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The discharge of a medium power, magnetically shielded Hall effect thruster with con-
ducting channel walls is analyzed by means of numerical simulations with a two-dimensional
axisymmetric hybrid PIC/fluid code. Two different electrical conditions for the conducting
channel walls are considered: floating and anode-tied. The plasma discharges of these two
scenarios are compared to each other and to the baseline case with ceramic dielectric chan-
nel walls. The main performance parameters and most of the bulk plasma properties are
not significantly affected by the change in channel wall material and electrical condition.
Main differences are found on the electron current density map inside the chamber for the
anode-tied configuration. In this scenario, a different electron current distribution, shaped
by the magnetic topology is found, the channel walls collecting up to a 75% of the discharge
current. The lower electron current to the anode wall (53-54% relative decrease) reduces
plasma power deposited there (32.5% relative decrease), which is beneficial from a thermal
management point of view.

I. Introduction

Future space missions demand the development of Hall effect thrusters (HETSs) with reduced mass and
production costs, as well as extended operation lifetimes.® The latter is achieved through the implementation
of the magnetic shielding (MS) of the thruster channel walls, which practically eliminates wall erosion as a
failure mode in HETs. Since MS topologies drastically reduce plasma-wall interaction, previous experimental
studies have studied the possibility of replacing traditional dielectric channel walls made of ceramic material
by conducting ones. Their goal is to achieve enhanced thruster operation and significant cost and mass
savings, since conducting materials, in general, exhibit: (i) improved mechanical and thermomechanical
properties with respect to ceramic materials and (ii) enhanced thermal conductivity and emissivity, which
leads to a better thermal management and could allow increasing thruster power density.! 2

In particular, Goebel et al.? have considered graphite channel walls for the H6, 6 kW MS-HET, featuring
a floating (i.e., electrically isolated) condition. With this configuration, they report only a slight reduction
in the total thrust efficiency, n, with respect to the baseline configuration, with dielectric channel walls.
At the same time, wall temperatures notably decrease, thanks to the enhanced thermal conductivity and
emissivity, which increase heat dissipation from the thruster body. Consequently, they note that the use of
conducting walls can pave the way to higher power density operation in HETs. Hofer et al.! have extended
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the previous study to higher power and higher-than-nominal Iy, (up to 3000 s) operation, using graphite
channel walls in the HIC, a 9 kW MS-HET. Apart from the floating channel wall scenario, Hofer et al. have
tested conducting channel walls electrically connected to the anode (i.e., anode-tied configuration). Both
set-ups are shown to be, in terms of performance, almost indistinguishable to the other, and to the dielectric
channel wall configuration. Recently, conducting channel walls have enabled the demonstration of ultrahigh
current density operation (10 times greater than nominal) in the HIC.? Grimaud et al.*® have shown that
the previous observations for high power-class MS-HETSs also hold for low power-class ones. Therefore, MS-
HETSs with conducting channel walls are a promising and, seemingly, more suitable alternative to MS-HET's
with conventional dielectric channel walls. However, how this switching from dielectric to conducting channel
walls affects the plasma discharge is not yet fully understood.

In this work, numerical simulations of a MS-HET with conducting walls are carried out with HYPHEN,
a 2D axisymmetric hybrid particle-in-cell(PIC)/fluid HET simulation code,”® which has been recently up-
graded for the simulation of advanced MS-HET prototypes.'% ! A 5 kW-class MS-HET virtual design, based
on real MS-HET prototypes, featuring a centrally-mounted cathode and a magnetic null point inside the
thruster chamber is studied here. Two different electrical configurations are considered for the conducting
channel walls: floating and anode-tied. These are compared between each other and to the baseline case
with dielectric channel walls in terms of performance, local plasma properties and power deposition to the
walls.

The manuscript is structured as follows. Section II describes the virtural MS-HET thruster. Section III
briefly introduces the HYPHEN simulation model. Then, the simulation set-up is presented in Section IV.
Section V contains the simulation results and their discussion. Finally, the main conclusions are drawn in
Section VI.

II. Thruster description

The thruster considered for this numerical study, named VHET-MS, is a virtual 5 kW-class HET with MS
topology designed by EP2 research group at Universidad Carlos III de Madrid (UC3M) as a benchmarking
scenario for investigation purposes. Fig. 1(a) schematically shows the geometry of the VHET-MS. The
annular chamber has a total length (including the chamfer) L. = 2.9 ¢cm and a radial extension (upstream
the chamfer) H. = 2.22 c¢m, extending from 7y, = 5.45 ¢cm to royy = 7.67 cm. The anode placed on the
chamber back wall is centered at r. = 6.56 cm, and extends along the whole wall. The cathode is centrally-
mounted, around the thruster chamber axis. The exit of the VHET-MS chamber is chamfered, as customarily
in MS-HETSs, to make the walls parallel to the local magnetic field, B, streamlines.

