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Deprescurization Extinguishrent cof Coumposite Golid Piropellants:

Flae Structure, Surface Characteristics, and Restart Capability™

By

J.A. Steinz and H, Sclzer+

ABSTRACT

During a rapid depressurization, the intensitics of several spectral lines
and the pressure are reasurcd, sirultaneous to the taking of hign speed
movie phctographs of the propellant flare, The quenched surfaces of all
sarples are analysed with a scanning electron microscope., The 24% carboxyl

“terminated polybutadiene + 76% 25p ammonium perchlorate propellant
'extinguishes permanently for initial depressurization rates excecding

‘ca. 7,5 x 10° atn/s, when the initial pressure is 45 atm, At the highest

- ———

‘depressurization rates (> 16 x 103 atm/s), the pascous flare quenches
'immediately due to the adiabatic expansion, Lower rates of fall in

pressure (7 x 103 to 16 x 103 atn/s) allow a second flame to develnpe
after S - 7 ms, the relaxation time of the solid phase. This new flare

is irregular and partiallv consures the AP particles available on the
propellant surface, depending on the irmposed dP/dt. The driving mechanisn
is far from one-dimensional. The new flarme goes out oniv at the end of

the pressure transient, The restart capability of the propellant is

most favorable when the imposed (dP/dt), is considerably above (twice)
that required for permanent extinction. The reduction of pressure is never

1 an exponential function of time throughout the transient, Increased AP

particle size of the propellant yields qualitatively similar results.

Other methods of extinguishing a propellant flame give quenched surfaces
with drasticallv different structural characteristics., The investigatien
shows that previous one-dimensional and/or linearized thories of propellant

lburning can not be valid for the phase where the new flame is developed.

‘Presented before the 13th International Symposium on Combustion, Salt Lake
" City, U.S.A., Aug. 23-29, 1970. To be paper for "Combustion Science
and Technologv'" - .
This research has been sponsored in part lythe Air Force Office of
Scientific Research through the European Office of Aerospace Research,
OAR, United States Air Force under Contract F6lo52-70-C-0013

* Deutsche Forschungs=- und Versuchsanstalt fir Luft-u. Raurfahrt e.V. (DFVL.P)
Institut £ir Chenmische Raketenantriebe, 304l Trauen u,Soltau/Hann,, W,GERMANY

| .




’
t

i

.
i

1. INTRODUCTION

The ever increasing tendency to use s0lid propulsion uaits for space
riissions crphasines the need for improved eccononical design to control
the instant of termdnating the thrust. In some cases it is irnortant
also tu be able to reignite at a later tiie, Quenching with a liquid
has mechenical complications and the unattractive feature of requirirg
extra ballast., Wren a rocket is to be fired onlv once extinction by
depressurization is the most practical., However, for a second firing,
devices rore ingenious than blowing off the rear end of the rocket iust
be found. Of imncasurable help to such developiental work is an under-
standiny that predicts as a function of all the irportant parareters,
the depressurization rate required to cause extinction and yet leave the
propellant surfacze in a state allowing easy reignition.

Host of the work done so far for elucidating the rapid depressurization
extinguishrent process was in the form of paranetric extinguished/nct-

-extinguished typ? studies. In paraliel, theorctical efforts were nade te

predict these findings. The theorectical rodels were largely based on
knowledge pained of the flame structure during steady state burning.

II. FINDINGS FROM EARLIER WORKS

The main considerations emerging from numerous recent studies (1-13) of
the depressurization extinguishment phenomenon are:

The flame of an ammonium perchlorate (AP) composite sol:d propellant
has two exothermic gas phase reactiou zones. Both of these are fast

" compared to the depressurization rate typically required to extinguish

an AP propellant, The characteristic time for such an imposed pressure
transient is 10~¢ sec or nore; the order of magnitude characteristic
times of the thin AP decomposition flame and of the ensueing thticker
binder + AP diffusion flame are 10”7 sec and lo~5 sec, respecrively.
The solid phase heat-up zone with a time constant of about § x lo™9 sec
is too slow to be quasi-steady. Because the slow responding solid phase
is the boundary to the gaseous flame, neither the burning rate nor the
conductive heat feedback from the flame is quasi-steady. Even when we
consider the surface layer of the solid thin enough to be quasi-steady,
as is probably the case, the heat transfer through that layer can not
be quasi-steadv.

