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Abstract

In the future, LEO spacecraft will be larger and higher powered. Because of the balance of leakage currents through ambient
space plasma, their main conductive body will have a higher negative potential without plasma contactor operation. When
spacecraft operate with a higher voltage, more intensive electric breakdown, i.e. arcing, is suspected to occur on the surface. In this
study, unsteady physical processes inside an arc spot, such as ablation and heating of insulator, and plasma generation and acceleration
etc, were studied using Computational Fluid Dynamics (CFD). Direct-Simulation-Monte-Carlo Particle-In-Cell (DSMC-PIC)
plasma simulation was also carried out to examine influences of ambient space plasma on plasma expansion processes outside the arc
spot. The calculated arc current increased with time; had a peak and then decreased. Inside the arc spot, the caleulated plasma
resistance rapidly decreased with time; was kept low level and jumped just before extinguishment of arc.  As a result, the plasma
resistance characteristics agreed with the arc current characteristics. The calculated ablation rate rapidly increased with time; had a
peak and then gradually decreased, although the calculated arc spot diameter gradually increased with time. Furthermore, the
calculated arc spot diameter gradually increased with initial stored energy, although it was smaller than experimental ones. Both the
neutral particle number density and the electron number density were the highest near arc initiation and decreased with time.  Both
the mumber densitics were relatively high inside the arc spot compared with those outside it.  The temperature of insulator surface in
contact with plasma rapidly increased up to 5000 K near arc initiation and gradually decreased to 4000 K. Outside the atc spot,
neutral particles in addition to charged particles around spacecraft played an important role in expansion of arc plasma by intensive
ionization near the arc spot.  Accordingly, high voltage operation of LEO spacecraft might bring drastic degradation of insulator
surface by arcing, depending on insulator material properties and ambient plasma conditions.

1. Introduction

Spacecraft are in a severe environment in space.  Their surfaces are exposed to energetic and reactive particles, such as electrons,
ions, protons and oxygen atoms and ultraviolet light, including particles exhausted from plasma thrusters, during space missions.
The environmental effect plays a crucial role in determining the spacecrafl’s reliability and lifetime [1].  Although the number density
of ions such as oxygen and nitrogen is smaller than that of atomic oxygen in LEO, electrostatic interactions between the surface
materials and the ambient plasma, such as negative or positive sheath creation, and charging and arcing phenomena, frequently occur.
The ions are accelerated in a negative potential sheath on a solar array; the current generated by the solar array is leaked by impact of
the jons, and the solar aray is still degraded by sputtering and arcing due to the collected ions [2],[3]. Accordingly, the
environmental factors cause changes of chemical structures of spacecraft materials and their optical and/or electrical properties [4][5].
In GEO satellites, it is well known that the electrical breakdown of negative charging on their msulating surfaces causes intensive
damages in the systems. In plasma contactor operations, the negative charging is expected to be mitigated by ions attracted from the
plasma, resulting in surface degradation as well as in cases with high voltage solar arrays [6]-[8]. The mechanism of the material
degradation, the structure of electrical sheaths and the charging and arcing processes must be understood.

In Osaka University, the structure of an ion sheath created around a high voltage solar array and the degradation of surface
materials near the array due to high energy ion bombardment have been investigated [2],[3],[5].  The mitigation of negative charging
by plasma flow, 1.e. the feature of plasma contactor operations, has also been studied [6]-{9].

In the fisture, LEO spacecraft will be larger and higher powered. Because of the balance of leakage currents through ambient
space plasma, their main conductive body will have a higher negative potential without plasma contactor operation. When
spacecraft operate with a higher voltage, more intensive arcing is suspected to occur on the spacecraft surface [10],[11].

In this study, unsteady physical processes inside the arc spot, such as ablation and heating of insulator, and plasma generation and
acceleration etc, are studied using Computational Fluid Dynamics (CFD). Direct-Simulation-Monte-Carlo Particle-In-Cell
(DSMC-PIC) plasma simulation is also carried out to examine influences of ambient space plasma on plasma expansion processes
outside the arc spot.

This document is provided by JAXA.



