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In situ measurements of plume spectra from high-altitude, 870-lb, liquid propellent engine plumes have been
obtained from observations of the Space Shuttle's primary reaction control system engines. Spectra were taken in
the wavelength range of 350-800 nm with a spectral resolution of 3 nm and a spatial resolution of 10 cm. These
spectra show numerous emissions from molecular and atomic species. There is significant variation in the spatial
distribution of the emitting species. A survey of the auroral photography experiment (APE) thruster emission
data will be given. The data will be compared to a chemical kinetic multizone flowfield model. This model was
developed to analyze data from vacuum chamber tests. It incorporates 149 separate reactions and 53 distinct
ground and excited state species, but this model is only valid around the exit plane of the thruster. A simplified
exhaust plume model, valid for the first few meters of the plume, was then applied to the exit-plane conditions
and the results are consistent with all of the major features of the data.

Introduction

IN an attempt to identify the sources of optical radiation gene-
rated by the interaction of the atmosphere with the exhaust from

the Shuttle engines,1 we report here spectroscopic observations of
optical radiation near the exit of the nozzle of the primary reaction
control system (PRCS) engines of the Space Shuttle. Spectra of the
vacuum core (within 3 m of nozzle) of the Space Shuttle PRCS
engines were taken as part of an experiment called the auroral pho-
tography experiment (APE).2 The PRCS engines are liquid propel-
lant motors and have a thrust of 870 Ib. They are fueled by monom-
ethylhydrazine (MMH) with N2O4 as an oxidizer. The near exit-
plane emissions of this motor have been previously studied in a
vacuum chamber.3 There are many similarities between the vac-
uum chamber measurements and those presented here. The differ-
ences, however, are also striking. The space-based measurements
extend from about 0.5 m from the exit plane to a distance of 3 m
downstream in the plume thus covering a region of the plume never
observed for an engine of this size either in space or in a vacuum
chamber.

The PRCS motor is heavily film cooled with 25% of the fuel
diverted to the outer walls of the combustion chamber for this pur-
pose. As a result the chemical composition of the nozzle and
exhaust plume flows can be broadly characterized by three distinct
regions: 1) an outer fuel-rich zone due to the large quantity of fuel
sprayed onto the combustor walls, 2) an inner oxidizer-rich zone
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due to the diversion of fuel to the outer walls, and 3) a mixing
layer along the interface of the inner and outer zones. Previous
analysis indicated that the OH, CO2, and NO2 radiation arise from
recombination reactions such as NO + O —>NO2 + /*V, in the inner
oxidizer-rich zone.4 Fuel-rich flows can form energetic reactive
fuel fragments, such as CH2, C2H2, CH, C2, C2O, and others, by a
combination of pyrolysis and oxidation chemistry. These species
can then undergo very exothermic, one-step reactions with plume
oxidizing species, such as O, NO, OH, and O2, to produce elec-
tronically excited reaction products. All of the other emission fea-
tures were found to arise from chemical reactions occurring in the
mixing layer.

The data were obtained with a hand-held spectrograph operated
by the astronauts from the aft flight deck of the Space Shuttle as
part of the APE. The instrument recorded the spectrum between

Fig. 1 APE spectrograph consisting of a slit, a diffraction grating,
three lenses, an intensifier, and a 35-mm camera.
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375 and 820 nm with a resolution of 3.5-4.0 nm on a two-dimen-
sional detector. This provided spatial information parallel to the
spectrograph slit. In the data presented here, the slit was parallel to
the plume axis resulting in spatial measurement to a distance of 300
cm with a resolution of about 10 cm. The data were obtained from
a series of 4-s PRCS thruster firings at an orbit altitude of 240 km.
At this altitude the ambient atmosphere consists primarily of O
atoms and the atmospheric pressure is of the order 2x 10~8 Torr;
however, the local pressure around the Shuttle can be as high as
10~6 Torr due to outgassing from the Shuttle surfaces.