Fig. 1(b) displays the B topology in both the plume region and the thruster chamber, while Fig. 1(c)
presents a zoom of the thruster chamber, where B exhibits the characteristic shape of a MS topology.!?
Moreover, B features a null point (i.e., B = 0) in the middle of the channel. The B axial profile along the
thruster channel midline is shown in Fig. 1(d). Along this line, the position of the B peak (~ 268 G) is
located at z/L. ~ 1.2, and the position of the B null point at z/L. ~ 0.49. The magnitude of B at the
anode is approximately 50 G.

ITII. HYPHEN simulation model

HYPHEN is 2D axisymmetric code for simulating different plasma thruster discharges.®13:'* The HET
version has been recently upgraded for MS prototypes with centrally-mounted cathodes.'®!' The code
follows a hybrid formulation implemented modularly: the ion (I)-module includes a particle-in-cell (PIC)
model to describe the dynamics of heavy species (neutrals and ions); the electron (E)-module solves a fluid
model for the magnetized electrons. Quasineutrality is applied over the whole simulation domain and non-
neutral effects are limited to planar Debye sheaths, which are treated as electrostatic discontinuities around
the material boundaries of the domain, and solved by the S-module. The I-module operates on a structured
mesh of the simulation domain (referred to as PIC mesh), shown in Fig. 2(a). On the contrary, to limit
numerical diffusion associated to the strong anisotropic transport of magnetized electrons, the E-module
operates on an unstructured magnetic field aligned mesh (MFAM),'5 depicted in Fig. 2(b), whose inner cells
are defined by local B-parallel and perpendicular lines [streamlines (blue) and equipotential lines (red) in
Fig. 2(b)] obtained from the externally applied (solenoidal and irrotational) B.

Every simulation step, the I-module takes as inputs B; the electric field, E; and the electron temper-
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Figure 1. (a) Sketch of the VHET-MS, (b) B topology, (c) B topology within the thruster chamber, and (d)
magnitude of B along the thruster chamber midline. Black lines with arrows in (b) and (c) are B streamlines.

ature, T,; and performs the following tasks: (i) ion and neutral macroparticle propagation; (ii) injection
and removal of macroparticles from/to simulation boundaries; (iii) macroparticle-wall interactions including
neutral reflection and ion recombination; (iv) generation of new ion macroparticles from ionization; and
(v) computation of the heavy species macroscopic properties through particle-to-mesh weighting algorithms,
including: the neutral density, n,; the plasma density, n.; and the ion current density vector, j;. The E-
module, taking these heavy-species macroscopic magnitudes as inputs, solves a quasineutral, drift-diffusive
(inertialess) fluid model for the magnetized electron population, obtaining the electric potential, ¢; the
electron temperature, T,; the electron current density vector j.; and the electron heat flux vector g.. A
Fourier-like closure for g, is considered. For a detailed description of the numerical treatment of the electron
fluid equations in HYPHEN, the reader is referred to the work of Zhou et al.'* Electron turbulent transport
is modeled through an anomalous collision frequency vy = qtwee, With wee = €B/m, the electron gyrofre-
quency and ay(z) an empirical turbulence level function that is tuned to match time-averaged experimental
data as the discharge current, Iy, and the thrust, F'. Here, a step-out function is considered, featuring two
parameters, a; and apa(> a41), applied, approximately, in the thruster chamber and in the near plume,
respectively, which are fitted to reproduce data on Iq and F. This calibration strategy has been successfully
used in previous numerical studies of MS-HETs.0
The reference ¢ = 0 for the potential is set at the cathode boundary faces, so the anode potential is
V4. The simulation domain extends up to the sheath edge (Q) of the quasineutral plasma, represented
by the MFAM boundary faces. Depending on the type of wall (W) (i.e. conducting or dielectric), the S-
module provides the appropriate boundary conditions at each MFAM boundary face in the form of nonlinear
relations for jne = 1y - jo and gne = 1y - ge, With 1, being the outward unit normal vector (expressions are
detailed in the Appendix of Ref. 10 and omitted here), as a function of the electric potential jump across the
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sheath A¢wq = ¢q — ¢w. The sheath model includes elastically reflected electrons and secondary electron
emission (SEE) from the dielectric walls, and also retains other non-Maxwellian features of the electron
velocity distribution function, such as the replenishment fraction of its high energy tails.!® At a dielectric
wall jne = —Jni is imposed, providing A¢wq. At a current-driving conducting wall at known potential ¢w
(i.e., anode or anode-tied conducting channel walls here at ¢w = Vy), the nonlinear function jne(A¢wq)
is linearized and solved iteratively to ensure current continuity (refer to Ref. 10 for further details). At
floating conducting walls, a similar procedure is followed, solving for the wall floating potential ¢w that
ensures null net current collected by the wall (i.e. Iw = 0). At the cathode boundary faces, the electron
injected current density (jne > 0) is defined by I4 divided by the cathode wall surface. The electron energy
flux at each cathode face, expressed as gne = —5Tcjne/(2¢€), is set equal to —2T¢jne/€, with 2T being the
average emission energy per electron. At the plume downstream boundary P a global downstream matching
layer (GDML) model for the off-simulation region, summarizing the electron dynamics in the infinite plume
expansion is applied here.'” The GDML model is defined as a thin boundary layer that provides expressions
for jne and gne and permits to estimate the final potential in the plume ¢, for a globally current free plume
(i.e. Ip = O)

