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SENSITIVITY OF LiOuiD MONOPROPELLANTS
TO COMPRESSION IGNITION*

l..A., Messina, L.S. Ingram, and M, Summerfiela
Princeton Combustion Research Lahoratories, Inc.
Princeton, New Jersey 08540

I. Introduction

Monopropellant liquid propellant gun (LPG) systems have
been developed generally along two lines, the pre-lcaded tvpe
(so~called bulk-loaded LPG) and the direct-injection type
(so-called regenerative type). In each of these tvpes, the
liquid charge is brought rather rapidly up to gun operating
pressure, ca. 30 to 60 kpsi, in a rise time ¢n the order of 0.1
to 1 msec. Although hundreds of successfu! firings have been
made with both types of gqun, with several different types of
liquid monopropellant, in sizes up to 4-inch barrels, occasicral
high pressure peaks and a few destructive explosions have taken
place. This almost-successful test record suggests that the
particular monopropellants selected are not themselves at fault,
or high pressure peaks and explosions would have occurred with
far greater frequency.

Safe start-up and operation of a liquid propellant gun
system can be accomplished if the relevant sensitivity parameters
or hazard parameters of the candidate monopropellant as relates
to secondary ignition effects in the LPG environment can be
identified and measured. Here we define secondary ignition as
any propellant ignitions due to sources other than direct
initiation. Flow factors, ignition reaction factors, pressure
development, and confinement times all contribute in defining
this regime of safe operation of the liquid monopropellant
system.

The secondary ignition event that we have focused on in this
study is the collapse of a bubble under rapid compression of the
liquid monopropellant charge. The particular propellant utilized
in all tests was NOS-365,

Test firings with experimental liguid propellant gqun (LPG)
systems during the past several years indicate that one of the
concerns in practical application of LPG” s is the possibility
of unexpected high pressure peaks and/or explosion during
start-up operation due to these secondary ignition sources, when
pressure is applied rapidly to the liquid monopropellant in the
chamber. One of the explanations that has emerged from the
evidence available for secondary ignition in an LPG environment
is that air bubbles due to excessive ullage in the firing
chamber, brought in during the pre-firing fill process, become
hot spots of unusual severity during the start-up as a result
of rapid compression. Evidence further suggests that bubbles
may not be air-filled hut simply vapor-filled, formed bv
cavitation during the filling vrocess.

* This work was supported by U.5. Army ARRADCOM, Ballistic
Research Laboratory, Aberdeen Proving Ground, MD, Contract No.
DAAK11-81-C-0012. Technical cognizance was provided hy Dr. W.F.
Morrison and Mr. J.D. Knapton of BRL.
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These occasional high pressure peaks in the liguid
propellant (LP) charge during the ballistic firing of
regenerative direct-injection LPG and LP fixtures have heen
experienced under conditions supposedly identical with those
that produce satisfactory ballistic operation but with no
evidence ?flhigh pressure peaks or regenerative piston
reversal. Because the possibility of high pressure peaks
(anomolous p~t history in the liquid charge) is so strongly
dependent on the start-up process and associated interaction
between liquid propellant pressurization rate, residual ullage
volume and degree of subdivision or distribution of bubbles in
the LP charge, nature of the bubbles (permanent gas or liquicé
vapor) and liquid monopropellant sensitivity to compression
ignition, and because the subsequent combustion cycle is
critically dependent on the details of the interactions ocuring
the start-up phase, it is essential that a quantitative
characterization of the threshold for runaway reaction associated
with these secondary ignition sites be obtained and brought under
precise control,

These secondary ignition events may not immediately generate
significant pressure. Thus, sufficient propellant confinement
time under pressure may be reguired to allow encugh gas
generation from the ignition event. 1If significant gas evolution
is detected in a time which is much greater than the propellant
confinement time in end-use application, then it can be safely
concluded that gas evolution rate is so slow that the pressure
generated by a particular secondary ignition event will be of
no conseguence to the system”s designer. 1In large caliber gun
applications, for instance, the propellant confinement time under
pressure is typically on the order of 5 msec and, so, the
detection of significant pressure associated with a secondary
ignition event at times greater than 20 msec after the firing
event (input stimulus) may be inconsequential insofar as
practical development programs are concerned.

In this study, Princeton Combustion Research Laboratories
Inc., has utilized its Compression Ignition Sensitivity Tester,
with minor modifications, .o produce on a systematic basis rapid
compression of the liquid monopropellant charge with various
rates of pressure rise, with various amounts of finely
distributed ullage, with and without pre-oressurization of the
propellant charge, to determine coperating domains of safe
start-up operation insofar as avoidance of compression ignition
due to entrapped bubble collapse is concerned. Generally
speaking, safe start-up without any sign of secondary ignition
or runaway exothermic reaction due to compression ignition is
obtainable by (a) elimination of all air in the system, a
probably impractical requirement, (b) avoidance of sharp entry
ports or other channel locations where cavitation may occur in
the gun filling system, probably also an impractical reguirement,
(c) maragement of the rate of pressure rise in the liquid charge
during start-up, a requirement that can be met by rational design
of the ignition system, and (d4) pre-pressurizing the charge of
LP before the onset of the rapid pressure rise of the start-up.
These four prescriptions define the domain of explosion-free
start-up, on the basis of the LP compressinn ignition experiza2nts
performed by PCRL.
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It shoulid be noted, as « matter of practical)l interest, that
in defining this domain of safe start-up, it was necessary to
provoke explosions in the test apparatus. The domain of safe
start-up is defined by the "dividing surface" between the
conditions that produce explosion and those that rever produce
explosion. 'The apparatus was fitted in each case with a
pressure-relief shear disc assembly, which always functioned
properly. The most significant point of interest is that there
was never any evidence ¢of a destructive detonation, and that
the apparatus was always re-usable after replacement of the
pressure-relief shear disc. This experience supports the
conclusions that have occurred in practica) LP gun development
programs, that no detonations have occurred.

Furthermore, prior to conducting compression ignition
sensitivity studies of a pre-compressed, multiple buhble liqguid
monopropellant charge, flow visualization studies were conducted
with a transparent chamber in order to define the physical state
of the liquid propellant charge after rapid-load sequence, at
the system "fire" condition.

In passing, we note that the problem of ullage in an

explosive medium is not limited to the field of LF monopropellant

guin systems. It can arise in LP monopropellant (e.g., hydrazine)
power generating svstems designed for aircraft and spacecraft
use, and it can arise in the problem of premature warhead
explosions due to sethack acceleration of plastic-type warhead
explosives in high velocity projectiles. Defining the safe
domain of operation for explosive media containing bubbles is

a task of general significance.
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11. Flow Vigualization Studies

ki

The PCRL Compression Ignition Sensitivity Testet[z'“}
incorporates features to control the rate of rapid loading of
the liquid monopropellant charge, the volume percent of indected
air ullage, the resulting break-up phenomenon of the bulk ullage
into some mean bubble distribution through the charge, and the
pre-pressurization level of the liguid propellant chirge. The
cbjective of the flow visualization phase of this project was
to define the physical state of the liquid propelluant charge
after rapid load, at the system "fire" condition, by cobtaining
a photographic record cf the resulting bubble distribution and :
a pressure record indicating liquid pre-pressurization level.

Figure 1 shows an assembly drawing of the Transparent.
Visualization Chamber and the Pneumatic Load Liguid Propellant
({L.P.) Cylinder utilized in the flow visualization studies. The
schematic drawing presented in Figure 2 identifies functional g
components such as valves, gas lines, liquid fill and discharge 3
lines, and electrical connecticons. The Transparent Visualization o
Chamber was machined from a cast acrylic block with a 0.4375-inch
diameter bore. The chamber i1s provided with an End Plug which
carries the contact wire for actuation of an eiectronic strobe
light. The Transparent Visualization Chamber alsoc contains a
Bleed Valve for flushing residual ullage from the system prior
to rapid injection of the liquid propellant charge. A Kristal
Type 601lA pressure transducer is fitted into the chamber to
monitor the pressure-time historv of the rapid loading orocess
and is located 0.70-inch downstream of the centerline of the
injection port. The injection port is designed so as to accept
various flow guides to alter the cavitation dynamics of the
injected ligquid. The chamber bore js fitted with a Separator
Piston which seals the bore upcstream of the injection port. A
Projectile Piston is utilized to facilitate chamver fillina under
rapid loading and provides the trigger to actuate the electronic
strobe light upon completion of propellant filling. The maximum
stroke of the Projectile Piston is 2.7~inch, providing a maximum
volumetric loading of liquid propellant of 0.41 cu. in. (6.65
cc) .

