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Cascade Arc Studies of Hydrogen/Nitrogen
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A cascade arc facility was developed to study the characteristics of nonequilibrium plasma propellants for
electric propulsion applications. The cascade arc was operated with 50 A hydrogen arcs at absolute pressures of
1:34 £ £ 104 and 4:14 £ £ 104 Pa. Spatially resolved spectral emission data were collected using a two-dimensional
optical multichannel analyzer (OMA), and radial distributions of H®® line widths of the Abel inverted emission
line pro� les were obtained. The measured H®® line widths were compared to values predicted by nonequilibrium
cascade arc simulations using the UTSI Cascade Arc Plasma Simulation (CAPS) code and dynamic ion Stark
broadening/electron number density correlations. Agreement was sensitive to the � nite-rate kinetic model used for
hydrogen. When used in CAPS, University of Illinois kinetics model gave the best agreement with the hydrogen
cascade arc measurements. The experimental electric � eld and radially resolved H®® line widths accurately pre-
dicted measured values at both pressures within experimental uncertainty. H®® line widths for simulated ammonia
and hydrazine were also obtained at pressures of 1:34 £ £ 104, 4:14 £ £ 104, and 6:89 £ £ 104 Pa. These mixture data
can be used for future evaluations of kinetic models for hydrogen/nitrogen mixtures.

Nomenclature
A = Arrhenius constant
B = magnetic � eld vector
C p = mixture speci� c heat
cpi = molar speci� c heat at constant pressure
D = effective mixture diffusion coef� cient
E = activation energy
e = electron
H = static enthalpy of gas
H = hydrogen
H2 = diatomic hydrogen
HC = hydrogen ion
h i = molar enthalpy of specie i
J = current density vector
K p = equilibrium constant
k = thermal conductivity
kb = backward kinetic reaction-rate coef� cients
k f = forward reaction-rate coef� cient
kR = Rosseland thermal conductivity
M = mixture molecular weight
p = pressure
qce = transfer of energy between the heavy gas

and the electron gas resulting from collisions
qch = energy transport to the electron gas caused

by electron participation in chemical reactions
qi = ohmic heating, J 2

x =¾
qr = loss caused by optically thin radiation
R = universal gas constant
r = radius
S = source term
S® = production of the species by chemical reaction
T = temperature
u = axial velocity

Received 14 October 1998; revision received 14 May 2001; accepted for
publication11 June2001.Copyright c° 2001by the authors.Publishedby the
American Institute of Aeronautics and Astronautics, Inc., with permission.
Copies of this paper may be made for personal or internal use, on condition
that the copier pay the $10.00 per-copy fee to the Copyright Clearance
Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include the code
0748-4658/02 $10.00 in correspondence with the CCC.

¤Research Engineer, InnovaTek, Inc., 350 Hills Street, Richland, WA
99352. Associate Member AIAA.

†B.H. Goethert Professor of ES. Senior Member AIAA.
‡Senior Engineer. Senior Member AIAA.

v = gas velocity vector
x = mole fraction
®i = concentrationof plasma constituent i
0 = represents a transport coef� cient
¹ = viscosity
½ = gas density
¾ = electrical conductivity
¿ = viscous stress tensor
Ài = collision frequency
8 = viscous dissipation
’ = dummy variable representing the axial velocity

Subscripts

e = electron
h = heavy particles
i = counter referring to species
r = radiation
x = axial direction

I. Introduction

E LECTRIC propulsionthrustersoffer signi� cant improvements
in performance over conventional thrusters utilized for satel-

lite station keeping and maneuvering. Computational codes can be
used to guide re� nements in the con� gurationof electric propulsion
thrusters that lead to improved thruster performance. Several com-
puter simulation codes have been developed for this purpose.1¡4

However, it is clear that important nonequilibrium processes in
the propellant plasma must be understood before accurate physi-
cal models can be constructedfor use in these computationalcodes.
The University of Tennessee Space Institute (UTSI) cascade arc fa-
cility allows accurate diagnostic measurements of nonequilibrium
propellant plasma properties. These measurements have been used
to evaluate the kinetic models and transport properties utilized in
electric propulsion thruster computational codes.

II. Use of the Cascade Arc for Nonequilibrium
Plasma Research

Cascade arcs have long been used as a means to measure the
fundamental atomic constants and transport properties of high-
temperature gases.5 The cascade arc has a � ow velocity much
smaller than seen in electric propulsion thrusters, and the length of
the arc plasma in the cascade is tens of diameters compared to one
diameter that is typical in electricpropulsiondevices.This produces
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cascade arc plasmas with properties similar to propellant plasmas
in electric propulsion thrusters but with negligible axial gradients.
Therefore, a balance between radial diffusion and chemical reac-
tions with an axially constant, but radially dependent energy input
determines the nonequilibriumplasma state in a cascade arc. As a
result, plasma properties depend on the local conditions at the mea-
surement station rather than a complex space-time convolution of
all of the conditionsupstream of the point of measurement (as is re-
alized in a thruster). Thus, differencesbetweencode predictionsand
measured quantities are more easily related to the speci� c reactions
or diffusion rates used by the code.

