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hazard associated with compression-iqnition of Collapsinq bubbles in the

liquid charge and ensuing runaway reaction. It is the purpose of this

study to define the threshold oonditions required to initiate runaway reaction,

in the presence of finely divtributed ullage. ftrthermore the theory for '

the mechanism of ignition of liquid monoprope1llants by rapid compression

is advanced 'ay oxamininq tize assumitions and limitations of previous works.
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l.0 Sensitiv LtL oZ Liquid Mono•_ropllants to Explosion by Rapid Cormression

1.1 Origin of the Problem in "ractical Liquid Propellant Gun (LPG)Systems

Monopropellant liquid-propellant gun systems have been developed
generally along two lines, the pro-loaded type (so-called bulk-loaded
LPG) and the direct-injection type (so-called regen-rative type) . In
each of these types, the Liquid charge is brought rather rapi,!ly up
to gun operating pressure, ca. 30 to 60 kpsi, in a rise time on, the
order of 0.1 to I msec. Although hundreds of successful firings have
been made with both types of gun, w.th sevsral different types of liquid
monopropellant, in sizes up to 4-inch barrels, a few destructive explosions
have taken place, all of them on start-up du-Ing the rapid pressure rise
associated with ignition of the gun. This almost-successful test-record
suqqesto that the particular monopropellants selected are not themselves
at fault, or explosions would have nccurred with far greater frequency.
The most plausible explanation that has emerged from all of the evidence
available is that air bubbles due to excessive ullage in the firing
chamber, brought in during the pro-firing fill process, become sudden hot
spots of unusual severity during the start-up as a result of rapid
compression. In at least one case, the evidence suggested that the bubbles
might not have been air-filled but simply vapor-filled, formed by
cavitation during the filling process. It is this recent LPG development
record that forms the background and the rationale for the prescnt
investigation.

On the experimental ride, Princeton Combustion Research Laboratories,
7nc. has produced on a systematic basis rapid pressurization* of liquid
propellant (LP) columns with various rates of pressure rise, with various
amounts of ullage,both finely distribiited and undistributed, and with
various LP monopropeilantrn, and has found operating domains of safe
start-up for NOS-type and Otto Fuel IIj% propellpnts. ýneraO.ly speaking, safe
start-up without any sign of explosion or runaway exotnermic reaction
is obtainable by (a) elimination of all ail 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 requirement, (c) keeping th? rate of pressure
rise in start-up to less than ca. 20 kpsi/msec, a requirement thkat can
be met by rational design of the ignition system, and td) pro-pressurizing
the charge of LP before the onset of the rapid pressure ri*e of the
start-up, a fairly practical remedy that cai be incorporated in an L2G
control system. These four orescriptions define the domain of explosion-
free start-up, on the basis of the LP compression experiments performed
by PCRL.

It should be noted, as a matter of practical interest, that in defining
this domain of safe start-up, it was necessary tc provoke explosions in
the test apparatus. The domain of safe start-up is defined by the "dividing
surface" between the conditions that alwayr produce explosion and those
that never produce explosion. The appiratus was fitted in each case with
a pressure-relief shear disc assembly, which always functioned properly.
The most .ignificant point of interest is that there was never any evidence
of a destructive detonation, and that the apparatus wis always re-usable
after replacement of the pressure-relief shear disc plug. This experience
supports the conclusions drawn from the evidence after the few destructive
explosions that have occurred in recent practical LP gun development prc.qrams,
that no detonations have occurred.
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With this background,attention in the present research has been focused

on the manner of initiation of run iway exothermic rea:tilon in an LP field

by a suddenly compressed hot gas bubbie imbedded in the LP. In passing,

we note that the problem of ullaqe in an explosive medium is not limited

to the field of LP monopropellant gun systems. It can arias in LP

monoproriellant (e.g., hydrazitio) power generating systems designed for

aircraft and spaceiraft use, and it can -rise in the problem of premature

warhead explosions due to setback accalerati;n of plastic-type warhead

explosives in high velocity projectiles. Defining theoretically and

experimentally the safe domain of operation for explosive media containing

bubbles is a task of general significance.

1.2 Sensittzation of LP by Ullage or Dispersed Bubbles

When a liquid monpropellant is rapidly compressed to about 50 kpsi,

an estimate of the temperature rise shows that, if the liquid is free of

bubbles and if the process is taken to be isentropic, it can increase by

about 10 to 20 deg C, with some uncertainty in the calculation due to lack

of precies• data on comproessibilitv ard thermal expansion coefficient,

among other properties. A bubble-free mrnopropellant is therefore unlikely

to explode upon sudden preesurization.

However, with one or more small bubbles in the liquid, a "hot spot"

can be gernerated by the adiabatic compression of the bubble, either air
or vapor, and if the bubble is initially lavge enough, the sharp local rise
in temperature can cause the bubble to retain its heat long orough to initiate
e2',thermic chemical reaction, i.e., combustion. The resulting rapid gas
generation can lead to ruptur-G of the chamber or to a gun breech blow, it it is
fa*st enough or if the volu-As expansion Aoes not accommodate the generated gas.

There is some avidence from firing test pressure records of regunerative-
type direct--inJectior.t LP gun03Sard from explosi m tests coneuctod at Princeton
Combustion Research Laboratories, Inc. with nearly bubhle-free LP fillings

that, with only a faw bubbleu sparsely distributed in the liquid field,

the rate of gas ganeration is slew enough to be accommodated by an LPG
system as the volume expandG, at the start of a firing. In the present tests
the severity of the explowicris in a confined liquid propellant column
was prooortional to the space density of bubbles -- few bubbles led to
only mild explosions. an the other hand, when in the PCRL compression
t,4sts the number of injecteid air bubbles was deliberately l.cqe, the
resulting exlplosions were much more severe. As p-,)irtod out above, these
were never so severe as to destroy the apparatu; (except fnr the pressure-
re]oil t hpa.' disc device). The conclusion is that it takes only a single
bu:.l , ,: lýc.je erough, to start a run-away reaction, but it requirms

a l4.,gS n-anbqr of such bubble.r acting uimultaneously aa hot spots to
cause the hardware damaqe associated with such explosion*.



2.0 Flow Vioualizatio Studios of DramiS Loading Characteristic@ of NOS-365

Liqu d Monopropellant

In order to conduct compreosion-ignition nen•itivity studies of

a pro-comproused, multiple bubble liquid monoproptllant medium representing

conditions found in gun simulation studies performed an part of a hazards

analysis by Pulsepower Systems, Inc., Princeton Combustion Research

Laboratories, Inc., efforts have been diroctod toward the design,

fabrication, and development of an apparatus which incorporates features

to control the rate of dynamic loading of the liquid monopropellant,

the volume percent of injected air ullage, and the :esulting break-up

2henomena of the ullage into mome mean bubble distribution in the liquid

propellant charge. The objective of the Flow Visualization phase of this

study was to define tho physical state of the liquid propellant charge

aftur dynamic loading, at i.ha system "fire"condition.

2.1 Description of PestootEquimont

Figure 1 shows an asuembly drawing of the Transparent Visualization

Chamber and the Pneumatic Load L.P. Cylinder utilized in the Flow
Visualization aýudies. The schematic drawing presented in Figure 2
identifies functional components such as valves, gas lines, liquid fill

and discharge lines, and electrical connections. The Transparent
Visualization Chamber was machined from a cast acrylic block with a
0.4375-inch diameter bore. The chamber is provided with an End Plug which

carries the contact wire for actuation of the electronic strobe light.

In the actual Liquid Propellant Compression Chamber, tho End Plug

carries the contact wire ccompleting the circuit for ignition of an

M52 electric primer which ignites the smokeless powder starter charge
whicn, in turn, produces the desired pressurization rate to which the

liquid propellant column in the Compression Chamber is to be subjected.
The Transparent Visalization Chamber lso co-ntains- ! "Al1d Valv* fur
flushing residual ullage from the system prior to dynamic injection of the
liquid propellant charge. A Kristal Type 601A pressurr, transducer is
fitted into the chazber to monitor the pressure-time history of the
dynamic loading process and is located 0.70-inch downstream of the center-
line of the injection port. The injection port is designed so as to accept
various flow guider to alter the cavitation dynamica of the injacted liquid.
The cI:a ber bore in fi tted with a Separator Piston which seals the bore and
simulates the function of the Separator Piston irt the Liquid Propellant
Compression Chamber. i.e., to isolate the liquid propellant charqe in the

Com rression Chamber bore from the hot combustion gass in the Starter
Charge Chasber (see Assembly Drawnag. Figure 3). A Projactile Piston
ia utili-,ed to facilitate chamber filling under dynamic loading and
provides the trigger to actuate the electronic strobe light ,oni chamber
filling coepletion. The maximum ett-oke of the Projectile r -Lon is 2.7-
inch, providing a maxtmum volumetric loading of liquid propellant of
0.41 cu.in. t6.65 cc).

The Pneumatic Load L.P. Cylinder is machined from 416 S.S. The 0.5-
inch diameter bore contains a Pneumiatic Piston which transfecs the liquid

Si L -" i . " " . . .'' I " - -.-- - .. '. .. . . . .. . .. . . . . . .
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propellant ch~arge through a Poppet Valve into the injection Port
of th•e Transparent Visualization Chamber. The Pneumatic Load L.P.
Cylinder acts an a liquid syringe to control 'h. dynamic loading process.
A regulated supply cf N2 gas fed through a Soieioid Valve provides t~h
driving pressu-e for acceleration of the Pueumw tic Piston. The
injection time is controlled by this driving preasurs, for a fixed
volumetric loading of liquid propellant. The Poppet Valve controls the
steady state (equilibrium) pressure in the Transparent Visualization
Chbaer by adjustment of the Poppet Valve Spring compression. The
Pneumatic Load L.P. Cylinder contains a Silicca Rubber Septum through
which a Gas Ullage Syringe, i.e., hypodermic needle passes to irtroduce
a preclse loading of air ullayp. (volume percent, STI,7. Liquid propellant
is introduced into tho Pneumatic Loading L.P. Cylinder through a fill
port. A photograph of the Transparent Visualization Chamber assembled
to the Pneumatic Load L.P. Cylinda:, with associat.A fill lines and
valves is shown in Figure 4.

2.2 §_stem Cperation

The Transparent Visualization Chamber is first flushed clean of
air. This is accomplished by first positioning the Separator Piston
and the Projectile Piston with ends on eit-her side cf the Visuali zation
Chamber fill k-rt, thereby forming a 5/32-inch wide passageway for flow
of liquid from t" '1 port to Blmed Valve. The Poppet Valve is then
manually held in th& open position as a gravity-fed supply --L liquid
propellant flows into the Pneumatic Load L.P. Cylinder, through the
Poppet Valve, Flow Guide, fill port, the 5/32-inch slice of Visualization
Chamber bore, and out the Bleed Valve. In this manner the entir" system
including the initial bcre volume between the two Vinuxatixat!i--_ Cha-mber
pistons can be flushed. With the Poppet Valve released, free to return
to its normally closed position, a prescribed volumetric loading of gas
ullatle is introduced into the Pneumatic Load L.P. Cylinder with the
gas syringe. The displaced liquid propellant volume is permitted to flow
out through the Isolation Valve. All valves are then closed.

The dynamic loadinq sequence is now initiated by activating the
circuit that opens the Solenoid Val". which releases the driving N2 pressure
into the Pneumatic Load L.P. Cylinder to accelerate the Pneumatic Piston.
The motion of the Pneumatic Piston forces the liquid propellant and its
gas ullage past the Poppet Valve once tha force balance establistes Poppet
Valve opening. The liquid propellant &ad its gas ullage Zlow through the
Flow Guide, possibly resulting in cavitation dependiqg on ahe nature of
the orifice, into the bore of the Transparent Visualiz-tion Chamer. The
Projectile Piston is then driven to the right allowing 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 cmletes a circuit that fires
the electronic strobe light. Since the camera shutter is open and the entire
device is placed in a darkened enclosure, a photograph of the resulting
bubble distribution in the liquid propellant charge is obtained. The complete
Flow Visualization Tester Assembly Procedure, Filling Procedure, Checklist,
and Electronics and Photographic Equipment Set-Up is presented in
Appendix C.
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2.3 Results i'f Flow Visualization Studirms

2.3.1 Inert Sioulant (Water) Tests

Functional %:oto of the system were performed wit. water to determine
that all aspects of syutva operation checked-out. Then,# functional tests
with water also provided s, baseline for comrarison of dinaAic loading tests
performed with NUS-365 liquid moaopropeilant.

Flow visualizatioA tests were conducted with water and air ullaqe
volmes of 0%, 0.9% (0.060 cc), and 3.1% t0.206 cc). The driving pressure
in all these tests was tixed at 300 psiq. Figures Sa and Sb display
ascilloqraph records of these water tests. A dual timebose mode of data
recording and display was utilized. The time-scale is as follows.
The first centimeter of the oscillograph reo;-d represents 40 ms. All
subsequent recording is displayed at 4 as/cu. The lower trace represents
pressure in the Transparent Visualization Chamber bore. The vertical
scaiing is 200 psi/ca. The upper trace represents electronic strobe voltage,
showing discharge characteristics once the contact wire in the End Plug
completes the circuit. The traces in Figure Sb represent a cime expansico
of the traces in FAigre Sa in the neighborhood of the "water hamaor" spike.
Table 1 contains information extracted frrm the oscilloqraph records on
Visualization Chamber fill tmn, tfill (.6ec), peak pressure associated

with the ",rater h r" 'asipke (psig), and equilibrium pressure in the

liquid col i in the Visualization Chamber, p (psig). Depending on

the ullage loading, the fill time varier from 28.0 to 32.0 ass:. The
fill time is defined as that time from opnnixq of the the Solenoid Valve
to time of attainment of maximum stroke of the Projectile Piston (commen-
-urate with dimcharge of the strobe). The spike pressure varies from 420
to 460 psig and the equilibrium pressire in tne Visualization Chamber bore,
a function of the Poppet Valve Spring compression, is approximately 240-
260 psig. The Poppet Valve Spring compression is responsible for an
observed equilibrium pressure in the liquid column less than that of Che
applied driving pressure by approximately 50 psi. The more the initial
spring compression, the higher the restoring force exerted on the Poppet
and the lower the resulting equilibrium pressuie after injection. This is

of no concern. We deliberately use a stiff spring on the Poppet Valve
in order to assure prompt and complete closing of the Poppet Valve. Thus,
if compression-ignitiun ware to take place in the Sensitivity tests to
be parfomed with live propellant, subsequent runaway reaction in the liquid
would be confined to the Liquid Compression Chamber and would not prcpa-
gate into the Pneumatic Load L.P. Cylinder.

Figures 6, 7, and 8 are photographs of the dynamically-loaded water
coltmn illustratiAa the physical condition of the charge at the instant
o0 complete fill of tn, "Visualization Chamber bore. These corresrond to
U%, 0.9%, and 3.1% voliy~etric air loading, respectively. It I- interesting
to note that zero percent ullage, Figure 6, shows a considerra.e amount of
bubbles distributud through the liquid charge and intense injection activity
at the injector port. It should be realized that at the instant the



(a) 0% ullage

I'I

(b) 0.9% ullage

(c) 3.1% ullaqe

FIGURE 5a. OSCILLO2RAPH RECORDS OF WATER TESTS: 300 psig DRIVER PRESSUiE.
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FIGURE 5b. EXPANSION OF OSCILLOGRAPH RECORDS
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DfIVING PRESSUM: 300 psig
RUN LIQUID U111",tfill spike peqA d1ean

N -. TYPE (voltim, STP) (misc) ipaig) (paig) (inc.)

24 WATER 0.0 28.0 4E0 240 0.007

25 WATER 019 32.0 420 260 0.009

23 WATER 3.1 30.4 460 260 0.009

11 OS-365 0.0 21.0 540 210 0.008

12 N06-365 0.9 22.0 480 200 < 0.001

14 NOS-365 3.1 20.0 540 200 < 0.001

Note: The scale factor enployed in the Flow Visualization photographs
is obtained by noting that the Itristal Type 601A Pressure
Transducer port threads ar" machined 3/8-24 D i.e., a thread
mpacinq of 0.0417 inch.

TABLZ 1 TABULATION OF RESULTS OF VISUALIZATION ST'UDIES CONDUCTED
WITH WATER AND NOS-365 LIQUID MONOPROPELL&NT AT A DRIVING
PRESSURE OF 300 paig.
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photograph is taken, the Owater hsmmr" pressure wave gonerstA _t the
extreme riqht hard side of the liquid coliumn by tkh slaminq of the
Prnijectils Pizton aqainst the ind Plug hAs not yet propaqated to the
in~sctic, port iocation. T1herefore the Poppet Valve is still in the
open position, awaiting the pruesure signal to propqate back through
the liquid charge. Near the injection port, this cloud of very fine
bubbles is believed to be due to cavitation in the flow quide, producing
bubbles of vat*o- vapor, which then rapid'.y condense and disappear further
downstream. This cavitation phenomenon is not seen in the 0.9% ullage
case (Figure 7). This c-ould be due to the coinridence that the electronic
strobe was discharged slightly later in timw compared with the 0%
ullage test, allowing vapor bubbles in the cavitation region to condense.
The mean bubble diameter for the zero purcent allaqe case taken over
a large enough sample of the bubbles dornstream of the injection port,
is 0.MID inch.

Figure 7 displays the bubble distribution for the case of 0.9%
volumetric loading of air ullage. The mean bubble diameter for this
case is 0.009 inch. By comparison of thts case with the results of
the zero 2ercent ullag. case, one could estimate that the zero ullage
case may have about 0.1% of dissolved air and that this dissolved air
tenda to come out of the solution at the tnjector port where cavitation
would take place. This is n'ot surprising since do-aerated water
I s not ueed for the tests.

Figure 8 5isplays the bubble distribution for the case of 3.1%
volumetric loading of air ullaq,.. The mean bubble diameter for this
case is 0.009 k.nch, Intense turbulent mixing can be seen in the vicinity

2.3.2 NO,;-365 Liquid Mno rollant Tests

The first series of liquid monopropellant dynamic loading -ests were
conducted at a d:iving pressure of 300 psig with ullage volumes of 0%,
0.9%, and 3.1%. Figuros 9a and 9b display oscillograph records of these
propillant loading tests. Th6 records of Figure 9b represent time
Jxpiunsions of tht traces in Figure 91 in the neighborhood of the pressure
spike. Propellant fill times, extracted from Figure 9a, are considarably
less than corresponding fill times for water loading tests, i.e., ca. 20
msec for NOS-365 compared to 30 msec for water. Also, the spike pressure
is increasad to ca. 540 psig. A lower equilibrium pressure is attained
in the proPellant column , associated wv.th a slightly increased Poppet
Valve Spring cmpresion.

Figures 10, 11, and 12 are photographs of the dynamically-loaded
propellant colunAn. Thewe correspond, respectively, to 0%, 0.9%, and
3.1% volumetric loading of air ullage. The zero percent ullaqe case, Figure
10, sho<s results very similar to that of water, with Intense cavitation
action near the injector port and a mean bubble diameter in the column
downstream of the injection port of approximately 0.008 inch.

I i
-- -- ~~ ---
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Figure 11, depicting the physical condition of the dynamically-loaded
propellant charge with 0.9% volumastric air loading, displays a "fog-like"
appearance. The man bubble diameter is less than 0.301 inch for this
Case.

Figure 12, the case of 3.1% volumetric air loading produces a "fog"
that is nearly opaque. No bubbles of measureable diameter can be seen.
It is reasonable to assum* that the mean bubble diameter for this case
is consider'ably lar- than 0.001 inch.