The Pneumatic Load L.P. Cylinder is machined from 416 SS.
The 0.5~inch diameter bore contains a Pneumatic Piston which
transfers the liguid propellant charge through a Poppet Valve
into the injection port of the Transparent Visualization
Chamber. The Pneumatic Load L.P. Cvlinder acts as a ligquid
syringe to control the rapid loading process. A regulated supply
of N, gas fed through a Solencid Valve provides the driving
presSure for acceleration of the Pneumatic Piston. The injection
time is controlled by this drivina pressure, for a fixed
volumetric loading of 1iguid propellant. The Poppet Valve
controls the final liguid pre-~pressurization level in the
Transparent Visualiz.tion Chamber bore by adjustment of the
Poppet Valve Spring compression. The Pneumatic Load L.P. Cvlinder
contains a Silicon Rubber Septum through which a Gas Ullage
Syringe,i.e., hypodermic needle, passes to introduce a precise
loading of air ullage (volume percent, STP). Liguid propellant
is introduced into the Pneumatic Load L.P. Cvlinder thrcuah a
fill port.
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The rapia load sequence is initiated bv activating the
circuit that opens the Solenoid Valve which releases the
driving N, pressure into the Pneumatic Load L.P. Cylinder to
acceleraté the Pneumatic Piston. The motion of the Pneumatic
Piston forces the 1igquid propellant and its gas ullage past the
Poppet Valve cnce the force balance on the Poppet Valve Spring
establishes Poppet Valve opening. The liquid propellant and its
gas ullage flow through the Flow Guide in the injection port
into the bore of the Transparent Visualization Chamber, possibly
reculting in cavitation depending on the nature of the orifice.
The Projectile Piston is then driven to the right allcwing the
charge to fill the bore until maximum stroke is achieved. The
contact of the Projectile Piston with the contact wire in the
End Plug activates a time delay relay circuit that controls the
ficing of the electronic strobe light. The purpose of the time
delay circuit is to provide for a prescribed delay between
completion of filling of the liguid propellant in the chamber
bore and system "fire". Thus, sufficient time can be provided
between rapid load and system "fire" to allow for the collapse
of bubbles in the liquid charce (cavitation bubbles return to
solution) and to provide an initial condition of a
pre-pressurized liquid charge at the time of system "fire". The
time delay relay circuit has the capability of adiusting the
time delay in 1 msec increments in the range 1 < t(msec) < 100.

Figure 32 displays a composite photograph of rapid Joad tests
of NOS-365 1iquid monopropeltant charge illustrating the physical
cond:ition of the charge in the Transparent Visualization Chamber
bcre at the i1nstant of system "fire",i.e., at t = 10 msec after
Projectile Piston contact with End Plug, for two extreme
conditions of volumetric air ullage loading. These correspond
to (a) neat propellant - 0% ullage, and (b) 3.1% volumetric air
ullage, respectively. The line (injection) pressure is 500 psig.
This can be compared with the composite photegraph shown in
Figure 4, taken at the instant of Prcjectile Piston contact with
End Plug,i.e., no time delay, for (a) 0%, (b) 0.9%, and (c) 3.1%
volumetric air ullage loading at the same lire (injection)
pressure of S00 psig. Several important observations are noted.
From Fiqure 4a, neat propellant rapid fill tests with tdvla =
show cavitation bubbles distributed throughout the charq%. ¥or
this system "fire" condition, the pressure wave generated at
the extreme right end of the liquid column bv the slamming of
the Projectile Piston against the the End Plug has not vyet
p-opagated upstream to the location of the injection port. From
th2 original high contrast photographs it was determined that
the mean cavitation bubble diameter was approximately
0.004~-inch. However, by providing a 10 msec delay prior to system
"fire", the results of Figure 3a for 0% ullage indicate that
the passage of the "water hammer" wave through the propellant
charge causes the cavitation bubbles to return to solution. The
cavitation bubbles which were introduced into the liquid
propellant charge during rapid lcad through the injection port
have collapsed. This is an important observation. It implies
that the number of bubble sites that could act as centers for
ignition during rapid compressive loading of the l.quid
propellant charge are. considerably reduced when sufficient time
is provided for the cavitation hubbles to return to solution.
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Hence, {t {8 conjectured, and it is demonstrated in actual
teasting, that the sensitivity of the neat liquid propellant
charge to compression ignition is significantly reduced.
Furthermore, as shown in the oscillograph traces of Figure Sa,
at the system "fire" condition,i.e., t = 10 msec delay, the
l1igquid propellant charge i8 pre-pressurized to approximately
350 psig. For a 2ero time delay no pre-pressurization of the
1iquid charge results. Thus, by providing a 10 msec delay, the
initial condition at system "fire" is that of a pre-pressurized
neat propellant charge. The sensitivity of such a pre-pressurized
neat propellant charge to compression ignition isg felt to be
reduced from that in which no pre-pressurization of the liquid
charge occurs. This is discussed further in the following
section.

Figure 3b depicts the physical condition of the rapid load o
liquid propellant charge with 3.1% volumetric air ullage at :
ty = 10 msec and a line (injection) pressure of 500 psig.

A 9}8¥—like" appearance of the propellant charge with mean bubble :
diameter considerably less than (.00l-inch distributed through :
the charge is obtained. This is to be compared with Fiqure 4dc

for t = 0. The "fog-like" appearance is more opaque,

indicgglﬂg larger bubbles than the case described above, and 3
again, the mean bubble diameter iz less than 0.00l-~inch,
corresponding to the maximum resolution of the measurement
technique. The smaller bubbles obtained in visualization tests
of Figure 3b compared to those of Figure 4c are, again, a
consequence of the passage of the "water hammer” wave through
the charge, compressing the bubbles. Also, as shown in the
oscillograph record of Figure 5b, at the system "fire"
condition,i.e., t = 10 msec delay, the liguid propellant charge
with 3.1% volumetric air loading is pre-pressurized to
approximately 330 psig.

Ly

It is conjectured that the rapid load liquid propellant
charge shown in Figure 3b is less sensitive to compression
ignition than the similar rapid load liquid propellant charge
of Figure 4c, due to smaller bubbles distributed through a pre~
pressurized charge. This will be discussed further in the
following section.

We anticipate that bubble size can be controlled by
adjusting the line (injection) pressure and hence the time of
injection associated with the Pneumatic Load L.P. Cylinder. We
expect that bubbles of finer or coarser diameter can be
established by choosing either fastcc or slower fill times,i.e.,
higher or lower line (injection) pressure. Additional series
of flow visualization tests were conducted with N0OS-365 liguid
monopropellant at line (injection) pressures of 300 psig and
150 psig. Figure 6 displays a composite photograph of rapid load
tests of NOS-36% liquid monopropellant illustrating the physical
state of the charge in the Visualization Chamber hore
at t = 10 msec for a line (injection) pressure of 300 psig
for ?S}AXeat propellant - 0% ullage, and (b) 3.1% volumetric
air ullage, respectively. These flow visualization resvlts are
gqualitatively similar to those obtained in Figure 3 for 500 psig
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line (injection) pressure. Analysis of the pressure-time trace
of Figure 8a for neat propellant loading indicates that the pre-
pressurization level of the liquid propellant charge at system
"fire",i.e., t = 10 msec delay, is approximately 200 psig. These
visualization studies should he ccmpared with those obtained
with tq = 0 msec, depicted in Fiqure 7. Tn Fiqure 7a for
neat prgbg¥lant, cavitation bubbles are seen distributed through
the charge with intense injection activity at the location of
the injection port. These cavitation bubbles are not evident

in Figure 6a in which system "fire"™ is delayed bty 10 msec. The
cavitation bubbles which were introduced during rapid load
through the fill port have collapsed upon passage of the "water
hammer" wave past the injection port. Thus, for the case of 10
msec time delay before system "fire", the state of the neat
iiquid charge upon rapid loading is qualitacively the same ror
500 psig and 300 vsig line pressure, except that a higher
pre-pressurization level is achieved for the higher injection
pressure.