IV. Simulation setup

The set-up for the VHET-MS simulations is presented in this section. The extension of the simulation
domain is about 7L (6L. for the plume region) in the axial direction and 7H, in the radial direction [refer
to Fig. 1(a)]. Figs. 2(a) and 2(b) shows the PIC mesh and the MFAM, respectively, for the simulation of
the VHET-MS discharge. The relevant characteristics of the meshes and simulation parameters are listed in
Tab. 1. The green line at the left boundary in Fig. 2(a) indicates the position of the annular anode wall and
the small black box represents the centrally-mounted cathode. The red lines, covering the chamfer and the
radially-extending lateral walls of the thruster, correspond to dielectric walls. The magenta line identifies the
symmetry axis and the blue lines the downstream plume boundary P. The yellow lines represent the thruster
channel walls, whose material and electrical properties are modified in the present study. In particular, a
dielectric material (boron nitride), and a conducting one in floating and anode-tied conditions are considered
here. In the floating wall scenario, the inner and outer channel walls are electrically independent to each
other. At boron nitride dielectric walls, empirical parameters for plasma-wall interaction, including SEE, are
taken as in previous numerical studies of real MS-HET prototypes.'® Conducting walls feature no SEE here.
The sensitivity of the simulation results to these walls parameters has been proven small, due to the MS
configuration of the thruster.!! Fig. 2(c) details the magnetic topology in the thruster chamber, showing
the location of the magnetic null point (B = 0), where magnetic streamlines (blue lines) and magnetic
isopotential lines (red lines) intersect. The small black box in Figs. 2(a) and (b) represents the central
cathode, which is modeled as a surface boundary.

A given mass flow rate of Xe neutrals 714 is injected into the simulation domain from a Maxwellian
reservoir through the whole anode wall. The injection is performed uniformly along the anode surface with
a given temperature'® and sonic drift velocity (see Tab. 1). Considering the same injection conditions, a
neutral mass flow, ¢ = 0.075m,, is injected through the cathode surface. Therefore, the total injected
propellant mass flow is 7 = 7 a + 1. Cathode electrons are emitted with an energy 27¢ = 4.5eV.'° The
injected neutrals are ionized, upon collision with electrons, into singly and doubly-charged ions inside the
simulation volume. The ionization rate data are taken from the BIAGI database,?° for single ionization rates,
and the Drawin model,?! for double ionization rates, including the ionization events A +e — A*+ + 3e, and
AT +e — ATT + 2e. Ton macroparticles undergo recombination into neutrals at any material wall. In this
process, neutrals are reinjected diffusely, imposing complete energy accomodation, (i.e., with the temperature
of the walls, which is set to 850K'®). Moreover, neutral macroparticles experience diffuse reflection at the
walls with zero energy accommodation (see previous works with HYPHEN®22 for further details). The
algorithm for macroparticle population control is activated, with a target of 100 macroparticles per cell of
each heavy-species population, with a +10% of tolerance.®

The (ion) timestep is set in such a way that the fastest doubly-charged ion takes, as minimum, two
timesteps to cross the smallest cell of the PIC mesh (see Tab. 1). Simulations are started considering only
neutrals, injected from anode and cathode, to quickly fill the simulation domain. Then, the full simulation
starts with an initial background plasma density to spark the discharge.?? The number of simulated timesteps
is 60000 (900 ws of simulation time), enough to capture several low-frequency (i.e. breathing mode) oscillation
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Figure 2. (a) Structured PIC mesh (b) MFAM. (c) Detail of the MFAM within the thruster chamber. In (a),
the boundary type is identified by its color: in green the anode wall; in yellow the channel walls (i.e. dielectric
or conducting); in red the dielectric walls; in blue the downstream plume boundary, P. Blue and red lines in
(b) and (c) are B-parallel and B-perpendicular lines, respectively.

Table 1. Main simulation parameters and mesh characteristics.