We can sumsarize these results as follows. Under identical conditions
of ullage load;.ng and driving pressure, the bubbles generated in NOS-365
liquid monopro~ellant are considerably smaller than those generated in
water, by a factor on the order of 10. We suspect that surface tension
plays a major contrýbutinq role in alt~ring the ultimate size. It may
be worthwhile for further 0.xperimentation to be performed with water
and added surfactants and perhaps with more viscous liquids in order to
understand more acturately the factors that determine the bubble size.
This could be of immnse practical importance as a means of ensuring that
all bubbles created in a practical LPG fill procedure are smallest possible
size(safest when considering compression-ignition sensitivity).

We anticipate that bubble size can be controlled by adjusting the
driving pressure and hence the time of injection associated with the
Pneumatic Load L.P. Cylinder. We cxpect that bubbles of finer or coarser
diameter can be estab.l.ished by choosing either faster or slower fill times,
i.e., higher or lower driving pressure. Two additional reries of tests
were conducted with HOo-365 liquid monopropellant with driving pressures of
500 --ig ad 150 paig. dote that the 150 psig driving pressure is just
sufficient to drive the pneumatic piston and open the Poppet Valve,
thereby injecting liquia i nto the Transparent Visualization Chamber.

Figures 13a and 13b display oscillograph records of propellant dynamic
loading tests with a driving pressure of 5C.) psig. Table 2 contains
information extracted from the oscillograph records on Visualization chammer

fill time, spike pressure , and equL.ibr:ium pressure in the liquid column.
Figures 14, 15, and 16 are photographs of iynamically-loaded propellant
coltun under a driving pressure of 500 psig. These correspond, respectively,
to 0%, 0.9%, and 3.1% volumetric loading of air ullage. Figure 14,
the zero percent ullage case, shows significant departure from the
equivalent case at a driving pressure of 300 psig. Finer bubbles can now
be observed, dispersed throuqhout the column. The mean bubble diameter is
reduced to 0.004 inch, approximately one-half of that obse-v'd for the
0% ullage, 300 psiq driving pressure case. Figure 15, the G.9% ullage
case at 500 psig driving pressure,shows remarkable similarity to the
opaqpe "fog" produced in the 3.1% ullage, 300 psig driving pressure case.
The man bubble diameter is estimated to be considerably less than 0.001
inn.ch. Increasing the ullage to 3.1% volumetric loading at a driving
pressurQ of 500 psig results in a photograph (Figure 16) much li •e that of
the 0.9% ullage case. The fineness of the ullage break-up into tiny bubbles
cannot be resolved to any better than 0.001 inch.
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FIGURE 13a. OSCILLOGRAPH RECORDS OF NOS-365 TESTS: 500 psig DRIVER PRESSURE
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Strcbe charqed

Strobe discharqed

Sspike = 1100 psi

200 psi/cu, Pequil = 350 psi

(a) 0% Ullaqe

Pspike = 800 psi

Pecui1 400 psi

(b) 0.9% tUllage

- pi..•, = 900 psi

,eqUi_ = 300 psi

c 3.9% tUllage

FIGURE 13b. EXPANSION OF OSCILLOGRAPH RECORDS
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DRrIVIM PRSSURS t 50O) poig

T= LIQUIr' UJTLAGR f ill Pspike Poquail dNu

NO. TYPE (VOLUME %I STI) ("00c (psiq) (paiq) (inch)

20 NOS-365 0.0 20.8 1100 350 0.004

231 NOS-365 0.9 22.0 800 400 < 0. 001

27 NOS-365 3.1 16.0 94,0 .100 <0. 001

TABLE 2. Th3ULATIOP OF SULMTS OV VISUALUT & IC STL1IZ CMDOCM rn3DIH
NW-36S LxqurtD NI'PfFDPLANT AT A DRIVING PinSUS Or 500 paig.
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photographs of the dynamic loading to-ts at a driving pressure of
150 psig are shown in Figures 17, 18, and 19 corresponding to 0%, 0.9%,
and 3.1% volumetric air loading. Figure 17, the 0% ullaqe ase, shows
a liquid coluim relatively free of bubbles, indicatinq that the cavita-
tion phenomenorn is greatly reduced at this low driving pressure. The
largest diameter bubbles can be iwen in the center of the column length'
Bubbles with diameter as large a 0.023 inch can be observed. The effi.:t
of the low driving pressure cn ullage break-up is more pronounced in
Figure 18, the U.9% ullag. case. Large diameter bubbles and even undivided
ullage can be seen superimposed or. a field of well dispersed bubbles of
men• diameter 0.009 inch. Bubbles with diameter as large as 0.045 inch
can be s"en in Ow column. Note that the "fog-like" quality of the
liquid column observed in higher driving pressure tests, i.e., 300 psig and
500 psig, with NOS-365,and 0.9% ullage is not observed at this lower
driving pressure. The subdivision of the original ullage loading in thc
flow guide and injector port is not as intense at low driving pressure.
This same observation is borne out for the 3.1% ullaqe case, shown in
Figure 19. The mean bubble diameter for this case is 0.006 inch, with
bubbles well-distributed throuqh tl.e column length. The "fog-like"
opaque liquid column aj observed for the 3.1% ullage case at driving
pressures of 300 psiq and 500 psig is not observed at 150 psig driving
pressure.
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2.4 Sunmmary of Flow Visualization Test Raesults on Dynamic Loading Characteristics

of a Liquid charge.

I. The combination of Pneumatic Load L.P. Cyli-ider and Liquid Propellant
Compression Chamber produces the desired physical state of the dynam-
ically-loaded liquid propellant charge. A pre-compressed, multiple
bubble, NOS-365 medium has been produced representing similar conditions
found in other gun simulation studies.

2. The versatility of the system so designed has been establish•e. Para-
meters under precise control are pre-campression liquid preswure level,
fraction of initial ullage volume, mean bubble size in the dynamically-
loaded column, and nature of the occluded gas.

3. The physical state of NOS-365 liquid monopropellant with varying

fravtion of air ullage, upon dynamic loading into the Transparent
Visualization Chamber bore, is markedly differe"t from that obeerved
with inert (water) charges. In general, an opaque "fog-like" appear-

ance of the NOS-365 column results with dynamic load, for drivin.
pressures in the Pneumatic Load Cylinder greater than 300 psig.
Subsequent compression-ignition analyses must take this physical
observation into account.

4. The formation of bubbles in a dynamically-loaded "neat' propellant
charge appears to result from cavitation effects in the flow guide
and injection port. It is estimated that the resultinq void volume
may be as much as 0.1% of the total available chamber bore volume. At
the "fire condition" of the compression-i nition aen@lit i-4t- tests to
be performed in the next phase of the project, it is anticipated that
the cavitation vapor bubbles will not have returned to solution, since
the time of "fire" is precisely the time that the photographic film

L was exposed.

5. Observed mean bubble diameter and distribution of bubbles in the
dynamically-loaded liquid propellant column are quite repeatable in
the 300 psig #i.d 500 psiq driver pressure tests. At low driving
pressure, i.e., 150 psiq, the nature of the ullage break-up is
sensitive to the condition of the Pneumatic Load Cylinder bore surface
and resulting "O"-ring friction. The subdivision of the initial ullage
upon dynamic load is less reproducible at this extr iely low driving
pressure. It has been observed that pockets of gas are superimposed
on a distribution of fine bubbles for low driving pressure tests. "-e
characteristic "fog-like" appearance of the resulting liquid propellant
colum is not present at this low driving pressure.

6. It would definitely bt worthwhile for experiments to be perfozmed with
water and added surfactants and with other liquid monopropellants, •..e.,
•LGP 1845", to understand the factors that determine bubble size asid
distribution in a dynamically-loaded colum. It would also be
instiuctive to alter the shape of the cavitation insert flow guide to
purposeifully alter the nature of the cavitation phenomenon. This, of
course, a&.J has a bearing on conpressýan-ignition sensitivity of the
resulting dynamically-loaded liquid proFellant column.
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3.0 Starter Charge Pressurization Rate Tests

In order to establisih the threshold condition for runaway reaction
in a liquid monopropellant leading to severe over-pressures and possible
explosion, attention must first be directed toward control of the pres-
surization rate to which the dynamically-loaded liquid monopropellant column
is subjected. Previous studies performed by Princeton Combustion Research
Laboratories, Inc., Ref. 51,52 indicate that, for a given mean plateau
pressure, the pressurization rate is an important parameter in determining
sensitivity to compression-ignition. In those studies we found that the
pressure-time start-up histories could be brought under precise control by
varying the type of smokeless powder charge in the pressurizing chamber.
In those studies the range of achievable pressurization ratets was
1.25 < dp/dt (kpsi/msec) < 150. Thus, the objective of this phase of the
study was to establish "recipes", i.e., starter charge loading density and
types of smokeless powders, to produce various pressure-time start-up
histories to which the dynamically-loaded liquid monopropellant charge
would be subjected for compression-ioniton sensitivity analysis.

3.1 Description of Test ESuLq" 4 nt

Figure 20 shows an assembly drawing of the Starter Charge Tester
mtilized in the Starter Charge Pressurization Rate Tests. The schematic
drawing presented in Figure 21 identifies electrical connections for joth
instrumentation and firing circuit, vent gas, smokeless powder, and wadding
locations. The Starter Charge Chamber is machined from a 3.5 inch diameter
x 8 inch long bar of type 17-4PW stainless steel heat treated to condition
H 1150 prior to machining. The chamber bore diameter is 1.00 inch. One
end of the ehmm"er hbor han I '1 "/R-AM--2'k •it-,vial hv-aAee rtion t-
accept the Electrical Primer Contact Assembly (P/N BUBBDLE-1300). The
other end of the chamber has a Oneck"portion 1.3725 inch diameter and
.- 250 inches long. This "neck" is machined with an O-ring groove for
sealing purposes when the Starter Charge Chamber is mated with the Blind
Chamber. A 0.88 incb length of the chamber boay is machined with 3 l/2-SN-2A
threads. Them threads mate with the internal threads of the Chamber
Coupling Collar to join the Starter Charge Chamber and Blind Chamber together.

The Blind Chamber (P/N BMaw -005-A) was designed to allow calik ition
testing of the various starter charge -mixs with an internal geometry
that duplicates that of the more epensive and complex Liquid Propellant
Compression Chamber. It, too, is machined frm type 17-4PH stainless steel
in the beat treated condition H 1150. The Blind Chamber is 3.5 inch
in diamter by 2.5 inch long with a 0.95 inch length of 3 1/2-SN-2A
ezternal threads for mounting to the Couplinq Collar. The central bore
of the Blind Chamber , into which the "neck" of the Starter Charge Chamber
fits, is 1.375 inch in diameter by 1.240 inch deep. A mall bore 0.25
inch diaeter by 0.50 inch long simulates the pressure communication passage
betw"m the Starter Charqw Chamber and the isolated liquid colum ic the
Liquid Propellant Compression -luber. A PQ Type 119A piezoelectric qage
is fitted into the Blind Chabr to moitor the pressure-time history within
this passage due to the starter charge combustion. This P-t history is
that which will be sensed by the Separator Piston compressing the liquid
coium during compression-ignition seitivity testing.
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The Slant Shield (P/M SU0LS-1008) fits over the 1/4 irach diameter
pressure -, ication passage in the Blind Chamber and ic designed to
prevent the direct blast of burning powder and wadding from entering the
passage. It is 0.07 inch in diamter by 0.5n inch high and machined from
17-4 PH stainless steel hardened to conditin N 1025 after machining. Six
0.12 inch diamter holes are evenly spaced around thm Shield periphery and
onnect to& •enter boe 0.375 inch in diamter by C.25 inch deep. Then
holes allow ga pressure to commnicate to the flow pssage in the Blind
Chamber. Two0.152 inch diameter holes located M625 inch &part pass longi-
tudi•ally through the Blast Shield to accomodate mountinq screws.

The Chamber Coupling Collar (P/N BELULE-1003) is machined from a 2-inch
thick glate of ASI 1020 carbon steel. It is 5 inches O.D. with 3 1/2-M-22
th'eads spanning the 2" length of the collar. A milled flat with two
3/8-16 UNC-20 tapped holes located 1 7/8 inch apart provide a mating
surface for the collar. When the Starter Charge Chamber and the Blind
Chamber are joined together and threaded into the Coupling Collar, the
entire tester is supported by this mountinq surface. The Chamber Coupling
Collar provides a simple, high strength, fastening schema for the chamber
sections.

The combination of the Primer Gas Integrating CFuse) Chamber (P/N
1B3BL3-1006), the Orifice Plug (P/N BUBBLE-1007), and the Electric

Primer (Olin #M-52A3D1) constitute the igniter assembly for the starter
charge. when inserted into the Starter Chargo Chamber, this assembly
also provides a pressure seal for the chamber. The Integrating (Fu) Chmboer
ismachioed fzrm A£S1 1020 carbon steel and is 1.63 inch long. One end has
a machined bore to a-cept the electric primer. The M-52A331 primer is a
center button contact, conductive mix type with a cup seal brass casing.
The main body of the Integrating (Fuse) Chamber is 1.000 inch diameter
with an "O*-rinq groove machined 0.63 inch from thw frnt e-dA--e -12- A holdar
1.225 inch und 0.375 inch thick acts as a stop when the Integrating (Fuse)
Chamber assembly is inserted into the Starter Charge Chamber. The main
bore of the Integrating (Fuse) Chamber is 0.55 inch I.D. by 0.75 deep. The
entrance bore is machined with 3/4-10 UM-28 threads for mountinq the
Orifice Plug.

The Orifice Plug is machined from a Grade 8 alloy steel 3/4-10 On bolt.
The plug is 0.55 inch lona and has four (4) 0.0935 inch dieter thru
boles located evenly spaced on a 0.3 inch diametei7 circle. These orifice
holes meter the hot primer gases emrging from the Integrating (Fuse) Chamber
into the main Starter Charge Chamber.

When threaded into the Starter Charge Chamber, the Prirme Electrical.
Contact Assembly (P/N BDBLE- 1300) retains the Integrating (Fse) Chamber
assembly and provides the electrical curren' to the primer. The Contact
Assembly is 2 1/4 inches long with a 1 1/4 imnch wrench hex and 1 3/8-ON-2A
threads. The Primer Electrical Contact Housing (P/N DWIIZ-1301) is made
of AISI 1020 carbon steel rod and is machined to accept a BNC electrical
connector at the hex end. % 0.076 inch diameter hole in the housing face
allows the spring loaded Primer Electrical Contact Pin to maPke contact with
the center button of the primer.
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Combutio products of the mokeless powder £.tarter charge are
ontianumsly vented from the chamber thru the Powder Chaer Vent Plvq

(P/WK Iv•3-l009).

The vent consists of an /ASI 1020 carbon steel cyliLder 3.410 inch
diomter by 0.635 inch long. The sealing cone at one end is 88 degrees
included angle. A 0.191 inch diameter by 0.50 irnh long hard copper
insert is press fit into the bore in the steel body. The copper carries
a C.OS3 inch diameter thru hole which serves as the vent hole. Copper
is used because of resistamce to high temperatur ero=ion. A 1/2-13 hex
bolt with a 3/16 inch di amter thrJ bore xetains the vent in the Blind
Chamber.

A photogrph of the assembled Starter Charge Chamber and Blind Chamber
is shown mounted in the test stand in Figure 22

3.2 System Operation

The Integratitg (Fuse) Chmber is first loaded with smokel(ss powder.
In all cases DuPont IMR 419 was used. The =sw loading can be varied,
depending on the nature of t.he start-up pressurisition history desired
in the main Starter Charge Chanmer. it has been our experience that pres-
suriza4 t-onrate delays (a pr.-prea.'riaaticn "stew") can be achieved with
such an igniter or4figuration by decreasing the charge loading in the
Integrating (rase) Chamber. This will be discussed fcther in the next
section.

Onice the Integrating (Fume) Chamer is loaded, the Oriftce Plug is
threaded in place. The gas mass flow into the main starter Charge
Masker oan be p__zszz.y b---- .d ky Awroprlate choice of Orifice Plug.
A thin layw of cellophoe tape is used to cowr the orifice holes
to retain the powder. The Dzit•grating (Fuse) Chakier and Electric
Primer contact Asambly are then fitted into the Starter Charge Chumber.
T'imally the remaining loading of smoeleas powder is introducad intu the
bar@ of th chamber and rot-ained with waiing. The complete Starter Cag
Tester Assembly Procedure is presented in Apendix D.

I
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3.3 Meuat$ of Starter gerue Tests

A nautios anpracha was taken in the starter charge test mories in
order to asBure pr09er functioning9 of the starter charge aemeber with
associated electric primer assembly, fuse section, anmd orifice plug.

Sas-Vppagtinq ther-mochmical eqwilibriu oaJ calations for Duon X15 4196
Ik lss Powder were performed with the IIUAMO computer coda to establish

peak chaber pressure an & function of loading density in the chabr.
"w resualts of this computation are ebown in Figure 23 , a plot of
predicted equailibriam camber pressure vs. loading density. Starter
charge tests were pertomedI for p - 0.075, 0.1.23, and 0.165 g/oc. in all
cames 2.W0 q of INK 4190 powdr were loaded into the Integrating (Fuse)
Member. Resulting peak pressures *as soesed by the pieonelectric gage in
the SLIM Chmbr are plotted in Figure 23 , represented by open circles.
So firing test mesuting in a peak chaber pressure of 25 kpsi corresponds
to a total of 10. 15 q of 115a Z 4196 Smokeless P~r lar-dinq. Dy
reducing the loading of the powder charV~e in the rntegrating (Fuse) Chamber
the onset of rapid chamber pressurization can be delayed. 7his corresponds
to a low preesure pre-comipressive interval in the p-t history, the duration
of which is a function of the powder loading in the Fuse section. Like-
vise, a faster burning emke less powder, a ch as Merco Shotgun Powder or
Marco Pistol Powder will result in a more apid chamer pressuriz~ation.

A summary plot of p-t start-up histories for various starter charges
and loading densities is shown in Figure 24 . The range of achievable
-ressurization rates is seen to be 25 < dp/dt (kpai/meoc) < 100. The fastest
j,...wosuriaation rate, i.e., 100 kpsi/1msec, is obtained3 with Norco Pistol
-,,wder A- the main chamber and an XiS 4198 fuse (Curve E). The slowest

~. ~p~ ation rate, i.e., 25 kpoi/moc, is obtained with 0.65 g of 115
4196 ~ad 10.57 q of DM 419a in the -ain chamber (Curve A). Curve A
also displays a low pressure pre-compression interval - !astnq. a~r-x.'x*L*1uy
2z m=- prla to rapid pressurization.

Starter charge pressurization rate tests were limited to mean peak
chamer pressures of 25 Jcpsi, although the apparatus has been designedI' to withstand testin7 with a man peak chamber pressure of 50 kpai. it was
falv. L.nat &ll the phensomena of interest would be present at 25 kpsi mean
peak chemer presnure. Also, since large excursions from the mean pressure
can be . "pi. 4mn the liquid propellant compression chamber if explosion
wI A -,;*t it necessary to confine sensitivity testing to 25
kpsi man peak chamber pressure in order to assess the magnitude of any
pressare spikes.
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4.0 ,.it-I ition.. Senslitivity Studies of a ,mically Load

4,1 ODesciption of Test 3quipmgt

Figure 25 shows an asobly drawing of the L.P. Capeseion-
Ignition Sensitivity Terter used in the e. rimental studies. Futional

coponents such as valvrs, 9a" lines, liquid fill and discharge lines,
gs vent, and electtricl oomesctions are prested in the schematic drawing
Figure 26 . A co lete description of the Starter Charge Chamber and
aseociated comnments is given in Section 3.1 . The L.P. O=Weegion
Cbharz (P/" iNL3-1002-C) mates wiLh the Starter Charge Chaber via the
Chamber OCeplinj Cor•.x The Oampression Chamber is machined fn type 17-4PH
starAless steel in the a 1150 2wat treated conditio and wasures 3.5 inch in
diater by 7 3/16 inch long. T-4 main bore of the chaer is 0.4382 inch
diametr ani carries the Separator Piston (P/W BDmLU-10OO-A) and the Projectile
PJstan (P/W DWSL3-1013). The separator Piston preveaet hot combustion
ganes from the Starter Charge Chamber from ignitinq the liquid powpellant
chary• in the OWprsion Chamber bore. The Projectile Piron is utilised
to facilitate chamber filling under dynamic loading and prnvid•s the trigger
to act'iate the ignition of the Starter Charge. The Vent Pluy (P/N BINSUX-1009-A)

oumta in the Comprescian Chamber sad provides continums venting of
startar chat" oawt).*n gamses through its 0.053 inch dianeter copper
orifice. merd druwm copper is used for tke vent orifice insert because of
its resistao-e tW hot gas erosion.

