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Near-Field Measurement and Modeling Results
for Flight-Type Arcjet: NH Molecule

Mark W. Crofton¤ and Teresa A. Moore†

The Aerospace Corporation, El Segundo, California 90245-4691
Iain D. Boyd‡

University of Michigan, Ann Arbor, Michigan 48109-2140
Ideo Masuda§

National Space Development Agency, Tsukuba, Ibaraki 305-8505, Japan
and

Yoshifumi Gotoh¶

Mitsubishi Electric Corporation, Kamakura, Kanaga 247, Japan

Density, velocity, and temperature data were obtained in the near-� eld plume of a 1.8-kW hydrazine arcjet
thruster, using the NH molecule as a probe. This was the � rst laser spectroscopic study on a � ight-type arcjet.
The rotational temperature of NH was obtained in v = 0; 1 of the electronic ground state and the vibrational
population in v = 1; 2. Rotational and vibrational temperatures were similar, and their variation along the thrust
axis was minor. Line shapes as well as radial and axial pro� les of the peak line intensity were obtained. Maximum
laser-induced � uorescence signal was obtained on-axis 1.4 cm downstream from the exit plane, suggesting rapid
NH production in the plume. Axial velocity components were determined at various plume locations. The power
distribution of the available channels was found, on summation, to be in good agreement with arcjet input power.
Direct simulation Monte Carlo predictions have been generated for comparison with much of the experimental
data and to provide additional � ow� eld information. Good agreement was achieved in most cases.

Nomenclature
a = Gaussian normalization parameter, dimensionless
B12 = Einstein coef� cient for absorption, 1 ! 2
b = Gaussian linewidth parameter, cm¡1

Erot = rotational energy of the originating state, cm¡1

f = oscillator strength, dimensionless
g.º/ = Gaussian line shape function, dimensionless
I = intensity of photon � ux
Iº = intensity of photon � ux at frequency º
K = proportionalityconstant
M = species molar mass, amu
Nl = population density of lower level, cm¡3

n = species density, cm¡3

r = radial coordinate, cm
T = temperature, K
z = axial coordinate, cm
1tL = duration of laser pulse
1º = full-width at half-maximum, cm¡1

º = frequency, cm¡1

º0 = center frequency, cm¡1

½ = radiation density

Subscripts

D = Doppler
j; k = arbitrary energy levels of the ground electronic state
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L = laser
P = power broadening
S = Stark effect
sa = self-absorption
sat = saturation

Introduction

N ORTH–SOUTH stationkeeping for the data relay test satel-
lites (DRTS) being developed for launch around 2001 and the

succeeding year will be provided by MR-509A/B hydrazine arcjet
thrusters.1 Despite the successful operation of PRIMEX Aerospace
Corporation(PAC) arcjets on several U.S. satellites,2 little quantita-
tive information has been available concerningmany of the thruster
impacts on satellites of arbitrary con� guration. To rectify this sit-
uation for the DRTS case, experimental measurements were per-
formed and coupled with theoretical analyses. This resulted in the
� rst laser-induced � uorescence and mass spectrometric studies for
a � ight-typearcjet thruster.A portionof the experimentalwork con-
cerned with the measurement of near-� eld parameters is described
in this report.

Near-� eld plume data are valuable for the understanding of the
arcjet � ow and performance properties. The study of spacecraft
plume impingement and torquing, as well as contamination and
thermal loading, are best accomplishedvia direct simulation Monte
Carlo (DSMC) calculations. Validation and improvements in code
accuracy are accomplished by incorporating the results of plume
measurements into the modeling analysis.3

NH is a convenient probe species for vibrational, rotational, and
translational temperatures in arcjets, as well as velocity and density
distributions.4;5 It has a readily accessibleelectronic transitionorig-
inating from the ground state, with suitable lifetime, � uorescence,
and linewidth properties.

Experimental Setup
Test Facility and Arcjet Operation

The experimental test chamber was 5.5 m in length with diameter
of 2.4 m. Test chamber vacuum was maintained by 16 VHS-400
diffusion pumps. During thruster operation at the nominal � ow rate
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of 46.4 mg/s, test chamber background pressure was maintained
below 1 £ 10¡3 torr.