Simulation parameter ‘ Units ‘ Value
PIC mesh number of cells, nodes - 3243, 3360
PIC mesh smallest grid size mm 1
MFAM number of cells, faces - 2030, 4171
MFAM average skewness?3 - 0.059
Ton-moving timestep, At ns 15
Total number of simulation steps - 60000
Injected Xe velocity ms~! 300
Injected Xe temperature K 850

cycles of I4. The results presented in the following sections are time-averaged over a given number of several
14 oscillation cycles.

The first three columns of Tab. 2 lists the input parameters that characterize the VHET-MS operation
point considered for this study, which are kept the same for the three simulated cases here. These simulation
cases are labeled as follows: Case D for the dielectric channel wall scenario, Case C-Float for the scenario with
floating conducting channel walls, and Case C-Tied for scenario with anode-tied conducting channel walls.
The operation point considered is within the range of nominal operative conditions for a 5 kW-class HET,
and it coincides with the reference case of a previous numerical study in Perales-Diaz et al.,'® on SITAEL’s
HT5k thruster. The fitting of the anomalous transport model takes as baseline that of Perales-Diaz et al.,°
with slight modifications in the parameters ay1 (= 0.4%) and a2(=4%) to achieve values of Iy and F' similar
to those of the HT5k for the considered operation point. The anomalous transport parameters are kept the
same for the three simulation cases presented here.

V. Results

A. Plasma bulk analysis

Figure 3 presents the time-averaged 2D maps inside the thruster chamber of relevant plasma variables of
the VHET-MS discharge for (left column) Case D, (middle column) Case C-Float and (right column) Case
C-Tied. Focusing firstly on the baseline scenario Case D, its 2D contours exhibit the usual features of a

5
The 38th International Electric Propulsion Conference, P. Baudis Convention Center, Toulouse, France, June 23-28, 202}
Copyright 2024 by the Electric Rocket Propulsion Society. All rights reserved.



Table 2. Definition of the simulated operation point in terms of: anodic mass flow rate, mp, cathode mass
flow rate, mc, discharge voltage, V3. Values of the main performance metrics: 14, F, P and 7.

Vd mA Thc Id F P n
(V) | (mg/s) | (mefs) | (A) | mN) | (kW) | (%)
14.0 | 257 4.22 | 52.0 Case D
300 14 1.05 13.9 255 4.18 | 51.6 || Case C-Float
14.0 | 255 4.19 | 51.7 || Case C-Tied

MS-HET plasma discharge:'?2* the outward displacement of the acceleration region, in Fig. 3(g) and the
consequent relative uniformity of ¢ (with values close to the anode potential Vg = 300 V) and ne, in Figs.
3(g) and (d), respectively; and the low T, along the thruster chamber walls, in Fig. 3(j). Figure 3(a) shows
that n, decreases by about 2 orders of magnitude within the thruster chamber, indicating high propellant
utilization, and in line with the relatively high n.. Figure 4 shows the 1D axial profiles along the thruster
chamber midline of n,, ne, ¢, Te and the magnitude of the longitudinal (i.e. axial and radial components
only) ion and electron current density vectors, J; and je, respectively. The plots in the left column show
profiles within the thruster chamber, while the plots in the right column correspond to the axial profiles
along the complete simulation domain. Figure 4(b) reveals the axial increase of n, in the plume, due to
the merging of the neutrals coming from the thruster chamber and those injected from the central cathode.
Moreover, as observed in the simulations of the HT5k thruster,'® most of the axial ¢ fall takes place in a
distance of around 2L, [see Fig. 4(f)]. T, peak (of about 45 eV) is located outside the thruster chamber,
close to the B peak [refer to Fig. 2(d)] and the E, = —0¢/0z peak (not shown).

Figures 3 and 4 show a similar solution for n,, ne, T, for all cases. Only ¢ in Case C-Tied exhibits a
small increase with respect to the other two cases (in line with the fact that conducting channel walls are
set at Vg = 300 V), but the gradients seem to change only slightly. The similar solution for ny, ne, ¢ and T,
among the three simulated cases (also downstream the thruster chamber exit), is in line with the fact that
overall performance figures as Iy, F', the input power P and the thrust efficiency, defined as

F2

_ 1
=55 (1)

are barely affected by the change in the material properties (and electrical connection) of the channel walls
(see Tab. 2), in agreement with the previous experimental works.!»2 4

On the other hand, the solution of 7; and, especially, j., exhibit larger differences across the simulated
cases. In Fig. 4(i), 7; increases close to the anode for Case C-Tied (see Sec. C for further details). Figure
4(k) shows that 7, for Case C-Tied is significantly lower than for Cases D and C-Float in the region extending
from the anode wall to z/L. & 0.5, where J, peaks along the thruster channel midline. Interestingly, for all
cases J. peaks close to the B null point, which seems to axially split the simulation domain into a downstream
region, where all cases exhibit the same j, profile, and an upstream region where Case C-Tied exhibits a
different j, solution.