Previouslv proposed theories of dynamic burning, for cases where the
imposed ressure excursions are_; rge, have been adequately reviewed by
Culick (1) and by Herk% 55 {2) . As nointed out by these authors,

most earlier’ theories suffer from either incorrect usage of the
quasi-steadv approximation, or linearization of a problem that is not
linear, or disregard of sore fact about the flame structure known to be
important, i.e., the influence of AP particle sze, Merkle sought to

avoid thece ?igficulties and in so doing, rodified the granular diffusion
flame thecorv'8’) for the nonsteady situation. The extinguished/rot-
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extinguished predictions as a function of ell the irportant propella*t
parameters were the mest successful of all theories proposed so far,

That success is partially due to the fact that the weasured pressurce
transient was taken as imput to the theory; the flare behaviour was

not coupled to the gasdvnarics of the corbustion charber, Sore interesting
outcomes of the theory are: (a) extinction tends to occur near the end

of the transient, (b) the burning rate falls rmonotonicaily with reduction
presstre, ana (c¢) the rate of chemical reaction becones more important

in controlling the rate of the diffusion flame the faster the rate of

fall in pressure. Another interesting approach is that of Zeldovich,
Novozhilov et al, recently taken up by Surmerfield et al (9). It ains

to circumvent the need to know the details of the gaseous flame structure
by inferring the conductive heat flux from the gas phase using experirentalily
deternmined steady state burning rate measureients. The heat flux into the
solid phase, the surface boundary condition,is then known for the

- transient situation; as.long as the gas phase rerains quasi-steady it

provides the same flux for thc same pressure and burning rate. The
extinction critsria subsequently developed are based on perturbational
considerations. As with previous linearized theories the rarameter value
predictions tested give the right trends. However, as indicated below,
extinction often depends on the entire history of the pressure transient;
for instances where the flame quenches near the end of the transient

such linearized theories can not hold,

Depressurization extinction data have for the most puart been correlated

by plotting the initial pressure (P_.) against the initial depressurization
rate. The relationship was always linear. This relationship can naturally
only be accurate when P, and (dP/dt), specify the entire pressure curve,
i.e., when the chamber L¥ remains constant and when the variation in the (1)
rate of gas Er?duction by the propellant is not excessive. Thus, Ciepluch ~
and Jensen (1!’ found that nerely incr?as§ng the back pressure rakes extinctic:
markedly more difficult. Also, Jensen 11) and Merkle {2) notea that
combustion chamber geometry (L? ) has a profound effect. Nevertheless,

until the extinguishment process is understood with sufficient dectail,

the (dP/dt) -(P), correlation remains helpful. '

The many performance type extinction tests (Refs. 2-11), particularly

those of Jensen and of Merkle, show that an AP composite propellant is
harder to extinguish when: (a) the AP content is increased, (b) the AP
particle size is reduced, (c) the percentage of AL powder is increased,

(d) Al needles are introduced, and (e) copper chromite catalyst is added.

The binder type has comparatively small effect on the extinguishrent
behaviour. The causes of these small binder effects have not been identified.

Very few detailed measurements of the flame behaviour during the course
of a rapid pressure reducticn have been made. There is still ambiguitv

as to whether the burning rate behaviour during the pressure fall is
monotonic, how the flame structure alters itself and what its effect might
be, and whether extinction can be so accorplished to make a restart
easier. Shelton's (12) microwave measurcrents can not be highly accurate
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but they do surrest thay 'gve‘al swinms in the burning rate are possible,
Baer, Schultz and Ryan 13) rade in{rared spectroscople reasurcrents of 1
the €O,y and qu bawds and concluﬂcd that 1nltia1L thc f”el/OAidjaUF

aga)n and rLacth a maximun. T1r c1rl‘v"t tota‘ Juminous 1ntcnsxt« reasuri~
ments rade by Ciepluch (1o) show also that the gas phase fla.c can

redevelope once. Our work is directed at thete questions. We do this by L
taking intensity reasurecments of several spectral lines togethcr with
high speed movie photographs and then we exanine tiic qQuenched propellant
surface with a scanaing clectron microsccpe.

