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Line-of-Sight Variations of Temperature and Species
in Solid Propellant Flames

Carl F. Mallery Jr.*and Stefan T. Thynell’
Pennsylvania State University, University Park, Pennsylvania 16802

The purpose of this work is to deduce line-of-sight variations of temperature and species concentrations in
high-pressure, solid-propellant flames by using spectral transmittances acquired by Fourier transform infrared
spectrometry. To deduce these variations, an inverse technique was developed. For its validation, temperature and
mole-fraction profiles within nitramine-composite propellant flames at low pressures were compared with similar
measurements made by using fine-wire thermocouples and a microprobe mass spectrometer. Subsequently, it was
applied to spectral transmittance data acquired for a high-pressure, self-sustained solid-propellant flame. Several
conclusions were made. First, at about 3-4 mm above the surface, one must account for line-of-sight variations.
Second, the deduced centerline temperatures were within 50 K of those measured using fine-wire thermocouples.
Finally, the deduced centerline concentrations of CO and NO established a dark-zone behavior, which is expected
of nitramine-composite propellant flames. However, to deduce the line-of-sight variation of other infrared-active
species, further improvements in the database of the spectral absorption coefficients must be made.

Nomenclature

= signal intensity in wavenumber domain

rotational constant

= speed of light

= Hessian matrix

= rotational energy of lower state

= spectral transmittance

instrument response function

= Planck’s constant

= intensity

= Boltzmann’s constant

= path length

= upper limit of expansionin Eq. (5)

= number of data points in measurement

number of rovibrational transitions

= number of species

= partial pressure of ith species

= coefficients for partial-pressure profile of ith species

radius of flame

= radial position within Fourier transform infrared
(FTIR)/flame interaction region, r = /( Ri. —x?)

= line intensity

= temperature

. = coefficients for temperature profile

row vector of species mole fractions

= distance along direction of beam propagation within

the FTIR/flame interaction region

distance along the width of FTIR beam within the

FTIR/flame interactionregion

= vector of M estimated parameters

= absorption coefficient

= integrated absorption coefficient

= maximum retardation of moving mirror

= purge gas mixing thickness

=r/R;

= wavenumber
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Vo = fundamental vibrational wavenumber for CO
c = standard deviation

X = least-squares norm

(0] = Gaussian distribution function
Subscripts

b = background

c = core flame condition

i = ith species

J = jth rovibrational transition

meas = measured quantity

noise = quantity affected by noise

o = rovibrationalline center

p = purge gas quantity

r = reference state

s = sample quantity

true = true quantity

o = purge gas mixing region quantity

Superscripts

= modeled quantity
= measured quantity

I. Introduction

ECENT efforts focused on one-dimensional ignition and
steady deflagration models of solid propellants' = with de-
tailed finite-rate chemical kinetics>* have significantly increased
the demand for accurate data on the variation of temperature and
species concentrationsin the direction of flow of products. Exper-
imental data acquired at and along the centerline within the flame
should be particularly useful in validating these complex models.’
Many measurements using strand burners have been reported using
line-of-sight(LOS) techniques, such as UV-visible,*” multichannel
mid-infrared? and Fourier transforminfrared (FTIR )° spectroscopy.
Althoughtemperatureand species concentrationscan vary along the
LOS within the flame, it appears that many investigators have not
accountedfor this effectin their data-reductionanalysis. In essence,
theirresultsrepresenta weightedaverageof temperatureand species
concentrationsover the measurement’s path length. Itis evident that
mathematical methods should be developed that provide an insight
into the variations of temperature and species concentration along
the LOS.
In past research with LOS instruments, investigators employed
multiple paths through the flame for radial temperature and species
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concentration profiling along with Abel’s inversion technique.!’
Premixed'' and diffusion'? flames are well suited to inversion tech-
niques because the flames are stable and fixed in space to allow
probing at different radial positions. However, the use of multiple
pathsin solid propellantsis quite challengingin view of the required
high pressures (which optically limits the flame width), relatively
high burning rates, and a moving burning surface (short measure-
ment times, generally 30 s or less). Therefore, new data-reduction
methods must be developed to account for spatial variationsin tem-
perature and species concentrations within solid-propellant flames.

