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A discharge channel with a chamfered wall not only has application in the design of modern Hall thrusters, but also
exists where the channel wall is eroded, and so is a common status for these units. In this paper, the laws and mechanisms
that govern the effect of the chamfered wall on the performance of a Hall thruster are investigated. By applying both
experimental measurement and particle-in-cell simulation, it is determined that there is a moderate chamfer angle that can
further improve the optimal performance obtained with a straight channel. This is because the chamfering of the wall near
the channel exit can enhance ion acceleration and effectively reduce ion recombination on the wall, which is favorable to
the promotion of the thrust and efficiency. However, the chamfer angle should not be too large; otherwise, both the density
of the propellant gas and the distribution of the plasma potential in the channel are influenced, which is undesirable for
efficient propellant utilization and beam concentration. Therefore, it is suggested that the chamfer shape of the channel wall

is an important factor that must be carefully considered in the design of Hall thrusters.

Keywords: Hall thruster, chamfered wall, discharge performance, physical mechanism

PACS: 52.75.Di, 52.30.—q, 52.65.Rr

1. Introduction

A Hall thruster is a type of advanced electric propulsion
used in space vehicles for station keeping, orbit raising, and
deep space exploration. Compared with chemical propulsion,
the Hall thruster has the advantage of high specific impulse,
which can greatly increase either the payload ratio of the satel-
lites or the total impulse of the propulsion system. Currently, it
is widely applied in the aerospace industry and is considered to
be a promising propulsion technology for future development
and application.[!!

In principle, the Hall thruster is a plasma discharge device
in which orthogonal electric and magnetic fields are utilized
to ionize and accelerate the propellant gas.!? It has a quasi-
axisymmetric structure; the propellant ionization and acceler-
ation usually take place inside an annular channel surrounded
by two lateral walls. To guarantee the efficiency of the pro-
pellant utilization, light-mass electrons are magnetically con-
fined and trapped inside the channel to ionize gaseous neu-
trals through collision. Heavy-mass ions, which are not mag-
netized, are accelerated electrostatically out of the channel to
produce thrust.

A Hall thruster with a chamfered channel wall is a fre-
quently encountered situation. At present, Hall thrusters can
be categorized as unshielded (US) and magnetically shielded
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(MS), depending on whether the channel wall suffers energetic
ion sputtering and erosion or not. As for the classical mod-
els of Hall thrusters, such as the SPT-1005! and PPS1350,
they are unshielded. In a US thruster, the channel is gen-
erally designed to be straight with a constant cross-sectional
area. This configuration has the advantage of simplifying the
thruster design. However, the wall section close to the channel
exit always suffers a severe ion sputtering and erosion effect,
which results in a chamfering of the channel wall.l In con-
trast, some modern models of Hall thrusters, such as the H6,°!
MaSMi-60,!7! and PPS-FLEX,®! are magnetically shielded.
In an MS thruster, the channel wall is artificially chamfered;
furthermore, the magnetic field near the surface of the cham-
fered wall is specifically designed to avoid ion sputtering and
erosion. An MS Hall thruster can maintain its initial cham-
fered wall shape well, which leads to a great extension of the
thruster lifetime.[%10]

A few studies have been reported on the effect of the
chamfered channel wall, or the channel configuration from a
more general perspective, on the discharge of Hall thrusters.
In the scope of US thrusters, Arhipov et al. numerically found
that the chamfering of the channel wall is favorable for the de-
crease of the wall loss; moreover, an increase of the chamfer
angle results in an increase in both the thrust and efficiency.!!!]
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Yamamoto e? al. experimentally found that the chamfering of
the channel wall affects the relationship between the oscil-
lation amplitude and the magnetic field intensity greatly.!!?]
Raitses et al. experimentally found that the propellant uti-
lization would be effectively improved by reducing the cross-
sectional area of the channel near the anode when the propel-
lant flow rate is low.[13! In the scope of MS thrusters, Mikel-
lides et al. provided strong theoretical and experimental evi-
dence that the design of the chamfered wall shape should en-
sure that the magnetic field lines graze the wall corner and the
grazing line must extend deep into the channel.['*!5] These
two principles are sufficient to warrant the effectiveness of
magnetic shielding. However, the issue that whether both the
MS effect and the optimal performance are achieved together
or not has not been addressed so far.

