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Abstract: An axial-azimuthal simulation of a Hall thruster using the hybrid model is
conducted to investigate the effects of azimuthally non-uniform propellant feeding. In
the results, azimuthally non-uniform distributions of plasma properties are captured. The
trend of increasing discharge current with increasing azimuthal non-uniformity is con-
firmed. The azimuthal phase shift is observed between the electron density and space
potential at the downstream region. This phase shift is considered to enhance the electron
transport, and the reason of discharge current increase is attributed to this enhancement
of electron transport.

Nomenclature
B = magnetic flux density
lo = electron internal energy
k = reaction rate coefficient
Ne = electron number density
T, = electron temperature
Ug = electron velocity
ap = Bohm diffusion coefficient
aR = energy loss coeflicient
'y = neutral number flux density
v = collision frequency
e = electron mobility
10) = gpace potential
Qe = electron Hall parameter
Subscripts
€ = cross-field
ion = ionization
ela = elastic
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I. Introduction

ALL thruster is a promising candidate of high-power electric propulsion system which enables next-
ngneration missions such as the manned Mars mission and solar power satellite. In Japan, a collaborative
research has been initiated to develop a 5 kW class thruster with anode layer (TAL).! In the development
of the TAL, one of the important issues is how to reduce the discharge current oscillation.

One proposed method to reduce the discharge oscillation is the addition of azimuthal non-uniformity.
Figure 1 shows the operation of a 0.6 kW-level TAL with the azimuthally non-uniform propellant supply.? It
has been reported that the azimuthal non-uniform propellant feeding is effective in mitigating the discharge
oscillation. However, it has also been reported that the discharge current is increased, and eventually the
thruster performance is degraded. To attain the balance between the low discharge oscillation and high
thruster performance, the, a further investigation on the effects of azimuthal non-uniformity is required.

The objective of this research is the numerical analysis on the effects of azimuthal non-uniformity in the
Hall thruster discharge. An axial-azimuthal two-dimensional simulation based on the particle-fluid hybrid
model is conducted. As the method to introduce the azimuthal non-uniformity, non-uniform propellant
feeding is treated in this paper.

II. Axial-azimuthal Two-dimensional Hybrid Model

II.A. Electron basic equations

The fundamental equations for electron fluid are the two-dimensional electron mass and momentum conser-
vation equations in quasi-neutral plasmas, and one-dimensional energy conservation equation. In the mass
conservation equation, the electron number density is treated as a time-constant distribution by assuming the
quasi-neutrality. Thus, the mass conservation equation is regarded as the equation of continuity as follows:

V - (nelle) = NeVion- (1)
Conservation of the electron momentum is derived by assuming inertialess electrons, as follows:
—Te [M] V(b + [M] \Y (neTe) = _neﬁm (2)
where the electron mobility tensor [u] is given as follows:
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Electron temperature is assumed to be axisymmetric, owing to the large electron mobility in the azimuthal
direction. Hence, the energy conservation equation is calculated only in the axial direction. In the energy
conservation equation, the kinetic energy is neglected, and the conservation of electron internal energy is
considered. The energy conservation equation is written as follows:

0 (3 0 (5 5 oT, 0
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Figure 1. Thruster operation with azimuthal non-uniform propellant supply. (a) front view, and (b) side view.
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where ap is the coefficient to handle the energy losses of ionization, excitation, and radiation with single
term. This coefficient is experimentally determined as a function of electron temperature.® It is noted that
the energy losses to the channel walls are assumed to be negligibly small.

II.B. Electron mobility

In the previous numerical works of axial-azimuthal hybrid simulations, the classical electron mobility was
used.®5 However, according to the recent particle simulations which reproduced the empirical anomalous
electron transport, the wavelength of the fluctuation in the azimuthal direction may be in mm-order.%”
Because the present simulation handles the full cylinder of the Hall thruster discharge channel, it is difficult
to resolve the fluctuations in mm-order. Hence an anomalous electron transport model is needed.

