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Two-Fluid Nonequilibrium Simulation
of Hydrogen Arcjet Thrusters

S. A. Miller* and M. Martinez-Sanchezy
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

A detailed numerical model has been developed to study the gasdynamic flow in an electrothermal arcjet
thruster. This two-temperature Navier —Stokes model consistently incorporates viscosity, heat conduction, ohmic
dissipation, collisional energy transfer between electrons and heavy species, ambipolar diffusion, nonequilibrium
dissociation and ionization, and continuum radiation. The fluid equations are solved by MacCormack’s method
while an iterative procedure is used to relax an electric potential equation, from which the current distribution
in the thruster is obtained. Using hydrogen propellant, solutions are achieved for a range of input parameters
and the underlying physics and internal structures of these arcjet flows are revealed. In particular, a mechanism
for self-sustaining anodic arc attachment is identified. Numerical solutions are compared with experimental
results from the Stuttgart TT1 radiation-cooled arcjet thruster. Calculated discharge voltage is within 1-10%
of experimental measurements, and predicted specific impulse is within 5~-10% agreement. In addition, flow
solutions are used to explain observed trends in performance as quantities such as the specnﬁc energy and mass

flow rate are varied.

Nomenclature
specific heat at constant volume, J/mole K

2
i

D, = ambipolar diffusion coefficient, m>/s

d, = ambipolar flux of ions and electrons, m~? s~*
E, = dissociation energy, J

E, = ionization energy, J

E, = elastic collisional energy transfer, W/m?

E,, = vibrational excitation energy, J

= electric field, V/m

= electric charge, C; internal energy, J/kg
= Planck’s constant, J s; enthalpy, J/kg
= total current, A

= electric current density, A/m?

= equilibrium constant

= Boltzmann’s constant, J/K

= particle mass, kg

= Avogadro’s number, mole !
number density, m~3

= net production rate, m~3 s~!

= scalar pressure, Pa

= heat flux vector, W/m?

= real-gas constant, J/kg K

= universal gas constant, J/mole K

= energy loss due to radiation, W/m?
= temperature, K

= mean flow velocity, m/s

= slip velocity, m/s
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vg = Bohm velocity, m/s

X = mole fraction

@ = ionization fraction

K = coefficient of thermal conductivity, W/m K
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n = coefficient of viscosity, kg/m s

v = collision frequency, s

P = mass density, kg/m?

o = electrical conductivity, mho/m

(ov) = reaction rate coefficient for e — H, dissociating
collisions, m3/s

] = viscous dissipation function, W/m?

¢ = electric potential, V

¢ = electron mobility, m*Q C

} = average effective collision integral, m?

I. Imtroduction

SCHEMATIC diagram of an electrothermal arcjet is

shown in Fig. 1. In this device an electric arc is passed
between a central cathode and a surrounding anode. The
anode effectively defines the geometry of the thruster con-
strictor and nozzle. The thermal energy of arc electrons is
collisionally transferred to the flowing propellant and then
converted to kinetic energy in the nozzle expansion to produce
increased thrust. Low-power arcjet thrusters have recently
been flight qualified through ground testing and are now being
used in space for stationkeeping of geosynchronous com-
munication satellites. Most of the impetus to date for design
strategies, however, has come from empirical studies and ex-
perimentation and there is a need to better understand the
underlying physics, detailed energy balances, and transport
mechanisms of these devices.

Unfortunately, the complexity of the models and equations
needed to accurately represent the flow in an arcjet thruster
effectively limits the use of analytic techniques to simplified
cases, through which one may obtain useful physical insights,
but inadequate predictions of thruster performance. Experi-
mental techniques provide much useful empirical data, but
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Fig. 1 Stuttgart 10-kW radiation-cooled arcjet thruster.
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many quantities of interest are not accessible in the important
regions of the thruster. For these reasons numerical methods
of solving the governing equations have become important
tools for conducting arcjet research.