III. UTSI Cascade Arc Facility
The UTSI cascade arc is comprised of individuallywater-cooled

copper plates separated by electrical insulators (see Fig. 1). These
plates are 3.18 mm thick and form a 4-mm-diam arc channel that is
approximately 40 mm long when stacked together. The insulators
are binderless ceramic paper (alumina and silica) 0.25 mm thick.
O-rings are positioned between the plates to prevent air from con-
taminating the test gas in the arc channel. Optical access is allowed
through a modi� ed water-cooled copper plate with windows. This
section is located in the center of the cascade arc to minimize end
effects. The arc is driven by a 50 A, 600 V D.C. power supply.
A cascaded centrifugal pump delivers cooling water to the copper
plates and electrodes to allow continuous operation of the arc.

Spectrally resolvedemission data from the propellant plasma are
collected using the optical setup shown in Fig. 2. To eliminate arc
asymmetriescausedby buoyancy,thecascadearc is positionedverti-
cally. An adjustableCassegrain telescope is used to providea small-
entrance solid angle for the cascade window section and to avoid
off-axis aberrations.6 This collects light from the arc and directs it
into a 1.25-m focal-length spectrometer so that the primary mirror
in the spectrometer is over� lled. The light from the arc is rotated
90 deg before entering the telescope so that the radial dimension of
the arc image lies along the slit. Spatially resolved spectral data are
collected and digitized using a two-dimensional optical multichan-
nel analyzer (OMA) with an image intensi�er. This detector has a
512 £ 512 pixel detector array with 19-¹m pixel spacing.The mag-

Fig. 1 Cascade arc assembly.

Fig. 2 Schematic of the optical setup.

ni� cation of the optical system is approximately1.0, providing200
pixel resolution across the 4-mm-diam arc channel. Further details
of the experimental setup may be found in Ref. 6.

IV. UTSI Cascade Arc Plasma Simulation (CAPS) Code
The two-dimensional equilibrium and nonequilibrium UTSI

arcjet computer codes7 have been modi� ed into pseudo-one-
dimensional nonequilibrium and equilibrium cascade arc plasma
simulation (CAPS) codes. The nonequilibrium version includes
species diffusion, � nite-rate chemical kinetics for H2 , H, HC and
electrons, and uses a two-temperature model with separate energy
equations for electrons and heavy species. These viscous Navier–
Stokes codes also include radiation transport, where the optically
thin portion of the spectrum is assumed to be directly lost from
the system, and the optically thick resonance radiation is modeled
using the Rosseland approximation to form an enhanced thermal
conductivity.8

Because of symmetry and small axial � ow velocities in the arc,
the following assumptions are made: 1) the radial pressure gradient
is zero, 2) the radial and azimuthal velocities are zero, 3) the radial
current density is zero, and 4) the axial species gradients are zero.
Early cascade arc models included axial species gradients. These
gradients where found to be neglible but negatively impact CAPS
code convergence.Therefore these terms were eliminated from the
current study. The axial velocity is calculated, but the small veloci-
ties lead to insigni� cant axial gradients that have little effect on the
simulations.8 The requiredmass � ow is ensuredbyadjustmentof the
velocity.A no-slipconditionconsistentwith a viscous � ow model is
forced by specifyinga zero axial velocity at the wall. The wall has a
speci� ed temperatureand is assumed to be catalyticfor electron-ion
recombination and hydrogen-atomrecombination.This leads to an
equilibrium condition at the wall with the gas enthalpy speci� ed by
the pressure and the wall temperature.The catalytic wall condition
is speci� ed for both the nonequilibriumand the equilibriumcodes.7

The consequence of these assumptions is that species production
and diffusion are locally balanced and total production is balanced
by wall losses for the axial momentum, energy,electronenergy,and
species concentration.7

Numeric Model and Governing Equations

The algorithmfor the CAPS code is a Navier–Stokes solverbased
on the SIMPLE (Semi-Implicit Pressure Linked Equation) algo-
rithm developedby Gosman and Pun9 and modi� ed by Rhie10 to ac-
commodate both supersonicand subsonic � ow.11 Jeng12 and Keefer
and Rhodes and Keefer13 incorporated a magnetic � eld equation
coupled with heat release to study laser heat addition and radio fre-
quency heating of a plasma, respectively. The code is formulated
to solve the steady-state Navier–Stokes equations. The governing
equations in the code are solved in a transformed coordinatewhere
the original, nonorthogonal,axially symmetric grid is mapped to a
grid of unit squares.14 Assumptions in the code specify the radial
velocity and radial current density to be zero. The radial pressure
gradient is also speci� ed to be zero. The axial velocity and pressure
are, however, allowed to vary axially.