9th Spacecraft Charging Technology Conference 581

2, Hazard of Drastic Destruction of Spacecraft Surface Materials by Arcing in Plasma Environment

In general, the spacecraft conductive body, as shown in Fig.1, has a negative potential, near solar array voltage, on potential of
space plasma. It is called absolute negative charging. Then, positive charging occurs on an insulator of the spacecraft surface.
The large insulator works as a capacitor with a high capacitance. As shown in Fig.2(a), if electric breakdown occurs between the
spacecraft conductive body and space plasma, i.e. destruction of the insulator by arcing, arc currents flow through several paths until
neutralization of charge is finished. As a result, the arc current flowing from space plasma to the arc point of the spacecraft
conductive body, as shown in Fig.2(b), is very high because of the high capacitance of the insulator. The arcing is suspected to
intensively degrade insulator materials of spacecraft surface, specially with a high voltage solar array. Furthermore, the arcing
characteristics are considered to depend on feature of space plasmas near spacecraft surface because interaction between electrons
extracted from the arc spot and the ambient space plasma is expected to occur [10],[11]. Intensive arcing is suspected to occur in
some ambient plasma environment.
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Fig2 Current paths for arcing on surface insulator between spacecraft conductive body and space plasma.
3. Plasma Simulation

3.1 Are Spot Growth Simulation by Computational Fluid Dynamics Code
Unsteady phenomena in an arc spot, such as ablation and heating of insulator, and plasma generation and acceleration etc, are
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Fig3 One-dimensional flowfield model for arc spot growth on spacecraft insulator.

numerically simulated using a one-dimensional fluid model. The calculation model, as shown in Fig.3, includes ionization under
local thermodynamical equilibrium (LTE condition), ablation of the insulator wall, convection loss by electron, ion and neutral particle
onto the wall, radiation loss from plasma, and heat conduction inside the insulator material.

The following conservation equations of mass, axial momentum and energy are made.

Mass: M+M=2nw :
ot ax

where o isplasma density, u axial plasma velocity, A cross-sectional area of arc spot, R radius of arc spotand I' ablation flux from
the insulator wall.

Axial momentum:
d(Apu) 0O 2 OA
——+—3A Pli=P—
ot o Al P =P @)
where P is pressure,
Energy:
% I % [Au(E i P)] = A(QJ a Qrad o Qconv H Qab) l (3)

where E is internal energy, Q; heat by Joule heating, Q.4 radiation heat loss, Q. convection heat loss, and Q, additional heat due to
ablation mass from the insulator wall.
The following Saha equation and circuit equation are required.

Saha equation:
o’ Tc% (Zm’ne% ) eV,
=2 - exp| —
l-a Ph kT

e

@

where « is degree of ionization, T, electron temperature equal to ion and neutral particle temperatures, e electron charge, m, electron
mass, h Planck constant, V; ionization voltage, and k Boltzmann constant.

Circuit equation:
d*Q dQ
Lo & +(R0+RD)I+QICO =0 ®)
R, = [(n/A)dx

where Lg, Ry and C; are inductance, resistance and capacitance, respectively, in electric circuit itself, Q electric charge, R, plasma
resistance, and 7 plasma resistance per unit area and unit length,
In energy equation (3), the heating ad cooling terms are introduced as follows.

This document is provided by JAXA.



9% Spacecraft Charging Technology Conference 583

Joule heating: Q. =nj
=

©)
where j is axial current density.
Radiation cooling: !
0Q,,=1.57x10% 1> T/ )
where 1, is electron number density.
Convection cooling:
2nR 8
={(q +q,+
Qconv (qe 1l Qn) Tch
qe =@ - 2KT, ©)
q; =9, {2K(T, = T,) + e ¢} (10)
g =0 2KT -T )
in Tn AN ¢ w/ (1 l)

where ¢, g; and g, are energy flux nto cylindrical spot wall by electron, ion and neutral particle, respectively, ¢.¢;and ¢ , number
flux by electron, ion and neutral particle, respectively, ¢ sheath voltage, T;, T, and T,, temperatures of ion, neutral particle and wall,

respectively.
The wall sheath voltage and the number fluxes due to thermal motion are written as follows:
kT T m,
— € ln <3 i
¢ 2e [Timej (12)
)
1 (skrY?
¢ =P g nmi) (13)
)
_1 a 8kT, %
® =7 o, (14)

where 1y is ion-mass, and n, neutral particle density.
The additional heat by ablated particles is represented as follows:
Qg =T/m, - 2kT, - 2% (15)
ab i w R 2
The number flux of ablated particles from the spot wall into plasma is as follows:

N
m' - 7N
— |P, (16)

vap

=0, |

\ 27kT,, )

logP,,, =-T./T, +P, : (17)
where «. is sticking coefficient, Py, vapor pressure, and T, and P, characteristic temperature and pressure, respectively. In this
calculation, a material of aluminum oxide (anodized aluminum) is used. The oxide thickness is 1.3 um as well as those of
Japanese Experimental Module in International Space Station. The values of «y, T, and P, are 1.0, 27320 K and 11.296 Torr,
respectively, and the plasma heavy-species particle is assuimed to have the average mass of alumina atomic components.  The value
is m=3.4x10kg, and the ionization voltage is assumed to be Vi=5.5 V.
At the boundary between the cylindrical spot wall and the plasma, the following energy relationship is needed:

=N

el o100 ™ amT (18)
0 27R
where A is thermal conductivity, and AH energy for decomposition of alumina. The cylindrical unsteady equation of heat

conduction is solved inside the alumina material.  The exhaust plasma plume outside the arc spot is also modeled as divergent nozzle
expansion without wall losses.  The divergent half-angle is determined to be 20 deg.

Because it is difficult to model electrical breakdown of the insulator, a very small hole of 10 nm in diameter is located as the
initial condition, and a low-density and low-temperature plasma ( o =1.0x10 kg/m’, E=1.0x10° J/m’) is settled in the hole.

Afier all equations are normalized, the unsteady flowfield equations of (1), (2) and (3) are calculated by MacCormack scheme,
and then the circuit equation (5) is solved under fixed flowfield condition by time step using the four-order Runge-Kutta method.

3.2 Plasma Expansion Simulation by Direct-Simulation-Monte-Carlo Particle-In-Cell Code

Direct-Simulation-Monte-Carlo Particle-In-Cell (DSMC-PIC) plasma simulation is carried out to understand features of plasma
expanding from an arc spot on a spacecraft surface into the ambient plasma just after arcing.  Figure 4 shows the two-dimensional
calculation model.  The calculation domain is 0.03 m x 0.03 m, and the grid number is 64x64. Electrons are injected from an arc
spoton Y-axis corresponding to a spacecraft insulator surface. The width of the arc spot is assumed to be 2.36x10™ m from the
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(b) Time variation in voltage applied at arc spot for calculation.

Fig4 Two-dimensional model of Direct-Simulation-Monte-Carlo Particle-In-Cell (DSMC-PIC) simulation for
electron-flow-induced plasma expanding from spacecraft surface into ambient plasma environment.

experimental data [10],[11]. As shown in Fig4(b), the electrical potential of the arc spot is linearly applied in time, and then a
constant electron charge of 2.0 Coulomby/sec is introduced from the arc spot. In the ambient plasma environment, there exist
electrons, ions and neutrals. Both elastic and ionization collisions between electrons and neutrals are considered. Both electrons
and ions move electrostatically. The kinetic equations of electron and ion, and Poisson’s equation are governing ones, and Leap Flog
scheme and Successive-Over-Relaxation method are used for their integrations. In boundary conditions, electric potential is zero on
free boundaries in the ambient plasma, and its second-order derivative is zero on a solid boundary of the spacecraft insulator surface
with the arc spot. Reflection of particles coming to the solid boundary is considered with assumption of conservation of energy and
reflected angle independent of incoming angle.
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4. Calculated Results and Discussion

4.1 Arc Spot Growth on Spacecraft Surface Insulator
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(b) Ablation rate and arc spot diameter.

Time variations of arc current, plasma resistance, ablation rate and arc spot diameter at an initial stored
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Fig.6 Time variations of plasma resistance dependent on
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stored energy characteristics.

Figure 5 shows the time variations of arc current, plasma resistance, ablation rate and arc spot diameter at an initial stored energy

of 4.8 mJ. The arc current increases; has a peak at 3.5 1 sec and then decreases.

The plasma resistance rapidly decreases; is kept

low level and jumps just before extinguishment of arc.  As a result, the plasma resistance characteristics agree with the arc current

characteristics. The ablation rate, as shown in Fig.5(b), rapidly increases; has a peak at 1 1 sec and then gradually decreases.

the other hand, the arc spot diameter gradually increases and almost does not change above 5 1 sec.
Figure 6 shows the time variations of plasma resistance dependent on initial charging voltage at a capacitance of 0.1 uF

[10],[11].