III. APPARATUS AND PROCLDURES

.

The experimental set-up is shown schematically in Fig. 1. The pressure
vessel, capable of operating at 200 atni pressure, consists of two quart:
side-windows, a nitrogen inlet port, two small side-vent nozzles, and a
large pressure release nozzle that is kept closed by the double diaphrar-
device until when the rapid depressurization is to occur. In an actual
test the nitrogen is allowed to flow past the propellant strand until
just before (~50 ms) the two burst discs blocking the main nozzle are
broken by releasing the preset pressure in the cavity between these
descs. The morent of opening of the main nozzle is controlled to occur
soon after the solid propcllant comes into the field of view of the
camera and of the spectrograph. The depressurization rate is varied from
test to test by changing the diameter of this main nozzle.

The propellant sample is 1,5 cm thick and the faces viewed by both the
camera and the spectrograph are 2,5 ¢m x 3,5 c¢m. The camera and the
spectrograph respectively see a zore of length 1,5 cm and 0,5 em in the
propellant flane. A planar regressing surface is achieved by cocvering
the ignition surface with a fast flashing raterial that is in turn
ignited by an electrically heated nichrome wire. The side surfaces of
the sarple are inhibited by leaching with water and then convering with
a film of silicone oil.

The entire electronic system for all measurement signals has been layed
out for a frequency response of 2¢ kHz. The piezoelectric pressure trans-
ducer is water cooled and has its diaphragrm mounted almost flush with
the inside wall of the combustion charber. The spectrograph, Hilger and
Watts type E 498, has been modified so that the intensities of the 0H,
NH, CN,and Ma lines can be measured individually with IP28 photorultipliecs,
The maximum bandwidth of each of these lines is 8o R. For comparative
purposes, the intensity of a spectral window of similar bandwidth in
the carbon continuun range at 4880 R is also measured. All these DC
signals are arplified and fed into a high frequency response tape recorder
for later replay into a galvanometer recorder. Replay is at loo - 200x
expansion of the time scale. .
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All extinguished sarples were photographed at high ragnification (up to

2000 %) using a scanning electron nicroscope (SCHM), Carbridpe Instrurtents
Co. (MK 2A). To obtain pictures with the highest quality, these sanples

were first prepared by vaporising a thin composite laver of graphite-
fold-graphite into the surface, On accasion, stercoscopic photos were

also rade to helo in the interpretation of difficult cases. Wherever,
possible, the exposed AP particles were reasured to determine the AP
coverage arca and the AP particle size distribution. At least looo particles
were reasured to determine each distribution curve.

g
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IV. EXPERIMENTAL RLCSULTS

The results of this paper are for a 76% AP propellant with 2u% carboxyl

) : terminated polybutadiene binder (PBCT), Two propellants were chosen, one
with 25 p rean AP particle size and the other with 200 p mean AP size,
both determined by sieve analysis. This size distribution of the forrer is
relativelv broad (about lo% by weight of loo u AP particles exist in the

distribution). Both propellants were supplied by Bayern Chemie GrnbH of
W, Germany.

e e e

} In all the tests of this study, the pressure just before the onset of the
' depressurization was adjusted to 44,5 + 2,5 atm. These slight variatiors

! in initial pressure (P,) were removed in the data reduction by normalizing

all pressures with respect to this P,. The exhaust pressure is constant

) b at atmospheric pressure,
i The spectroscopic measurements of this study are Ior a zone of dimensions
t : 0,5 ¢n x 0,02 ¢m in the gasecus flame. The height or this measurement zone
g :
I3

is 0, ¢m to 0,3 cm above the propellant surface when 1lis depressurization
starts,

3 The tests conducted in the series for the propellant with fine ground AP
, are summarized in Table I, The connection between the many different

' 1 ' measurements of each test is best followed when the descriptive secticns

' below are kept in reference tc this table., All tests are identified by

r E their initial depressurization rates, (dP/dt),.

