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A surface charging module is developed and integrated to the DRA CO code in COLI-
SEUM for modeling electric propu Ision plume interactions. This module has the capabili ty
to model charge depositio n and propagation inside a comp osite surface. Surface charging
stud ies are presented for a comp osite sphere under plum e imp ingement and for a combined
condu cting-d ielectric str uctu re in the solar wind.

I.  Intr oducti on

There hasbeen signibcart progressin modeling electri c propulsion plume spacecraft interactionsin recert
years. Existing models range from system level engineaing tools designed to produce quick estimations
to prst-principle basal models designed to simulate the detailed physics using fundamental physics laws
with few asaimptions. The particle-in-cell (PIC) algorithm is applied in most brst-principle basel electric
propulsion plume models. Due to computation al constr aints, PIC simulations of eledric propulsion plumeare
modly applied to simplibed spaceraft models and conpgurations. Hence, PIC models of eledric propulsion
interactions are so far used asresearc tools rather than engineeing tools. In order to develop an engineering
designtool using particle simulations, one needsto build up a code that is sophisti cated enough sothat the
complex details assaciated with a real spaceaaft aswell asall the physicsinvolved can be modelled properly.
It must also be computationally elc ient enough so large-scale 3-D particle simulations can be performed
routinely. A new eledric propulsion simulation padkage, DRACO, is currently being developed with these
objectives in mind.

DRACO is part of the Air Force Resarch LabOAF RL) COLISEUM padkage and is designed for high
Pdelity simulati ons of eledric propulsion and spaceraft plasma interactions for realistic spaceaaft. (Seeg for
example, Ref. 1D4for a desaiption of the DRACO code, its basic algorith m, and some of its applications.)
For the past year, our developmert €'ort has been to further expand DRACOOgapability so this package
may be usel as a virtu al testbed for spacecraft using electric propulsion. This paper and two companion
papers>® presert some of the new capabiiti es that were integrated into DRACO recertly. This paper
discusesthe ongoing work in developing a surface charging module.

Surface charging is a particular ly important interaction aspect for spacecaft using eledric propulsion,
sincean electric thru ster propels a spacecraft by cortin uously emitting a partial ly ionized plume. Spacecaft
charging hasbeen a subject of extensive researd (for instance, seeRef. 7D10and referencestherein). In most
electric propulsion plume models, the spaceaaft is typically modelled as a perfed conductor. The e"eds
of plume interactions with more complex surfaces, such as cover glass on solar array and/or conductor with
insulation coating, have not beenmodelled in detail. Hence the focusof this study is on di"e renti al charging
on dielectric surfaces

Sectionl| providesan overview of the DRA CO software and discussesthe algorithms and modelsinvolved
in the surface charging module. Section 111 presents two applications of using DRACO for surface charging
modeling. Sedion IV contains a summary and conclusions.
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[I. Algorithms and Mo dels

A. DR ACO Overview

DRACO is a multi-pu rpose electrostatic PIC simulati on package. T he badc function of an eledr osatic PIC
code is to solve the eledric beld sdf-consistently with the boundary conditions and the spacecharge of the
particles from the PoissonOsquation

V- (1oV#) = e(ne — i) . (1)
and the trajectories of each charged particle from NewtonOsecnd law

dx
dt -

DRACO allows a user to choose from two di"e rent simulation enginesto solve the above system. The brst
is basa on the standard Pnite di"erence PIC (FD-PIC) and the second is based on the recently developed
immersed-brite-elemernt PIC (IFE-PIC).4 11

The FD-PIC simulation engineis a direct derivative of the 3-D plasma particle simulation codes previously
developed by J. Wang to simulate ion thruster plume interactions'? and ion optics plasmaRow.*® The plume
simulation model in Ref.12 produced reaults that are in excellent agreement with data from Deep Space 1
in-Bight measurements and the ion optics model in Ref.13 produced results that are in excdlent agreemert
with data taken during the long duration tests of the NSTAR thruster. The FD-PIC simulation engine
is intended for problems with relatively simple geonetric conditions. To resolve the geometry asscciated
with a curved surface a method of sub-grid scale placement of boundaries is used. This method explicitly
includesthe location of object surface in relation to the computation al mesh so that the placement of the
object boundary is not restricted to the meshpoints. The electric Peldis obtained by solving the Poisson®
equation using a dynamic alternating direction implicit (DADI) method with a defect correction using the
Douglass-Gunn operator splitti ng.> This DADI method was chosen over other algorithms for its increasel
stability properties over fully explicit methods, and its relatively simple tridiagonal system of equations
produced by the partial ly implicit nature of the method.

