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I. INTRODUCTION

Secondary flash appears as a bright burst of light outside the muzzle of
a gun and is produced by the afterburning of hot, rich combustion products in
the muzzle flow field.l Controlling and suppressing this phenomenon is of
practical concern since the energy release is sufficient for easy detection.
Spatially and temporally precise diagnostics would be of great value for
understanding the processes leading to muzzle flash and its suppression.

This paper describes making temperature measurements in an extremely
hostile environment; the muzzle flash of an M-14 rifle. 1In fact, this is the
most adverse environment where the CARS technique has been successfully
applied. Turbulence, two phase flow, combusting gases and particles, shock
structures, high temperatures, density gradients and luminosity are some of
the features associated with muzzle flash that make quantitative measurements
so difficult. Additionally, the duration of the muzzle flash event is about
one millisecond, thus only one CARS spectrum is obtained per round fired.

Our first report2 on the application of CARS as a diagnostic for muzzle
flash describes the general characteristics of muzzle flash and demonstrates
that CO CARS spectra can be obtained in the muzzle flash region. Thic report
is a continuation of that work where the CARS least squares fitting program
has been modified to analyze CARS spectra for the CO molecule, and this
modified program has been used to determine temperatures in a CO/0, laminar
premixed flat flame. These temperatures have been compared with those
obtained on an identical flame by spontanecous Raman spectroscopy. Both single
and multiple shot* CARS spectra have been obtained from this flame and the
results indicated no significant shot-to-shot variations.

One of the difficulties encountered during our initial studies? was the
choice of the axial distance x = 7.5 cm downstream of the barrel exit as the
measurement position. This position is on the edge of the radiating flow
region where the Mach disk does not return until about 1.2 ms after bullet
exit.!s3 For the present study, the sampling position has been moved to 13.2
cm downstream from the end of the barrel on axis. Here the passage of the
Mach disk occurs ahout 0.4 ms after bullet exit and this position is well
within the spatial extent of the intermediate flash region. More. detailed
studies of He-Ne laser light transmission versus time through this position in
the muzzle flow field have been accomplished. Various apertures placed in
front of the photodiode detector have demonstrated substantial beam steering
and/or attenuation of the laser beam for large fractions of the times of
interest in the muzzle flow field. Beam steering resulted from the bullet
passage, deflections of flow discontinuities, and/or scattering of flow borne
particles. The high absorptance of the muzzle flow is primarily-due to the
presence of particles; i.e., soot and other crack products of the combusting
propellant grains. Enclosiang part of the He-Ne laser beam with tubes of
different end geometries have produced both better and worse transm1sa10n
characteristics through the muzzle flow field.

*Here "shot" refers to the laser and "firing" refers to the gun.
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Previously, the metal box, into which the firings occurred, was filled
with nitrogen to eliminate secondary flash. Both argon and air have also been
used as fill gases in the present study. No obvious trends could be
identified for these different fill gases with respect to altering the
intermediate muzzle flash temperatures.

As an aside, rough temperature estimates were obtained for both
intermediate and secondary muzzle flash by applying blackbody radiation laws
to the time integrated light emission from two different locations in the
muzzle flow field. These results, although yielding only approximate valuis4
are in good agreement with previous measurements using the same technique,™?

A primary thrust of this study was to obtain the temperature history of
intermediate muzzle flash for various spatial locations in the muzzle flow
field. This goal has been partially realized in that muzzle flow field
temperatures have been determined for one position for various times. These
results have been compared with publishedl’ ~11 gata where a variety of
techniques have been employed. They include line reversal of sodium and
potassium resonance lines, line reversal of continuous radiation, emission/
absorption of various species including water and carbo. dioxide, the
blackbody continuum from the radiating particles in the two phase flow8 and
spatially resolved Abel inversion data. Recently Klingenberg, et al., »9 have
fabricated shielded fiber optic bundles; placed them in the muzzle flow field
and determined temperatures from the recorded emission spectra. With
exception of the Abel inversion and to some extent the fiber optic techniques,
these methods are not spatially precise; nonetheless, there is generally good
agreement between these published results and the temperatures we obtained
using a CARS approach. Higher temperatures that were observed at early times'
and reported problems with alkali metal line reversal techniques will be
discussed later in the text.