The analysis presented here uses as its starting point the results
from the chamber measurements4 obtained using a coupled chemi-
cal-kinetic multizone flowfield model. The chemical-kinetic mech-
anism was motivated by the striking similarities in the UV-visible
emission spectra from laboratory measurements of hydrocarbon
flames5"7 and conventional liquid propellant motors containing car-
bon fuels MMH and unsymmetrical dimethylhydrazine. It incorpo-
rates 149 separate reactions and 53 distinct ground and excited state
species. The model is currently limited to the exit plane and is not
yet applicable to the 3-m distance region sampled in the data set
presented here. A simplified exhaust plume model is used to extend
the calculations into the first few meters of the plume. The results
are consistent with all of the major features of the data.

Experiment
The data were obtained with a hand-held spectrograph consist-

ing of a 50-mm camera lens, a slit, a collimating lens, a transmis-
sive diffraction grating, and a second 50-mm camera lens to refo-
cus the spectra on to an intensifier. The spectrographic images
were recorded with a Nikon 35-mm camera fitted with a battery
powered, Noctron image intensifier with an S-20 photocathode.
Figure 1 is a schematic drawing of the APE spectrograph. The
spectrograph was operated from the aft flight deck of the Space
Shuttle. Table 1 lists the parameters of the spectrograph system.

The APE spectrograph was flown on STS-38 in November
1990. The spectrograph was inside the Shuttle crew compartment
on a bracket attached to the overhead window such that the instru-
ment could observe the tail of the Orbiter through the aft flight-
deck windows. The mounting device made it possible to point the
spectrograph at a target and then lock it into position. The grating
and slits were removable so the astronauts could observe an image
of the target through the instrument and thus align the spec-
trograph slit on the target, parallel to the thruster axis. This orienta-
tion allowed us to measure variations in the plume spectra along
the slit as a function of distance from the thruster nozzle.

Table 1 Parameters of the APE spectrograph and
intensified camera

Lenses (2) 50 mm, f-1.2 (NASA provided hardware)
Wide slit 25 X 0.1 mm, 3-nm resolution
Narrow slit 25 X 0.03 mm, 1.1-nm resolution
Grating 600 lines/mm, blazed at —500 nm
Intensifier S-20. 25-mm photocathode
Camera Nikon 35 mm (NASA provided hardware)
Film 1600 ASA, Kodak Ektapress, color negative

Thruster
Plume
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Fig. 2 Diagram of the Shuttle showing location and direction of the
thrusters and the field of view of the APE spectrograph.
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Fig. 3 Image of data showing spectral dispersion along the X axis and
spatial dispersion along the Y axis.
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Fig. 4 Spectrum of the thruster plume about 100 cm from the exit
plane of the thruster.

The Shuttle was near the equator at an altitude of 240 km and
was placed in an orbital attitude with the right wing into the ram
and the Shuttle bay toward the Earth. The thrusters that were fired
were the L1L and R1R thrusters. These thrusters fire outward from
behind the orbital maneuvering system pod. Figure 2 shows the
location and direction of the thrusters that were fired and the loca-
tion of the APE spectrograph on the aft flight deck of the Orbiter.
The data were taken while the Orbiter was in darkness so that the
primary luminance came from Shuttle thruster plume and from
Earth airglow.

There were two slits available (see Table 1) providing two
spectral dispersions. The wide slit (0.1 mm) allowed more light
through to the detector but resulted in a spectral resolution of 3-4
nm. The narrow slit (0.03 mm) resulted in 1.5-2-nm resolution but
allowed only one-third of the light of the wide slit through to the
detector. For these measurements, the wide slit was used to guar-
antee adequate sensitivity. Future measurements will be taken with
the narrow slit for additional spectral resolution.

For accurate wavelength calibration, spectra of the Earth-limb
airglow were taken. The atomic oxygen lines at 557.7, 630.0, and
636.4 nm provided confirmation of the wavelength scale and the
spectral resolution. The airglow measurements also provided con-
firmation of the spectral sensitivity calibration. The observed OH
Meinel band variations could be compared to the known band
intensities, thereby confirming the calibration of the system
including the Orbiter window.