The SIMPLE algorithm used in the CAPS code is a solver for
equations of the form

r ¢ ½v’ D r ¢ 0’r’ C S (1)

Any terms that cannot be put into a convective or diffusive form
are added to the source term S7. Second-order-accurate � nite dif-
ference representationsare used to represent Eq. (1) for the variable
under consideration at each point in the computation grid. Written
in matrix form, these coupled equations result in a tridiagonal ma-
trix that is solved using a tridiagonal solver. Equation (1) is solved
sequentially for each of the dependent variables using underrelax-
ation.Updatedvalues of the dependentvariablesare used when they
are available, and old values are used when the variables have not
yet been updated. The process of solving Eq. (1) for each of the
dependent variables is repeated until the sum of all of the residual
errorshas been reducedto a small value.7 At this point the numerical
solution to the problem is no longer changing signi� cantly.
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Momentum Equation

The form of the momentum conservationequation is the same for
both the equilibriumand nonequilibriumcases. The axial velocities
are obtained from the axial momentum equation for steady, axially
symmetric � ow.14 The momentum equation, in vector form, is2

r ¢ ½v ¢ v D ¡r p C r ¢ ¿ C J £ B (2)

Because the current only has an axial component and the magnetic
� eld only has an azimuthal component, the Lorentz force, the cross
product of J and B, is in the radial direction.The � ow in the cascade
is assumed to be axial; therefore, the Lorentz force in the radial
direction has no effect on the momentum equation.

The densities for the equilibriumand nonequilibriumversionsof
the CAPS code are given by Eqs. (3) and (4), respectively7:

½ D
pM

RT
(3)

½ D
pM

R[Th ¡ .Te ¡ Th/xe]
(4)

The addition of the mass continuity equation r ¢ .½u/ D 0 allows
the pressure to be calculated.2 Because the mass � ow rate in the cas-
cade arc is very small, the axial velocities realized in the constrictor
channel are also very small (approximately 10 m/s). These low ve-
locities result in axial pressure gradients that do not signi� cantly
affect simulation results.

Equilibrium Energy Equation

The equilibriumCAPS code assumes local thermodynamicequi-
librium (LTE). This assumption implies that the temperature of all
of the particles in the gas is the same, and only one energy equation
is necessary to describe a plasma. The static enthalpy H is obtained
from the following energy equation that includes ohmic heating,
radiation loss, and viscous dissipation.2

r ¢ ½vH D r ¢ .k=Cp/rH C 8 C qi ¡ qr C v ¢ r p (5)

where the viscous dissipation is
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Nonequilibrium Energy Equation

Because the LTE assumption is relaxed in the nonequilibrium
CAPS code, the temperatureof the electrons is not necessarilyequal
to the temperatureof theheavyparticles.Therefore,theenergyin the
system must be representedby two energy equations.The equation
for the mixture enthalpy H is7

r ¢ ½vH D r ¢
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C 8 C qi ¡ qr C v ¢ r p (7)

An equation representing the energy in the electron gas is the
otherequationchosento representthe energyin the two-temperature
system. In this equation the electrical ohmic heating is balanced by
electron conduction, convection, diffusion, and energy transport to
the heavyparticlesthroughcollisions.7 The form of the equationis15

r ¢ ½v®ehe ¡ r ¢ .kerTe C he Dr®e/ ¡ v ¢ r pe D S (8)

where the source term S D qce C qch C qi ¡ qr . The last term on the
left-hand side of Eq. (8) describes the work done by the electron-
pressure gradients. This term is determined using the assumption
that the velocities of the heavy species and electrons are the same
in the � ow. The partial pressure of the electrons is given by7

pe D
pTe xe

Th C .Te ¡ Th/xe

(9)

“The term qce representsthe transferof energy between the heavy
gas and the electron gas resulting from collisions of electrons with
heavy species,”7

qce D
h : p:X

i

2ne
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3

2
k.T ¡ Te/ (10)

where Ài is the collision frequency and the summation is over
the species in the heavy gas. “The collision frequency is evalu-
ated from the temperature dependent collision cross-sections for
electron-heavycollisions evaluated at the electron temperature us-
ing the transport property [routines] described below.”7

Energy transport to the electron gas caused by electron partic-
ipation in chemical reactions is represented by the term qch in
Eq. (8). The energyreleasedby a three-bodyrecombinationreaction
with the electron acting as the third body is assumed to be absorbed
into the electron gas, raising the electron temperature. Ionization
and dissociation caused by electron collision is assumed to remove
the dissociationor ionizationenergy from the electrongas, lowering
the electron temperature.7

The electrical energy input to the system qi is the same ohmic
heating used in the equilibrium simulation. The optically thin ra-
diation qr is the same for both the equilibrium and nonequilibrium
simulations.

Species

Because the equilibrium CAPS code assumes LTE and chemi-
cal equilibrium, species concentrations are a function of pressure
and temperature,which are de� ned by the Saha equation.16 For the
nonequilibrium CAPS code � nite-rate chemical kinetics must be
included in the CAPS code model.