In this paper, experimental and numerical investigations
are conducted on a US Hall thruster. The focus is on an eval-
uation of the influence of the wall chamfer angle, along with
the magnetic field intensity, on the thruster discharge and per-
formance. Although a related study on an MS Hall thruster
is not presented in this paper, it is believed that the findings
on the US Hall thruster are fundamental and common, which
will motivate and inspire the study of the optimal design of the
chamfered wall shape in MS thrusters. The rest of the paper
is organized as follows. Section 2 describes the experimen-
tal design and apparatus, as well as the numerical model and
simulation method. The experimental result is presented and
analyzed with the support of simulation results in Section 3.
Conclusions are summed up in Section 4.

2. Research methods
2.1. Experimental design and apparatus

The first step in the preparation of the experiment is to
choose which section of the channel wall to be chamfered.
Here, the section corresponding to the acceleration region is
selected. This selection is theoretically expected to preserve
the propellant utilization and reduce the ion loss on the wall,
which is favorable for the performance optimization. Further-
more, as the sputtered and eroded section of the channel wall is
located right in the acceleration region, this region with an ar-
tificial chamfered configuration may approximate the status of
a US thruster at a specific stage of its lifetime. Consequently,
the discharge characteristics of a US thruster during its entire
lifetime could be estimated readily.

The inherent back-sputtering that occurs in the ground
test of a US Hall thruster makes the position of the acceleration
region well identified. The ground test is usually conducted
in a tank which is evacuated by pumps to simulate the ultra-
low pressure environment of space. The energetic ions ejected
out of the thruster channel can bombard the tank surface di-
rectly and sputter out the tank material, which then flows back

into the thruster channel and deposits on the wall.l'®! Gener-
ally, the channel wall, which is made of ceramics based on
boron nitride, is white in color; however, as the tank material
is mainly iron and carbon, the deposition causes the wall to
turn black. In most of the acceleration region of a US Hall
thruster, the wall erosion rate is generally greater than the de-
position rate; this section of the wall (namely the erosion belt)
thus remains white. Contrarily, the rest section of the wall is
black. This feature allows one to identify the position where
the wall surface changes obviously from black to white as the
starting position of the main acceleration region, namely the
position where the channel wall begins to be chamfered.

A US Hall thruster prototype P100, as shown in Fig. 1,
is used in the experiments. Its nominal power is 1.5 kW and
its original channel configuration is straight. The P100 has
the identical radial dimensions as the SPT-100. The inner and
outer diameters of the channel are 70 mm and 100 mm, respec-
tively. The magnetic field is generated with a soft magnetic
circuit and two series-connected circumferential coils. As will
be shown shortly, the excited field topology is very similar to
that of the SPT-100. The field intensity can be adjusted conve-
niently by varying the coil current.

Fig. 1. P100 Hall thruster.

Previous experimental experience tells that when a US
Hall thruster with a brand-new straight channel discharges
about two hours accumulatively, the walls become black and
white. Hereby, a pre-discharge experiment on the P100 is per-
formed over several hours to determine the wall section that
needs to be chamfered. The operation conditions of the pre-
discharge experiment are a discharge voltage Uy of 300 V and
an anode mass flow rate ritg of 5 mg/s. The propellant gas
is xenon. In addition, the coil current is chosen such that the
maximal anode efficiency is reached. On the basis of the above
preparation, the chamfered channel wall is manufactured with
the profile of the chamfered part linear for simplicity.

For experimental diagnosis, the thrust 7 and discharge
current Iy are measured. T is obtained with a three-wire tor-
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sion pendulum thrust stand. The measurement principle is to
equalize the thrust to the rotation angle of the torsion plat-
form, and then to convert the rotation angle into the linear dis-
placement of a laser beam, so that the linear displacement is
in direct proportion to the thrust. A standard weight is used
online to calculate and calibrate the thrust. Its absolute accu-
racy is 0.4 mN.['7] The discharge current Iy is measured with a
Tektronix TCP2020 current probe, and acquired and recorded
using a Yokogawa DL850E ScopeCorder; the recorded time
series data are then numerically processed to obtain the mean
and peak-to-peak values of the discharge current. Besides, the
anode efficiency 7, is calculated using Eq. (1). To facilitate
a better understanding of the chamfered wall effect, the ra-
dial distribution of the ion current density at the axial position
10 cm away from the thruster exit is measured with a fast-

sweeping Faraday probe.

T2
- 2aUqly”

Ta 6]

All the experiments are conducted in a vacuum tank at the
Harbin Institute of Technology. The tank has a length of 5 m
and an inner diameter of 2 m. The base pressure can reach
1.0 x 10~* Pa. With the discharge of the P100 at a xenon mass
flow rate of 5 mg/s, the working pressure corrected for xenon
is about 3.0 x 1073 Pa.