Previous numerical modeling of arcjet thrusters has focused
on the development of one- and two-dimensional and axisym-
metric models with relatively simple physics and geometries.
The level of detail has ranged from one-dimensional models!
to coupled quasianalytic models of the inner (arc) and outer
(cold gas) flows,2-* to simplified axisymmetric space-marching
techniques,’ and finally to two-dimensional and axisymmetric
viscous codes.®=® The latest research has obtained results that
variously incorporate ohmic heating, electron heat conduc-
tion, dissociational and ionizational nonequilibrium, and em-
pirical models of radiation losses. There are still a number of
issues, such as viscous and diffusive effects, arc formation,
and attachment, the heat balance in the anode, and ultimately
the accurate prediction of voltage and efficiency, which need
to be addressed. This article describes a generalized, more
physically accurate model of the gasdynamic flow through an
arcjet thruster, which includes the aforementioned effects with
the exception of a coupled anode thermal analysis. The pre-
dictions of this model compare favorably to experimental re-
sults obtained with medium power hydrogen arcjets.

II. Model

A. Basic Assumptions

This model is based on an axisymmetric formulation. A
component of the flow velocity in the azimuthal @ direction,
however, is incorporated to account for the swirl injection of
most experimental arcjets. Hydrogen was selected as the pro-
pellant of choice, due to its low molecular weight (and there-
fore high performance) and its simple molecular structure,
which allows for analytic evaluation of the necessary transport
coefficients. Nonequilibrium dissociation and ionization are
modeled and four species of particles are tracked: diatomic
molecules, monatomic neutrals and ions, and electrons. Dis-
sociation is modeled by heavy species collisions and electron
impact, and the ionization process is based on electron impact
ionization and three-body recombination, with only H* ions
considered.

The following assumptions are made regarding the state of
the flow in the thruster and the physical processes involved.
The plasma is assumed to be macroscopically neutral, so that
n, = n,. Strong coupling is assumed between the ions and
neutrals, designated together as the heavy species. This im-
plies that u; = u, = u (except for ambipolar diffusion), and
T, = T, = T,. Self-consistently incorporated effects include
ambipolar ditfusion, heat conduction, viscous shear and dis-
sipation, ohmic heating, collisional energy transfer between
electrons and heavy species, and energy lost through contin-
uum radiation. Line radiation is neglected since the escape
coefficients are extremely small for this case.® The self-in-
duced magnetic field in the ionized gas is neglected due to
the low current density in the thruster,” and the individual
species are assumed to obey the ideal gas law. Given the
aforementioned assumptions, the model can be summarized
by a set of nine partial differential equations that must be
solved locally in order to generate a viable simulation of the
flow.

B. Governing Equations

The equations that govern the model arcjet thruster of this
research are essentially a group of modified Navier—Stokes
equations. These include an equation of state and equations
for the ion, neutral atom, and global density; the axial, radial,
and azimuthal global momentum; the electron and heavy spe-
cies energy; and the electric potential. To maintain numerical
robustness, these equations are written in conservative form.
Source terms that cannot be expressed in flux vector form are
included as necessary.

The electric potential equation is derived by combining
Ohm’s law j = gF + ¢Vp, with the equation V-j = 0, where
Y = e/lm, 3, v, is the electron mobility. Assuming a potential
of the form E = —V¢, the resulting equation is given by

l 6 d 8 32 14 9?2
ro ¢ 4+ — ¢ l[l _& + __& + £
ror or 9z az or? r oor 022

.2y | 3p. 3 W
ar ar 4z 9z

The global density equation is obtained by summing the
individual species continuity equations:

dpr  dpu,r  dpu,r
— 4 =
at or 0z 0 &)

For the ion (or electron) density, the governing equation is
derived from the statement of ion mass conservation, modi-
fied to account for the ambipolar flux of charged particles in
terms of ion density gradients:

dp.r 4 dapu, + d,)r ‘+ dpu, + d.)r
at or 0z

= mur (3)

where d, is given by’

kT, [1 + (T.IT,)]
d, = —-D,p, D, = \/Tmn Qin(ne + n") (4)

In the source term, r, represents the net rate of production
of ions per unit volume through inelastic collisional processes.
The statement of atomic hydrogen mass conservation is ob-
tained in a similar manner and the effect of ambipolar dif-
fusion is consistently included by assuming that both neutral
species travel at the same velocity:

dpur | dpuit,r 9 Pu my opul.r
—_— 4+ — d Uz
ot or ar (o, + p) m 0z
9 [ Pu My d. :I
(pu, + pr) M,
= mH(ﬁH + <0-U>nenH2 - ne)r (5)

In this equation the source term represents the net rate of
production of neutral atoms, given by the difference between
the net rate of production due to dissociation and the net rate
of ionization of those neutral atoms produced.