The system of governingequationsutilized in the nonequilibrium
CAPS code are expanded to include three species equations. This
allows the calculation of systems where ionization of H and the
dissociation of H2 are not in equilibrium.7 The hydrogen system
is modeled as a four-component system: molecular hydrogen, H2;
atomic hydrogen, H; hydrogen ions, HC; and electrons, e. Because
the system is electrically neutral, the electrons and hydrogen ions
can be represented by the same species conservationequation (this
allows the four-speciessystem to be modeled by three species con-
centrationequations). The species conservationequationused in the
CAPS code is7

r ¢ ½v® D r ¢ ½Dr® C S® (11)

Because the species are assumed to vary only radially and the ra-
dial velocity is zero, the term on the left side of Eq. (8) is zero.
Because of constraints in the SIMPLE algorithm, the source term
S® must be evaluated before the species equations can be solved. If
each computation cell is assumed to be a well-stirred reactor, the
time available for chemical reactions to occur would be the char-
acteristic time for a well-stirred reactor. This characteristic time is
calculated from the mass in the computation cell of interest divided
by the mass � ux into the cell.7 The nonlinear nature of the chemi-
cal rate equations, however, requires that the species production be
evaluatedusinga much smaller time step—the chemicaltime step—
that is a fraction of the characteristic time for a well-stirred reactor.
The species conservationequationsare then solved over this smaller
time step using a linearized set of equations for the four hydrogen
species.17 The source term for each cell is equal to the change in
species concentrationdivided by the chemical time step.

The species production needed in the preceding calculation is
determined from chemical kinetic reaction-rate coef� cients. The
forward reaction-ratecoef� cients are calculatedfrom the Arrhenius
equation18

k f D AT ¡n exp.E=RT / (12)

The Arrhenius constant, the activation energy, and the power of the
temperature n are user input to the CAPS program. The backward
kinetic reaction-rate coef� cients kb are calculated from k f and the
equilibrium constant K p .18

kb D ¡k f =K p (13)
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The calculatedreactionratescanvary greatlyfor a chemicalreaction
depending upon the kinetic rate constants used in Eq. (12). The
species concentrationsobtained from the computer simulations are
extremely sensitive to the calculated rate constants.

Furthermore, a signi� cant amount of the energy is transported
between the electronsand the heavyspecieswhen an electronactsas
the third body in a reactivecollision.6 As a result, the recombination
reaction rates can in� uence the electron to heavy gas temperature
ratio, as well as the gas composition.

Transport Properties

The transport properties for both the equilibrium and nonequi-
librium versions of the CAPS code are calculated using a com-
puter code written by Cho19 based on the procedures developed by
DeVoto.20 The transport property models used in this reference are
based on the Chapman–Enskog method.21;22 The models in Cho’s
code start with experimental or calculated energy-dependentcolli-
sion cross sections, calculate the collision integrals based on one
of several interactionmodels, and use combinationsof the collision
integrals to determinethe transportproperties.Electrical conductiv-
ity and electron thermal conductivitydepend on collisions between
electrons and heavy species in the mixture, whereas viscosity and
heavy gas thermal conductivity depend primarily on collisions be-
tween the heavy species.6

The Cho model makes the followingassumptionswhen used with
a two-temperaturenonequilibriumplasma model. The fundamental
cross-sectiondata describe the interaction of one atom or molecule
with anotherand dependsonlyuponcollisionenergyand the identity
of the colliding pair. The nonequilibrium plasma is described by a
two-temperaturemodel where a Maxwellian distributionat a unique
electron temperature describes the kinetic energy of the electrons.
The electron temperature is used to determine the collision energy
for all collisionsinvolvingelectronsbecausethe relativevelocityof a
collisioninvolvingan electronis close to the velocityof the electron.
The heavy gas temperature is used to determine the collision energy
for all other collisions.6

Species diffusion in the CAPS code utilizes the binary diffusion
coef� cients. Ambipolar diffusion coef� cients are used where pos-
itively charged particles (HC) and negatively charged particles (e)
diffuse. In the plasma � ows seen in a cascade arc, it is assumed
that there are very few locations where H2 and the ion/electron pair
coexist. Therefore, a single effective diffusion coef� cient is used in
the CAPS code for all species rather than the correct,but much more
complicated, multicomponent diffusion coef� cients.7 To formulate
the speciesconservationequationsin a manner that can be solvedby
SIMPLE, RhodesandKeefer7 createda heuristicmixturerule to pro-
vide an effectivediffusioncoef� cient that allows a smooth transition
across regions where all four components (H2, H, HC, e) coexist.

D D

®H2 ®H DH2H C .®H2 ®HC C ®H2 ®e/DH2HC C .®H®HC C ®H®e/DHHC

®H2 ®H C ®H2 ®HC C ®H2 ®e C ®H®HC C ®H®e

(14)

The diffusion coef� cients for the HC /H2 pair and the HC /H pair in
Eq. (14) are ambipolar diffusion coef� cients. Ambipolar diffusion
causes the electrons to diffuse into H2 and H at the same rate as
the ions. Therefore, separate binary diffusion coef� cients involving
electrons are not required. Equation (14) gives the correct answer
for any two-component mixture and provides a smooth transition
where the mixture has three components.7 The effective diffusion
coef� cient is used in the nonequilibriumenergy equations [Eqs. (7)
and (8)] and the conservation of species equation [Eq. (11)].

