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Time-Resolved Infrared Emission Spectroscopy in

High-Enthalpy Supersonic Air Flows

W. T. Rawlins,* T. E. Parker,t R. R. Foutter,} and M. G. Allen¥
Physical Sciences, Inc., Andover, Massachusetts 01810

We describe a spectrally resolved infrared emission method for observing path-integrated number densities
and temperatures in high-temperature supersonic flow on a time-continuous basis. We have conducted infrared
emission measurements of the fundamental vibrational band of nitric oxide (NO) to determine NO number
densities and vibrational temperatures in a high-temperature, Mach 3 air flow in the Physical Sciences, Inc. (PSI)
shock-tunnel facility. A specially constructed infrared array spectrometer was used to observe spectral distribu-
tions of NO vibrational radiation between S and 7 pm. The instrument was calibrated on a conventional shock
tube and was implemented on the PSI shock tunnel to diagnose the flow at the exit of a Mach 3 nozzle, as driven
by a plenum of shock-heated air at 3000-4000 K and 10-40 atm. Simultaneous flowfield imaging of NO by
planar laser-induced fluorescence verified flowfield uniformity and determined NO number densities in good
agreement with the infrared results. The observed vibrational temperatures can be related to the flow tempera-
tures through consideration of vibrational nonequilibrium effects, and the observed NO number densities can
be related to total pressures and atomic oxygen number densities in the expanded flow. Comparisons of observed

and predicted flow compositions are discussed.

Introduction

HE applications of nonintrusive, optical/spectroscopic

molecular diagnostics have become an important part of
supersonic combustion research, especially in support of hy-
personic flow testing for the development of supersonic com-
busting ramjet (SCRAMIJET) engines. As discussed in two
companion papers,? pulsed laser-induced fluorescence meth-
ods can provide single-shot, instantaneous spatial distribu-
tions of individual species and temperatures in complex react-
ing flowfields. In addition, spectrally resolved line-of-sight
techniques, such as passive emission or resonance absorption
spectroscopy, can provide spatially integrated but continu-
ously sampled information on flow composition and tempera-
ture. Such measurements are an important complement to
instantaneous imaging, in that they provide a continuous and
quantitative measure of the flowfield behavior with time
throughout the test period. This paper describes observations
of temperature and number density by infrared emission mea-
surements of the fundamental vibrational band of nitric oxide
(NO) in a high-temperature, Mach 3 air flow in the PSI
shock-tunnel facility.

Simultaneous observations of the band shape and absolute
radiance from vibrationally excited NO provide the column
density (integral of the number density along the line of sight)
and path-averaged vibrational temperature of NO in the flow-
field. In our experiments, NO is formed at equilibrium levels
in the high-temperature air in the plenum (3000-4500 K), and
is not significantly depleted by chemical reactions in the super-
sonic expansion. Thus this species provides a convenient tracer
for the number density and temperature of the air flow. Since
the vibrational relaxation of NO is fast, the vibrational tem-
peratures determined from infrared measurements closely ap-
proximate the kinetic temperatures in the gas flow. Further-
more, continuous monitoring of the NO emission charac-
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teristics provides a direct measure of flow onset, stability, and
duration over the test period. The infrared measurements
described in this paper were performed at the exit of a Mach
3 nozzle, in a region of spatially uniform flow as verified by
ultraviolet planar laser-induced fluorescence (PLIF) imaging
of NO.

Infrared emission from the fundamental (Av = 1) vibra-
tional band of NO originates near 5.3 um (the center of the
v’ —v” =1—0 band), and extends to longer wavelengths as
higher temperatures populate higher vibrational levels. This is
illustrated in Fig. 1, which compares computed spectra of NO
(v) emission at two different vibrational temperatures. The
spectra in Fig. 1 were computed for an assumed spectral
resolution of 0.1 um, using the methods and spectroscopic
constants described by Rawlins et al.> These spectra incorpo-
rate the contributions from higher vibrational levels, whose
Av =1 emissions are shifted to progressively longer wave-
lengths, as illustrated by the bar graph in Fig. 2. These shifts
come about because the molecule is an anharmonic oscillator,
with the result that the energy spacing between adjacent vibra-
tional levels becomes progressively smaller as the vibrational
energy increases. Thus the shape of the long wavelength side
of the band is highly sensitive to the high-level vibrational
state populations and therefore to temperature, and measure-
ments of the relative spectral intensities in this region will
determine the vibrational temperature of the NO molecules in
the field of view.

