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The Active Plasma Experiment (APEX) North Star mission involved the injection of two high-speed plasma
jets. The first plasma jet with 30 X 10~3 kg of aluminum and kinetic energy of 6 MJ was injected at 360-km
altitude nearly perpendicular to the ambient magnetic field. An air cloud was formed prior to the injection by
releasing 12 X 1073 kg of air. The jet, the air cloud, and the ambient constitute a partially ionized plasma modeled
with a three-dimensional, single-fluid, unsteady, viscous, compressible magnetohydrodynamic formulation. The
model equations are discretized with a finite volume implementation, and time integration is carried out with a
multistep Runge—Kutta scheme. The simulation shows the deceleration of the jet, the induction of motion into the
initially stationary ambient plasma and the formation of three-dimensional magntetohydrodynamic waves. The
plasma density shows an enhancement over the ambient similar to Langmuir-probe measurements taken onboard
the plasma diagnostics payload located approximately 468 m downstream the injection point. The simulation
predicts the formation of a large diamagnetic cavity that almost excludes the ambient induction, in accordance
with magnetometer measurements on the diagnostics payload. The numerical predictions of the components of the
magnetic induction are also in good agreement with the measurements.

omenclature MO = magnetic Mach number vén number
N lat M gnetic Mach ber (Alf ber)
AjFace = area vector of a face in a hexahedral cell Mo = Mach number )
o with vertex (i, j, k) my = mass of particle species s, kg
B = magnetic induction, nT n = unit normal vector _ s
B, = ambient magnetic induction, nT s = number_ density of species 5, m
Cy, Cp = specific heat at constant volume and constant Py = magnetic pressure, Pa
pressure, J/K - kg Pr = Prandtl number
D = dissipation operator p = pressure, Pa ) ]
E = electric field. V/m 0. = number of released air-cloud particles
E; = total kinetic energy of the aluminum q = heat addition per unit mass, J/kg
plasma jet, MJ R = gas constant, J/K - kg
e = electron charge, 1.602 x 107"° C R = summation of right-hand side vector
e = internal energy per unit mass, J/kg R; = radius of the aluminum plasma jet
F = flux tensor at initialization, m
f = flux vector in x direction Reuo reference magnetic Reynold’s number
g = flux vector in y direction Rey = reference Reynold’s number
h = flux vector in z direction S . = ion slip factor ' '
J = total current density vector, A/m> Sha)ijk = !ocal vector sum of thjc maximum pI.'OJCCted areas
J = conduction current density vector, A/m> in a hexahedral cell with vertex (7, J, k)
k = Boltzmann’s constant, 1.381 x 10~2 J/K T = te'mperature, K
L = length, m T = viscous stress tensor, Pa
L; = length of the aluminum plasma jet Tee = temperature at exit of the air cloud nozzle, K
at initialization. m Ts = temperature of species s, K
M, = total mass of air cloud, kg T = source temperature of the air cloud, K
M. = Mach number at the exit of the air-cloud nozzle t = ume,s ) )
M, = total mass of the aluminum plasma jet, kg U = state vector of conservative variables
U; = diffusion velocity of species, m/s
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At = time step, s

K = coefficient of thermal conductivity, W/m - K

I = absolute magnetic permeability for plasma,
47 x 1077 H/m

Wy = coefficient of viscosity, kg/m - s

o = magnetic permeability constant for free space,
47 x 1077 H/m

Vgt = average momentum-transfer collision frequency

between species s and 7, s~!

0 = mass density, kg/m’

oc = charge density, C/m’

Ds = mass density of species s, kg/m3

o = electrical conductivity, S/m

T = time of operation of the air-cloud source, s
Qi) = gyrofrequency of ion or electron, Hz

Qijk = control volume, m?

w, = plasma frequency, Hz

Subscripts and Superscripts

C, = macroscopic variable (property)
C ambient neutrals
cr = macroscopic variable (property) C of ambient ions
C = macroscopic variable (property)
C of ambient electrons
C. = macroscopic variable (property)
C of air-cloud neutrals
Cy = total macroscopic variable (property) C
of plasma jet
(& = macroscopic variable (property) C of jet electrons
C';r = macroscopic variable (property)

C of jet aluminum ions

air-cloud neutral

electron

heavy plasma species

ion

= characteristic value used in nondimensionalization
of variables

S R
1l

Introduction

URING the Active Plasma Experiment (APEX) North Star
mission, two high-speed aluminum plasma jets were injected
in the ionosphere from the explosive-type generator (ETG) payloads
carried onboard a suborbital rocket. The ETG-1 plasma jet was
injected at an altitude of 360 km and the ETG-2 plasma jet at an
altitude of 280 km during the descending part of the trajectory.
Instruments were carried onboard the plasma diagnostic payload
(PDP) and the optical sensor payload deployed from the suborbital
rocket prior to the jet injection. The instrument payloads are shown
in Fig. 1 at the time of the ETG-1 plasma-jet injection and measured
the plasma density, magnetic perturbations, electric fields, and the
optical environment associated with the plasma jets.'
High-speed plasma jets with physical characteristics similar to the
APEX jets can be a result of onboard electric propulsion thrusters,
the release of neutrals and/or plasma from spacecraft subsystems,

1021 m
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Fig. 1 Schematic of the APEX ETG-1 plasma-jet experiment. Dis-
tances shown are at the time of the ETG-1 plasma-jet injection.

or active release experiments. As the APEX measurements demon-
strate, high-speed plasma jets result in an induced environment that
includes density, electric and magnetic field perturbations, as well as
optical emissions.! The effects of the plume-induced environment
on spacecraft has been an active area of investigation. The majority
of plasma plume/spacecraft interaction studies has been focused in
near-field effects.? However, the APEX measurements show that
the induced environment of a high-speed plasma jet includes per-
turbations at scales that are much larger than a typical spacecraft.
The increased utilization of onboard electric propulsion devices as
well as the possibilities for spacecraft formation flying make the
APEX findings and studies of plasma-jet/ambient interactions very
important.