The objective of this work is to describe the approach and results
obtained from profiling high-pressurepropellant flames using FTIR
transmission spectroscopy and a single LOS. In previous works, it
hasbeenshown thatradial variationsof temperatureand speciescon-
centrations must be consideredin high-pressurepropellantflames.’
To account for such variations,a theoreticalapproach was developed
and applied to examining synthetic flames.!* It is now extended to
actual flames, in which the effects of noise are assessed.

II. Theory and Data Reduction

Let us considerthat the modulated beam of an FTIR spectrometer
propagates through a solid-propellant flame as depicted in Fig. 1.
The flame is assumed to be axisymmetric so that temperature and
species partial pressures vary only radially and vertically. Within
the modulated beam, however, vertical variations of temperature
and species concentration are assumed to be negligible. The beam
travels across the entire propellant flame, perpendicularto the flow
direction of hot gases, with the transmitted component detected
by the spectrometer. In developing a model of the spectral trans-
mittance, the interaction of the modulated beam with combustion
gases, along with effects arising from the instrumentitself, must be
considered.

A. Model of Spectral Transmittance

In modeling the spectral transmittance acquiredby an FTIR spec-
trometer operating at a low spectral resolution, the instrumental
effects must be considered to deduce temperature and species con-
centrationscorrectly.!* By assuming that spectral lines cannotbe re-
solved, a convolution of the true transmittance with the instrument
line shape should reproduce the measured spectral transmittance
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Fig. 1 Schematic diagram of the FTIR beam propagation through the
solid-propellant flame.

F(v). Such a convolution may be expressed by

F(v) =/ Fre(W) f(v=V)dV )]

oo
For triangular apodization, the instrument line shape is'*

_ Amax Sinz[ﬂ:Amax(v_ ‘/)]
=) = R = VIF ?

For molecular gases, such as those that appear in most solid-
propellant flames, scattering is negligible compared to absorption.
If small absorbing particles are present, such as soot, they possess
broadband absorption characteristics, which can be removed in the
analysis. The true spectral transmittance can therefore be written as

R R2-y2 Ns Nr
T AT AR
0 0

i=1j=1

o ;[v, T(r), X, (N]P;(r) dx | dy 3)

The absorptioncoefficient ¢; ; is evaluatedusing the HITRAN data-
base.”® A detailed discussion on the evaluation of line-broadening
effects are available’® and not repeated here. Nitrogen is the only
infrared (IR)-inactive gas considered; its mole fraction is evaluated
from

XN2=1—§:X,' 4)

i=1

However, hydrogen could also be an important product, butitis also
IR-inactive at the pressures of interest. The use of Eq. (4) yields
the mole fractions of both nitrogen and hydrogen. In addition, the
integralsin Eqgs. (1) and (3) are evaluated numerically using Gauss-
Legendre quadratures,'® and their accuracy has been assessed.

B. Inverse Problem

The use of Eq. (3) in an inverse model allows a determination of
radial temperature and partial-pressure profiles from spectral trans-
mittance data. In this work, the temperature and partial pressures
are assumed to vary according to a power series containing only
even-ordered terms. The functional forms of the temperature and
partial-pressure profiles are, respectively, given by

Mr My
1O =) T,¢"  ad RO =) Pul G

m=0 m=0

The maximum temperatureis located along the centerline within the
propellant flame because it burns in a cool, inert atmosphere. The
species profiles are, in most cases, monotonically decreasing func-
tions from the centerline to the edge of the flame. A large number
of spectral transmittances are employed in the inverse problem. The
inverse problem is solved using a nonlinear least-squares method
that seeks to minimize the quantity'®!”

