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A two-temperature chemical nonequilibrium model is developed for nitrogen/hydrogen (N./H.) arcjet
thrusters. All viscous flow properties are considered assuming steady, laminar, continuum, and axisym-
metric flow. A seven-species N;/H, plasma composition of molecules, atoms, ions, and electrons is assumed,
and a finite rate chemistry model is employed to model collisional processes among the species. Separate
energy equations are formulated for the electrons and heavy species. The anode temperature distribution
is included, and propellant electrical conductivity is coupled to the plasma properties, allowing for a self-
consistent current distribution. The numerical solution employs the compressible form of the pressure-
implicit with splitting of operators algorithm to solve the continuity and momentum equations. Numerical
results are presented for a low-power simulated hydrazine thruster. The centerline constrictor region of
the arcjet flowfield is predicted to be near thermal equilibrium, whereas a high degree of thermal non-
equilibrium is predicted in the near-anode region of the arcjet nozzle. Strong electric fields near the anode
produce elevated electron temperatures that enhance ionization levels and electrical conduction through
the arcjet boundary layer. Radial diffusion of electrons from the arc core also enhances the near-anode
ionization levels. Thus, the nonequilibrium approach is required to accurately model the plasma current

distribution.
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s = collision integral, m*

Introduction
LECTROTHERMAL arcjets offer a significant advantage
in specific impulse and cost over conventional satellite
propulsion systems. Low-power (1-2 kW) systems have been
flight qualified and are now used for North—South station
keeping, while higher power 20-30-kW designs are in ad-
vanced development for orbit transfer applications.'

The arcjet is shown schematically in Fig. 1. Injected m en-
ters the constrictor and is ionized and heated by current flow-
ing from anode to cathode. The propellant, typically injected
upstream of the constrictor, is given an azimuthal (or swirl)
velocity component. Propellant heating occurs in the arc dis-
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Fig. 1 Schematic of arcjet thruster indicating fluid and anode
domain boundaries.

charge, produced by a voltage difference between the anode
thruster nozzle and a conical cathode on the upstream side of
the constrictor. The typical operating voltage for 1-kW class
arcjet is 100 V dc at I = 10 A. The arc current distribution
depends on several factors in addition to the geometry. The
distribution is coupled to the propellant mass flow rate, com-
position, thermal properties, electrical conductivity, and gas-
dynamic properties.

Both chemical and thermal processes in the arcjet are de-
scribed as nonequilibrium. Arc current is converted to electron
thermal energy through ohmic dissipation. The electrons trans-
fer thermal energy to heavy species in the arc plasma through
collisions. This energy is then converted to thrust as the fluid
accelerates through the nozzle. In regions of low pressure and/
or elevated ohmic heating, collisional coupling between elec-
trons and heavy species may not establish equal gas and elec-
tron temperatures. Additionally, flow velocities are large so
that fluid residence times in the nozzle are of the order of a
few us, and much of the energy invested in dissociation and
ionization is frozen. Pressures drop from roughly 1 atm at the
constrictor to millitorr conditions at the exit; radial diffusion
of electrons from the arc core is important in determining the
arc structure.

The thrust and specific impulse produced by an arcjet are
determined by several factors, including the power transferred
to the propellant, the extent of both thermal and chemical non-
equilibrium, the propellant gas mixture, and the arcjet nozzle
geometry. Other factors that contribute to the overall perfor-
mance include the thermal loading of the anode” and the voit-
age sheaths at the electrodes. A comprehensive model of an
arcjet thruster is highly complex, including plasmadynamic,
fluid dynamic, radiative, and surface and volumetric heat trans-
fer phenomena.

Most arcjet design strategies to date have been empirical,
with design improvements based on experimental observa-
tions. The need for a more complete description of the com-
plex physical processes has resulted in a variety of numerical
efforts ranging from simplified one-dimensional models®*~® to
more comprehensive two-dimensional descriptions of the gas-
dynamics and energy transfer processes.”” ™ Comprehensive
arcjet models are required to 1) interpret experimental results,
2) understand the physical processes in regions of the thruster
where, diagnostic techniques are challenging, 3) improve arcjet
performance, and 4) scale the devices to higher specific power
levels.

