electrode) are assumed. The total ion
production in a plasma discharge is:

2eT,
Ly = neng (04 Ve) Vy = 0-43”8\/ Me Scpc 1)

where V, is the electron velocity; (0,;V,) is the averaging of the ionization cross section

over electron velocities V,; V; is the GDC plasma volume; M is the propellant gas atom

(ion) mass; Sgpc is the internal area of GDC surface surrounding the discharge volume.
The electron balance equation is as follows:

8eT, AU
neng(0q;Ve) Vg = 0.25 nmi exp (_Te> Scpe (2)

Here: AU is the near-wall plasma potential drop.

Equations (1) and (2) describe the balance between the particles depositing onto the
walls (the left-hand sides) per unit time, and the particles being formed (the right-hand
sides) per unit time in the discharge volume.

The total power can be determined by summing over the volume and surface. The
power balance equation has the following form:

2eT,

NRrr = neng(04iVe)CigVy = 0.25 i AUSgpc

8eT, < AU
exp

5

e

where Ngr is the HF power absorbed by plasma.
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4. Development of the Ion Source Thermal Model

The ion beam current (Ij) is formed by ions entering the holes of the IES screen
electrode (SE). Specific power consumption (C;) to produce ion current (“the ion cost”)
is [44,45]: C; = Ngp/lp, where: Ngr is the RF generator power.

The ion cost is: C; = Ciyly /1.

The major portion of the RF power input (80-90%) is converted into heat when plasma
components—ions, electrons, and photons—deposit on the internal surfaces of the GDC
and the surface of the IES screen electrode facing the GDC. The value of the specific power
flux converted into heat is defined by the flow density for ions and electrons depositing on
the GDC walls.

In the conditions with unchanging plasma parameters, the number of particles formed
in plasma per unit time should be equal to the number of particles leaving plasma per unit
time. If dielectric or metal walls under a floating potential are present, the conditions for
particles to escape towards the wall must satisfy the condition of density equality for the
electron and ion currents:

Ji =Je 3)

Since the electron mobility substantially exceeds the ion mobility, a transition (near-
wall) layer, in which the quasi-neutrality condition is violated, should be established near
the GDC surface. Between the GDC wall and undisturbed plasma, a potential barrier for
electrons (All) is established, thanks to which the electrons are retained in plasma. The AU
value is driven by the condition of the current continuity (a balance between the generation
of charged particles in plasma and their deposition on the GDC walls).

It follows from Equation (3) taking Equations (1) and (2) into account that:

8eT, AUN 2eT,
ene pe exp (_Te> = 0.43en, M

whence it follows that the near-wall potential drop in the vicinity of the GDC dielectric

surface is:
1 M
AUGDC = Teln< )

0.84\ tm,

The potential drop at the IES SE surface is defined by the following equation:

1—0’55 M
A =T, In| ——=
Usp = Te “( 0.84 7rm6>

where ogp is transparency of the screen electrode (SE) (the ratio of the electrode total area
to the area of its perforation).

For Xenon, the value of the near-wall potential drop in the vicinity of the GDC dielec-
tric surface is: AUgpc = 5.8 T,, and the potential drop at the SE surface is: AUgg = 5.1 Te.

The IES electrodes are exposed to heat fluxes from ions, electrons, and photons. During
ion source operation, the charge-exchange ions formed in the volume of the outward ion
flow, both in the inter-electrode gap and in the beam neutralization zone located beyond
the output cross-section of the accelerating electrode (AE), deposit on the AE surface. The
IES electrodes are exposed to thermal radiation coming from the internal surface of the
GDC, heated up to temperatures of about 300 °C.

The resulting charge-exchange ions have thermal velocity and about-zero energy. They
are accelerated in the electrostatic field, deposit on the negatively charged AE (usually
minus 200-500 V), which leads to formation of a potential barrier for electrons from the
neutralization zone. The charge-exchange ions accelerating in the AE electrostatic field
bombard its surface with an energy that is a function of the potential at the point of
their formation. If the acquired energy of the charge-exchange ion exceeds the sputtering
threshold of the AE material (30-40 eV), its surface is sputtered. It is this mechanism of AE



Aerospace 2021, 8, 189

7 of 24

surface erosion that dictates, to a large extent, the IS lifetime [32,46,47]. Heat fluxes brought
by the charge-exchange ions to the AE are determined by the charge-exchange ion current
and by the average energy transferred by them to the AE surface atoms. Experimentally,
these currents are determined as the current in the AE power-supply circuit (10-11% of the
ion beam current).