TN A XNk
x2=Z|: n Gn( )i| (6)

n=1

The vector Z contains M estimated coefficients in Egs. (5). Conver-

gence of the iterative procedureis established when the changein y 2

from one iteration to the next is <10~*. Confidence bounds for the

estimated parameters can be calculated using the Hessian matrix.
The standard deviations of the deduced parameters are given by'®

; -1

o) = w @)

meas

These standard deviations, obtained from the inverse model itself,
provide an estimate of the accuracy of the deduced parameters.
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III. Discussion of Results

To illustrate the approach of the inverse analysis, results
from species profiling of a laser-assisted, low-pressure nitramine-
composite propellant flame (XM39) are first compared with those
obtained by using a microprobe mass spectrometer (MPMS). Sec-
ond, the approach for dealing with LOS variations and selection
of spectral range of the inverse technique are discussed. Finally,
the results of centerline temperatures and species concentrations
are shown. The spectrometer operates at a spectral resolution of
1.93 cm™! with triangular apodization. It is equipped with a KBr
beamsplitter and a mercury-cadmium-tellurice detector’

A. Validation of Algorithm

To provide a comparison with other diagnostic techniques,'® re-
sults from a MPMS were utilized ** These comparisons were made
on the nitramine-composite propellant XM39. The tests were con-
ducted under CO, laser-assisted conditions at 1 atm because self-
sustained combustion of the propellant in a nitrogen atmosphere
cannot be achieved at this pressure. From heat flux calibrations, the
propellant received a laser flux of 65 W/cm?. Profiles of relative
species mole fractions (Pi/Zl.’V=1Pi) for NO, N,O, CO,, CO, and
NO, (N =5) deduced from the two measurement techniques are
shown in Fig. 2. In this figure, only LOS average concentrations
were deduced. It should be noted that the FTIR profiles were shifted
2 mm to the left (toward the burning surface). Such shifts were re-
quired because the combustion products expanded appreciably in
the radial direction when no purge gas was utilized. With purge gas,
the radial expansion was minimized; the net effect was a flame that
positioneditself further from the surface compared to the case with-
out using a purge gas. Relative mole-fraction profiles from the two
techniques agree in both trends and magnitude for the five species
considered.

The relative mole fractions of N,O show the greatest deviation.
This is consistent with calibration tests discussed elsewhere 22! in
which N,O concentrations deduced by FTIR spectroscopy and the
actual concentrationin the calibrationgas differed by about 9%. The
same gases were used to calibrate the MPMS. The FTIR-deduced
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Fig. 2 Measured CO, CO,, NO, N,0, and NO, relative mole-fraction
profiles during laser-assisted deflagration of XM39 at 1 atm and
65 W/em? using FTIR spectroscopy and MPMS.

relative mole fractions have more scatter than the MPMS data. This
is primarily because of the effects of the CO, laser, which produced
small, pulsed overtone lines in the mid-IR that increased the noise
level. However, purge gas mixing also caused variations in temper-
ature and species along the LOS. Mole fractions of CH,O and HCN
were also deduced by both measurement techniques, but are not
compared because of the poor fit between the measured and mod-
eled transmittances of these molecules. The poor fit to the v;, v4, and
2v; bands of CH,O in the 2800 cm™! region (only spectral region
in which HITRAN has radiative properties for CH,0) resulted from
strong interference with the v; + v; overtone band of NO, and the
high noise level. Inaccuraciesin the HITRAN database and the high
level of noise resulted in the poor fit to the HCN transmittances.

The agreementin magnitudesand trends of the mole-fractionpro-
files provides confidence in the ability of both measurement tech-
niques. These measurements are needed to validate complex com-
bustionmodels and to provide insightinto the chemical kinetics. For
instance, reactions of CH,O and NO, to form CO, NO, and H,O are
believedto cause the main heat release in the primary reaction zone
of nitramine-based propellants>* As shown in Fig. 2, a reduction
in NO, accompanied an increase in CO and NO concentrations to
support this reaction mechanism.

B. Selection of Spectral Regions

The influence of the mixing region, as illustrated in Fig. 1, on
the spectral transmittance will be explored using an idealized one-
dimensional flame. The temperature and partial pressure variations
along the LOS for this idealized flame are shown in Fig. 3. Under-
standing the impact of the mixing region allows the optimal spectral
range to be chosen for data reduction.