The three global momentum equations-are

ot ar a9z

+ Ty —pug —p =10 (6)
dpuyr + Apuu, — T,5)F T pu,u, — 1,)r

ot or 9z
=0 @)

+ pu,u,

at ar 9z ‘

=0 (8

where the corresponding 7, are the viscous stress tensor com-
ponents.
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The heavy species energy equation is

dpe,r + a(pegu, + qgr)r + a(peguz + qu)r
at ar 0z

+ a(szeHZVHzr + pueuVu + pureu Var,)r

or
N WV, r N OV, r N Vs, r
Py, or Pu o Put or
_{our  du,r 1 .
+ Pe (? + ¥> = <<D + E, - EEdnH) ¥ (9)

where the internal energy and enthalpy are defined by

3 5
pe; =5 (pu + pur)RLT, + EPHZRHZTg

P R0, 7

+ ——— — - pR,T
exp(6,/T,) — 1 4p Hes (10)

phg = peg + szRHzTg + (pH + pH*)RHTg (11)

Here, T, is the reference temperature at which the enthalpy
of molecular hydrogen is zero. Additional flux terms have
been included in the heavy species energy equation to account
for the radial transport of energy by ambipolar diffusion.
Also, in Eq. (9), ¢, = —«,VT, is the heat flux vector and

E; = 3(p./mg)(vour + v + 5VeH7)k(T g) (12)

represents the collisional energy transfer between electrons
and heavy species. The coefficient &, in Eq. (12) is necessary
to correct for the fact that electron—H, collisions are inelastic
in nature. The magnitude of §, as a function of electron tem-
perature is taken from Sutton and Sherman.'®

For electrons, the governing energy equation is

apEr + o(pu H, + q.)r + dpu..H, + q.)r
ot ar 0z

i2
= (jg - E, - Ed<0'v>nen}{2 - EA, — R> r (13)

Here, j%/o represents heating due to ohmic dissipation, and
the total energy and enthalpy are given by
E,=3R,T, + 32 and H, = E, + R,T. 14
The final equation required for closure of the set is the
equation of state:

p=2p =
7

> ng kT, + nkT, (15)
i

C. Dissociation and Ionization

The nonequilibrium dissociation rate 7y is derived by fol-
lowing the procedure and nomenclature of Biasca!! for col-
lisions of heavy species. Accordingly, this rate is given by

. B . .
= ANT?% exp (—T> (o + o)

g

RT, 2]
‘ [UHZ - i o (16)

where K, is the equilibrium constant in terms of partial pres-
sures, o; are the species molar concentrations, and the ap-

propriate constants for hydrogen are taken from Rogers and
Schexnayder.’? Dissociation by e — H, collisions is repre-
sented by the second term on the right-hand side of Eq. (5),
where (ov) as a function of electron temperature is taken
from Janev et al.’® For ionization, the finite production rate
is given by the generalized model of ionization and three-
body recombination,’* modified by Sheppard® to include a
more accurate recombination coefficient based on a 19-level
model of the dynamic equilibrium between excited states of
the hydrogen atom:

A, = Rn(Sny — n?) (17)

G- (27rmekTe

3/2
e ) exp(— E,/kT,) (18)

) [4.(T./1000) — 4. 0833]
- 2 a
R =6985 x 10 { 8179 (19)

D. Transport Properties

Because of the multicomponent nature of the gas in an
electrothermal arcjet, the equations for the transport prop-
erties become quite complex. Since data are more readily
available for hydrogen in the form of collision integrals, a
formulation of the transport coefficients based on these in-
tegrals rather than on collision cross sections is implemented.
As an example of the form of the transport coefficients used
in this model, the gas coefficient of viscosity is given by Eq.
(20). 1t is calculated based on a mean free path mixture for-
mula, which is a function of the collision integrals and the
species number densities and pure viscosities!*:

Ry, M,
, T "H\/3[ (9} 2)H/Q(Z 2)H]

He =

NuMy
ny + n VOGP u/Q8 3] + 20y + [082+/0G %)

+

Ry + P+
+ 20
Hyge + 200820 1QZD 110 (20)