é . (a) Measurerents from a Single Depressurization Test

Fig. 2(a) gives the measurement traces obtained in a test with the highest

: imposed depressurization rate (25 x 103 atm/s) of the series for the 25 q 7
AP propellant, Included is a movie sequence of the flame behaviour, This : 1

measurerent trace shows that the Na intensity, an indication of the
. ; temperature of the gases, falls to zero within 1 ms. The ratio of
r ¥ instantaneous pressure to initial pressure (P/Pg) at this tirc (Iy. = 0),
> is 0,66. A series of rarefaction and compression waves reflected back
and forth in the combustion charber is 1ucugnizable in the initial part:
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TABLE 1 SUMMARY QF DIPRESSURIZATION THSTS FOR

, : 24 % DICT + 76 % 25 p AD PHOPLLLANT
. (gr/dv)ofpo (P/1o) | RELEVELOR} D PIRNANENT | (UENCHED SaMiLY j |
- (atm/s) [{(atm)]at IN-\'O FlAME? _EXTINCTICR Y STRUCTUIL T 77 T T T ARLA FEAUTION I
¢ & FSTART[  LhDL COVERED 1 o) !
K tms) | (ms) [
B [
; 25x10° | 47 10,66 NO O YES EXEOSED AD 0,70
1
' 25x10° | 47 0,60 NO KO YES EXFOSED AD N1 MEASURLL
v . . Y
| 16x10° | 45 {0,75 8(?) [13(?) YES | CENTER:FXIOSUD AP 0,43
. EDGES:LISS AV I T
| 13x10° | 42 0,78 5 30 YES CENTER:LINS AP codn |
FOGES: NAINLT HIOLES 9
13x10" | a5 |o,74 5,6 | 33 YES CENTER:LESS AP G 48
. . EDGES:ONI.Y TICLES )
i 3
; 8,2x10° | 46 lo,s0 ) 39 YES ONLY HOLES 0
! ¢
} ; 6,7x10° | a5 0,77 4,5 | 62 NO - -
H
3
! 2,6x10 2 |-- FLAME STAYS NO - -
H

e et mem— e ttmam eme o= s - - S - Tt ecmemwitaseg . - - — 1

of both the pressure and Na intersity traces. The jumps in the I' and
Iya traces are of opposite phase because the flame zone and pressure

transducer are situated on opposite sides of the chanber; the approximately Y
0,2 ms period corresponds to the theoretical value for a chamber of lo c¢cm
length. !

The intensity of the carbon continuum lags ¢,8 ms behind that of the Na
line. In a general sense, the CN intensity follows that of the Na;

the temperature sensitivity of this radicle emission is, expectedly,
very strong. The NH and OH intensity measurements have no fundamentel
meaning for the present test series because these lines for this
underoridized PBCT propellant are toc weak to be measured (confirrmed by
independently taken spectrographs). The slight intensity shown by the
NH trace is probably due to carbon continuum whose radiation reaches
the 336 nn wavelength range (also indicated by the spectrographs),

—— —
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(b) Reproducibility of Results < : ;

Fig. 2(bd) shows the measurement trace and movie sequence obtained for

the same conditions as that of Fig. 2(a). The measured (dP/dt), is now

23 x 103 atm/s. Eventhough the (dP/dt), can be only determined with lo%

accuracy, the hooimaiized parvssure traces ¢f beth tests are identical .
~(see Fig. 5). :
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The reproducibility overall for the aboye very fast depressurization is
very pood, Figs. 3 and S show the reproducibility for a slower depressuri-
zation rate (13 x lo3 atn/s) to be less gpood. As is to he showm later,
this is due to the developrent of a new flase that is irregular for
interrediate values of (dP/dt),.

The reproducibility of the surface structure oY quenched samples is to be
discussed in part (d) of this section,

(c) Effect of Depressurization Rate : .

The (dP/dt), was varied over an order of magnitude from 2 X 103 atw/s
to 26 x lo3 atm/s. Figs. 2 and 3 show some of the traces obtaines.
The results are summarized by Table I and Fig. 5.