Figure 6b depicts the physical! state of the rapid load
liquid propellant charge with 3.1% volumetric air loading at
t 1 10 msec and an injection pressure of 300 psig. Again,
tﬂg 8aracteristic "fog-like" appearance of the propellant charge
is observed with mean bubble diameter of less than 0.001-inch
distributed through the charge (maximum resolution of measurement
technique). Comparing this with Figure 7¢, obtained with
LI = 0, we find that the “"fog-like" appearance is more opague
igﬁiégting larger bubbles than those in Figure 6b for
t = 10 msec. Also, as shown in the cscillograph record
o?eﬁﬁgure 8b, at the system "fire" condition of t = 10 msec,
the liquid propellant charge with 3.1% volumetric air loading
is pre-~-pressurized to 175 psig. No pre-pressurizaticn of the
liguid charge is achieved with zero delay time.

Finally, Figure 9 displays a ccmposite photograph of rapid
load tests illustrating the physical state of the propellant
charge in the Visualization Chamber bore at 10 msec delay for
an injection pressure of 150 psig for (a) neat propellant - 0%
ullage, and (b) 3.1% volumetric air ullage, respectively.

For neat propellant loading, Figqure 9a, the charge is
ecsentially bubble frce, the cavitation phenomenon being
significantly less severe at low driving pressure. As shown in
the cscillograph record of Figure lla, the pre-pressurization
level of the liguid propellant charge at system "fire"”,i.e.,

t = 10 msec delay, is 125 psig. For 3.1% volumetric air ullage,
Figure 9b, fine bubbles with mean diameter less than 0.001-inch
are seen distributed through the liquid propellant. The
pre-pressurization level at system "fire" is 120 psig, as
determined from the p-t trace of Figure llh. These flow
visua'ization tests are dramatically difierent from those shown
in Figure 10, for ty 1 = 0. Figure 10a, the 0% ullage case,
shows a liquid columh ?Xlatively free of bubbles, indicating
that the cavitation phenomenon is greatly reduced at this low
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injection pressure, even though the "water hammer" wave has not l
vet propagated through the charge (t = 0), Some large ‘
diameter bubbles can be seen in the 98%%!: of the coclumn, Bubbles
with diameter as large as 0.023-inch can be observed. The effect
of the low injection pressure on ullage break-up is more
pronounced in Figure 10b, the 0.9% ullage case. Large djameter
bubbles and even undivided ullage can he seen superimposed on
a field of well dispersed bubbles of mean diameter 0.009-inch.
Bubhbles with diameter as large as 0.045-inch can he seen in the
column., Note that the "fcg-like" aquality of “he licuid co'umn
observed in higher injection pressure tests,:.e., 500 psig and
300 psig, and 0.9% ullage with zero time delay for system "fire"
is not observed at this Jower injection pressure. The subdivisior
of the original ullage lnading in the flow guide an® injector
port is not as intense at low injection nrecssure. The same
observation is borne out for the 3.1% ullage case, shown in
Fiqure l10c. The mean bhubhhle diameter for this case is 0.006-inch,
with bubbles well-distributed through the charae. The "fog~like"
opaqua appearance of the charge as observed for the 3.1% ullage
case at tg 4 = 0 msec for 500 psig and 300 psig irnjection
pressure ?S fi&t observed at 150 psiq injection pressure.

Tabtle 1 summarizes the results of flow visualization studies
conducted with NOS-365 liquid monoprope) lant at a system "fire"
conditior at t = 10 msec after Prcjectile Piston contact with
the End Plug in the Visualization Chamher bore. This is to he
compared with Table 2 for system "fire" at t = 0 msec.

We summarize the results of the flow visualization studiec
as follows:

1. Rapid fill tests performed with the Pneumatic Load L.P.
Cylinder and Visualization Chamber (a transparent version of
the Liquid Propellant Compression Chamber used in compression
ignition sensitivity studies) produce various reproducible
physical states of the NOS-365 liquid prorellant charge. A
pre-compressed, pre-pressurized, multiple hubble NOS-365 medium,
representing {nitial conditions found in other Yiguid propellant
qun stuidies, has heen achieved.

2. The versatility of the rapid-load svstem has been
established. Parameters under precise control are liquid
propellant pre-pressurization level, volume rercent of injected
ullage and mean bubble size in the rapid-load propellant charge.
Although not a parameter in the present series of tests, the
type of occluded gas can he varied,

3. The vhysical state of the N0S-365 liquid monopropellant
charge with entrapped ullage after rapid-load into the
Visualization Chamher bore is dramatically different for a
vre-compresse”?, pre-pressurized charge than for one that is not.
In general, we find that smaller bubhles are distrihuted

/ throughout the propellant charge when a suff'cient time delay
Fas elapsed prior to svstem "fire", due to the passage of
compression waves through the charge,
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4. The formation of bubbles in a rapid-lnad neat prorellant
charge appears to result from cavitation effects in the liquid
prepellant flow guide and injection port. It is estimated that : 3
the resulting void volume may be as much as 0.1% of the total * 3
available chamber bore volume. At the system "fire" condition
of t = 0 msec, it is clearly demonstrated that cavitation hbubbles
have not returned to solution and the liquid pressure jis stil) i
atmospheric. At the svstem "fire" condition of t = 10 msec, :
compression waves from the "water hammer" effect have propadgated
through the propellant charge, and the cavitation bubhles have
collaosed and returned to solution. The initial condition, i.e.,
. the system "fire" condition, is that of a pre-pressurized liquid
cropellant charge.

S. Since the number of bhubble sites that could act as
centers for ignition Auring rapid compressive loading of the
liquid propellant charge are considerably reduced when sufficient !
time is provided for cavitation bubbhles to return to solution
and residual) air bubbles to be coliapsed Aue to the passage of
compressinn waves through the charge associated with the "water
hammer" effect, it is conjectured that the sensitivity of such i
a propellant charge is considerablyv reduced. This compression i
ignition sensitivity is discussed in the following section. '
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ITI. Compression Ignition Sensitivity Tesgts

In order to estabhlish the threshol@ corditions for runaway
teaction in the MN0NS-365 liquid monopropellart charge with
entrappecd hubbles due to secondary ignition «f the propellant
associated with rapid compression, attention was directed to
the precise control of the pressurization rate to vhich :re
rapidly-loaded charge is subijected. Previcus studies perfcormer
by Princeton Combustion Research Laboratories Inc., References
2 through %, indicated that for a given peak vressure in the
liquid, the liqguid pressurization rate is an impcrtant parareter
in cdetermining sensitivity to compression ignitien, Figure 172
shows an assemhly drawing of the L.P. Compression Ianition
Sensitivity Tester used in the experimenta! studies. Furcticrs®
comnonents such as valves, gas lines, Yiguid fill and discharae
lines, gas vent, and electrical connections Aare presented irn
the schematic drawing, Figure 13. Following the complete
assertly of the L.P. Compression Chamber and the Preumatic
L.?. Cylinder, the Starter Charge Chamber is firted with arn
electric primer and )oacded with the prescriber? gmokeless peowder

o7
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mix. The Starter Charge Chamher and the L.P. Comprrescion Tramher

are then joined together with the Chamker Counlira Ccllar or
the test stand. The liquid propel’ant {ilt'ing precedure can
then begin. This i¢ Aescribeéd in detail ir Reference 2. The
rapid~-Joad sequence in the L.P. Corpression Chamber is cirilar
to that described ahove for the rapid-load scguence in tre
Trarsparent Visgsualization Chamber.