I1. EXPERIMENTAL

The experimental apparatus and its operation have been discussed in a
previous report,“ hence only modifications and additional considerations will
be addressed here. Since our temperature results will be compared with those
measured by Klingenberg and Mach, simlarities and differences of the gun

systems used are described. The bullet calibers and gun barrel lengths are
identical. The propellant charges although quite similar have small
differences. Klingenberg and Mach used rounds with 2.94 grams of K503
propellant giving resultant muzzle velocities of about 800 m/s. We have used
rounds with 2.99 grams of WC-846 propellant giving resultant muzzle velocities
of about 815 m/s. The chemical compositions are listed in Table 1. As can be
seen the composition of these double base propellants is quite similar.

He-Ne laser transmission studies were repeated for the 13.2 cm position
downstream of the barrel exit on axis, see Figure 1. The He-~Ne laser close to
the barrel exit is used as a trigger source to start the timing, and the
transmission of the other He-Ne laser is recorded as a function of time with a
photodiode and digital oscilloscope. A convex lens is inserted before the
aperture to focus the He-Ne laser beam to the same size as the aperture
opening. Both 100 and 300 micron spectrometer slits were used as apertures to
ascertain the degree of heam steering. After it was observed that substantial
beam steering took place at certain times during the muzzle flash event, part
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of the He-Ne laser beam transiting the muzzle flow field was enclosed with
tube shields; as detailed in Figure 1. The orientation of the gun with
respect to the tubes is as shown on the figure when the detail is inserted in
position D of the metal box. There the tubes were aligned and rigidly bolted
to the metal box with a 5 c¢m separation between the tube tips. The outer
diameters of the tubes are 1.8 and 0.9 cm, respectively, with two different
geometries for the tip of the smaller tube. Initially a normal perpendicular
cut in the tip was used; but, poor flow field transmission made it necessary
to change the tip geometry. Better transmission was obtained when the tube
tips were cut at about a 30 degree angle to the symmetric axis of the tube.

TABLE 1. COMPARISON OF THE COMPOSITION OF WC-846 AND K503 PROPELLANTS

Component WC-846 (% by mass) K503 (% by mass)
Nitrocellulose 87.0 84.0
Nitroglycerin 9.71 9.50
Diphenylamine 0.9 0.5
Dinitrotoluene 0.7

Dibutylphtalate 4.5
Calcium carbonate 0.46

Sodium sulfate 0.07

Potassium sulfate 0.5
Residual solvent 0.29

Moisture & volatiles 0.85

When spectral intensity as a function of wavelength was needed, such as
for the blackbody emission studies, the He~Ne laser used for transmission
studies was blocked off, and a 1/4 m monochromator-reticon system replaced the
photodiode. With the 1200 groove/mm grating used for the emission studies,
the detection system has a full width half maximum (FWHM) resolution of about
11 co~l. For the CARS data this same 1/4 m monochrometer-reticon system was
used with a 2400 groove/mm grating giving a FWHM resolution of about 5 cm™ .