As already noted, the electromagnetic field is the only supplier of thermal power
to the IS. Electromagnetic energy is absorbed by plasma and carried over by ions and
electrons to the GDC wall, being converted into heat, while a part of it is absorbed by
the IS structural elements and dissipates as heat. Since the IS operates in vacuum, there
is no convective heat transfer. In these conditions, it is sufficient to factor in conductive
and radiative heat exchange in order to describe the IS thermal state (the source of heat
dissipation is a gas-discharge plasma). The conductive heat exchange inside and between
the IS structural elements is described by the Fourier law:

V(-AVT) = Q; 4)

where V is the differential operator; A is the thermal conductivity coefficient; Q; is a
function of volumetric heat sources (heat dissipation in the IS caused by the induced eddy
currents);and T is the temperature.

In the presented thermal model, for any structural element the thermal conductivity
coefficient is assumed to be constant and independent of temperature; then the equation is
transformed into the P-S. Laplace equation:

AT =0 (5)

The radiative heat transfers between the surfaces of the IS structure units, between the
external surfaces of the IS structure units and the environment is described by the law of J.
Stefan, L.E. Boltzmann:

Qrad = &(Grag + Gpl - O'T4)/ (6)

where ¢ is the emissivity of the material (it is equal to the absorption capacity over the entire
wave length spectrum according to the gray body assumption [48]); G,,4 is the parameter
that determines the input heat flux of the mutual radiative heat exchange between the units
of the IS structure; Gy is the parameter that determines the power flux from the discharge
plasma; and ¢ is the Stefan-Boltzmann constant.

Generalization of thermal processes occurring in the IS is presented in [40].

Equations (4) and (6) fully describe the IS thermal state. Due to the overwhelming
use of thin-walled elements in the IS structure, it is not necessary to take temperature
distribution over the thickness of structural elements into account, i.e., the internal heat
sources can be factored in as an integral part of G, the more so since such sources are
present in a thin skin layer during the inductive heating.

The main problem is the need to take contact resistances between different structural
elements into account, which is determined as applicable, depending on the configuration
under consideration.

The thermal state calculation procedure includes the following;:

- Calculate discharge plasma parameters in the GDC;

- Determine heat fluxes from plasma over the surface of the IS structure;

- Solve the problem of heat transfer from the IS structural elements using Equation (5)
by numerical methods with account of the boundary conditions (environmental
conditions), heat fluxes from the structural elements in view of contact resistances
and input heat fluxes from plasma.

The IS design is transformed into a simplified model, which is covered by a computa-
tional grid to subsequently solve the problem by the method of discrete elements, in each
of which the temperature, thermal conductivity, and degree of blackness (emissivity factor)
are assumed to be the same. Accordingly, the accuracy of the performed calculation will be
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determined by the number of discrete, which in its turn depends on the computing system
capacity available to the computing engineer. In our case of the IS thermo-physical state
analysis, the structure was divided into more than 100,000 discrete elements (Figure 2),
for each of which the following was assigned: spatial coordinates, the degree of blackness
(emissivity factor), the thermal conductivity coefficient.

Figure 2. IS discrete elements.

