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ARCJET PLUME STUDIES USING MOLECULAR BEAM MASS SPECTROMETRY

James E. Pollard

The Aerospace Corporation, Mechanics & Materials Technology Center
P.O. Box 92957 - M5/754, Los Angeles, CA 90009

Flux measurements are reported for N2 , H2 , NH3 , and He in the far-field plume of a 1-kW arcjet thruster using
hydrogen, helium, ammonia, and simulated hydrazine propellants. The thruster is operated in a high-vacuum
chamber with detection by a molecular-beam sampling mass spectrometer. Time-of-flight spectra provide speed
distributions for each molecule at many angles within the plume. The measured flux is put on an absolute scale by
normalizing to the total propellant flow rate. Least-squares fitting of speed distributions yields the translational
temperature and Mach number as a function of angle.

. INTRO CTIN NH 3 , and He in the far-field plume of a l-kW arcjet
I. INT DUCTION thruster using hydrogen, helium, ammonia, and

A low-power hydrazine arcjet and power processor simulated hydrazine propellants. The apparatus
have been qualified for north-south stationkeeping on includes a high-vacuum chamber, a computer-controlled
commercial communication satellites [1]. Given this thruster positioning system, and a molecular-beam
level of design maturity, low-power arcjets will be ready sampling arrangement with a slotted disk chopper and
for expanded use in the mid-1990s in applications such mass spectrometer. Time-of-flight spectra provide speed
as stationkeeping and repositioning at geosynchronous distributions for each molecule at many angles within
orbit and drag makeup at low-earth orbit [2]. Ongoing the plume, and the data are transformed to a flux-
ground tests and modeling to understand arcjet contour map as a function of speed and angle. Although
electromagnetic interference, plasma interactions, heat absolute fluxes are not measured directly, they can be
loads, and surface modification will broaden the base of obtained from the experimental relative flux distribution
potential users beyond commercial satellites [3-9]. by normalizing to the known total mass flow rate.

Among the goals of low-power arcjet testing are Least-squares fitting of speed distributions yields the

(1) to understand the total balance of energy (i.e. what translational temperature (and hence the Mach number)
fraction of the input energy goes into each form of as a function of angle. When the measured translational

output energy) with a view toward replicating the temperature is combined with the results of thrust-

favorable performance figures that were claimed for balance and optical diagnostic studies, the relative

regeneratively cooled arcjets in the 1960s [10,11], and importance of various efficiency loss channels can be

(2) to determine whether the spacecraft interactions assessed.

scale with arc current, with arc power, or with specific
energy (input power divided by mass flow rate). II. EXPERIMENTAL METHODS
Ground-based measurements on higher power arcjets (3- Tests are performed with a low-power laboratory
30 kW) usually cannot be performed under molecular arcjet of the NASA modular design [12], which is

flow conditions (5 10-3 ton) because of facility operated in a diffusion-pumped 30-m 3 chamber having

pumping limitations. Hence, low-power data are needed an effective pumping speed of 120,000 liter/s for H2 and

for validation of mathematical models (e.g., direct 70,000 liter/s for N2 [131. The nozzle surface

simulation Monte Carlo) that can be applied to temperature measured with an uncalibrated optical

performance and contamination predictions with higher pyrometer (disappearing filament) is in the range 1100-

power thrusters. 1400 K on the outside of the exit cone. Propellants are
supplied to the thruster using thermal-sensing mass flow

Preliminary measurements of plume flow controllers (MKS Instruments). The manufacturer's
properties in the far-field are reported in this paper. The calibration is adjusted slightly based on comparison with
experimental objectives are (1) to investigate the a bubble flow meter (for hydrogen, nitrogen, helium) or
chemical composition as a function of specific energy by measuring the pressure rise in the high-vacuum tank
and warm-up time, (2) to gain a better understanding of using a capacitance manometer (for ammonia). During
efficiency loss mechanisms and the total energy balance, arcjet operation the tan pressure is 0.7 - 2.2 x 10-3
and (3) to address spacecraft integration issues such as to, giving a mean free path for high-speed plume
plume impingement and back flow. Velocity vector molecules of 100-200 mm.
distributions (speed and angle) are presented for N2 , H2 ,
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One of the propellants tested in this experiment is To minimize test facility effects, the sampling
a hydrazine decomposition mixture (HDM) consisting of system must be far enough from the thruster to achieve
H2 (48.7 %), N2 (29.7 %), and NH3 (21.6 %). This molecular flow conditions at the skimmer, yet close
corresponds to an ammonia dissociation fraction of enough for collisions between the plume molecules and
60%, a plausible value for a hydrazine gas generator the ambient gas to be negligible [14,15]. An additional
used with a low-power stationkeeping arcjet constraint is imposed by the risk of thermal damage to