The present study involves the modeling and numerical simu-
lation of the ETG-1 aluminum plasma jet that was injected into
an air cloud formed 0.2 s prior to the ETG detonation. The model
that describes the aluminum plasma jet, the air cloud, and the am-
bient plasma is based on a set of three-dimensional, single-fluid,
compressible, viscous, magnetohydrodynamic (MHD) equations or
magnetogasdynamic (MGD) equations. The single-fluid description
of an expanding plasma and the associated wave structure using the
MGD equations has been compared favorably with kinetic-based
solutions.>* Multifluid but steady-state formulations have also been
utilized in modeling high-speed aluminum plasma jets released dur-
ing the Fluxus experiments’ as well as in modeling plasma clouds
released from the shuttle.®” The numerical solution of the MGD
equations presented in the current study is based on a finite volume
spatial discretization method (FVM) and a time-accurate integration
using a multistep Runge—Kutta scheme. The MGD-FVM has been
applied to spherically expanding plasmas, but the physical model of
our earlier work® has been further expanded to include initial condi-
tions for the air cloud present during the ETG-1 plasma-jet injection.
In addition, in the present work a multigrid layering method is im-
plemented in order to address the largely dissimilar length scales
encountered during the expansion of a plasma jet.

The model equations and numerical methodology are presented
first followed by the development of initial conditions for ambient,
the air cloud, and the ETG-1 plasma jet. Simulation results are
discussed, and the predicted plasma density and magnetic induction
perturbations are compared with measurements obtained onboard
the PDP payload.

Viscous Magnetohydronamic Model

The model represents the expansion of a plasma jet generated at
a specified altitude in an ambient magnetic field B, shown schemat-
ically in Fig. 1. The plasma consists of s types of particles (or
species) that include the jet ion species j*, jet electrons j¢, ambient
(or background) neutrals a, ambient ions a™, ambient electrons a¢,
and air-cloud neutrals ¢. Number density, temperature, and mean
velocity of a species s with mass m, charge g, = Z;e are given by
ng, Ty, V, respectively. The macroscopic, single-fluid plasma vari-
ables (or properties) of the plasma jet-background are given by the

mass density
p= Yo 0

the charge density

pc= Z gy (@3

s

and the mean mass velocity of the fluid as a whole is

v:Zpsvs/p 3)

The total current density is the sum of convection and conduction
currents, respectively,

J=Y neVi=pV+) nmel=pV+j @
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where the species diffusion velocity is
U=V, -V ®

The derivation of a set of single-fluid MHD (or MGD) equations be-
gins with the continuity, momentum, and energy equation for each
species in the plasma supplemented with Maxwell’s equations.’
Several simplifications outlined subsequently lead to the MGD
equations used in this work.

The plasma is considered to be charge neutral

pc > en, ©)

so that n, & n;. The characteristic time for macroscopic change in
the flow satisfies

T > Vet ] (7
T > Uy (®)
> ! ©)

where Vey = V,; + V., is the average momentum-transfer collision
frequency of electrons with heavy particles (ions and neutrals) and
w, = (n.e*/egm,)"/* is the plasma frequency. The plasma is also
considered to be collision dominated so that for s =e, i

Bs = (eB/mgvg) K 1 (10
and the ion-slip factor satisfies
S=(pu/P)Bei < 1 an

For a partially ionized plasma under assumptions given by Egs. (6—
11) or for plasma where 7. > t,; (Where 7,; is the ion Larmor time),
the generalized Ohm’s law that can obtained from manipulation of
the single-species momentum equations® reduces to

j=0[E+V x B]=0oFE 12)

InEq. (12), E is the electric field in the inertial reference frame, E’ in
the frame moving with the mean fluid velocity V, and the electrical
conductivity is

ozneeZ/meﬁeH (13)

Using Ohm’s law equation (12) and scaling arguments, the convec-
tion current can be neglected in comparison to conduction current
in Eq. (4), leading to

ji=J 14

Using the assumption in Eq. (7) and Ohm’s law equation (12), the
displacement current can be neglected in comparison to conduction
current so that the Ampere—Maxwell equation becomes

VxB/lu=j (15)
Faraday’s law is
OB
VXE=—— (16)
ot

Using the assumptions (8-11) just outlined, Ohm’s law equa-
tion (12), and Maxwell equations (15) and (16), the multispecies
plasma in the present work is described with the following system
of MGD equations:

ap

2 +V-(pV)=0 a7

d =
5(pV)+V~(pVV)+Vp—V-T

+ Live- B - @-v)BI=0 (18)
o

LAY (T G W (R A VTV
a\y—1 "2 T2 y—1?

1 V xB
+V.q—-—-V. —VxB|xB|[=0 19)
w no
oB 1 _,
— 4+ —VB-V-B-V-V-B)=0 (20)
at o o

The viscous stress tensor appearing in the momentum equation (18)

is given by
5 Wi OV 2%
AT

s 0 if i#j
Y if i=j 1)

with the coefficient of viscosity given by

S (kT
W= g @2)

where the Coulomb logarithm is? fa A = (a(1.24 x 1024732, /%),
The plasma is modeled as a perfect gas with pressure:
p=) nRT,=pRT (23)
s

and internal energy per unit mass
ee=c,T=p/p(y =1 (24)

In Egs. (23) and (24) R is the gas constant and c, is related to the
specific heat at constant pressure by

]/=Cp/CU, Cp=)’R/()/ -1 (25)

The heat transfer by conduction per unit mass in Eq. (19) is given
by Fourier’s law

q=—«VT (26)
where the thermal conductivity « is

n.k*T,
— =Cpibo/ Pr @n
MmeVey

k =3.203

In the energy equation (19) the term
Py =B/2u (28)

is defined as the magnetic pressure, where p = p is the absolute
permeability of the plasma. The system of Eqgs. (17-20) is supple-
mented by the divergence-free condition of the magnetic induction
expressed by

V.B=0 (29)

The preceding is not an additional equation but an initial condition
that needs to be satisfied at all times throughout the domain.