The thruster was mounted on a computer-controlled four-axis
positioningsystem. The arcjet nozzlewas alignedwith the long axis
of the test chamber and remained there. The vertical position of the
arcjetwas similarly� xed for the durationof themeasurements.Two-
axis positioning was performed in the axial and radial directions to
explore the spatial dependence of near-� eld parameters.

Electrical power of 1.8 kW was supplied at 80-V dc to a power
conditioning unit (PCU) provided by PAC. Power was supplied at
28-V dc to operate the protection and control electronics, which
were also provided by PAC. A � ight-model PCU for DRTS, which
would have required an input voltage of 33–51.5 V dc (Ref. 1), was
not used.

A computer-controlleddata acquisition and control system was
supplied by The Aerospace Corporation and set up to satisfy PAC
speci� cations regarding arcjet operating limits. Arcjet operating
voltage, current, inlet pressure, and � ow rates were monitored at
all times, and an automatic shutdown would have occurred had
any process limit been exceeded during normal operations. Typi-
cal recorded parameters at the 46.4-mg/s nominal operating point
at which all H and NH data were obtained are 46.4-mg/s � ow rate,
0.8-mtorr background pressure, 109.7-V arc voltage, 15.1-A arc
current, 1.66-kW input power, 235-mN thrust, and 517 s Isp, with
the thrust and speci� c impulse estimated from data of Ref. 6. These
quantitieswere reducedby2% basedon previousarcjetperformance
measurementscomparingsimulatedN2H4 (2:1mix of H2:N2 ) at am-
bient inlet temperature to catalytic decomposition of liquid N2H4

(Ref. 7). In practice, voltage and current levels varied somewhat but
the power conditioner kept arcjet input power constant at 1.66 kW.

Laser-Induced Fluorescence
Laser-induced � uorescence (LIF) is the preferred means of ob-

taining the near-� eld parameters discussed in this report. The tech-
niqueoffershighspatialresolutiontogetherwith highsensitivityand
results that are acceptable from a quantitative standpoint. Submil-
limeter spatial resolution is a requirement in the near � eld because
the arcjet nozzle width at the exit plane is on the order of a centime-
ter. Sensitivity is a factor at the existing species densities, which
range from 1012 to 1016 cm¡3 in the probed region.

For the NH data set, a one-photon absorption process was em-
ployed. In the limit of low laser power, the one-photon LIF signal
intensity of a two-level system can be expressed as8

I D K Nl B12½ 1tL (1)

The constant K accounts for the details of the detection system
and averagingof the laser � eld vector projectiononto the transition
dipole vector.

By determiningrelativequantumstate populations,rotationaland
vibrational temperatures can be found. The relative populations of
lower levels j and k may be found by using Eq. (1) to form the ratio

n j

nk
D

[B12½ ]k I j
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(2)

where any variation of detector response with frequency has been
neglected.This equationis againvalid in the limit of lowlaserpower,
but it holds for all cases where the laser power is the same for tran-
sitions from j and k, and the B coef� cients for j and k are identical.
Because the population is proportional to .2J C 1/exp.¡Erot=kT /,
the rotational temperature of the lower state can, in favorablecases,
be determined from the relation

[I=.2J C 1/] »D C ¡ Erot=kT (3)

In the more general case for which laser pulse intensity is kept con-
stant but the B coef� cients vary over the series and the transitions
are not fully saturated, 2J C 1 in Eq. (3) must be replaced by an
expressiondependingon SJ , the line strength factor. Measurements
of relative transition intensity for determination of rotational and
vibrational temperaturewere made at pulse energy levels approach-
ing the saturation limit (right side of Fig. 1), and temperatureswere
obtained without the use of line strength factors.

Fig. 1 Observed saturationeffect ofNH R2(7)v 0 = 0 Ã v 0 0 = 0, A 3 P Ã
X 3 R ¡ transition.

Because of the large transition moment of the A 35–X 36¡ tran-
sition ( f D 0:0075) (Ref. 9), the <10-ns duration of the laser pulse
and the requirementof submillimeter spatial resolution, it was dif� -
cult to eliminate all saturationeffects.A measurementof LIF signal
intensity from NH over a range of laser pulse energies produced the
curve given in Fig. 1. The saturation effect is obvious.For each data
point, pulse energy was measured near the output of the dye laser
harmonic doubler. Energy levels at the arcjet itself were approxi-
mately 60% of these values.