In previous PCRL comprescsion ianition studjes of Peference
2, ve found that the liquid prcrelleant pressure-tire higterv
could be controlled by varving the tvra of smokeless pcwier
charge in the Starter Charge Chamher to which *he Separator
Piston, separating prezsurizing chamber ard 'iquif propellant,
is suhjected. However, certain Aeficiancies were rcte? in +the
desig;n of the Compression Ignition Sensitivitv Tester of
Reference 2, Nne of the obijectives of this study vas tc
climinate those deficiercies so that anv ambiguities 1in
interpretirg results could be reduced, if not el iminatecd.

The first area of concerr was the elimination of the “arage
ampiitude oscillations appearing in the Yiqu:d oressure-time
history. The peak-to-peak variation of rome of these
osci.lations was as Jlarge as 40 kpsi, some pressure excursicns
cven indicating tension in the liguid. The implication of
resulting cavitation in the liquid due to Jora) "neoative
preseure" effects in the liquid, and the effrct ©f the Yzrge
instantaneous pressurization ancd depressurization rates ir the
liquid on the tendencv to compression ignition needed tc e
adriressed. A representative pressure~time trace taken from the
nreviour firira testc of inert simulant of Fefererce 2 is chown
in Fiaure 1l52. This was ohtained with Starter Charge TYFE E
(see Talyle 3) ard neat 1iguid simulant. Pressure transducer
Pl ic Jocated in the L.P. Compression Chamber 0.60-inch fronr
the rcar face of the Separator Piston. The vertical ccale 13
20 kpai/fiv, with shift2d baselines for each precsure recorq.
Evicent ir thesce p-t traces are the pressure oscillations with
osciilation freauency of aprroximately 5000 vz, The licussd
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response to the driving pressure, p_, generated in the Starter

Charge Chamber is essentially a damSed spring-mass system. The

liquid responds to a forcing function with oscillation frequency

corresponding to the fundamental longitudinal acoustic mode of

the Starter Charge Chamber. It was determined that the .
oscillation amplitude in the liguid could be reduced by re-design X
of the Blast Shield containing the gas communication ports b
between Starter Charge Chamber and Separator Piston in the L.P.

Compression Chamber bore. In this re-design, a conical-~shaped 3
Blast Shield was employed with these gas communication ports 3
located at the mid-length position of the Starter Charge Chamber,

essentially at a pressure antimode for the chamber fundamental

longitudinal mode. The Ap excursion about the mean chamber

pressure is least at this axjal position in the Starter Charge

Chamber.

Another design change in the Compression Ignition
Sensitivity Tester involved the Separator Piston. Extreme care
was taken in the re-design to ensure that the liquid propellant
charge is isolated from the hot combustion gases of the solid
propellant starter charge which drives the Separator Piston, i
thereby compressing the liquid propellant and its associated i
ullage. Should an ignition event in the liquid propellant be
observed, it is important to be able to isolate the cause as
being compression ignition alone. The previously utilized
Separator Piston was a compcsite piston made of aluminum and ;
nylon. At high pressure the nylon portion expanded radially 1
cutward to the internal diameter of the L.P. Compression Chamber '
bore to prevent gas leakage from Starter Charge Chamber to liquid
propellant charge. This was designed purvosefully as a high !
pressure seal. "O"-rings were incorporated for low pressure ’
sealing. However, if "O"-ring failure occurred, there was no :
assurance that hot gas leakage into the liquid propellant d4id !
not occur. The new modified Separatcr Piston is machined from
7075-T651 aluminum in the shape of a "dumbbell". A water buffer
is introduced in the annular region between head and rear of
the dumbbell by use of a hypodermic needle during the pre-fill
procedure. Both head and rear of the dumbbell are fitted with
"0"-ring seals. Thus, should "0O"~ring seal failure occur, the
water buffer serves the purpose of quenching any hot particles
or hot gas that may have leaked past the seal. The re-designed
conical Blast Shield and dumbbell-shaped Separator Piston are i
shown in the assembly drawing of Figure 12. With these design ‘
changes it is reasonable to expect that liquid pressure
oscillations would be reduced and that, should the liquid
propellant charge undergo runaway reaction at some point in the
compression cycle, the cause can be attributed to hot spot
initiation resulting from bubble collapse, i.e., compression
ignition.

s
1

A comparison of pressure-time histories for inert simulant
tests prior to and after these modifications are shown in
Figures 14 and 15. 1In these inert simulant tests the line
(injection) pressure to the Pneumatic Load L.P. Cylinder was
500 psig., neat water was dynamically-loaded in the Compression
Chamber, and two different pressurization p~t start-up curves
were employed. Figure 14 corresponds to TYPE C start-up curve
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(p_.) and Figure 15 corresponds to TYPE E start-up curve (p.).
In“all cases a mean peak liquid pressure of 25 kpsi is achYeved.
These figures display digitized firing records of the
presgsure~time history in the Starter Charge Chamber, p_.(t), and
in the bore of the L.P. Compression Chamber, p, (t). The vertical
scale is 20 kpsi{/div, with shifted baselines f%r each pressure
record. In Figures l4a and 15a, corresponding to previous inert
simulant tests, we note the characteristic 5000 Hz

oscillation in the p -t record, associated with excitation of
the fundamental longitudinal acoustic mode of the Starter Charge
Chamber due to the coupling with the combustion process. The
liquid response, p,(t), displays large scale oscillations.
Figures 14b and 15B correspond to inert simulant tests after
system modification. The liquid response, p,(t), for TYPE C

and TYPE E starter charges is relatively smo&th. 1Inspection

of the Separator Piston after system test revealed no evidence
of gae leakage past the piston.

Table 4 summarizes the compression ignition sensitivity
tests performed during this study. 1In all cases the initial
condition at system "fire"™ is that of a pre-pressurized liquid
charge, corresponding to t = 10 msec. One or more repeats
of each test were performegeégyensure congistency of results.
Parameters which were varied in this test matrix were: {i) the
start-up pressurization curve, either TYPE C, D, or E; (ii) the
volume percent of injected air ullage, either neat propellant
or 3.1% ullage; and (iii) the injection pressure of the liquid
propellant for rapid load. The achievable liquid pressurization
rates for each of these starter charges is given in Table 3.

In those cases where small scale oscillations are present in

the p~t history, the liquid pressurization rate is obtained by
drawing a mean through the pressure oscillations up to the
operating pressure of 25 kpsi. The most rapid pressurization
rate is obtained with 6.80g Herco Pistol Powder ir the main
Starter Charge Chamber and 1.30g Dupont IMR 4198 fuse (TYPE

E), 70 kpsi/msec. The slowest mean pressurization rate is
obtained with 2.60 g IMR fuse and 6.50 g IMR main starter charge
(TYPE C), 25 kpsi/msec.

Figures 16 through 27 display digitized firing records of
the sensitivity tests performed for ten different sets of
conditions. In each case liquid propellant pressure-time
histories p, (t) and p., (t) are displayed with shifted baselines.
The vertica} scaling ig 20 kpsi/div. Pressure transducer P3
is located 2.00 inch downstream of pressure transducer Pl. The
horizontal scaling is 1 msec/div in those tests were a benign
response occurred and 2 msec/div in those tests where explosive
response occurs. Also displayed is the timewise response of
PCRL Phototransistor Light Sensor Assemblies, located 180 degrees
circumferentially from the pressure transducer locations in the
L.P. Compression Chamber. For all benign responses of the liquid
mornopropellant, the light sensor responses, LSl and LS3, remain
at vheir respective baselines. Only when an explosive response
of the liquid monopropellant occurs can we see a departure of
the light sensor responses from baseline.
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All firing tests performed with neat monopropellant resulted
in a benign response of the propellant for the range of
pressurization rates considered: 25 < dp /dt [kpsi/msecl < 70.
This is an important observation. 1In pr&vious tests, Table
5 indicates that an explosive response of neat propellant could
ensue in some instances. The reasons for the decreased
sensitivity of neat propellant in the present test series are
two-fold. The cavitation phenomenon has been greatly reduced
because ¢f the elimination of possible "neqative pressure"
effects in the liquid, arising from the large scale oscillatory
behavior in the liquid. Secondly, cavitation bubbles that may
arise during the rapid-l1oad procedure have either returned to
solution or have been pre-compressed by allowing for passage
of compression waves ("water hammer") through the charge prior
to system fire, i.e., a time delay before system fire, Thus
the initial condition at system fire is a pre-pressurized liguid
charge. The number of possible ignition centers is greatly
reduced and the diameter of residual bubbles at system fire is
dramatically reduced. This physical state of the liquid charge
has been discussed in detail in the results of the flow
visuvalization studies. A comparison of two neat propellant
firing tests with TYPE D start-up curve is shown in Figure 28.
Figure 28a was obtained with the unmodified system and no
pre-pressurization of tbhe liquid at system fire. Ignition of
the charge results, causing an explosive response of the liquid
at approximately 1.5 msec after the onset of rapid pressurization
in the liquid. A pressure spike of approximately 80 kpsi is
achieved, followed by depressurization of the L.P. Compression
Chamber bore associated with Shear Disc failure. Figure 28b
was obtained with the modified system and a liquid pressure at
system fire of 350 psig. The liquid response, pl(t) and p3(t),
is benign.