The system of Egs. (17-20) is nondimensionalized and written
in a conservative flux-vector form as

oU* -
o +V*. F*=0 (30)
where the nondimensional state vector is
p* p(u*z + v*z + w*Z)
U*=|p*, p*u*, p*v*, p*w*,
[ -0 2
(B + B> + B?) T
L BLB. B! (31)
WM, o0
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The (8 x 3) tensor F* in Eq. (30) is given in Cartesian coordinates
by

=7+ i +Fin)%+ (8 + 80 + & +80)9

+ (b} + 1 + Ry + By )2 (32)

The nondimensional (8 x 1) flux vectors in Eq. (32) account for
contributions from the inviscid (1), viscous (V), and magnetic (M 1
and M2) terms. The flux vectors in the ¥ direction are given by

yp*
y-1

f?=[pu p U+ p*, p*utv*, prutw*, u*

*u*(u*z + U*Z + w*z) , 0’ O’ O]T

My fou” n ov* o wy [ ou* n ow* w
Reyg \ 0y* ~ 0x* Rey \ 0z* ax*

T
* aT*
+— % 90,0 (34)
(y — I)MgReOPr ax*

1
o O,—4 B*Z—B*Z—Bjﬁz,
fMl |: ZM*Mz%/]()( X y z )
1 1
BB, ———B!B;,

e x Ty * Af2 x "z
WMy, WMy,

[w* (B2 + B>+ B:*) — B} (u*B; + v*B} + w*B;)]
21" Mg

)

T
0,—v*B;‘—|—u*B;f,—w*ij+u*Bji| (35)

1 oB* JdB*
fi»=10,0,0,0, ——————| B} 2
ReyoMi u2o* | 2\ 9y*  dx*
0B} BB.* 1 9By 9B

+B < ,07 - J _ ,
az T oxr Repyou*o* \ ox* ay*

1 aB: 9B\ 6
Reyou*o* \ 9z* ax*

Similar expressions hold for the flux vectors in the y and
Z directions g%, h}, &, &> and k3., Rk}, and are given
in the Appendix. The nondimensional variables in Eqs. (31)
and (33-36) are x*=x/Ly, y*=y/Lo,z*=z/Lo, t*=1tVy/Ly,
where Vo =./(yYpo/po), u*=u/Voy, v =v/Vy, w*=w/Vy, p*=
p/poVi. Bi=B./Bo, Bi=B,/By. B:i=B./By, k" =k[ko=
Mo/ oo =Wy, w*=p/pmo=1, and 0* =0 /0y. The dimensionless
parameters are the Mach number My = V/4/(y RTp), the Reynolds
number Rey = po Vo Lo/ 1ty the magnetic Reynolds number Reyo =
ooito VoL, the magnetic Mach or Alfvén number Mo = Vo /Vao,
which is the ratio of the fluid speed to Alfvén speed Vjo=
(B} /10p0), and the Prandlt number Pr=c,u,/k.

Numerical Methodology

The system expressed by Eq. (30) is solved with a magnetogas-
dynamics finite volume method (MGD-FVM) in a domain that is

discretized with hexahedral control volumes.'®!! Integrating over a
control volume Q* with a surface area A* = A*n Eq. (30) becomes

d
///U*deﬂ P
ar "
Q*

The integrations are carried out over the east, west, north, south,
back, and front faces of the hexahedral control-volume cells to form
the following system of semidiscrete equations:

dU;

ijk 1 +«Face *Face *
de* QO ZFIjk Az/k _szk

i.j.k  Face

LdA* =0 (37

(38)

where QF, is the volume of the cell with vertex at (i, j, k), and
A*FM is the area vector of the each face. A dissipation operator
Dl jk 1s supplied to the right-hand-side vector R, in order to reduce
numerical oscillations associated with centrally discretized second-
order schemes. The right-hand side of Eq. (38) becomes
R =R, +D i (39)
The dlss1pat10n operator DG follows the gasdynamlc formul-
ation'" but uses the normalized magnetlc pressure py, = pm/Puyo =
B?/B?} and gasdynamic pressure p* to evaluate the required
coefﬁcients.&]2 The system of semidiscrete ordinary differential
equations in Eq. (38) is integrated using the four-step Runge—Kutta
scheme'"!'expressed as
U = y*m

— a AR AV D m=1,234
m bl - 9 9 9

U*(n+ h_ U*(4) (40)
where U*™ is the state vector at time level n and

o =0.25, 0, =0.333, 3 =0.5, and a4 = 1. The global time step
used is the minimum found in the domain, given by

S*

max

max

Ar* = min{CFL[Q} ;. /(|u )] ,-k} (41)
The local time step is a function of the Courant—Friedrichs—
Lewy (CFL) number, the local super-Alfvénic characteristic wave
(u* + V), the local vector sum of the maximum projected areas
Siax> and the local cell volume €27, . The CFL number lies in the
range 0.001 <CFL <0.1.

The state vector U* in Eq. (31) is applied at the center of a finite
volume cell and contains all the necessary primitive variables to cal-
culate the flux vectors f}, g5, b}, fi;1, &3> and k. Consequently,
the inviscid gasdynamic and first-magnetic vectors are located at
the cell center and calculated directly from the state vector U*. To
find inviscid fluxes at the cell interfaces, we use the procedure of
averaging the adjacent cell-centered fluxes.!” The viscous gasdy-
namic and second-magnetic flux vectors f,, g%, by, fi120 82> Moo
are composed of the first-order derivative terms and are calculated
on the cell interfaces. The first-order derivative terms are calculated
with a three-dimensional extension of a method originally devel-
oped in Ref. 11 for the two-dimensional Navier—Stokes equations.
All gradient terms such as velocity, temperature, magnetic induction
gradients are calculated at the cell interfaces. '*

The numerical solution of the MGD equations requires also the
preservation of a divergence-free magnetic induction condition. It is
well known that numerical violation of Eq. (29) can lead to spurious
oscillations.'* In our MGD-FVM implementation the divergence-
free condition is verified by the numerical evaluation of V - B. The
procedure has been applied to spherically expanding plasmas® and
compared to successfully to analytical solutions.'?