For (dP/dt), > 16 x loa'atm/s, the flam~ intcnsity falls to zero within
the first milisecond. The same is true for still lower values of (dP/dt)g.
However, then, a second flane developes aftcr about 5 ms. This new flawe
does not go out until the pressure has just about cqualized with the back
pressure; the difference between the extinction pressure and the exhaust
pressure can not be detected with accuracy. For (dP/dt)y < 7,5 x 103 atn/s,
the newly developed flame does not go out at all; the propellant burns

up completely. In these cases of low (dP/dt),, the flame intensity does

not quite reach zero in the period 1 ms to 5 ms. However, it is significantly
reduced, Except for these two slow cases, the ratio (P/P,) at which the
flame intensity becomes zero, falls between 0,60 and o,Bo,

The log [(P-Pf)/(Po-Pfi] vs. time plots of Fig. 5 show that in no case
is pressure variation an exponential function of time. Only in the cases
where no new flame developes can a straight line be drawn to a portion
of the curve¥, Otherwise, there is a strong tendency for the pressure to
oscillate as it falls. .

' (d) Surface Structure of Depressurization Extinguished Samples

Figs. 6 to 9 sumnarize our observations of the structure of the quenched
propellant curface as a function of the initial depressurization rate.

In our description below we concentrate on the characteristics of AP
particles whose order of ragnitude is 1 - 20 u. The very few large particles
noticeable arc the exception and are therefore nct inportant fron on
overall corbustion mechanistic standpoint, Moreover, their appearance

is generally the same regardless of the depressurization rate,

N ~

*The concave upward shape of the logarithmic pressure-time curves during ’ !
the first few nmilliseconds is not likely to be due to the influence of \
sone srall redidual N, flow (that soretircs is evident from the fact that
the flame temperature of the redevelopeZ fla.e goes a little above the
steadv state value); .2 shutiing tirme of the N, supply valve is not
reproducible to within the millisecond, yet che riptelucibility of the
pressure-tive traces is reproducible to ruch greater accuracy. .
Tests are planned that avoid th: No-flow completely. They will settle
any remaining doubts,
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Fig. 6 gives several mapnifications of the geonetric structure of a saple
extinpuished with an internmediate (dP/dt)° = 13 x 103 atw/s,ic., for the
casc where a sccondary irrepular flare was developed (see Fips. 3 - §),
Two vastly differaent structured surface-types exist depending on the
location on the sample surface. The region in the middle of the sarple

has clearly defired AP particles sticking out above the binder surface,
However, around the edges of the sanple only the cxceptional exposed AP
particle can be Ziscerned; in the rmain, there are holes out of which the
AP particlec have apparently been burned. The outer region of the burned

surface is situated below the central portien, as if a flame had preferentiall:

consumed it. The difference in height of the step at the transition zone
(rneasured with-an optical microscope) is 75 K+ 25 p, In the case of
this test, the redeveloped flame burned for 25 ms. If we assume that
this redcveloped flame caused the step in the quenched surface we note
that the average burning rate must then have been about 0,3 cn/s. This
value has the right order of magnitude.

Fig. 7 shows the effect of varying (dP/dt),. The middle set of pictures

is of the step transition zone for the intermediate (dP/dt), case
described above. The step is well defined and the dramatic change in

the character of the surfacc is also obvious. The other picturcs are for
the extremes of high and low (dP/dt),, for which quenching was still
possible. In both these very high and low (dP/dt), cases, the microscopic
structure of the surface remained the sare across the entire surface,
including the regions near the edges of the sample: at the high (dP/dt), =
25 x 103 atm/s, partially exposed AP particles are seen; at the )ow
(dP/dt)y = B,2 x 103 atm/s there are only holes, The region at the edges
of the intermediate (dP/dt), = 13 x 103 atm/s sample is like that of the
low (dP/dt), case and the central region is like that of the high (dP/dt),
case, only now a larger fraction of the burning surface area occupied

by the exposed oxidizer particles.

Fig. 8 is presented to show the reproducibility of the quenched surface
structure at the same intermediate (dP/dt),. They also to show the
alterations in structure caused by changing (dP/dt), slightly. Fig. 8(a)
is a new test for (dP/dt)y = 13 x loJ atm/s, the same condition as that
of Figs. 6(a) and 7(b). The results are gualitatively the same. Comparison
of Figs., 8(a) and 8(b) show the alterations caused by an increased
(dP/dt), of 16 x 1o3 atm/s: the central portion locks that as that for
the (dP/dt)y = 13 x 1e3 atm/s case of Fig. 8(3), the region around the
edges has some AP particles exposed (the 13 x 103 case does not). The
redeveloprent of a flame can only barely be detected (see Fig. 5(a) ).
in the case where (dP/dt), = 16 x 103 atn/s. It is of low intensity and
short-lived (perhaps S ns. as opposed to 25 ms for the previous cases).
Thus it is clear that the oxidizer particles in the regions near the
sample edges could only be pavtidlly consuned, The conclusion is better
proved by the AP partxcle size dxstributxon measurements of tne next
section. . .

