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Abstract

The flow field inside a low power D'C arcjet
thruster with nitrogen as a propellant is numer-
ically investigated to predict the thruster perfor-
mance. By assuming thermal and/or chemical non-
equilibrium, the flow field can be described by the
Navier-Stokes equations that have been augmented
to include a set of conservation equations for each
of the gas species and the internal energy consid-
ered, and coupled with the electric field via Max-
well’s equations and Ohm’s low. These equations
are discretized and solved numerically in a finite
volume fashion. An emphasis is placed on the in-
vestigation of the inelastic loss factor distribution
inside the thruster. To do this we inconsistently
model the inelastic loss mechanism between heavy
particle and electron temperature including the vi-
brational relaxation by electron collisions. The
results are compared with experimental data to
examine the effect of thermo-chemical nonequilib-
rium on thruster performance.

Nomenclature

diffusion coefficient
energy per unit volume
electric field component
static enthalpy per unit mass
heat of formation

total current

current density component
propellant mass flow rate
static pressure

heat flux

gas constant
temperature

time

velocity component
voltage

mole fraction

coordinate component
mass production rate
electrical conductivity
viscosity

electric potential
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p : mass density
# : characteristic temperature
A . thermal conductivity

Subscripts and superscripts

e :  electron, electron mode
M : molecular species

ns : number of species

rot : rotational mode

s :  species index

tr : translational mode

vib :  vibrational mode

1. Introduction

In the present study, the flow field inside a low
power DC arcjet thruster with nitrogen as a pro-
pellant is numerically reproduced.

The basic structure of arcjet flow is illustrated
in Fig. 1. It is well known that the latent chemical
energy contained in the nozzle expansion region is
a main cause of thruster deterioration, which is re-
ferred to as frozen loss. However, recent studies
have suggested that, if we assume thermal equilib-
rium, conventional physical models involved in the

dissociation—-recombination process considerably un-

derestimate the concentration of atomic species for
high enthalpy nozzle flow [1], so that numerical
analysis tends to overpredict the performance com-
pared to experimental data. On the other hand,
although the nozzle chemistry can be reproduced
fairly well by applying a multi-temperature model,
our previous study has found that thermal relax-
ation models proposed are insufficient to simulate
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Figure 1: Schematic of arcjet flow
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discharge phenomena [2].

The main purpose of the present study is, there-
fore, to investigate reliable thermo-chemical mod-
els which enable us to reproduce both the discharge
phenomena and the nozzle flow chemistry.

The main difference from our previous study
[2] is that we abondoned the approach of three-
temperature modeling, and set the vibrational tem-
perature equal to the translational temperature.
Hence we assume that the energy distribution in-
side the thruster is expressed by two parameters,
namely heavy particle and electron temperature.

Regarding two-temperature calculations, esti-
mation of the energy exchange rate between heavy
particle and electron is of paticularly importance.
It is well known that the collision between molec-
ular species and electron is inelastic in nature, but
detailed mechanisms of the energy exchange are
not cleared to date. Recent studies [3], [4] adjusted
the effect of inelastic collision by applying the so-
called inelastic loss factor to the collision frequency
between molecules and electron, but its estimation
is forced to be empirical because of the lack of the-
oretical background. In the present study, pos-
sible inelastic mechanisms including the electron-
vibration energy exchange are inconsistently mod-
eled and incorpolated in the computation.

We choose nitrogen as a propellant since many
reliable experimental data and chemical models are
available.

Generally the flow field discussed above can be
described by the Navier-Stokes equations that have
been augmented to include a set of mass conser-
vation equation plus internal energy conservation
equations, and coupled with the electric field via
Maxwell’s equations and Ohm’s law. These equa-
tions are discretized and solved numerically in a
finite volume fashion.

To validate the present physical models and the
code developed, these results are compared with
experimental data.

2. Flow Models

2.1 Assumptions

Focusing on essential flow features typical to
arcjet thrusters, we can simplify the problem with
the following assumptions regarding the state of
the fluid and physical processes involved:

1. The flow is laminar and axisymmetric.

2. Lorentz force, hall currents and ion slip ef-
fect can be neglected because of very weak
magnetic field induced by small arc currents.