Model

An axisymmetric, steady, laminar, continuum fiow, two-tem-
perature chemical nonequilibrium model is formulated for a
direct current arcjet with flow swirl, a variable nozzle geom-
etry, and a variable mixture ratio of nitrogen and hydrogen.
Flow swirl is modeled by including an azimuthal momentum
equation.

The model predicts thrust, specific impulse, and internal
fields for p, p, seven-species n;, and T, T,, and T, temperatures.
Additionally, the model predicts the distribution j, V, and ve-
locity components u, v, and w.

The details of the model are presented in six sections as the
1) fluid dynamic equations, 2) energy equations, 3) electro-

magnetic equations, 4) species number density equations, 5)
transport coefficients, and 6) boundary conditions. The arcjet
geometry is described as x, r, 6, where x is the axial coordinate,
r is the radial coordinate, and 6 is the azimuthal coordinate.

Fluid Dynamic Equations

The viscous fluid dynamic equations are summarized as fol-
lows:
Axial momentum
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The variable p, appearing in Eqs. (1) and (2), is obtained
from the two-temperature plasma equation of state:

p =nkT, + (ng, + nu, + ny + ng + ndk,T, 5)

Energy Equations

The assumption of thermal nonequilibrium requires separate
energy equations for the electrons and heavy species. The elec-
tron energy equation is

V-l(ny — (jle)C,T)] = V-(AVT,)
+ V- {(Vm)pC,.T.D,Vy,] + (j-jlo) — elst
~ radiation — ., L, ©6)

where elst represents energy lost through elastic collisions with
the heavy species,” and radiation denotes optically thin radi-
ation because of the continuum bremsstrahlung.** The elastic
energy transfer source term is calculated as the sum of elec-
tron—molecule, —atom, and —ion contributions as

elst = 3k,(T, — Tnom, >, = )

ize i

where the average collision frequencies 7,; between electrons
and heavy species are calculated using the mean electron ther-
mal speed and collision cross sections Q.. as™

V. = VT, /mmnQ.: (8)
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Table 1 Finite rate chemistry model

Reaction® Rate, m®s or m’/s Loss rate, W/m? Reference
SH+M=H,+ M k= 1.764 X 107¥T, L, = [_kk‘:;}'] Py, 28
H +e+M=H+M k;, = 145 X 107972 Li=| %™ e 28
& —kponen, ’
e+ H, > 2H + ¢ ks = (ov) L, = kyan.my,gan, 29
H +e—H+hv kpa = 6.26 X 107772 L, = kpnonueey 28
H" +2=H+ e kps = 1.95 X 1071 L= krtt N&in 28
—kreltohy-
N,+M—>2N+M kpy = (6.14 X 1077} %e 1120 Ly = ki fnEan, 30
M+ 2N 5N, + M kpg = (8.10 X 1077/T*)e '™ Ly = —kpsninysan, 30
e+ N, = 2N + ¢ kpo = (4.98 X 107%T6)g ™1 13200, L, = kponnn Eun, 31
N+ e=N"+ 2 kpio = (4.15 X 10YT3%)e ~ 168207, L = [ Krion ] 18N 31
— koM AN

*—, one way reactions; =, two way reactions with the reverse rate evaluated using the chemical equilibrium constants; M is any heavy

species third body.

where the electron-—-ion cross sections are

Tek? €n A,

Qe—ion = 2(kae)2

)

In Eq. (7), electron—molecule collision frequencies are mul-
tiplied by 8 to account for inelastic losses to the internal
modes.*> Although this energy loss is generally electron tem-
perature-dependent, a constant loss factor of 8 = 3000 is em-
ployed. The relatively high energy-independent value is chosen
because of the following:

1) Significant uncertainties in 8 are noted in the literature.®

2) Reasonable predictions for convective effects result, with
the arc being swept further downstream as the mass flow rate
is increased, as was originally postulated in Ref. 8.