The eoztr- end of the chamber is machined to accept the aluminum Shear
Disc (P/A UUWSL•0-lO5) and the Disc etaLner (P/N rBBUL-1016-A). The Shear
Disc acts at a stop for the Projectile Piston during anm-ic baling and,
in the eve-n of -a otrvu'w*sur* (exceeding 65 kpsi) dhe fo L.P. combnstioa,

t the Proiectile Piston vill shear thru the disc and allow the chamber to
empty and Sepreseurixe r&pidly. IMunted on the Disc Retainer is t*a Micrv-
switch Assembly which fires the electric prtae- when dynamic loading is
complete. The L.P. Comression Chwnbr also contains a Bleed valve for~
flushli residual ullage fr the systua prior to dynamic loading of the
liquid propellant charge. The injection port is designed so as to accept
various Flow Quides to rltor the cavitation dynamics of the injected liquid.

The Pneumatic Load L.P. Cylinder (P/N SUBL-1004) is machined from
type 416 stainless steel heat treated to Pockwell C30/38. The 0.50 inch

dimster bore cantas a Pneumatic Piston (P/N BSD8La-1021) which transfers
the liquid propellant charge through a Poppet Valve into the injection port
of the L.P. ampression Chamber. The Pneumatic foad L.P. Cylinder acts as
a liquid syringe to control the dynamic loading process. A regulated supply
of N2 gas fed through a Sclenaid Valve provides the driving pressure for
acceleration of the Pneumatic Piston. The injection time is controlled by
this driving pressure, for a fixed volmetric loading of liquid propellant.
The Popet Valve controls tia steady state (equilibrium) pressure in the
L.P. Compression Chamber by adjusting the Poppet Valve Spring compression.
rew Pneumatic Load L.P. Cylinder contains a Silicon Rubber Septum throuqh
which a Gas Ullage Syringe passes to introduce a precise loading of air
ullaqe (volume percent, ST1Y. Liquid propellant is introduced into the
Pneumatic Load L.P. Cylinder through a fill port equipped with a tube fitting
and valvinq.

'4 l . . . . ... __
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Four PCB type 119A quartz prv'ssure transducers, ruggedized to withstandhydraulic Pr-essures to 200 kpsi, are mounted in the L.P. Compcession Chamberto record pressure-time histories during a compression test. One pressuretransducer is located in the pressure communication passageway between theStarter Charge Chamber and the L.P. Compression Chamser to measure thedriving p-t history sensed by the liquid propellant charge. Three pressuretransducers and tkiee light sensor assamblies are mounted 1800 apart and1.0 inch on centers along the Compression Chamber bore.
A photograph of the assembled Starter Charge Chamber, L.P. CompressionChamber, and Pneumatic Load L.P Cylinder Is shown in Figure 27.

4.2 Phototransistor Light Sensor Assemblies

Three phototransistor light sensor assemblies, PCRL MOD I dezign, havebeen incorporated in the Liquid Propellant Compression Chamber design. Useof such a light-seneing system which is capable of detectLig ignition ofthe liquid oropellant charge is a useful diagnostic tool for these compression-ignition Lr ,lies. The design provides for (i) easy insertion and removalin the chamber, (ii) a saal against pressure and prctection of thesensitive phototransistor element, and (iii) no ablation or cracking of theviewing (sealing) sapphire window when subjected to the high pressure,
hot gas envixonment.

The light amnsor assembly has tw major components: (1) the photo-transistor housing which contains the active light sensing element and(2) the high pressure window housing T.'hich protects the phototransistorfrom the high pressure (25-50 kpsi), hot gas environment in the compressionchamber by mans of a small sapphire window.
Thc phototranajstor housing has an overall length of 1.28 inch withhalf this length threaded 10-32 UNF, terminating in a Microdot famaleconnector. The opposite end of the phototransducer housing is open withthe Phototransistor lens recessed for protection.
The high pressure window housing is 1.50 inch in length and has ý-20threads for mounting into the combustor housing. The window housing his1/2 inch wrench flats for tightening. It contains an internal bore withthreads to accept ths phototransducer and a 0.04 inch diameter x 1/2 inchlonq sight hole to adt.it light from the sapphire window to thM photot'ansistor.

The Phototransistor employed is a Texas Instruments LS-400 N-2-NPlanar Silicrn Phototransistor. The rse-time and decay-time of thistransistor az* 1.5 Psec and 16 wsec, respectively. The phototransistorelements are contained in i. hard glass, hermetically-sealed case with ahemsipherical-shaped lens. The operating temperature range with elementsexp•osed is -65 C to 125 C. The device requires 9mW/cm2 of incident radiationto fully saturate. Thc outer dimensions of the phototrarisistor are 0.6 inchin l'ength and 0.08 inch diwaeter. 'rhe collector and emitter connectionsare accomplished by means of two fine copper wires.
In the phototransistor housing, the collector wire is soldered to abrass female Ricrodut connector after being fitted with heat shrink tubing.Tuo small Teflon sleeve collars insulate the female Microdot for the photo-transducer housing. The brass grounding bushing presses the emitter leadto the housing when thc phototransducer is finally assembled. The photo-transistor element is potted into the housing using General ElectricSilicone rubber RTV-108.
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A lock nut is tighte•ed to hold the photothaedvoer in place. The
s&Apiro window, which insures 0.125 inch diamter by 0.200 inch long and
is manufactured by Adolf Mlbler Co.,* has optically polished fames for opLimumm
light trnmission. he window is placed into the high pressure housing
from the pressure side and is sealed by mans of a Parker No. 5-179-3052-90
"oo-rinq in a dow-tail groove in the ."uming face.

The re•lative spectral response of the LO 400 phatotransistor is show
in Figure 28 , with the response of the human eye, output of a 2670 K
Tungsten source, and output of GaAs sources displayed for m arison.

4.3 System Operation

Following the complete assembly of the L.P. Compression Chamber mad the
Pneumatic Load L.P. Cylinder, the Starter Charge Chamber is fitted with -
electxic primer amd loaled vith the prescribed mokeless powder six. The
Starter Charge Chamber and the L.P. Compression Chamber are then joined
together with the Chamber Coupling Collar za the test stlid. The liquid
propellant filing procedure can now begin.

The Pheumatic Load L.P. Cylinder and the L.P. Cnopression Chamber
are first bled to remove residual unwanted air. This is accomplished
by first positioning the Separator Piston and the Projectile Piston with
ends on either sidel of the Compressiom Chamber fill port, thereby forming
a 5/32 inch wide passageway for flow of liquid from fill port to Sooed
Valve. The Poppet Valve is then manually hig4 in the open position as a
gravity-fed supply of liquid propellant flows itito the Pneumatic Load L.P.
Cylinder, through the Poppet Valve, Flow Gtide, fall port, the 5/32 inch
slice of Compression Chamber bore, and out the Bleed Valve. in this manner
the entire system including the initial bore volume between the two
Compression Chamber pistons can be flushed. With the Poppet Valv, roleased,
free t -rturn - its normally closed position, a prescribed volumtric
loading of gas ullage is introduced into the Pneumatic Load L.P. Cylinder
with the gas syringe. The displaced liquid propellant volume is permitted
to flow out through the Isolation Valve. All valves are then cloewd. The
liquid propellant reservoir is removed from the test area, all electrical
connections completed, and the safety enclosure closed. Upon enabling the
instrumentation to record, the system is ready to fire.

The ignition circuit which ultimately initiates the electric primer Is
energized by first closing the Ignition Circuit Safety Interlock key switch
and thea the ignition Circuit Arm switch on the control panel (Refer to
Figre 29 , Firing Circuit Schematic. This applies +500 VDC to the open
leg of the microswitch. The firing voltage is not sent to the electric
primer until the microswitcn is closed at the completion of dynamic loading.

A liquid prcpellant load circuit is now energized by closing the Load
System Safety Interlock key switch. Refer to the schematic drawing, Figure
29 , foz the following description. The dynamic loading sequence is
initiated by closing the Load System Firing Switch. This action opens
the Solenoid Valv=. which releases the driving N2 pressure into the Pneumatic
Load L.P. Cylinder to accelerate the Pneumatic Piston. The motion of the
Pneumatic Piston forces the liquid propellant and its gas ullage past the
Poppet Valve once the force balance establishes Poppet Valve opening. The
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liquid propellant and its gas ullaqe flow through the Flow Guide, possibly
resulting in cavitation depending on the nature of the orifice, into the
bore of the L.P. Compression Chamber. The Projectile Piston is then
driven to the right allowing the charge to fill the bore until the maxim•m
stroke is achieved. The contact of the Projectile Piston with the pushrod
of the Micromwitch Assembly closes the microokitch and applies the + 500 VDC
to the Xlectric Primer in the Starter Charge Chamber. The resulting
pressure generated by the uambustion of the starter charge mix is sensed
by the Separator Piston which is free to move in the Capression Chamber
bore. As the pressure in the Starter Charge Chamber rises, the Separator
Piston accelerates compressing the liquid propellant charge along with
its bubble distribution. The nylon portion of the c=Vosite Separator
Piston expands radially outward to the bore to prevent hot gases fr
reaching the liquid proellant charg. This is a high pressurm seal. g
rely on "O-rinqu fitted to the Separator Piston for low pressure sealing.
Combustion games from the starter charge are continuously being vented through
the 0.053 inch diameter orifice in the Vent Plug. If the compression
cycle does not produce an explosion of the liquid propellant charge, the
Separator Piston will return to its original position as Starter Charge
Chamber pressure declines. If, however, the liquid propellant charge
undergoes runatpay rnactici at some point in the compression cycle, the
Projectile Piston will shear through the alumina Shear Disc when the
bore pressure exceeds 65-70 kpsi. As the Projactile Piston emerges from
the bore, the combustion qases from the liquid propellant charge are
vented out though the bore hole in the Disc Retainer bolt. The venting
is so rapid that a positive pressure gradient between the Starter Charge
Chamber and the L.P. Compression Chamber drives the Separator Piston from
the bore also. Both the Separator Piston and the Projectile Piston must
be replaced in the event of a liquid propellant eaplosion.

4.4 The Data Acquisition System

Princeton Combustion Research Laboratories', Inc. data acquisition systam
includes a Biomatior. Waveform Recorder, Model 1.015, Tektronix Model 7704A
Oscilloscope, DATA Coupler Model 3403, and Texas Instruments Model 733
ASR Electronic Data Tszmtinal.

The Biomation Waveform Recorder records four simultaneous analog input
nignals, with resolution of each input signal being one part in 1024 (better
than 1/10 percent). The four input signals recorded are : Channel 1:
Starter Charge Chamber pressure, pc; Charmel 2: Light sensor output, Ll;
Channel 3: Liquid Compression Chamber pressure, p ; Channel 4: Liquid
Compression Chamber pressure, p . The recorder il operated in the Pre-
trigger mode. This mode of datl recording permits the recording of the
event prior to the trigge. signal, if desired, and the subsequent signal
history. This is accomplished by having the unit record continuously until
the trigger is received, then using the trigger to stop the recording process,
freezing the data that was recorded prl ar to triggering in memory. Each of
the four channels stores 1024-10 bit words. The sampling rate utilized
is 100 Mz (0.01 msec/word), resulting in a data recording window of 10.24
msec. Sie window is quite adequ'te to capture the events of interest. The



wave ftrn Meovdar is operated in the pretrigya no" with a trigger delay
of 900 *=PL intervaLs. 'Ie trigger signal utiliged in thet I Iernal Volta"e
associated with the StArter M~arep ctwsr pressuw. trafeduimer response.
Wes the trigger circuit of the wavefomn recorier detacts the sintrnal
'Volta"e Sigmalt of 0.6 v (or 600 psi), it reindt IM0 Words Of easring
del". isprovides for sufficient nesolutiAui of the rapid presmwiaationm

-tira of the p-t start-up history.

1'bs s80r"A data *M the wavefom rOWmdWar be output to an artci~lo-
*pOw tow visual display amd phtographic recording. mnd/or to the
Printer Of ft ts1at7P@itmr, * ad/or directly to a data tle. an the tim-
sharing computer (IM 370-lW4) for subsepgat outip-t in t~buin fer mi/OC

9km~os ]A ord to 4..gMU* the fte atbar nmes of iigitai
d~.atadsplay, a no NWsple and ft" esomsts x1eatcomic antA
I a Anal are reqairsi.

"ISw DAUGCoupler. Nodal 5403 is m integrated circuit unit specifically
desipied toiar tame the 91matinie wft 6M omngose to 'varous tecogymn
mad computing units, by PW- 1W the circuitry and abe aso mamewry for

-Metig the diVital output of the waveform recorder. The esqiler is get
up to accept the digital data fra t'e waeftorn recorder am a manual
(coammnd-type) basis. Digital data ia etasemd from the waveform recarder
Into the08SC Q'ulw r and the auto a ositte to". an the "

Znstmts 3 AMSS leatronic Data Tonrmial. WAMe the entir, datak file
hasbee Wrdanam petic tape it is then stregmd to a tila an -p

370-15 tim-sharing computer for subeqenmt oalibrati~.a* tabLatiam an
Plotting.

4.5 TURCtIcoAL Test1AW: 109t SAiinamt (1eter)C Tests

Mmaitichal Tests of the systimm ware perform with water to determinte
that all aspects of system operation chechd out. Tbase functional tests
with water also provided a baseline for ompiarison of @~Seiom-ignitai
sensitivity stlies paromt- with nO-MS liquid inpupelmt. ian all
fusatiODal tests the line pressure to the Pneumatic load L-.t. Cylinierwa
300 peig and "net'* liquid was dynamically loaded in the Compression Chore.
T*0 different pessurizatiOn P-t start-qa CMeS werr emuloyed, Type C and
Type a.

A verification of the system response to the pressure loadings geerated
by Typ c and Type z starter charges was obained by exorcising the "M-
SC T Computer Proyawa S4 for a liquid spring/mess system with physice.
praperties, e.g., density &ad soud speed, repr gmtative of WO-365 liQUid
ymooprapellant.

KII

In thisa simplified approach, no account is taken 0:ý syste daming and the
liquid is &ssamed "rLeat". The moss of the liquid charge is lue withth
mass of the saparator Piston, the -m being mi. The applied pressure produaced
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p (t), and in the bore of the L.P. Compressimon Chamber, P (t) and P (t).

eossure transducer p is located 0.60 inch from the red face of t/

Separator Piston and ý is located 2.00 inches doustr*m of p . The
vartical scale in thes figuxes is 20 kpei/inch, with shifted "lseines

for each Meassure record. The oscillation freqpency of 5000 Us in the
p -t record is associated with excitation of the tundwental acoustic
ý&de of the starter char" chaer due to the combustion process. The
liquid response, p and p3. (essentally a damped spring-mass system) to
the driving presUie pc associated with starter Type 9 displays ratker
largetampluLde pressure excursions of the s frequency. Although the
mn peak liquid pressure is seon to be 25 "p1i, a pressure mwe of
50 kpei amplitude is 9 eratsd in the dyn~mic&lly-loaded liquid column
at the looation of p3 . Notice that the magnitude of the pressure spikes
in the liquid colmn ame not as severe for *IlST PON 3" since the
pressure excursions developed by the smokless ponger starter charge
Type C are less severe. This mas predicted by the systan response cal-
culations of the "SUPKI•S(PMO Code.

Zn both of thems %ort loading tests system oompoents and instru-
mentation functioned perfectly. The integrity of al1 seals was estab-
lish*4. As anticipated, all light sensors reained on baseline for the
duration of the inert loading test, indicating that cgression-ignitian
of the dynamically loaded neat water charge did not result. Cospression-
ignition sensitivity studies with 4.-365 liquid innoropellwt are

discussed next, in Section 4.6.



4.6 !N-xs5 Lhqiai fteiinge~lit Tests

"000eesi,0-*dut"M senitivity studies Of dIMainial ly- loaded
Me-36S liquid , -. 5 1ellmt were pegfclgmd with thu ~apatua pre-
Viusly describgd. IMe PCOesMSrstiON rat* to which the liquid pro-
paliant argeP with associated allege is sujected is As iMortmat
poRIM0110 ins dt RedBAis the threshold for rumyw reaction &ad, there
foge. the saft Weret lg li1mits of Start-W pressurzsation. Th- maxt
Of tests 0pCMENIM Is PCOeGStstd Is Table 3 . gres av34 them 41
diqplay MUriM 200"s of tesaftsitlyity tests pelrhcmi. Zo each
am" Stiie, ohmga Chuftr pregame adtwo liquid jicopsllat ,OR asion
Chslbr kwamesn Are displayed as a finction of tiss an a stagger"d
base him scale. fte t' dan response of the ibotatransistoa, light
sensors is the 0090"ion chambr bore is sho as no insert ina each

Fxiri tasts inzaM RM HDS 1, 2 &14 4 Were perforaed with neat
PrWphInMt 40d dyawlc loading driver pressure of 300 p.1g. In all
cease the uaim peak e'zarter charge preasue was 25 kpoi. The preoser-

isatiem ~ ~ ~ ~ ~ ~ - mat .l es etorepgi to those associated
with fstat-%W Curves TYPO C. - 9M4 0 reegectivelY.- Figure 34 displays
test results Of "ina MR I*. The response of the dyminfically-UlWad
seat WONUpsllt charys to & Pressurziation rate given by 'FMP C start-W
char"e is benign. Y his can be see by inspection of tbe p-t history ts
the liquid charge.* a corawateom of theme records with those associated
with test Ziný 3 * and by the leck af response of the phototran-
sisto I'M* PMP@.-

11m35 displays teat results of oUL1M X 20. The response of
tedy'maieally-los&Wse at prt~llslit, chrVge to a pressurisatiom rate

gives bv TmI a stert-vip curve a faster preesuwizat ion rate than VIMZ C
*FUW is - espleNSIo. Light smear L2 detects ongtion in the

liquid mhg' oeAt ~eitly 0.40 meac After ignition of the startekr
carge (metet of cbmbr pressuinsatlon). frh1lowg by a response Of Li
at t - 0. 70 ass sad tha L3 &t t a 0.5 Igmeac. The preseawe-tim histories
in the liffald charge show larg sCAle oseillAt4 ma with peak preagurea
in ofm at 0 Wei. Oazye MWLif"We gains wore incr~ased i'm asauesqnt
tests is 0a oGIe to Owftuge the ereCt prvessure psak. Several Peiats Are
multh motift' Mi the depart=* of the liquid preasm- response fron that
of M ISert lrIOMg test. 1-.. Figure 32 ZNI~ MM 2-, ocam* in the
eseghheghsrd of t - 0.50 Nmac Aft" ignition c~f tPe starter charge, and

(ii)- a pr dly t m I1.0 AMC After Prmwsvrizfticm coast the sheer
dLsa 8100 aidrspd 40P96es0isation of the liquid prcq~allmt cam-
peseiM Gb~r bore results. This us our first indication that the
issigo of the pressuse relief blow, oat syste would suain the integrity
of the CAMe06110-ipititIAM test WAeratus Me a ISaalt of An axPlosion.
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3C 0 300 3UNI(r4

a 0 300 3XP4W8ICj4

3 C 3.1 300 5MI!N

4 D 0 300 EXPLOSION

SD 3.1. 300 IXPLOBION

S0 0 500 WLCGIOM

7 C 0 500UIG

c 3.1 150 RXPO6Z0M

TN"Z 3

Tabuat.ionu of Carression-Ignition Sensitivity Tests with
Dyusmically-Loaeds NW- 365 Liquid Nnnoprope11ant chargui
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Figure 37 displays test results of *DUM= MU 4, sm intexmilate
pressmurization rate case orwresponuding to ?TM D eta~te chew".. The
dynmmically-loaded meat 5rp aghIant charge undergoes delayed rnmay
reaction, wpreaslmatsly 4.25 mmmc after starter char". Igition. "is
response of the liquid r up -llant charge is essentially besips or to
tkhis point. 0bftartumately . no 1light anw output dat&a as obtained
due to the deleyed liquid reaptse. This delay"d explosive response
of the liquid Y~xopallat suggests that a critical thresbDld maiticin
for cangssion- igition has been achieved. for presesrisaaion rates
1ess than that associated with TIPS D etar~e charge,* the liquid respose
is benignI for faster pressuiza~tio rates, explosion. results.