Initial Conditions and Simulations

The ETG-1 plasma jet injection occurred at an altitude of 360 km
while the PDP payload was located at a distance of approximately
468 m as shown in Fig. 1. During the experiment the PDP was
moving with a speed of approximately 2000 m/s. Figure 2 shows
the number density measured by the PDP Langmuir probe and the
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Fig. 2 Measurements onboard the PDP payload during the APEX
ETG-1 plasma jet experiment: a) number density from a spherical
Langmuir probe and b) magnetic field perturbations from the fluxgate
magnetometer. Time is measured with respect to the ETG-1 plasma-jet
injection with the jet velocity toward x perpendicular to B, =(By, =0,
By, =40,000, B;, =22,000) nT.

magnetic induction perturbations measured by the PDP fluxgate
magnetometer.'> The B-field components shown in Fig. 2 follow
the coordinate system adapted in Fig. 1. Figure 2 indicates that
the density and magnetic induction perturbations reached the PDP
sensors at about =8 x 1073 s after the ETG-1 injection and lasted
for up to approximately ¢ =35 x 10~* s. During the observation
period, the PDP motion resulted in a displacement of about 70 m
from its original position. Prior to the detonation of the ETG-1, an
air cloud was formed by ejecting a total mass of 12 x 1073 kg of
condensed air over a period of about 0.2 s.

The ETG-1 simulation follows the evolution of the aluminum
plasma jet from initialization at t =0 s up to t =27 x 107> s time
at which the front of the jet has reached at a distance of 900 m
downstream of the injection point well past the PDP position. Initial
conditions for the simulation of the ETG-1 experiment involve the
specification of plasma parameters for the ambient plasma, the air
cloud, and the aluminum plasma jet that are described next. These
initial conditions provide the fluid variables (or properties) of the
single-fluid plasma at the time of the ETG-1 detonation, specifically,
the mass density through Eq. (1):

pr.1=0)=[p; . 1=0) + p5(r.1=0) + p,(r.1 =0)]

+[pf .1 =0)+ pS @, 1=0)] + pe(r. 1 =0) 42)
the mean flow velocity through Eq. (3):
Vir.t=0)=[p .t =0V (r.t=0)+ p(r.t =0)Vi(r, 1 =0)
+our 1 =0V, (r.1=0)] /p
x [pf (r.t=0)V (. 1=0)+ p(r. t =0)V(r, 1 =0)] /p

+ o, t=0)V.(r,t=0)]/p (43)
and the pressure through Eq. (23):

pr.t=0)=[plr.1=0)+ pi@r.1=0) + p,(r.1 =0)]

[l =0+ pi 1 =0)] + petr,1=0) (44)

Ambient Plasma Initial Conditions

We assume that the ambient plasma is uniform, stationary, and
is composed of oxygen ions, oxygen neutrals and electrons. The
ambient plasma parameters obtained from the IRI-95 ionospheric
model'® and MSIS-E-90 thermospheric model'” provide

o (r,t=0)+ pt(r,t =0) + p,(r, t =0) ~ 6.136 x 10~'? kg/m’
45
Trr,t=0)=Tr t=0)=T,(r,t =0)=1000K (46)

It is also assumed that the ambient is initially stationary with
Vi t=0)=V,(r,t=0)=V(r,t=0)=0 47

The ambient magnetic induction is based on PDP payload mea-
surements and is given in the coordinate system indicated in Fig. 1
as

B,=(B,,=0, By, =40,000, B,, =22,000) nT (48)

The angle between the ETG-1 jet x axis and the magnetic induction
is close to 90 £ 10 deg, corresponding to an almost perpendicular
direction. The angle between the PDP spin axis and the ambient
induction is also close to 90 & 10 deg.

Air-Cloud Initial Conditions

The air cloud was generated by a nozzle that operated for
79 =0.2 s prior to the ETG-1 detonation. The 1-cm? cross-section
nozzle emitted Q. =2.6 x 10?* air particles in the ¥ direction as
indicated in Fig. 1. Based on estimates' at the time of the ETG-1
detonation the air cloud had a density of up to p. = 107¢ kg/m?

G2 Gl
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Fig. 3 Multigrids used in the simulation of the APEX ETG-1 plasma-
jet experiment. The position of the PDP payload is depicted at =0 s,
the time of the ETG-1 plasma-jet injection.
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near the release point and had reached a distance of approximately
140 m away from ETG-1 with a density of o, = 10~° kg/m>. The ini-
tial conditions for the air cloud are derived with an implementation
of a model developed for the expansion of a neutral plume.'®

The expansion of the air cloud in the rarefied background for
t < 19 and distances close to the nozzle exit is in the continuum
regime. As the air cloud expands, self-collisions become rare, and
the flow is in a free-molecular regime. At later times collisions with
the background become important, and the flow achieves a diffusion
state.> A parameter that describes the behavior of a number Q. of
released air particles with molecular mass m, released in the ambient
is the equal mass radius given by

The collision time between a released air-cloud molecule and the

ambient neutrals is
—1
8 2kT,
Tea = Ve o= <_na L _mUca> S (50)
3 Tme+mg\ pea

where e, =mmy/(m.+m,) is the reduced mass and T, =
m, T, +m.T,)/(m.+m,) is the reduced temperature. The cross
section is that of a hard-sphere molecule o, =7 (r, +r,)*> where
re=2.1%x10"""m and r, =2.0 x 107'° m are the radii of the air
cloud and the ambient gas molecules, respectively. The correspond-
ing mean free path for collisions is

3 me +m,

1 =——1m 51
a0=(3chﬂ/4nnama)3 (49) “ 4 manaﬂ(rc +ra)2 ( )
Table 1 Computational parameters used in the multigrid simulations
Grid simulation Total simulation
Grid level LyxLyxL;m Ax, Ay, Az, m At,s time, s time, s
G, 18.75 x 9.375 x 9.375 0.25,0.125,0.125 5x 10710 1.0x 1076 1.0x 1076
G 3.57 x 18.75 x 18.75 0.5,0.25,0.25 1x1078 20x 1073 2.1%x 1073
G3 75 % 37.5 x 37.5 1,0.5,0.5 5x 1078 1.5x 1074 1.7x107*
Gy 150 x 75 x 75 2,1,1 2% 1077 45x1074 6.2x107*
Gs 300 x 150 x 150 4,2,2 4x1077 6.5x 1074 1.3x1073
Gs 600 x 300 x 300 8,4,4 8 x 1077 6.5x 1074 20x 1073
G 1200 x 600 x 600 16, 8, 1x10°° 40x1073 6.0x 1073
Gy 2400 x 1200 x 1200 32,16, 16 2x107° 7.0%x 1073 13x 1073
Go 4800 x 2400 x 2400 64,32, 32 4x10°° 14 x 1073 27 %1073
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b) = 0.01s. Normalized magnetic pressure on planes (x, y=0, 7)m
and (x=227,5,z)m with superimposed velocity vectors.
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d) = 0.025 s. Normalized magnetic pressure on planes (x,y=0,z)m
and (x=519,y,5)m with superimposed velocity vectors