It is important tonote that all the high magnification SEM pictures of
Figs. 6 to 9 show the binder surface to be smooth. The icpression is that




R

T

o

I Y TITI P NPT L CE VG T Y e 11y

" W IRy

P

T S

R G ] o p g e I

‘W ~ e

-

it was molten. Hewever, this rolten layer is no thicker than a few nicrsns,
Only in isolated instances could flakes of bLinder be identified. Stercos-

copic SEM pictures showed that these few exceptional flakes reach far out
above the propellunt surface,

{e) Sizec Distribution of AP Particles on Depressurization Quenched Sarnles

Wherever exposed AP particles could be identified, the size distribution
was measured and then plotted in Fig. 8, as cunulative exposed AP surface.
arca verses AP particle diareter™. Because rost of the surfaces of Figs.6-8
were devoid of AP particles, only those identified as samples B, C,‘E,

and F could be measurcd i.e., those not significantly, or not at all
disturbed by the developrent of a secondary flare.

Fig. 9 (sce also Table I for summary) shows that the propellant sarple
extinguished at the highest depressurization rate irposed (25 x lo3 atn/s)
has the largest fraction of its area covered by exposed AP particles.

When the depressurization rate is lowered to a value just low enough that
a nevw flame barely developes, i.e., (dP/dt), = 16 x 103 atm/s, the AP
particles on the surface are apparently partially consured. The consurmtion
around the edges is significantly rore than in the center of the sa:ple,
Further lowering of (dP/dt), to 13 x 103 atr/s leaves the center of the
sample with about the same coverage as for the case (dP/dt)y = 16 x 103
atm/s. However, around the edges all AP particles have been burned out

of the surface and only holes remain. Finally, at the lowest (dP/dt),
where perranent extinction is possible (8,2 x 103 atm/s), even the central
regions of the sanple are devoid of AP particles.

The above reasurements of AP surface coverage, in conjunction with the
previous SEM picture series, clearly shows that when the redeveloped flarme
occurs, it preferentially consumes the AP and does so from the ocuter
regions of the sample inwards. It implies that the oxidizer/fuel nrixture
ratio of the flarme changes and is higher than during steady state burning.
It s interesting that the mean AP particle size remains the same despite
these variations,

‘ {:é: (v, dl)g/{ g;m(hd A )% vs. (lo,é A )

where ngq is the number of particles of diameter d .

This method of representation is a relative indicator for the AP to

- binder gasification area and hence the oxidizer/fuel mixture ratio of
the gaseous flarme. Distgriions from the real oxidizer/fuel ratio are
of course likely because of the obvious 3-dimensional character of
the quenched propellant surface on a microscopic scale.
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Thare was sone difficulty neasuring the particles of the highest (4P/dt)
case becauze they tended to rerpe with the currocunding :olict Liider,
This may be reason whv the wnecasured Al coverage fraction seems a little
high in this case. The situvation is being re-analysed.

(f) Effcct of Oripinal AP Particle Size in Propellant

The previous depressurization extinguishment series has hcen repeated
for the sare propellant type except that now the averapge AP particle
size is far larger, 200 p. The results are generally speaking gualivativel:
the same., The initial depressuriraticn rate required for extinction is
about the sa:e as thar for the previous srall particle size propellant.
For the larger particle size propellant, a flave ‘alse redevelcpes at
the lower iiposed initial depressurization rates but it is lecss intense
and only persists half as long as it does for the fine AP propellant
under the sarme conditions. Two SEM picturc series of the hignaest and
the lowest imposed depressurization rates (sce Fig. 1lo) show that the
parts of the extinguished surface area between the large exposed AP
particles have the sane general characteristics as those previously
found with the srall particle size propellant. The large particles
regress flush with the surrounding rolten binder. They show no signifi-
cant alteration in appearance when the depressurization rat. is varied
over the range investigated. More detailed analysis is nece: sary.