Data Reduction and Analysis
The color negative film was developed at NASA's photography

laboratory and the processed film was digitized using a slide scan-
ning system to produce image files in a format accessible by com-



726 VDERECK ET AL.: VISIBLE SPECTRA OF THRUSTER PLUMES

300
CN (B,X) Av= 0
CN(B,X)Av=-1
CN(B,X)Av=-2
CN (A,X) Av= 0

350 400 450
Wavelength (nm)

500 550

Fig. 5 Blue region of the spectrum shown in Fig. 4 (top curve) along
with a synthetic spectrum (bottom curve) of CH, CN, C2, and a labora-
tory spectrum of NO2.

250

200

0)
DC 150

100

50

Synthetic Spectrum
of HNO (OOO)-(OOO)

Laboratory Spectum of HNO created
by the mechanism H + NO

600 650 700 750
Wavelength (nm)

800 850

Fig. 6 Red region of the spectrum shown in Fig. 4 (middle curve)
plotted with the laboratory spectrum of Ishiwata et al.10 (bottom
curve) and a synthetic spectrum of the (OOO)-(OOO) band at 800 K of
HNO as calculated by Dressier.13

puters. The resulting images had dimensions of 512 X 350 pixels
with 256 brightness levels. The response of film to light is nonlin-
ear and thus a correction was determined from the preflight cali-
bration data and then applied to the Shuttle data. Atomic oxygen
emission lines at 557.7, 630.0, and 636.4 nm were present in the
thruster data providing a check on the wavelength calibration of
the data.

A spectrographic image of the thruster plume is shown in Fig. 3.
The x axis is wavelength, the y axis is distance from the exit plane
of the nozzle, and the various shades represent the brightness of
the emission at a particular wavelength and distance from the exit
plane. Note the bands near 400 nm and those near 700 nm. The
bands in the red region of the spectrum extend further from the exit
plane than do those in the blue.

Instrument sensitivity as a function of wavelength was deter-
mined by preflight and postflight calibration where the instrument
was exposed to a continuum source of known brightness, and the
resulting spectrum provided a measure of the instrument sensitiv-
ity. It should be noted that the Shuttle window could not be
included in the preflight and postflight calibrations. Data taken on
similar windows show about 80% transmission from 400 to 800
nm and < 1% transmission to the red and blue of this region.
Details of the transition regions near 400 and 800 nm have not
been provided and we have not been able to measure the window
transmission function at the time of publication of this report.

The window transmission function from 640 to 820 nm was
determined by applying a correction to the airglow data so that the
OH Meinel bands, including the (6,1), (7,2), (8,3), (9,4), (4,0), and
(5,1) bands, were in better agreement with the known vibrational
distribution in the airglow. The details of the instrument calibra-
tion and window correction have been described in detail else-
where.8 The resulting correction was determined to be a decrease
in transmission from 80% at 700 nm to about 20% at 830 nm. Fig-
ure 4 shows a corrected and calibrated spectrum of the PRCS
thruster plume about 50 cm from the exit plane.

Numerous spectral features have been identified in the plume
spectrum. The region between 350 and 600 nm has been expanded
and compared to synthetic spectra as shown in Fig. 5. The spectral
features in this figure, including CN(B->X), CH(A-»X), and
C2(A —>X) bands and NO2 (Ref. 9) have been identified in previ-
ous plume spectra. The CN(B —>X) bands are identifiable to Av
=—2. Also evident in the spectrum is a continuum emission pre-
sumably arising from NO2. This emission rises from 400 nm and
peaks near 700 nm and decreases again to the red of 700 nm. The
instrument sensitivity decreases significantly below 380 nm and
the transmission of the Shuttle window falls to near zero at about
370 nm, so neither the NH(A-^X) bands at 336 nm nor the
CN(B ->X) Av= 1 band at 360 nm are evident in the data. The
decrease in instrument sensitivity and the resulting decrease in the
signal-to-noise ratio is evident near the left edge of the image in
Fig. 3.