CARS spectra for CO were obtained during gun firing and on a porous plug
flat flame burner using the experimental setup shown on Figure 2. This
arrangement along with the triggering circuitry, described elsewhere,
provided the opportunity of recording single shot CARS signals during the
experiment. The optical train consisted of a Quantel model 48]1C Nd:YAG laser
operating multimode, two frequency doublers, an in-house constructed
longitudinally pumped broadband dye laser and various anti-reflection coated
optics to direct and combine the horizontally polarized CARS signal generating
beams. The 532 nm laser beam was szparated from the 1064 nm fundamental left
over from doubling by dichroic mirrors. The 532 nm output was measured as
350 millijoules per pulse. A beamsplitter diverted 70% of this laser beam for
pumping the amplifier of the dye laser. The remaind¢r was sent through a
Pellin-Broca prism to spatially remove the flashlamp light and then used for
the CARS pump beam. The residual fundamental beam was directed to the second
doubler, and the resulting 532 nm radiation used to pump the oscillator of the
dye laser. With this arrangement the Stokes beam energy from the dye laser
was typically around 35 millijoules. The path lengths of both the Stokes and
pump beams were matched for temporal overlap and combined into a colinear beam
with a dichroic mixer (DM). Two 30.5 cm focal length lenses directed the CARS

o v i T
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Figure 1. Experimental Set-Up for Determining Light Transmission
Through the Muzzle Flow Field and also, Time Integrated Temperatures

from Spectral Emission.

HENE - helium-neon laser, TS - trigger solenoid,

G - gun, MB - metal box, BC -~ bullet catcher, PD - photodiode,
DO - digital oscilloscope, L - lens, A - aperture,
MR - monochromator-reticon detector,
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generating beams into the probe volume and recollimated the emerging radiation
which included the CARS signal. A phase matching scheme, commonly called
USED CARS, has_been employed in these experiments as it was thought that this
configuration13 is less sensitive to beam steering. The CARS pump and Stokes
dye laser beam diameters are 0.9 and 0.4 cm, respectively. A telescope
inserted in the dye laser beam allows for adjustment of its beam waist. The
pump beam has a central region of low intensity and the Stokes beam is
positioned there. The result is that CARS signal is generated only in the
focal region. By translating a 1 mm thick glass slide through the focal
region while monitoring the nonresonant CARS signal the spatial resolution was
determined. For sampling regions where the CARS probe molecule has uniform
density the spatial resolution can be approximated by a cylinder 0.005 cm
diameter and 0.55 cm long. After recollimation, the emerging laser beams and
CARS signal pass through a blue glass filter which attenuates most of the

532 nm and 600 nm (Stokes wavelength for CO) light from the signal train
leaving the CO CARS signal at 478 nm. Further rejection was achieved by
spatial separation with a rutile prism. The signal then is focussed onto a
100 micron entrance slit of a monochromator with a 10 cm lens. These entrance
slits were oriented horizontally to insure that no spatial rejection of the
CARS signal occurred. An EG&G PAR OMA ITI system incorporating a 1024 channel
intensified reticon photodiode array connected to the monocromator provided
detection of the signal and storage of the experimental data. Triggering the
system with the laser to accomplish one 16.8 ms scan was, typically, the
method used to record single shot spectra.

TSO
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Xﬁ / /PB BC |
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Figure 2. Optical Arrangement Used to Conduct CARS Measurements on
Muzzle Flash and a Flat Flame Burner. L - laser, DL -~ dye laser,
X2 - frequency doubler, M - dichroic mirror, BS - dichroic beam splitter,
DM ~ dichroic mixer mirror, PB — Pellin-Broca prism, P - right angle prism,
T ~ telescope, L1,L2 - lenses, BF - blue glass filter, RP - rutile prism.
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The dye laser shown on Figure 3 consists of two identical dye cells; an
oscillator and an amplifier. Slightly off axis (10-15 degrees) pumping is
employed and both the oscillator and amplifier pump beams are loosely focussed
with a 25 cm lens and a 50 cm lens, respectively. Dichroic mirrors are used
to properly position the amplifier pump beam and a 50% transmitting mirror
couples the oscillator and amplifier sections. These dye cells were machined
from 304 stainless steel disks 0.5 inches thick. The overall diameter of the
dye cell is 3.0 inches with an O-ring groove and threaded bolt holes on each
face for clamping 2 inch diameter quartz windows with retainer rings. This
design allows one to rotate the windows whenever a burn spot appears thus
extending the life of the windows. An elliptical internal geometry was
incorporated to minimize turbulence and also allow sufficient clear aperture
when operating at Brewster's angle. Dye solutions were filtered and
recirculated continuously with a Quanta Ray TSC - 2 dye circulator.