3. Plasma is macroscopically neutral.

4. Radiative energy transfer is negligible.
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5. Thermal and pressure diffusion transporta-
tions are negligible.

2.2. Governing equations

The equations that describe the dynamics of
the flow are the Navier-Stokes equations plus the
equation of state that have been extended for gases
in thermo-chemical nonequilibrium [5]. They are
given as follows:

Total mass conservation:

o Blpus) _
6t+ ail'j =0 (1)

Momentum conservation:

O0(pu;)  O(pusuj + 6;;p)
ot 8wj
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Total energy conservation:
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Species mass conservation:
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Electron energy conservation:

% + O(Eeu;)
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+QT-—e + QR—e - Qe—V + Q]e) + Q?

ape R
tu; 8:1:j + ijj (5)
Equation of state:
ns—1
P= Y psRT + peR.T. (6)

s=1

where §;; is Kronecker delta and each internal en-
ergy can be defined as follows:

E = Etr + Erot + Evib + Ee
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+ZpsAh +zoun; (7)

Ee = ) 2psRT (8)
s#e
Erot = ZpsRST (9)
s=M
. _ psRsavib,s :
Bav = KZMGXP(Gvib,s/T)—l 1)
E. = i;’—peReTe (11)

The electric field equation is derived from Ohm’s
law and Maxwell’s equations by neglecting the mag-
netic effect, which results in a scalar elliptic equa-
tion with respect to the electric potential ¢.

V- (GEVe) =0 (12)

" Since the characteristic time of electric field is many
orders of magnutude shorter than that of flow field,
it is impractical to solve the electric field equation
in a time-marching manner. Hence we set the time
derivative of Eq. (12) to 0 and solve iteratively
at each stage of the time integration for the flow
field equation. The Ohmic heating term is evalu-
ated from the current distribution calculated from
the electric field equation, and substituted to the
energy equations.

2.3. Chemical reaction model

For nitrogen, it is assumed that the gas is con-
stituted with five species (No, N, N;, N+, e™) and
eight elemental reactions consist of heavy parti-
cle/electron impact dissociation (r = 1 ~ 5 in
Table 1), associative ionization (r = 6), charge
exchunge (r = 7), and electron impact ionization

(r = 8). The reaction rates are assumed to be of
Table 1: No-Reactions
r Reactants Products
1 N3+ N = N+ N+ Ny
2 N+ N = N+N+N
3 No+Nf & N4+N4+NJ
4 Ny+Nt & N+ N+ N+
5 Ny +e™ = N+ N+e™
6 N+N 2 Nf +e
7 No+Nt = Nf+N
8 N+e™ & Nt+e +e

Arrehnius type, and the rate coefficients ace taken
from Park’s work [6].

2.4. Inelastic loss modeling
In the present study, we assume that the elas-
tic/inelastic collisions between heavy particles and
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electron include the following energy exchange pro-
cesses.

Translation-electron energy exchange

The rate of the translational energy transfer be-
tween heavy particles and electron is given by [7]

Q’I e"zne Ves
s

s#e

KT -Te) (13)

where v, ; is the collision frequency of electron-
s species encounters. For electron-neutral species
encounter,

T\ /2
Ve,s = NgOe,s (8R ) (14)

™

where o, , is the cross section for electron-s species
encounter, which is taken from curve fit formula of
Gnoffo et al. [5] For electron-ion encounters, the
effective collision frequency from the well-known
Coulomb potential

Ves = 3.64 x 10™%n,In A/T3/? (15)

is employed [8], where

3
A=124x10" (I—) (16)

Tle

Rotation-electron energy exchange

The energy transfer betwen the rotational and
electron energy mode should be also taken into con-
sideration. This is because electrons interact with
molecular multipoles produced by deformation of
electron cloud in the formation of molecular bonds
[9]. The energy transfer rate is written as

2m. 3
QR-e = Z U F‘grot,sye,sgk(T - Te) (17)
s=M 8

The factor gyot,s is the ratio of Qr—. to Qr—_. for
molecular species. In the present work, we assume

grot,N2 = grot,N,j,' = 10 [10]

Vibration-electron energy exchange

In the present study only Na-electron coupling

is considered for vibration-electron energy exchange,

which can be expressed as

€5ib N, (Te) = €vib,N, (Tvib)

TNy—e

Qe-v = PN, (18)
The relaxation time 7n,—. is expressed as a func-
tion of electron temperature and electron pressure.
It is given by the work of Lee [11].
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Electron energy loss due to dissociation/ionization

In both electron-impact dissociation and ion-
ization, dissociation/ionization energy is mainly ex-
tracted from the electron energy [12], so that the
loss of the electron energy due to these reactions
may be written as

@b = EpN,ug, (19)

Qr = BNy (20)
where wy, and wy are mass production rate of
N2 and N due to electron impact dissociation and
ionization, respectively.