Radiation fluxes entering each element are presented in [40] and are determined by
the following equations:

4z Oji 1-&\1 ‘rap y 4
Z(‘Fji )AiQi =) (6 — Fi)oT; @)

i—1 \ & & i=1

where ¢; is the degree of blackness (emissivity factor) for the surfaces of the elements; §;
is the L. Kronecker symbol—the indicator of equality of the elements: a function of two
integer variables, which is equal to one if the elements are equal, and equal to zero in any
other case; A; are the areas of the elements; Fj; is the matrix of the element mutual radiation
coefficients calculated by:

1 cos 0; cos 0;
F; = E//Td(/‘j)d(f‘i) (8)
A; A

where 0; are the angles between the normal to element i and the axis connecting the centers
of elements i and j.
The heat balance equation for each partition element has the form:

1
Qi = Y (QFAP + Q5 ) + WIS 4 Wiy ©)
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Iy S 1-—
Wy = Io(AUsg + Vi) + ’T(‘)T SDE (AUgpe + Vi +2.5T,) + Iy 7(3

where Q; is the thermal power flux coming out of the i-th element of the computational
grid; QﬁAD is the radiative heat flux coming to the i-th element from the j-th element

derived from Q,,; by (7); Wip S s the aggregate thermal power flux reaching leaving the
surface of the element (in our case, these are the heat fluxes onto the GDC wall:

Wepe = jeScpc(AUgpe + Vi + 2.5T,); onto the screen electrode surface facing the
GDC: Wsg = jpSk(AUsg + Vi — ¢e) + 0.92j5(AUsg + Vi — ¢e) + Lse(2.5Te + ¢¢); onto the
AE surface facing the SE: Wisr = Liap(0¢Ecp — ¢poap + 0.5V;) [—in some cases, they turn
to zero); Wy, is the thermal power flux from the inductor, which is dissipated on the
active resistance of the inductor and is defined by eddy currents in the inductor (in some
cases, they turn to zero); Sgpc is the internal area of GDC surface; I; o = 0.011) is the
charge-exchange ion current; Ecp is the average energy of the incident charge-exchange
ions; & = 0.9 is the ion energy accommodation coefficient; ¢,4r is the electronic work
function of the AE material; Sk is the area of the SE annular section; ¢, is the electronic
work function of the SE conductive material; Qﬁ“”d are the thermal conductive fluxes

between the neighboring elements i and j, which are defined in the following way:

- If discrete elements belong to one and the same structural element—by using the
finite-difference expression of the Fourier thermal conductivity law, where, instead of
the temperature gradient, the temperature difference of adjacent elements attributed
to the effective distance between the elements is used [40]:

_ATj;

Cond ]
QSomd — _} 10
Jt iji (10)

- If discrete elements belong to different structural elements—this heat flux is software-
defined, and the effective value of the thermal conductivity coefficient is used as A
that is derived from A; and Aj of the contacting surfaces [49] in the case of an ideal
thermal contact; in the case of a real thermal contact, the heat flux is derived from
the relation:

1
Q™ = R AT (11)
where R, is the numerical value of the contact resistance.
The resulting equation defining the HF power balance has the following form:

o 251
(AUgg 4+ V;) + TaoTe +02Wyr

So

Model calculations for the developed IS design have been conducted. Physical param-
eters of the materials, of which the IS structural elements are made, and initial temperatures
of such elements (room temperature) were assumed as initial data. The results of the IS
analysis are shown in the diagrams below (Figures 3-5).

In situ measurements of IS temperature patterns using a thermal imager were per-
formed to verify accuracy of the developed thermal model. As an example, the photo
shows a IS GDC thermogram (Figure 6). It can be seen that the GDC is almost homoge-
neously heated. The temperature falls near the gas inlet. It is difficult to define temperature
profile for the AE perforated part (Figure 7) due to the insufficient resolution of the thermal
imaging camera. However, the conclusion can be made that the data obtained through the
analytical model are correct.
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Figure 3. Predicted temperature patterns in the IS from the Slit-Type IES end.
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Figure 4. Predicted temperature patterns in the IS from the GDC end (sectional view).
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Figure 5. Predicted temperature patterns in the IS for the screen electrode.

Figure 6. IS GDC thermogram.

The performed temperature measurements demonstrate consistency between the
predicted and experimental temperature values for the IS surfaces with a high engineering
accuracy, which makes it possible to use the proposed thermal model developed for
predicting temperature distributions while making calculations for predicting heating of
the IS structural elements.
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Figure 7. IS acceleration electrode thermogram.