Pure viscosities are given to lowest order by

( )1/2
p = 2.6693 X 10720 ——-—— (21)
I

Electron and heavy species thermal conductivity coefficients
are calculated based on similar mean free path arguments and
mixture rules, and the electrical conductivity is taken from a
first-order approximation by Grier.'® Collision integrals re-
quired in the calculation of transport coefficients are inter-
polated as a function of temperature from data by Grier,!®
Belov,'” and Vanderslice et al.'® The accuracy of the previous
approximate formulas for the transport coefficients was ver-
ified by comparison to previous, more detailed work for hy-
drogen in thermal and ionizational equilibrium.¢-1°

III. Numerical Method

A. Integration Scheme

The governing fluid equations are numerically integrated
using MacCormack’s explicit node-based method, which is
second-order accurate in time and space. An empirical sta-
bility formula developed by MacCormack and Baldwin® is
used to calculate the integration time step, which is then mul-
tiplied by a fractional coefficient to account for the effect of
source terms and nonlinearities. Although MacCormack’s
method contains some inherent dissipation, additional sec-
ond- and fourth-order smoothing terms are required to damp
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unwanted numerical oscillations in the fluid equations. The
electric potential equation, being predominantly elliptic in
nature, is solved by iteration using a successive overrelaxation
technique. Since the physical grid is nonuniform in order to
closely represent the geometry of the actual arcjet being mod-
eled, the governing equations are transformed into natural
coordinates. A 150 by 30 point mesh is used, with grid con-
centrations near the walls, in the constrictor, and near the
cathode tip in order to resolve the steep gradients associated
with these regions.

B. Boundary Conditions

The conditions at the inlet of the computational domain,
located 1 cm upstream of the cathode tip, are taken to be
those of a subsonic uniform flow. A fraction of the total inlet
velocity is specified as being in the azimuthal direction in order
to simulate an injected swirl. The mass flow rate and total
enthalpy are specified based on the particular run parameters,
and the ionization fraction is set to a small but finite value,
e.g., 1077, The density is obtained from a downwind finite
difference approximation of the overall continuity equation
and the inlet electron temperature is set equal to that of the
next inside point. Finally, no current is allowed to pass up-
stream of the cathode tip.

The boundary conditions at the outlet of the thruster de-
pend on whether the exit flow is subsonic or supersonic. In
both cases the electron temperature is set equal to that of the
next inside point and no current is allowed to pass beyond
the exit plane. If the flow is supersonic at a point on the exit
plane then the remaining variables are extrapolated from their
values at the preceding two grid points of the mesh. If the
flow is subsonic then the exit pressure is set equal to a small
value representing near-vacuum conditions and the remaining
variables are given by Riemann invariants with no electric or
transport effects included.

For those boundary points lying beyond the tip of the cath-
ode on the centerline, the radial and azimuthal flow velocities
are set equal to zero and a zero radial gradient is imposed on
the other variables.

Flow boundary conditions at the thruster walls include vis-
cous no-slip conditions for the heavy species velocities and
an imposed zero gradient on the electron temperature. The
heavy species temperature is held constant at 1000 K upstream
of the constrictor, increasing linearly to 1100 K at the con-
strictor exit. This profile was chosen based on experimental
and numerical calculations of the anode wall temperature
distribution for a reasonable operating range of the German
TT1 radiatively cooled arcjet thruster.”?! On the cathode the
wall temperature is allowed to increase to a maximum of 2000
K at the tip. For the boundary condition on electron density
at each electrode, a balance is postulated between the flux of
ions arriving at the sheath edge by ambipolar diffusion and
the flux of ions arriving at the wall by virtue of their thermal
energy at vg:

D, Y% — 06inp, vy [FLET) ()
dy my

Application of the perpendicular overall momentum equation
at the walls provides the approximate condition

dp

a| =0

wall

The boundary conditions on the wall electric potential are
1) that there is no current perpendicular to an insulating sec-
tion and 2) that the potential on the anode is set equal to a
fixed voltage that is the same for all simulated cases. For
numerical reasons, anode current attachment is restricted to

that portion of the outer wall downstream of the constrictor
exit. It was found that when this restriction is removed, the
model predicts attachment near the constrictor inlet, which
is not borne out by experiment for the thruster studied. Some
simplifications are made in order to avoid detailed modeling
of the complex sheath physics of each electrode. On the cath-
ode tip, a uniform axial current density is prescribed that sums
to the specified total current. The potential at the cathode is
then chosen to maintain this current level. A cathode voltage
drop equal to the ionization potential plus one-half of the
dissociation potential of the gas is added to the calculated
voltage in order to account for the model’s neglect of the
cathode sheath region. In addition, an anode voltage drop is
subtracted from the calculated voltage in order to account for
the anode sheath region. A negative potential gradient is
required in this sheath to turn back excess electrons, since
the extracted current is much less than the random thermal
flux of electrons to the anode wall (j,noqe << #en.,). This
voltage drop is given by

kT, \/m,»/me) < j
AV, = —\ul——=) —ull+
e 0.61V27 0.6len,VKkT,/m,

(23)

IV. Results

A. Baseline Case

Results have been achieved for comparison to the Stuttgart
TT1 radiation-cooled arcjet thruster® at a number of oper-
ating points. This thruster has a constrictor diameter and length
of 2.5 and 5 mm, respectively, a nozzle half-angle of 17.5 deg,
and an exit diameter of 25 mm. A baseline case of w1 = 0.1
g/s and I = 100 A has been selected to show detailed flow
results. Table 1 compares bulk results of the simulation to
experimental measurements for this case, while Figs. 2—-12
show line and contour plots of representative quantities. There
is excellent agreement in the voltage between predicted and
experimental results and good agreement (within 7%) in the
thrust and specific impulse. The accuracy in voltage prediction
shows that the simulation is accurately modeling electrical
conductivity, arc growth, and current attachment given the
assumptions that have been made regarding current at-

Table 1 Comparison of predicted and
experimental results for the baseline case

Predicted Experiment
Voltage, V 115 112
Power, kW 11.5 11.2
Thrust, N 1.01 0.94
Specific impulse, s 1030 960
Efficiency 0.442 0.395

Contours 4000°K
0.0036 Min 1400
Max 40,000

015 = 0018 = 0.021 | 0024 = 0.027 = 0.030
Z(m)

Fig. 2 Electron température contours for the baseline case (r scale
exaggerated).
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Fig. 3 Centerline axial profiles of gas and electron temperatures for
the baseline case. , gas temperature; — — —, electron temperature.

0 e
0.0000 ~ 0.0004  0.0008  0.0012
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Fig. 4 Radial profiles of electron and heavy species temperatures

0.25 mm downstream of the constrictor exit.
~—=— electron temperature.

, gas temperature;

Contours 2000 m/s
0.0124 Min 0
Max 26,800
0.0084 8
R(m
(m) ] 12
0.0044
16
] 7 0
000 NEETHM e oIS N
0.014 0.023 0.032 0.041 0.050 0.059
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Fig. 5 Axial velocity contours for the baseline case (r scale exagger-
ated).
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Fig. 6 Radial distribution of the mass flow rate at the constrictor
exit for the baseline case.
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Fig. 7 Predicted I, compared to experimental data, German TT1
radiation-cooled hydrogen arcjet.
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Fig. 8 Centerline axial electron temperature profiles for m = 0.1 g/

s at three applied currents. s I =60 A; ———, 1 = 100 A; -,

I =130A.
14
1.2
1 Reonst
[+3
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0.0000 ~ 0.0004  0.0008  0.0012
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Fig. 9 Ionization fraction radial profiles at the constrictor exit for
m = 0.1 g/s at three applied currents, ——, I = 60 A; ———, I =
100 A; -, I = 130 A.

tachment in the constrictor and electrode sheath voltage drops.
The overprediction of thrust may be a result of inaccurately
specified boundary conditions for the electrode temperatures
and the inlet gas temperature, or it may reflect remaining
deficiencies in modeling the anodic arc attachment region.
The simulated discharge voltage includes a bulk voltage
drop from the electric arc and near-electrode voltage drops
at the cathode tip and the anode wall. The near-cathode volt-
age drop AV, is composed of a 15.8-V drop assigned to the
cathode sheath (V; + 3V,) and an 8-V drop calculated in the
first few grid points downstream of the tip. AV, = 15 V is
composed of a 22-V drop captured by the simulation and a
—7-V drop associated with the electron-repelling sheath. The
anode voltage drop is associated with the net deposition of
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0.010 = 0.016  0.022  0.028 = 0.034  0.040
Z(ra)