Because of power broadening, the linewidth of NH transitions
will be proportional to (1 C I=Isat/

1=2 (Ref. 10). The width of R2.7/
was broadened to 0.4 cm¡1 at ¼200-¹J pulse energy levels. Pulse
energy was ¼4 ¹J for the measurement of peak signal pro� le along
the thrustaxis,and compositeparallelandperpendicularlineshapes.
Pulse energy was kept constant for the measurements of relative
rotational line strength. For the latter data, pulse energy was about
20 ¹J. Given the small variation in B coef� cients and saturation
of the transitions, 2J C 1 was used in Eq. (3) for the temperature
determinations, rather than SJ .

Quenching of excited states may occur as a result of collisions
with partners in other quantum states. Quenching is usually a prob-
lem at high gas densities.For the arcjet, the sum of species densities
at the nozzleexitplane is about1£1016 cm¡3 . In LIF measurements,
if the upper state lifetime is much shorter than the interval between
quenching collisions, quenching effects can be neglected. The NH
molecule has a lifetime in the A 35 excited state of about 400 ns
(Refs. 11 and 12). During an intervalof 400 ns, NH moleculesmov-
ing along theplume axis at 7 km/s travel2.8 mm. The laserbeamwas
positioned to traverse the plume 1–2 mm upstream from the center
of the detection zone, to reduce the detected laser scatter. With an
effectivedetection-zonelength for NH � uorescenceof about 2 mm,
NH � uorescencewould be largely detectedbetween 100 and 350 ns
after initial excitation.This intervalwas reducedby the boxcar gate,
set to span 100–280 ns after the laser pulse. The interval between
quenching collisions of an NH molecule with the background gas
near the nozzle exit plane is on the order of 1 ¹s, so that quenching
can have some in� uence on the observed � uorescence. Substantial
quenching effects are to be expected inside the nozzle.

A YAG-pumped dye laser operating at 40-Hz repetition rate gen-
erated ¸1 mJ per 6-ns pulse in the 660–680-nm region, using a
DCM/LD700 dye mixture. The dye laser output was doubled in a
KDP crystal,which was tuned in the 330–340-nmrange. A tracking
circuit maintained maximum output despite temperature drifts and
frequency tuning.

After elevation to the appropriate height for entry into the vac-
uum chamber, the laser beam entered through a window and passed
through the arcjet plume perpendicular to the arcjet thrust axis as
shown in Fig. 2. To obtain an axial velocity measurement, an optic
placed below the thruster steered the beam to a second optic sitting
downstream and below the thrust axis. The latter optic steered the
beam to intersect the plume at an angle of 43 deg with respect to
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Fig. 2 Schematic for part of the experimental setup.

the thrust axis and in the correct location to be aligned with the
� uorescence collection optics.

For NH, the laser beam was weakly focused to enhance the spa-
tial resolution.Resonant � uorescencewas collectedby a 5-cm-diam
MgF2 lens placed 18 cm away from the arcjet centerline.The slowly
converging � uorescence beam was transmitted over a distance of
1.2 m to a re� ector that steered it through an LIF window into
the external environment. The � uorescence beam then entered a
0.125-mmonochromator.Detectionwas accomplishedby means of
a Hamamatsu R955 photomultipliertube attachedat the monochro-
mator exit. A boxcar ampli� er was used to integrate the signal.
Alignment of the collectionoptics was accomplishedusing a HeNe
laser propagated back from the monochromator entrance or scat-
tered light from the probe laser at the location of interest.

The laser pulse energy generating the � uorescencewas recorded
together with the � uorescence signal using computerized data ac-
quisition. NH data were usually taken at a constant average energy
level, maintained over the frequency range of interest through the
use of an attenuator (polarizer half wave plate combination). NH
data were not normalized for power dependence because this was
not deemed necessary,and for measurementsat higher power levels
the power dependence was highly nonlinear. Further attenuationof
the pulse energy was required when measuring radial and axial sig-
nal pro� les and line shapes.A beamsplitterand neutral density � lter
combinationreducedthe pulse energyby an additionalfactorof»30
for line shapes and axial intensity pro� les. Copper sheet was placed
over the aluminum thermal shield beneath the arcjet to reduce the
level of scattered light. Scattering was a problem for measurement
of the axial intensity pro� le before installing the copper sheet and
attenuating the laser beam.