On

When the initial charging voltage changes from -200 to -500 V, the plasma resistance decreases in a wide range of time.
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Fig.8 Axial variations of neutral particle number density and electron number density dependent on time at an initial

stored energy of 4.8 ml.
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Fig9 Time-dependent temperature distribution inside the insulator.

This is because plasma heating is enhanced as increasing initial stored energy. Accordingly, the calculated arc spot diameter, as
shown in Fig.7, gradually increases with initial stored energy, and a fitting curve of d=3.04x10°Eo*'is obtained. However, the
calculated spot diameters are smaller than experimental ones [10],[11]. 'We need improvement of the calculation model.

Figure 8 shows the axial variations of neutral particle number density and electron number density dependent on time at an initial
stored energy of 4.8 mJ]. Both the number densities are the highest near arc initiation and decreases with time. They are relatively
high inside the arc spot compared with those outside it, and particularly the difference is large with electron number density.  This is
because of intensive ablation and Joule heating inside the arc spot and because of plasma expansion outside it.
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Figure 9 shows the time-dependent temperature distribution inside the insulator.  The temperature of insulator surface in contact .
with plasma rapidly increases up to 5000 K near arc initiation and gradually decreases to 4000 K. The temperature nside the
insulator also increases to a few thousand K in a range of 6-10 um.

4.2 Plasma Expansion Feature from Arc Spet on Spacecraft Suface _

We examined the time variations of patterns of electron number density, ion number density and plasma potential af an initial arc
spot potential of -200 V with an ambient plasma condition of plasma density 1.0x10" m, neutral particle density 1.0x10" m™ and
electron temperature 2.0 eV [10],[11].  Electrons injected from the arc spot rapidly expanded. The ion number density increased
toward the arc spot. This is mainly considered because of intensive ionization due to high-energy electrons near the arc spot and
because of ions electrostatically atiracted toward the arc spot.  The plasma potential pattern agreed with those of electron and ion
densities. From the plasma potential pattern, the electric field was very high near the arc spot and decreased outwards. The spatial
change in plasma potential expanded up to 2 sec because of drastic phenomena just after start of arcing, i.. ionization, and rapid
motions of electrons and ions, and after that the area became small.

We examined the patterns of ion density and plasma potential dependent on neutral particle number density at 8 u sec affer start
of arcing. There existed a high ion density region in front of the arc spot. When the neutral particle density increased, the area
became large because of more intensive ionization. Then, a higher electric field was created near the arc spot although the area
intensively concentrated near the arc spot.

Accordingly, the plasma expansion feature strongly depend on characteristics of ambient plasma, specially neutral particle
number density.

5. Conclusions

Unsteady physical processes inside an arc spot created on spacecraft surface insulator due to electrical breakdown, such as
ablation and heating of insulator, and plasma generation and acceleration etc, were studied using Computational Fluid Dynamics
(CFD). Direct-Simulation-Monte-Carlo Particle-In-Cell (DSMC-PIC) plasma simulation was also carried out to examine influences
of ambient space plasma on plasma expansion processes outside the arc spot.  The calculated arc current increased with time; had a
peak and then decreased. Inside the arc spot, the calculated plasma resistance rapidly decreased with time; was kept low level and
jumped just before extinguishment of arc. ~ As a result, the plasma resistance characteristics agreed with the arc current characteristics.
The calculated ablation rate rapidly increased with time; had a peak and then gradually decreased, although the calculated arc spot
diameter gradually increased with time.  Furthermore, the calculated arc spot diameter gradually increased with initial stored energy,
and a fitting curve of d=3.04x10”°Ey" " was obtained. Howeve, the calculated spot diameters were smaller than experimental ones.
Both the neutral particle number density and the electron mumber density were the highest near arc initiation and decreased with time.
Both the number densities were relatively high inside the arc spot compared with those outside it, and particularly the difference was

Jarge with electron number density. The temperature of insulator surface in contact with plasma rapidly increased up to 5000 K near
arc initiation and gradually decreased to 4000 K. Cutside the arc spot, neutral particles in addition to charged particles around

ot FEPN S, TR

spacectaft played an important role in expansion of arc plasma by intensive jonization near the arc spot.  Accordingly, high voltage
operation of LEQ spacecraft might bring drastic degradation of insulator surface by arcing, depending on insulator material propetties
and ambient plasma conditions.
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