In addition, the absolute spectral intensities determine the
column density or path-integrated number density of NO
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Fig.1 Computed NO(v) emission spectra for two different vibra-
tional temperatures (spectral resolution = 0.1 pm).



500 RAWLINS ET AL.: INFRARED EMISSION SPECTROSCOPY

&

=

X8 V=1

)

3 71 @ 1000 K
o .| 02000 K
c 6

€

5 37

§ 4 v =2

o 34

(e

524 v=3

S 4 v=4

Q1

5 1'=5v=6y-7
B 0 T T T T ¥

S 50 52 5.4 56 5.8 6.0

Wavelength (um)

Fig. 2 Comparison of spectral contributions from NO(v) vibrational
levels for two different vibrational temperatures.

molecules along the line of sight. For optically thin conditions,
i.e., conditions where the observed radiation is not apprecia-
bly absorbed by the radiating species or by other species along
the line of sight, the observed spectral intensity at a given
wavelength is directly proportional to the column density of
NO. For small NO column densities, the radiation on the long
wavelength side of the band may become difficult to detect
with adequate signal/noise ratio, and the measurements must
be made nearer to the band center. For large NO column
densities, the 1—0 contribution may become optically thick
(i.e., self-absorbing through the 0—1 transition), and mea-
surements must avoid this portion of the band. However,
under such conditions the longer wavelength, higher v portion
of the band will be readily detectable and still optically thin.
The analysis can then be restricted to the optically thin portion
of the band, providing useful results even when the 1—0
portion is optically thick. Thus the best measurement reliabil-
ity and dynamic range can be attained through simultaneous
monitoring of the entire spectral distribution of the band. In
the present work, we have accomplished this by an infrared
array spectrometer at low to moderate spectral resolution.

In the following sections, we discuss the experimental meth-
ods and conditions, the calibrations of the spectrometer, and
the results of the measurements. We also discuss comparisons
of NO number densities and temperatures measured by this
method with those determined from PLIF images and pre-
dicted from kinetic flow model computations.

Experimental Methods

The hypersonic flow measurements reported here were con-
ducted in a high-enthalpy shock tunnel described in detail in a
companion paper.! The Mach 3 tunnel flow is driven by a
plenum of shock-heated air (typically, 10-35 atm, 3000-4000
K) in the reflected shock region of a 15.6-cm i.d. shock tube.
The gas, which contains N,, O,, NO, O, N, and N,O at mole
fractions near equilibrium values for the plenum conditions,
expands through a two-dimensional half-nozzle to a uniform
Mach 3 flow, typically at 0.3-1.0 atm and 1400-1700 K. The
uniform flow further expands over a rearward facing step into
a rectangular test section, where fuel is injected for combus-
tion investigations. Optical stations at each of five axial loca-
tions along the tunnel provide optical access in two orthogonal
directions so that line-of-sight and PLIF imaging measure-
ments can be made at each location. The NO number density
measurements reported here were performed in the uniform
flow region, immediately after the full expansion point of the
nozzle and upstream of the step, with no fuel injection.

