HIGH-SPEED PHOTOGRAPHY OF PYROTECHNIC MAYERIALS
ARD COMPONENTS WITH A COPPER VAPCR LASER

Larry R. Doaser, John W. Reed, and Margaret A. Stark

Monsanto Research Corporation

Mound Thig document is
Miamisburg, Ohio 453h2¢ PUBLICLY KELEASABLE
i
x . -9
ABSTRACT ___£ -

The evaluatlion of the propertises of snergetic naterlals, such as
burn rate and ignition energy, iz oFf primary impeortance in undarstanding
their reactions and the functioning of devices containing them. One
method for recording such information is high-speed photography at rates
af up ta 20,000 fimeges per accond. Whenh 2 copper vapor laser is
aynchronlzed with the camera, laser-illuminated lmages c¢an be recorded
that detall the performance of a material or component in a manner never
before possalble. HRecsnt resulta from high-speed photography of several
pyrotechnic materials and devices will he presented. Theze include a
g¥rotechnie toreh, laser igniticon of high eXplosives, and a functioning
igniter. Bgullibrium chemlcal computations have recently been begun on
the pyrotechnie torch to obtaln flame compositlons and temperatures. The
results of theze calculations, and their explanation of the change ln
toreh function with composition, will be discuszed.

INTRODUCTION

The evaluation of the propertiss of ensrgetic materlzls, such a3
burn rate and 1gnition, ia of primary lmportance in underatanding their
reactions and how devieess sontaining them perform their function. We have
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recently applisd high-speed photography at rates of up to 20,000 images
per second to this problem., When a copper vapor laser is synchronized to
the high-apeed camera, lasgr-illuminated images can be recorded that
detail the performance of a component in a manner never before possible.
The copper vapor laser uszed for these experimentz had an average power of
30 watts, and produced pulses at & rate of up to 10 kHz. The 30
nangsecoend pulsewidth of the laser gssentlally freszes all metlion in the
functioning component, thus providing stop-action picturea abt a rate of up
to 10,000 per second. Each laser pulse has a peak power of approximately
174,000 watta, which provldes ample illumination for the high-speed
photography. Several ensrgetic materials and components have been studied
with this technique, and the high-speed films will be shown 1n this
conference, The materials and componenta shown will includs a pyrotechnic
torch, laser ignition of high explosives, and functioning pyrotechnic
ignitera.

EXPERTMENTAL

The sxperimental configuration used to record the high speed
photographs of the energetic materials and components is shown in Figure
1. Modifleations to the ar=a lsbeled "0ptics" are made depending on the
experiment and the infermatlon socught. A4 typleal arrangement that
compressea the laser beam Into a sheet to Illuminate the area above a
functioning component is shown in Figure 2, The laser sheet is formed
with a spheriecal-cgylindrical lens comblpation. The focal lengths of the
two lenass are chosen to form the desired height of the sheet and to focus
it at the appropriate point. After the laser shest passes agross the
component., a portion of 1t 12 captured with 2 right angle priam and folded
back around te llluminate the functionlng component. The sheet lighting
is a partlieularly useful technique for filming functioning components.
When the laser sheet I8 paased over the penter of the component, the light
scattering from the smoke and particulates In the flame providea a
¢roaz-sectional view of the inside of the flame, During an experiment,

the camera drilves the laser with an approprlate delay that is set to a
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predetermined value depending on the camera speed, This ensures that when
the laser pulse is at the experimental point, the camera shutter is open
and the laser-illuminated image 1s recorded. The shutter 13 apen for cnly
a few microaseconds, so the timing must be Quite preclse. The choice of
camera lens, filters, film speed, and f stop are dictated by the
experiment. For most experiments, unless there is an uncommon amount of
gelf-11lumination from the materjal or copponsnt, the f atop Is ast wide
operi. The camera iz a rotating prism camera that pravideé oane trigeer
pulsé per frame. When an eight-sidsd prism 13 used in thls camera, full
frame images are recorded. For this work a sixteen-alded prism was used,
and two images were recorded per frame. Since there iz only one trigger
pulas per frame, one of these images is illuminated with a4 laser pulse,
the other is not. This provides a dipect comparisot between laser and
nonlaser-illuminated images and clearly showa the usafulness of the laser

for this type of photography.

HESULTS

The resulis from several different types of experiments are shown on
the accompanying videotape. The high-zpeed fllms were transferred to the
videotape by a speclal progess, allowWwing vz Lo eXaming the experiments one

image at a time without exceaslve wear on the original filnm.

The pyrotechnic torch was filmed at a rate of 8 kHz, because of the
high speed at which the torch functicned. The sheet lighting through the
torch flame clearly showad the internal structure of the flame during the
initlal stages of lgnition. A phokograph of the tenth frape of torch burn
iz shown in Flgure 3. The laser {llumination ¢learly showed the
differences between hot and c¢old particles that were emitted from the
torch. The cold particles, or unburned sclids, were green from the
acattered laser light. The hot particles appeared white to yesllow
depending on thelr temperatures,



Figure 3.

Pyrotechnie toreh flame.

Left image is laser-illuminated.



In an attempt to galn insight into the processes causlng the effecta
ohagrved with the modified torch, equilibrium chemical computations were
mads to obtain flams compoesitions, temparatures and aasoclatsad pressures.
These computations were mads using the NASA Lewis Chemical Equitibrium
Code {Ref. 1). The two most significant observabtions were the flame
oaclillationa and the bulldup of solids at the nozzle. The fuel in the
torch consists of a small amount of lgnition mix (B/CaCr0L4), a tranarer
pellet made up of magneaium, C-H-F compounds and red lead oxide apd an
cutput pellet made up of aluminum, potasaium perchlorate, nlckel oxide and

C-H~F compounds. The compesitlona are shown in Table 1.