Line shapes were obtained by stepping the dye laser frequency,
collecting signal for a suitable period, and repeating over the full
range of the transition. Fundamental frequencies were obtained in
vacuum wave numbers using a pulsed wavemeter, with typical rela-
tive accuracyof 0.01–0.02 cm¡1 . Data are, therefore,plottedagainst
the dye laser fundamental, with the laser frequency of the experi-
mental measurements obtained by doubling the value shown. The
wavemeter was automatically calibrated at intervals with an inter-
nal helium–neon laser, but was subject to minor drifting behavior
between calibrations,which occasionally resulted in readout errors
of up to 0.03 cm¡1 . Line shapes were � tted with a three-parameter
Gaussian function:

g.º/ D a exp
©
¡ 1

2
[.º ¡ º0/=b]2

ª
(4)

In many cases the transition center frequency was � xed, but the
linewidth parameter and peak height were always variables. These

parameters normally showed little dependence on whether the cen-
ter frequency was � xed. The small residual baseline present in the
experimental measurements was subtracted prior to � tting.

The linewidth was determined largely by Doppler broadening
and laser linewidth. In a few cases power broadeningwas suspected
or known to be large. Those data are not included in this report.
The Doppler width [full width at half maximum (FWHM)] is de-
termined by the Maxwell–Boltzmann distribution and is related to
temperature by

1ºD D 2
p

2 2bD D 7:162 £ 10¡7º0

p
T=M (5)

where

bD
»D

p
b2 ¡ b2

L ¡ b2
S ¡ b2

sa ¡ b2
P (6)

Because Stark broadening, self-broadening,and power broadening
do not give rise to a Gaussian line shape, Eq. (6) is an approxi-
mation only applicable where bS ; bsa, and bP are effective widths
and b2

sa; b2
S; b2

P ¿ .b2
D C b2

L /. The translationaltemperature(Kelvin)
may be expressed as

T D 1:0811 £ 1013
¡
M

¯
º2

0

¢
b2

D (7)

The linewidth(FWHM) at the dye-laser fundamentalfrequencywas
assumed to be 0.05 cm¡1 and Gaussian, in approximate agreement
with the dye laser speci� cations and width of the wavemeter etalon
fringes. The laser linewidth at the doubled dye laser frequency was
assumed to be 0.07 cm¡1 (0.035 cm¡1 for plots using the fundamen-
tal frequency).

Following the application of line broadening and quenching cor-
rections, the H atom experimental density pro� le was in acceptable
agreementwith the DSMC result.13 For NH, the differencebetween
the DSMC result and the experimental result is still nearly an order
of magnitude after accounting for linewidth and quenchingeffects.

Quenching of the NH excited state by the background of
molecules and atoms in the plume is nonnegligible. The rates of
quenching by H2 and N2 at 1400 K have been measured,14 with the
respective rate constants 1:9£10¡10 and <2£10¡12 cm3 s¡1 . The
quenching rate by H atom is probably¸1:7£10¡10 cm3 s¡1 at room
temperature.15 Assuminga T 1=2 dependencefor these rate constants
at the elevated temperature of the arcjet, quenching by H atom and
H2 occursat similar rateswith the combinedrateof 2£106 s¡1, about
equal to the rate of radiative decay. That quenching does occur in
the plume was veri� ed by the observeddecrease in � uorescencede-
cay time near the nozzle exit plane. At the usual boxcar gate setting
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of 100-ns delay and 180-ns width, the � uorescence decay rate was
observed to increase within 3 mm of the exit plane, on centerline.
Because the optical alignment spatially limited the detection win-
dow for � uorescence,the full � uorescencedecay curve could not be
observed.It is believedthat the effect of quenchingon data obtained
¸3 mm from the exit plane was small.

The error in individual data points for linewidth measurements
is re� ected by their deviations from the Gaussian � tting function
because the measurements were relative rather than absolute. For
radial and axial pro� les of peak signal intensity, the error can sim-
ilarly be inferred from deviations of individual data points from a
least-squares-�tting function or from the scatter between adjacent
points in regions of low curvature.

Numerical Approach
The � ow inside the hydrazine arcjet is characterizedby relatively

low densities and very high temperatures. The Knudsen number
of the nozzle � ow (ratio of mean free path to boundary-layerscale)
varies from about0.001at the nozzle throat to about0.1 at the nozzle
exit plane. These values indicate that the � ow will be in a state of
thermochemicalnonequilibrium.At the same time, on the � ow axis
near to the arc constriction, the ionization level can be as high as
40% (Ref. 16).