Figure 5 depicts the 2D vector maps (magnitude and streamlines) of j, (first row), J; (second row) and j
(third row) for Case D, C-Float and C-Tied in columns from left to right, respectively. Figures 5(d)-(f) show
a similar J; solution for all cases, the ion streamlines reflecting the existence of backward, forward, and lateral
ion flows. Although there is a point with 7; = 0, located at z/L. ~ 0.3, notice that the ionization source is
distributed in the whole channel volume and the streamlines represent the ion macroscopic behavior. Ions
are practically unmagnetized, follow the local the electric field and are not prevented from impacting the
thurster chamber walls. For all cases, similar ion currents are collected by the different walls, as detailed in
Sec. C, in line with the similar ¢ and n, solution within the chamber.

Figures 5(a) and (b) reveal similar j. maps (in both magnitude and direction) between Cases D and
C-Float in the plasma bulk, due to the fact that in both cases the net electric current collected at the
conducting channel walls is null. The lateral cusped B structures of the MS topology channel most of the
electron flow towards the anode wall. The net electron current collected at the lateral channel walls is
practically the same in both cases (see later in Sec. C). The null local current condition imposed at the
dielectric channel walls in Case D yields j streamlines parallel to the walls in Fig. 5(g). On the other hand,
the floating condition in Case C-Float permits electric current density to flow locally from plasma to the
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Figure 3. Time-averaged 2D(z,r7) contour maps inside the thruster chamber for cases with (left column)
dielectric, (middle column) floating conducting, and (right column) anode-tied conducting channel walls. (a)-
(¢) Neutral density n,, (d)-(f) plasma density ne, (g)-(i) electric potential ¢ and (j)-(1) electron temperature
Te.

channel walls and vice versa, with j locally intersecting channel walls in the corresponding directions [refer
to 5(h)], so that the net current collected is null.

Upstream the B null point, Case C-Tied exhibits a notably different 3. magnitude map with respect
to Cases D and C-Float, as depicted in Fig. 5(c). Differences are induced by the change in the boundary
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Figure 5. Time-averaged 2D(z,r) contour maps inside the thruster chamber of the magnitude of (a)-(c) je,
(d)-(e) 7i and (g)-(i) j for Case D (first column), C-Float (second column) and C-Tied (third column). Blue
lines with arrows indicate streamlines of —j., 7; and j, respectively.

condition imposed at the channel walls: unlike in Cases D and C-Float, the anode-tied conducting channel
walls in Case C-Tied can collect a certain net electric current (i.e., a fraction of I3), thus decoupling net
ion and electron currents collected at the channel walls. While the unmagnitized ion current solution is
practically unafected, B topology shapes the magnetized electrons current map, and a large fraction of
electrons are directed towards the lateral channel walls along B lines born from the magnetic null point
[refer to Figs. 1(c) and 2(c)], where electrons are unmagnetized and can easily move across magnetic tubes.
These electrons are collected where these B lines impinge the channel walls, close to the anode, coinciding
with the region of higher T, [see Fig. 3(1)], and thus weaker MS, of the walls. Current streamlines from the
lateral channel walls into the domain in this region indicate that the net current collected by the channel
walls is mainly driven by electrons (as for the anode wall), and contributes to a ~75% of Iy (see later in Sec.
C). Since 14 is the same for all cases, this fact explains the lower magnitude of j, (and j7) in case C-Tied in
the near-anode region upstream the magnetic null point [refer to Figs. 4(k)-(1), 5(c) and 5(i)].

These results for Case C-Tied highlight the central role of the B topology and, in particular, the presence
and location of the magnetic null point in the electron current solution in the chamber. Near the magnetic
singularity, electrons can easily cross magnetic lines and, therefore, j. can be redistributed from there
(according to the different electrical conditions of the channel walls) without a significant change in ¢ and
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ne gradients. Effects over the plasma solution of the presence and position of the B null point deserves
particular attention, and is left for further research.

B. Wall profiles

Fig. 6 shows the profiles along the thruster chamber walls of relevant plasma variables. The abscissa length
coordinate s starts (s = 0) at the outermost end of the inner channel wall and runs over the inner channel
wall [yellow inner boundary in Fig. 2(a)], the anode wall [green boundary in Fig. 2(a)] and the outer channel
wall [yellow outer boundary in Fig. 2(a)]. In Fig. 6(a), the thruster channel wall potential ¢w changes only
a few volts (< 5 V) along the wall in Cases D (black) and C-Float (red). In Case C-Float (red line), ¢w at
each channel wall adapts to collect a null electric current. This characteristic makes the anode profiles of
all plasma magnitudes of Case C-Float (red lines) perfectly match those of Case D (black lines). The inner
and outer channel walls in Case C-Float exhibit very similar ¢w, due to the nearly-symmetric B inside the
thruster chamber with respect to the channel midline. Fig. 6(b) shows that Case C-Float is the one with the
largest sheath potential drop, A¢wq, along the channel walls, in order to locally regulate the electron flux
and ensure null total electric current collected. On the other hand, Case C-Tied exhibits a more uniform
A¢wq profile along the chamber walls, with closer values at the anode and channel walls, which act as an
“extended-anode” in this configuration. Results for ¢w and A¢wq indicates that MS is effective in keeping
nearly constant ¢ values, close to Vg, around the thruster chamber walls for all cases analyzed here.