Radiation transport is calculated using the methods described
by Griem,16 which include both line and continuum emission. En-
ergy transport through radiation is modeled as having an optically
thin part and an optically thick part. The optically thick compo-
nent is modeled as a thermal conductivity using the Rosseland
approximation.23 The Rosseland thermal conductivity kR is

kR D .16=3aR/¾ T 3 (15)

Table 1 Reaction rates for hydrogen [The forward reaction rates
given by kf = a/Tnexp(E/RT )]

Rate set Reaction a n E

#1, #2, #3a;b H C H C M $ H2 C M 6.40eC17 1.0 0
#1, #2, #3a;b HC C e C M $ H C M 5.26eC26 2.5 0
#2c H2 C e ! H C H C e 1.91eC11 ¡1.0 ¡203
#3c H2 C e ! H C H C e 1.87e¡3 ¡3.73 0
#1, #2, #3c HC C e ! H C hº 3.77eC13 0.58 0
#2, #3c HC C e C e $ H C e 7.08eC39 4.5 0
#1 recombinationc HC C e C e ! H C e 2.19eC41 5.06 0
#1 ionizationc H C e ! HC C e C e 1.81eC14 0 ¡244,750

aM is any third body. bReaction uses heavy particle temperature.
cReaction uses electron temperature.

This Rosseland thermal conductivity is � tted as a function of mix-
ture enthalpy, electron concentration, and pressure for a hydrogen
plasma in equilibrium.The resultingequationis used in the nonequi-
libriumcode.7 Any error associatedwith this assumptionis assumed
to be small because optically thick radiation is very small when
compared to the other energy transport mechanisms in hydrogen
plasmas at pressuresand temperatures realized in the UTSI cascade
arc. The Rosseland thermal conductivity is added to the internal
thermal conductivityof the heavy species to form an effective ther-
mal conductivity for use in the CAPS code simulations when ther-
mal equilibrium is assumed. Otherwise, the Rosseland component
is added to the electron thermal conductivity to form an effective
electron thermal conductivity.

CAPS code simulations of hydrogen arcs were run for three sets
of chemical kinetics that have been utilized in arcjet simulation
codes. The reaction rates in these computer simulations are shown
in Table 1. Rate set #1 and rate set #2 (Ref. 2) (UTSI arcjet code)
have different chemical kinetic rates for the three-body ionization
and recombination of hydrogen atoms by electrons. Rate set #3
(Ref. 1) (utilized at the University of Illinois) is the same as rate set
#2 but has a differentrate for the dissociationof molecular hydrogen
by electrons.24

V. Experimental Procedure and Data Reduction
The cascadearc was operatedat a currentof 50 A with purehydro-

gen at 1:34 £ 104 and 4:14 £ 104 Pa. Spectralemissiondata from the
656.28 nm Balmer alpha H® line were collected in the eighth order
using a 1.25-m Spex spectrometer with a 316 groove/mm Echelle
grating and a two-dimensional OMA detector.6 Nine images of the
arc were collected at each pressure. A 1.9 neutral density (ND)
� lter and a 550-nm high-pass � lter were utilized to prevent detec-
tor saturation and eliminate interference from higher order lines,
respectively. The OMA detector exposure times were 0.2 s for the
4:14 £ 104-Pa case and 2.0 s for the 1:34 £ 104-Pa case.The images
of thearchave512spectralpixelsand 400spatialpixels.Wavelength
calibration was performed on the spectral pixels using atomic lines
from a low-density neon calibration source. The spatial pixels were
calibrated by taking images of a 50-¹m vertical slit backlit by the
neon lamp and placed in the same position as the arc when the cas-
cade is in operation. By moving the vertical slit across the location
of the arc with a precision translation table, the spatial pixels were
associated with a radial position across the arc region. The spec-
trometer slit function was experimentallymeasured using a narrow
neon spectral line, and the measured spectral lines were spectrally
deconvolvedusing a digital Wiener � lter.25

It is well-known that the Stark effect has strong dependence on
electron number densities and depends only slightly on tempera-
ture. Therefore, the electron number density of a plasma can be
determined independentlyof the plasma temperature by comparing
theoretical line widths to the widths of experimentallymeasured H®

lines.16 At the pressures tested both Doppler and Stark effects can
broaden the experimental emission lines. The resulting line pro-
� le is a Voigt pro� le—a convolution of Gaussian (Doppler) and
Lorentzian (Stark) line shapes. For example, a sample Voigt pro� le
� tted to an H® emission linemeasured in these experimentsis shown
in Fig. 3. In this work dynamic ion Stark broadening theory, which
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Fig. 3 Measured and � tted theoretical Voigt line shapes of H® line in
a 50-amp hydrogen arc at 4:14 £ £ 104 Pa at a radius of 1.5 mm.