A PIC basedmodel of spaceraft interactionsrequires oneto resolve acaurately the e"ectsfrom spacecaft
boundaries on plasmas. In mog cases complex geonetries are bed handled by a body-bt unstructured mesh
using tetrahedral elements. An unstructured mesh based particle code can, however, be computationally
expensive compared to a standard Cartesian mesh PIC code. In a standard FD-PIC code, the memory
location for quartities debred in neighboring cdls can be found trivi ally via indexing. This is in contrag to
an unstructured mesh wherethe neighbors of a given cell must befound by lookupsin atable or other meth ods
requirin g additional memory referencesand computati on time. Moreover, for an unstructured medh, a fairly
complex scheme is typically needed to determine a particleDsew cell. These added complexiti es not only
make large-scale 3-D simulations expensive computational ly, but alsocomplicate the parallel implementation .
On the other hand, a Pnite di"e rence based Peld solver using the Cartesian meshesis susceptib le of losing
acauracy in the beldsin the vicinity of a irregular boundary.

The IFE-PIC is a hybrid Pnite-elemernt and bnite-di"erence particle-in-cell algorithm. In IFE-PIC, the
PoissonOsquation (1) is solved using the recertly developed immerseal-bnite-elemert method.!* A major
attr action of the IFE method is that it allows the use of a structured mesh generatedindependent of the
internal object boundary to solve problemsinvolving complex internal boundaries This allows a PIC codeto
retain the standard particle push speed. It wasshown that the IFE retains the numerical accuracyassociated
with body-btted Peld solvers.

The IFE-PIC algorithm usesa uniform Cartesian-tetr ahedral mesh. The primary mesh is the Cartesian
mesh. Each primary Cartesian cdl is further divided into bve tetrahedral elements. Particle push is per-
formed using the primary Cartesian mesh (the PIC mesh). The electric Peldis solved using the tetrah edral
mesh (the IFE medh). As illustrated in Figure 1, since the mesh used by IFE-P IC is generated independert
of the object boundary (i.e. the interface) inside the simulation domain, some of the cells in the mesh will
intersea with the object boundary. Hence, the elements used by IFE include (1) interface elements, i.e.
those elements whoseinteriors are cut through by the object, and (2) non-interface elements.

In order to perform simulations for realistic spaceraft, DRACO hasthe capabhility to read in spacecaft
conkgurations debPned by CAD tools. The output from CAD tools are stored in an ANSYS Ple. An object-
mesh interpolation module, VOLCAR, is developed as the interface between CAD dened object surface

%(mv) =F=qgg, v= (2)
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Figure 1. The Cartesian-tetrahedral mesh used by IFE-PIC (2-D projection). The circular internal object
boundary represents an interface surface in the simulation domain. Those cells containing the interface are
interface cells. The physical jump conditions at interface are used to determine the IFE basis functions for the
two portions of the interface cell (the pink region and the light green region).

and the PIC code. VOLCAR performs the Qirtersedi onOoperation to identify the intersections by an object
onto the computati on mesh.

B. Particle-Surface Intersection

In order to model particle-surface interactions, one needsto determine the particle impact location on a
surface acaurately. The algorithm for determining particle surface intersection for an arbitrarily debned
surface element is showvn in Figure 2. If an intersection occurred during one particle push step, then the
particleOsprevious postion is calculated and depending on the type of cell the intersecting surface can be
determined. T he surfaceindex is stored aspart of the cell structure for interface cells, but for boundary cdls
the face of the cdl that the particle pased through must brst be determined. If a particleis in an internal
cdl then the particle is moved back along its path until it is in an interface or boundary cdl.

Aft er the index of theintersecting surface is determined, the particle is movedto the point of intersection.
The fraction of the time step required to move the particle to the intersedion point is calculated. The surface
normal vedor is determined and used to perform the surface interaction. The particles position is updated
again using the fraction of time step.