One of the more prominent features, and one that has not typi-
cally been associated with rocket and Shuttle motors, is the emis-
sion between 650 and 800 nm identified as HNO. The spectrum
between 550 and 800 nm is shown in Fig. 6 where laboratory spec-
tra of HNO (Ref. 10) are compared to the data along with a syn-
thetic spectrum of the (OOO)-(OOO) band of HNO at 800 K. The lab-
oratory HNO spectrum is very similar in structure to the data
presented here; however, the vibrational distribution of several of
the bands is not in agreement. A synthetic spectrum of the ground
state was calculated, and the result is shown in Fig. 6 along with
the laboratory spectrum10 and the data from this report. Spectral
lines from two atomic species have been identified. The sodium
emission at 589 nm was evident in the first meter of the plume.
The atomic oxygen lines at 557.7 and 630.0 nm associated with the
Q1S and O!D states, respectively, were observed to extend beyond
the instrument field of view. The O(!D) lines have also been iden-
tified in the far plume (0.25—2 km),11 however, the excitation
mechanism is presumed to be different in the vacuum core.

It should be noted that the HNO bands observed in the plume
have different distributions than those observed in the laboratory.
There is the possibility that emissions from other species such as
the O2(1S) 0-0 band may be present; however, the various excita-
tion methods explored in the laboratory11 produced very different
HNO band ratios, implying that perfect agreement between the
plume data and the laboratory data may not exist. Furthermore, the
spatial distribution in the thruster plume of the HNO band at 765
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Fig. 7 Brightness of CN, HNO, and O plotted as functions of distance
from the exit plane of the thruster nozzle.
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nm is the same as for the band at 690 nm which is inconsistent
with the O2 theory. Also, the shape of the HNO (OOO)-(OOO) band
observed in the thruster plume is very similar to both the synthetic
and laboratory spectra and not similar to O2 bands which have a
trailing P branch to the red of the R branch. Finally, there is little
evidence of any other O2 bands such as the (1-1) and (2-2) bands.
If O2 emissions are present in the plume, they appear to have a
minor contribution as compared to the HNO emission.

Examination of the spatial extent of the emissions provides
some key insight as to the chemistry involved. The CH, CN; and
C2 emissions are observable only near the exit plane and become
too weak to be observed downstream. This is shown in Fig. 7
where the spatial extent of CN, HNO, and O2 are plotted. It should
be noted that spatially, CH and C2 are similar to CN. Likewise, the
spatial distribution of NO2 is similar to HNO. The NO2 and HNO
spectra actually increase in brightness out to about 100 cm where
they too begin to decrease in brightness. The O1D emission
increases in intensity with increasing distance from the exit plane
of the nozzle. The model calculations do not include a mechanism
to create O(!D), however, for the extended plume, two processes
have been proposed.11

In summary, we have identified molecular emissions arising
from CN, CH, C2, NO2, and HNO and atomic emissions from O
and Na. Spatially the CN, CH, C2, and Na emissions are observed
only within 1 m of the exit plane of the thruster nozzle. The
remaining emissions from NO2, HNO, and O extend several
meters from the exit plane; The atomic oxygen emission increases
in brightness with increasing distance from the exit plane.

Model Calculations
Two steps were required to calculate the downstream features

(0-300 cm from the exit plane) of the thruster plumes. The first
step was to use a chemical kinetic multizone flowfield model that

Table 2 Summary of estimated PROS exit-plane properties
Mole fractions

Species Inner oxider-rich zone Mixing layer
H
H2
O
OH
NO
C2H2
Oxider fuel
Overall oxidizer/fuel ratio
Inner-zone oxidizer/fuel ratio
Diameter De, cm
Temperature Te, K
Velocity Ve, m/s
Specific heat ratio, y
Density ne, cm"3