2.5. Transport properties

In the present study, the viscosity, thermal con-
ductivity, binary diffusion coefficient, and electri-
cal conductivity for a gas of mixture are evalu-
ated by the Yos’ formula, which is based on the
first Chapmann-Enskog approximation and can be
computed using available collision cross section data
[13]. The diffusion coefficients are evaluated by the
expression of Curtiss and Hirschfelder [14]. Am-
bipolar diffusion is assumed for charged species.

3. Solution Methods

3.1. Integration scheme

The detail of the solution methods are described
in [15], and hence outlined briefly here. The gov-
erning equations are solved using a finite volume
approach. Cell-centered scheme is employed, so
that -all flow properties are defined at the center
of each control volume. The inviscid fluxes at the
cell boundary are evaluated using the AUSM-DV
method [16]. The space accuracy is kept to second-
order by the MUSCL interpolation method [17].

The governing equations are discretized in a
three-dimensional fashion for an infinitely thin three
dimensional control volume under the axisymmet-
ric assumption [18].

Time integration is performed implicitly by com-
bining the point implicit [19] procedure with the
LU-SGS [20] method in order to relieve the stiffness
resulting from the discrepancy of the time scale be-
tween the fluid motion and the chemical reactions.

The electric field equations are also discretized
in the above finite volume fashion and solved ef-
ficiently by using GMRES (Generalized "Minimal
RESidual) method [21]. The steady state solution
is obtained as asymptotic solution of the unsteady
equations for large time.

3.2. Boundary conditions

At the inlet, the flow is assumed to be subsonic
and hence one flow variable should be determined
from the interior point. In the present calcula-
tion, static pressure is simply extrapolated from
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downstream point adjacent to the inlet and other
properties are determined from the specified total
temperature and mass flow rate in one-dimensional
manner. The mass concentrations of all secondary
species are set to zero, and the stagnation temper-
ature is set to 300 K.

On the nozzle exit plane, all properties are ob-
tained from the zeroth extrapolation for supersonic
part and arbitrary small pressure is specified for
subsonic boundary.

On the electrode walls, non-slip conditions are
imposed for velocity and pressure gradient normal
to the wall is set to zero. Both anode and cathode
are assumed to be non-catalytic, so that gradients
of each mass concentration normal to the wall are
also set to zero.- The anode wall temperature is
determined by applying the radiative equilibrium
condition, that is,

qw = €Ty (21)

where € = 1.0 and 0 = 5.67 x 1078 W/K*m? are
emissivity and Stefan-Boltzman constant, respec-
tively. The physics in the vicinity of the cathode
tip is too complicated to model and hence the cath-
ode wall temperature is simply extrapolated from
the interior point. More sophisticated treatment of
the cathode wall physics is to be required in future.

As for the boundary conditions on the electric
field, no currents are allowed to pass through the
inlet and the nozzle exit. Both anode and cathode
are assumed to be at equi-potential, so that

%
o={}

and V is counted from the specified total current.

(on the anode surface)
(on the cathode surface)

3.3. Initial conditions

To start the calculation, the flow field is firstly
solved by assuming thermal equilibrium (one tem-
perature calculation). To do this, both heavy par-
ticle temperature and degree of ionization are im-
pulsively raised up to 10,000 K and 10~2, respec-
tively , in the discharge section to initia“c the arc.
Then the converged solution is used as an initial
input for two-temperature calculation.

4. Results and Discussion

The cases computed were intended to replicate
an experiment in [22]. The computations are com-
pared to these data in order to investigate the ef-
fect of thermo-chemical nonequilibrium state on
thruster performance.