One of the problem areas encountered when performing single shot CARS
measurements was spectral mode structure in the CARS signal which normally
averages out when summing over individual spectra. Structure can_arise in the
broadband dye laser spectral profile and Eckbreth and Stufflebeam'™ have
investigated this area in detail. One of the most important considerations
for us was not to focus the pump beam too tightly into the oscillator dye
cell. We used a loose focus which was about 2 mm diameter when traversing the
oscillator dye cell. This mode structure noise is amplified in the non-
resonant CARS signal, and previous work had shown that this noise can be
reduced by using a single mode pump laser.!? In contrast, however, it has
also recently been shown that the noise level in the resonant nitrogen CARS
spectra is reduced when using a multimode pump laser. Consequently, it
appeais now that resonant CARS results can be more precise with multimode
lasers whereas several years ago it was perceived that single mode lasers were
best suited for accomplishing the task.

A flat flame burner has heen used as a hot source of CO allowing
optimization of the experimental system. 1In addition, temperature comparisoas
from both spontaneous Raman and CARS spectroscopy have been made on this
burner. The burner consists of a 6 ¢m dianeter sintered bonze porous plug
with water cooling coils imbedded about ! inch below the top surface. The
hurner also has a sintered shroud ring for isolating the flame from the
outside environment. Rich mixtures of CO and 0, fed to the burner give flames
with ample hot CO for probing. The flow rates of both CO and 0y were
calibrated with a wet test meter so accurate determinations of stoichiometry

could be made.

ITt. FLAT FLAME BURNER STUDIES

A flat flame burner has been used throughout these experiments as a
continuous steady source of hot carbon monoxide for adjusting the cxperimental
apparatus to optimum performance. Moreover, this burner provided several
initial checks on the validity of the CARS technique. A comparison between
the temperatures determined from spontaneous Raman and CARS techniques have
hbeen made using least squares data analysis, Moreover, both single and
multiple shot CARS temperature determinations are compared to see Lf the
single shot data contained any mode structure that significantly affected the
data reduction technique.
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Figure 3. Optical Component Arrangement of the Broadband Dye Laser and
the Geometric Detail of the Dye Cell. DCl and DC2 are identical dye
cells, M - dichroic mirrors, L1,L2 - convex lenses, M2 - partially

transmitting mirror,
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A maximum_temperature ranging between 1400 and 2000K, a Co
concentrationl’ around 40% and a pressure close to atmospheric” was expected
in the intermediate flash region of the M-14 rifle at the position and times
of interest. The expected temperatures and pressure come from previous
experimental work. The CO concentration is estimated by a thermochemical
equilibrium calculation. To obtain steady state conditions similar to these
values, a rich CO/0, mixture (equivalence ratio of 2.93) was supplied to the
burner and the resuitant flame grobed initially by a spontaneous Raman
technique described elsewhere.l3 The measurement point was 5 mm above the
burner surface on center. This position, well above the reaction zone,
provided a steady hot, CO signal. Porous plug burners extract a large amount
of heat for stabilization thus the resultant flame temperatures are well below
the adiabatic values. Fitting the Q-branch Raman spectrum for CO resulted in
a temperature of 1785 K with an estimated total error of +4%. Constraining
the NASA-Lewis!? thermochemical equilibrium calculation to this temperature
produced a value of 0.65 for the mole fraction of CO present in the burnt gas
region of this flame. Subsequently this burner system was installed on a two
axis translation table within the metal box of the CARS muzzle flash
experiment. Flame conditions identical to those of the spontaneous Raman
experiment were employed and Q-branch CARS spectra of CO were acquired. Some
representative spectra are shown in Figures 4~7. An accumulation of 50 laser
shots produced the spectrum of Figure 4 while Figures 5-7 show single shot
data. There is excellent agreement among the single shot. data and also
between the single and multiple shot data. This evidence supports
satisfactory dye laser behavior for single shot events. The agreement between
the spontaneous Raman (1785 K) and the CARS (1719 K) results is also very
good, i.e., it lies well within the combined estimated error inherent in the
two different techniques and the ability to accurately reproduce the flame
conditions.