Figures 6(c) and (d) show the energy deposited on the wall per average impacting ion particle (i.e.,
accounting for singly and doubly-charged ions), & wan and per net collected electron, Ee wan. In Fig. 6(c),
the differences among & wan profiles are mostly determined by changes in Agwq [in Fig. 6(b)], since the
gradients of ¢ within the plasma bulk barely change from one case to the other [see Figs. 3(g)-(i)]. Comparing
among configurations, Case C-Tied exhibit the largest & wan at the anode wall, while Case C-Float does
so at the channel walls. In all cases, & wan is well below typical erosion thresholds,?%:26 since MS remains
effective in keeping low T, [see Figs. 3(j)-(1)] values and nearly constant ¢ around thruster chamber walls.
In Fig. 6(d), & wan is a function of the local Ti, and the SEE yield, §5.1° On the one hand, T, along the
wall [see Fig. 3(j)-(1)] does not vary across the different cases, because the T, distribution inside the thruster
chamber is essentially determined by the magnetic field topology. On the other hand, J; is zero everywhere
for Cases C-Float and C-Tied, while §5 ~ 0.15 along the channel walls in Case D. Due to this small fraction
of SEE, & wan is slightly larger in the channel walls in Case D.

Figures 6(e) and (f) show, respectively, jn, and ju; and jne In Fig. 6(f), jn;i slightly change across the
different cases. In Case D, the dielectric condition makes j; and jye locally equal (and thus j, = 0) along the
channel walls. In Case C-Float, instead, although the total collected electric current at the channel walls is
null, j,e is not locally equal to j;, and therefore, j, is different from zero along this surface, switching from
positive (along the outermost segment) to negative values (close to the anode). For Cases D and C-Float, at
the anode wall jye, exhibit the same profile and is larger than j,;. On the other hand, Case C-Tied exhibits
a significantly different j,. profile along walls, with larger j,. values at the channel walls and lower at the
anode one (which is even lower than j,; in the central part of the anode wall). Since ¢w at the channel
walls for Case C-Tied (= 300 V) is higher than ¢w for Case C-Float (= 293 V), we find j, < 0 (i.e., electric
current is electron dominated) along most of the anode-tied channel wall, and j, (and j,) are lower at the
anode wall, as observed in Figs. 6(e) and (f). These results are in line with the discussion on j, solution in
Sec. A.

Figures 6(g) and (h) show the plasma energy flux to the walls, P/, and the contributions from ions, P/,
and electrons, P.. For Case D and C-Float, since & wan < &,wan and ion and electron currents are similar
(or equal), we find P/, < P! along most of the channel walls. At the anode wall, the larger jn. yields
P! > P! since ion and electron impact energies are similar. For Case C-Tied, the P/, profile nearly follows
the jye profile: it increases at the channel walls and decreases at the anode wall. As for ions, the opposite
behavior is found, and P, decreases at the channel walls and increases at the anode wall. As a result, a
more uniform plasma power deposition profile is obtained, with lower maxima than in Cases D and C-Float,
and located at the channel walls, instead of at the anode.

C. Current and power balances

HYPHEN is able to compute the currents and energy fluxes collected by the different boundaries of the
simulation domain. This allows us to pose current and power balance equations, for the sake of a performance
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Figure 6. Time-averaged 1D profiles along the thruster channel walls [yellow boundaries in Fig. 2(a)] for Case
D (black lines), Case C-Float (red lines) and Case C-Tied (green lines). Coordinate s runs from the outermost
end of the inner channel wall to the outermost end of the outer channel wall. Profiles of (a) electric potential
at the wall, ¢w; (b) sheath potential fall, Agwq; (c) ion wall-impact energy, & wan; (d) electron wall-impact
energy, £ wall; (€) electric current normal to the walls, j,; (f) ion (solid line) and electron (dashed line) currents
normal to the walls, j,i, and —jne, respectively; (g) total power deposition per unit surface, P/; and (h) ion
(solid line) and electron (dashed line) power deposition per unit surface, P/, and P}, respectively.
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Table 3. Terms of the ion and electron current balances, according to Egs. (2) and (3); and current-related
partial efficiencies.