5. Thermomechanical Model Development

Heating of the IS structural elements causes stress and strain (deformation) in these
elements. Stability of the IES geometric parameters plays an especially important role in
the IS operating capability. The IES unit is the most critical and complex IS element from
the structural and technological stand point. More than 95% of power supplied to the IS
is used in the IES [50]. To provide for the IES unit reliable operation, it is necessary to
ensure the inter-electrode gap stability in various IS operation modes and the minimum
possible deformation of IES electrodes. Operation of electrodes as part of the IES features
significantly non-uniform heating and deformation that can cause deterioration in the
source output characteristics (the ion current density and thrust), and also lead to a high-
voltage breakdown [46,51,52].

One of the proven technical solutions to ensure stability of IES unit operation is the
usage of profiled electrodes with an initially designed deflection (bend). Non-uniform
heating leads to additional deflections of electrodes. Due to the above issues, it is important
to perform, at the design engineering stage, a preliminary stress—strain electrode behavior
analysis, as well as an analysis of their linear and angular displacements during the thermal
deformation process.

The approach to calculate IES electrodes is based on application of the electrode
continuous model representing it as a structurally orthotropic round plate, or a shallow
spherical panel (Figure 8) [53]. The electrode element located at distance r from the electrode
center, with initial thickness k, and final thickness h + dh, with depth dr and width d,, is
assumed as a calculation unit. This element is decomposed into sublayers with thickness
dz, in each of which the radial o, and tangential ¢, stress components are given.

The structural orthotropy coefficients for such model are the cylindrical section and
the meridian section filling factors, k, and k, respectively, in a thin-walled structure with
close-packed perforation. The use of these dimensionless factors made it possible to utilize
the thermo-elasticity equations [53] in combination with solutions developed to calculate
perforated shells loaded with pressure, membrane forces, or bending moments [54]. The
solutions were additionally adjusted by introducing additional non-uniform heating in
the radial direction with simultaneous application of active loads, which allowed us to
calculate nonlinear deformation for both flat and spherical electrodes [55]. Based on such
a thermomechanical model and on mathematical methods of the boundary integral and
integro-differential equations [56], a method to calculate thermal stability, post-critical
(post-buckling) behavior and nonlinear bending for the flat IES electrodes has been devel-
oped [57].
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Figure 8. Plate element.

The basic differential equations for axisymmetric thermo-elastic deformation and

nonlinear bending of structurally orthotropic annular plates and of shallow spherical
segments with radially variable stiffness, being under the non-uniform heating conditions
along the radius and thickness, were obtained with the following assumptions:

The elasticity modulus and thermal linear expansion coefficient depend on tempera-
ture in the radial direction only;

The Kirchhoff—Love’s hypotheses are valid [58] since we consider thin electrodes;
A rectilinear shell element that is normal to the median surface remains to be rectilinear,
normal to the deformed surface and maintains its length after deformation (the straight
normal hypothesis);

Normal stresses in area elements parallel to the median shell surface are low compared
to others and can be neglected;

Tangent stresses are static and drive equilibrium conditions;

The segments under consideration have an axisymmetric initial deflection.

With such an approach, calculation errors do not exceed /R, where ¢ is the shell

thickness and R is the shell radius.

Stringent requirements are imposed on IES electrodes with respect to minimization of

variations in the IES inter-electrode gaps during IS operation. The requirement relating to
the permissible additional electrode deflections Aw(0) (Figure 9) caused by the temperature
fields during IS operation, is expressed as a fraction of the specified inter-electrode gap in
the ES.

Wi

-
S

Wy

B r= _J

Figure 9. Deflection diagram.

The electrodes are primarily impacted by the following:

Temperature fields in the IES, varying in the radial direction with a temperature
differential of tens of degrees between the electrode center and the outer envelope;
Initially designed deflections of spherical electrodes w((0) represented as spherical
segments that can reach a height of 10-30 mm and more;

Electrode material linear thermal expansion coefficients;
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- Electrode structural orthotropy coefficients k; and k, depending on the perforation
geometry (they are constant over thickness since the electrodes have through holes).