3) Better agreement is achieved between the predicted and
experimentally observed operating voltage, while maintaining
the equipotential anode voltage boundary condition in the con-
strictor. This is further discussed in Refs. 26 and 27.

A finite rate chemistry model is used to determine the
remaining inelastic energy exchange rates between the parti-
cle classes. These appear as 2 L, in Eq. (6), and the model
is summarized in Table 1, which lists the individual reaction
rates and energy exchanges assumed for each chemical pro-
cess. !

The heavy species energy equation is

1
V-(nyvH) = V-(AVT) -+ 2 - V-[p(C, T, + h)DVy]

iwe M

+€lSt+V'(V'T)_ELh (10)

where

1 my-vy
= — z |:n,- (CpiTg + I’l? + _‘2—>] (11)

L7

The reference enthalpies £? and thermodynamic functions
C,; appearing in Eqs. (10) and (11) are listed in Table 2. The
h? terms are the ground state vibrational energies for N, and
H., whereas the C,, include translational, rotational, and vibra-
tional energy contributions. The inelastic exchange rates = L,
are summarized in Table 1.

The anode temperature distribution is determined from the
energy equation for heat conduction in a solid. Neglecting
ohmic dissipation in the anode gives

V-AVT) =0 (12)

where A, = ALT,).”

Table 2 Species reference enthalpies and thermodynamic
functions C,

Species C,», VK h?, lparticle
e 3k, 0

H, k[T + (BUHZ/Tg)(eOU”Z/Tz - 17 kb/20~qu
N, k[T + (O, /T Y™ — D7'] kp/20,n,
H 2k, 0

N 3k, 0

H* 3k, 0

N* 2k, 0

Species Equations

The individual species continuity equations are written in
terms of the species mass fractions y; = m;n,/p:

V-(pvy) = V-(pDVy) + p; (13)

Mixture-averaged mass D, are employed, rather than multi-
component diffusion coefficients. With this method, Eq. (13)
is solved for yw,, Yu, Yn» Yn+. and yu.. The electron population
is then calculated from quasineutrality

n, = Ay + Ane (14)

and yj,, is determined from overall mass continuity, or equiv-
alently 2 y; = 1. The species productions rates p;, = m;n,, are
determined as a function of T, and 7, from the finite rate chem-
istry processes summarized in Table 1. The references for the
individual reaction rates are summarized in the right column
of Table 1. For two-way reactions, the reverse reaction rates
are extracted from the forward reaction rate and chemical equi-
librium constants as determined from a generalized multitem-
perature law of mass action.”’

Electromagnetic Equations

The calculation of the electrical current distribution is crit-
ical to understanding arc physics and poses a challenging prob-
lem in arcjet analysis. The current distribution is largely de-
termined by the flowfield o, which is a strong function of the
electron number density and temperature distribution. Models
that assume local thermodynamic equilibrium must artificially
elevate o in the cool boundary-layer region to avoid excessive
voltage drops near the anode.'"'® The artificial restriction that
T, = T, results in an underprediction in the ionization (and,
therefore, electron number density and ¢) in the boundary-
layer regions and a subsequent overprediction in power dep-
osition. Hence, the conductivity floor is employed else-
where'®'"* to provide agreement between the experimentally
observed and predicted power depositions.
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Diffusion of electrons from the arc core toward the anode
wall also elevates the electron number density and plays an
important role in determining the boundary-layer electrical
conductivity. This has been demonstrated by Butler et al.,'"
who show that the incorporation of mass diffusion provides a
reasonable current distribution without imposing artificial re-
strictions on o or the current attachment region. However, the
two-temperature solutions of Miller and Martinez-Sanchez"
and Keefer et al.'® demonstrate that significant kinetic non-
equilibrium, with elevated T,, exists outside of the arc core in
the constrictor region. These results indicate that both diffusion
and increased ionization caused by elevated 7, are important
factors that determine the boundary-layer electrical conductiv-
ity. Therefore, this investigation focuses on both thermal and
chemical nonequilibrium aspects of arcjet flows.