2.2. Numerical model and method

In order to reveal the underlying physics of the exper-
imental findings for the chamfered wall effect, a numerical
model which is solved using a particle-in-cell (PIC) technique
is applied to simulate the discharge process inside the P100.
Our group has previously established a PIC platform, which
is capable of simulating the Hall thruster discharge.!!'8] The
platform regards the propellant neutrals as a fluid flow and
solves only its axial density distribution to accelerate the con-
vergence. In this study, the platform is updated by treating the
neutrals as individual particles, such as electrons and ions, to
reflect a more realistic state of propellant dynamics. There-
fore, it is a full PIC simulation.

Taking into account the axial symmetry of the Hall
thruster structure, one can deem that the discharge is uniform
along the azimuthal direction, and only the variations in the
axial cross-section need to be considered. Therefore, the sim-
ulation model is built in the axial (z) and radial (r) planes,
as shown in Fig. 2. The chamfer angles of the inner and outer
walls are labeled as 6; and 6,, respectively. The line with » =0
represents the thruster axis. The radial dimensions of the chan-
nel are identical to that of the P100. The envelope length and

height of the domain are 60 mm and 100 mm, respectively.

r/mm
A open
boundary
100 TTTmITT
face of linear
«outer pole chamfered
section
anode 2

< gas distributor wall chamfering

detail
0; 1
«_face of :
inner pole
z/mm
0 >

23.5 60

Fig. 2. Simulation domain for P100 discharge.

The neutrals are treated as a free molecular flow, while
charged particles are driven under the combined effect of elec-
tric and magnetic fields and obey Newton’s laws. The mag-
netic field is static and derived from the magnetic circuit model
of the P100, which was preliminarily established and solved
with a freeware package, namely finite element method mag-
netics (FEMM).[!°1 The electric field, which rises from the
non-neutrality of local charge, is obtained by solving the Pois-
son equation. With respect to the collision between particles,
only single ionization, excitation, and elastic collision between
electrons and neutrals are considered. In addition, a Bohm-
type collision is taken into account to compensate for the in-
sufficient electron cross-field mobility. When a Bohm-type
collision occurs, the electron is elastically scattered in the axial
and azimuthal planes.'?! The collision frequency is described
as vg = CgeB/me, where Cp is an empirical coefficient. It
is well-known that based on the current knowledge of Hall
thruster physics, no model can exactly describe the electron
migration in a transverse magnetic field.”?!! It has been sug-
gested that the value of Cg outside the channel is greater than
that inside the channel.[*?! In this study, Cp is adjusted in each
simulation case to match the measured discharge current.

The simulation domain inside the channel includes three
solid boundaries. The left boundary represents the gas distrib-
utor; the propellant neutrals enter into the channel through this
boundary with a half-Maxwellian distribution. The anode of
P100, which is different from that of SPT100, is a metal ring
attached on the outer wall near the channel bottom. There-
fore, the upstream part of the upper boundary is the anode. By
reaching either the gas distributor or the anode, the neutrals
are diffusely reflected, the electrons are absorbed, and the ions
are neutralized and re-enter into the channel. The discharge
current is the sum of the anode electron and ion currents, and
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is calculated as Iy = e(N}}y, — Nfy,) /A, where N2}, and N},
are the respective numbers of electrons and ions reaching the
anode per time step Az. The potential on the anode is set as
the discharge voltage exactly. The metallic gas distributor is
floating and has a capacitance value of 1.0 x 1078 F. Its po-
tential is calculated as ¢ = Q/C, where Q is the net charge
accumulated by the distributor surface. The downstream part
of the upper boundary as well as the entire lower boundary is
the insulator wall, where secondary electron emission (SEE)
due to electron bombardment is considered. The SEE model

has been addressed elsewhere.[23-2

1 When heavy particles hit
the insulator wall, the neutrals are also diffusely reflected, and
the ions are recombined into neutrals and scattered. The wall
potential is floating and the normal electric field is calculated
as E, = —0/2¢g), where o is the net surface charge density and
€& is the vacuum permittivity. Further treatment of the particle-
boundary interaction, such as the energy accommodation, can
be found elsewhere. >

The simulation domain outside the channel is semi-open.
The left boundary, except the channel exit, is the faces of the
inner and outer magnetic poles. Since these faces are metalli-
cally floating, they are treated using the same method as that
used for the gas distributor. The lower boundary is the sym-
metry axis of the P100, so it is a mirror-reflecting boundary
and the normal electric field there is zero. The upper and right
boundaries are open; all species of particles are deleted from
the program when they pass through. By integrating the flux
and momentum of those deleted ions, the simulated ion current

I;, thrust 7', and propellant utilization 7, can be calculated as

I =eNy, /At
Nou
T =m; Z uiz,j/Ata
j=1
Nu = mil; /erp, 2

where N&t is the number of ions crossing the open bound-
aries, and m; and u;, ; are the ion mass and axial velocity, re-
spectively. The open boundaries are also quasi-neutral, which
is guaranteed by supplying extra electrons into the boundary
cells that are positively charged. The boundary potential is set
zero.