includes the effects of ion motion on the emitting atoms, was used
to associate the electron number densitieswith the broadenedemis-
sion lines.26¡29 (Results using static ion Stark broadening theory
have previously been presented.6;30;31)

The two-dimensional OMA captures spectral intensity data at
manyspatial locationsacrossthe arc simultaneously.These intensity
data are Abel-inverted to obtain radial pro� les of the spectral emis-
sion using a modern approach that utilizes integral transforms.32

The uncertainty associated with this Abel-inversion technique is
calculated using a method developed by Smith.33

After Abel inversiona radial distributionof the H® emission lines
can be compared with those predicted by the CAPS code simula-
tions. The half-widths of each of these lines are easily determined
by subtracting the baseline from the line peak and calculating the
half-width at half-maximum. This results in a radial distribution of
H® emission line half-widths that can be compared to results from
the CAPS code simulations.

At this point line widths predicted using data from the CAPS
code simulationsare needed for comparison with the measured line
widths. Running the CAPS code to a converged solution gener-
ates radial distributions of species concentrations, heavy particle
temperatures, and electron temperatures. The predicted heavy par-
ticle temperatures and electron number densities obtained from the
computer simulation can be utilized to calculate the Doppler and
Stark-broadenedwidths of the H® emission lines. Adding these line
widths in quadrature gives the equivalent line width of the Voigt
pro� les that result from the convolution of the Doppler and Stark
line pro� les. This results in a radial distributionof Voigt line widths
predictedusing the CAPS code that can be directly compared to the
Abel-inverted line pro� les obtained from the experiment.

The spectralmeasurements just described were repeated for sim-
ulatedammonia and simulatedhydrazineat pressuresof 1:34 £ 104,
4:14 £ 104, and 6:89£ 104 Pa. Detector exposure times of 2, 5, and
10 s were used for these measurements, respectively.

VI. Comparison of Experimental and Numerical
Results for Hydrogen

Comparisons of the radial distributions of calculated and mea-
sured H® emission lines for the 1:34 £ 104 Pa (2.0 psi) and 4:14 £
104 Pa (6.0 psi) cases are presented in Figs. 4 and 5, respectively.
The centerline line widths correspond to 2:6 £ 1021 m¡3 and 1:3 £
1022 m¡3 for the 1:34 £ 104 and 4:14 £ 104 Pa cases, respectively,
when dynamic ion Stark broadeningtheory26;28 is applied.The com-
puter simulations used the three sets of � nite chemical kinetic rates
given in Table 1. For the sake of clarity, error bars are not in-
cluded in Figs. 4 and 5. (Error associated with experiments and
computersimulationswill bediscussedin Sec.VIII.)The linewidths
are highly in� uenced by electron number density (Stark broaden-
ing) and only slightly in� uenced by the heavy particle temperature
(Doppler broadening) in the pressure ranges considered.Therefore,
the pro� les of the line width distributions in Figs. 4 and 5 are es-

Fig. 4 Comparisonof experimentalandnumerical radialdistributions
of H® line widths in a 50-amp hydrogen arc at 1:34 £ £ 104 Pa using
chemical kinetic rate sets #1, #2, and #3 in the CAPS code.

Fig. 5 Comparisonof experimentalandnumerical radialdistributions
of H® line widths in a 50-amp hydrogen arc at 4:14 £ £ 104 Pa using
chemical kinetic rate set #1, #2, and #3 in the CAPS code.

sentially the same as those for radial pro� les of electron number
density (this was con� rmed with CAPS code data).

The equilibrium computer simulations predict that the electron
density becomes negligible beyond a radius of 1.5 mm (Figs. 4
and 5); therefore, the half width half maximum (HWHM) drops
off drastically. On the other hand, the nonequilibrium simulations
predict signi� cant densities all the way to the wall and have sig-
ni� cantly � atter distribution of line widths. This characteristic is
also seen in the data, supporting the nonequilibrium nature of the
cascade arc plasmas.

At 4:14 £ 104 Pa the measured H® emission widths are bounded
by those predicted by the nonequilibriumcomputer simulations up
to a radius of 1.5 mm. At 1:34 £ 104 Pa the measured line widths
are boundedby the three simulatednonequilibriumelectronnumber
densities.

Although the line widths are underpredictedby about a factor of
threefor the rate set #1atbothpressures,theresultsfor rate set #2sig-
ni� cantly reduce this discrepancy.For small radii the rate set #2 case
nearlymatches the experimentat 4:14 £ 104 Pa and overpredictsthe
experiment by about 50% at 1:34 £ 104 Pa. However, beyond a ra-
dius of approximately 1.2 mm the rate set #2 case results in large
underpredictions.The rate set #3 case gives the best nonequilibrium
solutionresults;it underpredictsthe4:14£ 104-Paexperimentalval-
ues by less than 15% and overpredicts the experimental value at
1:34 £ 104 Pa by less than 25%. The shapes of the rate set #3 pro-
� les also predict the shapes of the electron number density pro� les
better than the solutions using any of the other chemistry rate sets.
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Table 2 Comparison of experimentally determined electric � eld
(V/cm) with UTSI CAPS code values

Equilibrium Rate Rate Rate
Case simulation set #1 set #2 set #3 Experiment

1: 1:34 £ 104 Pa (2.0 psi) 46.4 95.7 42.0 33.4 36:0 § 1:2
2: 4:14 £ 104 Pa (6.0 psi) 46.3 64.9 43.9 44.1 44:2 § 1:2

Fig. 6 Radial distributions H® line widths for simulated ammonia
(NH3 ) at 1:34 £ £ 104, 4:14 £ £ 104 , and 6:70 £ £ 104 Pa.