In Fig. 2, the computational grids used in the
present calculation are shown. The constrictor
diameter, length, and the nozzle area ratio are 0.64
mm, 0.25 mm, 225, respectively. The axial position

196



¢ Computational grids
£ (58x30 cells)

r (mm)
© - N W A Lo

Figure 2: Computational grids

Axial velocity (m/s)
max: 3,581

1000

r (mm)

L 3 10
z (mm)

Figure 3: Axial velocity contours

of the cathode tip is set so as to be identical to that
of the constrictor inlet. The computational domain
is divided into 58 cells in the axial direction and 30
cells in the radial direction.

The present calculation is performed for both
one-temperature (1T) and two-temperatrue (2T)
cases at a mass flow rate of 45.4 mg/s and total
current of 6 A.

The results are firstly shown for axial veloc-
ity distribution in Fig. 3. The centerline veloc-
ity indicates a maximum of v ~ 3,600 m/s at the
constrictor exit, and then decreases to u ~ 3,000
m/s at the nozzle exit due to viscous dissipation.
We observe that the axial distribution of u shows a
glitch in the expansion region. It is well known that
the approximate Riemann solver including AUSM-
DV sometimes gives an expansion shock if rapid
physical expansion is present in the flow field. The
entropy-fix procedure proposed in [16] may be re-
quircd to eliminate these unphysical phenomena.

The heavy particle and electron temperature
contours in the constrictor region are shown in
Figs. 4 and 5. Figure 4 clearly demonstrates that
the arc is initiated from the cathode surface and
is surrounded by the cooler outer flow. The tem-
perature reaches a peak of T' ~ 30,000 K just
downstream the cathode tip, but rapidly decreases
in both axial and radial directions. To accurately
simulate the thermal environment in the vicinity of
the cathode tip, the number of computational cells
for the present computation is insufficient. The
effect of accuracy for the cathode physics on the
thruster performance is, however, supposed to be
relatively minor because the high temperature re-
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Figure 5: Electron temperature contours

gion is restricted to small portion of the cathode
tip. The centerline temperature at the nozzle exit
is T~ 1,600 K. On the other hand, as shown in
Fig. 5, the electron temperature increases to more
than 10,000 K in the viscinity of the anode sur-
face just downstream the constrictor exit. This
trend can be explained by examining the electric
potential distribution depicted in Fig. 6. The po-
tential is clusterd near the anode surface, raising
large potential gradient. Hence the Ohmic dissipa-
tion becomes large in this region despite relatively
small electron density and causes the elevation of
the electron temperature. This is the same trend
as previously reported two-temperature computa-
tions [3], [4].

Electron number density contours are indicated
in Fig. 7. For nitrogen, the electron is mainly
produced by the electron-impact ionization process
(r = 8 in Table 1). The rate coefficient for this
reaction is intrinsically large and the process oc-
curs in a chain reaction. Thus the electron density
increases exponentially within a short time when
electron temperature and density reach a certain
high value. This phenomenon is referred to as
avalanche ionization [12], and also is confirmed by
the present result. The electron density drastically
increases from the upstream region of the cathode
tip, and reaches a peak of n. ~ 5.3 x 1022 m~3
on the centerline.  For chemical nonequilibrium
flows where the chemical reaction takes place with
a finite rate, the locations of the maximum temper-
ature and the electron density are not always the
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same. In this result, however, these two locations
are almost identical despite relatively small scale
of the thruster. This fact also demonstrates the
vehemence of ionization, which is the main cause
of numerical instability.

Shown in Figs. 8 and 9 are current density con-
tours and anode current distribution, respectively.
The arc current mostly attaches to the anode sur-
face downstream of the constrictor exit, which cor-
responds to so called high-voltage mode. A peak
current density of j ~ 3.8 x 10° A/m? is noted at
a location of 2z ~ 2 mm on the anode surface. It
is obvious that the 1T calculation forces the arc
to attach to more downstream and to be diffusive
compared to 2T.