The numerical methods adopted to solve the particle
movement, electric potential, and particle collision are the
leap-frog algorithm,?”! dynamic ADI algorithm,?8! and MCC
algorithm based on null collision,?*! respectively. Rectangu-
lar meshes are used to discretize the simulation domain. Since
the chamfered sections of both the inner and outer channel
walls are sloped, they are approximated as a series of staircase
steps to conform to the rectangular mesh. Moreover, as the use

of real physical parameters in the full PIC simulation would

result in a significant and unacceptable computation time cost,
a technique proposed by Szabo for speeding up the simula-

1301 The technique decreases the

tion is applied to the model.
mass of the heavy particles (neutral and ion) M by a factor
of f and increases the vacuum permittivity & by a factor of
2, which could reduce the total simulation time by a factor of
yy/f. In Szabo’s latest work,3!! it was suggested that f = 625
and y = 20 would generate a satisfactory result, which agrees
well with experimental data. Accordingly, we choose the same
f (625) but a smaller y (12) here to obtain a more convincing
result.

To justify the simulation, it is planned to compare the wall
erosion based on the simulation results with the actual wall
erosion observed in the pre-discharge experiment. The simu-
lated wall erosion is quantified with the sputtering erosion rate
€, which is the result of the combined effect of the ion incident
current density j;, , kinetic energy K, and angle 0 on the wall,
as expressed in Eq. (3)

€= jiifo(0)fx (K), 3

where fg and fx are the sputtering yields due to the ion in-
cident angle and energy, respectively. ji,, K, and 6 can be
obtained based on the statistics of the quantities of the individ-
ual ions which impact the wall, and fy and fx are calculated
based on the models proposed in Ref. [14].

A maximum of 7476 meshes (84 x 89) are used in the
practical simulation depending on the magnitude of the wall
chamfer angle. For each species of super-particle, a total num-
ber of ~ 2.5 x 10° particles are simulated to guarantee an av-
erage number of ~30 in each mesh cell. Moreover, to save
the computation time, the numbers, positions, and velocities
of ions and neutrals are updated per 10 and 200 electron time
steps, which is validated to have little influence on the re-
sult. The simulation takes typically 10 days of CPU time on a

3.6 GHz personal computer for convergence.

3. Results and analysis
3.1. Measurements in different wall chamfer angle cases

First of all, it is necessary to introduce the pre-discharge
experiment results in the case of a brand-new straight chan-
nel. As shown in Fig. 3(a), with the increase of the coil cur-
rent (namely the magnetic field intensity), the discharge cur-
rent first drops down sharply, then decreases slowly in the coil
current range of 3.3 A—4.8 A (from which the nominal oper-
ation condition of a Hall thruster is usually picked), and fi-
nally increases moderately. The variation range is large (up to
0.6 A). Besides, as shown in Fig. 3(b), the oscillation ampli-
tude of the discharge current has a very similar variation to that

of the discharge current and is at a consistent low-level in the
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coil current range of 3.3 A—4.5 A. Nevertheless, the change of
the thrust is completely reversed. One can see from Fig. 3(c)
that, with the increase of the coil current, the thrust increases
rapidly first and then decreases; the variation range is as great
as 3 mN and the high thrust is achieved in the coil current
range of 3.3 A—4 A. The above magnetic mapping characteris-
tics accord well with those found in many other Hall thrusters

4.9 ‘ ‘ ‘ ‘ T
(a) =¥ straight channel
4.8 1 =% channel 1
- -8~ channel 2
E 4.7t -©-channel 3
&
g 4.6 1
o
& 4.5+
3
£ 4.4
g
a
4.3
>
4.2
3 4 5 6
Coil current/A
84 ; . : :
(c) =¥ straight channel
—¢channel 1
-8~ channel 2
821 -©-channel 3
Z,
g
~
7]
3
-
<
B

76 L L L L L L

Coil current/A

[32-34] The distinct variations between

with straight channels.
the discharge current and the thrust lead to the variation of the
anode efficiency as shown in Fig. 3(d). One can see that the
coil current in the range of 3.5 A—4.3 A is favorable for the ef-
ficient operation, where the anode efficiency is above 48.5%.
Besides, the anode efficiency is peaked at 49.3% when the coil

current is 3.8 A.