These conditions place a heavy demand on attempts to per-
form accurate numerical simulations of the arcjet � ow. At PAC, a
continuum-based computer code called KARNAC has been devel-
oped for computing arcjet � ows. The code has performed very well
in detail for hydrogen arcjet � ows.17 The accuracy of the code for
hydrazine � ows is less clear. There are several physical limitations
of the KARNAC code. First, all energy modes are assumed to be in
equilibrium,precluding the possibilityof freezingof the vibrational
and rotationalenergymodes of the molecularspecies in the � ow (N2

and H2 ). These are known to be loss mechanisms for arcjets. Sec-
ond, by the time a Knudsen number of 0.1 is reached, the physical
basis of the Navier–Stokes equationsof � uid mechanics is no longer
valid. Finally, because there is no thermal nonequilibriumincluded,
important physical phenomena such as vibration–dissociation cou-
pling are missing.

Although we are primarily interested in analysis of the arcjet
plume, for the reasons just listed,a moredetailedanalysisof the noz-
zle � ow is also merited. In the present study, the DSMC method18

is employed to compute both the nozzle and plume � ows in a sin-
gle simulation. The nozzle � ow is begun just downstream of the
constrictor in a region of the � ow that is in the continuum regime.
A startline for the DSMC computation is obtained from a solution
generated by KARNAC and provided by PAC. The DSMC code
includes the following physical phenomena: 1) multispecies � ow
(H2, H, HC , e¡, N2 , and N), 2) rotational and vibrational relaxation,
3) dissociation (with vibration coupling), ionization, and recom-
bination reactions, and 4) ohmic heating. The code is described in
detail16 and hasbeenextensivelyvalidatedagainstexperimentaldata
for hydrogen arcjets.19

In terms of boundary conditions, the nozzle wall is treated as
beingdiffusewith full accommodationof all energymodes to a � xed
temperatureof 1400K. For the plume expansion,the experimentally
determined backpressure of 0.113 Pa is imposed. The analysis is
performed for the nominal operatingcase of a � ow rate of 46.4 mg/s
and a power input to the arcjet of 1660 W.

The computation employs a structuredgrid of 500 £ 70 cells. At
steadystate,a totalof about350,000particlesis employed.The com-
putationsprovidemean particle quantitiessuch as density, tempera-
ture, and velocity.Velocitydistributionfunctionsare also computed,
and this required the simulations to be performed over an extended
period to reduce statistical scatter in the distributions collected.

Results and Discussion
The mass spectrometry data indicated N and NH mole fractions

in the far � eld of 6 and 1.5%, respectively.20 NH was left out of
the simulations, which substantially underestimated N abundance.
NH was not included in the DSMC calculationsdue to its chemistry
and low abundance relative to N2 . In retrospect it would have been
useful for NH to be included in the simulations. Theoretical and

experimental comparisons are performed between DSMC data for
nitrogen atom and LIF data for the NH molecule because NH and
N velocity and density distributions will be similar in the absence
of chemical effects.

The line shapes obtained for NH are plotted in Fig. 3, along with
their Gaussian� ts. In each case the laser beam intersectedthe plume
centerline at an angle of about 42.8 deg, resulting in a composite
of perpendicular and parallel line shapes. The line shape peaks are
red shifted about 0.22 cm¡1 from the known transition frequencyof
R2.7/v 0 D 0 Ã v 00 D 0, because of the NH Doppler shift at its axial
plume velocity.

The temperatures indicated in Table 1 were obtained from the
relation

1º »D
p

1º2
D C 1º2

L C 1º2
P (8)

and Eqs. (5–7). Doppler broadening largely determines the line
shape when the laser pulse energy is low. For the conditions of the
experiment, the contributionof power broadening to the linewidths
was roughly estimated at 7%. In contrast to the H atom, the dc
Stark (see Ref. 21) and collisional Stark effects for NH are rela-
tively small and were neglected in the analysis. Self-absorptionwas
also neglected because no evidence of it was observed.