The impact of the mixing region on the transmittance data comes
throughEq. (3), whose exponentis the spectral optical distance, and
it will be explored using linearly varying temperature and partial-
pressure profiles as shown in Fig. 3. This study will provide in-
sight into the effects of the physical parameters, such as flame tem-
perature, purge temperature, partial-pressure variations through the
mixing region, and rovibrational transitions, on the spectral optical
distance, which is given by

L. x=L.+6
B = / +/ o[ T(0)]P(x)dx =B.+ Bs  (8)
0 Lc

For a diatomic molecule and profiles shown in Fig. 3, 85 can be
evaluated allowing the establishment of its functional relationship
to the physical parameters of interest. The following expression for
the optical distance ratio fs/ 3. is found.
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Fig. 3 Temperature and partial-pressure profiles of an idealized, one-
dimensional flame used to ascertain the impact of a mixing region on
the spectral optical distance.
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Fig. 4 Importance of spectral optical thickness of purge gas mixing
region.

where
W(T,E') = + Al (10)
’ T w+E E(w+ EN[1 —exp(=hcvy/ kT)]
and
T,
(T, T,) =- / {exp(—hcE'u/ k)
1T,
—expl—hec(E' + w)u/ k=" du (11)

The integral in Eq. (11) is evaluated numerically. The optical dis-
tance is linearly dependent on both the mixing-layer thickness and
the variationin the partial pressure through the mixing layer. As dis-
cussedin Sec. II, the spectral transmittancehas a nonlinearrelation-
ship with temperature that depends on the rovibrational transition.
This relationship was exploited in the data-reduction algorithm to
determine spatial variations in temperature and partial pressure.

The goalis to use Egs. (9-11) to select the optimal spectral range
for datareduction. The spectral dependenceis not obvious from the
equations, so the variationin 85/ . with E'/ E(T,) for several differ-
ent flame temperatures (7, =300 K) is plotted in Fig. 4. A mixing
region thickness of 0.5 mm (10% of the physical path length) along
with radiative propertiesfor the P branchof CO were usedin the cal-
culationof Bs/ .. For a diatomic molecule, E' is easily related to the
wavenumber domain, whereas E(7T) is a function of the molecule
and the flame temperature > The rovibrational lower-state energy
at which the absorption coefficient reaches a maximum with respect
to temperature correspondsto E(7'). The spectral absorptioncoeffi-
cient corresponding to the rovibrational transition with E' = E(T,)
is the most sensitive to the flame temperature 7,.. From Fig. 4, the
mixing region has a small impact on the optical distance ratio when
E' > E(T,). However, the mixing region has a large impact on this
ratiowhen the lower-stateenergyis muchlessthan E(7,). The extent
of the impact of the mixing region on the transmittance measure-
ment will depend on the physical parameters (T, T}, Pi., P; », L.)
as well as the geometry of the measurement beam/flame interaction
region.

The ability to deduce flame parameters when a mixing region
exists will be explored using synthetically generated transmittance
spectra. The synthetic spectra will also be used to select the spectral
ranges for data reduction when probing an axisymmetric flame in
which the LOS variationsof temperature and species concentrations
are large. In such a case, the algorithm should use a spectral region
sensitive to a range of temperatures to determine the radial temper-
ature and partial-pressure profiles. Finally, this section concludes
with a brief discussion concerning the effect of interference from
neighboring molecules on the determination of species and tem-
perature distribution as well as on the proper selection of spectral
regions for data reduction.

Table1 Influence of the spectral range used for data reduction
on temperature and CO partial-pressure predictions,
with synthetic centerline temperature and partial
pressure of 1300 K and 4 atm, respectively

o= 0.000 o =0.001 o =0.005
Range, T, Pco, T, Pco, T, Pco,
cm™! K atm K atm K atm

1910-1990 1269 3.610 1263 3.636 1240 3.738
1930-2010 1262 3.639 1260 3.649 1254 3.690
1950-2030 1254 3.660 1257 3.659 1268 3.654
1970-2050 1243 3.673 1245 3.675 1253 3.686
1990-2070 1219 3.657 1221 3.660 1228 3.670
2010-2090 1184 3.589 1182 3.584 1177 3.567
2030-2110 1140 3.449 1140 3.449 1139 3.447