Fig. 7 Radial distributions H® line widths for simulated hydrazine
(N2H4) at 1:34 £ £ 104 , 4:14 £ £ 104, and 6:70 £ £ 104 Pa.

Table 2 is a comparison of the experimental and CAPS code-
predicted axial electric � elds for the 1:34 £ 104- and 4:14 £
104-Pa cases. The experimental electric � elds were determined by
� nding the slope of the best-� t line through the measured potentials
of the cascadeplates. The electric � elds from the equilibriumsimu-
lationsoverpredicttheexperimentallydeterminedvaluesby 33%for
the 1:34 £ 104-Pa case and 10% for the 4:14 £ 104-Pa case. These
overpredictions increase to 180 and 51% for the rate set #1 simu-
lations at 1:34 £ 104 and 4:14 £ 104 Pa, respectively. The electric
� eld for the rate set #2 simulations overpredicts the experiment by
17% for 1:34 £ 104 Pa and agrees with the value for 4:14 £ 104 Pa.
The nonequilibrium CAPS simulations using the rate set #3 kinet-
ics best predict the electric � eld, underpredicting the value for the
1:34 £ 104-Pa case by less than 5% and matching the value for the
4:14 £ 104-Pa case. It is clear that the chemical kinetic rates exert a
strong in� uence on the predicted axial electric � eld.

VII. Results for Hydrogen/Nitrogen Mixtures
The radial distribution of experimentallymeasured H® emission

line half-widthsfor simulatedammonia and simulatedhydrazineare
shown in Figs. 6 and 7, respectively. These data show an increase

Table 3 Experimentally determined electric � eld (V/cm)
for hydrogen and hydrogen/nitrogen mixtures

Simulated Simulated
Case Hydrogen ammonia hydrazine

1: 1:34 £ 104 Pa (2.0 psi) 36:0 § 1:2 26:4 § 0:7 26:2 § 0:8
2: 4:14 £ 104 Pa (6.0 psi) 44:2 § 1:2 38:8 § 1:1 35:1 § 0:9

in line width with pressure. An interesting feature of the pro� les is
the positive slope of the curve close to the wall of the arc channel at
2 mm. This feature is attributed to re� ections inside of the cascade
channel; some of the light from the broader lines near the arc center
is re� ected from the optical channel walls so that it appears to be
originating closer to the wall of the constrictor. This re� ected light
effectivelybroadens the narrowerand weaker line emissionnear the
constrictorwall. Low signal level at these larger radii magni� es this
effect.8

Table3 showsacomparisonofexperimentallydeterminedelectric
� elds for the hydrogen and hydrogen/nitrogen mixtures. Over the
range of pressures tested, the electric � eld increases with pressure
and decreases as more nitrogen is added.

VIII. Discussion of Results
The comparisonsbetween the predicted and measured radial dis-

tributionsof the H® emission line widths for the hydrogenarcs show
discrepancies ranging from as low as 15% to as high as a factor of
two. The magnitude of the discrepancydepends on which chemical
kinetic rates were utilized in the CAPS code simulations. The dis-
crepancies result from either error in the CAPS code simulations,
experimental error, or a combination of both.

Obviously, incorrect � nite-rate chemical kinetics and nonequi-
librium transport properties utilized in the CAPS code could be
responsible for the discrepancies in the line width distributions. A
parametric study was undertaken to determine the effects of ar-
ti� cially changing nonequilibrium transport properties and � nite-
rate chemical kinetics relative to the rate set #3 chemical kinetic
rates.8 All of the CAPS code solutions were well-converged, and
the computation grid was found not to in� uence the simulation re-
sults. Any changes that resulted in a better � t to the measured H®

line widths also created large discrepancies between the predicted
and measured axial electric � elds, which were originally in good
agreement. Therefore, it seems unlikely that changes in the chemi-
cal kinetic rates and the nonequilibrium transport properties could
resolve the discrepancies in the H® line widths without adversely
affecting the simulated electric � eld.

To calculate the line broadeningpredicted using the CAPS code,
any uncertainty associated with the dynamic ion Stark-broadened
data26;28 utilized to correlate electron number densities with Stark-
broadenedline widths introduceserror into the line widths predicted
by the CAPS code.The authorsof the dynamic ion Stark broadening
dataestimate the errorassociatedwith their data to be approximately
20% (Ref. 28). The H® line widths predicted using the CAPS code
that are presented in Figs. 4 and 5 also have 20% error associated
with them.