Table 1 NH parallel and perpendicular translational temperatures
from DSMC and experimental data

Perpendicular Parallel Composite Composite
temperature, K temperature, K temperature, K temperature, K

.r; Z/, DSMC DSMC DSMC experiment
cm (N atom) (N atom) (N atom) (NH)

0, 0.18 1700 3620 2730 3060§ 400
0, 1.96 620 2410 1580 2420§ 400

Fig. 3 NH line shapes for R2(7) 0–0 obtained on centerline at z =
0.18 cm (top) and 1.96 cm (bottom); transition frequency is
30,018.936cm¡ 1, absent a Doppler shift.
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Fig. 4 N atom parallel (radial) and perpendicular (axial) line shapes
for R2(7) 0–0 from DSMC results.

Fig. 5 NH and N atom pro� les on centerline, from experimental and
DSMC data, respectively.

The N atom paralleland perpendicularlineshapesobtainedby the
DSMC method are plotted in Fig. 4. The perpendicular line shapes
are those predicted for the case in which the probe laser is along the
axis of thrust. The temperatures corresponding to each line shape
are included in Table 1. A direct comparison between parallel and
perpendiculartemperaturesfor DSMC and experimentaldata could
notbemadebecauseall of theparallelline shapesin theexperimental
data set were believed to be substantiallypower broadened.

The peak LIF signal at the center of the line shape was measured
as a function of axial coordinate, on centerline, and is plotted in
Fig. 5. Data were obtained out to about 8 cm, where the source
density is approaching the background density of the test chamber.
Like the hydrogen atom case, the axial dependenceof peak signal is
nonmonotonic.The NH signalpeaks at 1.4 cm downstreamfrom the
exit plane,whereasH atom signalpeaked at 0.8 cm. The unexpected
existence of such a prominent peak at z D 1:4 cm may result from a
high productionrate of NH at this location.An NH formationrate on
the order of 1019 cm¡3 s¡1 is anticipated near the exit plane, which
can create the required 1013 cm¡3 population density within 1 ¹s.

The DSMC density pro� le for N atom is also shown in Fig. 5 for
comparison.The DSMC result gives density directly, so that for di-
rect comparison the experimentalresultshould be multipliedat each
data point by the corresponding radial linewidth. The linewidth-
corrected pro� le obtained from applying DSMC linewidth factors
is also shown in Fig. 5. Quenching is estimated to further account
for about a factor of two correction,but a largediscrepancyremains.
As already mentioned, the most plausible explanation is the rapid
formation of NH directly in the plume, such that the centerlineden-

Fig. 6 Comparison of experimental (symbols) and DSMC data (lines)
for peak axial velocity component.

sity actually increases from the exit plane to z D 1:4 cm despite the
geometric plume expansion.

The peak of the measured axial velocity distribution, in meters
per second, is plotted in Fig. 6. Figure 6 also indicates the DSMC
results obtained for N atom. A reduction in peak � ow velocity oc-
curs with increasing distance from the exit plane, on centerline, in
each case. The experimental peak velocity is 0.3–1 km/s lower and
appears to indicate a larger velocitydecreasewith distance from the
exit plane. The peak velocity decreases more abruptly with radial
than with axial coordinate, as expected, but the radial drop of the
experimental data is faster than the DSMC result would predict.
This could contribute to error in the DSMC radial density pro� le,
particularlynear the exit plane. Estimates of the experimental abso-
lute error limits are shown for selected data points. The uncertainty
stems from errors in the wavemeter reading, in locating the center
of the transition, and in the optical alignment. These DSMC re-
sults are consistentwith the mass spectrometrydata for N atom.3;20

However, the far-� eld DSMC result used in the DRTS impingement
model3 was about 7.0 km/s on the centerline for species containing
nitrogen, and the speci� c impulse and thrust � gures resulting from
the mass spectrometrydata20 were 15% higher than the thrust stand
numbers.6;20 These observationssuggest that the present LIF result
of a 6.4-km/s limit for NH at z ¸ 4 cm is accurate and does not
contain a systematic error.