the copper skimmer if the arcjet is too close. We
In an idealized plume measurement the sensorIn an idealized plume measurement the sensor identify optimum sampling conditions by examining the

would be capable of moving about within the effect of nozzle-skimmer distance on the plume angular
unperturbed flow, but a more practical solution is to and speed distributions. Skimmer interference is
skim off a portion of the exhaust into a differentially recognized by a dip in the flux as the thruster is
pumped detector chamber and to obtain angular data by recoed bugh 0 = 0. This undesirable effect occurs
rotating the thruster, as shown in Fig. 1. The arcjet is rota th nozge-skimmer distance is i 90 mm, but
mounted on a computer-controlled positioning system w t n
(Compumotor 4000) with three linear axes and one choosing this dstance to be 140 mm avods the

rotational axis (the latter axis coincides with the thruster problem. The relevant apparatus dimensions are listed

exit plane). A complete map of the plume velocity in Table I.

vector distribution in the far field can be obained from
angular scans with this setup, if one assumes that the
flow is cylindrically symmetric.

Main Chamber Buffer
Chamber

1 X 10C ham be r Detector Chamber
1x 10" 3Torrr -x -Torr

1x10- 5

Skimmer Torr Detector

Mass Filter

.. . . Collimator 

Thruster on 3 x 10- 7Torr
Positioning System Chopper

Wheel

Si PUMP PUMP

PUMP PUMP

FIG. 1. Schematic diagram of the apparatus for measuring speed and angular distributions of arcjet plume molecules.
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TABLE I. Apparatus properties for speed and angular distribution measurements.

Medium resolution High resolution

Arcjet nozzle throat diameter 0.64 mm same
Arcjet nozzle exit diameter 9.5 mm same
Arcjet nozzle half-angle 200 same
Exit plane to skimmer orifice 140 mm same
Skimmer orifice diameter 2.0 mm same
Skimmer height 49 mm same
Skimmer internal angle 45° same
Skimmer external angle 600 same
Skimmer orifice to chopper wheel 156 mm same
Wheel slot width 3.2 mm 1.6 mm
Wheel shutter duration 47 us 22 is
Wheel to collimator orifice 78 mm same
Collimator orifice diameter 1.8 mm same
Wheel to mass spectrometer ionizer 1084 mm 1916 mm
Speed resolution (Av/v) v + (23 km/s) v + (87 km/s)

Previously we described a method for time-resolved The chopper wheel has four slots and spins at 200 rev/s,
mass and energy analysis of neutral or charged species giving the shutter durations listed in Table I.
having energies of 0.5 - 500 eV [16]. For detection of Calibration of the speed measurements is based on (1)
low-energy neutrals in an arcjet plume (0.04 - 4.0 eV), arrival time distributions for helium at ambient
an alternative technique for molecular speed temperature (<v> = 1.73 km/s), and (2) comparison of
determinations is more suitable [17,18]. A slotted disk arrival times when the total drift distance is changed by
chopper (located between the skimmer and collimator) a known increment (e.g., 832 mm). The medium
spins in the path of the molecular beam, and the resolution setup mentioned in Table I is appropriate for
distribution of arrival times is recorded using a mass N2 molecules under all conditions explored here. The
spectrometer equipped with ion counting detection and a high resolution setup has poorer signal-to-background,
multichannel scaler (LeCroy 3521A, 5-ps time bins), but it is required for an unambiguous measurement of

H2 speed distributions, particularly when using pure
hydrogen propellant. Sample time-of-flight

1071 watts. 11.3 mg/s hydrogen distributions are shown in Fig. 2 to demonstrate that the
S' shutter duration does not significantly broaden the H2
S medium tion arrival time distribution for the high resolution setup.medium resolution

resolution Deconvolution of the shutter function would allow a
further refinement of the speed measurements, but this

Sshutter has not been applied to the present data sets.