Of the twenty-six compression ignition tests performed
with a pre~pressurized liquid charge (see Table 4 for
pre-pressurjization level) only five resulted in an explosive
response of the liquid monopropellant. Three of these occurred
at 3.1% volumetric air ullage loading, an injection pressure
of 300 psig (pre-pressurization of 175 psig), and TYPE D starter
charge. One test at these same conditions resulted in a benign
response of the liquid monopropellant. The firing records for
two of the explosive responses, RUN 17 and RUN 18, are shown
in Figures 23 and 24, respectively. The firing record for the
benign response, RUN 16, is shown in Figure 22. It is
interesting to note that the liquid pressurization start-up is
practically identical in RUNS 16 and 17, yet RUN 17 shows a
delayed runaway reaction approximately 8.4 msec after
pressurization start-up. Similarly, RUN 18 shows delayed runaway
reaction approximately 12.0 msec after pressurization start-up.
Although the firing record is not displayed, RUN 15 resulted
in delayed runaway reaction at t > 5.0 msec after pressurization
start-up. Unfortunately the data recording window in RUN 15
was too narrow to capture the entire event, so the precise time
of runaway reaction is not known. ©Not only do the pressure
records of RUNS 17 and 18 indicate delayed runaway reaction,
but the light sensors, located at the same axial locations as
the pressure transducers, indicate delayed runaway reaction
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insofar as detection of visible and near-infrared radiation
associated with combugtion is concerned.

Two other explosive responses occurred at 3.1% volumetric
air ullage loading, an injection pressure of 300 psig
(pre-pressurization of 175 psig), and TYPE E starter charge.

One test at these conditions resulted in a benign response of

the liquid monopropellant. The firing record for one of the
explosive responses, RUN 26, is shown in Figure 27. The firing
record for the benign response, RUN 27, is shown in Pigure 26.
Acain we note the delayed runaway reaction at t = 12.0 msec after
pressurization start-up, as detected by the pressure transducers
and light sensor LS3. Apparently light sensor LSl was not
functioning properly because of a cracked sapphire window in

the light sensor housing.
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Iv. Discuszion and Conclusions

In determining whether rapid compression of a liquid
mcnopropellant charge with associated distributed bubbles can
lead tc secondary ignition sites (hot spot ignition) and
resulting explosion of the charge, we have performed a series
of sensitivity tests with the modified PCRL Compression Ignition
Sensitivity Tester. We have summarized the results of these
tests in the three-dimensional plot of Figure 29. The axes
correspond to the critical parameters that were varied in the
test matrix: (i) the liguid pressurization rate (Kkpsi/msec); (ii)
the volumetric ais ullage loading, either zero (neat propellant)
or 3.1% (0.013 in” distributed air ullage with mean bubble
diameter less than 0.C01 in); and (iii) the liquid propellant
injection pressure (psig). The liquid propellant injection
pressure 1S an important parameter for several reasons. From
a fluid mechanical point of view, the injection pressure
determines the flow velocity and, for a given injector orifice
geometry, thereby determines the cavitation phenomenon.
Secondly, the degree of subdivision of the initial bulk ullage
upon rapid load depends on the rate of propellant injection.
Lastly, the equilibrium pressure in the liquid charge at the
system fire condition, i.e., pre-pressurization level, is
dependent on the injection pressure, as seen in Table 1. The
liquid pre-pressurization levels {p ) are given in Figure 29
in parentheses. Thus, for instance, at an injection pressure
of 300 psig and 3.1% volumetric air ullage loading, the ligquid
pre-pressurization level is 175 psig.

We have fornd that the response of a pre-pressurized neat
NOS-365 1iguid moncpropellant charge to pressurization rates
(dp/dt) < 70 kpsi/msec is always benign. This is true for
injection pressures oi 300 and 500 psig, corresponding to liquid
pre-pressurization levels of 200 and 350 psig, respectively.

We might also venture to say that we expect that all pcints lying
in the "neat" propellant plane with injection pressure greater
than 500 psig, (dp/dt) < 70 kpsi/msec, and a time delay before
system fire would also be benign, even though no sensitivity
tests were performed. This is because the higher the injection
pressure, the smaller any residual bubbles that may be
distributed through the charge and the higher the
pre-pressurization level. Hence, decreased sensitivity to
compression ignition would be anticipated.

We have seen previously, in Reference 2, that "neat"
propellant which is not pre-pressurized at system fire can
undergo compression ignition and ensuing explosion. If severe
cavitation occurs in the propellant during rapid fill and
insufficient time exists for the cavitation bubbles to return
to solution prior to system fire {(associated with traverse of
compression waves in the liquid), then ignition and explosion
may ensue for a rapid enough compressicon. The cavitation bubbles
vhich have not collapsed and, thus, have not returned to soiuntion
can serve as centers for hot spot develcpment and compression
ignition.




The only tests in the present study in which runaway
reaction of the liquid monopropellant was observed was when gas
ullage was purposefully introduced into the liquicd charge prior
to rapid load. The response of a pre-pressurized NOS-365 liquid
mogoprope?lant charge (p_ = 175 psig) with 3.1% air ullage (0.013
in® distributed air ullage with mean bubble diameter less than
0.001 in) is benign for compression rates (dp/dt) < 25
kpsi/msec. However, as the rate increases the tendency toward
initiating a reaction due to compression ignition increases.

For (dp/dt) > 45 kpsi/msec, explosions have been observed.

It is apparent from the data records that runaway reaction of
the pre-pressurized liquid monopropellant charge does not occur
during rapid pressurization of the liquid but, rather, some time
later. This suggests that establishing the interrelationship

of pressurization time, bubble collapse time, heat retention
(escape) time, and kinetic time scales (finite rate chemistry)
is key to understanding the role of compression ignition as a
secondary ignition source. It is speculated that the presence
of a bubble(s) is not a sufficient condition for secondary
ignition due to hot spot development associated with bubble
collapse. That is, if the field pressure in the liquid after
rapid pressurization is not sustained for a sufficient time,
secondary ignition due to bubble collapse may not be able to

be sustained. This suggests that runaway reaction in the liquid
propellant may require an induction time. This is evidenced

in the present serics of compression ignition tests of a
pre-pressurized liquid in which runaway reaction always occurred
well after the rapid pressurization of the liquid charge, ca.
8-12 msec after rapid pressurization. The characteristic time
scale analysis performed by PCRL in References 2 and 7 supports
this hypothesis.

In considering whether rapid compression of a
pre-pressurized liquid monopropellant charge with associated
distributed bubbles can lead tc secondary ignition sites
{hot-spot ignition) and resulting explosion of the charge, we
have to consider the detailed processes that may initiate a
runaway exothermic chemical decomposition reaction. Heat
produced by the compression process in the neighborhood of a
collapsing bubble is believed to be the triggering agent, not the
pressure itself. With one or more small bubbtles in the liquid,
a "hot spot" can be generated by the adiabatic compression of
the bubble, either air or vapor, and if the bubble is initially
large enough and if the compression process is rapid enough,
the sharp local rise in temwerature can cause the bubble tc
retain ite heat long enough to initiate exothermic chemi:al
reaction.