NH is left with substantial internal and translational energy as
a byproduct of most mechanisms that form it in the arcjet plume.
Mechanisms of formation that operate at substantial rates and may
leaveresidualenergyin theNH productincludedissociativeelectron
impact, dissociative electron recombination, bimolecular reaction,
and photolysis.15;22;23 Normally, one would expect that ground state
species are relatively equilibrated with the translational and rota-
tional degrees of freedom in the background gas. This is probably
the case for NH, with excited states in nonequilibrium with each
other and the ground state.4;24 In the extreme case, even the velocity
distribution of an excited state can be in nonequilibrium.25

Because NH is relatively massive, its velocity distribution will
tend to be widened by collisions with the relatively fast, abundant
species of H and H2. This process leads to a DSMC rotational tem-
perature for N2 greater than 4000 K, with the H2 rotational tem-
perature about 2000 K lower, as shown in Fig. 7. The vibrational
temperatures are predicted to follow similar trends, according to
the DSMC results. The rotational temperature of NH was studied
in v D 0; 1 of the ground electronic state. The relative intensities of
Q2.J / and R2.J / series were measured, keeping laser intensity a
constant. No difference was found between v D 0 and 1 rotational
temperatures,to within experimentalerror.A slow drop in rotational
temperaturewith z is believed to exist because the trend is also indi-
cated by the DSMC data.The plots of Fig. 8 were made accordingto
Eq. (3), and approximatelyyield the temperaturesgiven in Table 2.

The upper state lifetimedependson vibrationalstate as well as ro-
tational state, although the best experimental and theoretical results
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Table 2 NH rotational and vibrational temperatures (Kelvin)

Rotational, v00 D 0 Vibrational.r; Z/,
cm Q2.J / series R2.J / series (1–1)=(0–0) (2–2)=(0–0)

0, 0.18 2980§ 290 2800 § 500 2750 § 200 3090§ 400
0, 0.94 2750§ 250 —— —— ——
0, 1.96 2690§ 160 —— 2720 § 200 2780§ 300
0, 4.11 —— —— 2570 § 300 ——

Fig. 7 DSMC results for rotational and vibrational temperatures of
H2 and N2.

Fig. 8 Rotational temperature determinations using the experimental
data and Eq. (3).

differ.11;12 Using the radiative and predissociativerates of the theo-
retical computations,which are probably the best available,resulted
in small rotational temperature corrections on the order of 100 K,
which are re� ected in the values of Table 2. The corrections were
smaller than the experimental uncertainty and are themselves ap-
proximate due to the uncertainty in radiative and predissociative
rates and the spatially dependent quenching rate.

Vibrational temperature was also determined, from the ratio of
2–2 and 1–1 transitions to 0–0. These transitions are known to have
similar oscillator strengths, except that the 2–2 case suffers from
predissociationin the upper state, which reduces the state lifetime.
Corrections were made re� ecting the predissociation effect. The
vibrationaland rotationaltemperatureswere found to be remarkably
similar.

Radial pro� les of peak signal intensityare plotted in Fig. 9. These
were converted to density pro� les using the DSMC velocity distri-
bution functions for the N atom, along the radial cuts. The result in
shown in Fig. 10. Excellent agreementwas obtained at z D 1:96 and
3.23cm,but it is apparentthat theexperimentalpro� leat z D 0:30cm

Fig. 9 NH radial pro� les of peak LIF intensity.

Fig. 10 DSMC radial density pro� les for nitrogen atom (lines), com-
pared to linewidth-corrected NH experimental data (symbols).

is slightly wider than the DSMC pro� le. This can be explained as a
quenching effect, which � attens the peak with respect to the shoul-
ders, and/or as an error in the DSMC density pro� le (see Fig. 6 and
discussion pertaining to it).

From the dissociation fraction of H2 or the absolute density of
H atoms determined elsewhere,20;26;27 one of the major power loss
mechanisms of the arcjet can be estimated. The dissociation frac-
tion determined by mass spectrometry was 14.3% (Ref. 20). At the
6.0-mg/s � ow rate of H2, the � ow rate of dissociated molecules
is 2:6 £ 1020 s¡1 , corresponding, at 4.48 eV/mol, to a power loss
of 184 W. For N2 , the far-� eld dissociation fraction is 10.9%,
corresponding to a � ow rate of dissociated molecules equal to
9:5£1019 s¡1 and, at 9.76 eV/mol, a power loss of 148 W. Dis-
sociation, therefore, accounts for 20% (332 W/1660 W) of the total
arcjet power input. This is a much smaller percentage than the 64%
that has been proposed recently for the hydrogen arcjet.27