With such initial data, thermo-elasticity equations for a structurally orthotropic mod-
eling round-shape plate or a spherical segment that are made of an isotropic material,
become as follows [50]:

ege(r,2) = Eg) (091, 2) — ks (1) (7, 2)] + (1) T(r,2)

erz(r,2) = Egr) (07(r,2) — pkg(r)og(r,2)] +a(r)T(r,2)

where: &,,(r,z) and ey (r,z) are the relative deformations in radial and circumferential
directions for the plate points located at distance z from the median surface; 0;(r, z) and
0y (7, z) are the normal stresses in the plate acting along the edges of the elementary layer
filled with material; E(r) is the elasticity modulus of the electrode material; a(r) is the elec-
trode material thermal linear expansion coefficient; y is the S.D. Poisson’s coefficient; T(r, z)
is the change in the electrode temperature during its heating relative to the temperature of
its assembly as a part of the IES.

The problem concerning an equilibrium of a structurally orthotropic shallow shell
spatial element is reduced to the problem concerning an equilibrium of a median surface
element, to which the following forces and moments are applied: internal forces (the
transverse force Q, in the shallow spherical segment cylindrical section, the normal force
N in the cylindrical section of the shallow spherical segment, the normal force N, in the
meridian section, and the tangential stress T, in the cylindrical section of the shallow
spherical segment), and the moments (the radial and circumferential bending moments M,
M,); the positive directions of such forces and moments are shown in Figure 10.

Mo

g X
Figure 10. Internal forces and moments.
The element equilibrium equations given the initial electrode deflection wy are written

as follows [50]:

d
(PN = Np =0

£lfo-nesi) -

d

T (rMy) = My +7Q, =0

The membrane forces and bending moments are defined by the following relations:

Ny = kr [(er + pkpeg) Dn = (1+ ko) Nr]

Ny = ko[ (eg + pkrer) Dy — (1 + pkr) Nr]
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2w ke dw
M, = —k; |:<d1’2 +Hlfbdr> Dy + (1 +,”k<P)MT:|

w 2w
_EWh)
1 — p2k,(r)kg (1)
E(r)i3(r)
12[1 — 2k (r)kg (r)]

h/2
Ny (r) = — E(r)a(r

Vzkr(r)ktl?(r)_h//z T(r,z)dz

E(r)a(r he2

= y2k7<r>k¢<r>h//2 T2z

Dn(r)

Dum(r) =

MT(T’)

where Dy is the cylindrical tensile stiffness of the electrode structural-orthotropic model;
Dy, is the cylindrical bending stiffness of the electrode structural-orthotropic model; N7 is
the membrane force caused by thermal action on the electrode; Mr is the bending moment
caused by thermal action on the electrode.

The resolving integral equations describing nonlinear bending for electrodes with
radially variable stiffness and with non-uniform heating along the radius and thickness,
are presented in [50], whereas the temperature pattern of electrodes is represented as
T(p) = T(1) + AT fro(p), where: T(1) is the temperature on the outer electrode envelope;
fro(p) is the law of temperature drop changes along the electrode radius.

The peculiarities of IES electrode loading and of their fixing are specified in boundary
conditions, for example, for the case of loose fixing we have: N;(p;) = —Ng, N;(1) = —N,,
M, (pa) = Mg, M,;(1) = My, where N, and Nj, is the intensity of radial compressive forces
that are uniformly distributed on the inner and outer envelopes; p, = 4/b, a is the inner
envelope radius; b is the outer envelope radius; M, and M, are the intensities of the radial
bending moments on the inner and outer envelopes, respectively.

Calculations were carried out for a carbon—carbon composite high-density material
based on the “IPRESSKON" nonwoven frame. The IS IES electrodes additional deflection
values under various temperature loading for the case of loose IES electrode fixing are
shown in the graphs (Figures 11 and 12) and in Table 1.
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g0012
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L]
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Figure 11. IS screen electrode additional deflection (Aw(0)) as a function of initially designed
deflection (w((0)) at different levels of temperature drop along SE radius.
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Figure 12. IS acceleration electrode additional deflection (Aw(0)) as a function of initially designed
deflection (w(0)) at different levels of temperature drop along AE radius.