Spectrally resolved NO vibrational emission was observed
using a specially constructed infrared array spectrometer. This
device consists of a liquid nitrogen cooled 12-element HgCdTe
linear detector array (Infrared Associates) interfaced to a 0.35-
m £/6.2 monochromator (McPherson 270), with a 30-groove/
mm grating blazed at 5.5 um. The resulting spectral resolution
is nominally 0.19 um/pixel. Each pixel in the array has a

dedicated amplifier and digitizer providing synchronous col-
lection of spectra at data rates of 125 kHz. The data were
acquired and processed through a multichannel LeCroy/CA-
MAC data acquisition system interfaced to an IBM PC/AT
computer. Absolute responsivity calibrations were performed
with a temperature-controlled blackbody source. For the pre-
sent measurements, the instrument was configured to obtain
time-resolved, first-order spectra over the wavelength range
4.5-7.0 um, encompassing the entire NO fundamental band.
The field of view of the instrument was controlled using a
folding imaging system consisting of a gold spherical mirror,
focal length 10 cm, and a gold planar mirror. This optical
system defined a collection volume in the tunnel of 3.1 x 3.1
mm at the tunnel centerline and 6.6 X 6.6 mm at the near and
far edges, providing uniform sampling across the tunnel.

Prior to implementation of the spectrometer on the shock
tunnel, the observed radiances and bandshapes were cali-
brated for NO number density and vibrational temperature by
recording emission spectra for known amounts of NO (highly
diluted in argon) shock-heated to known, constant tempera-
tures in the reflected shock region of a conventional, 10.4-cm
i.d. shock tube. These measurements were made at selected
reflected shock temperatures of 800-2500 K, total pressures
near 1 atm, and NO number densities near 10!7 molecules/
cm?. The test section was scrupulously evacuated and baked to
remove impurities, and ‘‘blank’’ shocks of argon test gas
confirmed that there was no impurity radiation in the band-
pass of interest. Nitric oxide was purified by passage through
an Ascarite® column to remove higher oxides; gas purity was
verified by infrared absorption spectroscopy. The optical mea-
surements were made at an eight-port optical station located
3.5 cm upstream of the end wall. Additional measurements
near 5 uym using a liquid nitrogen cooled, bandpass filtered
InSb radiometer provided a crosscheck and verification of the
spectrometer radiance measurements to better than =+ 10%.
As with the shock tunnel, the reflected shock conditions were
computed from pressure transducer measurements of the inci-
dent shock velocities, giving shock temperatures accurate to
+ 20 K.

Results and Analysis

Representative spectra of shock-heated NO/Ar mixtures are
shown in Fig. 3. In each case, the radiances at each wavelength
rise promptly upon arrival of the reflected shock, quickly
reach a steady level, and remain constant for the duration of
the reflected shock test time (approximately 2 ms). The ob-
served spectra are obtained from the time-resolved data by
averaging the observed radiances in each channel over the
period of constant intensity. The observed radiances and spec-
tral distributions between 4.9 and 6.6 um are clearly due to
NO, and are in excellent agreement with values computed
using Boltzmann equilibrium vibrational populations together
with the known spectroscopic constants and transition proba-
bilities of NO (as documented in Ref. 3). The weak emission
between 4.5 and 4.8 um observed at higher temperatures can
be ascribed to trace levels of N,O which survived the NO
purification procedure. More detailed spectral analysis of the
data in Fig. 3, together with comparisons to predicted spectral
distributions and structure, are presented in a separate publi-
cation.*
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Fig. 3 Infrared spectra from shock-heated NO/Ar mixtures.
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The observed integrated band intensities can be compared
to predicted values in a straightforward manner. For optically
thin conditions, the radiance integrated over the entire band,
i.e., 4.9-6.6 um, is given by

SI)\ dA _ Q

= E (e —Ev'/kT/ E e —Ev/kT) A, ¢))
[NOl ¢ 4n

v=0

where I, is the spectral radiance in W/ (cm?srpum) at the wave-
length A, [NO] is the number density of NO in molecules/cm?,
{is the path length (tube diameter) in cm, » is the band-center
transition frequency, E, is the energy of vibrational level v, A4,
is the band-averaged transition strength for emission from
level v in s~1, and the physical constants 4, ¢, and k have their
usual significance.