0.027
0.046
0.0028
0.0044
0.013
0.0

0.027
0.046
0.0006
0.0022
0.013

5 X 10~5

N2O4/MMH
, 1.70

2.27.
24.0
1348
2947
1.26

2.4 X1017

Table 3 Key reactions and rate constants

Reaction Rate constant, cm3/s

Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO
Rll
R12
R13
R14

C2H2 "1" H — ̂  C2ri + H2

C2H + H2->C2H2 + H
C2H + H->C2 + H2

C2H + OH-»C2 + H2O
C2H + C2H — > C2 + C2H2
C2H + O — > CH + CO
C2 + NO->CN(£) + CO
CN(B) + M — » CN + M
CN(B) — > CN + hv
C2 + NO-»CN(A) + CO
CN(A) + M — > CN + M
CN(A)->CN + /*v
O + NO->NO2 + /zv
H + NO^HNO + /zv

1.0 X KT5T -138exp(-6350/r)
2.50 X10~nexp(- 1555/7)
1.0X10-10exp(-14,500/r)
1.0X10-10exp(-9000/r)
3.0XKT12

8.3X1Q-11

1.0X10"11

2.0X10~10

1.5X107a

7.0XKT10

2.0X10"10

1.7X105a

5.8X10~17(300/rj2

4.6X10~19(300/rj2

incorporates 149 separate reactions and 53 distinct ground and
excited state species but is only valid around the exit plane of the
thruster. The exit-plane conditions calculated by this kinetic model
are listed in Table 2.

The second part of the calculations was to extend the chemical
model several meters into the plume. To predict absolute emission
intensities downstream of the exit plane, a simplified description of
the flowfield properties of temperature and density was employed.
The exhaust plume properties are assumed to depend only on axial
distance from the exit (i.e., a top hot radial distribution) and are
computed from the following relations for an isentropic flow:

n -
De

and

T=
D

(D

(2)

where n is number density in molecules/cubic centimeters, De the
exit-plane diameter in centimeters, z the axial distance along the
centerline in centimeters, T the temperature in degrees Kelvin, and
y the ratio of specific heats at the exit plane. To preserve mass flow
the radial boundary of the plume is given by

r = 0.5 (£> + z) (3)

m m
8°
eg
T3
cd

50 100 150 200 250
Distance From Exit-Plane (cm)

300

Fig. 8 Column emission rates calculated as a function of axial dis-
tance from the exit plane for the species CN (A-»X), CN (B->X),
NO2,andHNO.

50 100 150 200 250
Distance From Exit-Plane (cm)

300

aEinstein A coefficient, s"1.
Fig. 9 Peak spectral radiance of the emissions plotted in Fig. 8
adjusted to account for the spectral resolution of the measurements.
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Fig. 10 Three zones of the thruster plume.

This corresponds to a conical plume with a 53-deg expansion
angle. The exhaust velocity is assumed to be constant at the exit-
plane value.

The plume exit-plane properties were taken from the previous
PRCS analysis (summarized in Table 2). Only the mole fractions
of the species that participate in the chemistry of interest here are
given in Table 2. The other species are assumed to be inert. Differ-
ent mole fractions are indicated for some of the species in the inner
and mixing layer zones, as found in the earlier analysis. The mix-
ing layer width is assumed to be a constant fraction of the total
radial extent at each axial location. Based on earlier work, we set
the fractional width of the mixing layer at 10%.

The differential equations for all of the chemical reactions in
Table 3 were integrated to yield the column emission rates as a
function of axial position. The results are shown in Fig. 8 for a
viewing geometry that is perpendicular to and intersects the plume
centerline. The results are given in terms of the total integrated
band radiances and do not account for any emission that may fall
outside the APE measurement spectral region (this only matters
for NO2). Another way to view the result is in terms of the peak
spectral radiance for each emission band, as shown in Fig. 9. These
peaks are adjusted to account for the measurement spectral resolu-
tion. The relative ordering of the features changes between Figs. 8
and 9 due to large differences in the effective spectral widths of the
different emission bands. The CN emissions are negligible com-
pared to the NO2 and HNO emissions for axial distances beyond
about 50 cm.