0.000 —T—T—T
0.015 0.019 0.023  0.027
b) Z(m)

0.031 ' 0.035

70,010 | 0.016 | 0.022 © 0.028 ' 0.034 = 0.040

©) Z(m)
Fig. 10 Enclosed current contours for P/m = 120 MJ/kg: a) I = 60
A, it = 0.05g/s; b) I = 100 A, s = 0.10 g/s; and c) I = 130 A,
m = 0.15 g/s (bottom); (r scale exaggerated).

energy into the anode block by heavy species heat conduction
and by the impingement of current-carrying electrons. As-
suming that the energy transferred per unit area is of the form

dT. 5 1
JAV, = —k, dﬁg + Uy <§ p. + Epeuﬁ + En) (24)

using the results of the baseline flow simulation yields an
equivalent voltage of 14.5 V for this deposited power, which
agrees well with the AV, seen in the potential profile.

Enclosed current contours for the baseline case are plotted
in Fig. 10b. In this case, the bulk of the current attaches within
the first quarter of the nozzle, peaking just downstream of
the constrictor exit. Note that this figure graphs enclosed
current contours in an approximate sense; plots of current
streamlines show that the current does in fact attach perpen-
dicular to the anode wall, which is not apparent in Fig. 10.°
The flow becomes fully ionized along the centerline imme-
diately downstream of the cathode tip and remains so through
the first part of the nozzle expansion, beyond which there is
some recombination. The boundary of the partially ionized
region grows to approximately 50% of the channel by the
constrictor exit and this region is essentially entrained in the
flow throughout the nozzle. The primary heating mechanism
is ohmic dissipation, which peaks locally on the thruster axis
in the constrictor and just beyond the constrictor exit near
the anode wall. This is evidenced by the local maxima in
electron temperature in these regions (Fig. 2).

Within the highly ionized region of the arc in the constric-
tor, collisional energy transfer between electrons and heavy
species raises the gas temperature to 20,000-30,000 K, or

Reonst

0.0012

0 —
0.0000  0.0004 | 0.0008
R(m)

Fig. 11 Gas temperature radial profiles at the constrictor exit for

P/im = 120 MJ/kg at three mass flow rates. , m = 0.05 gfs;
———,m = 0.10 g/s; -, m = 0.15 g/s.
28000 0.14
24000 F0.12
200004+ L0.10
w000 < i -0.08
u{m/s) 1 pud AN}
120004 -0.06
80004 F0.04
4000+ F0.02
N

0 : : — .
0.000 0.004 0.008 0.012

R(m)
Fig. 12 Axial velocity and Kinetic thrust radial profiles at the thruster

exit for P/im = 120 MJ/kg at two mass flow rates. ——, m = 0.05 g/
85 ===y iz = 0.15 g/s.

nearly the same temperature as the electrons (Fig. 3). Because
of the very low ionization fraction outside of the arc, however,
the gas temperature in the outer flow remains approximately
equal to that of the anode wall (Fig. 4). The calculated elec-
tron temperature at the thruster exit varies from 2000-4000
K, which compares favorably with measurements made by
Hoskins et al.?* on similar radiation-cooled hydrogen arcjets.

Since the pressure is nearly uniform over the cross section,
rapid acceleration of the core flow occurs throughout the high-
temperature, low-density region of the arc in the constrictor.
Once the bulk of the pressure work has been done in the
expansion process, however, viscous forces arising from steep
velocity gradients in the central core decelerate the flow sig-
nificantly in the nozzle expansion (Fig. 5). Both the inner and
the outer flows accelerate smoothly through sonic velocity at
the constrictor exit and a peak Mach number of 2.86 is
reached at the thruster exit approximately halfway between
the thruster axis and the anode wall.