We have evaluated the right-hand side of Eq. (1) using the
spectroscopic constants and transition strengths given in Ref.
3. It is particularly noteworthy that the transition strengths
given in Ref. 3 are based on room temperature absorption
data from Refs. 5 and 6. The predicted and observed intensi-
ties are compared in Fig. 4. The agreement is excellent over the
entire temperature range of the present measurements, and
signifies an accurate determination of the high-temperature
band strength of NO which is consistent with room tempera-
ture data. A more complete analysis and discussion of this
aspect of the results is presented elsewhere.*

The observed temperature dependence of optically thin ra-
diance at several wavelengths is illustrated in Fig. 5. As ex-
pected from the fundamental relationships [cf. Eq. (1) and

Temperature (K)

3000 2000 1500 1000 800
10-19_| LARLE LI LA ML B B T T

L ® Observed
— Calculated

Il

1020

Radiance/[NOJE (W/(sr molecule}))

10-21
4 6 8 10 12 14

104/T (k")

Fig. 4 Observed band integrated radiance compared to calculated
values for NO.
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Fig. 6 NO spectra in the shock tunnel for several times during the
flow: low pressure.

Ref. 71, the observed radiance at a given wavelength fits well
to an expression of the form

I
[N—(;” =ay exp (- B/ T) @

with the characteristic exponential slope 8 increasing with
increasing wavelength (higher vibrational level). Ratios of ra-
diances at any two wavelengths are sensitive to temperature
only, and are independent of [NO]

- 62 — 61
T= fn (11()(2/12(21) (3)

Thus observations of the radiance ratios, under optically thin
conditions, provide a determination of temperature using val-
ues of oy and S, determined empirically in the shock-tube
calibrations. The temperature can then be applied to observa-
tions of spectral radiance at a given wavelength, via Eq. (2), to
determine [NOJ.

The calibration data obtained in the shock tube correspond
to equal vibrational and rotational temperatures. In nonequi-
librium cases, where the vibrational and rotational ‘‘tempera-
tures’’ are widely different, calibrations using equilibrium
conditions are not applicable. In such a case, e.g., a vibra-
tional distribution of ~ 2000 K and a rotational distribution
of a few hundred K, the spectrum can be analyzed for both the
vibrational and rotational distributions using a more complex
spectral simulation/least-squares-fitting method developed
and extensively employed by Rawlins and co-workers (e.g.,
Ref. 3 and citations therein). However, for the shock-tunnel
conditions addressed here, the vibrational and rotational tem-
peratures are different by only 15% or less (see Discussion),
and the accuracy of the radiometric temperature determina-
tion is not affected by the use of equilibrium calibration data.

For some of the shock-tube calibration measurements, spec-
tra were observed at sufficiently large NO number densities
that the 1—0 transition was optically thick (=1 x 10"
molecules/cm?). This results in a nonlinear relationship be-
tween NO number density and the radiances at wavelengths
between 5.0 and 5.8 pum, where the total intensity contains
contributions from this band. That is, the intensity in this
spectral region increases more slowly with increasing [NO],
and the data points fall significantly below the lines in Fig. 5.
However, wavelengths of 5.8 um and above are not affected
by the optically thick 1—0 band, and the corresponding radi-
ances remain optically thin. Radiances at these wavelengths
then continue to provide an accurate measure of NO number
density and temperature, even when the main portion of the
band is optically thick. While this strategy can also be applied
to shock-tunnel measurements under optically thick condi-
tions, the NO number densities and path lengths in our tunnel
are small enough that the NO radiance is optically thin over
the entire band.