Fig. 4 Plasma properties from the simulation of the APEX ETG-1 plasma-jet experiment. The center of the plasma jetatt=0s was at (x=1.5,y =0,
z=0) m with velocity toward % perpendicular to B, = (B, =0, By, =40,000, B, =22,000) nT.
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A ratio of «,/A <3 indicates free-molecular expansion for at least
1.4 mean collision times before interactions with the background
become significant. For the conditions of the air-cloud release
with m,=4.7 x 1072 kg/particle and Q.=2.6 x 10?* particles,
Eqgs. (49-51) resultinog = 877 m, 7., =405, and A, =2.4 x 10* m.
Itis therefore expected that the air cloud will be in the free-molecular
regime at the time of the ETG-1 detonation.

For times ¢ < 1 the macroscopic fluid properties of the air cloud
are given by

1
pu(r,0.1) = (2m0)2ews%sin20

drtor? \ wkTy

X [n% W, cos 6 erfc(a) + e’“z] (52)
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a) t=0.01 s

Ve(r,0,1) =

r\ me

r(2kT,\ QWi cos 6 +a)e™ — /7 (W2 cos? 0 +0.5) erfe(er)
e~ 4 /7 Wy, cos 6 erfc(ar)

(53)
T.(r,0,1)= %Tsc (54)

In Egs. (52-54) r = /(x? + y* + 7%) is the radial position vector,
0 is the angle between the air-cloud axis X, and the position vector
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Fig. 5 Normalized magnetic induction components from the simulation of the APEX ETG-1 plasma-jet experiment at a) t=0.01 s and b) #=0.025s.
The center of the plasma jet at £=0s was at (x =1.5,y =0, z=0) m with velocity toward X perpendicular to B, = (By, =0, By, =40,000, B;, =22,000) nT.
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r,and o = Wy (r/uy. 19 — cos 8), where the molecular speed ratio is

defined as
VVsc = Msc/\/ ZkTsL/mc (55)

The source conditions (u, Ty.) are associated with the properties
at the exit of the air-cloud nozzle (u.., T..) With velocity and tem-
perature given by

—1
Usc :uec[(yMgc) + 1] (56)
T.. 2y M2 — 1
TSc o _M (57)
2 1+ yMZ
1 M?
W,.= o 4 vM. (58)

(yMZ -y + 1)%

The exit properties of the air-cloud nozzle are given by
Uee =700 m/s, T.e =60 K, and M., =2.

Plasma-Jet Initial Conditions

The ETG-1 plasma jet is assumed to be composed of singly ion-
ized aluminum ions and electrons and the initial conditions are based
on an analytical model that incorporates experimental parameters
described next.

The ETG produces an aluminum high-speed plasma jet of to-
tal mass of about 30 x 1073 kg, velocities in the range of 8000—
40,000 m/s and a total kinetic energy of 6 MJ. Laboratory tests
indicate that 92% of the jet energy is confined to within 20 deg from
the jet axis, 10 x 1073 kg exceed speeds of 10,000 m/s, 3 x 1073 kg
exceed 25,000 m/s, and 0.01 x 103 kg exceed 40,000 m/s. Based
on these observations, the plasma jet is initialized with an axisym-
metric density distribution given by

py(r,x,t=0)=pf(r,x,1=0) + pj(r,x,1=0)
=p (L —r/R)(1 —2x — L;|/Ly) (59)

where r = /(y* + z?) shown in Fig. 1. The maximum plasma-jet
density can be calculated from the total mass of the ETG-1 plasma
given as

Ly p2n pRy o
M,:/ f / psrdrdpde==p"™R2L,  (60)
0 0 0 6

The ETG-1 plasma jet is approximated with an initial length of
L; =3 m and radius R; =0.75 m. For M; =30 x 1073 kg the re-
sulting p7™ =34 x 10~* kg/m®. Following experimental observa-
tions, the plasma-jet velocity is assumed to be directed along x with
a linear profile in the radial direction:

Vi t=0)=Vi(rt=0)=V™(1 —r/RDZ  (61)

The maximum jet velocity V™ can be calculated from the total
kinetic energy

Ly p2m pRy 0 uz 3 )
Ej(t=0)=/ / / “Lrdrdgdy=—-M, (V™) (62)
o Jo Jo 2 20

With E; =6 MJ, the resulting V™ =37,000 m/s. This jet model
results in 80% of the aluminum mass to be within 20 deg of the jet’s
axis, 22 x 1072 kg to have velocities in excess of 10,000 m/s, and
2 x 1073 kg with velocities in excess of 25,000 m/s. The jet plasma
is assumed to be isothermal with

Tj+ (r,t=0)=T/(r,t=0)=10,000 K (63)

Transport Coefficients and Boundary Conditions

The conductivity, viscosity, thermal conductivity given by
Eqgs. (13),(22), and (27) are evaluated using the initial plasma param-
eters and assumed to be constant during the simulation. Neumann
boundary conditions 0 W/dn = 0 are applied to all boundary surface
shown in Fig. 3, where n is the unit vector normal to a boundary
and W is the state vector W= (p, u, v, w, p, By, By, B.)T. This

boundary condition is implemented using extrapolation from the
interior grid nodes to the boundary nodes.

Multigrid Layering

The plasma jet in these simulations begins with meter-size length
scales to reach 100-m scales at the time when it reaches the PDP
instrument payload. The discretization requirements for such three-
dimensional simulations are addressed by implementing a multigrid
layering method outlined below.

The first 75 x 75 x 75 orthogonal grid, denoted as Gy, is gen-
erated with dimensions of L,(G;)=18.75m, L,(G{) =9.375 m,
L.(G1)=9.375 m with resulting grid sizes of Ax(G;)=0.25 m
and Ay(G,) =Az(G1) =0.125 m. The G, simulation is stopped
at 1.0 x 107® s before waves reach the boundary of the domain.
The second 75 x 75 x 75 grid designated by G, is generated with
L(G2)=2L:(G1), Ly(G2)=2Ly(Gy), and L (G2) =2L.(G))
and is shown schematically in Fig. 3. All G, flow variables are
interpolated onto the G, grid and the simulation is continued. This
procedure of generating a new grid doubling the size of the preced-
ing one is repeated until the final grid covers the desired domain. A
total of nine grid levels were used in the ETG-1 simulation, and the
computational parameters are shown in Table 1. The total simula-
tion time is 0.028 s, and we present results at times r =0.01 s and
0.025 s obtained on Gg and Gy grids respectively shown in Fig. 3.