The mass flow diagram of Fig. 6 points out an interesting
description of how an arcjet works. This plot of the integrated
mass flux at the constrictor exit shows that most of the mass
actually flows outside of the high-temperature, high-velocity
arc core. According to the model, the effect of the central
arc is to produce an electrothermal, or fluid dynamic, plug,
which forces most of the mass flow outward into the relatively
low-temperature region near the anode wall. This process
effectively decreases the throat area, thereby increasing the
stagnation pressure of the plenum and increasing the thrust
of the device. This is not the full explanation, however, be-
cause there is considerable heating of that fraction of the
propellant that flows in the core region of the arc. This core
fraction additionally transfers a portion of its energy to the
outer flow by diffusion in the nozzle.
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The effectiveness of this model in simulating the current
attachment region at the anode is due to the incorporation of
separate energy equations for heavy species and electrons and
to the use of finite rate dissociation and ionization equations.
Ohmic dissipation is found to be an important source of en-
ergy throughout the current path shown in Fig. 10, both inside
and outside the main arc core. This leads to electron tem-
peratures as high as 20,000 K in the anode attachment zone
of the outer flow (Fig. 2), much higher than the 1000-2000
K temperatures that would be calculated by a model with only
one energy equation. These elevated electron temperatures
produce enough electron impact dissociation and ionization
to create the necessary charge carriers for electrical conduc-
tion between the outer arc boundary and the anode. Ambi-
polar diffusion also plays a role in moving ions and electrons
outward from the arc into the surrounding cooler gas flow.

To gain an understanding of the loss mechanisms involved
in this particular arcjet thruster design, the partition of energy
in the flow at the exit plane can be examined. By conservation
of energy, the total power in the exiting flow is equal to the
electrical input power minus the power lost to the walls plus
the power inherent in the inlet flow, for a total of 14.6 kW
for the baseline case. The power lost due to continuum ra-
diation is found to be negligible for this thruster.® Table 2
catalogs the distribution of power in the various energy states
of the exiting flow. As the table shows, in this case only 39%
of the exit plane energy is in the form of useful thrust. Fully
47% of the energy is tied up in dissociation and ionization,
while 13% is classified as thermal energy. In particular, the
energy bound in dissociation and ionization represents a sig-
nificant frozen loss.

B. Performance Mapping

A number of cases have been run to evaluate the model’s
effectiveness in predicting arcjet performance over a range of
parameters. Figure 7 shows simulation predictions of specific
impulse for the TT1 thruster at three mass flow rates and over
a range of applied currents. The simulated specific impulse is
seen to be approximately 5-10% higher than that measured
by experiment. Voltage predictions from the arcjet simula-
tion, listed in Table 3, fall within 1-3% of experiment for
m = 0.05 and 0.1 g/s and within 10~12% for m = 0.15 g/s.
The negative slope of the V-1 relationship is also captured.
The differences in predictive voltage accuracy between mass

Table 2 Distribution of energy in the exit flow?

Energy state Power, W % of total
Axial kinetic 5720 39.2
Radial kinetic 89 0.6
Azimuthal kinetic <1 0.0
Tonization 2546 17.5
Dissociation 4367 30.0
Electron thermal 88 0.6
Heavy species thermal 1769 12.1

aTT1 arcjet, [ = 100 A, m = 0.1 g/s.

Table 3 Comparison of discharge voltages for the
cases in Fig. 9

Case ' Voltage

I, A m, g/s Numerical Experiment
70 0.05 89 86
100 0.05 85 78

60 0.10 118 117
100 0.10 115 112
130 0.10 113 111

60 0.15 140 127

95 0.15 138 120
130 0.15 137 118

flow rates probably result from the boundary condition that
requires the current to attach downstream of the constrictor
exit. In reality this attachment point is a function of the op-
erating conditions and may also be affected by sheath layers
or instabilities not addressed by this research.

C. Variation of the Applied Current at Constant Mass Flow Rate

The effect on arcjet performance of varying the applied
current to increase specific energy (P/n1) can be examined in
detail by comparing simulation results from the three m =
0.1 g/s cases. Predicted voltages and current distributions for
these cases are very similar. Physically, the distribution of
current is controlled by the behavior of current passage through
the outer gas layer, which is in turn governed by the heat
diffusivity in that layer. Since the heat diffusivity is essentially
the same for these three cases, the current patterns and volt-
ages are nearly identical as well. The slightly negative V-1
characteristic results primarily from higher electrical conduc-
tivity in the arc core due to the effect of increasing electron
temperature with increasing current (Fig. 8). In addition, the
arc width increases as the current is increased (Fig. 9), thus
decreasing the width of the outer layer and making it easier
for current to pass through to the wall.

The effects of arc widening and increasing temperature with
increasing current result indirectly from the greater ohmic
dissipation produced by higher current levels. This increased
dissipation causes additional heating of the arc electrons, re-
sulting in increased collisional energy transfer to the heavy
species, thereby elevating gas temperatures. Higher electron
temperatures also increase nonequilibrium dissociation and
ionization rates and ambipolar diffusion, which cause the ion-
ized region of the arc core to widen. Since the temperature
increases and the arc core expands radially as the current is
increased, the central region of high conductivity necessarily
deepens and widens. The inlet pressure also increases with
the applied current, rising from 1.13 atm at 60 A to 1.37 atm
at 130 A for the mass flow rate of 0.1 g/s.

D. Variation of the Mass Flow Rate at Constant Specific Energy

The effect on arcjet performance of varying the mass flow
rate can be isolated to some degree by comparing cases in
Fig. 7 with different mass flow rates, but similar specific ener-
gies. Three of those cases have specific energies of 120 MJ/
kg and specific impulses of approximately 1030 s. The main
difference between these cases lies in their resulting current
distributions (Fig. 10). Since increasing the mass flow rate
increases the density, which directly decreases the heat dif-
fusivity, the arc becomes more constricted. For a constant
specific energy, this greater constriction produces higher elec-
tron and gas temperatures inside the arc and lower temper-
atures outside of the arc (Fig. 11). Since the width of the outer
layer also increases with the mass flow rate, this leads to
increased convection in the outer flow, and consequently, to
a broader anode attachment zone (Fig. 10). This effect then
translates into a higher predicted discharge voltage, from 89
V at 0.05 g/s to 137 V at 0.15 g/s.

The current and temperature distributions of these three
cases look quite different, yet the specific impulse is nearly
the same for each mass flow rate. Examination of the velocity
and thrust distributions at the nozzle exit (Fig. 12) shows that
this is due to the changing mass flow distributions over the
channel cross section. While the exit velocity increases at all
axial locations as the mass flow rate is increased at constant
specific energy, the peak in momentum flux moves radially
outward. Thus, more of the flow is actually farther from the
centerline peak in velocity, resulting in a relatively unchanged
overall specific impulse.

Examination of the distribution of energy in the exit flow
for these three cases shows that as the mass flow rate is in-
creased from 0.05 to 0.15 g/s, the fraction of energy in the
axial kinetic mode increases from 34 to 44%. This occurs
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because increasing the mass flow rate 1) increases the overall
density, which tends to drive the flow toward equilibrium and
2) increases the propellant flow outside the arc, leaving a
proportionally smaller amount of propellant in the core to be
dissociated and ionized. The results of this mass flow variation
study suggest that arcjet performance could be improved by
increasing the operating pressure, which could be achieved
by either reducing the constrictor diameter or increasing the
mass flow rate at a constant specific energy.

V. Conclusions

A detailed, two fluid, viscous model has been developed
to simulate the nonequilibrium gasdynamic flow in an elec-
trothermal arcjet. Numerical results achieved with hydrogen
propellant for calculated thrust, specific impulse, and dis-
charge voltage compare well with experimental data from the
University of Stuttgart radiation-cooled medium-power arcjet
thruster. The internal two-dimensional structure of the flow
is revealed, particularly with respect to arc development and
anode attachment, and the two-temperature nature of the
flow is evident. In particular, this model has shown that cur-
rent passage between the highly ionized arc core and the
anode wall can be explained by 1) elevated electron temper-
atures in the outer flow, which produce significant nonequi-
librium dissociation and ionization and 2) ambipolar diffusion
of ions and electrons from the arc core into the outer flow.
It is the incorporation of a separate energy equation for the
electrons, which previous arcjet models lacked, that allows
this attachment process, and therefore, leads to better pre-
dictions of voltage and performance. In addition, the model
of this research has been used to identify and explain per-
formance trends observed by varying the applied current and
mass flow rate. An important task for future research is the
elimination of the requirement that the current must attach
downstream of the constrictor exit. It is believed that a de-
tailed analysis of the anode sheath layer may reveal boundary
conditions that would allow unconstrained and physically con-
sistent positioning of the anodic arc attachment.
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