The correct approach to the arc attachment problem is to
model the anode as an equipotential surface and allow the
current distribution to be a model output that is independent
of artificial restrictions. This is a self-consistent approach to
solving for the current distribution and electric field simulta-
neously, for which the current distribution is properly coupled
to the flowfield.

Assuming induced magnetic fields are negligible, and ne-
glecting electron pressure gradient driving terms, Ohm’s law
and current conservation are used to solve for j and V>

—-VV = jlo (15)

V-ji=0 (16)

Transport Coefficients

Transport coefficients are calculated using mean free path
mixture rules.”® The viscosity is computed as

N N
= 2 (711'/2 anij> M an
; “~
where M, is defined as
My =\ Cmyim)[QG2 I (18)
and the pure species viscosity is
M = TR Cl; (19)

where /; is the mean free path, and (), is the energy-averaged
integral for interaction between species i and j.

The translational contribution to the heavy species thermal
conductivity is calculated using an expression similar to Eq.
(17), with the pure species conductivity given as

15 9y, — 5
L= = kel | ——— 20
A=y ”""’l<15y,.—15> (20)

The electron thermal conductivity is

N
15 9y, — 5
A== konleld, | —X—2 M, 21
< T Tg e (15%—15)/;"’ ACY

and electrical conductivity is calculated from

o=ne* /[ m, 2 nc QY 22)

ize

The D, are calculated from
Di=(1 —x) / > %Dy (23)
Jel

where the D, are the binary mixture diffusion coefficients
given as™

3 [Zka(mi + mj)] " o

D'.. = =

7 16nQ4" Tmm;
The electron and ion diffusion coefficients are modified to ac-
count for the ambipolar electric field. Assuming V(n./p)/n, =~
V(ny-/p)ing. = V(ny+/p)iny., the ambipolar diffusion coeffi-
cients for elecirons, H*, and N* are

D, e T wAn+) e (Dyenys + Dyings
D,.= (o +Py Hn+hne) ,U«( H+ln NN ) (25)
[T e ol V P7R0 SO S V SRR /O

Do = Dy(pen, + pnsnns) + py(Don, — Dyengs)
“ Ml + M+ -+ MNP+

(26)

Do = Dy+(uen. + pyeiys) + un+(D.n, — Dysnys)
“ Moty + g+ e

27

where the mobilities p are calculated from u; = eD,/k,T,.

The previous relations require the energy-averaged collision
integrals for 28 species interactions. Collision integrals and
collision cross sections are obtained from Refs. 35-41. Tem-
perature-dependent curve fits are used for the transport prop-
erty and elastic transfer calculations.

Boundary Conditions

The physical boundary conditions for the continuity, mo-
mentum, energy, and electromagnetic equations are summa-
rized in Table 3 and Fig. 1. At the inflow boundary 1A, the
flow is axial and the total temperature 7, and total pressure p,
are specified. The total pressure is adjusted to obtain the de-
sired mass flow rate. The u velocities and the inlet static tem-
peratures are then computed from the isentropic stagnation
property relations. The effects of flow swirl are incorporated
by specifying the azimuthal inlet w velocities as a fraction of
the u velocities. At the solid cathode 1C and anode 1D sur-
faces, no-slip conditions are employed. Zero radial gradients
are specified on the centerline 1E.

At the outflow boundary 1B, the static pressure is extrapo-
lated from the interior of the flow. This is reasonable since the
solutions indicate supersonic flow over the majority of the exit
plane, with the subsonic region being confined to a thin an-
nular region near the nozzle wall. The outflow u velocities are
updated to satisfy continuity using velocity corrections as
given by discretized forms of the momentum and continuity
equations for the exit plane. This is consistent with the nu-
merical solution method discussed later. A zero radial electron
temperature gradient is employed at the walls 1C and 1D, ef-
fectively insulating the electrons from the solid surfaces.* This
provides more physically accurate transport coefficient esti-
mates, based on elevated electron temperatures and ionization
levels, at the plasma/anode interface.