Discussion of Results

InFig. 4, the nondimensional density is plotted on the (x, y, z =0)
plane. At initialization of the simulation, the jet center was lo-
cated at (x = 1.5, y =0, z=0) m with a maximum of p/py, = 10'°,
where po=10""2 kg/m>. A comparison between Figs. 4a and 4c
shows that the plasma jet has moved downstream from the in-
jection point and formed a density structure elongated along X
and y. At +=0.01 s the maximum density is p/po 3313 and
is located at (x =227, y =0, z=0) m downstream of the injec-
tion point corresponding to an average speed of 22,800 m/s. At
t =0.025 s the density maximum reduces to p/po>~205 and is

Po/Pyy

0.1 025 05 075 1 12515175 2

a) r=0.01 s

P,/P,,

0.1 025 05075 1 12515175 2

2400

b) =0.025 s

Fig. 6 Isolines of the magnetic induction B superimposed on the nor-
malized magnetic pressure on the plane (x,z,y=0) m from the simu-
lation of the APEX ETG-1 plasma-jet experiment. The center of the
plasma jet was initially at (x=1.5,y =0, z=0) m with velocity toward &,
perpendicular to B, = (Bx, =0, By, =40,000, B;, =22,000) nT.
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located at (x =519, y =0, z=0) m corresponding to an average
speed of 20,860 m/s.

In Figs. 4b and 4d the velocity vectors are plotted on the
(x=227,y=0,z=0)mand (x =519, y =0, z=0) m planes, re-
spectively. As Eq. (61) shows, the plasma jet was initialized with
velocity in the X direction and a maximum of 38,000 m/s. How-
ever, Figs. 4b and 4d show the development of velocity components
in the y and Z directions as the plasma expands along the ambient
magnetic field. The jet decelerates considerably as a result of the
interaction with the background plasma. Figure 4 shows also that
the plasma at spatial locations outside the jet region is set into mo-
tion. The induced motion in the background plasma is the result of
the expansion process as well as the momentum coupling through
waves that are propagating into the background.

To gain further insight into the physical mechanism of the
plasma-jet motion, we investigate the magnetic pressure. In
Figs. 4c and 4d the normalized magnetic pressure P,/ Py, where
P10 =38.29 x 10™* Pa, is plotted on planes passing through the
density maxima located at (x =227, y=0,z=0) matr=0.01 s
and (x =519, y=0,z=0) m t =0.025 s. The simulation predicts
the formation of a cavity with a local minimum at its core of
Py / Ppo=6.84 X 1073 and 9.8 x 103 at +=0.01 and 0.025 s,
respectively. This indicates a gradual weakening of the cavity as
a result of the corresponding decrease it the jet density. The lo-
cal maxima on the x — z plane are ahead of the plasma jet with
Py / Pyo=2.372 and Py, / Pyo=2.266 at t =0.01 and 0.025 s, re-
spectively. The local maxima on the planes through the center of the
plasma jet are Py /Pyo=2.269 and 1.799 at t =0.01 and 0.025 s,
respectively. The asymmetry of the magnetic pressure barrier on the
y — z plane is caused by the presence of both B;, and By, compo-
nents of the ambient induction.

The components of magnetic induction normalized with
By= B, =4.56 x 1073 T are plotted in Fig. 5 for times of t =0.01
and 0.025 s after the ETG-1 injection. Perturbations in the form of
enhancements or depletions over the uniform ambient induction at
t =0s appear in all three components. This complex MHD wave
structure emanates from the jet region and propagates in the ambi-
ent plasma region toward the boundaries as a comparison between
Figs. 5a and 5b shows. Figure 5 shows the development of a pertur-
bation in B, in the form of a depletion and an enhancement region,
which is elongated in the direction of the jet motion. At =0.025 s
the perturbations in B, reach the upper and lower boundaries of the
domain. The B, component shows the formation of a cavity that
coincides with the jet and an enhancement region ahead of the jet.
This enhancement is related to a magnetosonic wave that propa-
gates perpendicular to B,. The B, component forms a depletion and
enhancement structure that is elongated along the direction of B,
and diminishes in magnitude with time as a comparison between
Figs. 5a and 5b shows.

The picture that emerges from the simulation is consistent with
a slowing-down process of the three-dimensional plasma jet as a
result of loss of jet kinetic energy by joule dissipation and viscous
effects. The ambient field opposes the motion perpendicular to the
field lines but leaves practically uninhibited the motion along the
field lines. In Fig. 6 the magnetic field isolines illustrate the process
of generation of Alfvén waves. The induced and ambient field result
in a magnetic field that is inclined with the direction if the jet. This
gives rise to a Lorentz force that opposes the jet motion and causes
disturbances to propagate along and transverse to the field lines. The
MHD wave structure resulting from the ETG-1 plasma jet is fully
three dimensional and dissipative in nature.

Comparisons with Data and Interpretation of Results

To compare the simulation results with data taken onboard the
PDP payload, a virtual probe was inserted in the simulation at a
distance of x =468 m downstream of the injection point, in a con-
figuration shown schematically in Fig. 3. This placement of the
virtual probe ignores the approximately 54-m displacement of the
PDP from its initial position during the simulation time 27 x 10~3 s.
The placement also assumes a perpendicular orientation of the PDP
and its sensors with the jet axis and the ambient magnetic field.
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Fig. 7 Predictions of plasma density and magnetic induction pertur-
bation from the simulation of the APEX ETG-1 plasma-jet experiment.
Measurements are from the Langmuir probes and the fluxgate magne-
tometer onboard the PDP payload. The virtual payload in the simulation
is placed at 468 m downstream of the plasma-jet injection location to
coincide with the approximate position of the PDP payload.

The relative displacement and orientation characteristics of the PDP
are ignored in our simulations because they relate to spatial scales
smaller than the grid sizes used in the G¢ simulation (Table 1).