Thus the interesting featvres of the problem arise from
consideration of the time scales inherent in the problem. Five
l.ave been 1identified in our previous research of Reference 2
and 7: (1) The induction time for chemical reaction in the vapor
phase: (2) The corresponding chemical reaction time in the liquid
phase; (3) The duration of heat retention in the bubble (heat
conduction time): (4) The rise time of the imposed pressure
"ramp®; /5) The collapse time of the bubble in response to the
imposed pressure field. We restate the conclusions of that
analysis here. 1If the chemical reaction induction time is long
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compared with the heat retention time (i.e., slow kinetics and
tiny bubbles), there is a good chance that the runaway reaction
can be avoided. Consideration of the relative times of bubble
collapse and pressure rise has a very important bearing on the
problem of explosion avoidance. It has been shown theoretically
that the collapse time of a typical bubhkle, for the driving
pressures considered, is only on the order of a few

microseconds. On the other hand, realistic pressure rise times
(an LPG system or a warhead explosive subjected to setback
forces) are generally on the order of one or more milliseconds.
Thus, there are hundreds and perhaps thousands of cycles of
bubble collapse, rebound, and collapse again within the rise
time. The heat retention time is generally also long compared
with the collapse time. This means that each successive collapse
introduces more and more compression heat into the bubble and

in the immediately surrounding liquid, so that the danger point
for runaway reaction would be well along in the rise of pressure,
perhaps well after the applied pressure has reached the highest
level. The results of these compression ignition tests support
this theory.

o L ke L

Again, returning to Figure 29, the response of a
rapid-load pre~pressurized NOS-365 liquid monopropellant Sharge
(p. = 330 psig) with 3.1% volumetric air ullage (0.013 in
diStributed air ullage with mean bubble diameter less than 0.001
in) is benign for all compression rates considered, (dp/dt) <
70 kpsi/msec. This is not surprising when compared with the
results for 300 psig injection pressure (liquid
pre-pressurization of 175 psig) and 3.1% volumetric air ullage
loading, because the liquid pre-pressurization level is
considerably higher and the fineness of the bubble distribution
in the charge is expected t¢ be greater (the resolution of the
photographic technigque employed in flow visualization studies
is limited to 0.001 in). Thus, the se sitivity of the liquid
monopropellant to compression ignition in the plane corresponding
to 500 psig injection pressure should be decreased from that
associated with the plane corresponding to 300 psig injection
pressure, and this is seen to be the case.
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This three-dimensional presentation of the experimental E
results indicates that a bounding surface exists separating ;
benign response from explosive response of the liquid
monopropellant in the simulated LPG environment under which the
tests were performed. The gas generation resulting from a
secondary ignition event can lead to rupture of a gun chamber
or to a gun breech blow if it is rapid enough or if the volume
expansion does not accommodate the gas production. 1In a
regenerative LPC we have seen how, in some instances, a secondary
ignition event in the liquid propeilant reservoir can be
accommodated because of voluTi]expansion associated with
regenerative piston reversal.

The compression ignition events observed in this study do
not mmediately generate significant pressure. Thus, sufficient
propellant confinement time under pressure is required to allow
enough gas generatiorn from the ignition event to result in
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runaway reaction. In the Introduction it was stated that if
significant gas evolution is detected from a compression ignition
event under simulated gun conditions in a time which is much
greater than the propellant confinement time in end-use
application, then it may be concluded that gas evolution rate

is so slow that the pressure generated by a particular secondary
ignition event will be of little consequence to the system’s
designer. It is speculated that if the PCRL Compression lgnition
Sensitivity Tester were designed to provide & propellant
confinement time under pressure of only 3 - 5 msec, for example,
the observation of an explosive response of the pre-pressurized
liquid monopropellant with purposefully introduced ullage would
be unlikely for the range of test parameters considered. 1In
large caliber gun applications in which the propellant
confinement time under piressure is typically 5 msec, runaway
reaction from a secondary ignition event which requires 8 - 12
msec of confinement time under pressure may be inconsequential
insofar as the practical LPG is concerned. However, since
cavitation phenomena, wave phenomena, and residual air ullage

in the system prior to rapid load are so system dependent and
play such a critical role in safe start~up and operation of the
LPG, one should not overlook the possibility of compression
ignition. The existence of a domain of safe start-up and
operation is quite important from the standpoint of practical
LPG design and development programs. It appears that practical
LPG design can proceed with confidence inasmuch as secondary
ignition of the liquid monopropellant associated with bubble
collapse can be circumvented by judicious design. It appears
that the concept of liquid pre-pressurization prior to system
fire can be worked into a practical LPG design by utilizing
similar rapid fill procedures and timing delay circuitry concepts
adopted for the Compression Ignition Sensitivity Tester. We
have demonstrated how management of the liquid start-up
pressurization history is so important for practical LPG
applications, insofar as compression ignition sensitivity is
concerned.
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1YPE FUSE SECTION UAIN CITAMUBLR
C 2.60q DuPont IMR 4198 6.50g DuPcnt IMP 419¢
D 1.30g NuPont IMR 4198 7.00q jlerco Shectrirm
C 1.30q DuPont TMR 4193 €.80q Herco Piste?
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TABLE 3. STARTER CHARGE LOADINGS AND ASSOCIATED
LIQUID PRESSURIZATION RATES
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TABLE 4. TABULATION OF COMPRESSION IGNITION SENSITIVITY
TESTS WITH RAPID-LOAD NOS-365 LIQUID MONOPROPELLANT
CHARGE. ALL TESTS PERFORMED WITH MODIFIED APPARATUS
AND tDELAY = 10 msec.

. wm\‘mmmmmmM.u.«mwwmwm

PERCENT INJECTION LIQUID PRESSURE SYSTEM
START-UP ULLAGE PRESSURE AT "FIRE" RESPONSE
RUN NO. CURVE (VOLUME) (psig) {psig)
LP)1 c neat 50y 350 benign i
LPO2 C neat 500 350 benign :
LPO03 C neat 300 200 benign
LP04 C neat 300 200 benign
LPO3 C neat 300 200 benign
LPLY D neat 500 350 benign
LIl D neat 500 350 benign
LPl12 D neat 500 350 benign
LPO3% D neat 300 200 benign
LP0Y D neat 300 200 benign
LPl3 E neat 300 200 benign
LP14 E neat 300 200 benign
LPO6 ¢ 3.1 300 175 benign
LPO7 C 3.1 300 175 benign
LP21 D 3.1 500 330 benign
Lp22 D 3.1 500 330 benign .
7 Lp23 D 3.1 00 330 benign
' LP15 D 3.1 300 175 explosion
LPlé6 D 3.1 300 175 benign
] Lrl7 D 3.1 300 175 explosicn
1 LFP18 "D 3.1 300 175 explosion
]
1.p24 E 3.1 500 330 benign
] 1L.P25 E 3.1 500 330 benign
] LP20 E 3.1 300 175 explosion
LP26 E 3.1 300 175 explosion
[.B:7 E 3.1 300 175 benign
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TABLE 5. TABULATION OF PREVIOUS COMPRESSION 1GNITION
SENSITIVITY TESTS WITH RAPID-10AD NOS-365
1.TQUID MONOPROPELLANT CHARGE. ALL TESTS
PERFORMED WITH tDELAY © 0 (NO PRE-PRESSURIZATION)

PLCPCELT INJETTIoN

START-UP ULLAGE PRESATLL Sves e
, Lhonuc, CURVE (VOLIE ©) (peicy STOEONS!
: 1 ¢ G 30f eviar
I 2 a 0 ance exTosior
o 2 . 3.1 T0( enion
Fg 4 N 0 20¢ v oeey
; 5 n 2.0 30C Ayrioeien
) 0 r 3] cnf PR SRREE IR
3 7 ¢ 0 501 el on
. 1 o -~ 2.1 1510 oxplacioe
3
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Figure 1. Assembly Drawing of }F.ow Visualizaction Tester.
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Figure 3. Photographs of Rapid-Load NOS-365 Liquid Monopropellant Charge
at 500 psig Injectionr Pressure for Neat Propellant and 3.1%

; NP ; ; _ e
Volumetric Air Loading with tDELAY 10 mse
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Figure 4. Photographs of Rapid-Load NOS-365 Liquid Monopropellant Charge
at 500 psig Injection Pressure for Neat Propellant, 0.9%, and
3.1% volumetric Air Loading with Zero Time Delay for System Fire.
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(a)Neat Propellant

Strobe charged ——

—— Strobe discharged

— Liquid Pressure

(b) 3.1% Ullage

strobe charged

!

