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Introduction

T HE electrons in a low-power arcjet thruster are thermally ex-
cited through strong interactions with the electric � eld via

ohmic heating and may be out of equilibriumdue to low density and
small thrusterdimensions.Numericalevaluationof suchnonequilib-
rium states is not only important for accurate prediction of thruster
performance but also of interest from the viewpoint of � uid dy-
namics. For a propellant composed of molecular species, the rate
of electron energy loss due to inelastic collisions with molecules
can be of many orders of magnitude larger than that due to elastic
collisions.One common approach taking into account these effects
is to multiply the collision frequencies for electron–molecule en-
counters by the inelastic loss factor ±, but there exist considerable
uncertaintiesin determiningthe valueof ±, which was assumed to be
constant in Refs. 1 and 2. In fact, inelasticmechanismsare expected
to be strongly nonlinear with respect to electron energy distribution
as pointed out in Ref. 3.

This Note attempts to evaluate the degree of the electron–

molecule inelastic effects for a nitrogen arcjet by consistently ac-
counting for each energy transfer mechanism, not assuming a con-
stant ±. This is essentially the same approach as the work of Megli
et al.4 in the sense that the ± value can be evaluated from the solu-
tion obtained, but emphasis is placed on the detailed description of
the different mechanisms involved and on the determination of the
relative importance among them.

Formulation
The governing equations that describe the � ow in an arcjet are

the Navier–Stokes equations extended to include equations for the
conservation of each gas species and the electron energy. A total
of eight chemical reactions associated with � ve species (N2 , N,
N2 , N , and e ) is consideredhere. Coupled with Maxwell’s equa-
tions, they are discretizedand solved numerically in a � nite volume
fashion. The detailed descriptions of the model and numerical pro-
cedures are found in Refs. 5 and 6. The effects of the energy loss
due to elastic and inelastic collisions appear in the electron energy
conservation equation and must be modeled. In Ref. 7, Appleton
and Bray constructed an electron energy equation for monatomic
species that includes elastic/inelastic interaction terms by assum-
ing Maxwellian velocity distribution for the electron energy. In the
presentmodel, we extend their formulation to includesome relevant
mechanisms that are important for diatomic species such as nitro-
gen. Aside from the elastic collisions between electrons and heavy
particles, the electrons lose energy by the electron-impactdissocia-
tion/ionizationreactions.This is a main inelasticloss mechanismfor
monatomic gases, and additionaleffects must be taken into account
for a plasma composed of molecular species. It is well known that
the low-energy electron impact vibrational excitation for the elec-
tronic ground state of N2 is extremely strong due to the resonant
mechanism, so that the energy source term representing this effect
must be modeled. The energy exchange rate between the electron
and the rotationalmodes may become important on some occasions
as well. Consistently incorporating these mechanisms, we can now
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describe the explicit expression of the electron energy dissipation
term Se as

Se QT e Q R e Qe V Qe
D Qe

I (1)

The rate of the translationalenergy transfer between heavy particles
and electrons is given by7

QT e

4

s 1

ne
2me

ns
ºe;s

3

2
k.T Te/ (2)

where ºe;s is the collisionfrequencyof electron-s speciesencounters
and can be evaluatedas found in Ref. 8. The energy transferbetween
the rotational mode and the electron energy mode should also be
taken into considerationas Q R e . This is because electrons interact
with molecular multipoles produced by deformationof the electron
cloud in the formationof molecularbonds.9 The energy transfer rate
is written as
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The factor grot;s is the ratio of Q R e to QT e for molecular species.
In the present work, we assume grot;N2 grot;N

2
10 (Ref. 10). As

for the electron–vibration coupling, Lee11 developed an approxi-
mate rate equationand a relaxationtime by solvingthe master equa-
tion forvibrationaltransitions,includingtheeffectsofmultiple-level
transitions from and to nonground states. Because the obtained re-
laxationtime agreeswell with experimentaldata, this modelappears
to be quite reliable and is employed here. This can be expressed as

Qe V ½N2 eeq
vib;N2

.Te/ evib;N2 .Tvib/ ¿e (4)

The relaxation time ¿e is evaluated as a function of electron temper-
ature and electron pressure, and expressed by the curve-� t formula
found in Ref. 11. Finally, in both electron-impactdissociation and
ionization, dissociation/ionization energy is mainly extracted from
the electron energy,12 so that the loss of the electron energy due to
these reactions may be written as

Qe
D ED;N2 we
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where we
N2

and we
N are the mass production rate of N2 and N due to

electron-impactdissociation and ionization, respectively.

Results and Discussion
The results are presented for a case at the mass � ow rate of

45.4 mg/s and the total current of 6 A to reproduce the experimental
data in Ref. 13. The constrictor length and diameter and the nozzle
area ratio are 0.25 mm, 0.64 mm, and 225, respectively.

As stated earlier, a classical way to take into account a series of
inelastic collisions between the electron and molecular species is
to introduce the inelastic loss factor ± and write the average energy
loss rate as14
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where ±s 1 for atomic species (s N and N ). In the present for-
mulation, using the � ow properties obtained from the computation,
we canexplicitlyevaluatethevalueof ± from the followingrelations:
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where ±N2 ±N
2

± is assumed. Note that the electron energy loss
due to electron impact dissociation/ionization is not included in
the right-handside of Eq. (6). This is essentially the same de� nition
as those of Refs. 1 and 2.

Shown in Figs. 1 and 2 are the distributions of electron tem-
perature and calculated ± in the constrictor region, respectively. A
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Fig. 1 Electron temperature contours.

Fig. 2 Inelastic loss factor distribution.

Fig. 3 Pro� le of at the constrictor exit.

maximum of ± 3000 is noted at the location of z 0:45 mm and
r 0:22 mm.

It is ensured that ± strongly depends on the energy distribution
and is mainly a function of the electron temperature. However, as
foundby comparingFigs. 1 and 2, the higher Te does not always cor-
respond to the higher ±. This is because the thermal relaxation time
for the vibration–electron energy exchange process [¿e in Eq. (4)]
shows a minimum around Te 7000 K in the present model.11 Ex-
amining Fig. 3, we can con� rm that ± becomes large toward this

temperature. Because the degree of vibration–electron coupling is
much stronger than that of other inelastic loss processes for N2, this
term plays a critical role in evaluating ±. Also note that the com-
puted ± is of the order of 103 as predicted by Martinez-Sanchezand
Miller.3

Summary
A numerical model was developed to reproduce the nonequilib-

rium � ow� eld in a nitrogen arcjet thruster. The mechanisms for in-
elasticcollisionsbetweenelectronsand moleculeswere investigated
in detail by considering the rotation–electron and the vibration–

electron couplings. A computation was performed for a low-power
operating condition, and it was shown that the energy transfers due
to inelastic collisions signi� cantly depend on the electron energy
distribution,mainly owing to strong nonlinearity of the vibrational
relaxation process via electron impact.
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