The boundary conditions for the voltage are shown in Table
3. The anode is modeled as an equipotential surface, whereas
the cathode voltage is equipotential with the voltage updated
to obtain the specified I. The axial gradient of the voltage is
set to zero at the inflow and outflow boundaries so that current
is forced to attach within the arcjet nozzle.

The assumption of quasineutrality is not valid very near
plasma electrode surfaces. The thickness of this sheath region
is of the order of the Debye length, which is typically much
smaller than the characteristic lengths for temperature and ve-
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Table 3 Boundary conditions for the fluid dynamic, energy, and electromagnetic equations®

Flowficld domain

Variable 1A 1B 1C 1D 1E
‘ d
u From stagnation properties From momentum =0 =0 a_u =
”
v =0 Extrapolated =0 = =
w Specified Extrapolated = =0 =
a7, aT, a7, aT,
T. —=0 Extrapolated =0 — =0 - =0
ox ar ar or
. aT,
T, From M and 7, Extrapolated Specified T,(x) T,=T, P 0
r
apP oP aP
P Extrapolated Extrapolated — = —=0 —=0
on o or
A% 4]
1% —=0 53—Y= V=Va V,=13V —V:O
Oox dx ar
Anode domain
Variable 2A 2B 2C 2D
a7, 5
p=A 2+ iV + = &T
4 " on 11 ( 2e¢ " >
. 4 4 1 o ay ‘ . 4 4 . 4 4
T, T, = 1000 K q=sa(T = Ty 2 = PG, + KD, S = e sin ao(T1 = T g =ea(T! — T}y
i=1 M it

“Energy equation boundary conditions are shown for both the fluid and anode domains. For radiative boundary conditions, 7, is the local anode surface temperature.

locity changes. Net space charge creates electric fields in this
region, which are large compared to those in the bulk plasma.
Therefore, large voltage drops and power losses may occur. In
this study, the electric fields in the sheath regions are treated
as a fixed boundary condition, with an assumed anode sheath
voltage fall of V, = 13.0 V. This value, which was chosen based
on cathode fall voltage estimates for high-pressure arcs*’ and
estimates for the anode fall voltage from simple collisionless
sheath theory,” is generally conservative in terms of the anode
thermal loading.

The boundary conditions for the anode energy equation are
also shown in Table 3. On the outer surfaces 2B and 2D, the
local heat flux is given by radiation to the surroundings at a
specified background temperature 7, << T, and a constant
emissivity of & = 0.31, which is reasonable for tungsten.'
Along the anode surface 2C, the net heat flux is a balance
between 1) conduction and species diffusion heat fluxes to and
from the flowfield, 2) the anode surface radiation loss through
the exit plane to the surroundings, 3) the sheath losses given
by the product of the local current density and an assumed
sheath voltage drop V, = 13 V, and 4) the electron current
enthalpy flux. Numerical solutions indicate that the optically
thin plasma radiation loss term is less than 1% of the total
electrical power input; therefore, radiation exchange between
the plasma volume and the anode surface is neglected in this
formulation. The upstream anode surface 2A is either a fixed
temperature or zero heat flux boundary.

Bouhdary conditions are required for the species popula-
tions. At the anode surface, the diffusion velocities are equated
to a fraction ¢, of the species thermal velocities®':

ay, o [8kT,
D === ,/— 28
an 4 T, (28)

The anode is assumed to be catalytic for recombination, so
that o = an+ = ayg = ay = 1. Assuming that molecules are
reflected from the surface gives oy, = ey, = 0. The mass frac-
tions at the exit plane are extrapolated from the interior of the
flow.