Figure 7a shows the nondimensional plasma density p/p, as a
function of time and compares it with the plasma number density de-
rived from the two cylindrical Langmuir probes onboard the PDP.'
The thick probe had a radius of 5 x 1073 m, length of 100 x 10~ m,
sampling rate 100 kHz, and range 10'°-10'* m~3. The thin probe
had a radius of 0.5 x 10~ m, length of 50 x 10~ m, sampling rate
50 kHz, and range of 10'-10'" m~3. The simulation predicts the
arrival of the density somewhat earlier than the thin probe; however,
it shows the rapid increase and slower decrease as the back of the
plasma jest passes by the virtual sensor.

An important parameter in the evaluation of the plasma-jet/
ambient interactions is the strength of the diamagnetic cavity pre-
dicted by the simulation and recorded also onboard the PDP. The
magnetic induction perturbation is defined by

|B_Ba\:\/AB}+AB)2.+AB§ (64)

where

AB =B, — B, i=x,y.z (65)

In Fig. 7b the diamagnetic cavity is shown to reach the virtual probe
at r ~0.006 s and increase gradually in magnitude to reach a maxi-
mum of 30,000 nT at 7 = 0.026 s. The PDP magnetometer recorded
a faster increase that reached 44,000 nT at = 0.026 indicating an
almost complete reduction of the ambient magnetic induction with
B, =46,000 nT (Ref. 15). The differences indicate that the sim-
ulation predicted a spatially larger cavity formation with reduced
strength.

The components of the magnetic-induction perturbation are plot-
ted in Fig. 8. Along the direction of the jet motion, the PDP recorded
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Fig. 8 Predictions of magnetic induction perturbation components
from the simulation of the APEX ETG-1 plasma-jet experiment. Mea-
surements are from the fluxgate magnetometer onboard the PDP pay-
load. The virtual probe in the simulation is placed 468 m downstream
of the plasma-jet injection location to coincide with the approximate
position of the PDP payload. The plasma-jet velocity is initially in the ¥
direction, perpendicular to B, = (B, =0, By, =40,000, B, =22,000) nT.

an increase in the magnetic induction of about 4000 followed by a
reduction of about 4000 nT. The simulation predicted an increase
of less than 100 nT. The y component shows an increase of about
4000 nT over the ambient followed by a sharp reduction leading
to a minimum of —38,000 nT. The simulation predicts a mono-
tonic decrease from the ambient B,, that reaches a minimum of
—30,000 nT at r =0.026 s. The z component of the magnetic in-
duction decreases to reach a value of 20,000 nT below its ambient
level while the simulation predicts a reduction of about 10,000 nT
occurring at £ =0.026 s.

The preceding predictions are capturing the essential features
of the diamagnetic cavity formation and follow quantitatively and
qualitatively the data recorded onboard the PDP payload. Differ-
ences between the simulation and measurements can be attributed
to sources that include modeling limitations as well as experimental
uncertainties discussed next.

One of the goals of the APEX experiment was to explore the role
of the neutral air cloud on the plasma-jet dynamics. The presence
of the air cloud during the ETG-1 jet injection contributed to the
increased ionization observed over the ETG-2 injection that was
not preceded by an air cloud. In addition, the ETG-1 plasma jet was
somewhat slower as compared to the ETG-2 plasma jet."'!° These
observations are consistent with the presence of the air cloud during
the ETG-1 injection although the difference in the jet orientation

between the two experiments might have contributed as well. In
the present MHD work the effects of the air cloud are incorporated
into the simulation because the air cloud is one of the species that
forms at initialization the single-fluid plasma properties as shown in
Eqs. (42-44). However, after initialization the MHD model cannot
provide the properties of the components that form the single-fluid
plasma. Therefore, the single-fluid (MHD) model limits the insights
on the interactions between the ionized and neutral components of
the jet-ambient plasma system. The role of a neutral velocity field
(or wind) applied on to a plasma has been explored extensively in
ionospheric dynamics?® and plasma cloud dynamics.’~7 Within a
steady-state, multifluid formulation of a plasma, it has been shown
that a neutral velocity component transverses to the B field when
applied to a plasma, induces an ion velocity that is at an angle with
the applied neutral velocity, and depends on g; = 2;/v; (Refs. 6,
7, and 20). In contrast, a neutral velocity component parallel to the
B-field induces a plasma drift along its direction. The presence of a
neutral cloud leads also to collisional drag that can resist the motion
of a plasma. The single-fluid character of our model does not allow
also for the investigation of ionization phenomena, including the
possibility of critical ionization velocity, as the plasma jet passes
through the neutral cloud.! Such competing effects and their role
on plasma jet dynamics can be investigated only with a multifluid
formulation.

Another goal of the APEX experiment was the investigation of
jet/ambient current closure patterns. In an MHD approximation sim-
ilar to one followed in the present work, the current closure is de-
scribed effectively with Ohm’s law utilized. In the present study
Ohm’s law equation (12) does not include the Hall and ion slip cur-
rents because of the assumption of a collision-dominated plasma,
and we explore below the implications. With an estimated value
of B=450 nT in the diamagnetic cavity and B =45,000 nT in
the ambient plasma, the resulting gyrofrequencies for electrons is
Q,=7.9 x 10* and 7.9 x 10° Hz, respectively. The evaluation of
electron collision frequencies for the partially ionized ETG-1 plasma
environment must include electron-ion and electron-neutral colli-
sions given by’

vy =3.64 x 107°(2; / Tﬁ)n,- b A (66)

Ven 22 11y Qen/8KT. /7rm, ©7)