Information on the CARS theory and equations, data analysis by modeling
and least squares fitting can be found'elsewhere.1 »20-22 Recently, Kataocha,
et al.,23 and Teets,2* (KT) have shown that, under some experimental
conditions, an additional term must be included in the CARS susceptibility to
account for photon correlations. While the KT model is more general, it is
also more demanding computationally. All our spectra were fitted using the
simpler (often referred to as the Yuratich??) model since, for our
experimental conditions of pump laser linewidth and nonresonant, probe volume,
susceptibility, this model should be adequate. As a check, temperatures
ohtained using both Raman and CARS were compared for several measurements in
CO burner flames, where the Yuratich model was used to extract the CARS
temperature. Excellent agreement was found between the temperatures from the
two techniques, supporting the legitimacy of using the simpler model in the

CARS data reduction.

IVv. LIGHT TRANSMISSION AND EMISSION CHARACTERISTICS OF THE
MUZZLE FLOW FIELD

It is known,l'a’17 that tbe muzzle flow field environment is extremely
hostile and thus, hefore attempting CARS temperature measurements, a further
series of simple light transmission experiments were performed. Using the
gset-up shown in Figure 1, He-Ne laser light intensity versus time was measured
and is shown on Figure 8, The He-Ne laser beam is initially centered on a
1.2 cm diameter, active area photodiode and the laser light transmission is

14
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Figure 4. A CO CARS Spectrum from a Rich CO/0, Premixed Flame Produced
on a Flat Flame Burner. The squares are the data which are an accumulation
of 50 laser shots and the solid line is a least squares fit giving a
temperature of 1719 K.
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1.5
l .

o

o [

o

~

" o
F“ o
5 1

po

O 0.5

(]

0 . -

—— — . .
476.5 477 4775 478 6.5 49 479.5
WAVELENGTH / nm

Figure 6. Another Single Shot CO CARS Spectrum with the Same Conditions
as Figure 4. The fitted temperature is 1690 K.

16



coy

M Lo e
b d. -«...w-...ﬁ._ﬁ‘m;._. Fha e

i ¢

N
(8]
—r—d J

COUNTS / 1000

TS B UY SNV Ul N TS S W T B S R

T T

0 +————
476.5 477

\ T

T T T T 1
477.5 478 478.5 479 478.5

WAVELENGTH / nm

Figure 7. Another Single Shot CO CARS Spectrum with the Same Conditions
as Figure 4. The fitted temperature is 1770 K.

recorded from bullet exit until 2 ms later. For all four cases there is
maximum transmission at t=0 and the light is blocked or steered off the
photodiode at 0.17 ms after bullet exit. From shadowgraph results? it is
evident that the blockage and steering of the He-Ne beam occurring from 0.17
to 0.35 ms is caused by the precursor blast wave and the passage of the
bullet. When a 300 micron slit is used another loss of signal occurs around
0.43 ms. This time corresponds to the passage of the inner shock disk.
Somewhat more attenuation is observed when the slit is oriented vertically and
a substantially increased loss in He-Ne light signal is observed when a