1

4
”l RS S ettt Sl ! ——Strobe discharged
.t ’—«4' tt 4t

\

—— Liquid Pressure

Figure 5. Oscilloscope Records of Rapid-Load Flow Visualization

Tests with NOS-365 Liquid Monopropellant; Injection
Pressure = 500 psig.
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} Flyure v. Photoyraphs of Rapid-Load NCS-365 Liguid .onopropellant Charge
) at 300 psi¢ Injection Pressure for Neat Fropellant and 3.1%
volunictric alr Loading with t .., = 10 msec. ;
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Figure 6.

S GUN s el DREVER P o

Photographs of Rapid-Load NOS-365 Liquid Monopropellant Charge
at 300 psig Injection Pressure for Neat Propellant and 3.1%

Volumetric Air Loading with tDELAY = 10 msec.



(a)

INTLY e

(b)

FRTLY 6L

HOS- 05 I3 300 peig DRIVER PRESSURE

Figure 7. Photographs of Rapid~Load NOS-365 Liquid Monopropellant Charge
at 300 psig Injection Pressure for Neat Propellant, 0.9%, and
3.1%2 Volumetric Air Loading with Zero Time Delay for System Fire.
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. (a)Neat Propel
Strobe charged mme smeeeee . —?‘ lant

— Strobe discharaed

4 ...

|
R R e e A R S

|
t
I
1
i
!
1
cﬁ

— Liquid Pressure

100 psi

(b) 3.1% Ullage

Strobe charged —

- Strobe discharged

- Ligquid Pressure

100 psi

msec

Figure 8. Oscilloscope Records of Rapid-Load Flow Visualization
Tests with NOS-365 Liquid Monopropellant; Injection

Pressure = 300 psig.
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Figure 9. Photographs of Rapid-Load NOS-365 Liquid Monopropellant Charge
at 150 psig Injection Pressure for' Neat Propellant and 3.1% -
Volumetric Air Loading with tDELAY = 10 msec.
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(a)

S0 SN

Figure 10. Photographs of Rapid-Load NOS-365 Liquid Monopropellant Charge
at 150 psig Injection Pressure for Neat Propellant, 0.9%, and
3.1% Volumetric Air Loading with Zeroc Time Delay for System Fire.
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(a)Neat Propellant

Strobe charged

—=-Strobe discharged

. e

...............

—— Liquid Pressure

R o SRS S S

msec

(b) 3.1% Ullage

Strobe charged

.....

................

Strobe discharaed

..............

-

Liquid Pressure

Figure 1ll1. Oscilloscope Records of Rapid-Load Flow Visualization
Tests with NOS-365 Liquid Monopropellant; Injection

Pressure = 150 psig.
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Figure l4a. Pressure-time Histories for Inert Simulant Tests
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Al/Nylon Composite Separator Piston
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Type E

NOS-365 Starter Charge:

26.

Figure

ey

;
EENEN

=

oy,

(

Fea

b



o

PSS S

NOY

SON d1

(35K} 3RTL

"R 0°91 0T A 0T 0e” 00" ¥ 00°7 00°0
bt L v w v A4 v MmﬂN
€1

2

o

o
g

7

Hisd QOE = a&

4 34KL TIOYVYHD d3LAVLS
JOVTIN $T°¢

$9¢-SON

L e e i A i < 1 e e i A Wi

00°0

AIa/1sax oz ) 3HNSS3YJ

(

Type E

NO3-365 Starcer Charge:

27.

Figure
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Figure 28. Comparison of Two Neat Trooellant Firing Tests with Tvob p
Start-Up Curve: (a) Unmodified System with No
Pre-pressurization Resulting in Explosive Responsc;

(b) Modified System with Pre-pressurizatian of 3593 psig
Resulting in Benign Response.




{J3SK) AT L
HH A 00°9 Co ..m 06" h ao ..m 00 .,N go° ! goto
¥ N ' ) ' o 151 B
!
£51 _
.
i O
Q
A&
,m;, NN AL
4,
c
a o
mm M
m
)
(¥9]
T C
‘1‘1‘\/}\/\[{\/\'/\/\ H .
m o
—~ 3
5
~ D
brsd 005 = Cd °© g
. + M o
ad ZdAL :JdOJYYHD dIJIVIS m .
3 ~
INV I T330¥d LvAaAM =
< o
=
A S9€-SON 4 o
— Kal
] 59
. (q)
4
|
_ﬁ

"
— - - . - . e s » S L
. . G e M i ol sl




|

® EXPLOSION

O BENIGN +
19

€ (KPS| /MSEC)

T

LIQUIO PRESSURIZATION RA

Figure 29. Domain of Safe Operation for Avoidance of Runaway Reaction
Due to Compression Ignition of the Liquid Monopropellant.

i

e bt .k bl



References

1, "Liquid Propellant Technology Program Review", U.S. Army
ARRADCCM, Ballistic Research Lahoratory, Aherdeen Proving
Ground, 1-2 July 1980.

2. Messina, N.A., Ingram, L.S., Camp, P.E., Ben-ieuven, M.,
and Summerfield, M., "Compression-Ignition Sensitivity
Studies of Liquid Propellants for Guns", Princeton Combustion
Research Laboratories Final Report PCRL-FR-79-004, July 1979,

et e el il

3. Messina, N.A,, Ingram, L.S., Camp, P.E., and Summerfield,
M., "Compression-Ignition Sensitivity Studies of
Dynamically-Loaded Liquid Monopropellant Charge", Sixteenth
JANNAF Combustion Meeting, CPIA Publication 308, September =
1979,

L i L

4. Messina, N.A,, Summerfield, M., Ingram, L.S., and Leyzorek,
J.M., "Explosion Sensitivity Tests of Otto Fuel II in Tubes", {
Princeton Comhustion Laboratories Report PCL-TR-77-001, i
December 1977. :

S. Messina, N.A., Leyzorek, J.M., and Summerfield, M.,
"Compression-Ignition Sensitivity Studies of Liquid
Monopropellants", Fifteenth JANNAF Combustion Meeting, CPIA
Publication 297, September 1978.

6. Messina, N.A., Summerfield, M., and Leyzorek, J.M., "IRAD
Test Series on Liquid Monopropellant Compression-lanition",
Princeton Combustion Laboratories Report PCL-TM-77-001,
December 1977.