?igure 42 is a aminry plot displaying the corridor Var safe start-up
opera&tion Of the OyunaiCally-loeds neat IWCopeliset Chat"..

The nest sequence of yression-igiition Msesitivity teffts perfoumed
was directed at detegmisiing the effect of deliberately introduced air
ul lags (3.116 by voulme) on t~w teanducy toemrd explos ion. Ithee tests,

Uentified'& as 0M MW 30 and 331Z R 5" wers perforsied with a
dynamic lelod driver pressuire of 300 psig G pressourisation rates gAven

by vtarteC ckArge TYPE C mad 71PN D respectively. Figure 36 displays
digitized firing records of OUSIZ R 3*. The response of the dyameically-
loaded 305-34S propellent charge with its associated bubble distribution to
a pressurization rate given by MYE C start-u cawve is benign. Again we
note the lack of response of the phototransistor light sen~or Indicating
the absence of conpre ssion- ignit ion.

Figure 38 displays digitised firing records of 3I3B.1M MW 50.Th
response of the prope~llant char"e with associated ullo"s to a fameter
pressurization rats given by TYPE D start-up curve is an explosion. Light
sensor W detects oanmwtion isa the liquid char"e at t - 0.90 asc fallow-
ing ignit ion of the starter charge. Ith. delay time to explosion is cosid-
stably mdr dce by the introdwaction of 3.1% udlage as caspered to the neat
liquid rearae to TYPE D starter charge pressurization. fthe pressure
gsnerated in the liquid column is seem to ba in excess of 100 kpsi (charge
aslifier signal saturation). Rapid depressurization of the propelant
-wress"Lou chamer bore is seen to begin 1.6 mmmc after the onset of
prom a riat ion. Also notice that pressure transducer p 3 shorted during the
firing due to the excessive pressure. This transducer was scrqape after
the firing due to diaPhragn rupture.

The next group of tests was per forined with a dynamic loading driver
Pressure of SOO psi; and a neat propelant charye. At this high driver
PruSsure the cavitation phnmomaon is anticipated to be mors severe than
the 300 psi; driver cases, but the resulting bubbles (fro cavitation ad
rssidmua ul1169e in liquid) tend to be smailer in diamtier. Figure 40

prOpellant charge SMOected to ITYP C starter charge pressurization history.
Again the light sensors s@bw no sign of co~tession-ignition in the charge.
HO~ve*V as shorn in Fiqure 39 for I3L3UlZ MW V. explosion results when
the neat propellenat charge is subjected to the start-upW prssurisation
history given by a TYPE D curve.I
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Figure 42. Coidior for Safe Start-U Operation of a Dynamically-
Loadod Neat N0S-365 Liquid Nonopropellant Charge.
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in all of the above-referenced €prein-ignition tests, the
dynmicaclly-loaied liquid propellant chary. displayed a benig r•sponse
to the pressurization rate givn by starter chary. TY!1 C. it wms felt
that explosion could be produced by comptessiom-ignetion by reduci the
dynamic load driver pressare to 150 psiq theseby increasing the momn
bubble diameter distributed through the liquid propellant charge. The
results of the Flow Visualization studies, discused in section 2.3,
irdinat• that large bubbles are created with this low driver pressure.
It is our experience that larger diameter bubbles are sore sensitive to
mo gyeesion-ignition than smaller diaeiter anon. Therefore 1 M am
wks conducted with a liquid chary* containing 3.1% by volume air u~aqe.
As anticipated, explosion ensued. Light sensor L3 detected €astiAt
in the bore of the liquid propellant comression chamber at t - 0.70 maec
after the onset of starter charge pressurization. The pressure-times
histcry in the liquid charge indicates severe pre•aure peaks (p > 100 kpei)
at approximately 1.00 mec after starter charge ignition. The severe
overpress• re at axial location P3 resulted in the rupture of another
transducer diaphragm.

4.7 Interproeation and Discussion o," Comression-Ilnition
Seansitivity Sudies

Tn considering whether vapid compression of & liquid monopropellant
charge with associated ul lags can lead to secondary ignition sites (hot-
spot ignition) ard resulting explosion of the charge, we have to consider
the detailed processes that aay initiate a runaway exotheriLc chmical
decomposition reactinn. 1,6-t producud by the copression process in the
neighborhood of a collapsing bubble is believed to the triggering A&ent,
not trie pressure itself.

When the liquid monopropellrnt is rapidly compressed to ca. SO kpsi an
estimate of thi -ezpoerature r-se shows that, if the liquid is debubbled
(de-aQrated) and if the .oepression process is taken to be isentropic, it
can be as much as 10 to 20 °c, with some uncertainty in the calculation
due to le *k of Prociae data on compressibility and thermal e63xnsion
coefficienIt, among other prop rties. A completely bubble free monopro-
pellant is therefore unlikely to explode under sudden compression.

Howev's, with one or wore sL.all bubbles in the liquid, a "hot spot"
can be generate4 by the adiabatic compression of the bubble, either air
or vapor, and if the bubble in initially large enough and if the compres-
sion I -ocess i• rapid enough, the sharp local rise in temperature can
cause the bubble to retain its heat long enough to initiate exothermicchemical reaction. The ;'esulting rapid gas generation, which 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, leads
to rupture and expulsion of the specially designed shear disc assembly
from the liquid propellant compression chamber bore in the PCRL experimerts.



OWe follow"m omurisee the remi ts of the 0000"Gioe-14 kiitiew
stuies s

(1) hmporeeewLaat.Ln team loee thom 20 kPet/Weec a dyMLCally-
looftd Rmt rn-rn 14m1 w~id rope11sot 'A l-i to hmiji. Vur We-
sir~sation raes in 6womese of tWia threseheld oka~it on ss equiaei of the
liquid dww"lart~ey resits. * betbr it be seat or omtaining
poposamtly Latri%we4 distributed ulle.. 2This estalishes the domai
of safe start-up for practical dymmoic lead LPG systaos.

(2) 2M severity of the explosion an associated 6elay tim to
exposaam In a mnatim liquid i~ U t ohew. apears to be

rMMo!aml, to th apec denity of the babbles.

(3) Par a liven Pressurization rate, as. 20 kpei/imec buble eaim
plays a 40iamt role in dateguainiag this t~endecy toward esplos hon. Wans
the =up buble 4ismoter io increased by -n ordes of inequitude, trom 1O-1
inc to 10-1 ncd tuww &W VAMm re i "hit". I&*
dyminaioalr-1.edeil liquid inom'auevlmt charge is no loamp bhs& 'im
sujected to ;w1w'romLiatlon rates of 20 1wii/inc Mar distribu'ed babbles
Of 50MmLa didMt 1 2inch.o fiisopraciticar signifcancbonrl ed Lim (fill
Pof mar igme 1 in adutch.o rapid-ire oPG can etm sotrold soas. Lionfl
Produce the swulo kwabl break-p. Also v*Luintrte owtant of residual
tallage can Probably be ala iaLsad to the range considered to the afaomene-
tioned tests. '

(4) No deatonations base occurr'-d in the compress ion-igni tion
sensitivity wtudies.

(3) It is 41e0ibt thaat explosion does not ocCUT during the firijt
PEO92M Pulse Mn Start-p. Mmmomuy exthermi~c reaction ansuse as eazly
as 0.50 - ec after PrMemArtAation onset to as late as 4.00 assc. This
suggests that buble collapemw tis compared to beat retention (or ascepe)
tiM during the pCeso~itiatica Cycle in key to udrstaneding compesi.aan-
ignition.

(6) Niniagmint of the start-up pressurization history is of paroount
i~rtuiCe from the standpoint of comression-ignkition sensitivity mnalysis.
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5.0 to Emitiatin of oaic. breosion

5.1 ME 02209"0114 itAtions to be Oin&Ldere..- Theoretically

& 008996hGsiwe tUOSMetical analysis of the sonsi•vity problem due
to bubble% sould take into account at least four different physical
situst-toms. One to the case of the bubble-fr.. or neat liquid. This
mig be emaidered the baseline case. As a remslt of its non-sero
oaressibility, the liquid tages up enerqy in a rapid coression, and
this emeagy mifests itself as heat or temperature rise. Th.s rise is
on the orde of a tow ts of doWpso C, not isougb for met propellants
to asse a r- y reaction in the millimeconds of qua cycle time. mwver,
a omataiwor of mt liquid com, if the qaplied rate of pressure rise La
tailOned qopil n ately, (e.g., a sharp o ression pulse to platewa)
cavitato during the trove&** of a reflected expensiao wae. Such cavitation
buhlse cam contain air draw out of solution as wall as the propellant
vapor. It requires det&iled fluid mechanical analysis plus consideration
of fi•ite-rate cavitation theory in orde;. to estimate theoretically the
ti•e delay required for the appearanc* of cavitation bubble* of a size
zufficient to initiate the runaway reaction. This question of a safe no,-t
oavitating pressure rise profile has not been investigated for a neat
liquid to the staom of deciding just what the safe limits are, to our

A second case of importance is that of undistributed air ullaqe, a
large cavity or *bubble'. It can be shown by analysis that a cavity of
as little as It of a large caliber LP gun chamber volume constitutes a
large bubble in the context of this theoretical discussion, tha. is, ore
whoee collapse time is comparable to the applied pressure rise time
ad whose heat retention time in almo lonq compared with the pressure

onset time. In other words, a large bubble is one extreme of the hot-spot

initiatior theory, and undistributed ullaqe usually fits that case.

The third case for theoretical oonsideratien is that of the isolated
mall bubble, initially perhaps 0.1 to 0.01 cm xa size, or even smaller.
in the gun chamber compression process, the bubble can "implode" to a diameter
as mall as a few microns, creating pressure levels within the bubble
and in the immediately surrounding liquid encrmously higher than the field
pressure in the LP chamber, and ,'achinq temperatures in the range of
many thousands of degrees Xelvin. This is the case :reated here. The
bubble is taken as filled with both air and vapor: we have ignored for
simplicity the dissolution of the air in the surroundinq liquid but we
have explicitly talen into the analysis the finite rate of evaporation
and condensation of vapor in the bubble. The generaý> conclusion can be
anticipated, that: a runaway reaction can be provoked by a combination
of conditions. a large enough bubtle, a rapid enough compression, and
a sensitive enough propellant. The formulation of the equations is such
as to adit the possibility of runaway exothermic reaction in either the
vapor phase or the liquid phase. It should be noted that monopropellants
composed of water solutions of inorganic explosive compounds that do not
vaporize cannot produce explosive vapors in the bubble, so it must be
inferred that the runaway reaction in such cases taker place o, 1y in the
liquid phase. if so, the theory would suggest that the react n goes most
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rapidly right at the bmbble-qas intorfa.o, whore the temperature reaches
the highest levels. U the liquid charge in the gun chamber containe many
bubbles, a realistic assuption, caused by break-up and scattering of the
unavoidable air ullage Lntroduced in the filling process or brought out
o! solutism by cavitation, then the question can be asked, whether the
isolated bubble theory is applicable. It can he shown theoretically that
the most imp•rtat effects of the bubble in causing a runaway reaction
are contained within a few radii of the bubble, so that if the ullage is
lose tham It, there is a good chance that most of the bubb•es can be
treated by sinqlo-bubble thecry.

This brings up the fourth c.3e, that of bubble clusters. No theory
is offered here for this case. obviously, it can become the dominant case
-lei the mont of ullage is more than 1%. A bubble cluster can lead to

rmawmay reaction more readily than the isolated bubble, since it can
crente a situation in which a small field of propellant is surrounded by
heat sources, thus being heated more rapidly to decomposition temperature
levels than by a single central heat source. But, unless the ullage is
large (which ought to be corrected in the design), the number of such
clusters would be much smaller than the number of single-bubble reaction
sites, and so clusters may not be the iominant problem. However, the
cluster situation does deserve analysts. It has never been treated, to
our knowledqe.

5.2 5 of the Present Work: Fundamental Processes and Theoretical
Considerations

With the preceding discussion as background, the present work was
initiated ,imply as an entry Ynto the problem. Limitations of contract
time and very severe limitatl.ons of contract funding precluded more than
a definition of the problem and an indication of the manner of solution.
fbr the reasons given above, attention was focused on the single-bubble
problem.

Mlany of the ideas that underlie the following theoretical formilation
%re drawn from the extensive work that has been done on the theory of
bubble dynica ever since thn pioneer work of Rayleigh , most of it
with an eye on application to cavitation damage. Our problem differs
from the cavitation work in one important respect: the liquid is an
explosive medium that can decompose rapidly and exothermically when initiated
by a collapsing bubble serving as a hot spot.

Befcre entering into the analysis, it is worthwhile to discuss the
physical picture. We visualize a small air bubble at some moderate initial
pressure, containing some vapor, perhaps one millimeter in diameter or
even less, located in the middle of a field of liquid monopropellant.
At the starting instant, the applied pressure comes on, not simply as a
step, bu as an arbitrary function of time, rising to its operating level
of ca. 5) kpsi in a time of the order of I msec. The "wavelengthi" of the
applied pressure is much larger than the diameter of the bubble, so that
it is legitimate to treat the liquid field around the bubble as having
a uniform value of "pressure at infinity", which is taken to vary with
time in the manner of the applied pressure.

-
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An "implosive"' motiun if the liquid ensues and the buoble starts
to contract. Due to the mome-itum acquirad by the liquid in its inward
motion, the aressure in the bubble can reach levels on the order of a million
atmoophereu. The adjacent liquid reaches similar pressures. The temperature
of the gas in the. bu'bble can reach peaks on the order of tens of thousands
of degrees Kelvin. At the severe pressures in the micro-domain around
the compressed bubble, the liquid must be taken as compressible. this
woderates enormously the bubble pressure that would have been pridicted
on the basis of incompressible liquid theory; and correspondinaly, the gas
tumperature in the bubble 's moderated enormously by the introduction
of cop.ressibility. One of the examples given below chcws that the
gas temperature decreases by a factor of five when the compressibility
is introduced. A numerical example shows that as much as 95% of the
energy of the implosion resides in the compression work absorbed by the
compressible liquid, at the moment of peakl bu'bble ?ressure,and only the
other 5% in the compressed gas. Conduction of heat from the hot bubble
gas tc the surrounding liquid also mode, ate.- the pressure rise and tae
temperature rise during the collapse. Tnis non-adiabaticity :&s difficult
to predict in tlhe absence %: infoc-matiun about the motion of the gas in
the t"ny collapsing bubble. In the rcee.ec-t work, it is assumed that
the gas is simply in radial contract:inq motioni and that the pressure is
approAimately uniform, i.e., that the bubble wall Mach Number is much
less than one. The formulation for heat loss "ests therefore on molecular

heat conduction in a contracting (moving) gas. A similar foimulation
is used to describe the heat conduction in the su.%-11urding liquid.

The heat conduction processes within tiie bubble and outside the bubbie
are incorporated in the go eral energy equation of the fluid in each case. I
It will be noted that each energy equation includes a chem- ca- reaction
term to describe the dependence of the e'ýothennic reaction heat generation
on the local temperature, that is, the formulation allows the possibility
of reaction in both the gas (vapo:') and the liquid. Associ d, . with the
question of the flow of heat from the bubble into the surroeLuding liquid
i: the rate of vaporizat:.on of the liquid to %--om vcnr in the tubble.
In the present work, finite-rate vaporization kinetics iL included. In
some•ethec published work, 3specjally in tho cavitation theory litetature,
it has been commonplace co take the vapor density ixn the bubble as being
in thermodynamic equilibrium with the surrounding liquid suz face temperature.
We have -eviewad the supperting order .of-magnitude rgunents and we are
not convinced. Accordingly, th, fin Lt,-rate evapora -Lou-condentseionI
equa(ýions are introduced.

One of the most initeres-ing f tcres of th3 problem arise- from
consideration of the tine scales Inherent in the problem. ive -, be
Sidentified- kI) The induction tiimw foi. cheical reaction in the apor

! ~phase., determ~ined "-•t t-he hig'h teriperatý:re at the moment of peak- b-,ý le
P pressure; (2) The corresponding chemicail rt_;ýction time in the liqui', pha.!e_,

(2) The duzation of heat retention in the ',-~rle (heat conducti1,- time);

(4) The rise time of the imposed ozessj'e zFrax "; (5) The colla: ;e time
of the bubble in re.ponse to the iwposeC pressui. field.

It As pojsibie to anticipate sone of the thecretical resultq. k
the chemical reaction induction t is I,. -i ctcna:•ed with " -,a_ rete.to-
time (i.e., slow kinetic-s and tiny hubbls) tneere -S a :narnz tnat
the -unaway -eaction can -be ,-i. eTh.s effe "• .... :em-srie
the PCR: c-c-essiý:n :za;.:s~-*--

fL
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Consideration of the relative times of bubble collapse and pres!;ure
rise leads to an interesting theoretical problem that, as far as we zan
find, has not been treated in the literature but has a very important
bearing on our problem of explosion aoidance. It can be shown theo'etically
that the collapse time of a typical bubble, at driving pressures on the
ozder of 1 or more kpsi, is only on the order of a few microseconds.
On the other hand, realistic pressure rise times (an LPG system or a
warhead explo4ive subjected to setback forces) are generally on Che order
of one or more milliseconds. Thus, there are h,,idreds U,4i ;ýazhps
thr'7saids of cyclea of bubble collapse, rbteund, and collapse again within
the rise time- The heat retention time is generally also long compared
with the coll.%pse time. This means that each successive =ollapse intro-
duces more az'$ more compression heat into the bubble, so that the danger
point for ru.away reaction would be well along in the rise of pressure,

perhaps even ifter the applied pressure ias reached the highest level,
and thus the point uf interest would be after some hundreds of cycles. *1
D.-.pitq this' observation, pteviouE theor iical work has been aimed at
computing he- pressure, temperature, anm reaction rate trajectories of a
bubble .during the first cycle only, usually be a vary painstaking numerical
procedure cn a computer. This seemed to -ive plausible results, but only
because i: was commonly assumed that the question of time scales was an
unimportar: : one and that the pressure rise could therefore be taken to

be instantaneous. It was thought that a sudden junp is just as good a
model as ay other pressure rise function. This is not so. The control
of pressure ri-e rate is probably the most practical way, to avoid explosions.
The many-cycle model must not be ignored, but this means that the theoretical
nti:,odoiogr has to be altered. It is simply not feasible to compute at
i'ingth the entire history of the bubble through all the hundreds and perhaps I
tiousands of cycles reauired to reach the theoretical explosiun point.