100 micron slit is used. The smoothness of the photodiode response caused
concern that we were not operating in a completely linear regime. For this
reason and to assess the effects of shielding a large fraction of the beam
from the flow field with tubes, further light transmission data were taken and
the results are shown on Figure 9. The traces of Figure 8a and Figure 9a can
be compared and a marked difference is observed to occur after 0.35 ms; total
transmission is observed on Figure Ba while about 15% transmission at 0.35 ms
increasing to about 50% at 2 ms is observed on Figure 9a. These results
demonstrate that much of the time the photodiode data of Figure 8 was
saturated. It does not, however, change any of the qualitative effects
observed. Enclosing the majority of the laser beam with tubes, as shown in
the experimental section, decreased the transmission for the case of
perpendicular-cut tip geometry (b) and substantially increased the
transmission for angle cut tip geometry (c), see Figure 9. Transmission for
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Figure 8. He-Ne Laser Light Transmission as a Function of Time After
Bullet Exit. The measurement line is 13.2 cm downstream of the barrel
exit perpendicular to the direction of the bullet. Four different cases
are shown: a. no aperture, b. 300 micron slit aperture oriented horizontal,
c. 300 micron slit aperture oriented vertical and d. 100 micron slit
aperture oriented vertical.
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Figure 9. He-Ne Laser Light Transmission as a Function of Time After
Bullet Exit. The measurement is again 13.2 cm downstream of the bullet
exit. Five different cases are shown: a. no aperture and no enclosing
tubes, b. tubes with squared off ends (or tips), c¢. tubes with angle cut
tips, d. tubes with angle cut tips and a 100 micron aperture and e. same

conditions as d and allowing secondary muzzle flash to occur.
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angle cut tip geometry increases from 65% at 0.35 ms to 85% at 2 ms. Similar
results, depicted on Figures 9d and 9e, are also obtained when a 100 micron
aperture is inserted and secondary muzzle flash allowed to occur., Two
conclusions are drawn from these observations, First, the observation that
the 100 micron slit does not change the transmission means that the beam
stezring is no longer a significant effect; and second, allowing secondary
muzzle flash to occur without observing degradation of transmission
demonstrates the optical train is stable against shock from this blast. 1In
summary these results show that it will be unlikely that temperature
measurements can be made earlier than 0.35 ms after bullet exit and that
enclosing the main portion of the CARS generating beams in tubes with angle
cut tip geometry will improve the CARS signal strength.

Emission spectroscopy has been previously employed to obtain
characteristic muzzle flash temperatures and we have repeated these type of
measutrements with the experimental apparatus of Figure 1. An intermediate
muzzle flash emission spectrum is shown on Figure 10. This spectrum has been
pieced together from six individual firings taken for different monochromator
settings since the monochromator-reticon system could only capture a fraction
of the spectral region on any one shot. The only emission observed comes from
blackbody and sodium line emission. Using Wien's radiation law a temperature
of 1700 & 200 K is obtained as a rough estimate of the time integrated
intermediate flash temperature. This result is in good agreement with
previous work. ?

While the experiment was set up for emission studies an emission spectrum
for secondary muzzle flash was obtained and is shown on Figure 11. Nine
individual firings into ambient air were necessary to produce this spectrum.
In addition to blackbody radiation, the line emissions from sodium and from
calcium hydroxide are also identified. The resulting temperature calfulaged
from Wien's law is 2400 % 400 K in good agreement with previous work. **"

V. INTERMEDIATE MUZZLE FLASH TEMPERATURE MEASUREMENTS USINCG CARS
SPECTROSCOPY OF CO

The muzzle flow field represents a hostile,turbulent environment.
Therefore it is desirable to collect a large amount of data to produce
probability distributions which can characterize physical parameters.
Unfortunately, this experiment did not lend itself to obtaining an ahundance
of data. First, only one data point is obtained per gun firing and the time
between firings was thirty minutes or more. This amount of time was required
to vent the smoke and fumes from the metal box, refill the box with a fresh
quantity of gas and check the optical train for any misalignment that could
have resulted from the last firing. Second, each gun firing did not produce a
usable spectrum. For times greater than 0.7 ms usable spectra were obtained
about 30% of the time and for times less than 0.7 ms after bullet exit usable
spectra were almost never produced. The spectra that have been analyzed for
times less than 0.7 ms are of marginal quality.