20 w w w w
(b) —¥- straight channel
=% channel 1
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Fig. 3. Measured (a) discharge current, (b) peak-to-peak value of discharge current (DC), (c) thrust, and (d) anode efficiency versus coil current at different

chamfered wall cases with Uy = 300 V and ritgy = 5 mg/s.

Under the condition that the peak anode efficiency is
reached, the P100 with the brand-new straight channel endures
a continuous discharge for about three hours. As shown in
Fig. 4, the lengths of the erosion belts on the inner and outer
walls Lero; and Lero o are measured to be 9 mm and 6 mm,
respectively. Three chamfered wall configurations are hereby
determined with their dimensions listed in Table 1, in which

the chamfer angle 6 is calculated as

6 =tan! @, 4)
LCl'O
where H,. is the thickness that is cut on the wall edge and
Lero 1s the length of the erosion belt, the schematic of which
is shown in Fig. 2. Limited to the finite thicknesses of the
straight channel walls, the chamfered wall case with a greater
angle is not considered.

)49

Fig. 4. (color online) Erosion belts of both (a) inner and (b) outer walls.
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Table 1. Parameters of chamfered channel walls.

Channel Inner wall Outer wall
Hey/mm  6/°  Heo/mm — 6,/°
! 3 184 2 18.4
4.5 26.6 3.5 30.3
3 6 337 5 398

Using the same operating conditions as those in the
pre-discharge experiment, the discharge characteristics of the
P100 with different chamfered walls are measured. One can
see obviously from Fig. 3 that the magnetic mapping char-
acteristics in all the chamfered wall cases are much different
from those in the straight channel case. In the case of channel
1, the discharge current increases gradually over most of the
range of coil current and the variation range is small (less than
0.25 A); meanwhile, the oscillation amplitude is almost un-
changed and the thrust decreases slowly with a total change
less than 1 mN. The minimal discharge current is obtained
at the coil current of 2.8 A, which is much lower than that
(4.8 A) in the straight channel case. Furthermore, the parame-
ter changes in both cases of channels 2 and 3 are fairly gentle
and almost the same. When the coil current is beyond 2.8 A,
the discharge current tends to increase, yet the increase rate
is much smaller than that in the case of channel 1; besides,
the oscillation amplitude decreases gradually while the thrust
increases gradually with a total change about 0.5 mN.

The above results indicate that the discharge characteris-
tics of a Hall thruster with the channel wall chamfered on the
erosion belt are much less sensitive to the magnetic field in-
tensity than those of a Hall thruster with a straight channel.
Moreover, the greater the wall chamfer angle is, the weaker
the effect of magnetic field intensity is. This finding is novel
and unexpected. The only thing that can be certain is that this
discrepancy is related to the change in the plasma-wall inter-
action due to the chamfering of the walls. However, the inter-
nal physics is hardly obtained due to the limitation of current
knowledge. In principle, the electron cross-field mobility as
well as the discharge current should be inversely proportional
to the magnetic field intensity when the electrons are magne-
tized; nevertheless, the measured discharge current shows an
increase with the field intensity at a certain range, and this
range is greatly enlarged when the channel wall is chamfered
(see Fig. 3(a)). Therefore, the magnetic mapping characteris-
tics, especially when the channel wall is chamfered, are hard
to be explained at present. In other words, the analysis on the
variation of the discharge current with the wall chamfer an-
gle in the whole coil current range is impractical, particularly
when the variation trends below 3.5 A and beyond 4.3 A are
quite different.

Anyhow, in respect of the quantitative change of the dis-
charge performance in the coil current range of 3.5 A—4.3 A,
where the P100 operates efficiently with the straight channel,
both the thrust and the anode efficiency increase first and then
decrease with the wall chamfer angle entirely, as shown in
Figs. 3(c) and 3(d). The maximums are reached in the case of
channel 1. That is to say, a modest chamfering of the channel
wall is favorable to optimize the performance of Hall thrusters.