An example series of NO spectra observed in the shock
tunnel at the exit plane of the nozzle is shown in Fig. 6. In this
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Fig. 8 NO concentration determined from Fig. 6: low pressure.

case, time-resolved 125-kHz data from the infrared spectrom-
eter was digitally filtered with a 12.5-kHz sharp-cutoff, low-
pass filter, and data points at 0.1-ms intervals were output to
a separate data processing program. This particular experi-
ment exhibited a significant continuum background contribu-
tion due to particulate in the flow (a problem which has
subsequently been eliminated); our data processing corrects
for this background by subtracting an interpolated back-
ground using 6.38 and 4.68 ym as end points. As illustrated by
these measurements, an additional advantage of continuous
spectral coverage is this ability to identify and remove contri-
butions from particulates and other interfering radiators. The
previously described calibration constants and Eq. (3) were
used to determine the NO vibrational temperature as a func-
tion of time during the flow. The temperature at each time was
in turn employed in Eq. (2) to determine the number density of
NO in the flow using the radiance observed at 5.26 um. Figure
7 illustrates the indicated vibrational temperatures for the
spectra of Fig. 6, based on averages of the temperatures deter-
mined by ratioing 5.26 pm to 5.80 and 5.99 pm, and 5.43 to
5.80, 5.99, and 6.21 um. Typical standard deviations of these
averages were in the range 5-10%. The observed NO number
densities for this case are shown in Fig. 8.

Also shown in Figs. 7 and 8 are the expected temperatures
and number densities as computed from the plenum condi-
tions using the kinetic flow model described in the Discussion.
As described in more detail in the Discussion, the observed
vibrational temperatures can be related to the flow tempera-
tures through kinetic modeling of the vibrational relaxation
process using previously reported kinetic data. It can be seen
that when the anticipated 15% correction for vibrational
nonequilibrium under these flow conditions is applied to the
observed temperatures, the radiometric and predicted flow
temperatures are in good agreement. However, the radiomet-
ric signal clearly indicates that the temperature and number
density in the Mach 3 flow are by no means constant. These
fluctuations may be attributable to variations in the plenum,
e.g., a nonideal shock reflection off the nonplanar end wall or
secondary reflections of the shock off the contact surface.

Figures 9 and 10 illustrate results from a shock-tunnel mea-
surement at higher pressure and temperature. In this case the
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pressure in the plenum is high enough that no correction for
vibrational nonequilibrium is required. The high temperatures
and low number densities at early time signify the flow onset,
when vibrational and chemical equilibrium in the plenum have
not yet been attained. At late times, the temperature rises and
the number density decreases as the pressure in the plenum is
depleted. Thus continuous monitoring of the radiance permits
clear identification of the period of relatively stable flow.
Comparisons between observed and predicted temperatures
and number densities will be discussed further in the next
section.

The measurements reported in this paper were performed in
uniform flowfields, where the variations in NO number den-
sity and temperature along the optical path are small. For such
a case, the diagnostic samples a linear average of the proper-
ties along the line of sight for each point in time. This would
not be true for a highly structured flowfield, where [NO] and
T would vary significantly along the line of sight. In such a
case the observed vibrational distribution would comprise a
multimodal distribution of temperatures from different re-
gions of the flow. While path-integrated column densities
could be estimated with reasonable accuracy from a tempera-
ture-insensitive portion of the spectrum (e.g., near 5.2 um),
interpretation of temperatures would be more difficult. Com-
panion spatial imaging measurements or flowfield structure
models would enable spatial inversions of the observed
column radiances to determine temperature profiles along the
line of sight.

Concurrent measurements of the NO spatial distributions,
in the same uniform flow region sampled by the infrared
measurements, were made by planar laser-induced fluores-
cence (PLIF) using the pulsed laser excitation techniques de-
scribed in detail in Ref. 2. These measurements, made at the
flow time indicated in Fig. 8, provide an instantaneous view of
the spatial uniformity of NO in the flowfield, as well as
estimates of NO number densities via both the observed fluo-
rescence yields and the resonance absorption of the laser
beam. The PLIF images verify that the flow at the nozzle exit
is spatially uniform, as expected. The observed attenuation
of the laser sheet gives an estimated number density
[NO] = 3.2 x 107 molecules/cm?, the observed fluorescence
yields are consistent with [NOJ] = 2.0 x 10'7 cm -3, and the
infrared emission measurement yields a value at the time of
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the PLIF measurement of 1.5 % 107cm 3. In view of the
relatively large (factor of two to three) uncertainties in absorp-
tion coefficients, laser/absorber spectral overlap, laser energy
delivered to the field of view, and quenching factors required
to evaluate [NO] from the laser-based measurements, we con-
sider these values to be in good agreement with the more
quantitative value obtained by infrared emission. This com-
parison illustrates the utility of line-of-sight passive emission
as a quantitative support diagnostic for instantaneous flow-
field imaging measurements.

Discussion

It is instructive to compare the observed path-averaged
NO(v) temperatures and number densities to values predicted
for the expansion. In the absence of chemical reaction, the
prediction of flow properties at the nozzle exit is a straightfor-
ward matter. However, finite rate chemistry and vibrational
deactivation in the nozzle must be considered, and the result-
ing predictions have some uncertainty due to uncertainties in
the chemical kinetics. For example, atom recombination in the
nozzle tends to release energy into the flow, raising the tem-
perature; and vibrational nonequilibrium causes a reduction in
flow temperature due to storage of enthalpy in internal modes
of the molecules. The degree to which these effects contribute

Table 1 Elementary reactions used to model
plenum and nozzle chemistry

Reference for

Reaction rate coefficient
) 0,+M=0+0+M 11
2) No+M=N+N+M 10
3) O+ M=N+0+M 9
4 NO+M=N+O+M 10
5) NO;+M=NO+O+M 10
6) O+N=NO+N 9
7 O+NO=N+0; 9
8) N0 + O =NO+ NO 9
9) N2O+O0O=N+0; 9
10) N+ NO; =NO + NO 10
11) N+NO2=NO+O 10
12) O+ NO;=NO+ O 10
13) NO + NO + O = NO; + NO; 10
14) N+ N,O=N;+ NO 9
15) NO + N0 =Nz + NO» 9
Vibrational deactivation
NO(®v) + Na, Oz 16
NO(v) + NO 12
03(v) + N3, O3 13
O0(v)+ O 14
N2(v) + N3, Oz 13
Na(v) + O 15

depends upon the rate at which each process occurs as the gas
flows through the nozzle. These rates will vary markedly with
temperature, pressure, and gas composition, as illustrated in
the following.

We have modeled the flow through the nozzle using a previ-
ously developed chemical kinetics code which simulates chem-
ically reacting flow through a stream tube of specified geome-
try. The composition of the plenum gas was determined
through separate kinetic modeling of the reflected shock re-
gion. In those calculations the initial reflected shock tempera-
ture was determined from pressure transducer measurements
of the incident shock velocity, and the temperature and com-
position history of the shock-heated N,/O, mixture was com-
puted by the CHEMKIN chemical kinetics package.® In this
case, dissociation of O, and N, and the subsequent formation
of NO cause significant reductions in the initial temperature,
and an equilibrium composition at the final temperature is
quickly attained. For a 50-atm system, the period required for
85% of the temperature drop to occur is 1.2 ms at 2500K, 0.18
ms at 3000 K, and less than 50us at 3500 K. Thus the initial
dissociation kinetics will result in transients at the onset of the
flow in the tunnel, but the flow conditions will quickly relax to
a steady level if the plenum temperature is high enough. We
have used the predicted steady-state plenum conditions as
starting points for the modeling of the nozzie flow.

The kinetic modeling employed the elementary reactions
listed in Table 1, with temperature-dependent rate coefficients
as recommended by Hanson and Salimian® and Baulch et
al.!0!1 In addition, the vibrational relaxation of NO, N,, and
O, was treated using available data on the temperature-depen-
dent collisional deactivation rate coefficients.!>-16 Although
reactions of NO, and N,O were included, the system can be
adequately modeled by reactions (1), (2), (4), (6), and (7)
alone. By far, the most important process affecting the nozzle
flow predictions are the recombination of atomic oxygen and
the collisional deactivation of NO(v) and N,(v).

" Predicted flow profiles for the low- and high-pressure cases
are shown in Figs. 11 and 12. The predicted exit plane temper-
atures and number densities are compared to the observations
in Figs. 7-10 and in Table 2. At the lower pressure (11.8 atm
in the plenum), only about 15% of the O recombines in the
nozzle (primarily in the region immediately upstream of the
throat), and the predicted exit conditions are primarily sensi-
tive to vibrational nonequilibrium effects. In this case, the
predicted and observed temperatures are in excellent agree-
ment, while the predicted [NO] is about a factor of two below
the observed mean number density. In the contrasting higher-
pressure case (35.8 atm in the plenum), over 40% of the initial
O is predicted to recombine to O,, while the vibrational tem-
perature is within 3% of the flow temperature. The predicted
exit temperature and [NO] are significantly higher than the
observed mean values.

Table 2 Predicted and observed quantities at nozzle exit

Computed

Finite rate No

chemistry chemistry Observed
Plenum:11.8 atm 3257 K
P, atm 0.30 0.31
Mole fraction O 0.026 0.030
Mole fraction NO 0.052 0.057
Tﬂow, K ’ 1349 1401
Tro, K 1611 1401 1700 =+ 200
[NO], cm —3 8.3 x 1016 9.2 x 1016 (1.7 £ 0.3) x 1017
Plenum: 35.8 atm, 3734 K
P, atm 0.98 0.95
Mole fraction O 0.031 0.054
Mole fraction NO 0.060 0.080
Triows K 1739 1608
Tno, K 1789 1608 1600 = 100
[NOJ], em —3 2.4 x 1017 3.4 x 10V7 (1.5 £0.3) x 1017
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Fig. 12 Computed flow profiles, high pressure; fully relaxed plenum
conditions: 3734 K, 35.8 atm.

The data illustrate that predicted and measured temperature
and concentration values of the nozzle exit are not in strict
agreement. We attribute this discrepancy to uncertainties in
the high-temperature raté* coefficients for both vibrational
deactivation and chemical reaction processes and, in addition,
note that the high-temperature plenum conditions may not be
completely predictable with one-dimensional gas dynamics
(due to the two dimensionality of the end wall). One of the key
reactions is the recombmatlon of atomic oxygen, which occurs
in a small region upstream of the nozzle throat, at tempera-
tures of 2500-3500 K. It appears from our temperature mea-
surements that this rate must actually be slower than com-
puted using the rate coefficients of Baulch et al.,!! and that the
actual O number densities exiting the nozzle may be consider-
ably higher than we predict. [O] is a very important quantity
to determine for studies of combustion in the downstream
supersonic flow region, since atomic oxygen in the ambient
flow is largely responsible for ignition of the fuel upon its
injection into the flow. These considerations point to the need
for more detailed experimental investigations in this tempera-
ture range, and emphasize the general necessity for in situ
diagnostics of the flowfield composition to support model
predictions.

Conclusions

We have described an infrared spectral emission method for
monitoring flow composition and temperature in an air-
driven, high-temperature supersonic flow on a continuous
basis. We have implemented this method for observations of
NO(v) radiation to determine NO number densities and vibra-
tional temperatures in Mach 3 flows of partially dissociated
air. Comparisons of the measured values to those predicted
from model calculations indicate that the vibrational nonequi-
librium effects can be quite accurately quantified to yield flow
temperatures from the data, but that chemical reaction rate
for modeling for these flow conditions has considerable uncer-
tainty.

INFRARED EMISSION SPECTROSCOPY

While the technique gives path-integrated information, it
can be employed in a region of uniform flow or in concert with
flowfield imaging measurements to determine local species
number densities. The key to this approach is to obtain com-
prehensive spectral information using the multiplex advantage
of an array spectrometer. This same general method can be
applied to other infrared radiators present in the flow, and we
are currently investigating its application of measurements of
H,0 levels downstream of the fuel injection point.
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