Table 1. Electrode design deflection simulation results as a function of initially designed deflection
and temperature gradient along electrode radius.

AT", °C 30 40 50 60 80

wo(0), mm Aw(0), mm

Screen electrode

5 0.0071 0.0094 0.0118 0.0141 0.0188
7.5 0.0047 0.0063 0.0079 0.0094 0.0126
9.5 0.0037 0.00498 0.0062 0.0075 0.0099
12.5 0.0028 0.0038 0.0047 0.0057 0.0076
15 0.0024 0.0032 0.0039 0.0047 0.0063
20 0.0018 0.0024 0.003 0.0036 0.0047
25 0.0014 0.0019 0.0024 0.0028 0.0038
30 0.0012 0.0016 0.002 0.0024 0.0032

Acceleration electrode

5 0.0057 0.0076 0.0095 0.0114 0.0152
7.5 0.0043 0.0057 0.0071 0.0085 0.0114
9.5 0.0035 0.0047 0.0058 0.0070 0.0093
12.5 0.0027 0.0036 0.0046 0.0055 0.0073

15 0.0023 0.0031 0.0038 0.0046 0.0061
20 0.0017 0.0023 0.0029 0.0035 0.0047
25 0.0014 0.0019 0.0023 0.0028 0.0038
30 0.0012 0.0016 0.0020 0.0024 0.0031

It is obvious that the used material ensures sufficiently low values of additional
electrode deflections that occurring the IES structure even with significant temperature
gradients along the electrode radii, which are within 1.5 mm for a temperature gradient
of 80 °C. According to the above calculations for temperature fields that will occur in the
IS structure during its operation in the space flight conditions, the temperature gradient
will not exceed 10 °C for the AE and 81 °C for the SE, which corresponds to the values of
additional deflections at the level of 0.005 mm for the AE, and at the level of 1.5 mm for
the SE.

6. The Study of Electrode Thermal Deformation

The ion-extraction system is the most critical and complicated part of an ion thruster/
source in terms of its manufacturing and design. This is stipulated by the fact that more
than 95% of supplied power is consumed by the ES, as well as by the challenging task to
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maintain a gap between the screen and acceleration electrodes. The electrodes operate
under uneven thermal loading. Heating of electrodes leads to their deformation causing
deterioration in IES performance and probable occurrence of a breakdown in the inter-
electrode gap. Therefore, the gap should vary within a rigorously limited range.

The decision was made to assess the level of electrode deformation during IS operation.
Similarly to the described above, this issue can be studied in two ways:

- By using a well-known powerful resource, such as, for instance, the ANSYS comput-
ing system;

- By using the developed simplified algorithm to evaluate the magnitude of addi-
tional deflection;

- By determining the manufactured electrode deformation experimentally.

That is, it is necessary to determine additional deflection of the electrode, which
occurs under uneven thermal heating, as a function of its initial shape and kind of material,
and to define correlating between the magnitudes of electrode deformation obtained by
the developed algorithm and by the numerical simulation in the ANSYS engineering
simulation software with account of the data obtained through the electrode thermal
deformation experimental study.

The IES perforated electrodes were selected for the sake of this experimental study. A
numerical simulation of electrode deflection was conducted by a simplified algorithm with
the use of the following basic design data: for SE — T = 330°; Az, = 35.5 (Figure 13), for
AE — T =272° A3y, = 36.4 (Figure 14). The graphs illustrate a possible choice of the initial
electrode deflection required to ensure additional deflection (the additional deflection as a
function of the initially designed one).

A0y [

0.45%

LB

i A T30 °C
== ATr=40"C
== ATr=50"C
g A T *C
e 4 Tr= 00

Wil 1) [1an]

5 10 15 20 25 D

Figure 13. Additional deflection (Aw(0)) for the SE made of titanium alloy with 160 mm diameter as
a function of its initially designed deflection (w(0)).

When performing numerical simulations in the ANSYS software environment, the
number of holes was reduced while maintaining structural orthotropy to calculate loads
and deformations (Figures 15 and 16). Figure 17 shows the numerical simulation of the
electrode thermal fields.