The inflow is assumed to be in chemical equilibrium up to
the constrictor entrance, where the chemical nonequilibrium
simulation begins. In the chemical equilibrium inflow, the fol-

lowing relation, derived from an overall species balance, is
enforced:

2nn, + Ayt A

Apt = 7 29
' 2ny, + Ay + ny- (29)

where the initial mixture composition is written as x,o N, +
H,, so that pure hydrogen (x,, = 0), simulated hydrazine (xuq
= %), and simulated ammonia (¥, = %) can be easily inves-
tigated. The relative species densities in the inflow region are
determined from two-temperature equilibrivm constants, as
discussed in Ref. 27.

Numerical Solution Method

The solution method is structured around the global conti-
nuity and momentum equations. These are solved using a com-
pressible form of the pressure-based pressure-implicit with
splitting of operator algorithm,* where the density variations
are implicitly included in the pressure-correction procedure as
described by Rhie.*® Staggered velocity and scalar grids yield
a well-connected pressure field. Upstream weighted densities
are employed to ensure numerical stability.*® The governing
equations are transformed into natural coordinates and solved
on a uniform computational mesh. The equations are discre-
tized over finite cell volumes, and power-law differencing of
convective and diffusive portions of the linearized coefficients
preserves numerical stability in regions of the flow where con-
vection dominates. The solution process is iterative, and values
for the field variables from the latest iteration are used to lin-
earize the source terms. Underrelaxation is employed so that
updated solutions are fractionally added to the solution from
the previous iteration.

The energy equations are solved to update heavy species-,
electron-, and anode-temperature fields. The species number
densities, transport coefficients, and source terms are then up-
dated using the latest available temperatures and pressures.
The continuity and momentum equations are solved to update
the pressure and velocity fields. Finally, the voltage and current
density distributions are updated. Iterations are continued until
1) the normalized energy equation residuals are within 1% of
the electrical power input, 2) the difference between the inlet
and exit plane mass flow rates is less than 1% of the total mass
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flow rate, and 3) the axial and radial momentum equation re-
siduals are within 1% of their respective exit momentum
fluxes. Further details of the solution methodology can be
found in Ref. 27.

Results and Discussion

Results are presented for the geometry of a NASA Lewis
Research Center 1-kW arcjet operating on simulated hydrazine
(Xmer = 0.5).* The arcjet constrictor is x = 0.25 mm long with
a diameter of d = 0.62 mm. The nozzle has a half-angle of 20
deg and an area ratio of 225:1. The cathode gap spacing, as
measured axially from the converging portion of the anode
surface, is x = 1.02 mm. The upstream anode surface 2A (Fig.
1) temperature is constant at 7, = 1000 K, which is consistent
with infrared pyrometry measurements of the exterior anode
surface. The cathode 1C temperature varies linearly from 7, =
1000 K at the inlet to T, = 3000 K at the cathode tip. The
choice for the T, agrees reasonably with experimental esti-
mates based on emission spectroscopy measurements®® and
posttest observations that indicate the presence of a molten
crater at the tip.*’ The inlet flow swirl velocity is 30% of the
axial inflow velocity, and the inlet total temperature is T, =
1000 K.

The computational grids, shown in Fig. 2, are comprised of
62 axial by 17 radial nodes for the plasma, and 62 axial by 9
radial nodes for the anode domain. Numerical accuracy was
investigated by examining the solutions for several of the field
variables on both coarse and fine grids. Studies of the tem-
peratures, axial velocity, and electron number density fields
indicate typical fractional error estimates of roughly 5—10%,
based on Richardson extrapolation.*’ The fractional error es-
timate for the voltage is 5%. Simulation run time is roughly
20 h on a Convex C240 mainframe computer.