C. Surface Interacti ons for Inciden t Parti cles

When a particle impacts a surface, its charge is absorbed and the particle becorresa neutral particle after
collision. The surface material property determines whether the neutral particle would be rel3et¢ed back
to the simulation domain or OdpositedOto the surface and if it is reRectea, the particleDsafter collision
velocity. lon impingement may also cause sputt ering of surface atoms. The after-collision properties of the
incident ions are specibedin the DRACO input blesfor every neutral or ion particle and surface material
pair thr ough the following coelcie nts.

Stickin g Coeff icient The sticking coelc ient, us, debnesthe percentage of particles that will be ab-
sorbed by a surface The sticking coelc ient can be used to assign pumping speeds for vacuum tank sim-
ulations or monitor ing re-depostion of sputtered material.> To determine if a particle sticks to a surface
a random number is picked between zero and one and if that number is less then sticking coelc ient the
particle is removed from the simulation.

Acco mmodation Coef ficient The acoommodation coelcie nt, p,, determines the percertage of the
magnitude of the particles velocity that acoommodates to the surface temperature. The thermal velocity
of the surface Vi, is calculated using the temperature of the surface. For every impact, neutral or ion
particles, a random normal vector is computed until the vector points in the positive direction relative to the
normal vedor of the intersecting surface The new velocity vector of the ref3ected parti cle is computed using
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Figure 2. Flowchart of Determining Surface Section of Surface Intersection Algorithm

the random normal vedor, initial particle velocity, thermal velocity at the surface, and the accommodation
coelcie nt.
V = [Vo + Ha (Vin — Vo) h (3)

D. Surface Char ging

DRACO allows the user to specify a composite surface such asthat shown in Figure 3. This example shovs
a typical model for a solar array element, where the blue area represents the dielectric cover glassfor solar
cdl and the green arearepresents the conducti ve badk panel the internal spacecraft area. When an ion or
electron hits the surface, its chargeis brst stored on the nodesthat make up the spaceaaft surface and then
moved based on material properties and the local electric Peld inside the material. The surface potential
is calculated basal on the values of the internal potential, #;, the surface charge gs, and the capacitance
of the surface element. For the example shown in Figure 3, the cover glassis thin compared to the overall
spaceraft size and thus the cover glasscapadtance is simply C ~ A/t , where A is the surfacearea, t the
thickness,and ! the permit tivit y of the material. Hence

& _

_#i+q‘;t

Al

#s= # + C

(4)

For a conducting surface the charges colleded will be distributed such that the surface potential is
uniform. However, for a dieledr ic surface, the local surface potential is determined by local charge deposition
from Eq. (4). In order to determine the local charge depostion ¢ and local surface potential #, one must
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Figure 3. Model for a solar array element

brst calculate the current conducted from the surfaceto the interior of the spaceraft aswell asthe current
Bowing along the surface. The following calculations are implemented in DRACO for such a calculation.

Current from Surface to Interior: The current density from surfaceto interior js is a function of electric
Peld E and conductivity $.

j =$E (5)
whereE = %. The total eledric Peld inside the material is the di"erence between the two opposing belds
due to the charge on the interior Ejs and surface Eg; of the cover layer

- _H G
ES - EIS ESI - t Al (6)

The current thr ough the dielectri ¢ surface can then be determined from eq(5)

| "
A G

is=jsA=$ — (7)

Surface Current: The calculation of charge propagation along the surface is handled in several steps.
First, the eledric beld is solved between all neighboring nodes, a and b, on the surface separated by a

distance, dx, from
#a - #b
dx ®)

Since each element is Rat, and only the beld between adjacent nodesis considered,this can be considered a
1-D problem in the local area of interes regardess of the actual geometry. Current density can therefore be
calculated per unit length by multip lying the electric bPeld by the material conductivity

jab = $Eap 9

and the current between nodesa and b is given by

Eap = —

iab = japdy (10)

Finally, the current betweenead sd of the n neighboring nodes is multipl ied by the timestep and added up
to obtain a changein charge on ead node.

doy = $Qinadt (11)
The spaceaaft Boating potential, or the spacecraft ground #;, is determined from the total current balance
$Ii(#)=0 (12)

wherethe incident currents I; are obtained from DRACO simulations of the plasma surrounding spaceraft.

E. Spherical Probe I-V Char acteristics

Before we move on to charging calculations, it is important to validate that the colledion of current from
ambient plagna is calculated correctly. A seies of tests on current calculation simulations have been carried
out during the course of DRACO development. One sud test is shown in Figure 4 which comparesthe
current-voltage characteristics for a spherical probe obtained using DRACO with the analytical solution.
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This test was carried using the full particle PIC where both ions and eledr ons are modelled as macro-
particles. For this test, the spherical probe is taken to have a radius of 1.5mm. The probe is immersed
in a stationary Maxwellian plasma. The plasma parameters are showvn in Table 1. The comparison shows
an almost exact agreement between the DRACO results and the analytical results. Error comes from the
variance in particle Bux to the probe.

ion density (m' 3) 3 x 1012
electron density (m' 3) | 3 x 10%?
temperature (K) 750
ion O+

Table 1. Plasma parameters for spherical probe test

1.00E-03
1.E[00 1.Ep01 1.Ef#02 1.E[03

1.00E-04

1.00E-05 =

Current Collected (A)

1.00E-06

0O- Simulation Current

Sphere Potential (V) —r+ - Analytic Current

Figure 4. Current collection on sphere from full PIC simulation compared to analytical results

[1l.  Appl ication Exampl es

A. Plume Impi ngement on Comp osite Spheres

The brst example investigates surface charging induced by the impingement of ion thruster plume. The
simulation seup is shavn in Figure 5. In this simulation, a composte sphere is placed in front of an ion
thruster beam in a vacuum environmert. The spherematerial properties and dimension and the thruster
parameters are listed in Table 2.

nd Xe+ (#im"3)

8.09524E+16
T.205T1E+16
6.47619E+16
5.EBEBTE+16
4.85714E+16
=i 4.04762E+16
32381E+16
2.42857E+16
1.6160BE+16
8.09524E+10
0

Figure 5. Simulation setup for a sphere under the impingement of ion thruster plume. The number density
of thruster plume is also shown
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Sphere

Caz1l Case 2 Cas 3
surface conductivity (Sm' 1) 0 10 % 10 °
surface permitti vity (Fm' 1) 10 11 10 ° 10 °
surface thickness (mm) 1 1 1
initial potential (V) 0 0 0
interior sphere capadtance (pF) N/A N/A 0.168
interior sphere conductivity (Sm' 1) N/A N/A 101t
interior sphere charge sink charge sink conductive body
sphere radius (mm) 15 15 15
distance from center of sphere to thruster (mm) | 0.2 0.2 0.2

Thruster

thruster exit radius (mm) 0.025 0.025 0.025
mass Row rate (kgs' 1) 1.089x 10 © | 1.089x 10 © | 1.089x 10 ©
exit temperature (K) 19161 19161 19161
exit velocity (ms' 1) 11604 11604 11604
beam divergence(°) 10 10 10
ion X et X et X et

Table 2. Parameters for sphere under plume impingement test

The sphere considered here consistsof an interior sphere with a thin coating. Three di"erent material
compositions are presented here. In the brst two cases, the interior sphere is assimed to be charge sink.
All charge that reachesthe interior sphere is removed immediately. The coating shell in the brst caseis
non-conductive (e.g. glas9 and in the second caseis semi-conductive (e.g. silicon). In the third cas, the
charge sink is removed and the interior sphere is a conductor not connected to a ground and the coating is
again sem-conductive.

Figure 6 compares the response in surface potential for ead case In this bgure, the view angle is a
45 degree with resped to the thruster bring direction to show both sidesof the sphere. When the surface
coating is non-conductive, the result shows that a di" erertial charging of 110V is developed between the
side fadng the thruster and the side opposite the thruster due to non-uniform charge deposition on surface
by the plume. In Case2, due to bnite surface conductivity, a portion of the charge deposited to the surface
Rows through the coating into the interior sphere where it is removed. T his results in a beam side potential
of lessthan 1V. However, asthe rest of the charge deposited is eith er stored in the coating or Rows along
the surfacg a non-uniform potential develops on the surface. In Case 3, the conductive interior allows a
redistribution of the charges that Bow through the coating. As a reault, the surface has a uniform potential
distribution equal to the Roating potential.

B. Combination Structur e in a Solar Wind Plasma Environm ent

We next consider a combination of structures of di" erert materials immerseal in a plasma. The structure
consideredis a sphere with a thin panel, as showvn in Figure 7. We assume that the panel may have an
internal potential di"e rence of 60 Volts covered by a surface coating between the two ends of the panel. The
sphereis electri cally connectal to the negative ground of the panel. The sphere or the panel may be covered
by di"e rent materials. For simplicity of the study, no internal circuit is considered. The charged collected by
the structure is allowed to redistrib ute on the surface based on material conductivity and the local electric
beld inside the material. Hence, this test casedoes not represent an actual spaceaaft with a solar array
panel.

The plasma environment consideredis similar to that of the solar wind at 1AU. The plasma parameters
are showvn in Table 3. The only current sources considered here are the ambient eledr ons and ions. Other
current sources such as photoelectrons, are not consideredhere. The spaceraft is taken to be a sphere
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Figure 6. A surface under ion thruster plume impingement: surface potential contours. Top: interior charge
sink with a non-conductive surface (case 1). Middle: interior charge sink with a semi-conductive surface.
Bottom: a conductive sphere with a semi-conductive surface.
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conrected to a panel. The parameters for the spaceaaft setup are listed in Table 5. Full particle PIC is
usedfor this simulation.

Ner (cm' %) | 3.5
Te1 (€V) 40
ni; (cm' 3) | 35
Ti1 (eV) 10
Vg (kms' 1) | 400

Table 3. Parameters for ambient plasma environment

INTERMAL_PHI (V)

Figure 7. Spacecraft geometry and initial driving potential map

Dielecric Elements

conductivity (Sm' 1) 10 10
permittivit y (Fm' 1) 10 1t
surface thickness (mm) 25
Conductive Elements
conductivity (Sm' 1) 10t
body capacitance (F) 27.78x 10 ©
Geomdry
sphere radius (m) 0.25
panel length (m) 1
panel width (m) 0.5
panel thickness (m) 0.05
distance between sphere and panel (m) | 0.10

Table 4. Parameters for components of spacecraft

We consider four di"erent spaceaaft conbgurations. The results for surface potential distrib ution are
shown in Figure 8. In the brst two cases we assume both the sphere and the panel are conductive. When
no interior driving voltagesis applied, the entire structure reacdhesa uniform potential of —5.025v at steady
state. When a driving voltageof 0 to 60V is applied to the panel, part of the structure becomesnegatively
charged and the other part becomespositively charged so the total current colledion by the structure is
zero.

In Case 3, the entire structure is assimed to be dielectric and no charge is allowed to Bow in inside the
structure. A initial driving voltage is applied to the panel. Since charge is not allowed to Row around the
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(a) All conductiv e surface elements with drivin g potential gradient removed.

TOTAL_PHI (V)

(b) All conductive surface elements

TOTAL_PHI (V)

TOTAL_PHI (V)

(d) Conductin g sphere with dielectric cover glass for panel

Figure 8. Surface potential of a combination structure in a plasma similar to solar wind
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Caz1 Case 2 Cas 3 Cax 4
panel front surface conductive | conductive | dielectric | dielectric
panel badk surface conductive | conductive | dielectric | conductive
panel potential gradient | not applied | applied applied applied
spheresurface conductive | conductive | dielectric | conductive

Table 5. Spacecraft component materials

structure, the initial driving voltage is balanced by the potential induced by chargesstored in the panel. As
a reault, the entire panel has a uniform potential at around —5V at steady state. In Case4, we take both
the spaceaaft body and the panel badk side to be conductive, but the panel front side to be a dielectric
coverglass. As expeded, the conductive elements read a uniform voltage and the dieledric glasscancelsout
the €'ects of the potential gradient at steady state.

IV.  Summary

A surface interaction module has been integrated to the DRACO code in COLISEUM. This module has
the capability to model surface charging for a composite surface. Charge collected from the ambient plasma
is allowed to propagate over and through the surface via the eledric beld between elements of the surface
and the conductivity. This new module is applied to consider surface charging of a composte sphere and
a combination of conducting-dielectric structure. Future work will consider surface charging interactions
related electri ¢ propulsion plume, such as plume interactions with solar array.
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