Figure 18 shows deflection as a function of the temperature differential along the
electrode radius for a numerical simulation by a simplified algorithm and in the ANSYS
software environment.
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Figure 14. Additional deflection (Aw(0)) for the AE made of titanium alloy with 160 mm diameter as
a function of its initially designed deflection (w(0)).
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diameter of 160 mm diameter of 160 mm

Figure 15. Numerical simulations of electrode geometry in the ANSYS software.

0m 30,00 () ]

15,00 15,00
Mesh model of 160 mm SE Mesh model of 160 mm AE

Figure 16. Element-by-element partition of electrodes in the ANSYS software—mesh model development.

A high degree of consistency between the results of a numerical simulation and those
obtained by simplified algorithm (over 90%) has been demonstrated with a significant
reduction to the calculation time.

However, in order to assess experimental data on deformation of the manufactured
AE as a part of the high-frequency IS structure, thermal fields of the IS structure as a whole
were numerically simulated.
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Figure 17. Thermal patterns of electrodes in the ANSYS software.
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Figure 18. Electrode deflection w(0) as a function of temperature differential along the electrode
radius calculated by simplified algorithm and in the ANSYS software.

Figure 19 shows the IS thermal fields with the 350 W power supplied to the inductor.
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Figure 19. IS thermal fields with 350 W power supplied to the inductor.

Two pins were installed and their displacements were assessed in order to assess
thermal deformation of the electrodes. The temperature of the electrodes was measured by
thermocouples in the center and at the periphery. The AE temperature was additionally
measured with a thermal imager. The following values for AE deformation were obtained
with the power of 350 W supplied to the inductor:

- According to experimental data, AE deformation for a spherical segment was 0.15 mm;

- The deformation numerical simulation with loose AE fixing for a spherical segment
without taking the cone height into account resulted in 0.13 mm;

- The total deformation of AE with loose fixing was 0.16 mm;

- The total deformation of AE with elastic fixing was 0.11 mm.

A high degree of consistency between the numerical modeling results both when
using a simplified algorithm and the ANSYS software environment, and the experimental
results for the AE deformation has been demonstrated.
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7. Results and Discussion

A thermal model has been developed that links specific heat fluxes on the surfaces of
GDC, SE and AE to the IS integral parameters that can be experimentally measured with
high accuracy. It is shown that the ion beam current (current in the SE circuit) should be
taken as the thermal state governing parameter, through the value of which the plasma
parameters and specific power fluxes to the GDC walls and to the SE are defined. It is
possible to define numerical values of the electron temperature more accurately, in order
to derive the power balance on the GDC walls and on the SE surface, and the plasma
potential, on the one hand, from the overall heat dissipation in the GDC volume compared
with the incident RF power of the RF generator taking the efficiency of power input
into plasma in to account, and, on the other hand, from the experiment concerning the
beam ion energy spread. The model allows for its gradual complication by increasing
the IS level of detail, which brings the simplified IS representation closer to the real one.
The expected heating of IS surfaces can reach 300-400 °C, which is critical in terms of
performance of structural materials. For this reason, it is impossible to use approximation
of the smallness of the working surface temperature changes that allows the use of linear
approximation and accepts analytical solutions to the thermal problem. The thermal model
factors in the heat exchange between the structural units, either by radiation, or by thermal
conductance. In the latter case, the model allows to account for thermal contact resistances
in the interface surfaces.

The IS integral output characteristics (Table 2) providing the minimum ion beam
divergence angle were determined by tests.

Table 2. Experimental results for the IS with the slit-type perforation.