A lot of models have been proposed for accurate expression of the mobility in the perpendicular direction
of magnetic lines of force. The most standard model may be to include both of the classical and anomalous
diffusions as follows:

He B
— . 5
1+Q2  16B (5)

where ap is the Bohm diffusion coefficient. Referring the previous studies about the ag,® the axial distribu-
tion of ap is determined as shown in Fig. 2(a). A representative example of axial distribution of cross-field
electron mobility is presented in Fig. 2(b).
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Figure 2. Axial distribution of (a) Bohm coefficient ag, and (b) anomalous electron mobility.

ITI. Numerical Method and Calculation Condition

III.A. Ions and Neutral Particles

The ionization collision frequency and total collision frequency are calculated by using the collisional reaction
rate coefficients.? It is noted that only first-ionization of xenon is treated in this calculation. Inter-particle
collisions are neglected in the present simulation. To simplify the calculation, the effect of ion magnetization
is neglected.

The advancement of each particle is implemented by the leap-frog method, which produces a second-order
time accuracy. A first-order particle weighting, or cloud-in-cell model'? is used for the weighting function
in the PIC method. The time step interval is set as At ~ 1.0 x 10~ s. The number of macro particles is
adjusted to make each cell contains ~ 200 macro particles averagely, and usually ~ 10° macro particles flow
in the calculation region.

ITII.B. Electron Mass and Momentum Equations

In conventional approaches, Eq. (1) and Eq. (2) are integrated into an elliptic equation to solve for the
space potential.!! It has been reported that there is a numerical instability in the potential solver for the
axial-azimuthal coordinate.’ In the electron mobility tensor in Eq. (5), the non-diagonal elements can be
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significant compared to diagonal elements, since {2, > 1 in Hall thrusters. In this case, this equation becomes
an anisotropic diffusion equation, and it is difficult to maintain a stability while computing this equation
because the cross-diffusion terms cause failure of the diagonal dominance of the coefficient matrix.'?
Alternatively, the hyperbolic-equation system approach using pseudo-time advancement terms is consid-
ered. This approach has been developed for robust computation of magnetized electron fluids. The processes
for deriving the hyperbolic system were presented elsewhere.' ' In the sub-loop for the electron mass and
momentum equations, the calculation must be continued until a steady-state is reached, since these equations
are handled as time-independent equations. In the hyperbolic system approach, a preconditioning technique
is effective to avoid the numerical stiffness and accelerate the convergence. Here, Eq. (2) is converted as
follows:
-,

—eneVo + V (endu) = —Mmelela
¢ ( ) S

Nele, (6)

Pseudo-time advance terms of electron momentum are introduced to Eq. (6). This preconditioning method
is quite simple, but it is supposed to be effective in avoiding the issue of numerical stiffness in the hyperbolic
system approach. In the present simulation, a second-order upwind method using the total variation dimin-
ishing monotonic upwind scheme for conservation laws (TVD-MUSCL) technique with the minmod limiter
function, is used for space discretization. Concerning the time integration, an implicit method based on the
alternating-direction-implicit symmetric Gauss-Seidel (ADI-SGS) method!® is implemented.

ITI.C. Electron Energy Equation

The electron energy equation is calculated only in the axial direction, and electron temperature is assumed
to be symmetric in the azimuthal direction. Two-dimensional plasma properties such as the ion density
and neutral density are averaged in the azimuthal direction to produce axial distributions. These axial
distributions are used in the calculation of electron energy equation. Electron internal energy i, is selected
as the variable for the electron energy equation, and Eq. (4) is rewritten as follows:

0ie 0 ) .
5 + P2 (Cie — Die) = S, (7)
where . 9 . 96
C= g (uc + ,UIC,LTC% (h’l nc)) 5 D= g,UfC,LTC; S = encuc% — Q€E€ionMNelVion- (8)

Eq. (7) is regarded as a standard advection-diffusion equation. The advection term is discretized by using a
second-order upwind method. The diffusion term is discretized by using a second-order central differencing.
The time integration is implemented by using a first-order fully implicit method incorporated with the direct
matrix inversion method. The electron energy equation is handled as time-dependent, and the time step is
typically set as 1.0 x 1079 s.