Figure 5 presents the measured ion current profiles at the
coil current of 3.8 A, at which the peak anode efficiency in the
case of the straight channel is reached. One can see that the
maximum of the ion current density declines and the full width
at half maximum (FWHM) of the distribution expands with
the increase of the wall chamfer angle. The reason is that the
chamfering of the wall leads to the augmentation of the chan-
nel cross-sectional area near the channel exit, which causes an
extension of the radial space for ion inhabitancy and conse-
quently a decrease of the radial span of high ion density. It is
noted that all the measured profiles are non-centrosymmetric.
This is because although the collection plate of the Faraday
probe was calibrated to be parallel to the exit plane of the
P100 before the experiments, the thrust generated from the
discharge creates a deflection of the torsion balance as well as
the thruster and consequently the probe does not sweep strictly

along the thruster radial direction during the measurement.
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Fig. 5. (color online) Measured radial distribution of the ion current den-
sity at different chamfered wall cases with Ug = 300 V and ritp = 5 mg/s.

3.2. Analysis of the driving mechanism based on simula-
tion results

The most important finding in the experiments is that
the high performance in the straight channel case can be fur-
ther promoted by chamfering the channel wall moderately. It
is thus necessary to probe into the corresponding discharge
mechanisms with simulation. The simulation parameters then
need to be determined. The discharge voltage, anode mass
flow rate, and wall chamfer angles are selected as those used
in the experiments. Besides, as both the discharge current and
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thrust of the P100 with the straight channel change little (less
than 3% and 1%, respectively, obtained from Figs. 3(a) and
3(c) in the coil current range of high performance (i.e., 3.5 A—
4.3 A), only the magnetic field corresponding to the coil cur-

0.2 0.5 0.8 1.1 1.4

0.07

rent of 4 A is chosen. We have explained above that it is not 0.06
capable to analyze together the cases of the coil current below
3.5 A and beyond 4 A at present; therefore, they are not con- g 0.05
sidered in the simulation. Furthermore, the employed empir- ;;;
ical Bohm coefficients for each channel case are listed in Ta- e 0.04
ble 2, which are determined by cut-and-try method to reach the i
measured discharge current. It can be seen that only the coef- 0.03
ficient inside the channel is adjusted while the coefficient out- i
side the channel is unchanged. This treatment may be a rough 0024 0.02 0.04
approximation, but it is reasonable since the change of anoma- Axial/m
lous electron mobility, if any, originates exclusively from the 0-07r
change of the channel configuration. In the remainder of the 0.06 i
paper, the chamfer angle of the inner wall is used to represent i
the different channel cases for the convenience of plotting the £ 0.05 i
simulation result. %
ks
Table 2. Empirical Bohm coefficients used in the simulation. = 0.04
Case Inside channel Outside channel 0.03
0° 1/140 1/16
18.4° 1/125 1/16 0.02 5 553 oo
26.6° 1/105 1/16 Axial/m
33.7° 1/100 1/16 0.07
The magnetic field topology used in the simulation is pre- 0.06 I
sented in Fig. 6, accompanied by the converged steady distri- i
butions of plasma density for all the channel cases. It can be & 0.05 L
seen that the area of high plasma density is concentrated in ?
the upstream half channel, which is closer to the anode than to E 0.04
the exit. Moreover, the density peak decreases monotonically
with the increase of the wall chamfer angle, while its position 0.03
is almost unchanged. With the subsequent ion acceleration, 7
the erosion belts are formed on both the inner and outer walls 0.02(; = 003
downstream of the high-density area. As shown in Fig. 7, the T Axial /m ’
simulated wall erosion rate in the straight channel case indi- 0.07
cates that the lengths of the erosion belts Leyo; and Lego o are
10 mm and 6.5 mm respectively, which are very close to those 0.06 |
observed in the experiment. The simulation is thus justified to
a certain extent. £ 0.05)
The simulated discharge current obtained with the tabu- B
lated empirical coefficient is almost the same as the measured £ 0.04
one, as shown in Fig. 8(a); the maximum relative difference is
less than 1%. Moreover, as shown in Figs. 8(b) and 8(c), the 0.03
simulated thrust and anode efficiency present the same vari-
ations as the measured ones; both of them increase first and 0.02 0.02 0.04
then decrease with the wall chamfer angle. Although the dis- Axial/m

crepancy of the anode efficiency between the simulation and Fig. 6. (color online) Plasma density contours at wall chamfer angles of
(a) 0°, (b) 18.4°, (c) 26.6°, and (d) 33.7°. Also presented is the magnetic
field configuration used in the simulation. The discharge voltage is 300 V

and the anode mass flow rate is 5 mg/s.