Now we define the inelastic loss factor § by the
following relation

F(é) : QT—e = QT—e + QR—e - Qe—V (22)

The left hand side of Eq. (22) implies that we
multiply the collision frequencies between the elec-
tron and molecular species by §. See the definition
of Qr—e, Eq. (13). This is essentially the same
definition as that of [3] and [4]. Note that the elec-
tron energy loss due to electron impact dissocia-
tion/ionization is not included in the right hand
side of Eq. (22). Shown in Fig. 10 is the distri-
bution of calculated §. A maximum of § = 2871 is
noted at the location of z = 0.45 mm and r = 0.22
mm. It is ensured that § is strongly energy de-
pendent, mainly a function of the electron temper-
ature. However, as seen from the figure, the higher
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Figure 9: Anode current distributions

T. does not always corresponds to the higher 6.
This is because the thermal relaxation time for the
vibration-electron energy exchange process (7n,—e
in Eq. (18)) shows a mimum around T, ~ 7,000
K in the present model [11]. Examining Fig. 11,
we can confirm that § becomes large towards this
temperature. Since the vibration-electroz coupling
is much stronger than other inelastic loss processes
for N, this term plays a critical role to evaluate 6.
It is also worth noting that the computed ¢ is of
the order of 10® as predicted by Martinez-Sanchez
and Miller [23].

The energy distribution at the nozzle exit and
anode thermal loss are compared between the 1T
and 2T computations in Table 2. A significant
difference is confirmed for the latent chemical en-
ergy labeled as dissociation and ionization. The
2T model predicts much more secondary species
than 1T especially for atomic nitrogen. This dis-
crepancy can be explained by examining the axial
distribution of temperature shown in Fig. 12. Just
downstream the cathode tip, the heavy particle
temperature for the 2T result is several thousand
degrees higher than obtained from the 1T result.
This leads to produce larger amount of secondary
species in the 2T calculation. In the nozzle, on
the other hand, the trend of the axial profiles for
these secondary species are almost identical since
the chemical reaction goes to frozen state. It is
thus cleared that the flow chemistry is basically
determined in the constrictor region.
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Table 2: Energy distribution at the nozzle exit

1T 2T

Energy state PW) % PW) %

Axial kinetic 104.8 37.9 779 38.9
Radial kinetic 20 0.7 1.2 0.6
Dissociation 472 17.0 63.1 31.5
Ionization <1 0.2 2.3 1.1
Heavy particle thermal 946 34.2 498 249
Vibrational 10.3 3.7 2.0 1.0
Electron thermal <1 0.0 <1 0.0
Anode heat loss 17.3 6.2 4.0 2.0

Table 3: Comparison of measured and predicted thruster performance

Voltage (V) Thrust (N) Isp (s)
Exp. (Ref. 10) 59 0.085 190
Comp. (1T) 45* 0.090 203
Comp. (2T) 32* 0.073 174

* Electrode sheath voltage is not included

Inelastic loss factor
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Figure 10: Inelastic loss factor distribution
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Figure 11: Profile of § at the constrictor exit

The results are finally compared with the ex-
perimental data of [22] in Table 3. The
predicted voltage is quite lower than the experi-
ment for both computational results. This is be-
cause electrode voltage drop inside the sheath is
not taken into account. Therefore the accuracy of
the computations with respect to the input power
depends on how we estimate this potential drop.

Constrictor Nozzle

- N

300001 —

Temperature (K)

10000+

Figure 12: Axial distributions of temperature

Unfortunately, the accurate prediction is extremely
difficult due to the physical complexity associated
with the sheath structure, and this is remained for
future studies.

On the other hand, the mesured thrust and spe-
cific impulse lies between the two computated val-
ues. Since a drastic change is observed for chem-
ical energy distribution as shown in Table 2, the
uncertainly of the chemical state is expected to be
most responsible for this discrepancy. Other fac-
tors would be related to the neglect of radiative
energy loss and the neglect of diffusive enthalpy
conduction by assuming the non-catalytic wall.

5. Conclusions

A detailed numerical code has been developed
to simulate the thermally and/or chemically nonequi-
librium plasma flow inside DC arcjet thrusters. Com-
putations are performed for the thruster geometry
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used in an experiment at a mass flow rate of 45.4
mg/s and total current of 6 A. Although the funda-
mental arcjet physics was successfully reproduced,
predicted thruster performance was slightly higher
for one temperature and lower for two tempeature
calculation than the measured value. The main
cause is expected to be associated with the uncer-
tainly of chemical state, and more reliable chemical
mod:ls are required to predict the thruster perfor-
mance accurately.
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