A wide variety of methods of extinguighing the propellant fiame were
imposed: (1) blcwing nitrogen at -190 C; (2) blowing nitrosen at +20 C;
(3) blowing preheated nitrogen of unknown temperature; {4) allowing the
propellant to burn out on a metal plate; (5) reducing arbieit pressure i
to below the natural low pressurc extinction limit of the p~opellant.

The surface structures obtained by these nethods for both the 25 u and

the 200 u AP propellant types are shown in Figs. 11 to 13.

Inspection of the set of pictures in these figures allow scine interesting
observations., None of the five quenching methods tried give a surface

structure that is similar to those observed when quenching by rapid
depressurization. Of these five methods, blowing with N, au teérmperatures

below 20 C appears to quench the flare most effectively; the quenched

surface is smooth, though the ridges could have been formed by the nitroge:
forcing the rolten binder to flow for a short time, The 3 other quenching
rethods allow post-reactions to continue long enough that deep holes

are bored into the quenching surface, Again, AP is preferentially "
consumed during the quenching process. The depth of the porous layer

formed seers srallest when preheated nitrogen is used and is the largest

when the propelint is extinguished by reduction of pressure below the

lcw pressure limit,
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V. DISCUSSION AND CONCLUSIZ!S

The experirental observations of the previcus section isll fall inte a
consistent picture:

(a) It is shown that on)v for the tou.t rapidly irposed initial depressuri-
zation rates (16 x lo° atn/s), does the paseous flare querch within
the earlicst purt of the pressure transient, This usually occurs within
the first few nilliscconds but in any case, when the pressure has
rcached the value (P/Py) = 0,70 + o0,lo. Thoush, as evidenced b, the
strong influence on the {lare intensities of the irpinping rarefactien
and compression waves, adiabatic expansion is the rain cause for the
reduction in flame intensity, it is not the full explanation;

the fall in temper?ture from 19%50° K (the adiabatic flare tenperature
of the propellant 2,13)) 1o about 1600° K (the terperature where a
flarme generally looses its luminous intensity) due to the reduction in
(P/Pgy) from unity to 0,70 + o,lo, car only be cxplained on the basis

*of adiabatic expansion when an unrealiistically srall of & (the specific

heat ratio) is assumed. Adiabatic expansion rust cause the terperature

to drop sufficiently to quench the chermical reactions prevailing and

then the terperature drops even faster., This contention is not surprizirg.
It is supported by the observation that the intensity of <he CN radicle
always drops far faster than that of the Na line. The intensity of the
carbon continuum usually laps behind by 0,7 - 1,0 rs, The cause is liwely
to be in the therual inertia of glowing carbou particles,

(b) When the initial depressurization rate is 16 »x 103 atm/s and lower,

a new flame alwavs developes after $ to 7 ms, approxirately the ther-al
lag time of the solid phase. The observation is well cxplained by the

fact that the gaseous flame, being quasi-steady, quenches in accordance
with the instantaneous pressure, However, the solid phase needs a

certain tirme to adjust to the new conditions to supply the necessary
corbustibles for a new flame, The gases must still be hot cnough to

allow ignition of these corbustibles if a new flame is to form, i.r.,

the (dP/dt), may not be above 16 x lo3 atn/s in the case of thc propellant
studied here.

(c¢) In case where the new flame is formed, it is irregular and prefers to
sit nearer the edges of the propellant sample¥; only for (dP/dt),< lo x lo3
atm/s does it spread over the entire surface area of the sample. The SEM
investigationa show fiat the redeveloped flare preferentiallv consunes

AP from the surface of the propellant. The implication is that the
oxidizer/fuel ratio of the new flare increases, Rvan et al's infrared
spectroscopic reasurements (13) of the Hy0 and CO, bands indicate that
the oxidizer/fucl ratio increases for the first lo to 20 ms and then
decreases afterwavrds. This reduction of the O/F rixture ratio is perhaps
the cause, in our results, for the lowering of flame intensities con-
sistently after lo - 15 ms,

This preference is unexpected end curious. The cause for this Lehaviour
oustl stiil be found. .
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(d) The lack of AP particles in samples quenched with lower depressuri-
zation rates indicates poorer restart capability. In the case of an

actual rocket rotor application, the mediun depressurization is preferadble
for extinction for two reasons: tc extinguish safely ard yet leave a

fuel covered surface which can not easily be reignited by some hot parts
of the rotor case., Experitents desigmed to deternine the energy recquired
for a reigniticn are nceded to see whether the consideration is of
practical irportance.