105209-7

measurement is relatively large compared with those of the
discharge current and thrust, it is still as small as 5%.
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Fig. 7. Axial distribution of normalized erosion rate estimated with simu-
lated ion parameters on the wall in the straight channel case.
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Fig. 8. (a) Discharge current, (b) thrust, and (c) anode efficiency versus
wall chamfer angle and the discrepancy between the simulation and mea-
surement results. The discharge voltage is 300 V and the anode mass flow
rate is 5 mg/s.

It is noted that the optimal wall chamfer angle at which
the thrust and anode efficiency reach their maximum values is
approximately 20°, which is very close to the one determined
in experiments. Therefore, both the measurement and sim-
ulation confirm that a Hall thruster designed with a straight
channel configuration does not necessarily have an optimum
performance. As such, a chamfered channel configuration de-
serves attention when designing a powerful Hall thruster.

As the discharge current changes little with the wall
chamfer angle, the variation of the thruster performance is
dominated by the variation of the thrust. Hence, the mecha-
nism involved in the thrust variation is analyzed below. The
thrust 7 is the reaction of ejection of those energetic ions out
of the channel, and so can be calculated as

T =1V, &)

where rit; is the ion mass flux, which can be obtained by count-
ing the number of ions that escape the simulation domain from
the downstream open boundaries per unit time. Vj; is the aver-
age axial velocity of those escaping ions, which is dominated
by the acceleration electric field. Therefore, the interpretation
of the thrust variation should originate from both the propel-
lant utilization and the potential distribution.

There are two likely reasons for the absence of the max-
imum thrust in the straight channel case. Firstly, the ion ac-
celeration efficiency with a straight channel is smaller than
that with a chamfered channel. As shown in Figs. 9 and 10,
as the wall chamfer angle increases, the potential inside the
channel increases, the peak position of the ionization rate is
unchanged, and the FWHM of the ionization rate curve is nar-
rowed. Combining these two distributions, one can obtain that
the plasma potential at the peak location of the ionization rate
is the lowest in the straight channel case; therefore, the ma-
jority of ionized propellant receives the weakest acceleration
when arriving the downstream open boundaries in this case.
Secondly, the propellant utilization with a straight channel is
not the biggest. It is well known that part of the ions would
inevitably collide with the channel walls and be neutralized in
the acceleration region, owing to the existence of the radial
thermal pressure and electric field.[*! As the mean free path
of ion-wall collision can be regarded as the channel width, it
is the shortest in the straight channel case, and so the colli-
sion frequency as well as the neutralized ion population is the
biggest. This is evidenced in Figs. 10 and 11. One can see that
in the straight channel case, the ionization rate in the ioniza-
tion region is the greatest; the neutral density therefore drops
down to the lowest level there. However, in the vicinity of the
channel exit, the ionization rate becomes the greatest again;
the neutral density also becomes the biggest. The only reason-
able explanation is the reentrance of those neutralized ions into
the plasma bulk. Therefore, the effect of ion recombination on
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the wall lowers the propellant utilization with a straight chan-
nel. Figure 12 presents the utilization efficiency by integrating
the flux of the escaping ions. One can see that the propellant
utilization is indeed depressed in the straight channel case. In
summary, due to the combined effect of the weak acceleration
and intense wall recombination of the ionized propellant, it is
difficult to guarantee the maximum thrust in the straight chan-

nel case.
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Fig. 9. Simulated distribution of plasma potential along the channel cen-
terline at different channel cases.
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Fig. 10. Simulated distribution of ionization rate along the channel center-
line at different channel cases.
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Fig. 11. Simulated distribution of neutral density along channel centerline
near channel exit at different channel cases.

91.5~ , ‘ ‘ ‘ ‘ .

x 91.0

~

g

2 90.5

+

@

N

= 90.0

+

=

< 89.5

=

T 89.0

R

0

—

A 88.5¢ ]
88.0 4 : : ‘ ‘ ‘ -

0 5 10 15 20 25 30 35
Wall chamfer angle/(°)

Fig. 12. Simulated propellant utilization versus wall chamfer angle.

10 T .
====clastic 0°
====clastic 18.4°
====clastic 26.6° ou
8 [ ====glastic 33.7° T

s Bohm 18.4°
s Bohm 26.6°
6 [ reveeeee Bohm 33.7°
total 0°
total 18.4°
total 26.6°

Electron collision frequency/10%s™*

4 total 33.7° 1
miiny,
L]
ot '.. RS ]
... W ‘.““..
n“““‘.'.“‘ ..'