o 2 duration Speed measurements use a small magnetic sector
mass spectrometer (Vacuum Technology Inc.) tuned to

Sthe mass of interest. We also use a quadrupole mass

o - - spectrometer (Inficon Transpector) to record complete
mass sweeps as a function of angle within the plume;
the beam is not chopped during these measurements,

o which use analog detection rather than ion counting.
0 Because of a direct line-of-sight to the arcjet nozzle, the

0 quadrupole detector shows an angle-dependent baseline
0 50 100 150 200 250 300 350 shift due to ultraviolet photons from the arc. A three-

drift time (,us) minute delay is required between angular positions to
allow the sensor electronics to automatically compensate

FIG. 2. Arcjet time of flight spectra for H2 using the two for the baseline shift. (The magnetic sector is immune
setups listed in Table L to this effect.) Detector background (mostly water
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vapor) is subtracted from each mass sweep after data angle, however, are recorded for a single source point in
collection. The buffer and detector chambers shown in the center of the exit plane.
Fig. 1 are pumped by a turbomolecular pump and a A

cryopumprespe ely AAll the data reported here use electron impactcryou repionization mass spectromety, which is sensitive to
Scanning the thruster under computer control number density rather than particle flux. Off-line data

allows a complete data set to be recorded typically in processing includes: (1) transforming the distributions
less than one hour. Data are obtained at 20-25 angles of number density vs. arrival time to distributions of flux
between 00 and 1000 relative to the plume centerline. vs. speed by rebinning the raw time spectra into speed
The detector's narrow field of view corresponds to an bins of constant width, while multiplying number
effective spatial resolution at the arcjet exit plane of density by speed (f = nv) to obtain a quantity
about 2 mm, and hence the arcjet does not approximate proportional to flux, (2) interpolating the irregularly
a point source in this experiment. To demonstrate this, spaced flux values onto a grid of uniformly spaced
Figs. 3 and 4 show the distribution of signal strength as velocity cells using the program SURFER (Golden
a function of arcjet position relative to the skimmer, as Software), (3) integrating the two-dimensional velocity
observed at an angle of 0 = 0°. The N2 flux is contained vector data to yield one-dimensional distributions of flux
mostly within a 10-mm diameter region, while the H2  vs. speed and flux vs. polar angle, (4) normalizing to the
flux extends over a 20-mm diameter region. (For total flow rate to put the angle-resolved data on an
reference, the nozzle exit diameter is 9.5 mm.) To absolute scale, and (5) least-squares fitting of speed
measure speed and angular distributions that are distributions to yield the translational temperature and
representative of the far-field plume as a whole, the Mach number. The experimental flux quantities are
magnetic sector signals at each angle are averaged (via defined in Table II. Normalization treats the arcjet as a
ion counting) by moving the arcjet through 25 source point source when observed in the far field, and we
points within an 8 mm x 8 mm region that spans the assume that the angular and speed measurements
exit plane. Quadrupole mass sweeps as a function of (averaged over the set of 25 source points) are a good

approximation to far-field behavior.

1075 watts. 35 mg/s ammonia 1075 watts. 35 mg/s ammonia

H2 flux. -0=' N2 flux. 0-0*
300 300

100 100

10

0 -.-10 -10 (ml^-

, 
o s

oo .p po jotD

FIGS. 3 and 4. Distribution of signal strength for H2 and N2 in the ammonia arcjet plume, measured at 0 = 0* by translating the
thruster along two axes normal to the plume centerline.
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TABLE I. Definition of experimental flux quantities
for a cylindrically symmetic plume.

Flux Units

d 2 f mg/sd- oc measured flux vs. (v, 0, p) ( km s)
955 watts. 25 mg/s ammonia dwdv (srXkm/s)

df 2 _i mg/s
= 2 -df sin0 dOm

dv 0 do dv km/ s

3 minutes, 1100 K df = d f mg/s
df d " dmg/s

f= 2; sin0 d f dmg/s
dO dwdv rad

10 minutes. 1240 K

=<v> = v dv/? dv km/s

5 20 minutes, 1260 K f = 2ff J sin0 dO dv

So 0 
d odv

30 minutes, 1270 K

S955 watts, 25 mg/s ammonia

100 , , , . . .
H 2

discharge off " -- N2

0

. -.-,-.. ... ,, ... .. ,, .,, . ,. 10 -I N H
3

0 4 8 12 16 20 24 28 v
0

amu E
* 1

FIG. 5. Mass spectra measured on the centerline of the 3 NH
ammonia arcjet plume. The peaks at 14 and 28 amu are due .

to N2 , the peak at 2 amu is from H2 , and the peaks at 15, 16,
and 17 amu are due to NH 3. Elapsed time since ignition and NH
exit cone temperature are indicated.