Laser induced breakdown, which probably occurred for every gun firiag, is
responsible for the CO CARS spectra being inferior in quality to that obtained
in the C0/0, flame. Evidence for the above statement comes from the
observation that almost every laser pulse produces breakdown in the aftermath
of the gun firing while the environment is still "dirty". 226 ¢ is well

20

s e N N

- A ol 5,



5000

1000

IR
$

400}

200 |-

' Intensity (Arb. Units)

0 1 l . 1
0.40 0.50 0.60

Wavelength (Microns)

Figure 10. The Time Integrated Fmission Spectrum of the Intermediate
Flash Region of an M-14 Rifle Obtained by Firings Tnto a Nitrogen
Atmosphere. The measurement position is 13.2 cm downstream of the

barrel exit.
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known that there is high particulate loading in the muzzle flow field and
previous work shows that the laser breakdown threshold can be lowered bg about
two orders of magnitude for particles greater than ten wicrous in size.'7 1t
is thought that generation of electrons on the surface vf the heated garticles
promotes cascade ionization thereby lowering the breakdown threshold.”8
Nonetheless, CO CARS signals from the muzzle flow field can still be observed
indicating that it takes a finite time (fraction of the laser pulse) for the
breakdown plasma to fill the CARS generating beams focal region and/or the
breakdown plasma is _partially trausmissive to the visible radiation of
interest. Beitingl‘ has reported large interferences iu the CARS spectra for
N, which suffered laser breakdown., These spectra were obtained in an
environmeut that simulates the gas stream of a coal fired MID penerator. When
fly ash was injected into the flow, laser induced breakdown occurred. Beiting
noted two general characteristics of the breakdown-influenced spectra: the
large background is peaked at the center waveleugth of the CARS shifted dye
laser, and this background and resonant CARS spectrum are not coherently
mixed, These features have been observed in most of oar CO CARS spectra taken
in the muzzle flow field. A comparison between single shot data taken in a
€C0/0, flat flame and the muzzle flow field is shown on Figure 12. Most
prominent is the differcnce in the nonresonant background geuerated from the
large thirvd-order nonresonant susceptibility of the plasma produced by
breakdown. Since this background does not modulate the resonant CO CARS
signal it can easily be accounted for in the fitting routine as an additional
nonresonant contribution which does not wix with the CARS susceptibilities in
the probe volume. Various series of CO CARS muzzle flash spectra are shown on
Figures 13-16, In all these figures, error limits for the temperature
represent one standard deviation, This error estimate assumes that the data
belongs to a single distribution having only raundom errors and a mean value
for the temperature. This is not necessarily the case for these experiments
where turbuleuce and beam steering can produce systematic errors which greatly
affect the wmeasurements. Consequentlv, the error limits for the temperature
in these figures merely veflect the ability of the model cquation to predict a
temperature which watches the observed spectra. A general estimate of the
overall error in a temperature determination is about £12%, Two sources of
error were considered in this estimate. First, Klingenberg, et al.,8'9 have
observed substantial firing to firing temperature variations (27%) in their
muzzle flash experiments. Second, we have observed single laser shot CARS
temperature variations of about x2.5% on a flat flame buruner which are similar
to the results of Eckbreth and Stufflebeam.!®  The CARS spectra for muzzle
flash are of a much poorer quality than the CARS {lame data thus the estimated
error for this contribution was doubled. Ten spectra are contained in Figure
13 which represent the data taken with an N, fill gas and angle cut tubes to
enclose much of the CARS beams. This set of data represents the best spoctra
obtained and also the least amount of scatter in the temperature results.

