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In HC1-producing pyrotechnic flames , the effective flame temperature
experimentally determined from HC1 Infrared spectral analysis (1-0 vibratIon-
rotation emission band) was approximately 178.0 K, compared with 1900-1950 K
dertved theoretically. For another, more fuel rich composition, approxi-
mately 1620 K was experimentally derived, compared with 1800-2250 K
theoretically assuming 0-los air aóiitxture , and remaining near 2250 K for
higher percentages
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INTRODUCTION

This is a report of a l i mi ted spectral analysis of HC1 1nfra red~~~emission produced by combustion 0f a solid pyrotechnic flare composition.
In the present report the experimental rotational temperature Is compared
to the theoretically calculated temperature.

EXPER IMENTAL

Test flares about 1.6 cm Inside diameter by 6 cm long and contain-
tng 10 g of composition pressed Into phenolic tubes were made wi th the
formulas shown in Table 1.

The f lares were ignited in the NAVWPNSUPPCEN Crane test tunnel by
a few grams of ignition composition pressed Into the top surface, in
conjunction with a length of quic~ iatch and an electric match.

During the more than 19 second burn time , spectra were taken wi th a
raptd scanning spectrometer focused on the flame about 2.5 cm above the
burning surface with spectral scan duration of 50 ms. A 35 line/rn
grating and 0.2 mm slits were used resulting in about 0.015 urn resolution
(12 cnr1 at 3.46 urn).

Figure 1 shows a schematic of the experimental arrangement, while
Figures 2 and 3 show the spectrometer. The signal averaged , system
corrected, computer plotted spectrum of infrared emission from one of
the compositions Is shown In Figure 4.

Figure 4 shows, going from left to right (short to long wavelength)
atmospheric water and carbon dioxide absorption near 1.8 urn, water
emission near 2.8 urn, broken by atmospheric water and carbon dioxide
absorptions in the same region, HC1 emission from 3.2 to 4.2 in, carbon
dioxide emission from 4.2 to ~~ urn, broken by atmospheric carbon
dtoxl’de absorption near 4.3 pm. There is underlying continuous emission
throughout the whole region. The gap from 2.9 to 3.2 urn is due to very
low spectrometer system response. Note that the Intensity scale on the

‘C. E. Dinerman , “Computerized Rapid-Scan Spectroscopy at NAVWPNSUPPCEN
Crnae” , NWSC/CR/RDT R-35 , Naval Weapons Support Center, Crane, IN (July
1976). AvaIlabl e National Technical Information Serv ice, 5285 Port
Royal Road, Springfield, VA 22161. NTIS--ADA030269.
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left Is for the left half of the spectrum , and is 50% of the intensity
scale on the right hand side. That is , the local intensity maximum near
2.8 pm is actually only 50% as high as the maximum near 4.4 pm.

Details of the 3.2-4.2 pm region of Figure 4 are shown In Figure 5.

The ~pectrurn In this region consists of MCi rotation-vibrationlines underlain by a graybody—like continuum and, near 3.2 pm , water
vapor absorptlons and emissions. The HC1 emission lines are grouped
Into the P branch lines from 3.5 to 4.1 pm, and R branch lines, less
wel l resolved, from 3.2 to near 34 pm. Spectroscopic notation is shown
on the figure, IndIcating P branch lines from the 1-0 and 2-1 bands.

Spectra from separate flares of the same type are very simi lar,
showing good reproducibility from flare to flare. The main difference
between IR-9 and IR-12 spectra i-s that there Is a larger underlying
conttnuum in the latter group.

DATA ANALYSIS AND DISCUSSION

In order to learn more about the basic thermodynamic and kinetic
processes occurring in the flame, the HC1 peaks were analyzed to 2determine the rotational temperature using the following equation:

4

= 
C~~\) 

(JS +JII+l)e~~
’J’(J’4l)hC/kT

where is the emission intensity , v is the frequency (in wavenumbers )
of a particular line, J’ Is the quantum number for the rotational levels
in the upper vibrational state of the transition , J” is the quantum
number for the rotational level s in the lower vibrational state of the
transition, 8’ is the rotational constant for the upper vibrational
state, I is the absolute temperature, and h, c, and k are constants.
Cam and ~r 

can be considered constant for a particular vibrational
transition .

A plot of

2
G. Herzberg, Molecular Spectra and Molecular Structure. I. Spectra of
Djatcmlc Molecules (D. Van Nostrand Co., Inc., Princeton, NJ 1950),
p. 205.
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I
ln (~J~+J?~l)v

I vs J’(J’+l)

enables I to be obtained from

B’hc
- kT

the slope.