Other power losses include thermal conduction and radiation
(across the entire spectrum), molecular rotation and vibration, and
electronic excitation and ionization. On the basis of the available
MR509A data, each of these can now be estimated because we
have useful knowledge concerning the rotational, translational,and
vibrational temperaturesof all major species, ionizationand excita-
tion fractions,mole fractions, etc. The estimated power sinks (watt)
for the MR 509A at the 1660-W, 46.4-mg/s operating point were
184C 148 D 332 molecular dissociation, 60 transverse thermal ki-
netic (not measured by mass spectrometry), 60 C 60 D 120 molec-
ular rotation and vibration, 160 thermal conduction and radiation
(approximately 10% of the total arcjet input power, see Ref. 25),
430§ 170 waste kinetic power (difference between measured
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kinetic power obtained from mass spectrometry and thrust power
derivedfrom thrust standmeasurement), and 10 ionizationand exci-
tation. Thermal radiativeloss from the arcjet body is typicallyabout
10% of the arcjet input power,28 and conductive loss is relatively
minor for a properly designed test setup. Convective heat loss can
be neglected at the background pressure of this experiment. Plume
radiative losses over the entire spectrum are negligible in compar-
ison to the radiative losses from the arcjet body.29 The sum of all
nontranslationalpower sinks is about 590 W. The kinetic power � ux
determinedby mass spectrometrywas 1007§ 171 W (Ref. 20). The
direct measurement of arcjet thrust on the standard MR509 arcjet
came up with 580-W thrust power.6;20 Taking the average and sub-
tractingfrom1007; 427 § 171 W of wastekineticpower is obtained,
assuming the error bars are small for the direct thrust measurement.
The angular and species dependence of the velocity and mass � ux
distribution functions is believed to be the major source of kinetic
power, which does not produceuseful thrust. The data reveal a very
broad width for the average speed distribution of the collection of
atoms and molecules.20 In addition,velocitydistributions(with their
associated kinetic energy) transverse to the arcjet-detector axis are
not re� ected in the 1007-W � gure because the mass spectrometer
does not detect them. The experimental uncertaintyassociatedwith
the total waste kinetic power is high, but nonuseful kinetic power is
obviously one of the largest single categories for arcjet power loss.
Adding all of the sinks together, we have a sum of about 1690 W,
which is in good agreement with the arcjet input power. This is the
� rst time that total power losses have been determined to this level
of accuracy or that the sum has been in close agreement with the
known power input.

The discrepancy in H atom density values obtained for the hy-
drogen arcjet from DSMC results and the experimental approach
of Ref. 27 may now be resolved. The DSMC result, which is more
consistent with other modeling calculations and a previous experi-
mental measurementof dissociationfraction in a hydrogenarcjet,30

is the more accurate one. The more recent experimental dissocia-
tion fraction of H2, determined by Wysong and Pobst,27 was too
high, but the neglect of most of the waste kinetic power as in pre-
vious analyses4;31 reduced the discrepancy in the computed power
balance.

Conclusions
Temperature, velocity, and relative density measurements were

obtained in the simulated hydrazine arcjet plume using the NH
moleculeas probespecies.Experimentaland theoreticalplume data,
comparingNH experimentaland N atom theoreticalresults,were in
generally good agreement for a � ight-type hydrazine arcjet. Agree-
ment between theory and experiment was especially good for the
radial density pro� les, except near the exit plane. Close agreement
was also obtained for the axial density pro� le, except near the exit
plane, where the discrepancy is large. Rapid productionof NH near
the exit plane is proposed to � t this observation. In a comparison of
the measured NH and computed N peak axial velocity component,
the experimental velocity dropped more quickly with distance off
centerline.The centerlinevelocity several centimeters from the exit
plane was 15% lower than the DSMC prediction.

An analysis of the arcjet power distribution among the various
sinks reveals that molecular dissociation and waste kinetic power
produce the largest losses. The expended kinetic power not pro-
ducing useful thrust is a larger quantity than has been previously
appreciated.Using the � gures available for the various sinks, which
are generally more accurate than previous values, good agreement
has now beenobtainedbetween the sum and the known power input.

A positive synergy between experiment and theory has been use-
ful in furthering the fundamental understanding of the arcjet. A
comprehensivepicture is beginningto emerge regarding the atomic
andmolecularenergydistributionfor all availablemodes throughout
the arcjet plume.
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