The global performance parameters for the simulation are
summarized in Table 4. The propellant is hydrazine operating
at m = 50.2 mg/s and I = 10 A. The predicted voltage is V =
87 V, and the specific impulse is I,, = 440 s. The voltage

Table 4 Summary of
input parameters and
model predictions

Propellant, N,H,
Mass flow rate, 50.2 mg/s
Arc current, 10 A
Terminal voltage, 87.0 V
Thrust, 0.22 N
Specific impulse, 440 s

constrictor region

|
I
!lmnmm%

------- B

! l\
| |1H‘! ‘HH

Fig. 2 Computational grids: the grids are tuned axially for high
density in the constrictor and radially for high density near the
electrode surfaces.

prediction is lower than experimental measurements, whereas
the I, prediction is higher. Curran and Haag®” measured V ~
120 V and I, ~ 435 s at m = 49.7 mg/s and [ = 10 A. The
underprediction in voltage may be because of neglect of the
electron pressure gradient term in Ohm’s law, and to deficien-
cies in modeling the cathode erosion, electrode sheath physics,
and the inelastic energy exchange between the electrons and
heavy species.

Contours of current density and anode temperature are in-
dicated in Fig. 3. In the constrictor, the current is conducted
in a region of ~100 wm diam, resulting in a centerline current
density of j =~ 70,000 A/cm’. The peak self-induced magnetic
field is B, =~ 0.04 T, justifying the assumed neglect of the
magnetic pressure compared to the gasdynamic pressure.

Further downstream, the arc becomes more diffuse and at-
taches to the nozzle wall. A peak anode attachment current
density of j =~ 15 A/cm” is noted at a location of x =~ 8 mm,
or roughly 2 mm downstream of the constrictor. The anode
temperature increases from the upstream boundary value of

= 1000 K to 7, =~ 1200 K near the exit plane. Approxi-
mately 266 W of power is transferred from the plasma to the
anode, primarily because of sheath and thermal conduction
losses. This is roughly 24% of the sum of the electrical power
input (P = 870 W) and the upstream boundary inflow enthalpy
(253 W).

Heavy species and electron temperature contours in the con-
strictor region are indicated in Figs. 4 and 5. In Fig. 4, a max-
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Fig. 3 Anode temperature and current density for hydrazine.
The maximum anode current density is j ~ 15 Afem’ at x ~ 8
mm. The anode temperature increases from 7, ~ 1000 K at the
upstream surface to 7, =~ 1200 K near the exit plane.
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Fig. 4 T, contours in the constrictor region. The maximum is
T, =~ 20,000 K at the constrictor centerline. The exit plane is lo-
cated at x = 18.4 mm.
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Fig. 5 T, contours in the constrictor region. The maximum is
=~ 25,000 K at the constrictor centerline. The exit plane is lo-
cated at x = 18.4 mm.
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imum of 7, = 22,000 K occurs near the center of the constric-
tor. In the constrictor, the central region of the arc is near
thermal equilibrium, as indicated by a similar maximum of
T, =~ 28,000 K shown in Fig. 5. The outer region of the flow
exhibits a high degree of thermal nonequilibrium, caused by
the intense ohmic heating of the electrons. This is shown in
Fig. 5 where, at an axial location of x ~ 7.5 mm, the electron
temperature decreases radially from a centerline value of 7, ~
10,000 K, eventually reaching a minimum of 7, ~ 2000 K at
a radial location of r = 0.6 mm. The electron temperature then
increases to 7, =~ 12,500 K near the anode surface. From Figs.
3 and 4, the anode and heavy species temperatures are T, ~
T, ~ 1100 K in this region, which indicates a temperature
ratio of T,/T, = 11. The thermal nonequilibrium indicated near
the anode is qualitatively similar to the predictions of other
nonequilibrium hydrogen arcjet models.'®'” The elevated elec-
tron temperatures enhance ionization levels and allow current
conduction through the cold gas layer near the nozzle wall.
Radial outward diffusion of electrons from the hot, highly ion-
ized arc core also enhances electrical conduction in the near-
anode layer.