Since rotation-translation relaxation times are so short, it Is
expected that rotational temperatures would closely approach the
translational temperature.

It was decided to use the P-branch data, rather than the R-branch ,
because of better resolution, less underlying continuum , and no inter-
ference from water vapor absorption/emission.

This technique has been applied to HC1 flames in the past. ~
Figure 6 shows an example of a plot which is based on a spectrum of the
emission from composition IR-12. This is for the P-Branch of the 1-0
transition . All such plots for either IR-9 or IR—12 had the same
general shape, with a steep section near the left, leading to a small
“knee”, then to a l inear portion. This is similar to the shape of the

3
H. P. Broida , “Temperature of Flames”, NBS Report No. 4418, National
Bureau of Standards, Gaithersburg , MD. Availa ble Defense Documentation
Center, Cameron Station, Alexandria, VA 22314, DDC-AD080550.

k
E. E. Bell, P. B. Burnside, and F. P. Dtckey , “Spectral Radiance of
Some Flames and Their Temperature Determination” , J. Opt. Soc. Am. 50,
1286 (December 1960).

5
F. D. Ftndlay and J. C. Polanyt , “The Hydrogen—Chlorine System in the MM
Pressure Range. I. Energy Distribution Among Vibrational ly Excited
States”, Canadian Journal of Chemistry 42, 2176 (1964).

6
J. K. Cashion and J. C. Polanyt , “Infrared Chesniluminescence. I. Infrared
Emission from Hydrogen Chloride Formed in the Systems Atomic Hydrogen
Plus ChiorThe, Atomic Hydrogen Plus Hydrogen Chloride, Atomic Hydrogen Plus
Deuterfuni Chloride, and Atomic Deutertum Plus Hydrogen Chloride”, Proc.
Roy. Soc. A258, 529 (1960) .

7
J. I. Latimore , et. al ., “H2-C1 Chemical Laser Program. Part l-—CHEMLUM
Code for Spectroscopic Data Ana’ysts”, RK-CR-74-9, U.S. Army Missile
Command, Redstone Arsenal , AL (January 1974). Availabl e DDC--AD780178.
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graph shown in reference 3. This shape remained the same whether peak

heights or peak areas were used. A limited number of points from the P-
Branch of the 2-1 transition were analyzed, but, due to the small peak
size, scatter was present in the results between two flares of the same
type.

Table 2 summari zes the results of the rotational analyses. Here,
It can be seen that temperature from flares of identical composit ion are
within 50K of each other, when examining the 1-0 data. These values
experimentally derived are in agreement wi th those obtained experimentally
in reference 4 for HC1 flames.

In order to compare our experimental results with8 computer predictions
of adiabatic temperature, a NASA thermodynamic program was used. This
program can predict temperatures and species resulting from the combustion
of reactants under given conditions. By Inputting the reactants (their
relative amounts and heats of formation’) and varying the amounts of air ,
the information derived in Table 3 is obtained . The temperatures and
mole fractions so derived assume no radiation loss, which is certainly
not the actual case. Nevertheless, those temperatures are within 200 K
for IR-9 (compare with 1-0 results in Table 2). For IR-12 the computer
predictions are from 200 to 600 K higher depending on the amount of air
mixed in. Admittedly, It Is difficult to decide which is the most
reasonable percentage of air to be added .

Obviously, simple experiments and calculations like those described
above cannot adequately serve to define the complex flame system under
investigation . This flame is not expected to be homogeneous in either
species type or concentration , or In temperature, as one progresses
across or up the plume . Certainly there are non-equilibrium conditions .
Furthermore, spectral resolution was insufficient to resolve any self-
absorptton that may have been present in the 1—0 bands, and the spectro-
meter field of view di-d not encompass the entire plume . However, given
these handIcaps it Is interesting that there . is gross correlation betweentheory and experiment at least for composition IR-9. One possible
explanation for the larger discrepancy between theory and experiment for
IR-12 Is the following :

Composition IR-12 is more fuel—rich than IR-9 and therefore
the effect of adding differing amounts of air should be more pronounced
in raising the temperature. This is seen in Table 3, where the adiabatictemperature for IR-12 is lower than IR-9 at 0% air , but generally ishigher than IR-9 after air is admitted. Above 10% air , the IR-12

S
S. Gordon and B. J. McBride, “Computer Program for Calculation of Complex

Chemical Equilibrium Compositions, Rocket Performance, Incident and
Reflected Shocks and Chapnian-Jouguet Detonations”, NASA SP-273, LewisResearch Center ~l971). Available NTIS—-N7l37775.
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adiabatic temperature Is relatively constant. The spectrometer field of j
view, small compared to the plume size, is located relatively close to
the burning surface, presumably in a region where air admixture Is still Ilow. The discrepancy between experiment and theory for IR-12 , therefore,
depends on how much air is assumed to enter th~ plume at the field of
view position. If it is assumed that less than ‘10% air  is added, the
dtfference between theory and experiment for IR-l2 is 200 K, as good as
that for IR-9. Above 10%, the difference rapidly rises to about 600 K
and remains there.