Mass Flow Rate, mg/s Preg, W Ugg, V Isg, A Uag, V IAg A Isp, s I, A P, mN W, keV
0.771 220 2500 0.190 240 0.008 2083 0.18 16.0 2.50
0.976 310 2400 0.400 220 0.001 3396 04 33.1 2.40
0.976 330 2400 0.410 220 0.001 3480 0.41 33.9 2.40
0.488 100 3000 0.100 300 0.008 1896 0.09 9.28 3.00
0.781 150 3000 0.150 300 0.009 1778 0.14 13.9 3.00
0.781 160 3000 0.170 300 0.009 2015 0.16 15.8 3.00
0.781 180 3000 0.190 300 0.009 2252 0.18 17.6 3.00
0917 220 3000 0.240 300 0.010 2421 0.23 22.3 3.00
0.947 235 3000 0.260 300 0.010 2542 0.25 24.1 3.00
0.947 235 3000 0.280 300 0.010 2737 0.27 25.97 3.00

8. Conclusions

Thus, it is shown that the IS developed and manufactured on the basis of the con-
ducted modeling results operates steadily. Its output characteristics correspond to the
calculated values with high accuracy, and, therefore, the physical and mathematical IS mod-
els developed in the course of the project implementation can be extensively used going
forward in the development of similar technical devices with a different standard size.

Based on numerical modeling results, and upon obtaining a high level of agreement
with experimental data, we can conclude the following:

- Correlation between the results obtained through numerical modeling using the
ANSYS software system and by the developed algorithm was defined;

- The additional deflection value calculated by the proposed algorithm agrees with the
results obtained through the numerical simulation in ANSYS and with the experimen-
tal data within 10%;

- The conducted study does not allow us to precisely assess the accuracy of the nu-
merical modeling results, but a fairly good agreement between the calculation results
obtained by two independent methods and the experimental data provides more
confidence in the reliability of the developed model.
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Abbreviations

AE accelerating electrode

GDC  gas discharge chamber

HF high-frequency

IES ion-extraction system

IS ion source

RIT radio-frequency ion thruster
SC spacecraft

SD space debris

SSC  service spacecraft

SE screen electrode

Nomenclature

Indexes

AE index of accelerating electrode parameter

EP index of compensating propulsion system parameter
GDC index of gas discharge chamber parameter

IS index of ion source parameter

SC index of spacecraft parameter

SD index of space debris parameter

SE index of screen electrode parameter

Parameters

Bur induction of high-frequency magnetic field

Cr specific power consumption

Cmp effective energy spent for the production of one ion in the discharge
Cr total radiation loss

d distance between service spacecraft and space debris
e electron charge

Ecp average energy of the incident charge-exchange ions
EinD intensity of high-frequency electric field

Fj; matrix of the element mutual radiation coefficient

F4 force acting on space debris

Fep force acting on the service spacecraft from compensating propulsion system

parameter that determines the input heat flux of the mutual radiative heat exchange

Grad between the units of the ion source structure

Gpi parameter that determines the power flux from the discharge plasma
I, electron current

I; ion current

Liarg charge-exchange ion current

Io ion beam current
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ratio between force acting on space debris and force acting on the service spacecraft

k from compensating propulsion system

M propellant gas atom (ion) mass

Msgc mass of service spacecraft

Msp mass of space debris

Ne electron density

n; ion density

Ngrr high-frequency generator power

Q; function of volumetric heat source

Quad radiative heat

Rc numerical value of the contact resistance

Scpe internal area of gas discharge chamber surface

Sk area of the screen electrode annular section

T temperature

T, atom temperature

T, electron temperature

T; ion temperature

Ve electron velocity

Vi gas discharge chamber plasma volume

Vi first potential of the propellant gas atomionization

WEE thermal power flux onto screen electrode surface facing the gas discharge chamber

Wiag thermal power flux onto accelerating electrode surface facing the screen electrode

Wepe  thermal power flux onto the gas discharge chamber wall

Wind thermal power flux from the inductor

\Y% differential operator

% ion energy accommodation coefficient

6 L. Kronecker symbol

€ emissivity of the material

Qe electronic work function of the screen electrode conductive material

QeAE electronic work function of the accelerating electrode material

o Stefan-Boltzmann constant

OSE transparency of the screen electrode

A thermal conductivity coefficient

0 angle between the normal to element I and the axis connecting the centers of
f elements i and j

w high-frequency generator frequency

AU near-wall plasma potential drop

AlUgpc  plasma potential drop near gas discharge chamber surface

AlUgg plasma potential drop near screen electrode surface
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