!'ome approximate method for summing all the effects of successive cycles
is needed. More on this problem and possible approaches is given in
Section 9. 0.

As pointed out at the beginning of this section, the original limited
task specified in the contract was to develop a methodology for solving
the system of equation developed below. Although not simple, it seemed
straightforward at the time the Statement of Work was written. We conclude
from the above arguments that, for a ramp-type pressure rise or for any
oti~cr time finction of practical nature, a new method has to be sought.
Straightforward computation of the problem is not applicable to real LPG
systems or to the important problem of explosion avoidance.

I

I
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6.0 1 .terature AnalySis

6.1 Collapse of Bubbles in Xnert LiAvt4%

The collapse of a cavitation bubble was first analyzed by Rayleigh',
who addressed the problem of a spherical, evacuated bubble in an infiiite
liquid domain. Neglecting viscosity, surface tension and heat trar-afer,
as well as liquid compressibility, Rayleigh used the momentum equation
to derive crie equation for bubbie aurface notion:

P ARidt + d(R/dt)2  [p(R) - p0 I/P (6.1)

Whare R(t) denotes the bmbble surface, P - const is the driving pressure at
infinity, and p(R W crnst is the Rubble pressure. The mass continuity
for the incompressible liquid leads to

u/U u (R/r) 2  (6.2)

where U a dR/dt, which was used in the uerivation of "-h bubble surface
equation. The time for collapse was shown to be

tOOL b G.915 R0 (p/p 0 )½ (6.3)

expressed in terms of the initial bubble radius.

Considering the final bubble surface velocity, Rayleigh also introduced
the effect of a permanent gas in the bubble, undergoing isothermal compression
during collapse and calculated the conditions for rebound, as a certain
maximai pressure is reached. 7n a concluding rmard, Rayleigh arentjoLud the
affect of liquid comprussibility, noting that a satisfactory theory of
nollapse sho ld include it at the early stages of development.

Addressing the original problem considered by 'Rayleigh, namely constant
bubble pressure and incompressible liquid, Poritsky investigated the
effects c.Z liquid viscosity and surface tension upon bubble collapse. He
has shown both effects to enter only through the bubble surface balance,
(viscosity in the liquid vanishes under the assumptions of incompressibilityand irrotational flow'. Incorporation of viscosity at the bubble surface
iesults in the balance of pressures,

0
PB = p(R) + 4p4(dR/dt)/R (6.4)

and the bubble surface equation is

2 3 PB -PO B~
R d 2 R/dt 2 

- 3(dR/dt) 2 + 4 (dR/dt)/R =(6.52 p (6.5)

where P is the liquid viscosity, and the added term is clearly one of viscous
damping.

The effect of surface tension further modifies the balance of pressures
at the bubble surface-,
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pa p-t) + 4Utd.3/dt)/R + 2'/R (6.6)

so that the forcing term on the right •a•d side of Eq. 6.5 bec=ms:

(p5 -2ol3 . (6.7)

Clearly surface tension is important when the bubble radius is meall and
tends to accelerate collapse and decelerate expansion. Viscosity, on the
other hand tends to slow damot the process of coLlapee as well as rebound.
Within the ranqe of pawameters considered, Poritsky2 sh a reductLon in
both collapse and rebound times by a factor -0i10). The results were
obtained by mnumrical integration of Nq.6.5 after transfmw -tin.

Shul, in a note following the analysis of Poritaky obtained asymptotic
relations describinq the behavior of buble 1maderinq collapee or rebound.
through the phase plane (U - R plane) analysis. The results point out the
fudamental importance of viscosi.ty and suri•ce tension in the probl•m
considered. It should be strussed, however, that both analyses are for
constant bubble pressure and hence a=Fly moet closely to the cavitation
bubble problem and not to the case where the cavity contains permament
gas, in which case the driving pressure difference is tim dependent, and
oscillatory collapse-rebound motion is anticipated. rur'her, the consider-
ation of coressibLe liquid would have necessitated the incorporation of
viscosity in the liquid montum equation, resulting in a much higher
degree of analytical complsxity.

The formation, expansion end collapse of vapor bubbles in a cavitatine
iiquid, upon passage over an ogive shaped body in a water tunnel we~a the
subject of an analysis by Plesset." This work combines experimental observa-
tions, involving pressure measurements along the body and high speed photo-S~graphy of the LuJbble motion, with analysis of the bubble surface equation.
The following assumptions were employed in the analytical model: (1) incom-
pressible liqu'd, (2) pure-vapor babble (no air or permanent gas), with
PB M p 0= p - const, where p is the vapor pressure, (3) the bubble radius
is small compared to the length bcales az,- -iated with longitudinal and
radial pressure gradients, (4) bubbles are c,.--ied with the local (approxi-
mately constan-t axial) liquid velocity, i.e., -io velocity slip between the
cavity and the liquid, and (5) bubble is outsidt of the boundary layer. These
assumptions allow consideration of a vapor bubble within an "infinite" but
time-dependent pressure field, with p0 - p0 t) determined by the observpd
(stationary) pressure field and the longitudinal liquid velocity czmponent.
Thus the relationship of Eq.6.1 has been used, with the prescribed forcing
term

p(R)- p- 20/R - (6.)

which includes the surface tension effect. In addition to the aforementioned
p (t) variation, R , the maximal bubble radius observed experimentally,

.• ...,,•;•'L• olutions were oDtainea, and comparison with
experimental. data regarding R versus t was good.



-80-

It should be mentioned that at the pressures considered (o up to
a psia) and the typical bubble radius, R O(O.1)in, the cl;racteristic

coilapse tim is -O(l).eec, and coqparaMlt to the time over which P 0 (t)

varies. Interestingly, the plotted results show that the instant of

malml radius (full expansion) lags appreciably behind that of minimal

p , and occurs •omehmt prior to the attaiLnunt of mawxmal pressure.

H uwver, no attet was made to calculate the pressure field about the

bubble, sad the eStent to which it inflin-ces the pressure profile about

the immersed body. *

Several Imprtant a of cavitation bubble dynamics were discusved

in a further study by Plesset.$ Actual solutions were not included in this

work; rather, the physics of the cavitation problem were illuminated through

cmrison of characteristic scales. Dynamics of vapor-bubbles and of

bubbles containinq permnent gas are treated separately, and the (secondary)

importance of rectified diffusion in the 9as, (where mass exchange bctwoen
the phases is considered) was pointed out. The questions of uniformit?

of the tmerature fi*ld within the bubble, and limiting asymptotics of

isothexal (at the low and the high frequency i imits of bubble oscillations)

and adiabatic (intermdliate frequencies) buble processes were discuszed in
terms of the thermal diffusion scales.

The question of stability of the spherical bubble shape was a/Alressed
a 1 well; using linearized mall perturbation reasoning, it was shmmn that
the stability results for a planar phase interface are reverted for the

case of a s.wflrical cavity, namely, t"At if t.he surface Is accelerated
outward (into the liquid) the surface shape perturbation term approaches a
constant or zero, while it tends to grow out of bounds in ar oscillatory mamer
if acceleration is in the direction of the gas (as in collapse), and R - 0.

The question of stability of the spherical bubble shape was addressed as

well. Using linearized small perturbation reasoning, it was shown that the
mtability results for a planar phase interface are reverssd for the case of
a spherical cavity, namely, that if the surface is accelerated outward (into
the liquid) the surface shape perturbation term approaches a constant or
zero, while it tends to grow out of bounds in an oscillatory manner if
acceleration is in the direction of the gaa (as in collapse), and R - 0.
This reazonong is repeated with greater analytical detail in the review by
Plesset and Prnsperetti6 leading to the conclusion that collapsing bubbles
are in general unstable (converging streamlines in inco.pressible flow) and
would result in shape distortion and subsequent breakup. Bubbles c3ntaining
sufficient amounts of permanent gas (relative to liquid vapor) would tend
to be more stable in this respect, on the premise that they might not reach
very small radii at the fully compressed state.

These observations have led to the staLement that the onset of insta-
bility during violent collapse of vapor bubbles occurs before the effects of
liquid compressibility, viscosity, surface tension or heat transfer become
important, thereby justifying analysis of the events leading to bubble breakup
throuqh the classical Rayleigh equation.5 However, two major ca•eats should



be raised raqsrdinq the preceeding stability results: (1) The l nearized
an•lysis naturally beeaks down as amplitudes of the perturbational ha.onic
o eoonts ejceed s mmll valte compared to R(t). Thus the final eve•i•s
remain unresolved, since nonlinear coupling, #. 4 h as lare variations of R
Itself during collapee, viscous effects or heat transfer could become
imortant and coumteract to indefinite amplitude grth. Yet the very sme
effect were intrinsically neglected to facilitate linearization. (2) 7he
effect of liquid coressibility wcs precluded in tW3 analysis, yet it

eems to became Important at least at the sam extents of bubble compression
as those associated with instability, for driving pressu-es p >> 1 to ae
consi6zerd. Admittedly. the convergent streamlnes during ;ocireswian would
enforce a m-ta-stable procees at best, but the (particularly sensitive) high
pressure region near the bubble surface would tend to be stabilized by

1/3t 0 0, as some of the liquid mass displaced inward is taken up in

accumulation.

Host treatments of liquid clogressibility were associated with the forma-
tion and propagmtion of hydrodynamic shocks in the liquid, and hence relate
to processes following complete collapse of vapor bubbles or underwater
explosions. 7jn the latter context the subject was extensively treated in a
book by Cole 7 , who summarized the knowledge accuulated from research prior

to and during World War II. An exceptionally suc-essful approximation dueto Xirkwo<od and Bet~m a has been advanced, under ts assumption that the

entropy change in the liquid, 3S - 0, (unlike the enth&lpy, change, density
cha.nge, pressure jump, etc.). This leads to tb* explicit expression of -km
conservation of total enthalpy along an outgoing (radial) characteristic line,

viz. ,
r(h + u'/2) -const.

where I denotes the characteristiL. This approximation forms the basis of a
theory by Gilmore 1, and was later compared favorabl7 with numerical solutions
of the compressible equations of motion (concerning continuity and momentum,
neglecting viscosity and heat transfer) by Hickling and Ples-et. 10 These
.athors considered the problem of a btuble containing permanent gas under-
going compression and their rebound. Upon rebound, a compression wave is sent
into the liquid, steepening into a weak zh"ck within a distance comparable
to the original bubble radius R , and with decreasing strength due to
spherical dilatation. Numeric2 solutions were obtained by the method out-
lined by VonNeumann and Pichtmyer , for the equations in Lagrangian form.
The solution& were not pursued beyond wave steepening, as numerical instability
was encowntered.

Heat transfer from a collapsing gas bubble, provided the initial radius
is small enough, nas a primary cffect on sonoluminescence considered in an

analysis by Hickling. 12 The major effect of heat loss from the compressed
bubble gas to the liquid is that of decreasing the emitted light intensity.
The phenomenon itself results from subjecting a liquid with dissolved gas to
cavitation by a sound field. The luminescence emanates from cavitation bubbles.
The different emittance properties associated with various gases were %x-
plained in the analysis on basi3 of differences betweon tne-eir ther.ophv ica!
properties. interestingl.y, th eq"t:ons of m2--- . .he _---tlle :;as t•-on



(beside continuity sad enrgy) a momentum equation with an internal
preemara gradient, despi te indijations made in a scale -anal?. is. At the
initial pressure ratios awsieed PS0 /p -= 1/40, with p,, - 3 atm,
it would semimprtant to compare thE et9 .ct of liquid 4Wressibility
an the maximal tempratturs attalnMd (the effect could be comparable
to that due to heat lose ft the gas by conduction).

Meat transfer was also considered ay Plesset and hdick ~,in their
treatmnt of vaepor *bubbe growth in an initially uniformly superheated
liiqud e md late@r by skiw'er and &3nkoff 1 1 in a similar treatmet with
WsMeral, oplasrically e1-tric tacperature fields. The letter authors also
Published a stca report covzorning a binary lUqvid, anA added r. species
conservation equation to the liquid model. in both instances the pressur%ý
within the hublo a considered auaiFo and Constant, equal to the
vapor (Or VMPO mirture) pwnesmr@.- This and may other aefracts of bubble
dYamaics us" treated iai a unaified -analytical, discussion by Hsieh 1 ', where
arathur COMP1tii tfowaulation of the problem mas Gerived.

The excellent review by Plessat arid Prosperatti6 Lliuminates many of
the physical processes involved aind serves as a good source of reftrenceo
On the various subjects associAted with bubble -lynamics. Aa additional
genral explanation to the process of cavitation is provided in the book
by gatcheor 17

6.2 fot ptntito Tconsanteprtr ntes1 sufc)

Thermal initiation of explosives can be c tamed4 in several manners:

heating by shocking the explos ive (heating behind a propagating shock wave
in the substance) and by formation of hot spots.

In the first instance, a con-stant tmqperature is applied to an explosive
Sample surface. Depending on th,3 shape (sl~b, cylinder or spherical) and
a characteristic length of the sample, cs well ar on the thermochemical
and thcrmophysical properties of the explosive, runaway reaction may occur
for a suzface temperature beyond a typical critical val'~ie. The criterion
is simply whether a particular temperature (and history) would allow a Ovalf-
sustaining exothermic reaction at soine inner location. h study of this form
of initiation was made by Zinn and Maderis covering all three sampla3 geo-
metriets mentioned above, and four typirg!1 explosives. Theoretical analysis
involves solution o27 the nonsteady Fourier heat transfer equiation with an
exothermic reaction term of first order overall, for whi'ý-h solutions were
generated numaerical.ly. Theoretical predictions were compared with experi-
mental measurements on a plot of time to explosion versus inverse surface
temperature and show good agreement in gen~eral texcept for TNT, where the
decomposition kinetics were uncertain),. The authors identify three parameter
groups which determine the explosive behavior upon initiation, along with
the geometry:

c a
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where a mnd C are tha thermal diffusirity and specific heat of the
propelunt rso ctively, Q, A and 9 are the heat of reaction, the pre-
factor and activation enerqy respectively and a is the characteristic
sample dimens ion.

Wwýck initiation of explosives was disciLised recently by Walker and
Naslty 19 of Lawrence-Livermoroe Laboratory, prenanting a unified model for
solid, liquid and gaseous explosive substances. Ihe model draws from a large
number of published works on the subject, both theoretical and experimental,
as well as from experimnts performed by the authors. Three stages in shock
initiation ware propoed as follows:

(1) Production of ions, rad~icals and free atom either by the mechan-
ical shear effect of the shock or by therjal heatinq behind
the shock front throuqh molecular collisions, or by combination
of shear and collisions. Thi first applies aostly to solids,
where molecular motion is limited, the second to qases where the
translational energy qain behind a shock is substaitl'l, and
the combination to liquids which have mor* molecular freedom
than solids but also have more intermolecular structure than
gasee. These reactions involve usually very small activation
energies.

(2,, ormation of statistically random reaction ites !.where -xothr-•.ic
reacUmons are sustained. The number of these areas of concentrated
reaction was found directly proportional to the shock strength
or pressure jump.

(3) Input of critical energy flux is required, for the distributed
exothermic reaction sites to gr'v into an explosion Gr detonatioa.
In a previous articlae , the aithors derived a correlatiosi for
the critical energy flux, based on energy conservation relationships:

t AP2

CRIT " -

where t is the shock pulse duration, LP the mean shock pressure
r.4se, pSthe density in the unshocked explosive and u the shock
front speed. Obviously, this critical energy input s from the
shock itself and,except for the relation to explosive density
and shock velocity, contains no detail of the actual reaction
considered, unlike the surface heating model discussed previously.
In thiE respect, orgy a posteriori estimates can be made for given
shock oonditions leadin2 to explosion in experiments, and the
correlation of Eq. 6.9 does not offer predictive capability outside
of a tried explosive formulation.

A simplified explanation of hot spot initiat: 3n cf explosives was given
in a short analysis by Zinn }, considering a spberical region of radius a



at a unifarn elemte4 temprature ?T with a single, first order OVrall
zmthez•ic. cthoical reaction. The Losteady hear, transfez equation is,

aT/St + QV2T * (Q/C p) T ep (-"UTI (6.10)

with Y T I to ippromhmte ignition. A cooling time. during which T - Ti
within the phere of radius a can be established

t¢ - 0.04 a .'. (6.11a)

due to dif fusion in abame of reaction. by letting A a 0 in sq.
On the other hmad. a heat-up or induction tim can be calculated, during
itsich temperature remains unchmaged intil the onset of rapid heating bky
reaction,

t~3 sap (hR Ti) (6. l~h)

obtained by neglecting thermal diffusion, letting 72T - 0 in Sq. 6.10.
If t* = T*, ignition is possible. This is the basis for the calculation
of aCcridcal (minimal) radius of the hot "pot.

[2 5 2z Qp (Z/R (6.12)

L
The author's calculated result (numerical solutions of Eq. 6.10 and a
species equation where molecular diffusion was neql•tetd) agree well with
the result of Eq. 6.12 , nýmely ignition ws found possible when a > a
Howvewr, conditions for ignition could not ensure propagation. Inde• "
RosIn 22 has shown that unless E << 30 kcal/mole,the reaction in the problem
formulated above would extinguish due to heat losses exceeding the gain
due to excthermici.ty.

Although the analycis gives a clear physical picture, the results
seem strongly dependent upon the hot spot model, involving a sharp tempera-
ture fall at r - a (outside of which T - T < T. is kept) initialiy, leading
to abrupt cooling. A 'l•ore realistic model may involve a Gaussian initial
temperature distribution with Ti being the peak temperature and the radius
a taken at soe mean value between Ti and T . Of course, enhanced analytical
complexity can be expected.

A tieatment of shock-bubble interaction in gases (aeon bubble in heliumI
and vice-versa) was presented by Evans, Harlow and Meixner 2 3 . The details

of the two-dimensional finite difference algorithm used were given in a
previous report by Harlow. The results depict the process of bubble
collapse upon shock passage, ai,, the deformation caused to the initially
planar shock: for the neon bubble in heliumn, shock velocity in the bubble
is smaller than in Lte neilium outside, and hence the shock curves locally
backward; the bubble shape (initially spherica.1 is compr-essed from front



to back. Tho reverse is shown for helium bubble in neon. Isotherm plots

show high temperature regions within the deformed bubblis and outside, after

shock passage. A high degree of internal non-uniformity in temperature is

indicated. Calcu.Lations with nitromethane (liquid) containing an air bubble

apparently resulted in numerical instability

Hot spot initiatic•n of explosives by interaction between shock and

inhaqeneities in the explosive (such as bubblej) was recognized and inves-

tigated in a preliminary work by Mader.25 The cal.-ulations were aimed at

correlating available experimental detonation tims in nitromethane, l.quid
TVT and single c--ystal PETH which were - O(1)Wsec after the shock passage.
The one-dimensional analysis (formulation was not reported) was concerned with
two types of prescribed hot spherical spots, in the domain behind the planar

shock, as follows: (1) thermal hot spot, in which temperature was initially
e=oevated uniformly over the hot spot region, while density was taken wqual to
that of the surrounding (shocked) material, and i2) pressure hot spot, which
in addition to the elevated temperature included a density increase. The
elevated temperature in both cases was prescribed such that decomposition
would occur at a much faster rate in the hot spot region than in the surrounding
explosive ( -1400K for nitrothane). Thus, unlike the treatment by
Evnts et al, 2 3 no attempt was made to assess the formation of the hot spot
itself. Several distinct equations of state were considered, for the differ- H

ent hydrodynamic-regiona, e.g., for the undetonated explosive, for the ii
detonation products (gas), for the mixture of detnnati---nr'-r-d---- and----r,- -

explosive. The work also addressed the simpler problem of uniform healeing i
behind a shock in homogeneous explosive. In -,t:h instances good agreement
with the experimental data of Campbell, Davis and Travix2 6 was demonstrated,
regarding both induction times and critical hot spot diameters. Mader concluded
that (1) the one-dimensional (homogeneous) shock initiation model was
successful and (2) that transport of heat from hot spots under shock inter-
action occurs primarily by hydrodynamic flow (i.e., convection) with thermal
diffusion negligible, as indeed indicated by the short induction times.