Table 1
TOGRCH COMPOSITION

Transfer M1x Output Mix
b3 3
Magnesium 4e Aluminum 24
Halion 22 . HCIGH 32
Red Lead 12.09 NiC 2 3¢
Fluoral 3.75 Flugﬁel 6
Halon &

The medifications consist of the addition of 7% each of silicon and
cupric oxide to the transfer mix., Flame temperatures obtained from the
equilibrium computations for the cutput mix are shown in Figure ¥ where
the flame temperatures are plotted against Oxidizer-Fuel ratios (0/F).
Aluminum i# conaideresd the fuel whiie the remdining materials are
considered oxidizer. The O/F ratio as used is 2.66 and ratios on either
slde are plotted to show the effesct of compositional changes. The
temperature at O/F ratlo 2.66 {s 3750 K. The maximum flame temperature 1ia
not obtained at this ratfc but at about O/F = 4.0 where the temperature is
about 3060 K., It is assumed that the transfer mix contributes to the
overall process but not completely. It is not known how much transfer mix
is consumed during the reaction process, There is often some transfer
peilet remaining after reagtion. The effeset of adding transfer mix to the
cutput process 1a to lower the [lane temperature. This effsct is shown Ln
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Figure S5 where varlous welght % of transfer mix is included in the
process, A coensiderable lowering of temperature ila observed when 25%
tranafeﬁ nix is added. At 26% the temperature la 2900 XK. The effect of the
addition of s={licon to the transfer mix is shown in Figure 6. This figure
shows the effect of the addition of the modified transfer miX to the
autput mix, The effect on flame temperature 1s warginal in the case of
siiican. A very small increase In temperature is caleulated. The effect
of the additlon of ¢upric oxicde to the ftransfer mix 12 shown in the =ame
way in Figure 7. The effect i2 & larger lnorease In flame temperature.
While the effect of the 51 and Cud additivez appear to be rather marginal
as far a2 equilibrium effecta are concernsd, the general lowering of the
flama temparature by the transfer mix may be significant and servas as a
poazible mechaniam for the observed flame ozclllations,. Inltially, in the
courae of events, the transfer mix reacts without producing large amounta
af gaa and producea ralatively low temperatures as compared to the cutput
mix. Aa the output mix burna, higher temperatures are produced. With
increasing temperature the transfer mix could well contribute in&reasingly
to the flame process and tempsrature, &nd in the process bring the flame
temperature down. Thess alternate processes could explain the observed
flame oscillatlons. Further insight would be cbtained with f'lame
temperaturs measurements and spectroscopic measurements of flame

composition.

A second example of this technique was to observe the laser

interaction with 2 high explesive up to the poipt of ignition, The entire

beam, with an average power of 30 watts and a 6 kHz pulse repétition-rate,
was focused onto a small pellet of the exploaive hexanitroatilbene (HNS)
for these experlments. There wza enough acattered laszer light from the
focused spot to illuminate the region above the peillet., Figures & and 9
ahow HHE just prior to fgnition and juat after ignitioﬁ. raspectively.
Clouds of explosive vapor or condeneable decomposition products were
alearly visible above the HNS pellet in Figure B. #hen the pellet
ignites, it burns with 2 flame that is zbove the surface of the pellet, as

showm in Figure 9.



A final ¢xample of this technique shows two different 1gniters while
they are firing. The experiments were performed Lo aee the effects of
different types of closure dilsks on the devicea. The two igniters
fuctioned very differently, which is clearly ssen from the fllms. The
elosure disk that gave little confinement had very little combustion of
the pyrotechnic materials as they exited the device. The ¢loaure disk, or
pleces of 1t, could clearly be seen moving away from the devioce as 1%
functioned. The other component had a closure disk that confined the
prrotechnic material to & greater degree before Lt ruptured. The effect
of thiz conflnement was clear from the filma. The pyrotechnic materlal
was burning as 1t left the device, and there was considerably more
self-illumination. Photographs taken from the fifth frame of the
high-apeed films of the two components are shoun in Figures 10 and 11 for
comparison. It was very obvicus that the increased confinement made the

component function more vigorously.

CONCLUSION

The value of the copper vapor laser to illuminate and photograph the
reactiong of energetic materials and componenta has been demohatrated,
The structure of the 'lames from the components ia clearly vislble and
ahould be of Interest %o those persona medeling thease reactiona. By
comparing the laser-llluminated lmage tc the image that is only
aelf-illuminated, information onh the character of the flame could be
determined. The difference between hot and cold particles, for example,
was clearly visible. The calculatlons performed on the torch have given
soma insight into the function of this deviece. Additional insight into
the perforpance of this and simllar devices could be ebtained with
spectroscople temperature and composition measurements. Simllarly, it
would be of conasiderable Iintareat to probe the region directly above the
surface of the burning pellet of HNS with laser spectroscople technigues

te deterning reactive intermediztes lpportant to the combustion.
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Figure 8. HNS prior to ignition.

Figurs 10. Igniter with elosure disk
that provided littls confinement.
Image is laser-illuminated.
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Figure 9. HNS after ignitlon.
Left {mage is laser-illuminated.

Figure 11, Igniter with closure
dizsk that provided a higher
degree of confinemsnt. Left
ipage 13 laser-illuminated.
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