Case Iovod | Ia || Iw/Ia || Tiw/Tprod | Tia/Iprod | Iip/Tprod || Lew/Iprod | Tea/Tprod | TeP/Iprod || M | Meur | Ton
[CYRNCGY) (%) (%) (%) (%) (%) (%) (%) (%) | (%) | (%)

D 28.6 | 14.0 0.0 44.2 14.3 41.2 44.2 64.0 41.2 92.6 | 83.6 | 87.0
C-Float 28.6 | 13.9 0.0 44.8 14.0 40.9 44.8 62.9 40.9 92.3 | 83.8 | 874
C-Tied 28.1 | 14.0 75.1 41.6 16.6 41.5 79.0 29.3 41.5 91.9 | 83.6 | 87.0

analysis of the thruster discharge. In the particular set-up considered for the present study, the time-averaged
balance on ion currents can be expressed as:

Iprod = Iip + Iiw + Iia + Iic, (2)

where Ij,,0q is the total ion current generated by ionization in the simulation domain; Ijw is the ion current
collected at the thruster walls other than the anode [i.e., the yellow and red walls in Fig. 1(a)]; Iia is the
ion current collected at the anode wall [green wall in Fig. 1(a)]; and Ijp is the ion beam current leaving
the domain across the plume boundary [in blue in Fig. 1(a)]. The term Iy is completely dominated by
the channel walls contribution (yellow boundary), being residual (< 1%) the contribution from the dielectric
walls (red boundary). Similarly, the electron current balance can be defined as, with identical meaning of
the subscripts:

Iprod + Iec = Lep + Low + Lea (3)

where all currents are considered positive and Iy = Ia + Iw = Ioc + Iic, with Ix = I.ao — I the net current
collected at the anode wall and Iw = I.w — Iiw the net current collected at the channel walls (only different
from zero for Case C-Tied here). The propellant utilization, current and charge efficiencies are defined,

respectively, as
mip I; emip
T = R TNecur = ) MNech =

m Id

(4)

where 7h;p is the mass flow of ions crossing the plume boundary, e the elementary charge and m; the
propellant atomic mass.
The time-averaged power balance is

b
milip

P = Pp + Py + Pa + Py, (5)

where P = I4Vy + P is the input power, which includes a tiny (~ 1%) contribution, Pg, from the electron
injection at the cathode; Pp is the flow of plasma energy across the plume boundary; Pyw and Pa represent
plasma energy flows on, respectively, the thruster walls (other than the anode) and the anode wall; and P
is the energy loss due to inelastic (ionization and excitation) collisions on the whole simulation domain. Py
is dominated by the contribution from the channel walls [yellow boundary in Fig. 2(a)].

The thrust efficiency in Eq. (1) is factorized as

T = MNenelldivT)disp» (6)

where 7ene, Ndiv and Nqisp correspond to energy, plume divergence, and velocity dispersion efficiencies defined,

respectively, as
Pp P,p F?
Tlene = ?7 Ndiv = P7P7 Ndisp = m; (7)

with P,p the flow of axial plasma energy through the plume boundary. 74;, assesses the plume divergence
based on axial energy and total energy flows, and nqisp quantifies the level of velocity dispersion of all plasma
species (which would be one for a beam constituted of mono-velocity particles).

Tables 3 and 4 present the relative contributions to the current and power balances, respectively, as
defined in Eqs. (2), (3) and (5), and their related partial efficiencies. Ton and electron currents and powers
at the thruster walls (subscripts W and A) are obtained from surface integrals of jni, —jne, Pr; and P/, in
Figs. 6(f) and (h), respectively, at corresponding walls. In Tab. 3, the electron current balance contributions
are normalized with Ip.oq (instead of Iproq+Iec) for a direct comparison to ion current balance contributions.
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Table 4. Terms of the power balance, with separated ion and electron contributions, according to Eq. (5),
and related partial efficiencies and total efficiency.

Case P Pyet/P || Pw/P | Pow/P | Pw/P || Pa/P | Pea/P | Pa/P || Nene (=Pp/P) | Naiv | Ndisp n
&W) | (%) (%) (%) (%) (%) (%) (%) (%) (%) | (%) | (%)
D 4.22 13.1 4.2 3.7 7.9 0.8 3.2 4.0 75.0 83.4 | 83.1 | 52.0
C-Float 4.18 13.3 4.9 3.3 8.2 0.8 3.2 4.0 74.5 83.7 | 82.8 | 51.6
C-Tied 4.19 12.8 3.9 5.3 9.2 1.3 1.4 2.7 75.3 83.6 | 82.1 | 51.7

Therefore, their summation surpasses 100%. For the ion current balance, Iic/Iproa amounts to about just
0.3% among simulated cases, and has been omitted in Tab. 3. The plasma power losses to the thruster walls,
Pyw and Pa, have been conveniently split into its corresponding ion and electron contributions, namely: Piw
and P,w, and Pp and P,a.