This work was criticized by Enig and Petroness, who questioned the
validity of the model predictions on grounds of (1) use of two incompatible
(e,p,p)equations of state to describe the same unreacted explosive region,
and (2) use of unreasonable values tor thermophysical parameters in the
equations of state, which seemed necessary to obtarin agreement with the
experimental detonation delay times. The parameters in question were C0 and

a -0 1 (3p/ýT)

for the unreacted explosive, being the isobaric specific heat and the thermalexpansion coefficient respectively. Mader25 assumod these were constant-

in the process, i.e., co(T) Cpo, etc., and also that the specific internal

energy cf the explosive is e C T with Cv = C const. Enig and Petrone

argue that if -ealistic experimentAl values were s-bstituted, agre-nt between
the _--del ret -s and experLawntal predictios wcuAkd break •!Om. -he rec.vl
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The bubble-shock interaction problem was addressed again by Nader 2 ,

extending the previous one-dimensional model to two dimensions. The

particle-in-cell method of Harlow2 was used for finite difference

approximation, modified to incorporate exothermic reaction in the liquid
(represented by Arrhenlus kinetics). Ir contrast to the previous model,2 5

this work is concerneo with the process of hot spot formation. To include
also the possibility of shock interaction with density inhomoqneities in
the explosive, the study incorporates an aiuminum cylinder in place of the

bubble as well. The results are generally in aSreement with the predictions
of the one-dimensional model. For the particula- case of the bubble. with
a shock strength of 85 kbar and 1200K, temperatures of 4000K were found in the
compressed bubble. Nechanim of detanation-Zailure were discussed, with the
possibility of rapid cooling by the expanding flow CUonvec•Lon) from the
hot spot, as well as interaction with rarefaction waves; the second of these
was outside of the capabilities of the two-dimensional model.

Calculated numrical results for a variety of cases were published by
Nader in a series of reports , and a description of a rulerian reactive
flow model and finite difference alporithn was reported more recentlys.
This followed from the conclusion by rmader that the particle-in-cell model
had insufficient accuracy for modeling of reactivo flows. This improved
algorithm was used to determine cases ,f failure to detonate 34 by hot-spot
interaction, anc! involves the Auialysis of rarefaction waves passing through
the reaction zone in nitromethane.

Recently, experiments were performed at BRL with hydroxylamonium
nitrate liquid monopropollant 36, using a compression chamber in a blow-out
gun configuration. A single 0.1 = bubble was introduced into the mono-
propellant under test. Pressure transducers and photo diodes were used
to detect the magnitude and duration of the pretsure pulses emanatLtg from
the compression charge, and to track the possible secondary ignition in the
test propellant. Such evidence was indeed found, but the results tend to be
admittedly inconclusive as to the exact cause and mode oZ secondary ignition
by the occluded bubble for other causes). Neverthe'ess the results indicate
that turther testing and analytical evaluation are required. It should be
pointed out that pressure stressing uf the test propellant does not occur
impulsively (unliki; the shocks considered by Hader 2'28,3o-3s but rather
graduaUly, as in the process of initiation of tha actual propellant chargein the gun, i.e., pressure ramp durations -0(103)tlsec.
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6.3 Detoation 13 •Li!. Nwo propellant: The Work by Stanford
-- swasrch d tZiute (SRI)

The rseearcl' effort by SRI wa summaaized in two reports 3 7 " on the
subject of detonation in liquid umoopropellants. In essence, two separate
problems were &cretsawd in each report; first, investigation of the condi-
tions for initLation and propagation of low velocity detonation (LVD)i
second, on a -ty.,-&cale, the formation of a hot spot in the liquid propel-
ant by & collap•ing bubble, in the pressurized region behind the shock front.

The two suojects mentioned wee not oombined within a detailed analysis
oi shock-bubbl6 interaction in the manner considered by Evans, HMarlow and
Maimer 3 or bR, Nader2s#16#30-34 (neither was mention made of the latter
work), altbougi, esseatially the same problem was oddressed. Therefore the
review herein constitutes of two parts.

6.3.1 :ow Velocity Detonation (LVD))

This form of detonation, compared to the comn mode for explosives
tezrmd h..gh velocity detonation (D), inwnlves lower peak pressures
-0(l0)kbt r, lower shock front propagation velocities, -0(2000)a/s and
can be s'istained by part-ial reaction only, in the propellant region
behind the shock frot.I

Experiments were ca. :ied out with open steel tube holding
liquid pi opellantplaced upright on a pad under which an explosive
charge was sat off. Strain gauges in the liquid recorded the progress
of the shock from. bottom to top. In one mode', the gauges were placed
on the inner tube wall and measured axial and hoop-strains, presumably
recording peak strains upon passage of the shock front. In the second
mode , the gauges were placed on fiberglas partitions (perpendicular
to the axis) blocking partially the tube inner bore. It would be inter-
esting to assess the degree to which normal shock propagation and axial
flow symiatry were affecte-d by the present..e of these thin bulkheas;
unfortunately no such analysis was attempred.

It has been presumed in these experiments that the initiation shock
strains the tuba walls in juc:i a mannar as tu put sufficient regions of
the liquid in tension (or 3ub-pressure), causing vapor bubbles to form
by cavitation. Since the speed of the shock in steel is higher than that
in the liquid, the norma shock in the latter would then pass through
cavitated regions, formin - hot spots. Successful attempts to create
LVD were reported", but _t seems that the experiment was not designed
to verify the interaction between the shock and the cdvitatlon bubbles
(or the number and size of these bubbles) even qualitatively.

A two-dimensional computer simulation was carried out to determine
conditions for LVD in a confined liquid p-opellant charge, simulating
the effect of hot spots by varying Amounts of uniforr heat release behind
the shock front. ) 7



A one-dimensionLl analysiL was reportedi°, to determine charac-
teristic LVD curves on the p - L/p plane, again treating the reoction
as an overall heat release par a'ter. This formuilation involves a
homogeneoup energy equation for the region behind the shock (where
heat release due to decompositi(n should occur), while the Rankins-
Huqoniot relations (jump condit.-.ons) contain a term denotinq heat of
reaction. Thus, whereas the model may describe -ortain final states
of low velocity detonation in ax, approximate manner, it certainly
may not describe the process by which this form of detonation evolves,
and these is no assurance that the final states described may indeed

by achieved physically.

In addition, the degree of eeaction in the model is represented
by A generalised "reaction coordiate" (given as a correlation with
pressure) which has no direct relationship with the chemical process
at hakid. Further, the question of different equations of state for
the unreacted liquid propellant and for the mixture of deconposition
products and unreacted liquid was not raisad. A single (caloric)
equation of state was coasidered, releting (e,p,0,T), where e is thu
specific internal energy of the liquid and 1Y the reaction coordinate.
Followinj the treatmaent by Hader 25 aaid the co nts by Enig and
Petrone , this problem seems to be of primary importance in the
k iAZ1ng oul iiLiation by -ihock-hot spot interaction.

6.3. 2 Collapse of a Vapor Bubble

The analysis of collapse of a vapor bubble was treated in an
Appendix in both reports and was carried out by Levine and
Wooten of Ultrasystems. The following comments can be made, regarding
the more recent report:38

(1) For liquid field pzessures p0 ý 1000 atm, (as behind
the shock front), the inertial time scale associated with bubble
collapse, derived by RayleighI is R (P /p •) 1 •Isec for
R0 m 1 -m and pL 1 = /c&. Theefore trextment of the process
o? collapse is relevant within the time scales afforded by
shock passage, and when interaction with a shock is sought.

23However, as shown in the works of Evans et al. and later
by Mader 2 5 ' 2 8 P'3 0° 3  (both analytically and in experiments) two
important effects prevail under these conditions. First, as
an initially planar shock interacts with a spherical bubble,
the shape distorts appreciably during collapse and becomes
mushroomlike. Second, heat transfer due to' conduction would
be negligible, as the thermal diffusive tire scale
R02/a >> RO(P//P) 0 for 10-" R0 < 0.1 cm an" hydrodynamic0 hydroynai
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conwction is expected to dominate. Therefore, on the micro-

scales associated with bubble collapse (R0 and the character-

istic collapse tim) two-dimensional effects ass%=@ r*lativS

importance. Uhnfortunately, these effects were excluded. In-

stead, spherical symetry was assumed, the bubblo center
taken stationary relative to the liquid at infinity, and tha
(non-reacting) heat diffusion equation in the liquid was
applied.

(2) The question of liquid compressibility within this

analysis was not mentioned, and the liquid was assueed in-

compressible as indicated by the use of the bubblo-equation,

in the form of Eq. 6.1 • As is well known, extremely high
pressures can evolve in the liquid during bubble collapse,
under which all known liquids exhibit compressibility. Thus,
there seems to be no physical justification to assume incom-
press.Lble liquid presently, while considering compressibility
for shock propagation in the LVD analysis. As will be shown
in later sections, this effect has a profound Lifluence upon
the maximal bubble pressures (and temperatures) achieved in
collapse.

(3) Reaction is assumed to occur 1r. the vapor (not in
the liquid), yet the assumption of equilibrium vapor preesure
,.s maintained, and a Clausius-Clapeyron expression (with
constat heat of vaporization, Qv) was used to determine the
instantaneous vapor pressure from the bubble surf,,ce temper-
ature. C--early this -isumption is not expected to hold
when reaction is apprcciable, or over a wide range of (p ,T
over which Qv is changing appreciably. A more appropriape
form for the mass balance between liquid and vapor (non-equi-
librium) was given by Plesset and Prosperetti. 6

(4) The bubble properties were absumed uniform,although
(regarding the temperature distribution) there might be con-
ditions under which this assumption breaks down, and a th6rmi.l
profile must be considered, as in the work by Hickling. 12

The enpray equation for the uniform bubble was taken from
Hsieh1 , and appears to contain a derivation error. The first
law of thermKodynamics, for the bubble vlume,

6E = 6(Q - p6V

The variation 7n total internal energy is

3E - 5(dYe) -oVSe + e6(iQV)

'or the case of ncn.var._shiLnq mass exchana e _eltween the b'tbl e
and the iq z4rserec zv -s:eh
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The second term was apparently representec by Qv((P but

S= ae° + 4v(T')dT' 1v

for the temperatures considered, with e0 being the specific
internal energy at the reference state (TO), and C V the
isochoric specific heat of the gas.

In conclusion, the simulation was intended to represent the process
of bubble collapse in a shocked liquid. The various deficiencies pointed
out ii thepreceeding discursion see;i to indicate that the actual process
,wa;6 inferred only in an approximate way, with may important phyrical
aspects e.cluded. In this respect, the analysis of the same process by
Mader 2 8o,30-35 seems superior, although it involves a much higher levl
of computational effort.

The analysis was clearly not int4emdod for modeling of secondary
ignition (due to hot spot formation through bubble collapse) during
the start-up tre,,sient of actual gun charge initiation, in the manner
considered by Knapton et al. 6 Thze time scale for this process is
0(0.1 - ]) msev much longer than the shock-bubble interaction times,
and may not be inve3tigated within the realm of a single bubble-collapse.

As mentioned earlier, no attempt has been made37,3G to combine
the analyses of LVD propagation and bubble collapse. Consequently,
information concerning LVD evolution, failure of hot spot initiation
or LVD stability cannot be obtained directly from the model.

I

i - - -
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7.0 Physical Considerations in Theory of Liquid Propellant Compression with
Isolated Bubbles

7.1 Chemical Fwactions Pnd Va.. ization

In the loading of liquid propellant (LP) in a gun system, bubbles
might be presertt either as a result of unavoidable ullage in the supply
nystem or due to cavitation somewhere in the flow passages. Such bibbles
"may contain, therefore, varying amounts )f air and LP vapor. The presence
of air under most practical rap'.d loading conditions must be expected.
Vipor bubbles, even without air, could emanate from rapid passage of the
LP over sharp edges in the loading orifice, as poi1ted out by Batchelor 1'

in a discussion of various cavitation mechanisms in the motion of liquids
at high speeds. Indeed the Flow Visualization studies of Section 2.0 for
dynamic loading of the liquid monopropellant display this behavior. For
these reasons, realistic modeling of hot spot initiation due to collapse
of bubbles should incorporate both air as a permanent gas and the condens-
ible vapor of the LP substance within the bubble.

Chemical reactiona may occur both within the gaseous bubble and in
the high temperature liquid layer surrounding the bubble. Depending on
the particular type of LP, one or the other may be prominent. If the
liquid consists mostly of volatile propellant material. the reaction may
proceed within the bubble an well as in the liquid. On .the other hand,
if the liquid consists mostly of Lr.ert carrier material and its vapor phase
Is nonreactive, the li-kelihood of vapor phase reaction diminishes, and
decomposition can be expected to occur mostly in the high temperature
liquid layer surrounding the bubble. To present a formulation adequate
for both LP types, reaction terms must be placed in both the liquid and
gas phase energy conservation equations. Of course, this oraltv ,-on-
plicates ta analytical model of the process, since in addition to the
"stiff" reaction terms incorporated, it becomes also necessary to follow
chemical species concentrations, unavoidable in any realistic treatment
involving chemical change.

The process of vaporization or condensation at the bubble surface
can be expressed in terms of the Knudsen relationship,

MA - ainut - Min' (7.1)

where mA is tho net mass flux of the vaporizing species A, and 0 < a < 1

is the adcrption coefficient. The outwa.. 4 mass flux (into the gas) is
given oy the equilibrium expre-ssion,

m ,, ~nq u s ( ,•nq
-out e fA 5" •Cq (7.2)

A

with 0eq (T) being the equilibrium vapor density, which can be obtained
A

from a Clausius-Clapayron equation, and the square root term is the molecular
velocity of species % perpendicular to th. surface. The incoming mass
flux, however, depends on the actual concentration of vapor off the surface,
and hence on the physical and chemical processes in the bubble.
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A

where (-) denotes values at the gas side of the interface. Actual
valtues of mrin and mOut are large compared with mA due to the large

molecular velocity. Therefcre, at quasi-steady state, the assumption
of liquid-vapor equilibrium is reasonable for calcalation of

- q
PA = P* (Ts)' although the liquid may undergo vaporization, and *A , 0.

Under dynamic conditions, however, r, relatively am-ill change in P; can

result in an appreciable change in in(t), which car. not be anticipated when
the liquid-vepor equilibrium assumption is enployed. Thus, eh
combination of the last three equations,

11 _[(j~. Y ~eq - ](7.4)
Am A A

where A - Y and YA is the mass fraction, serves as an adequate gas-

liquid interface condition in the dynamic process.

In view of the large variation expected in bubble temperatures and
pressures during the process of bubble compression, the Clausius-Clageyron
exprssaion for p eq should be used in its integral form to accomodate

A
Qv - Qv(Ts)" rbr instance, note that Qv 1 0 in the neighborhood of the

critical point (PB' TB)
BCRIT.

7.2 Characteristic Length and Time Scales

Heat transfer between the bubble gas and the surrounding liquid has
an extremely important role in proper assessment of hot spot initiation.
Therefore, detailed modeling of the bubble processes can not be avoided
in the analysis, since the thermal wa-ie and pressure field structure
within the bubble determine the gas phase Pide of the thermal balance (the
pressure field is important in the presence of gas phase reaction). The
question is whether the bubble environment can be ideally considered as
t'•iform at all times (yet time depond1'.t durinq the process, without
serious loss of physical significance in the results. Further, within
the time frame of start-up pressurization of the LP charge, the question
is what relationships exist between the rates of bubble collapse, thermal
equilibration, chemical relaxation, and the rate of pressurization itself.
To obtain *ome preliminary insight, the following length ,aid time scale
analysis was carried out.

The length scale associated w.th the thermal wave within the bubble

is the diffusive characteristic distance,

XTH is&1
p

wheorl TOL 1 the characteriimtic collapse time takan f:,xv Rayleigh's



-93-

incompressible liquid theory. A second associated characteristic thermal
length is the convective-diffusive distance,

-.2_ /, (B•5 (/LPo (7.6)

where U :._ R0/TCOL - (Po/p ,) is the characteristic co2.apse velocity.

The relationship between XTHI and XTH2 is

xIII2A 1Xml= l/Ro (7.7)

These scale% can be calculated, depending on the driving pre'sure Po0
the bubble pressure r ttio pD/Po and the keference bubble radius R 0

Utilizing the properties of water and nitroqen, the followinq values evolve:

P (Atm) p /P0  R (CM) x 1 (CM) x, Ax~

1 10 n.1 0.056 0.56

1000 100 10-2 1.2xl0"4 0.012
-4 -1000 100 10 l.2xl0 5  0.12

The results can be smmarized as follows:

(a) At low pressures, as in the 'arly stages of c=Wression,
(1) relatively large. buIsbls, with R 0(L am, possess highly
nonuniform thermal fields, since - R.

(2) %1nAr these ,cnWti•ms, small bubbles with R -0(1-10)um
would have uniform tmperature distributions. 0

(b) At high driving pressures and pressure ratios,
(1) a thin, high-gradient, thermal layer near the bubble surface
is imnferred tor relatively large bubbles, down to R - 0(100)9,0

(2) a nonuniform thermal field is indicated again for small
bubbles, R 0- o(l-LO)pm, with XTRl - R"

The unifornity of the yressure fi'ild within the bubble can be inferred
from a comparison of charactAristic time s*.ales associated with fluid
dynamic equilibration, Tfd, and bubble collapse, TCOL:

T fd R 0/C (P/"PL pB(78
T -

COL R0 Lo L /Po 0 (PABL P0

where c denotes the adiabatic speed of sound in the gas. For the properties
of water and nitrogen, the time scale ratio can be calculated:
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P 0 _ ) P_/Po0 T fd /TCOL

1. 10 7xlO-

1000 100 0.02

Evidently, at low driving pressures and low comprossion ration the
unifnrm pressure field assumption is very good, while at higher pressures
it tends to be invalidAted, nevertheless, the interior pressure field
can Le assumed uniform to a good approximation even at the high values
of (P ; pB/Po) shown.

Start-up of the LPG system involves an onset of pressure which
applies roughly 1000 atm within a period of 0.1 to 1 asec. During this
process, gas bubbles imbedded in the LP charge can collapse at a rate
which may differ significantly from the rate of prssure start-up.
Utilizing the Rayleigh time scale,

SCOL 

%0 "L /PO0

the calculation yields:

P (atm) R (cm) T (,msec)

1 0.1 0.1

1000 10-2 3x10-4

1000 10-4 3xl0-6

!I. calcul-ti-onz show tzat at the early stages of tne process, for
relatively large bubbles, the bubble collapse and the applied external
pressure may interact dynamically, so that the time variation of the
imposed P 0 (t) may not be neglccted in the collapse analysis. However,
for small bubbles, with R - 0(1-10)Um at practically all stages of0
external pressurization, the rate of bubble collapse is much faster than
the rate of P (t) variation and P (t) can be considered &x quasi-steady

during any collapse-rebound cycle period In this instance, the bubble
collapse process and the external pressure variation are effectively
decoupled dynamically. More importantly, if the viscous dissipation in
the liquid-gas ,ystea is sufficiently low, the preceeding calculations
indicate that (for the relatively small-size bubbles considered), practically
hundreds or thousands of collapse-rebound cycles may evolve during a single
Po-pressurization period.