0.1
0 10 20 30

time after start-up (min)

FIG. 6. Chemical composition of the entire arcjet plume for
ammonia propellant, derived from centerline mass spectra
using measured sensitivity factors.
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Ill. RESULTS species has been used as a tracer for rotational and
vibrational temperatures measured by laser-induced

A. Quadrupole data fluorescence [13].
The chemical composition of the plume as a whole

can e determined from quadrupole mass spectra Table IV lists the exhaust composition when

recorded on centerline if one knows the relative operating the arcjet with hydrazine decomposition

sensitivity factors for each species of interest. These are miture at a specflc energy of 30 J/mg (as compared
measured by running known mixtures of hydrogen, th the low r flight unit which operates at 39 J/mg
nitrogen, and ammonia under discharge on and [1]). Here the NH 3 and NH 2 mole fractions are

discharge off conditions. Sensitivity factors are significantly less than with ammonia propellant, but the
NH mole fraction is somewhat higher.governed by the ionization cross sections, by the species

velocities, and by the extent of mass separation in the Signal-to-background ratios at 1 amu and 14 amu
plume (i.e., heavy species tend to concentrate near the are too low to determine the mole fractions of H-atoms
centerline). One must also take into account cracking in and N-atoms in the plume for the present operating
the ionizer, which causes each parent species to make conditions, which suggests that they are not present in
contributions at several mass peaks (N2 -* 14 + 28, H2  large amounts. However, sensitivity for H-atoms is poor
-, 1 + 2, NH3 -+ 15 + 16 + 17, NH2 - 15 + 16, NH - because of the broad angular distribution of low-mass
14 + 15). species. Previously reported absorption spectra for an

Mass spectra of the ammoa arcet measured on ammonia arcjet (820 watts, 32 mg/s) yielded an H2Mass spectra of the ammonia arcjet measured on
dissociation fraction of 3.4 + 1.1% [21]. In the presentcenterline are shown in Fig. 5, and the estimated disciationfractonof3.4±1.1%211. Inthe pesent

chemical composition for the entire plume is shown in experiments the atomic mole fraction is very lkely less

Table m and in Fig. 6. The stated operating conditions than 10%. Higher specific energy would of course lead

yield a specific energy (power divided by mass flow rate) to more significant dissociation.

of 38 J/mg, which is at the low end of range explored by Figure 7 shows flux vs. angle data from mass
other investigators [19]. The NH 3 mole fraction ranges sweeps recorded with the quadrupole. Conversion of
from 10% at 3 min after ignition to 5% when the number density to flux (f =nv) is accomplished by
thruster has warmed up, and the NH2 mole fraction modeling the average molecular speed as a function of
changes from 1.8% to 0.7%. The mole fraction of NH is angle, based on the data recorded subsequently with the
in the range of 0.1% to 0.4% based on the present mass magnetic sector and chopper wheel. Absolute flux units
spectra. Emission from NH is prominent in the near- are obtained by normalizing to the total mass flows of
ultraviolet spectrum of the ammonia arcjet [20], and this

TABLE Ill. Exhaust chemical composition and nozzle temperature with 955 watts, 25 mg/s ammonia. Atomic
hydrogen and nitrogen are not included in the analysis.

time (min) temperature (K) H2 (%) N2 (%) NH3 (%) NH2 (%) NH (%)

0 300 - - 100.0 - -
3 1100 66.6 ±1.5 21.9 ±1.0 9.6 ±0.5 1.78 ±0.20 0.18 ±0.15
10 1240 69.8 ± 1.5 23.0 ± 1.0 5.9 ±0.5 1.10 ± 0.20 0.13 ±0.13
20 1260 70.6± 1.5 23.3 ± 1.0 5.0 ±0.5 0.77 ±0.20 0.31 ±0.20
30 1270 70.9 ± 1.5 23.4 ± 1.0 4.7 ± 0.5 0.70 ± 0.20 0.25 ± 0.20