III.D. Calculation Condition

In this study, an SPT-100 like Hall thruster is assumed as the calculation target. The input parameters are
presented in Table 1 and the calculation region is illustrated in Fig. 3(a). A 48 X 48 rectangular mesh is
used in the computation, for both of the PIC and electron fluid calculations. Fig. 3(b) shows the assumed
axial distribution of magnetic flux density. The peak magnetic flux density B, is set as 17.5 mT in this
paper.

To simulate the condition of azimuthal non-uniform propellant feeding, the neutral injection rate from
the anode is controlled. In this simulation, a sinusoidal distribution of anode neutral flux I', anode is assumed

as follows: r or N r
I‘n:l“n,ave<1—n’difcos(7r y)) 0< —ndif g (9)

Fn,avc Ly n,ave

where I';, ave is the average neutral flux density. I'y gif/T'n ave is the differential neutral flow ratio, and if this
ratio is large, a strong non-uniform propellant feeding is achieved. The integer number N determines the
number of neutral flow ports for high and low mass flow rates. In this simulation, N is selected as 2 to
reproduce the situation in Fig. 1.
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Table 1. The input parameters assumed in the simulation.

Parameter Value
Mass flow rate 5.0 mg/s
Discharge voltage 300 V
Channel centerline diameter 80 mm
Channel width 15 mm
Anode temperature 850 K
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Figure 3. (a) Calculation region and 48 x 48 computational mesh. (b) Axial distribution of radial magnetic flux density.

IV. Results and Discussion

IV.A. Axial 1D Simulation Results of Uniform Supply Case

In advance of the axial-azimuthal 2D simulation, an axial 1D hybrid PIC simulation has been conducted.
The purpose of this simulation is to verify that the electron mobility model in the present model yields
reasonable distributions of plasma properties. The condition of uniform propellant supply is simulated.

The simulated axial distributions of plasma properties are shown in Fig. 4. The peak ion density is
~ 1.0 x 10" m—3. This value is approximately one-order higher than the typical simulated ion density in
the axial-radial simulation of SPT-100.16 The large ion density is attributed to the assumption of no ion
loss to the channel walls. The peak electron temperature is ~ 60 eV, and this value is also large compared
with the previous simulations of SPT-100. The reason of the high electron temperature is also associated
with the zero electron energy loss to the channel walls.

The simulation is successfully continued for 5 ms despite the existence of breathing oscillation. The
distributions of space potential and electron temperature are considered to be reasonable. Hence the electron
mobility model is supposed to be useful for the numerical experiments of non-uniform propellant supply cases.

IV.B. Axial-azimuthal 2D Simulation of Non-uniform Supply

Axial-azimuthal 2D simulations are conducted for non-uniform propellant supply cases. The inflow neutral
flux is controlled by setting N of 2 and I'y, gif/I'n,ave 0f 0.0 to 1.0 with the interval of 0.2. The distributions
of electron number density and space potential for the cases of I'y, gif /T’y ave 0f 0.0, 0.6, and 1.0 are shown in
Fig. 5.

In the electron number density distributions, the azimuthal non-uniformity becomes stronger as the
differential neutral flow ratio is increased. The peak of electron density exists at azimuthal position of 90
and 270 deg, which correspond to the region of high neutral inflow fluxes. The space potential distribution
also becomes non-uniform in the azimuthal direction in the cases of non-uniform propellant supply. High
space potential regions are observed at around the regions of high electron density. It is considered that
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Figure 4. Time-averaged axial distribution of plasma properties in the case of uniform propellant supply (I'n qif/T'n,ave =
0.0) simulated by the axial 1D hybrid PIC code. (a) neutral number density n,, (b) ion number density n;, (c) space
potential ¢, and (d) electron temperature T,

these high potential regions are formed by the mechanism of ambipolar diffusion. The electron streamline
distribution becomes complicated when the non-uniform supply is applied. As shown in Fig. 5(a2), in the
case of uniform supply, the electrons basically move in the azimuthal direction, and they gradually approach
the anode. However, in the cases of non-uniform supply, the electrons move downstream and upstream, with
rotating in the azimuthal direction. This electron motion is supposed to reflect the direction of F x B. It
is concluded that the present model captures the plasma properties non-uniform in the azimuthal direction
and complicated electron streamlines, when the azimuthal non-uniformity is introduced.