7. Ben-Reuven, M. and Summerfield, M., "Theory of Bubble
Dynamics in Condensed Explosives During Start-up Transient",
Seventeenth JANNAF Combustion Meeting, CPIA Publication 329,
September 1980.

o <SP o L, e

L e e 1,1

0d

r—_\wmqmn-w-« e
|
i

LL‘

e . e . _ e o (T X -




No. of Copies

12

DISTRIBUTION

Organization

Administrator

Defense Technical Info Center
ATTN: DTIC-DDA

Cameron Station

Alexandria, VA 22314

Director

Defense Advanced Research
Projects Agency

ATTN: H. Fair

14CC Wilson Boulevard

Arlington, VA 22209

HQDA (DAMA, C. Church)
Washington, DC 2031C

Commander

US Army Materiel Development
and Readiness Command

ATTN: DRCDMD-ST

SCC1 Eisenhower Avenue

Alexandria, VA 22333

Commander
US Army Armament Research
and Developme~* Command
ATTN: DRDAR-TSS (2 Cys)
DRDAR-SCA, M, Devine
D. Adams
B. Brodman
Dover, NJ C(C78Cl

Commander
US Army Armament Research
and Development Command

ATTN: OJRDAR-LCA, D. Downs
A. Beardell
DRDAR-LCE, N. Slagg
DRDAR-LCS, #%. Quine
Dover, NJ 07801
Commander

US Army Armament Research
and Development Command
ATTN: DRDAR-TDC

Dover, NJ 07801

LIST

No. of

Copies Organization
2 Commander

US Army Armament Research
and Development Command
Benet Weapons Laboratory
ATTN: DRDAR-LCB-TL
P. Votis
Watervliet, N\Y 12189
Commander
US Army Armament Materiel
Readiness Command
ATTN: DRSAR-LEP-1, Tech Lib
Rock Tsland, IL 61299

Commander

US Army Aviation Reseirch
and Development Cemmand

ATTN: DRDAV-E

430C Goodfellow Blvd.

St. Louis, MO 6312¢C

Director

US Army Ailr Mobility Research
and Development laboratory

Ames Research Center

Moffett Field, C/ 94¢C35

Commander

US Army Communications Research
and Development Command

ATTN: DRDCO-PPA-SA

Fort tonmouth, NJ 07703

Commander

US Army Electronics Rescarch
and Dcvelopment Command

Technical Support Activity

ATTN:; DELSD-L

Fort Monmoutli, NJ u7iTes

Commander

US Army larry Diamond Labs
ATTN: DELH-TA-L

280C Powder 111 Road
Adelph., MD 207353

PECT SRR




DISTRIBUTION LIST

No, of No. of )
Copies Organization _Copies Organization
1 Commander 1 Commander
US Army Missile Command Naval Surface Weapons Center
ATTN: DRDMI-R Dahlgren, VA 22448
Redstone Arsenal, AL 35898
1 Commander 2 Commander
US Army Missle Command Naval Surface Weapons Center
ATTN: DRDMI-YDL ATTN: O. Dengel
Redstone Arsenal, Al 35898 K. Thorsted
Silver Sprang, MD 20810
2 Commander
US Army Mobility Equipment 2 Commander
Research and Development Cmd Naval Weapons Center
ATTN: DRDME-WC ATTN: C. Mallory
DRSME-RZY S. Wood
Fort Belvoir, VA  22Ce6C China Lake, CA 93555
1 Commander 2 Commander
US Army Tank Automotive Naval Ordnance Station
Research and Development Cmd ATTN: K. Mueller
ATTN: DRDTA-UL G. Poudrier
Warren, MI 48090 Indian Head, MD 20640
1 Army Research Office Durham 1 Superintendent
ATTN: R. Singleton Naval Postgraduate School
P.0. Box 12211 Monterey, CA  9394¢C
Research Triangle Park, NC 27709
2 AFATL/ATWG, 0. Heiney
}  Director DLD, D. Davis
US Army TRADOC Systems Eglin, AFB, FL 32542
Analysis Activity
ATTN: ATAA-SL, Tech Lib 1 AFOSR/NA (L. Caveny)
White Sands Missile Range Bldg. 410C
NM  8RC02 Bolling Arp, DC 20332
2 U5 Bureau of Mines
1 Chief of Naval Operatiors ATTN: R.A. Watson
ATTN: Code NOP-351G 4800 Forbes Street
Washington, DC 27350 Pittsburgh, PA 15213
1  Commander 1 Director
Naval Sea Systems Command Los Alamos Scientific Laboratory
ATTN: J.W. Murrin (SEA-62R2) ATTN: D. Butler
National Center P.0. Box 10663
Building 2, Room 6EC8 Los Alamos, NM 87544
Washington, DC 203062
Ov

o s iy e s, s il

P

o Ml

o

s L g




DISTRIBUTION LIST

W

(93]

Pasadena, CA 91103

Director
Hztiorzl Aeronautics and
Space Administration
ATTN: MS-60X, Tech Lib
MS5-86, Dr. Povinelli
Lewis Research Center
2100 Brookpark Rd.

Cleveland, OH 44135

Director

National Aeronautics and
Space Administration

Manned Spacecraft Center

Houston, TX 77C58

The BDM Corporation
ATIN: Dr. T.P. Goddard
P.0. Box 2Cl9

2600 Cearden Road
Monterey, CA 9394C

Calspan Corporation
ATTN: E. Fisher
P.0. Box 400

Buffalo, NY 14225

Food G Machinery Corporation
Northern Ordnance Division
ATTN: J. Oberg

Columbia Heights Post Office
Minneapolis, MN 55421

General Electric Ordnance Dpt

ATIN: J. Mandzy
R.E. Mayer
H. West

10C Plastics Avenue
Pittsfield, MA 01202

No. of No. of .
Copies Organization Copies Organization
1 Director 2 General ilectric Company
Jet Propulsion Laboratory Armament Systems Department
ATTN: Tech Lib ATTN: E. Ashley
48CC Qak Grove Drive M. Bulman

Burlington, VT U54cCl

Pulsepower Systems, Inc.
ATTN: L.C. Elmore

815 American Street

San Carlos, CA 33555

AFELM, The Rand Corporation
ATTN: Library D
17CC Main Street
Santa Monica, CA  4C4C6
Science Applications, Inc.
ATTN: R. Edelman
23146 Cumorah Crest
Woodland Hills, CA Y1364
Shock Hydrodynamics

ATTN: W. Anderson
4710-16 Vineland Ave.

N. Hollywood, CA  9l6l<
TRW Systems

ATTN: R1103Z, E. Fishman
One Space Park

Redondo Beach, CA 90278

Director

Applied Physics Laboratory
The Johns Hopkins University
Johns Hopkins Road

Laurel, MD 20810

Director
Chemical Propulsior Information
Agency
The Johns Hopkins University
ATTN: T. Christian
Tech Lib
Johns Hopkins Road
Laurel, MD  2C810C

i, .

- o b 3y i




| e 8 et e =

DISTRIBUTION LIST

No. of
Copies Organization

1 Pennsylvania State University
Dept. of Mechanical Ergineering
ATTN: K. Kuo
University Park, PA 16802

2 Princeton Combustion Research
Laboratories, Inc.
ATTN: N.A. Messina
M. Summerfield
1041 US Highvway One North
Princeton, MNJ 08540

1 SRI International
ATTN: Code L31C6, G.A. Branch
333 Ravenswood Avenue
Menlo Park, CA 94025

Aberdeen Proving Ground

Dir, USAMSAA
ATTN: DRXSY-D
DRXSY-MP, H. Cohen
Cdr, USATECOM
ATTN: DRSTE-TO-F
Dir, USACSL, Bldg. E3516, EA
ATTN: DRDAR-CLB-PA

BSOS T TV W] T Y, TR, |TorTCF TRk AT WAPR T TOAoGw WY A0

e el bt s hl® e L

TR | Do TV T T 1| P AT

sk ok el




TN TS PTVESERT, F GEORIETLE @ e

USER EVALUATION OF REPORT

Please take a few minutes to snswer the questions below: tear out
this sheet. fold as i1ndicated, staple or tape cloused, and place
in the mail. Your comments will provide us with information for
Improving futurc reports.

1. BRL Report Number

2. Does this report satisty a need? (Comment on purpose, related
project, or other area of interest for which report will be used.)

3. How, specifically, is the report being used? (Information
source, design data or procedure, management procedure, source of
ideas, etc.)

4. Has the iuformaxion in this rep.+* .d to any quantitative

savings as far as man-hours/contract < i1lars saved, operating costs
avoided, efficiencies achieved, etc.? If so, please elaborate.

5. feneral Comments (Indicate what you think should be changed to
make this report and future reports of this type more responsive
to your needs, more usable, improve readability, etc.)

6. 1f you would like to be contacted by the personnel who prepared
this report to raise specific questions or discuss the topic,
please fill in the follcwing information.

Name :

Telcphore Number:

Organization Address:




