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Numerical Investigation of Pulsed Plasma Thruster Plumes 
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Abstract 
Preliminary numerical investigations of Pulsed Plasma Thruster (PPT) plumes are carried out using 
an axisymmetric, hybrid code based on a combination of DSMC, PIC and fluid computational 
techniques. The model is based on a quasineutral formulation with particle ions and neutrals and fluid 
electrons. Simulations are performed using representative PPT exit conditions. The results 
demonstrate the unsteady expansion of the neutral and ion components of the plasmoid and the 
generation of a low energy ion population due to the charge exchange reactions. 

Introduction 
Pulsed Plasma Thrusters (PPTs) are currently 

considered for a variety of missions. In order to address 
spacecraft integration issues modeling of PPT plumes is 
important. In this study we perform a preliminary 
numerical investigation of PPT plumes. In a companion 
paper (Gatsonis and Yin, 1997) the details of the physical 
and computational model are presented. This modeling 
effort along with plume characterization efforts [Myers et 
al. 1996; Eckman et al., 19971, will enhance our 
understanding of PPT plumes and will provide an 
advanced prediction ability. 

In this paper, we summarize first the physical and 
computational aspects of the model used in the 
investigation. Simulations are based on a simpler version 
of the model described in Gatsonis and Yin (1997). The 
model is based on a hybrid description of the PPT plume 
with a combination of the Direct Simulation Monte Carlo 
(DSMC), Particle-in-Cell (PIC) and fluid methodologies. 
Parameters in the simulations are taken to be 
characteristic of the LES-8/9 and LES-6 thrusters. Model 
results are presented and discussed. 

Physical Model 
The simulation domain is an axisymmetric region shown 
in Figure 1. The downstream (axial direction) is 
designated by z and the radial direction by r. The bottom 
boundary is the centerline of the plume. The downstream, 
top, and upstream boundaries are placed at distances far 
enough to include the plume and to account for the 
investigation of backflow. The left (upstream) and top 
boundaries represent the far-field background plasma. At 
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the channel exit particles enter the domain with 
prescribed density, velocity or flux distributions. These 
profiles can be specified from either experimental 
observations or internal flow models. Species in the 
model include: (1) neutrals; (2) ions; (3) charge-exchange 
ions; (4) electrons; (5) trace species. 

The charging of the top channel surface is not 
accounted for in this model. 

Figure 1: Physical domain 

In the hybrid formulation ions and neutrals are 
considered as particles and electrons as a massless fluid. 
A plume species s (i,n> is assumed to follow a local 

Maxwellian distribution with temperature q, and mean 

(drift) velocity u,(r,l) . For an ion particle with mass 

mi charge qi , velocity vi the equation of motion can be 
written as: 

hi mi~=qiE+F, eLy, 
dt ’ 

where E is the electric field and Fi, the ion-neutral 
collision force given by Jones et al. [1996]. The ions 
include primary and charge-exchange (CEX) produced 
according to 
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Neutrals are modeled as particles following the DSMC 
methodology (Bird, 1994). The cross-sections and 
collision frequencies are discussed in Gatsonis and Yin 
[1997]. 

Electrons in the plume are modeled as a fluid. Their 
steady state velocity in the absence of magnetic fields is 

- - 

eE 1 
x vei”i 2 vcn”n 

u, = - ---vp, i’i- ,I 
(3) 

m,v, n,m,v, v, v, 
where n,, m, are the electron density and mass, e is the 

elementary charge, and p, is the electron pressure given 

by p, = n,kT, . Charged particle collision frequencies are 
given in Burgers [ 19671 and the total collision frequency 
is defined as 

(4) 
I I, 

We assume that the plasma has q = T and is 
quasineutral, 

n; 

To simplify the calculations in this study we assume that 
the diffusion velocity of electrons equals that of ions. It 
can be shown that in this case the electric field is simply 

E,_%_ (6) 
en, 

Then, Eq. (6) provides the electric fields directly from the 
plasma density. We neglect also displacement currents in 
the plasma and induced magnetic fields. Therefore, 
electric fields are electrostatic given by a potential $ as 

E=-V$ (7) 
Zero electric field is imposed along the exit, centerline, 
and downstream boundary of the domain. The potential is 
set to zero at the upstream boundary. 

Numerical Implementation 

The numerical implementation is based on a hybrid 
approach. A structured rectangular grid is used in the 

code and is scaled with the smallest mean-free path, h,,, . 
The vertices of each cell are the nodes where all fluid 
quantities are evaluated. 

Particles are injected in the domain at each time step 
to reproduce the unsteady injection process. The loading 
follows standard procedures as described by Bird (1994) 
or Bira’sall and Langdom (I 992). Particles reaching the 
far-field boundaries from inside the domain are removed 
from the storage array. Particles are injected into the 
domain from the undisturbed background plasma. The 
top surface of the channel is set to an “absorption” 
condition. 

Neutral and ion particles move and collide in the 
domain. The modeling of neutral-neutral, non-resonant 
neutral-ion and CEX collisions is accomplished by the 

non-time-counter (NTC) method described by Bird 
(1994). The integration of the equation of motion of a 
neutral or an ion particle in axisymmetric coordinates 
follows a procedure similar to the one described by Bird 

(1994). The ion charge n, on the nodes appearing in Eq. 
(5) is obtained through weighting of the charge of the 
particles found in the cells surrounding the node. In order 
to conserve charge in axisymmetric coordinates the 
weighting scheme of Rvten (1993) is used. The electric 
field is a grid quantity and is obtained from Eq. (6). The 
electric field is interpolated from the nodes at the position 
of the charged particle using the same axisymmetric 
weighting scheme. Stability considerations for the 
integration of particle equations are discussed in Birdrail 
and Langdom (1992). 

Results and Discussion 
Particle injection at the PPT exit requires the 

complete knowledge of the species distribution. Ideally, 
this should be given from PPT thruster exit data or 
internal modeling. Assume that a species s at the exit is 

described by a drifting Maxwellian with mean u,~ and 

temperature T, . Assume also that the total mass M, and 

total ion mass M, are given. Then, 

M = M,+M, 

where the total neutral (N) or ion (I) mass is 

Assuming that the total number density n,(,) is 

uniformly distributed along the thruster exit, the species 
number density can be expressed using the species 

number fraction X,, as 

%(i) k 4 = Tt(i)nN(l,(t) (10) 
The total neutral (or ion) mass injected is given as 

M N(I) = $ C X,,(i)m,,(,)c,(,)‘(‘*(i)) 
n(i) 1 IjnN(,)(f )d f (11) ‘I 

where the average thermal speed is C, = Je 

s,, = ui lJ2kT,im,, F(s,) = exp(-s,~)+J;;~,~[I+erf(s,~)] 

Assuming that the total neutral or ion density n,(,)(t) at 

the exit is 

%(N)(‘) = 
n/(N)max Sin 

[ 1 
$(t - ‘,) 3 I, I t I t, 

(12) 
0, otherwise 

where P = t, -t, is the duration of the pulse and RT is 
the radius of thruster exit, we can obtain 

n 2M, 
hux = r 1 (13) 

RCP 
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n 
M-M, 

Nmax = _ r 1 (14) 

A L 1) _I 
The distribution function of a species s at the exit is then 
completely defmed and all fluxal quantities can be 
evaluated. 

The simulation domain shown in Fig. 1 has a length 
of 0.5m and 0.3m in the axial and radial directions. 
Thruster parameters are typical of the LES-S/9 and the 
LES-6 and are shown in Table 1. 

Table 1. PPT parameters used in the simulations. 

M hg> 
M, W 
U, (km/s) 

TI (ev) 

u, (km/s) 

TN (ev) 

P (us) 
xc* 9 -q+ 

XC?XF 

R,(m) 

LES-8/9 LES 6 
30 10 
1.5 0.8 

40 40 

5 6 

0 0 

5 6 

12 3 
0.5, 0.5 0.5, 0.5 

0.5. 0.5 0.5,0.5 

0.025 0.01 

Figures 2 and 3 show the development and evolution 
of the ion plasmoid during a complete pulse. At t=6ps the 
plasmoid has reached at 0.35 m downstream the exit. At 
t=l2 us the injection stops but the plasmoid continues its 
expansion downstream. A component of backflow 
appears, as well as significant expansion in the radial 
direction. The dense part of the density shown in Fig. 3 to 
be confined to the exit region is a result of low energy 
CEX ions. 

The evolution of the neutral component of the 
plasmoid is shown in Figures 4 and 5. At t=6 us the 
neutral cloud is confined within 0.3 m from the exit. 
Clearly this expansion implies that axial mean velocities 
are larger than the values found at the exit plane. At t= I2 
us the neutrals develop a cloud structure that has 
expanded in both the radial and backflow directions. 

The electric potential is shown in Figures 6 and 7. 
The potential clearly follows the distribution of the ion 
density. The maximum values are confined in the plume- 
exit region. As anticipated, both axial and radial electric 
fields develop in the plume. 

Figure 8 display the phase plots (viz - vir ) of the ion 
distribution function. The phase plot of the ions during 
injection is centered at 40 km/s in the axial direction with 
a radial spread due to the ion temperature. At t=6 us the 
appearance of a second population of ions is depicted in 

Fig. 8a. This population is centered at about 8 km/s and 
has a significant spread. This population is a result of the 
charge exchange reactions between C-C+ and F-F+. At the 
end of the pulse, shown in Fig. 8b, the phase space is 
occupied with primary as well as CEX ions that are 
generated by the charge exchange reactions and then 
accelerated by the axial electric fields. The acceleration 
of the ions in the radial direction is also revealed in Fig. 
8a and 8b. As a result, the ionic population with large 
radial velocities increases. In addition, there appears to be 
ions with negative axial velocities. These backstreaming 
ions belong to the low energy population exclusively. 

Figure 9a and 9b show similar phase plots for the 
neutral distribution function. The neutrals injected with a 
zero drift develop a population of high axial velocities 
due to charge exchange. In addition, neutrals expand in 
the radial direction as Fig. 9a and Fig. 9b depict. As is the 
case with the ions, at t=l2 us backflow is predicted due 
to the population with negative axial velocities. 

Figures 10 and 11 show the ion density at 3 us for 
the LES-6 simulation. As expected, at the end of the 
pulse the plume extends to a much smaller region 
downstream compared with the LES-8/9 simulation. 

Summary 
A preliminary numerical investigation of PPT plumes 

was carried out. Results revealed important 
characteristics of the expanding neutral and ion 
components of the plasmoid. Currently the code is 
expanded to include the complete model of the PPT 
plume [Gatsonis and Yin, 19971. That will allow 
comparisons with experimental data to be performed. 

Acknowledgements 
This work was performed under grant NAG3-1873 

sponsored by NASA Lewis. 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

References 
Bird, G.A., Molecular gas dynamics and the direct 
simulation of gasflows, Clarendon Press, Oxford, 1994. 
Birdsall, C.K., Langdon, A.%., Plasma physics via 
computer simulation, McGraw-Hill, New York, 1992. 
Burgers, J.M., Fiow Equations for Composite Gases, 
Academic Press, 1969. 
Eckman, R., Gatsonis, N., Myers, R., Pencil, E., 
Experimental Investigation of the LES 8/9 Pulsed Plasma 
Thruster Plume, IEPC-97- 146 
Gatsonis,N.A.,and Yin, X., Theoretical and Computational 
Analysis of Pulsed Plasma Thruster Plumes, IEPC-97-041 
Jones, M.E., Lemons, D.S., Mason, R.J., Thomas, V.A., 
Winske, D., A grid-based Coulomb method for PIG codes, 
.I. ofComputational Phys., Vo1.123, 1996, ~~169-181. 
Myers, R.M., Arrington, L.A., Pencil, E.J., Carter, J., 
Heminger, J., Gatsonis, N.A., Pulsed plasma thruster 
contamination, AIAA-96-2729, 1996. 
Ruyten, W.M., LIensky-conserving shape factors for 
particle simulations in cylindrical and spherical 
coordinates, J. Comp. Phys., Vol.105, 1993, ~~224-232. 



IEPC-97-036 240 

i.OE+12 1.6E+13 2.5E+14 4.OE+15 6.3E+i5 i.OE+18 1.8E+19 2.5E+20 

W'l 
0.3 

0.2 

s 
u 

0.1 

Figure 2: Ion number density at t=6 ps. 
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Figure 3: Ion number density at t=12 ps. 
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Figure 4: Neutral number density at t=6 ps. 
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Figure 5: Neutral number density at t=12 ps. 
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Figure 6: Potential at t=6 ps. 
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Figure 10: LES 6 Ion number density at t=P 
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Figure 11: LES 6 neutral number density at t=P 
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