The possibility of rebound of the bubble following full compression,
as well a* the periodicity of collapse-rebound, were mentioned already by

Rayleigh. To assess the implications of this process upon hot spot
initiation, the characteristic collapse time should be compared with the
bulk thermal relaxation time for the bubble and the liquid, defined

22/|
Tt -R/% R (7.10)

0j 0_
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and

2TThL "R/aL (7.11)

respectively. For the properties of nitrogen and water,
TTHL TI TH"0 -3 TTHL -3

P (atm) pH/Po R0 (cm) (meec) (manc) T COL TCO:L

1 10 0.1 7xlO3 210. 2 70

100. 10 10-2 67 56. 56 70

1000. 100 10-4 7x10-3 0.15 47 7

The results show that

(1) Thermal relaxation within the bubble has a rate much slower than
the collapse rate.
(2) Similarly, the rate of liquid thermal relaxation is also much
slower than the collapse rate.

The last two observations regarding the relationship between rates
,f collapse, start-up prm4surization antI thertial xilaxation may bs rummarized
as follows:

(1) Bubble collapse and rebound occur much faster than characteristic
start-up pressurization,

(2) Thermal relaxation within the bubble and in the surrounding
liquid are much slower than typical bubble collapse.

7.3 The Zffects of Liquid Q•cpressibility

The relevance and importance of liquid compressibility to the present
bubble compression problem cannot be over emphasized. it strongly
influences two major aspects of the physical process: the dynamics of
pressure waves in the liquid, and the balance of energy between the liquid
and the bubble.

Neglecting for the moment the (highly localized) conductive term in
the energy balance for the liquid, and considering a non-reacting liquid
phase, the dynamic process can be expressed in terms of three nonlinear,
coupled differential equations which earm a hyperbolic set. As pointed out
by Lax1 9 , such nonlinear hyperbolic systems can obtain weak solutions,
which allow the formation and propagation of hydrodynamic shocks, observed
also in practice. Previous treatLwnts of bubble-liquid dynamics which
account for liquid compressibility were concerned with the problem of

shock propagation in liquids, as a scussed in the book by Cole'.

Prior to the advent of high speed computers,many of the analyses sought
closed form solutions and employed suitable approximaticos. The most
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well known approximation is due to Kirkwood and Bathe * based on the

assumptiom that SS a 0 across the liquid shock (negligible entropy
chanqe), and leads to an expression of tCe total (static and kinetic)
enthalpy distribution following an outgoing characteristits line,
denoted by it

r(h + u2 /2)I - const.

This result was utilized in a first order perturbation theory

by Gilmore n, nd later compar-' qainst numerical solutions of the
exact equations of motion (cont, uitv nd momentum, assuming isentropicity

in the liquid) by Hickling and P1 isetlt , where the approximation was
&monstrated to be in good agreoe ,nt with the numerical results.

Regarding the influence on hot spot initiation, two effects may be
considered in this instance. First, thi passage of hydrodynamic shock
(resulting from rebound of one bubble) over a neighboring bubble undergoing
compression - or at early stages of rebound - can significantl, contribute
to the thermal snerly accumulation in the latter, and may lead to hot spot
initiation eifter rebound. Second, wave steepening was shown to occur 10

within a distance of O(R ) of a rebounding bubble ce,.ter. Since com-
pressed bubbles are gene~ally much smaller than their original size,
R(t)/R << 1, the effect of shock front encountering a small disturbance
(e.g. , another bubble) may lead to enhancement of the liquid phase
reaction, a mechanism for detonation investigated by Mader 2900-3. On
the other hand, shocks emanating from a rebounding bubble are expected
to be weak, at r/R >> 1 as indicated by the results of Hickling and
Plesseti, since they are driven by a small, finite amount of energy
and diminish in strength due to spherical dilation.

The second physical aspect of liquid compressibility can be invoked
in terms of the energy balance in a system containing a single gailous
bubble. For simplicity, only the fully collapsed state (minimal bubble
radius) is considered, but the results apply to all states of bubble
surface motion. If the liquid field pressure, Po - Const., the driving

watroke work" for the collapsilg bubble is given in the incompressible

liquid case , by

41T 3 3WT PAVB - -Po -j CR - R ) (7.12)
ST)K 0 mm

However, when the liquid is compressible, the above expression is modified, as

p(r)

W 9 Po/ - P J041Tr2dr d(l/}) (7.13)

R 0
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where the second term cotresponds to Po6VL, tite part of the

utroke work absorbed by liquid compression. At the fully
compressed state, the stroke work is converted entirely into
compression work (considering viscous and other losses negligible)
so thtt for the '.ncompresuiblw liquid,

V

WST -B W n R) RdR 7.14)

where the functional dependence of p (R) is determined by the nature

of the bubble compre-sion process (isothermal, adiabatic, or inter-

oediate). On the other hand, for the compressible liquid case,

V % m n0 (r) ( . S
VS' -• " p Bd B - fpOr dr pd(l/0) (7,S)

R P0

where the odditional term arises from liquid compression work. Now

rince p(r)/P > 1 for R < r < •,

WCL J- pr2d pd(1/0 - p! r 2 dr d (MO) (7.16)
R Po 0PO

>- P 1 X,2A.- ýW,(r I =

0

where Pa is a constant mean pressure in the liquid, Po < P- < p(R).

Therefore the liquid coression work always exceeds the associated
driving stroke work P oAV L. This means that when the liquid is

compressible (as all liquids are), less of the stroke work is available
for bubble compression. In particular, this conclusion leads to
the following cataris msa t

COMPIeSSIBLE INCOMPRESSXBLaI
LIQUID LIQUID
R > R

PB • B

Tndeed, the calculated resulto of kppundix A for the incosre*sibl.
case show enormous miu:iaal bubble prexsures 'and teoerAtures) compared
with the approximatc. solutions for the compreasible liquid case, qiven
in Appendix B1 the above results toad to be strei~ly verified.

Cbmparisor. at several initial bubble pressure ratios pB/P 0 and
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d&:iving prtssures P is given in the following table along with the
fraction of compresion work absorbed in the liquid to its compressibility,
All the tabulated results are for the adiabatic bubble approximation.

TARLE 4

COMPARISON OF COMPRESSIBLE AND INCOiaRESSIBLZ
LIQUID SOLUTIONS AT MAXIMAL COMPRESSION STATE

"a s5 %min p~Ba - has" CL
PPtm 0 R -l W W

0 o 0 It-a STfo
0.002 - 0.0012 2.3xO-"01 201 -

100 .04 1.5xi0s 48 s8
(a) 500 .06 2.2x102 28 93

11000 .07 1.1 I102

0.010 - 0.0044 4.9xi0 43 -

1 100 .07 7 x10 24 61
(a) 500 .11 1.2xlO 15 81

) 00G .13 60 12 '95

0.100 - 0.264 27 5 -

100 .265 25 4.7 2.4
(a) 500 .277 21 4.67 13

1000 .298 15 4.3 29

NOTEs (a) compressible liquid approximate solution is in Appendix B.

7.4

.. e fo.......ng prliklianamxy cunclusions may bea drawn, based or.

the physical considerations of the preceedirng sections.

(1) Liquid coipressibility has a profound BffeGL upon th4 actual
maxi•a. pressur•s and temperatures obtained in a collapsing gaseous
bubble. Coe.-eed with results for incompressible liquid, final bubble
presmsres ara roduced by two orders of magnitude or more and teoip ratures
by at least one order of magnitude, whea the bubble is considered
ideally adJabatic (fast compression). This imp..les that liquid compressibility
must be taken int.o account in the analysis of hot spot initiation.

(2) The applied start-up pressurizatior time is typically much
longer than the inertial bubble collapse timr C " R (P P )h for

C.OL 0 L 0
the range of bubble radii and pressures ronsidered, and almost always

ihuc,, .hr-er than the bulk thermal relaxation time of the bubbla-liquid
tysth.*. Therefore, for sufficiently low viscous damping in the liquid,

amakiy collapse-rebound cyc-les c~n be expected during start-up pressurization,
over which heat wilil aczunJlate In the bubble and in the imediately
surrouvding liquid. Thun, whernas a single bubble collapse may be
too brief to lead directly to hot spu.it initiation, a seriec of hundreds
or thousands of colla•se-robound cycles, during which the external
driving pressure is continuously rising, may under favorable interaction
with the chemical kinetics lead finally to runaway reaction.

WI

- :..l.•••i-•h•,- a ---- •"-



8.0 Analytical Model

The analytical model concerns a single gas bubble in an infinite
liquid medium. Consequently, the treatnont is divided into three parts:
the liquid phase, the gas-bubble interior and the interface conseriation
conditions at the bubble surface. Despite the indications that spherical

bubble shapes are somenimes unstable, as d 4 scusse•d by Plesset and

Plieset and Prospwretti , the assumption of spherical bubble shpe"
is made, to obtain a mathematically tractable model at this stage.

8.1 The Liquid Phase

A3sumptions regarding the liquid phase are as follows,

a) inviscid, homogeneous and isotropic liquid
b) body f,trces are negligible
c) irrotational liquid motions
d) no sources/sinks of mass, momentum and energy
e) spherical iyometry

f) compressible liquid phase
g) surface tension is negligible

In ipherical polar coordinates, the equatiom of motion are written
in Enlerian form:

•./at + div (cu) - 0 (8.1)

a(pu)/ht + div(Puu) - - div (P) j

a (T)/3t + div(pue,. + uJ) - div(Xgrad T) + qT~ -• R,L (p.3)

u W lie is the only component of velocity considered (radial); the total
r

specific internal energy is aT - e(T) + u2/2 and the pressure tenor is P.

qR,L is the 1"at releaso by chemical reaction in the liquid. The above

formulation follows those derived by Williams "0 or Batchelor 17

After taking the assumptions into consideration, thd equations of
motion for continuity, momentum and energy can be written, in simpleir form:

+ r (r ou) 0 (

au a u 1.a
-+ u- r-+-- 18.5)
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a I a(r.2\T)

.r - a( jr Tr+" (8.6)

for t 0 and V < r <

The consideration of chemical reaction requirer the addition of species

ccr.servation equational for the liquid phase mass fractions Y, , assuming

all binary diffusivities to be equal to the mean OPD:

F- r -1 + CL S./ (8.7)

j-1, 2" N

where aL WJ(V " V) , V and V" being the stoichioetric coefficients
L i L

of species j in the liquid reaction, and N is the total number of such

spoecies participating. For the case of a single overal reaction step,

Shvab-Zeldovich couplijg terms may be formedi defining

8 -= Y /aL j-l,2,3 .N (8.8a)

such that

j 1 - 8j , J-2,3, • N (8.8b,

and the diffe:ential oper.tor for these 0 terms is free of the reaction

term, viz.,

+ t - T-(r'P j '), J-2,3. -N (8.9)

Consider an overall one-step decomposition reaction of a liquid

phase species A, forming products which remain dissolved in the liquid,

A(C q) -0 91 (g) + P2 (g) + - " + QL

with QL being the heat of reaction. If we represent approximately all the

pioducts 9 (g) as a single mean species (inert), the reaction scheme

simplifies to

, ~A(liq) --W 9(g) + Q L .0

If the liquid consists of reactant A and an inert diluent C, its mass
fraction remains invariant at all tiji, Y (r,t) - const., and only two

C
species equations have to be solved, in the form given by !qs. (G. 7

and (8.9).
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The liquid cospressibility stat-ement (i.e., uquation of state) is,

COn _ p + B

which has been used by Hsioh 1 as wall as by Hi',.linq and Plesset° 0

For water, the values of n - 7 and B - 3000 atm t ire pLoposed. This

corresponds approximately to a bulk modulus of 3(),000 psi at one

atmosphere pressure. More general expreacions iniolve polynomials!
including powers lower than n - 7. The above co,Aressibility equation

is for an isothermal process, and hence uiot strictly applicable to the

present general formulationt a more adequate expr, ision can be derived

from basic therwiodynamic principles, cf. Moelvyn-'i.'ghea' K The Internal
energy statement is

e(T) - CvT (8.12)

and the reaction tern is

qR, L QRWL(T) (8.13)

where W (T) I.s the reaction ste, which can be fitted to an AMrhenius
expreuslon.

It should be noted that thermal transport is expected to b'n
negligible over most of the liquid region, except within a thin, high
gradient layer adjacent ot the bubble surface, wheae temperature is also
high due to transfer from the bubble. It wo'xld be also 3afe to assume
that the reaction term, q ,L' is relatively importait within the same

laler (provided the activation energy is stifficien,.ly hioh) ane. negligible
outside. Thus, for the liquid domain outside of thiis thin thermal layer,
the assumption of i'-op-p• liqu" "..y be empioyoti, in line %,th the

analysis of Gilu>rw and Hickling and PlessetrI A suitabl% length
scale associated with the thermal layer thickness is

"T•TL - (aLTCOL) (8.14)

which arises naturally from the energy eqvpation, ani where the characteristic

inertial collapse time was defined in Eq. (7.9). Eiplicitly,

.L
XTHL pp(8.15)

utilizirq the properties of water,

P o.atm) R (cm) XT" (ci )

1 0.1 4xl0-

1000 102 2x10-

1000 i0-4 2x10- 6

it is denponstrated that X THL/R0 << 1.

L MM14L
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The following boundedness-conditions are relevant:

u(C,t) - 0 (8.16&)

p( ,t) P Ct) (8.16b)
0

where P Ct) is the imposPi far field pressure, which may vary with time

in a specified manner' ,, ., ramp function); however, the initial pressure
distribution in the field is ,1-iform:

p(r,o) - P (0) (8.17)
0

Cle.rly, tte liquid field problem, as posed by the preceed~ng
formulation auid boundary conditions is quite formidable, and considerable
simplificacior may be achieved if P (t) - const. is specified. This type

of simplification has been used in cavitation thaory.

8.2 The Gas Phase

The following assumptions are made, regarding the bubble interior:

a) the bubble environment consists of a mixture of permanent gases,
as well as vapor from the liquid

b) the gas mixture may undergo chemical reaction, represented by
a single overall reaction step

c) assumptions (a) through (f), made for the liquid phase, are
applied to the gas phase as well.

Consequently, the gas phase system of equations has exactJy the same
form as the liquid phase system, employing Eulerian form.

An adritional simplifying assurption :an be. introduced, regarding
the pressure field within the bubble. During the important final stage
of the process of collapse, the pressure within the bubble is expected to
be much larger than the liquid prersure at infinity, while the liquid
density would always be higher than that of the gas. Therefore, it
can be expected that the gas-dynamic equilibration time within the bubble
would be always much smaller than the characteristic process (bubble
collapse) time, viz.,

R,ýCg << Ro (pL/Po (.)

whr c =(Pg/) is the adiabat'c speed of sound in the g!ýs and y theSwherecqRh f(.8
!q .

Sspecific heat ralLo. This affords the following simplification,

p(rBt) = pBWt, 0_< r < R (8.19)

Snamely, the ,ressure is taken uniform, within the buble at all tnves.

!I
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The system of equations describing the process in the bubble
interior is therelcre,

a+ 7-r (r Pu) - 0 (8.20)

r a
au )u

+ 0 (8.21)

+ae + 3u 1 - (r 2T) q R (8.22)

for t > 0 and 0 < r < R.

7b accomodate the elevated pressures expected during the period of
collapse, the Noble-Abel equation of state is utilized,

P(!- n )- R T/V (8.23)

where % is the covolume 42, typically l3/g, and W the man

molecular weight of the gas.

The reaction in the gas phase may be first order or second order
overall,

A(g) - B(g) + Qg (8.24a)

A,(g) + A,(g) l. (g) + 0 (8.24b)

where B(g) in both cases denotes the mean, inert product mixture. The
presence of a diluent C(q) is also anticipated, again with iLvariant mass
fraction. The reaction rates for the chemical mchanims shon are,
respectively:

W(I•) PA •exp (. /T) (y ) (8.25a)'-

(2) 2'*" Yw• /T) (8.25b)

The species conservation equations are of Lhe som form as those in the
liquid (of course, using g&m phase properties) and shall not be repeated.
The mean molecular weight in the equation of etate in defined

W ( Yj/Wj-

S __ __

- -- --
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It should be emphasixed that due to the presence of permanent gas

in the bubble, the total interior pressure in not equ-.l to the vapor
pressure, and in not letervined by the phase irterface temperature.

The associated boundary conditions are given:

u(0,t) a 0 (8.26a)

3?/Dr(O,t) - 0 (8.2Gb)

8.3 The Phase Interface onservatir*m Conditions

followinq Plesset and Prosperetti , the pressure force balance
at the bubble surface is

p (R* - 2a A- U(8.27)lR)"PB - -R - OR8.7

where pa is the interior bubble pressure (asTuned uniferu in the gas

phase treatment), and a and v are tho surface tension constant and the
liquid viscosity respectively. For the range of pressures and bubble
sizes considered, p(R+) - U(lO00)atm, R -ý 0(2) Um utilizing the properties
of water (a - 150 dyne/cm and U & 0.01 g/cm-e) the two last terms can
be shown to be negligible compared with the pressure p(R+). Hence,

p(R+,t) - p (t) (8.28)

T(R+,t) - T(R,t) - T st) (8.29)

i.e., temperature is continuous across the interface.

Heat and mass exchange across the phase interface uay occur during
the cavitation process throuqh conduction and vaporization. Considering
vaporization, the bubble surface velocity

U(t) - dP/dt = Ua + vB (8.30)

where % is due to compression or expansion of h bubble gas, and v Ct)

is the surface regresuion rate due to vaporization, defined

n m(t)/ LCR+,t) (8.31)

with m the vaporization mass flux. Consequentl.i, the velcity on the gas

side of the interface can be expressed as

uCR-,t) U - m/pg (R-,t) (8.32)



During the rapid collapea prooses considered, the a priori

assmqtamn of eqLlibriri vqrisation as meds in the SRI rqiox " is
not waranted. Hance, the more general nomequilibrium exp•ession is propoed,

"A" a( FWA'C (Ph PA)

as given by Zqn. (7.1) through (7.4).

Purt~or, for the case of wter, the latiat hbet of vaporization

varier wvtf tesperatuxr, and valuphes at the critioal point Therefore,
a general interface energy constraint umld involve 9.- Q,,(TO). Fo~lwing
S.'la and Sutton and Itles m the Conservation oanditions for
enthalpy and species mass fractions we given respectimly,

sh(W) - (A/Cp ) q r(R-) - (3.33)

.la(R) - (A/C• ah/ar(W) - YLQv(TO)

haere Y denotes the ave~pocatinqg lquid mass fraction (on the liquid side,

a• t) and QV(TO) is the latene heat of vaporization.

mY C -) - (PD) 9Y I/ar((R-) - (8.34)

mY1 (Re) - (OD) L aY1/ar(R)

J-l,2"

In conclusion, it should be emphasized that the formalation giLVn
"in the last tvo sections is strictly for the q*pericwly synotric
case where ttv field pressure at infinity, P ot), ma" vary in a contin-
uous manner, and is intended to simulate the zela.vely clow start-up
transient. As pointed out earlier, this might involve mmny coliapee-
r ebo und cy cles, du rin g wh ich h wat. is a cc mat esd in a x,"gion ranghly th

sivz of the initial bubble. 310-•

1 6

r' _ _ _ _ _

-4 
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9.0 Mmthod of Solution

9.1 The Two Tie Scale Problem

Within the realm of an Inestigation of propellant initiation during
the start-up transient by hot pots, through "a-vmpor bbble oampesaima,
the foregoing physical considerations hawe point..! out the poesible exis-
tence of two distinct time scales (at least) for the problem. Direarding
for the moment chemical kinetic time scales, the tw, distinct characte'istic
times are:

(1) The typical start-up transient time, To - 0(0.1 - 1) msec
characterizes the variation of the field pressure, p0 (t).