The error in line widths for the CAPS code simulations (with
the chemical kinetic rate set #3) resulting from the uncertainty in
the Stark broadening correlation is plotted in Figs. 8 and 9 for the
1:34 £ 104 Pa (2.0 psi) and 4:14 £ 104 Pa (6.0 psi) cases, respec-
tively. The error bars on the measured line widths are plus or minus
one standard deviation for the nine realizations obtained at each
pressure. The error from Abel inversion is not included because it
was found to be signi� cant only at very small radii. It is easily seen
in these plots that CAPS code simulation and experimentally mea-
sured line widths actually are in agreementover the entire radius of
the cascade arc constrictorwhen uncertaintiesassociatedwith each
are considered.The only discrepanciesthat still remain are near the
wall and can easily be attributed to low signal to noise ratio in this
region (to be discussed later).

The error bars on the measured line width data (Figs. 8 and 9)
are attributed to the quality of the experimental emission pro� les.8
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Fig. 8 Comparisonof experimentalandnumerical radialdistributions
of H® line widths (including uncertainty) in a 50-amp hydrogen arc at
1:34 £ £ 104 Pa using chemical kinetic rate set #3 in the CAPS code.

Fig. 9 Comparisonof experimentalandnumerical radialdistributions
of H® line widths (including uncertainty) in a 50-amp hydrogen arc at
4:14 £ £ 104 Pa using chemical kinetic rate set #3 in the CAPS code.

The cascadearc emission line data are potentiallydegradedby three
sources: self-absorption of the H® line, high-frequency noise, and
low-intensity signal.

Using the methods given by Boulos,34 self-absoption has been
shown to be negligible for both pressures. A detailed discussion of
this analysis is given in Ref. 8.

The high-frequency noise is � ltered during Abel inversion, and
the associated error was calculated to be signi� cant only for very
small radii.8 The low-intensity signal results in small signal-to-
background-noiseratios across the entire arc. The maximum signal-
to-noise ratios occur near the center of the arc and have values less
than 2.4 for both pressures.As the edge of the arc is approached,the
signal decreases substantially resulting in increasing uncertainty.
Therefore, the simulated H® emission line widths calculated from
the CAPS code simulations with rate set #3 are believed to ade-
quately predict the experimentally measured widths for the hydro-
gen arc at both pressures.

IX. Conclusions
Nonequilibrium plasma conditions of 50 A hydrogen arcs at

1:34 £ 104 and 4:14 £ 104 Pa have been measured and compared
with computer simulations using the UTSI CAPS code. The simu-
lations were run using an equilibriummodel and three different sets
of kinetic rates. The peak H® line widths were consistentlyoverpre-
dicted by the equilibrium simulations. The simulated nonequilib-
rium plasma conditionsusing a � nite-ratekinetic model were found

to be extremelysensitiveto the kinetic rates.The simulatednonequi-
librium H® line widths were less than the experimentalvalues by as
much as a factor of three and greater than the experimental values
by as much as a factor of two, depending on the arc pressure and
the kinetic rates used. The experimentallydetermined axial electric
� elds were boundedby the nonequilibriumcomputer simulation re-
sults using different sets of chemical kinetic rates. The axial electric
� eld predicted using the CAPS code was also extremely sensitive
to the � nite-rate chemical kinetics utilized.

CAPS code simulations using the rate set #3 � nite-rate chemical
kineticsmodel match the measured electric � elds and the radial dis-
tributions of H® line widths within experimental uncertainty. The
rate set #3 chemical kinetic rate set (taken from the University of
Illinois arcjet simulations1 ), therefore, is believed to be the best
� nite-rate chemical kinetics set available for the simulation of hy-
drogen arc plasmas.

Chemical reaction set #3 is identical to chemical reaction set #2.
However, the reaction rate for the dissociation of molecular hydro-
gen by electrons is substantially lower for rate set #3 than it is for
rate set #2 (Ref. 24). All of the other chemical reactions have iden-
tical chemical kinetic rates. Yet, the rate set #3 simulations predict
experimentallydeterminedaxial electric � elds and electronnumber
density distributions substantially better than the rate set #2 simu-
lations. Therefore, the chemical kinetic rate set #3 results in more
molecular hydrogen predicted across the radius of the arc. This im-
plies that a higher fraction of molecular hydrogen in the simulation
results is necessary to properly predict the hydrogen cascade arc
plasma. To verify this implication, the radial distribution of molec-
ular hydrogendensity is needed.These values cannotbe ascertained
from the spectral data collected, but can be determined throughRa-
man spectroscopy.The acquisitionof this data and comparisonwith
simulation results is left for future work.

Electronnumberdensitypro� les for simulatedammonia and sim-
ulated hydrazine have been obtained for 50 A arcs at 1:34 £ 104,
4:14 £ 104, and 6:89 £ 104 Pa. The measured electric � eld was
found to vary directly with pressure and inversely with nitrogen
content.
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