The trends of discharge current and ion beam current are examined when the azimuthally non-uniform
propellant supply is applied. Figure 6 shows the discharge current ion beam current for various I'y, gif/T'n ave
values, normalized by the I'y gif/T'n ave = 0.0 case values. The discharge current gradually increases as the
differential neutral flow rate becomes larger. On the other hand, the ion beam current remains almost
constant. This tendency is consistent with the experimental results.? The present model reproduces the
trend of increasing discharge current with maintained ion beam current when the azimuthal non-uniformity
becomes stronger.

The reason of increasing discharge current is further investigated. In the non-uniform supply cases, the
azimuthal electric field Ey is generated. Thus, the axial electron flux induced by Ey x B, is supposed
to play an important role. The azimuthal distributions of electron number density and space potential of
Tyaif/Tn,ave = 1.0 case is shown in Fig. 7. As shown in Fig. 7(a), at the location of peak electron density
at z = 16 mm, the azimuthal phases are almost matched between the electron number density and space
potential. In this case, the same amount of electron fluxes are induced to the upstream and downstream
directions, and hence they are cancelled out. However, at the downstream region at z = 40 mm, the phase
shift is observed between the electron number density and space potential. The high electron density regions
exist in the regions of 90° < 6§ < 135° and 270° < 6 < 315°, and at that region, +FEjy is generated. On the
other hand, at the low electron density regions, — Fy is generated. Therefore, the electron flux flowing to the
upstream direction is increased as a net current. It is considered that the azimuthal non-uniform propellant
supply enhances the electron transport at the downstream region. This enhancement is the reason for the
discharge current increase in the cases of non-uniform propellant supply.

The phase shift between the electron density and space potential has also been observed in the numerical
analyses of turbulent-induced anomalous electron transport and rotating spokes.% 17 The research about the
similarity between the artificial azimuthal non-uniformity and anomalous electron transport is reserved for
future study.
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Figure 5. Time-averaged two-dimensional plasma properties in the cases of (a) I'y aif/T'n,ave = 0.0, (b) 'y aif/T'n,ave = 0.6,
and (c) I'y qif/Tn,ave = 1.0. (al), (bl), and (cl) are the electron density, and (a2), (b2), and (c2) are the space potential
overlaid with electron streamlines.
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Figure 7. Azimuthal distributions of electron density and space potential at (a) z = 16 mm and (b) z = 40 mm.
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V. Conclusion

The effects of azimuthal non-uniform propellant supply are investigated by using the axial-azimuthal
hybrid model. In the present model, the space potential is calculated in axial-azimuthal two dimensions,
whereas the electron temperature is assumed to be axisymmetric. The anomalous electron mobility is adopted
and the effects of channel wall is neglected. Electron flux conservation is strictly calculated by using the
hyperbolic system approach.

In the simulation results of non-uniform propellant supply cases, the azimuthally non-uniform plasma
properties are successfully captured. Owing to the generation of Ey, the electron flow behavior is complicated
in the non-uniform supply cases. The trend of increasing discharge current with maintained ion beam current
as the azimuthal non-uniformity becomes strong, is confirmed. Further, the reason of the discharge current
increase is investigated. The azimuthal phase shift is observed between the electron number density and
space potential, at the downstream region. It is considered that the azimuthal non-uniform propellant
supply enhances the electron transport at the downstream region, resulting in the increment of the discharge
current. This mechanism may be similar to the physics of turbulent-induced anomalous electron transport
and rotating spokes. Currently, experimental measurements of plasma properties in non-uniform propellant
supply cases are being conducted by using the RAIJING66 thruster.'® One of the future works will be to
validate the model by comparing the simulation results with measurements.
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