With an ion number density of approximately 3 x 10> m~ and as-
suming 7, = 11,604 K at the PDP and the ETG-2 payload,'® Eq. (66)
results in v; & 8.7 x 10* s~!. The neutral air-cloud number density
is estimated at 2 x 10'® m™> at 140 m from the release point and
with Q¢ = 1071 m™2, Eq. (67) results in ve, ~ 1.4 x 10° s~!. Near
the release point the neutral density can be up to n. ~2 x 10" m=3,
and the collision frequency can be ve, ~ 1.4 x 10° s~!. In the back-
ground plasma the electron collision frequencies are ve; & 146 s~!
and 4.8 s~!. Therefore, B, = Q./(Vei + Ven) can be as small as 0.053
inside the dense parts of the jet, but the electrons will be collision-
less with B, >> 1 in the ambient plasma. The aluminum ions have
Q; = 1.6 Hz in the diamagnetic cavity and 2; = 160 Hz in the am-
bient plasma. Therefore, the ions are collision dominated 8; < 1
or B; <O(1) in the jet region but are collisionless in the ambient,
that is, B; > 1. The condition S <1 is satisfied for the plasma jet
but becomes questionable in the ambient. In a single-fluid (MHD)
framework the so-called generalized Ohm’s law with Hall and ion-
slip terms included would be identical to the tensor conductivity
with the B field in the z direction as expressed by

Jx Op Of 0 Ei
Jy = |0y Op 0 Ei (68)
Jz 0 0 gy Eé

The current system in the jet-ambient plasma involves Pedersen,
Hall, and parallel conductivities that include contribution form the
ions and electrons.’ The omission of the Hall term in Ohm’s law
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equation (12) leads to the absence of Hall currents and also to
an isotropic conductivity expressed by Eq. (13). However, in the
transverse to the B-field direction the currents in the jet and the
ambient ionospheric plasma at the altitude of the ETG-1 experi-
ment are mainly caused by the ionic Pedersen conductivity despite
the fact that the electron currents flow mainly as a result of the
Hall conductivity. Therefore, the omission of Hall currents in our
model is not expected to affect the results in a significant way. The
omission of ion slip in Ohm’s law implies that the electron current
density parallel to the B field is much larger than the ion current
density.

In general, the current closure between the jet ambient is more
complex than what the simplified Ohm’s law used in this study or
a generalized Ohm’s law with Hall and ion slip terms can describe.
The current density includes a direct current due to electric field
expressed with a conductivity tensor similar to Eq. (68), a diamag-
netic current due to density gradients, a current due a neutral field
(winds) and a current due to gravity.>® The Alfvén waves contribute
additional currents and can change the picture of plasma-jet dynam-
ics. In previous work®~7 a layer model for the plasma jet showed
that inclusion of Alfvén waves leads to smaller perturbation fields
within the plasma jet, a result of larger parallel currents that depo-
larize charge accumulation within the plasma jet. The Alfvén waves
are included self-consistently on our MGD formulation despite the
fact that they do not explicitly appear in Ohm’s law. The current
closure with the Alfvén waves is explored in the hybrid APEX-jet
simulation of Delamere et al.?!

The initial conditions for the air cloud and the aluminum plasma
jet were developed from limited laboratory data and as such might
have contributed to the differences between observations and pre-
dictions. The ETG-1 jet plasma model in particular is represented by
an axisymmetric density distribution equation (59) and a unidirec-
tional velocity distribution equation (61). Our simulations show that
the maximum jet velocity is reduced at the location of the PDP, but
the arrival time of the jet and the steepening characteristics of the jet
front are sensitive to the physical parameters at the time of the ETG-
1 injection. A more advanced treatment would require simulations
of the aluminum jet inside the ETG nozzle that would then be used
as initial data for a large-scale single-fluid simulation. The spatial
discretization is expected to induce also some numerical diffusion
and reduce the magnitude of sharp gradients that appear naturally. A
grid-adaptation strategy might have been more successful in elimi-
nating numerical diffusion.

The direction of the jet axis and the PDP spin axis with respect
to the ambient magnetic field are known within a £10-deg accu-
racy. Therefore, the PDP and its sensors could very well be off
the ETG-1 jet centerline while our virtual probe is placed directly
at the centerline of the jet. The ETG-1 simulation as well as the
simulations of the Fluxus aluminum jet experiments'>?? show that
the jet expansion is a fully three-dimensional process; therefore,
the magnitude and evolution of magnetic and density perturbations
depend on the position of the virtual probe. The three dimension-
ality of the expansion process is further verified by the results of
the ETG-2 injection.! The PDP spin axis during the ETG-2 injec-
tion was at large angles with the jet axis (up to 80 deg), and the jet
axis recorded the presence of the jet but did not record the forma-
tion of a diamagnetic cavity. The uncertainty of the PDP attitude
with respect to the jet axis introduces also a complexity in the in-
terpretation of the magnetic field components as measured on the
local PDP coordinates. Our simulations could not predict the initial
enhancement of the components of the magnetic field before the
formation of the diamagnetic cavity as shown in Fig. 8. This en-
hancement coincides temporally with the density increase detected
by the thick probe and can be related to the early arrival of waves.
The early density saturation on the thick probe can be related to
electron photoemission before the arrival of the jet itself. Finally,
it should be pointed that current collection by cylindrical Lang-
muir probes in flowing plasmas is highly dependent on the incident
angle?® while the number densities inferred by the cylindrical PDP
probes assumed a parallel orientation.!” Clearly, because of the dis-
cretization limitations in the large-scale simulations performed here,

the geometrical features of PDP sensors and orientation could not
be included.

Conclusions

This work presented the modeling and simulation of the alu-
minum plasma jet injected in the ionosphere by the explosive-type
generator (ETG)-1 during the APEX North Star Mission. The sim-
ulation is based on a three-dimensional model of the aluminum
plasma jet, the air cloud, and the ambient ionospheric plasma, us-
ing the single-fluid, unsteady, compressible, viscous, magnetohy-
drodynamic (MHD) equations. The simulations revealed complex
interactions between the plasma jet and the ambient magnetized
plasma. Some of the important features captured by the simula-
tion include the formation of a diamagnetic cavity, the formation of
a complex pattern of magntetohydrodynamic waves, the decelera-
tion of the jet, and the induced motion in the background plasma.
Comparisons with the density and magnetic induction data taken
onboard the PDP payload located at about 468 m from the injec-
tion point show good overall qualitative and quantitative agreement.
The simulation predicts the formation of a diamagnetic cavity with
a 30,000-nT depletion of the ambient value. The magnetic induc-
tion components show the presence of a small perturbation in the
direction perpendicular to the ambient induction and large perturba-
tions on the plane of the ambient induction. The simulations show
that large-scale jet-ambient plasma interactions can be modeled ef-
fectively with single-fluid formulations based on the viscous MHD
equations.

Appendix: Nondimensional Flux Vectors
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