Simulation results show that global performance figures, including F, Iy, P, n (refer to Tab. 1), Iprq and
partial efficiencies in Tabs. 3 and 4 are not significantly affected by the change in the channel wall conditions,
and take values not far from those found for SITAEL’s HT5k.!? For all cases here, high values of 7, and
Neur are found, and the mean half-divergence angle based on energy flows is agjy = arccos \/naiv ~ 24 deg.
As for the HT5k, plasma recombination at the thruster walls is high since almost 60% of the produced ion
current is collected there (A + W). However, the total power deposited at the thruster walls is just 11-12%,
demonstrating the advantages of the MS topologies.

As anticipated from the analysis of Fig. 6, Cases D and C-Float exhibit a very similar distribution of
electron current to walls, while Case C-Tied is significantly different in this regard. In the latter case, there
is a deficit (in absolute terms) of around a 34% in Iea/Ipoa With respect to the other two cases, which
is compensated by a similar increase (in absolute terms) in Iew/Iprod, confirming the redistribution in the
electron current to walls from Cases D and C-Float to Case C-Tied. The terms of the ion current balance
Iiw/Iproa and Iia/Iprod, in Tab. 3, vary only slightly from Cases D and C-float to Case C-Tied. These
variations in I; (~ 3% of Ip0q) are caused by small changes in the gradients of ¢, required to redistribute I,
among the thruster walls. In Case C-Tied, the fraction of Iy that flows through the channel walls, Iw /14, is
approximately 75%. In Ref. 1, experimental observations for the H9C thruster in anode-tied configuration
yield Iw/Iq = 33 — 40%. Unlike the VHET-MS, the HIC features a MS topology without B null point
inside the thruster chamber.?” Differences in the magnetic topology (and geometry) could be postulated as
one of the main reasons for the disagreement in the fraction of I4 collected at the channel conducting walls.

Case C-Tied exhibits a 32.5% relative decrease of the power fraction to the anode wall Py/P with
respect to Cases D and C-Float, which is mainly driven by the lower electron current fraction to the anode
wall (53-54% relative decrease of Ioa/Ipoa). Reducing the heat load to the anode can help keeping anode
temperature at nominal operating conditions without the need of complex active cooling systems which can
pose severe restrictions for practical operation.?® Since njene = Pp/P remains approximately the same, the
lower Py /P implies higher Py /P in Case C-Tied. Appart from possible advantages due to the extra thermal
conductivity obtained from thermally connecting anode and conducting channel walls,! this redistribution
of the heat loads may be beneficial for thermal management, because thermal paths towards surfaces for
radiative heat rejection can be shorter from the channel walls than from the anode (i.e., it is easier to
evacuate Py than Py).

VI. Conclusions

This paper presents 2D hybrid fluid-kinetic simulations of a virtual 5 kW MS-HET, in which the material
of the channel walls have been switched from dielectric to conducting. Two different electrical configurations
have been considered for the conducting channel walls: floating and anode-tied.

Bulk plasma properties and main performance metrics, in agreement with previous experimental works,
are only slightly altered when conducting channel walls are considered, instead of dielectric ones. This
demonstrate that the MS-HET discharge can operate with conducting channel walls without loss of efficiency.
The plasma density, the plasma potential, and the electron temperature remain nearly the same for all cases,
exhibiting features typical of an effective MS topology. The magnitude that is mainly affected by the change
in the wall material (and electric configuration) is the electron current density within the thruster chamber.
Much slighter effects are observed for the current density solution of nearly unmagnetized ions. The case
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with conducting channel walls in floating configuration is, in terms of the electron current density map, very
similar to the dielectric case, because the total electric current collected by the channel walls is still zero and
14 remains roughly the same for all cases. In particular, both scenarios exhibit the same electron current
density and energy flux profiles along the anode wall.

In the scenario with conducting anode-tied channel walls, however, the channel walls collect an electron
dominated net current that amounts to 75% of I4, and a notably different electron current density 2D map
is obtained. Main differences are observed upstream the position of the magnetic null point within the
chamber, from where electron current is redistributed to the different thruster walls, with minimal changes
in the gradients of the electric potential and the plasma density. The redistribution of the electron current
to the thruster walls implies a reduction in the electron flux to the anode wall, which, in turn, reduces the
power deposited there and increases the heat load to the thruster channel (for the same total input power).
This fact presents potential advantages from the thermal management perspective. First, reducing heat
loads to the anode can greatly simplify anode thermal design and cooling strategies. Second, redirecting
thermal loads to the lateral walls can facilitate radiative heat rejection from the channel. This work shows
that it may be possible to achieve optimal distributions of heat loads to the thruster walls in MS-HETSs
with conducting walls, without significant performance degradation, which can be a key aspect to overcome
severe thermal requirements for the development of high power HETSs.
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