Discussion
The successful identification of the major features of the spec-

trum shown in Fig. 4 has made it possible not only to identify the
emitting species (Figs. 5 and 6) but also to apply model calcula-
tions to determine the morphology of these emitting species. The
spatial information requires more interpretation. As mentioned
earlier, the plume can be described in terms of three regions, the
fuel-rich outer region, the oxidizer-rich inner region, and the mix-
ing zone in between (see Fig. 10). The NO2 and HNO have similar
spatial extents and, thus, are presumed to be from the same region
(i.e., the inner oxidizer-rich zone). All of the other emission fea-
tures in the APE data were found to arise from chemical reactions
occurring in the mixing layer. Fuel-rich flows can form energetic
reactive fuel fragments such as CH2 CH, C2 C2O, and others by a
combination of pyrolysis and oxidation chemistry. These species
can then undergo very exothermic, one-step reactions with plume
oxidizing species, such as O, NO, OH, and O2, to produce elec-
tronically excited reaction products.

Acetylene (C2H2) plays an important role as the precursor to all
of the reactive fuel fragments. In the high-temperature, fuel-rich
environment, which exists near the combustor walls, C2H2 is a
thermodynamically favored species. Equilibrium chemistry com-
putations predict that C2H2 mole fractions of 0.001 or greater are
plausible under these conditions. The major depletion pathway for
C2H2, which is stable in the fuel-rich environment of the nozzle, is
its reaction with atomic oxygen in the mixing layer. The resulting
fragments include CH2, CH, C2C2O, and others.

Many of the reactions in the oxidation of C2H2 involve substan-
tial activation energies. In the near exit-plane region, the plume is
still quite hot, providing the necessary energy for these reactions to
occur at significant rates. The plume temperature drops rapidly

with increasing distance from the exit and as the cooling occurs,
these highly endothermic reactions will cease. As a result, the
emissions arising from such reactions will diminish in intensity
very rapidly with distance from the exit. In particular this includes
the CN(B—»X) violet band that has been determined to be the
major uv emitter at the exit plane for a number of different motors.

By contrast, the recombination-emission reactions, which take
place in the inner oxidizer-rich zone, usually do not involve an
activation barrier. Often, these reactions actually increase in rate
with decreasing temperature. As a consequence, the emission from
these reactions can extend for a substantial distance beyond the
nozzle exit. As will be quantified in the following sections, the
APE measurements are entirely consistent with these expectations
for emissions arising from both high and low activation barrier
chemical reactions.

The reactions and associated rate constants that produce the CN,
NO2, and HNO emissions observed in the APE measurements are
summarized in Table 3. This reaction set is a subset of the larger
compilation used in the earlier PRCS exit-plane analysis. This sub-
set was chosen to be a simplified, yet reasonable, representation of
the most important production and depletion paths leading to the
CN emission. • . '

The initial reaction step leading to CN radiation is the abstrac-
tion of an H atom from C2H2 to produce the reactive fragment
C2H,

C2H2 + H->C2H + H2 (Rl)

The reverse reaction, R2, is important because of the large concen-
tration of H2 in the exhaust plume. Formation of the immediate CN
emission precursor, C2, proceeds directly from C2H by three prin-
cipal paths,

2H + H->C2

and

H->C2

(R3)

(R4)

(R5)

All of the paths leading to production of C2 [Reactions (Rl) and
(R3-R5)] involve at least one reaction with a substantial activa-
tion energy. The final reaction leading to CN emission had been
quantitatively investigated in the laboratory12 and was found to
produce both CN(B-X) violet and CN(A-X) red band emission,

and
+ NO->CN(B)

+ NO-»CN(A) + CO

(R7)

(RIO)

The branching into the CN(A) state was found to be a factor of
seven times greater than for the CN(B). However, the CN(B) emis-
sion is usually the dominant spectral feature. There are two reasons
for this: 1) CN(A) is more readily quenched due to its approxi-
mately two order-of-magnitude larger radiative lifetime, and 2) the
CN(A) emission is distributed over a broad spectral region,
whereas the CN(B) emission is confined to one dominant band
feature. The Einstein A coefficients and plume-composition-aver-
aged quenching rate constants for both the CN(B) and CN(A)
states are indicated in Table 3. For completeness, a competitive
depletion channel for C2H has also been included in Reaction (R5).