0 5 10 15 20

Axial/mm

Fig. 13. (color online) Simulated distribution of electron collision fre-
quency along channel centerline at different channel cases.

One point which deserves further discussion is the distri-
bution of plasma potential shown in Fig. 9. It is well known
that the potential distribution in a Hall thruster is the result
of the distribution of electron cross-field mobility. When the
magnetic field is fixed, the mobility is proportional to the elec-
tron collision frequency. The higher the frequency, the greater
the mobility and the smaller the potential drop. From the sim-
ulated electron collision frequency shown in Fig. 13, one can
see that most of the mobility is contributed by Bohm-type col-
lision near the channel exit, whereas by electron-neutral elas-
tic collision near the channel bottom. Neither the ionization
frequency nor the excitation frequency is present since they
are much smaller than the elastic frequency. In view that the
plasma potential drops mainly in the downstream half section
of the channel as shown in Fig. 9, the mobility due to the
Bohm-type collision dominates the potential profile. As the
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Bohm-type frequency increases gradually with the wall cham-
fer angle, the potential drop inside the channel decreases. Note
that the variation of Bohm frequency is strongly correlated
with the selection of the empirical Bohm coefficient listed in
Table 2. Taking into account the good accordance between the
measurement and the simulation, it is suggested that a cham-
fered wall promotes the anomalous mobility. However, the un-
derlying physics is hard to be identified and beyond the scope
of the present work. A specific study is necessary in the future
to investigate this phenomenon.
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Fig. 14. Simulated distribution of neutral density along channel centerline
before thruster ignition at different chamfered wall cases.

There are also two reasons which account for the decline
of the thrust as the wall chamfer angle is increased excessively.
Firstly, the propellant utilization decreases with the wall cham-
fer angle. The main cause is the change of the propellant flow
distribution at an overlarge chamfer angle, which is different
from the effect of ion recombination on the wall in the straight
channel case. As shown in Fig. 14, with the increase of the
wall chamfer angle, the propellant density inside the chan-
nel decreases monotonically before ignition, which inevitably
leads to the global reduction of the ionization rate (see Fig. 10).
This is a sign of propellant utilization loss. Secondly, the di-
vergence loss of the ion beam increases with the wall chamfer
angle. The channel chamfering results in a broadening of the
channel width and consequently an increase of the potential
drop between the plasma bulk and the wall (see Fig. 15); the
ion radial velocity thus increases. However, figure 9 indicates
that the ion acceleration voltage changes little at all the cham-
fered wall cases, which means that the final total velocities of
the ions are almost the same. Therefore, the ion axial veloc-
ity decreases with the wall chamfer angle as shown in Fig. 16.
The divergence loss of the ion beam thus increases. This ar-
gument can be verified by the measured ion current profiles in

Fig. 5. As only the ion axial velocity contributes to the thrust,

it is deduced that some thrust is lost when the wall chamfer
angle is overlarge.
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Fig. 15. Simulated radial distribution of plasma potential at different
chamfered wall cases.
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Fig. 16. Simulated radial distribution of the ion axial velocity on the down-
stream open boundary at different chamfered wall cases.

4. Conclusion and perspectives

The influence of a chamfered channel wall on the dis-
charge of an unshielded Hall thruster has been investigated
using a combination of experimental measurements and nu-
merical simulations in this paper. The optimal performance
of a Hall thruster is not necessarily achieved with a straight
channel. A channel with a chamfered wall would be favor-
able to further improve the thruster performance. Specifically,
a moderate chamfering can increase the ion acceleration volt-
age and reduce the ion recombination on the wall effectively;
besides, it hardly disturbs the distribution of both the propel-
lant flow and the plasma potential. These effects guarantee
an improvement of propellant utilization and acceleration, and
consequently an overall improvement of the performance.

A valuable and currently unexplained finding in this study
is the significant variation of the magnetic mapping character-
istics of Hall thrusters with the wall chamfering, which in-
dicates a great change in the electron cross-field transport.

At present, all existing investigations concerning the electron
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transport focus on the situation of straight channel configura-
tion, from which electron drift instability has been proposed
to account for the anomalous mobility. =38 Therefore, in or-
der to understand the effect of wall chamfering on the electron

transport, the characteristics of electron drift instability as well

as other discharge fluctuations, such as the rotating spike, [*°!

should be examined carefully in the case of chamfered chan-
nel configuration. The relevant work is on-going and will be
reported soon. In addition, a further and similar study on a
magnetically-shielded Hall thruster is also deserved and will

be carried out in the future.
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