Four spectra are contained in Figure 14 which are gun firings ianto an N, fill
gas while no tubes were used for shielding the beams. These data include most
of the early time measurements and are of marginal quality. Four spectra are
contained in Figure 15 which represent gun firings into ambient air. Again no
tubes were used in this set. Large scatter in these data precludes any
assesgments that could be made concerning temperature differences in the
intermediate flash region when some oxygen is present. Ten spectra are
contained in Figure 16 which represent gun firings into an argon fill gas,
here also no tubes were used, Substantial scatter is observed here as well.
When all of the data from Figures 13-16 are plotted together against time
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Figure 13. Ten CO CARS Spectra Taken in the Muzzle Flow Field of an M~14
Rifle. The solid lines are the least squares .fit to the data.

The measurement position was 13.2 cm downstream of the barrel exit and
the firings were in a nitrogen fill gas with a large fraction of the CARS
beams enclosed by tubes with angle cut tip geometry. Each spectrum has the
best fitted temperature and a one standard deviation statistical error (in
parentheses) listed together with the measurement time after bullet exit.
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after bullet exit, no one data set stands out as giving substantially
different trends, see Figure 17. At the earlicst times, 0.43 and 0.56 ms
after bullet exit, the spectra were fitted to give gas temperatures of 2215
and 2315 K, respectively. Comparisons here are impossible because of the
inability, after many attempts, to generate more usable spectra. The angle
cut tube geomerry {or eaclosing part of the CARS beams has been shown to
dramatically improve directed light transmission through the muzzle flow
field. Moreover the data of Figure 17 demonstrate that this arrangement
produces the least scatter in the CARS temperature data for intermediate
flash.

VIi. COMPARISON OF INTERMEDIATE MUZZLE FLASH TEMPERATURES

The data representing the case of partially enclosed beams is shown as
squares on Figure 18. Published data of other iavestigators for a samplimg
point 15 cm downstream of the barrel exit oun or close to centerline are shown
for comparison, Sodium and potassium line reversal results obtained by
Klingenberg and Mach” in 1976 are represented by Curve A. These reported
temperatures are substantially above most of the later investigations. A
series of further testing led Klingenberg®! and Mach” to the conclusion that
the alkali atoms were excited and not in local therwddynamic equilibrium and
thus the high temperatures inferred are not characteristic of the muzzle flow
field. Curve B represents the results of Mach I obtained using emission/
absorption signals from H,0, from CO, and from particles. These results are
300 to 400 K lower than Curve A. Curve C represents the results of
Klingenberp, et al.,8’9 using a small shielded fiber optic bundle placed in
the muzzle flow field. Here the muzzle flash emission was sampled 1 cm off
centerline to eliminatec being struck by the bullet. The emission was detected
with a filter~photomultiplier configuration and temperatures less than 1000 K
could not be measured due to the attenuation of longer wavelengths by the
fiber optic material. There exists general agreement among Curves B and ¢ and
the present results. Curve B indicates higher temperatures than the present
results for times greater than about 1 ms. This difference is likely due to
the fact that Curve B was obtained by firiung into ambient air and allowing
secondary muzzle flash to occur. At times greater than about 1 ms secondary
muzzle flash would contribute to elevating the temperature, *”®

VII. CONCLUSIONS

The study of muzzle flash is difficult because of high particulate
loadings, extreme gradients and high luminosity. These factors lead to
pronounced beam steering and laser induced breakdown when probing the flow
field with high power lasers. Nevertheless some temporally and spatially
resolved temperature measurements have been made using a CARS technique. The
non-intrusiveness of the technique has been compromised to a certain extent by
enclosing a portion of the laser beams in tubes. This compromise has also
been made in the most receat studiec of Klingenberg, et al., *’ where shielded
fiber optics were inserted into the flow field to obtain spatial preciseness
in the temperature measurements. Considering the turbulent nature of the
phenomenon, the CARS results obtained with tubes provides additional quport
for the published measurements of Mach®:7:11,29 444 Klingenberg, et al. 18,9
Beam steering and laser induced breakdown make CARS experiments difficult and
time consuming in a muzzle flash environment. Moreover, these experimental

problems will increase if the experiment is scaled up to probe larger gun
systems.
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