The reaction producing NO2 emission (R12) has been exten-
sively investigated. It is found to proceed by way of an effective
two body process for pressures as low as 10~4 atm. This two body
process for the NO2 and the HNO emission [Reaction (R14)] is
expected to be valid over the range of plume pressures sampled in
the APE measurements. The rate constant indicated in Table 3 for
the NO2 reaction has been adjusted for the effect of third body effi-
ciencies reflecting the plume composition.
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Fig. 11 Radial distribution of HNO as modified by displacement of
the observing region from the centerline of the plume.
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Fig. 12 Similar to Fig. 11 for the CN (B -» X) emission.

The rate constant for HNO emission has not been previously
measured in the laboratory. We have estimated the rate constant
based on recent observations of HNO emission in ground-based
exit-plane observation of the Shuttle orbital maneuvering system
motor. This estimate is considered to be no better than a factor of
two in accuracy.

The spatial variations of the observed emissions shown in Fig. 6
appear quite different from the predictions shown in Figs. 8 and 9.
In particular, the NO2 and HNO emissions display a local maxi-
mum at some considerable distance from the exit plane, which is
not mirrored in the predictions. There is no obvious chemical
mechanism or flowfield modification that can account for this
behavior. It appears to arise from measurement geometry consider-
ations, related to the difficulty in overlaying the measurement spa-
tial footprint precisely along the plume centerline. A small parallel
displacement from perfect alignment can account for most of the
discrepancies between the model predictions and the data. This is
demonstrated in Fig. 11 for HNO and Fig. 12 for CN where the
predicted axial emission profiles as a function of the parallel dis-
placement distance between the instrument spatial axis and the
plume centerline are displayed. For HNO (NO2 will behave simi-
larly), the basic appearance of the data is reproduced for a dis-
placement of about 30-40 cm. The calculations shown in Figs. 11
and 12 are similar to the data shown in Fig. 6. Exact reproduction
of the observations is not expected due to the simplifications in the
flowfield model. The actual plume flowfield does not have a top
hat radial profile. It extends to larger expansion angles and falls off
more rapidly with radial distance. This will lead to a more gradual
turn on of the HNO emission. It will also push the peak to longer

axial distance for a given displacement and broaden the apparent
width of the feature.

The predicted CN emission shows a substantial limb-brighten-
ing effect because the emission occurs in the outer shell of the
plume. A displacement of 40 cm also seems reasonable for the CN
radiation. The observed spatial width of the CN emission is much
larger than the predicted width. This is partly related to the simpli-
fied plume model. Some of the broadening of the features in the
data may be related to the instrument spatial blur function.
Although the spatial blur has not yet been fully characterized, it is
estimated from the blur of star images to be about 10 cm full width
half maximum. This accounts for some of the discrepancy between
the predicted and observed widths.

Summary
The data presented in this report show the spatial and spectral

characteristics of the near-field Shuttle-engine plume. The species
HNO is identified as a major emitter in the visible. Spatial extents
of CN, CH, C2 HNO, and NO2 are observable in the data.

Model calculations are able to explain the major emitters and
their relative brightnesses. A simple extension of the exit-plane
model provides insight to the spatial extent of the emitting species.
Of the major emitting species mentioned, CN and CH emissions
are limited to the fuel-rich zone near the exit plane. Calculations v
show that the brightness of these two emitters falls by more than
an order of magnitude in the first 100 cm of the plume. The HNO
and NO2 emissions occur in the oxidizer-rich zone and the emis-
sions from these species extend to the edge of the field of view of
our instrument more than 300 cm from the exit plane. Discrepan-
cies in the spatial distribution of some of the emitters can be
explained by applying a simple offset from the centerline of the
plume.

Further flights of this experiment are planned so that high spec-
tral resolution and more extensive spatial information can be
obtained.
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