Axial velocity contours are shown in Fig. 6. A maximum
centerline velocity of u =~ 7 km/s occurs at x = 9 mm, and
then decreases near the constrictor exit because of intense arc
heating. The velocity at the exit plane is u# ~ 6.5 km/s. Al-
though the centerline flow u velocity decreases, the nozzle pro-
duces axial acceleration over the entire length in the cooler
outer flow region. The arc displaces the majority of the mass
and momentum fluxes toward this outer region, because of the
high radial gradients in heavy species temperature. The nozzle
performance is largely determined by the acceleration of the
high mass density outer flow region, rather than the deceler-
ation of the low-density, high-temperature central flow. This
suggests that performance benefits would be available from
higher area ratio nozzles.

Model predictions are compared with experimental temper-
ature measurements in Fig. 7. Nozzle centerline predictions for
electron 7, and heavy species T, temperatures are compared
with internal emission spectroscopy measurements of excita-
tional, vibrational, and rotational temperatures.” Electrostatic
probe measurements for electron and ion translational temper-
atures downstream of the exit plane (x = 18.4 mm) are also
indicated.” Model predictions for 7, are in good agreement
with the N, vibrational and rotational temperature measure-
ments, indicating that these temperatures may be roughly in
equilibrium with the heavy species translational temperatures.
The exit plane prediction of 7, =~ 2500 K also agrees well
with the plume measurements for ion temperature. Interest-
ingly, the model predicts 7, = T, on the centerline, while ex-
perimental measurements suggest 7,/T, =~ 2-3. The disagree-
ment may indicate the need for a more detailed description of
the inelastic energy exchange rates between the electrons and
heavy species. Also, the elevated T, may indicate that the ac-
tual electric field in the downstream portion of the nozzle is
stronger than that predicted by the model. A longer arc path
would increase the ohmic heating and elevate electron tem-
peratures, and may also explain discrepancies between the ex-
perimentally measured and predicted voltage. The experimen-
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Fig. 6 Axial u-velocity contours. The maximum is u =~ 7 km/s at
x =~ 9 mm. The centerline velocity decreases to u ~ 6.5 km/s at
the exit plane.
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Fig. 8 Comparison of n, predictions with experimental measure-
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tally observed thermal nonequilibrium clearly illustrates the
need for at least two energy equations to accurately model the
arcjet plasma flowfield.

Centerline predictions for electron number density n, are
compared with the experiment in Fig. 8.°**' Model predictions
for the interior nozzle region agree reasonably well with the
experiment. The near-exit plane measurements of n, =~ 10"~
10" m™ are significantly lower than the model exit-plane pre-
diction of n, ~ 10° m™. Radial expansion of the plume is
likely responsible for the difference between the model and
experiment. Thus, a valid comparison would require the ex-
tension of the model domain beyond the exit plane. This would
require a noncontinuum approach, and is considered to be
beyond the scope of the present research. The agreement be-
tween predicted and measured electron densities suggests that
the finite rate chemistry model reasonably captures the
electron—ion recombination phenomena in the interior of the
nozzle.

Summary and Conclusions

A nonequilibrium model is formulated for N,/H, arcjets. In
this approach, a modified set of Navier—Stokes equations is
employed, with separate energy equations to determine elec-
tron and heavy species temperatures. Species continuity equa-
tions are solved in conjunction with a finite rate chemistry
model to determine inelastic energy exchange rates and species
distributions.

Results for the 1-kW NASA Lewis Research Center thruster
indicated a high degree of thermal nonequilibrium in the volt-
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age fall region near the nozzle wall, with T,/T, = 11 predicted
at the location of maximum anode current density. This non-
equilibrium is a primary mechanism for maintaining the ioni-
zation levels required for electrical conduction through the
cool near-electrode regions of the flow.

The model was compared with experimental measurements.
Centerline heavy species temperature predictions agree favor-
ably with measurements of N, rotational and vibrational tem-
peratures, and estimates for the translational ion temperature
in the near plume. Additionally, model predictions for electron
density agree favorably with experimental measurements.
Model predictions for centerline electron temperatures are in
disagreement with experiment. A more complete description
of the inelastic energy exchange rates between the electrons
and heavy species may be required to resolve discrepancies
between theory and experiment.
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