A further correlation between theory and experiment was attempted
using the rMi~

nt source model developed by Dr. Goldman at Denver Research
Institute. The goa l here was to duplicate the experimental
spectrum using temperature, HC1 concentration, and spectral resolution
as inputs into Goldman ’s model . However, there was only fair agreement
since the radiant source model conditions were not optimized to match
the experimental conditions. Therefore, the results are not shown here.
More work needs to be done to establish correlation and to generate the
correct HC1 spectrum from Goldman ’s model.

~ A. Goldman , et. al., “Distribution of Water Vapor in the Stratosphere
as Determined from Balloon Measurements of Atmospheric Emission - 

—

Spectra in the 24-29 pm Region”, Appl ied Optics 12, 1045 (1973).

b A . Goldman, et. al., “Solar Absorption In the CO Fundamental Region”,
Astrophysical Journal j

~~
, 581 ~1973).

‘‘A . Goldman, et. al., “Infrared Spectral Radiance of Hot HF and DF In —

The ~ I Bands Region as Seen Through an Atmospheric Path” , J. Quant.
Spectrosc. Radtat. Transfer )j

~
, 299 (1974).

1*. Goldman and S. C. Schmidt, “Infrared Spectral Line Parameters and
Absorptance Calculations of NO at Atmosphertc and Elevated Temperatures
for the 

~~
, 1 Bands Region”, J. Quent. Spectrosc. Radiat. Transfer 15,

127 (1975).

i sa .  N. Stocker and A. Goldman, “Infrared Spectral Line Parameters of
HBr and DBr at Elevated Temperatures”, J. Quant. Spectrosc. Radiat.
Transfer 16, 335 (1976).

6
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CONCLUSIONS
- It is possible to obtain gross correlation between rotational

- temperatures derived from Infrared vibration rotation spectra of
pyrotechnically produced MCi emission1 and theoretically calculated
temperatures. In fuel-rich compositions, the amount of assumed air

- 
admixture can greatly change the theoretical results .
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Table 1. flare Compositions (Wt. Percent)
to Produce MCi Emission

Formulas
Ingredients IR-9 IR-12

Hydrazine Bisborane 30 27

Hexachioroethane 40 36

Aninonium Perchlorate 20 17

Boron -- 10

Sylgard 182* 10 10

- . *fl~~ Is used as a binder to hold the composition together. It is a
- product of Dow Corning Corporation, Midland, Michigan .

8 - 
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Table 2. Experimentally Determined Rotational Temperatures

Temperature, K
P Branch P Branch~Flare 1—0 Transition 2-1 Transition

IR-9 #1~ 1799 --
IR—9 #2 1755 1553

IR-12 #1 1637 1910

IR-l2 #2 1600 1536

*The rotations #1 and #2 refer to different flares wi th the same formula. =

**2_ l data not as reliable as 1-0 data due to smaller intensities .

9
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Table 3. PredIcted Species and Plume Temperatures*

IR-9

Temp., K
&t!** (Adlabatic) ii~.L*** ~0 *** ~j~ ***

O 1877 .195 .00002 .00035
10 1919 .189 .00004 .00079

— 

20 1932 .177 .00006 .0011
30 1935 .164 .00008 .0014
40 1941 .148 .00008 .0015
50 1955 .131 .00008 .0015
60 2074 .117 .0011 .020

-
= 70 2277 .094 .0077 .092

IR-12

Temp., K
&t!** (AdIabat1c~ HC1

O 1807 .120 -- .00003
10 2252 .140 -- .00007
20 2247 .142 .00001 .00023
30 2207 .134 .00002 .0004
40 2167 .122 .00003 .0006
50 2125 .109 .00004 .0008
60 2080 .094 .00005 .0009
70 2196 .082 .00055 .010

*These were obtai ned from the NASA thermodynamic computer program
(reference 9)

**Expressed as percentage of total reactants

***Expressed as mole fraction

10
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5~jr ~~~~~~~~~~~ Scann ing Spectrometer. The spectrometer ~~~~~~~~~~~~~

is in the background and its associated
elec tronics are enclosed in the
electronics rack in the left foreground.
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