(e) ¥When the secondary flare developes it only extinguishes near the very
end of the pressure transient when the presure is hardly discernable

from the back pressure. Thus, the imposed (dP/dt), alone can never be
used to predict all the extinction characteristics of a propellant if

the behaviour of the 1edeveloped flame and its concomitant transient
mixture ratio changes are not accounted for.

" (f) The variation of pressure is an exponential function or tire only

after the fist 4 to 5 ms of the process. Puring the earliest portion of
the transient the log (P) vs. t curve bends concave upwards. This is best
explained by the fact that the mass flow through the choked nozzle is
inversely dependent on the gas tesxperature; this temperature falls fast
during the first few milliseconds,

(c) The propellant with 20,u mean AP particle diameter does not extinguish
for (dP/dt)o~< 7,5 x 103 atm/s. This limit is similar for the larpe
particle size propellant. The approximately obtained critical extinguishing
(dP/dt)o agrees well with measurements of the same propellant type

obtaived by other investigators (2,13),

(h) The method of extinguishing influences strongly the overall characteris-
tics of the quenched surface. Methods other than depressurization at very ;
%igh rates can not be used to infer the structure of the surface during :
steady state burning. The other methods often relied upen cause distortion

of the surface or allow post-reacticns that lead to porosity of the

surface; AP is burned out of the surface during the quench.

The present study has brought to the fore many new detailed aspects of
the behaviour of a solid propellant flane during the imposing of a rapid
reduction in pressure, Systeratic investigation of the dependence of
these phenomena on the many various important propellant composition
variables and conrbustion charber operating parameters is planned for

the future.
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the intensities of several spectral lines and the

pressure are measured,

simultaneous to the taking of high speed movie photographs of

the flame. Tt *d surfaces of all samples are analysed with a scanning electron
microscope, BP + 767% 25um AP propellant extinguishes permanently for initial
depressurizat exceeding ca. 7,5 x 103 atm/s, when the initial pressure 1s 45
atm. At the .apresgurization rates < '02-atm/s), the gaseous flame
quencheg immed: due to the adiabatic expansion, Lower rates of fall in pressure
(T“X‘iog to 16 x-1u” atm/s) allow a second flame to develope after 5 - 7 ms, the

relaxation time of the solid phase. This new flame is irregular and partially consumes
the AP particies available on the propellant surface, depending on the imposed dP/dt.
The new flame goes out only at the end of the pressure transient §$hg_gs§;art
capability of the propellant is mos: favorable when the imposed (4 dt)

considerable above (twice) that required for permanent extinction. The reduction of
pressure is never an exponential function of time throughout the transient. Increased
AP particle size of the propellant yields qualitatively similar results. Other methods
of extinguishing a propellant flame give quenched surfaces with drastically different
structural characteristics. The investigation shows that previous one-dimensional

and/or linearized theuries of propellant burning can not be valid for the phase where
the new flame is developed.

1473

UNCLASSIFIED
Securty Claesification




Tt

e
e

P

s Ty WY (T O 15 oot

opsppmsesper. . 1

RS

T AR« ot > g com e e o

= i

- T e
UNCLASSIFIED
Security Clasaification
LK . KEY WORDS CINK A LiNk & LiNk C
5 moLt | wy RoLE | we ROL K wy

AMMONIUM PERCHLORATE
COMPOSITE PROPELLANT
EXTINGUISHMENT
DEPRESSURIZATION
TRANSIENT COMBUSTION
FLAME -

HIGH SPEED FILM

SPECTROGRAPHY

MICROSTRUCTURE

IGNITION

SCANNING ELECTRON MICROSCOPE

PARTICLE SIZE DISTRIBUTION

UNCLASSIFIED