Small Purge Gas Mixing Region

To demonstrate the application of E(T) in the selection of
spectral ranges, the data-reductionalgorithm was executed assum-
ing that the temperature and partial pressure of CO were uni-
form along the LOS. The synthetic spectrum, representing syn-
thetically generated experimental data, was computed using expo-
nential functions for the radial temperature [7(£) =1300.0055 —
0.0055 exp(12.11¢?)] and CO partial pressure [Pco(6) =
4.000011—0.000011 exp(12.11&2)]. These synthetic profiles rep-
resent a mixing region that is 10% of the cross-sectional radius
(small purge gas mixing region). Temperature and CO partial pres-
sure were recovered by using seven different spectral ranges, each
covering 80 cm™'. The results are shown in Table 1 for the differ-
ent ranges. The LOS temperature is within 50 K of the centerline
value as long as the data-reduction algorithm uses spectral trans-
mittance data below 2030 cm™! [E’ > 0.65E (1300 K) for all trans-
mittance data]. This is consistent with Fig. 4, where the mixing
region has a minimal impact on the integrated absorption coeffi-
cient for E' > 0.6 E(T.) when both temperature and partial pressure
decreasewithin the mixingregion(7, > T, and P, . > P; ;). The pre-
dicted LOS-average temperatures will continually decrease as more
spectraltransmittancepointsare used correspondingto rovibrational
lines with E’ < E(1300 K). In addition, the considered noise levels
have little effect on the predicted LOS-average values. The LOS av-
erage partial pressures of CO are off by 10% from the true centerline
values for almost all of the cases. Hence, LOS-average temperature
and partial pressurescan be found by using spectralregionsin which
the mixing region has a minor contributionto the transmittancedata.

Large Purge Gas Mixing Region

Synthetic transmittance data were also generated using more
extensive radial variations in temperature [7($) =1331.4604 —
31.4604 exp(3.494?)] and CO partial pressure [Pco($) =
4.06292 — 0.06292 exp(3.49£?)] to demonstrate the ability of the
algorithm to deduce flame core parameters when a significant low-
temperature gas region is present within the probe volume. These
profiles have a 50% reduction in the temperature and partial pres-
sure when ¢ =0.9. The LOS-average temperature is off by 150 K
from the centerline value when all data points have transitions with
E' > E(1300 K), and it is off by about 300 K when all data points
have transitions with E’ < E(1300 K). All of the predicted LOS-
average CO partial pressures were significantly different from the
centerline value of 4 atm.

The approach was also utilized to determine temperature and CO
partial-pressureprofiles for three differentspectralranges,each cov-
ering 80 cm™!. Figure 5 shows a comparison of the temperature and
partial-pressure profiles deduced from the three different spectral
regions with the input profiles. Within the figure, points represent
the input exponential profiles and the lines are the deduced pro-
files using a sixth-order power series. No significant improvements
in temperature and species profiles are seen beyond a sixth-order
power series approximation; therefore, all three ranges were run
with sixth-order power series approximations for temperature and
CO partial pressure. The spectral range that used only rovibrational
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Fig. 5 Influence of spectral range on the ability to deduce temperature
and partial-pressure profiles when a significant cool gas region exists
within the probe volume.

transitions with E’ > E(T,) could not back out reasonable profiles.
The centerlinetemperature was close to the actual value whereas the
centerline partial pressure was significantly different. This spectral
range does not have rovibrational transitions that are sensitive to the
low-temperature portion of the mixing region, and therefore, can-
not reproduce the outer edge of the temperature profile. The other
two regions, however, are able to reproduce the temperature and
CO partial-pressure profiles. These two regions contain sufficient
information on low-temperature transitions to reproduce the radial
profiles. Similar results were found when the noise level was as
high as 0.005. Species and temperature profiles can be found by
using spectral regions that consists of rovibrational transitions that
are sensitive to a wide range of temperatures.

Interference of Rovibrational Bands

Working at high temperatures and pressures will increase the ex-
tent of interference between molecular rovibrational bands. For in-
stance, the P branch of the fundamental CO band contains H, O rovi-
brational lines, wings from the R branch of NO, and excited bands
from CO,. The data-reduction algorithm can easily be extended to
solve for concentrationsof multiple species simultaneously. The ad-
dition of these species will influence the results, especially in the
small mixing region case where it may be difficult to find a single
spectral range that has transitions with E’ > E(T') for all molecules.
For instance, only a small spectral region of the R branch of NO is
sensitive to high temperatures because this molecule has a narrow
vibrational band width. The algorithm was able to deduce accu-
rate temperature and core partial pressures when both CO and NO
were included in the synthetic data. However, when the algorithm
includes the solution of a baseline fit, the partial pressure of NO is
significantly underpredicted. A slightly higher spectral resolution
(1 cm™1) will allow the measurementof NO rotationalline structure
and decouple the baseline from the NO rovibrationalband structure.
This allows CO and NO partial pressuresto be found simultaneously.

At this time, the most troubling aspect of the data-reduction al-
gorithm is the inaccuracy of the HITRAN database at high temper-
atures. CO,, NO, and H, O are all missing rovibrational transitions
thatare importantat temperatures greaterthan 1000 K. Comparisons
of measured and calculated (using the HITRAN database) high-
temperature CO, and H,O spectrain Refs. 23 and 24, respectively,

demonstrate inadequacies of the HITRAN database. Predicted H,O
absorption coefficients based on the HITRAN database are at least
a factor of two smaller than measured data in regions that are sen-
sitive to higher temperatures and by a factor of 1.5 in regions sen-
sitive to lower temperatures, such as the 3750-3950 cm™! range.
HITRAN significantly underpredicts the absorption coefficients of
both H,0 and CO, in the 2000-2150 cm™! range. This will impact
the partial-pressure predictions of CO. Investigators have begun to
develop high-temperature databases for H,O (Ref. 24) and CO,
(Ref. 25); however they contain 300,000-400,000 lines, compared
to HITRAN, which has 30,000-40,000 lines. This increase in the
number of rovibrational transitions will significantly increase the
computational time needed for line-by-line spectral transmittance
calculations.

C. Characterization of Noise Within FTIR Spectra

As demonstratedpreviously, noise affects the deduced tempera-
ture and species profiles. With this in mind, it is important to charac-
terize the noise within FTIR spectra. Histograms of noise within the
spectrum provide an estimate of the statistical distribution, while
the variation in noise level with wavenumber depends inversely on
the signal intensity given by

Froie(V) = F(v) + o(v)o;/ B, (V) (12)

This relationshipallows the noise over any wavenumberrange to be
estimated if the noise can be calculated anywhere within the spec-
trum. An accurateaccountof noise allows for an estimate of errorsin
the deduced temperature and partial pressures by using Eq. (7). The
validity of Eq. (12) is seen through Fig. 6, which shows a compari-
son of the normalized backgroundsignal [ (v)/I(v=2500cm™!)]
with the inverted normalized noise [6(v =2500 cm~")/ o(v)]. The
normalized noise at 2000 cm™' demonstrates the influence of at-
mospheric H,O on the noise within the spectrum. The background
water signal leads to a lower intensity, thereby increasing the noise
level within the transmittance data.

A histogram of noise within the measured transmittance, taken
withouta flame, is well represented by a Gaussian distributionfunc-
tion, as shown in Fig. 7. The noise was determined by subtracting a
linear fit of the transmittance spectrum from the transmittance spec-
trum itself over the 2600-2800 cm™! range. Histograms of noise
within the spectrum taken from different wavenumber ranges and
spectra through flames are also well represented by a Gaussian dis-
tribution function.

D. Temperature and Species Measurements
in Solid-Propellant Flames

The inverse algorithm is used to determine temperature and
species mole fractions from FTIR spectra acquired during the
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Fig. 6 Variations in noise level and background signal intensity with
wavenumber.
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Fig. 8 Temperature profiles of an XM39 propellant flame at 15 atm
using FTIR spectroscopy and Pt/Pt-10% Rh (S-type) thermocouple.

steady-state combustion of XM39. The fundamental band of CO
is used to determine LOS-average and radial variations in temper-
ature and CO partial pressure. The deduced temperatures are then
used to determine the partial pressures of other IR-active species.
Temperatures deduced from FTIR spectra are compared to thermo-
couple measurements.

Temperature Measurements

The temperatures deduced from FTIR spectra are compared to
thermocouple measurements (S-type) in Figs. 8 and 9 for steady-
state combustion of XM39 at 15 atm and 22 atm, respectively. The
closed-facedsymbols are LOS-average values, the open-faced sym-
bols are centerline values from sixth-order power series approxima-
tion for the radial temperature profiles, and the lines represent ther-
mocouple data. Four FTIR tests at 15 atm and two tests at 22 atm
are shown to demonstrate the repeatability. Figure 8 shows that
the LOS-average temperatures are within 70 K of the thermocou-
ple traces near the surface (less than 3 mm from the surface) for
the 15 atm tests, although the LOS-average values are 200-300 K
less than the thermocouple measurements further above the surface.
LOS-average and centerline temperatures both match the thermo-
couple readings near the surface where the mixing region is small.
The data-reductionalgorithm provided a good fit to the spectra ac-
quired near the surface, as indicated by the value of x? and a visual
comparison between the measured and fitted spectra. Further from
the surface, the mixing region grows, leading to a significant cool
gas region within the probe volume thus causing the LOS-average
temperature to be significantly different from thermocouple mea-
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Fig. 9 Temperature profiles of an XM39 propellant flame at 22 atm
using FTIR spectroscopy and Pt/Pt-10% Rh (S-type) thermocouple.

surements. In this region of the flame, the use of LOS-average tem-
peratures and partial pressures within the algorithmresulted in poor
fits (based on x?) to the acquired spectra. However, the centerline
values from deduced sixth-order power series profiles reproduce the
thermocoupletrace. Error bars (95% confidence limits) on the LOS-
average values were calculated from Eq. (7). Estimates of the noise
within the CO transmittance data, required in Eq. (7), were made
using Eq. (12) and measured noise from the 2500-2600 cm™' range.
Temperatures and CO partial pressures were determined from CO
spectra over the 2000-2090 cm™' range. The lower limit was cho-
sen to minimize interference from NO, whereas the upper limit was
chosen to minimize the number of transitions with E’ < E(1200K).

Tests performed at 22 atm show the presence of a dark zone, vary-
ing in length from 0.5 to 2.0 mm. This variationin dark-zonelength
coupled with a slightly uneven burning surface, with respect to the
FTIR beam, leads to vertical variations within the probe volume.
The vertical variations are noticeable in FTIR spectra taken near
the surface, where high-temperature CO transitions are observed
in the low-temperature NO band structure, as well as in recorded
images taken during combustion. Only LOS-average values were
determined at this pressure. Beyond 2 mm from the surface, LOS-
average temperatures are within 100 K of the thermocouple traces.
The LOS-average values determined below 2 mm strongly depend
on the species and spectral ranges used for data reduction. The
1950-2030 cm™' range was used to determine temperatures and
CO partial pressures above 2 mm. Interference from NO is small at
high temperatures allowing a spectral region that is more sensitive
to high-temperature CO transitions to be used. Temperatures ob-
tained from thermocouples and spectral transmittances are slightly
lower than the adiabatic flame temperature of 2163 K for XM39 at
22 atm (Ref. 26); radiative heat losses and incomplete combustion
are believed to contribute to this discrepancy.

Species Measurements

Figure 10 shows the deduced CO and NO mole-fraction profiles
of the XM39 flame at 15 atm. Within this figure, the closed-faced
symbols are LOS-averaged values whereas the open-faced sym-
bols are centerline values from sixth-order power series approxi-
mations for the radial profiles. CO mole fractions and temperatures
were deduced from the FTIR spectra using the 2000-2090 cm™!
range, whereas NO mole fractions were determined using the 1880~
1950 cm™! range. The narrow vibrational band width and lack of
radiative properties beyond 1950 cm™' for NO dictated the use of
this spectralrange that is sensitive to high and low temperaturerovi-
brational transitions. Close to the surface (3 mm < ), no significant
corrections for spatial variations in CO mole fractions were deter-
mined from the spectral transmittancemeasurements, and therefore,
only LOS-average valuesare shownin this regionin Fig. 10. Beyond
3 mm, spatial variations in NO and CO mole fractions were found
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Fig. 10 Deduced CO and NO mole-fraction profiles of an XM39 flame
at 15 atm.

from spectral transmittance measurements using the data-reduction
algorithm. Corrected CO mole fractions (centerline values of sixth-
order power series) were larger than predicted LOS-average values,
whereas corrected NO mole fractions are slightly less than LOS-
average values. The algorithm is able to use the spectral variations
in transmittances to correct for spatial variations in CO and NO.
Within Fig. 10, 95% confidence limits on the LOS values were cal-
culated using Eq. (7).

The FTIR flame spectra also indicated the presence of CO,, N,O,
H,0, HCN, and CH,4. LOS-average mole fractions of these species
were found close to the surface. Further from the surface, the algo-
rithm was not able to determine radial profiles for these molecules.
The determination of spatial variations for these molecules should
be possible when accurate high-temperatureradiative properties are
known.

IV. Future Work

To increase the confidence and applicability of the developed
technique, work in two areas are suggested. First and most im-
portant is the lack of accurate radiative property data of many IR-
active molecules at high temperatures,includingline strength, tran-
sition frequencies, and the dependence of the pressure broadened
half-width on temperature, pressure, and the partial pressures of
other combustion products. Second, more accurate flame diame-
ters should be measured and different approximations for the radial
variations in temperature and partial pressures should be assessed.
In addition, accurate models of line-mixing and sub-Lorentzian be-
havior of rovibrational lines are also needed to determine spatial
variations in temperature and species partial pressure from spectral
transmittances accurately.

V. Conclusions

This work described the development and use of an inverse al-
gorithm for deducing temperature and species profiles within solid-
propellantflames by employing spectral transmittancedata acquired
by an FTIR spectrometer. Mass spectroscopy was used to validate
the inverse algorithm. The major findings are as follows.

1) FTIR and MPMS measurements of relative mole-fraction pro-
files of CO, CO,, NO, N,O, and NO; taken during laser-assisted
deflagration of XM39 at 1 atm and 65 W/cm? agreed in both mag-
nitude and trend.

2) LOS-average temperature and partial pressures were found
from transmittancedata when a small purge gas mixing region exists
at the edge of the flame. The use of rovibrational transitions with
high lower-state energies minimizes the impact of the cool mixing
region on the LOS measurements.

3) Radial temperature and partial-pressure profiles were deter-
mined from transmittance data when a large cool-gas mixing region
exists at the periphery of the flame. The use of spectral regions for
data reduction that are sensitive to high and low temperature tran-
sitions allows an accurate determination of flame temperature and
partial pressures.

4) Temperatures deduced from FTIR spectra acquired during
steady-state combustion of XM39 at 15 and 22 atm matched data
acquired by thermocouples. Near the surface, only a thin mixing
region exists allowing the deduced LOS-average temperaturesto be
in good agreement with data obtained from thermocouples. Further
up in the flame, LOS-average temperatures were 200-300 K lower
than thermocouple data because of a large cool-gas mixing region.
Centerline values deduced from a sixth-orderpower series for radial
temperature profiles were able to reproducethe thermocouple-based
data further up in the flame.

5) Measured spectral transmittances from the XM39 flame were
used to determine LOS average and radial variations in the mole
fractions of CO and NO. LOS-average values were deduced close
to the surface, whereas centerline values from the deduced radial
variations were used to give NO and CO mole fractions furtherinto
the flame.

6) Radial variations in the mole fractions of CO,, H,O, HCN,
N,O, and CH4 could not be determined using the data-reduction
algorithm because of inaccuraciesin the high-temperatureradiative
properties of these molecules.
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