TABLE IV. Exhaust chemical composition and nozzle temperature with 948 watts, 32 mg/s hydrazine
decomposition mixture. Atomic hydrogen and nitrogen are not included in the analysis.

time (min) temperature (K) H2 (%) N2 (%) NH3 (%) NH2 (%) NH (%)

0 300 48.7 29.7 21.6 - -
30 1310 65.2 ±1.5 32.8 ±1.0 1.3 ±0.5 0.19 ±0.15 0.60 0.20
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ioo H2 flux, (mq/s)/(km/s)/sr
100 952 watts. 7.5 mg/s hydrogen 1 6 -

14 0

0.01 ES10

0 20 40 60 80 100 -

100 0.
S" 967 watts. 25 mg/s ammonia

41. 0

S0.0 - _ 0 10 20 30 40 50 60 700. polar angle, deg
0 20 40 60 80 100

S ' FIG. 8. Flux contour map of H2 in the plume of a hydrogen
100 .--- arcjet at 1071 watts, 11.3 mg/s.

N 948 watts. 32 mg/s HDM

10 - --_ -_-____- -- --

_ diffusive mass separation, which has been observed

E H previously in free jet expansions of gas mixtures at low
" 01 _ ... . Reynolds number [22,231.

NH  The NH3 angular distribution is of special interest
0.01- from the standpoint of spacecraft contamination, and we

S o 40 60 80 100 find its width is intermediate between that of H2 and

polar angle (deg) that of N2. In going from 0 = 0* to 0 = 90*, the NH 3
flux per steradian decreases by a factor of 500 for
ammonia propellant and by a factor of 100 for HDM.

FIG. 7. Flux vs angle derived from mass sweeps recorded As compared with our results, the higher specific energy
with the quadrupole. of a flight-model thruster means there is less NH3 in the

exhaust following warm-up. Hence most of the potential
NH 3 contamination actually might arise during cold

H2, N2, and NH 3 as specified by the mole fractions flow prior to arc ignition. We have not yet measured
listed above. The width of the angular distributions in cold flow angular distributions for ammonia and HDM.
Fig. 7 has an obvious correlation with molecular weight,
as heavy species fall off much faster than light species Detection of eroding metal atoms from the arcjet

with increasing angle. In going from 0 = 0° to 0 = 90*, (e.g., tungsten, thorium) would be of great value for

the H2 flux per steradian decreases by a factor of 2000 developing contamination models, but these species are

for pure hydrogen propellant but decreases by a factor of difficult to measure with setup used here. The angular

only 30 when the propellant is ammonia or HDM. We distribution of erosion products could in principle be

infer that in the collisional region of the plume, H2 is simulated by seeding a few percent of an appropriate

scattered much more strongly by N2 than by other H2  mass tracer (argon, krypton, xenon) into the propellant

molecules. Velocity slip between the two species (see
below) means that lighter molecules tend to overtake the B. Magnetic sector data
heavier ones, which leads to light species being scattered Speed and angular data can be plotted as a two-
over a broader angular range when the plume consists of dimensional flux contour map, an example of which is
a gas mixture. One can also view this as an example of shown in Fig. 8 (and on the report cover) for hydrogen
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cold flow. 2.3 mg/s hydrogen 1071 watts. 11.3 mg/s hydrogen

..... I......I...... .I . . . I I I I I I I I ...... I.. l... . I 'I

10 10
i U

E5 2

So0.1 E 0.1

0.0 1 0 .0 1 . . . .
0 2 4 6 8 10 12 14 16 0 2 4 6 10 12 14 16

speed (km/s) speed (km/s)

100 100

10 ------------ 10

2 EN N ______ --.

N 0.1 0.1

0.01 ------- ------- 0.01

0 20 40 60 80 100 0 20 40 60 80 100

polar angle (deg) polar angle (deg)
SaH

0 20 40 60 80 100 0 20 40 60 80 100

polar angle (deg) polar angle (deg)

FIG. 9. Flux vs speed, flux vs angle, and average speed vs FIG. 10. Flux vs speed, flux vs angle, and average speed vs
angle, derived from time-of-flight spectra recorded with the angle, derived from time-of-flight spectra recorded with the
magnetic sector. magnetic sector.

propellant as measured with the high resolution setup. Figures 9 and 10 show these quantities measured for a
Maximum flux per steradian is observed at 0 = 0°, with cold flow of hydrogen and for a hydrogen arcjet at a
a most probable speed of 10.4 km/s.- The distribution specific energy of 95 J/mg. Average speed on centerline
shifts to lower speeds with increasing polar angle, so is seen to increase from <v> = 2.5 km/s in cold flow to
that the average speed for the entire plume is <v> = 8.9 <v> = 10.0 km/s when the discharge is turned on. The
km/s. angular dependence of the flux is nearly the same in the

In comparing data sets it is usually more discharge on and discharge off cases, w i th H 2 fl  p

convenient to examine one-dimensional distributions of steradian decreasing by a factor of 2000 in going from 0
= 0 to O = 90 ° . This overall behavior matches thatflux vs. speed, flux vs. angle, and average speed vs.

angle, which are obtained by integrating the two- obse ved n  ass sweeps w th th e quadrupole (Fig. 7
dimensional data using the formulas in Table U. However, at intermediate angles the quadropole data fall
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496 watts. 14.8 mg/s helium 965 watts. 29 mg/s ammonia

IX ! X N2 :

10 1 10

speed (km/s) speed (km/s)

too . ..... ....-........ 100

10..... . ........ t -------- - - -------10--- - ----- ----- ------ --- - -

He

0. 1 - 0.1 -

0.01 -- -- 0.01 ..

0 20 40 0 12 1 10 0 20 40 60 12 100

10 - - 10

E 8 E

V 4 -  H e  0 .

0. 1 ------.-. ___ - --.-..-.-.---.-.- .-. 0 I- -1

> 2 > 2

0 . . ._ __•_•_ __I ._ _ _ _ _ _ _ _ _ _ _ _ 0

0 20 40 60 80 100 0 20 40 60 80 100

polar angle (deg) polar angle (deg)

FIG. 11. Flux vs speed, flux vs angle, and average speed vs FIG. 12. Flux vs speed, flux vs angle, and average speed vs
angle, derived from time-of-flight spectra recorded with the angle, derived from time-of-flight spectra recorded with the
magneti sector magnetic sector.

off more rapidly with angle than the magnetic sector efficiency because of the absence of molecular excitation
data, evidently because the former are measured for a and dissociation (18], but higher power measurements
single source point at the exit plane while the latter are . are needed to explore this concept.
averaged over the entire source volume (see Section II). Figures 12 and 13 show speed and angular data

polarFigures 12 an d 13 show speed and angular dataeg)

Figure 11 presents speed and angular data for a (measured with the medium resolution setup) for H2 and
helium arcjet, showing an average speed of <v> = 5.6 N2 in the arcjet plume using ammonia and hydrazine
km/s and an angular distribution that is very similar to decomposition mixture as propellants. The H2 angular
the hydrogen data in Fig. 10. Due to the low arc voltage distribution is much broader here than in the case of

in the case of helium, the power supply delivers only pure hydrogen propellant, as was found with the
496 watts to the thruster, which reaches a temperature of quadrupole data (Fig. 7). N2 is the dominant species in
1160 K. Helium offers a potential advantage in thrust the flux at 0 = 0", but it falls off much faster than H2

9
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818 watts. 32 mg/s HDM C. Curve fitting
A preliminary interpretation of the speed

10 I distributions is obtained from least-squares fitting to Eq.
S N, (1) [24,25], which yields the stream velocity v,,

Stranslational temperature T,, and Mach number M, in
i .. .--. .-- the far-field plume:

t H f 3 m 
e 0.1 ac v3 exp (v - v,) (1)

0.01 , , , M, = v, (2)
S 2 4 s 10 12 14 16 ykT,

speed (km/s) Here the index s refers to flow conditions at the
skimmer opening. In the limiting case of an effusive

100 oo flow (v, =0 , M, = 0) the average speed for this flux

So _.. .distribution is <v> = (3/4)2 rk T/m. The specific
10----

Sheat ratio r is estimated to be 1.35 for H2 , 1.32 for N2 ,
1 - ------- ....̂............... .. and 1.63 for He in the relevant temperature range.

r H
2  Examples of speed distributions and curve fits with

0 .1 ----------------------------
0 hydrogen and helium propellants are shown in Figs. 14-

o." ---- . .------ ..--- -- -- 16. During the measurement at each angle the signals
S. . , , , , , , , are averaged over 25 source points that span the region

o 20 40 0 80o 100 of the exit plane (see Section II), which may account for
* the inability of Eq. (1) to represent the "excess" low-

1o speed flux at 0 = 0o. Apart from this effect the
". -hydrogen and helium data are adequately fit by Eq. (1),

E and hence it is meaningful to describe the plume in
e H, - terms of a translational temperature and Mach number.

SThese are plotted as functions of angle in Figs. 17-19,
4 also showing the exit cone temperature as measured by

S2 optical pyrometry. For the hydrogen arcjet (Fig. 18) the
H2 translational temperature is near 1000 K over most

o . . .. * * * * * i * of the angular range, with an apparent increase for 8 >
20 40 0 80 10 50°. (Fitting accuracy suffers at high angles because of

polar angle (deg) the low signal level.) The Mach number decreases from
3.8 at 8 = 0° to 1.0 at 0 = 700. By way of comparison,

FIG. 13. Flux vs speed, flux vs angle, and average speed vs the Mach number for a 2.3 mg/s cold flow of hydrogen
angle, derived from time-of-flight spectra recorded with the (Fig. 17) ranges from 10.6 to 1.7 over this same angular
magnetic sector. range, while the translational temperature increases

from 10 K to 120 K. Helium arcjet behavior (Fig. 19) is
qualitatively similar to hydrogen, except the temperature

with increasing angle, so that H2 dominates at angles is somewhat lower due to the reduced input power.
greater than 0 = 500. Speed distributions show a
substantial slip between the two components, with the
average speed for N2 being 50/%-70% of the H2 average
speed. Flux distributions of H2 and N2 observed for
simulated ammonia propellant (75% hydrogen, 25%
nitrogen) are essentially identical to the results given in
Fig. 12 for real ammonia.

10



IEPC-93-132 1222

cold flow. 2.3 mg/s hydrogen cold flow. 2.3 mg/s hydrogen
100 - . 140 ,-- -- 12

0=0'
120 

s  10

10S 00-
x. 100

1 - E

.o = so to so -

0.010

02 3 40 20 40 60 80

S. -. I 04

= oi 0. *o s

20 3

0.01 0 0 *
0 1 2 3 4 0 20 40 60 80

speed (km/s) polar angle (deg)

FIG. 14. Speed distributions with curve fits. FIG. 17. Translational temperature and Mach number.

1071 watts. 11.3 mg/s hydrogen 1071 watts. 11.3 mg/s hydrogen
100 -, 2000 , , 4

0=0 T

- 10 - 1500 3

1 
- 50 1000 2

S0.1 - - 500 M
*0.

S nor- 1 3 2 0 K

0.01 * * 0 t =II 0
0 5 10 15 0 20 40 60 80

speed (km/s) polar angle (deg)

FIG. 15. Speed distributions with curve fits. FIG. 18. Translational temperature and Mach number.

496 watts. 14.8 mg/s helium 498 watts. 14.8 mg/s helium
10 2000 4

0=0*

1500 -
s  

3

CS

SL 1000 
2

S* . 500 - - 1

8=50' \

* *

*a = 11 B

0.01 0 I . . . . 0
5 10 15 0 20 40 60 80

speed (km/s) polar angle (deg)

FIG. 16. Speed distributions with curve fits. FIG. 19. Translational temperature and Mach number.
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965 watts. 29 mg/s ammonia 818 watts, 32 mg/s HDM
100 . 100

8=0"

10 - 10 9 =0

a 1 a plue.

0 01 0.01
0 5 10 15 05 1 15

965 watts. 29 mg/s ammonia 818 watts. 32 mg/s HDM
10 0 1 10 0 ,-,-.

So 98= 0800

S10 10 8=8

z  
0.1 - - z 0.1

0.01 0.01

0 5 10 15 0 5 10 15

speed (km/s) speed (km/s)

FIG. 20. Speed distributions with curve fits for H2 in the FIG. 22. Speed distributions with curve fits for H2 in the
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As we observed above, the data for ammonia IV. DISCUSSION
propellant or for HDM cannot be represented by a single To the best of our knowledge, most of the data
speed distribution because of slip between the H2 and presented here are unique, and there are no previous
N2 components. Moreover, Figs. 20-23 show systematic measurements or predictions for the NASA modular
departures from Eq. (1) at = 0*, with H2 having excess arcjet that would afford a direct comparison. In an
high-speed flux and N2 having excess low-speed flux. earlier paper [18], we showed that far-field speed and
(We have carried through the fitting procedure for these angular distributions could yield values for the
data sets, although the concept of temperature is far macroscopic performance figures (thrust, specific
from rigorous here.) At 0 = 0" the H2 and N2  impulse, efficiency) that were in good agreement with
distributions have similar widths (fwhm * 3.2 km/s for direct measurements using a thrust balance. This check
ammonia, 3.0 km/s for HDM), and they are asymmetric is not possible for the present data sets, because the
in such a way as to resemble mirror images of one thrust balance was not available at the time of the
another. Slip is also seen at higher angles, but the N2  experiment In any case the measured translational
distribution is now considerably narrower. temperatures can be combined with other diagnostic

With ammonia propellant the H2 temperature (Fig. results to estimate the total energy balance for the
24) increases from 700 K to 1300 K as one moves away thruster [11. For a hydrogen arcjet at 95 J/mg, the

from 0= 0*, but the N2 temperature (Fig. 25) decreases observed H2 translational temperature of 1000 K
from 8500 K to 1500 K over this same angular range. corresponds to an energy sink of 0.13 eV/molecule, or
The Mach number for H2 decreases from 2.6 to 0.6, 6.5% of the input energy (2.0 eV/molecule).
while in the case of N2 it increases somewhat. With Some general comparisons can be made with the
HDM propellant the trends are similar (Figs. 26 and laser experiments that have measured temperatures and
27), but temperatures are everywhere lower than with velocities near the exit plane for low-power hydrogen
ammonia. Translational temperatures measured in this and ammonia arcjets. These studies include (1) laser-
experiment correspond to the parallel (0 = 0") and induced fluorescence on the H-atom Balmer a
perpendicular (6 = 900) temperatures sometimes used to transition, (2) laser-induced fluorescence on the A-+X
characterize the velocity vector distribution of a free jet transition of NH, and (3) extreme ultraviolet absorption
[15]. In an ideal isentropic expansion these two spectroscopy on H and H2 . For a hydrogen arcjet at 110
temperatures are equal, but in most real expansions the J/mg, H-atoms in the n=2 electronic state have an axial
parallel temperature exceeds the perpendicular. This velocity of 12-15 km/s and a translational temperature
evidently applies to our N2 distribution but not to H2 . on centerline of 4000-5000 K [26,27]. Temperature

Based on Figs. 24 and 25, a simple analogy is decreases toward 1000 K as one moves beyond 10 mm

offered to interpret the ammonia high angle behavior: from the exit plane, but the asymptotic value is

H2 approaches the speed distribution of an effusive flow somewhat affected by the background tank pressure (0.4

at the temperature of the nozzle exit cone (1270 K), torr ). For an ammonia arcjet operated in high-vacuum

while N2 exhibits the distribution of a mildly supersonic at 38 J/mg, NH molecules show a rotational temperature

flow at this same temperature. The behavior near the of 1400-1800 K along the centerline at 18 mm

plume centerline is more difficult to rationalize, but it downstream of the exit plane [13]. The NH

appears to be a consequence of translational non- perpendicular translational temperature is in this same

equilibriym between H2 and N2 in the transition from range, although the vibrational temperature is somewhat

continuum to molecular flow. When the expansion higher (2500 K). For a hydrogen arcjet at 98 J/mg in a
"runs out" of collisions, the two species are left with background pressure of 0.4 torr, line-of-sight absorption
speed distributions having similar widths, corresponding spectra of H2 yield a rotational temperature of 1100-

to a much higher centerline temperature for N2 than for 1600 K and a vibrational temperature of 1800-2400 K

H2 . For comparison it would be of great interest to 121]. Similar values are obtained from H2 absorption
measure rotational state distributions for these two with an ammonia arcjet at 26 J/m& although in both

species in the far field. The expectation is that N2 and cases the interaction with background gas is not

H2 have a rotational temperature that matches the negligible. While there is no contradiction between our

translational temperature at high angles, i.e. 1000-2000 far-field translational temperatures (measured by mass
K. spectrometry) and any of the laser measurements, the

variations in operating conditions and background
pressures rule out a definitive match-up of results at this
time.
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