(2) The characteristic bubble collapse time, T,- T(a L defined earlier
0 (1) mac.

Evidently, r 0 >> T for the problem considered. It should be stresseod
that an oscillatory preJoure field, with p (t) having both nmotonically,
varying as well as periodic omceponents is &ot excluded, but the condition
on the wavelength of these oscillations is that they be mwh lon4er than % O,
the initial bubble radius, and their period be much larger than T
[otherwise, if the opposite extrm is considered, the short waev qgth,
shock-bubble interaction problem addressed by Nader 2'900s3 is recovered .]

Thus, with viscous dAssipation sufficiently low and with buble-
stability permitting, the averall problem concerns many oollapse-robound
bubble cycles ever the period of a sing!* xtert-Ap tranzient. over the".
"periods, pressure and temperature within the bubble would oscillate with a
relatively high amplitude, but their man values are expected to vary as
w11, on a longer time scale. This is based on the observation that
thermal dissipation in the liquid surrounding the bubble occurs on a time
scale much longer than T.T and therefore heat may accumulate in the
bubble over several perixE during which the driving field pressure p 0 (t)
somewhat increases.

When chemical reactions (in the bubble and/or within the high-tamper-
ature propellant region surrounding it) are considered, the associated
kinetic time scales have crucial importance regarding a pxocess that may
or may not lead to secondary ignition. Of course, these chemical time scales
cannot be considered outside of the framework of the process at hand, as
they are strongly temperature (and pressure) dependent.

Depending on the magnitude of the kinetic time scales, the processes of
bubble collapse and chemical heat release may interact over a short time
scale (within a period of collapse-rebound) or a long time scale (within
many periods of collapse-rebound). Even with a given set of kinetic para-
meters and chemical meahanism, it would be difficult to assess a priori what
type of interaction should be expected, owing to the highly nonlinear
coupling between the chemical and bubble-collapse processes. Thus, analysis
is proposed along two major lines, as follows.

4 i."' - -~
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(1) Investigation of the short tim scale process. This
amalysis is aimed at solving thur bobble-propellant inter-
action probem over a mall nmbier of collause-rabomd
period*, durin which the driving field pressure variation
is small or vanishing.

(2) Investigation of the log time scale behavior, or the
mean process. This pert of the anlysis requires re-casting
of the problm in temas of two time scales ( #Tr ), end
involves transforming the equation& given in &hsprosein
section. Ibeis, follovng qmasi-lineaisation, a mt~tical
averaging method wld be appli d, so that the mnall--Mal*
oscillati•ms are considered only in tarms of their man
envelops, wkich may very vit.h th long time scale, t0o

Although put in two distinct categories, both aualyeas should be
carried out, in the order indicated. %oe solutiosm to the nicro-scale
process are required to obtain a firm guidanoe for the lineaizatioan in-
volved in the two-time scale analysis, over & wide enouwh range of initial
Conditions, th•e pYsioal and kinetic permeters.

9.2 Outline of the Solutien Procedure

9.2.1 Short Tim Scale Analysis

The gvi-std of e-v,-atien Z.-v the lqui• . gas bubi.e and phase
r interface are utilized an given in Section .0. A single tim scale and

length scale are proposed, to obtain dimensionless coordinates:

C BE T/R. 1,B t/T CDL*

The sets of oon ervation equations for the liquid and for the gas are then
solved separate. .y by the general-implicit predictor-corrector, finite
difference alg* itiw, applied to the #yetm in Muleriavs form. At each step
during the time arching procedure, t• liquid and gas Wolutions are
matched, to satisfy the bubble interface conservation emniditions. A similar
procedure was successfull. applied to the problem of ntrsmiane deflagration
by Sen Deuven et &.1,"' solving simultaneously for ten independent
unknown variablees; time-marching ms usmd for obtaining a final stoady
state solution from a set of initial data.

9.2.2 Two Tim Scale Analysis

This analysis is intended for elucidation of the long time scale
behavior of the bubble-propellant systm. In order to carry out the analysis,
properties which oscillate (e.g., pres- ure and temperature in the liquid and
the gas) are designated two sets of independent time coordinates, corresponding
to TO and T1 , such that each variable has an amplitude and phase which are

I.. I_..._ _ _ _ __.._I ... , r ,_ _,.. ._,_ _... ,_.._ _ _ __..... ._ __- . .
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slowly wvrying (-T ) relative to the rapid oscillatory notion of collapse-
rebound. The objJtive in to separate in this manner the rapid (short-
time scale) behavior fyom th, slow behavior and Investigate only the latter,
naiely, the evolution of the aforementioned amplitude and phac. in r and
t/To•

Problem of this nature, involvidq both rapid and slow time
variation, arias sometime in wave propagatli. (dispersive) through slovly
wavying media. A Unique Larangian-approach for waves La adiabatic system
was developed by Whithi,, using an averaqing method. Luke investi-
gea•ud a similar problem utilizing a singular perturbation technoiq, vith
the smell perturbation quantity being the ratio of time scales T /T
fLrxskal 5  suggested a nonlinear M approach for the classical irýt -de
Vrs (shallow water wave) equation.

Ths scope of the proposed analytical effort is outlined as follows:

M) DerivatJon of a hi•rarchy of partial differential equations in
terxms cf the slowly varying properties (mnpltude and phase)
of the L'ependent variables, utilisinq a perturbatiun method,
the small perturbation quantity being the rat,'.o T1/¶ 0 << 1.

(2) Onirical soluticn by finite dif f~rence to tCie serotl- and
first order problms.

This mode of analysis 141 necessa 'y for understnd:rg of thot spot
f•wwation during the start-up transient of LPG systems, whch iay lead to
secondary ignition within the propellant.

Although it is possible in principle to extend the numerical short
tme Goale analysis, proposed in the procediezi wwction, over many periods
of bubble collapee-rebound, this is highly undesirable, It would involve
a very large cost per single couter solution and tbh errors, acCUMuated
over many time stepe of integratiop would greatly reduce the reliability
of the final results.

II
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"APPZEIX A

Pressure Distributionm During %kible Oollape for
1na-ogureseelble Liqujid

The purpos of the present caloulations is to abtain the
Anztantaneous pressure field about a gaaeous bubble, in the proce of
collapse in an infinite, incompressible liquid. The oriqinal spherica.)

bubb,* coilapas pvbl1w,, a& ;*wA by Rayloi%:i I in addresed. Ar~lytical
"€•utions for the bubble wall velocity, U -3 dA/dt, and the pressuue field
In the liquid, p(rt), were obtained by Mtyleigh, for the case of

isothermal bubble process. The bubble wall velocity is givon by

-
0--a (1 / n ) lo q ( lf• ) , (A -)

pBVS - Const.

where P - Const. is the initial field pressure, Vls it the initial bubble

nressure, p is the liquid density ani

n= R/Ra

the dimensionless instantaneous bubble radius.

For the adiabatic bubble process, a straightforward calculatiod yields

2 2p'9 l/n 3'-1

U2- O!n -1_ + Ii-2/. • "-] •,-2)
L PL (-l)

Y .Const.

following the analysis by Rayleigh, wher-9 y -c /c. for the gas. In the

[derivation of aq. (A-2) , the same idealizations used by Rayleigh have been
emloyed, in particulax, that no mass exchan•e occurs between the bubble
and the liquid, and that the bubble porperties are spatially uniform.

The instantaneous liquid fiald pressure distribution (for incopressible

liquid) corresponding to the Rayleigh problem was given by Plesset and Prosperettig

in the form of the qeneral Bernoulli equation

P " P (p - P o
Be 0) U -it (A-3)

P0  P + L
0 o0

where • r/R(t)
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and p((Cn) is t..- liquid pressure, while p(B(n) i. the bubble preasure

given by

I SMMAL - (p - p )/P a (p 0 /P )rn 3 -l (A-4)
3 0 0 0o

OXARATICz !0 (p - Po)/Po " (P0/Po)/n3Y.l (A-5)

The state at full coqpression is defined by U - 0. Thus, Eq&. (A-i)
and (A-2) can be used to define •n. 'PO-/Po) for the isotherval and

adiabatic eases resfectively (in practice, due to the algebraic
oOmplexity of the U -equations, the inverse calculation is much easier
to perforb namely, finding PI/P 0 as a funct4on of n i)d Then the

maximal bubble pressure ratio •l can be calculated by employing the

values of min'pl/Po) in Rqs. (A-4) and (A-5). The results of thse

calculations are given in Figures A-i and A-2. Indeed it is shown that
the Isothexvatl case leads to more violent collapse, nmly to significantly
higher 0%. and lower %in than the adiabatic case, as expectad.

The pressure distribution in the liquid >(;;n) during bubble collapse
can now be calculated, by substitution of the velocity 112 from Eqs. O(-1)
and (A-2) into Eq. (A-3), for specified (%in < ri < 1; pO/Po) data. This

vw.ll yield distributiond due to isothermal and adiabatic bubble process
respectively. Note that the actual time corresponding to the particulax
values of n - r/R(t) specified is not of interest here. Tot:. isothermal
pres•ure distrikations are plotted in Ficqure A-3 an functi.ns of I = K/•{tj,
and a similar set of adiabatic presaure distributions is plotted in Fi;-Irc
A-4. In hese diaqrms, the pressure maximum dis,,ussed by Rayleigh is
clearly shown, and the distribution at the instait of full collapse
is given by

'(nmin M ýA-6)
C

It should be mentioned that the C-coordinat. is stretched with time,
since R(t) decreanaz in the prociss of collapse.

The pressure profiles resemble in shape those obtained by Hickling

and Plesset 10 (for collapse) for compress3 )I* liquid. They demonstrate
that within a distance of Ro from the bubble center, pressure in the liquid
can reach values several orders of magnitude above Po.
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Figure A-3. Pressure distributions, * - p/Po-1 in the liquid phase vs.

dimensionless radial distance for isothermal bd:ble at
several stages during collapse.
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APPENDIX B

Approximate Analysis of Liquid C Apressibility

The objective of the present calculation is to obtain an estimate
of the effect of liquid compressibility upon the maximal pressure and
tmI erature of a cullapaoing gas bubble. To carry out the calculation
without solving the entire liquid-bubble dynamic problem, certain simpli-
fications were necessary. The strongest assumption made herein was that
the pressure distribution in the liquid surrounding the bubble is approxi-
mately equal to that obtaine4 from incowlressible-liquid analysis of a
collapsing bubble, at the Anotant of full compression, i.e., when
U -u d/dt - 0.

The ensuing calculation is based on the compression work balance
mentioned in Section 7.3, viz.,

WSTRM - NCL + (B-1)

where wach of the terms is evaluated at the state of maximal bubble
compression. The above equation will be shown to depend upon the
final state R/Ro - m of the bubble, and will have to be solved
iteratively. 0

The results of this approimation analysis are presented in tabular t
form at the end of this appendix, as well as in Figures 5-2 and B-3,
where comparisons with the incompressible case (adiabatic bubble) are made.

B.1 The Pressure Distribution

For pur.czs of ase present calculation, oniy the state of aeximal
bubble compression is of interest, when U - dR/dt - 0. The pressure
distribution in thL liquid is approxima t ed by that of the incompressible
liquid case (Rayleigh solution). At the in.qtant when U = 0, Dernoull's
equation yields,

P - PO PB - PO B(n) '

M(-2)
P0 0o

where p - p(C,n), C - r/R(t) and n - R(t)/Ro. Po is the uniform inJtial

driving pressure in the liquid, and p5 (r) is the (uniform) bubbl pressure.

When U - 0, ni R - R~i
•.m u-0, n •Ln, " sin and Pn B

i 'g
Considerinq the adiabatic cane

09P~ n3 (3-3)
P00 0
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where y -C /C for the bubble gas, and hence
V

r 1
A /A) 3 y __ /; (3-4)

with nr~i -

B.2 The Comprssion Stroke Work

Whan liquid opressibility is considered, the net change in volum
for a full c•mpression stroke (for a single bubble) involves the
sum of bubble and liquid compression, muh that the stroke work is defined

WSTRM - -Po 3 VD + A-LCi
The bubble volum change is

44 (
- (R' - R') . (n' - 1)

5V 3 o 3 o

where n - a. Determination of the liquid volum change is considerably

more involved, and undertaken as follows.

The variation of Volume is

6VL 6(•/) W - •'/p + M6(1/0) (3-7)

where N is the mass of a liquid volum unit undergoing camresst oa, which
remains invariant. ¶Thuse; 61N. - 0 and t.i vollm v-arlation is

8VL - H(6/) ((-0)

Considering a differential shell of rad.us r and thi ass dr,

N - 4)Vr 2 dr

and the total liquid voluse change is defined

AV - J4wradlp jd(l/O) - 4w r2dr(l -p/0o0 (3-9)

0

The integrand in the last equality vanishes identically for the inc *•irssble
-Case, as 0 - 0 is uniform. Farther, as r --- w the integrand vaniebes

WmyWI otica:ly 0 -- 0o, but a moderate driving pressure P0 is required,

such that p/p0 --- 1 faster than l/r--b. 0.
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Utilizing the liquid compressibility expression,

0 W p + 3 (3-10)

(for water, 5 " 3000 atm and n - 7 is proposed as good appro.imation"),

1I/n 1 /n

where
1)

and (B -(/Po + 1) i

Transforaing to diviesionless coordinates, *r/R, and using the pressue
distribution given by tIm incomressible solution,

oV J I - (I-11)

whaere a -a and5 %- a #aae is defined by sq. (3-3) ; the notation

nTin applies as wall, and will be omitted hareon. Cams of interest
involve P 0 1000 atm, and if the trend show in Appendi A for incompressible

liquid i• cirect, # is expected to be large, • •wefore, a >> I can

be anticipated. Tb avoid the singularity at infinity involved in the last
integral, a onenient dimensionless ompressi•ility radius is defined by
s - •B,• and a"lqaid campression is considered only within the bounds

1 < < a. With the following chaVge of variable,

a z

I a'f _i 1- + l xldx 1(-12)

1/a

where a > 1. The pressure distribution and region of integration are
shoun schematically in Figure 3-1. 2hus,

s(1 + X)ln 1/"i'/ - 1/n XdR

Since x < 1, the tem in brackets can be evaluated by use of a binomial
series:

7----N
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+1 •X)q q- ( - + qx + qlq2- 1) x2 (,
x 2(x)

k-0

taken up to third order accuracy. Hence,

S6 x2 x2.1/n 3-1/n ••1I a - " " n -- x 4"/n dx

n .

3 3 -1/n / - - 11n 2- j

3" - n " n(4-l/n) 2(5-1/n)

I ,m -0.041a 1  (0-13)

where values at the lower l'Ait of integration were assumed nogliqible,
&a 1/as << 1 is expected. The stroke work can now be calculated, vith
the evaluation of the liquid sion ter: m:(n) 1'

334W 3 3 -ie'n
tivx m4w 0 n xO0.041&3 in-~Ron z 0.123 aP~

Mence, fres Sq. *-5),

V in.~R0 0  (1-ni' + ~] 0.-23n
WSTAM 3 Po .0123

where n - rLn •

3.3 The Oo9ression work Tents

The bubble compression work in evaluated, asmaminq rapid process,
by use of the adiabatic relationship:

"V " -, PndVs "- f (F• Po ( 4j)wn -
R 0

0 0

4W Ps 1-n..3 ((3)

where n % iLkn.

The liquid omlpression work is given by

"Y - 47rr'dro pd (1/p) -6V .lr (30-16)



The internal inte*gqrL can be readily evaltated, using the liquid
compess ion inotherm

pd 1 K 00J(5-)

Rote that in the last expersse.Lon,

cPO P + P0', so that

0- r 0 01- P

--3(1 -- "--

n-l %+a P '" I a I -( a+

Therefore, with the same change of variable of integration as in Eq. to-1)
for AVL ,

- 0 + I- (a+ 1 1c/n ] d

+. fol A ln d

Limiting the integration to the interval 1/a < C < 1 and further transform
of the integration variable z S r.'a:

n-I- a'.xdx + 4 - + (2'-i)1

1/a
1

00 ni2 '-1/a n-i O.4a

whsere I us defined by Sq. (1-13).Asnsming that 1/a2 << 1, the liquid
onaprsimon work term can be •witten

4 a ) 1.55 - [n(B'-l)4+1] 0.123 1
WI 3W'%n Po

-memo&.&&,
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Th 3e~w inmaluice

The enry balance at am Iml bubble -xxoqesesion,

"V c (ADIMATIC) + U

can be now ex•ressed in toims of n - u by am of qs. (1-14), 4

(*-IS, and 0-1su after suibstitution and dividlng through by 4/vRPo

00

I, - r" + 0.123nil - o y-l _ 1 + rn' (11-20)

"-" 1"1: " n Y Iri-

s, " !1/1O + 1

k (1.53' - 0.123[n(3'-l)+l]kB~n'B) " " n - 1

Iquation (3-20) can be solved iteratLvely to determine Ti - un. The

method chosen for this purpoee is egula Palsi ( or method of false
position).

Por inomressible liquid, it has been deonstrated in Appendix A
L--tim -h- fin&l co-oproaa•i-- ratio r,1 , for tooth adiabatic and isothermal

cases depends only on the initial pressure pj/P ((and y for the adiabatic

buble). The present energy balancG equation for the compressible liquid
shows that nt. depends in addition upo P0, (as well an A and n which

contain the liquid omreumsibility properties), since the mout of
comression work done on the liquid depends on the actual. value of the
driving pressure.

Now that n.n is ;-railable, *the normalisod (total) bubble compression

work can be calculated.
(cP/Po) [In

"Cs " *c1/sT3•" (1.-n+O.23n•"a ()-2,)

and the normalixed overall liquid comression work is

WCL - -C/SB 1 -~ (5-22)

The maximal bubble pressure is defined by use of the calculated

nunin Mq. (19-3):

Ii
IIi . . . ._ _ _ _ _ _-•, -- __ I 1
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and the fi•al bubble terature ratio .4 calculated throuq the
adiabatic ivlationshp,

Ompoying values of a a 3000 ats and a w-7 (for water) and -1.40

(for air bubble), the parameters nu n v0 and TDOr.

calculated for imosed (PO I p /P) data. Thzee distinct values of

Po " 100, 500, and 1000 at were mloyed. The results ae tabulated
0

and plots of nLin and %ax versus p;/Po axe shown in Piur 8-2 and

5-3 respecti•ely, cmpared An each case with the incopreussible liquid-

adiabatic bubble solutions.

fI
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30J00 &to, n - 7, y 1. 40

-O 100 *to

a P35/SO WN~m VS/T,1- I L/Wo?n VX.t3/Y3
-.331-3 .319193-81 .194419094 .924055:.u .626343.92

2 .115602-62 .$42472-81 .171753.94 .39612+3.9 .372S493.92
3 .158492-62 .346023-81 .1643.9o4 .994113#06 .523123SON
4 .19953U9-2 .396023-41 .15awgx.94 .37638593. .477561.92
5 .251103-92 .439632-81 .134912484 .23S235#88 .43993u0h2

6 .314232-92 .465273-01 .124433.94 .13823$088 .396673908
7 .331130-82 .593473-01 .112553.14 .889443.5 .341113.92
3 .t91os-62 .q4$452-61 .1,91213094 .7644333.9 .3a2u23.94
* .6309161-92 .501985-61 .083213.93 .722133.99 .297323.92

is .7934321-92 .643972-6I .798413.13 .678 M3off .241762002
11 I.3&I-12 .702643-11 .499778.83 .669111349 .24293042#02
12 .135092-61 .76393N-61 .S07718663 .5353524M .21494.9*2
13 .153493-911 .243133-91 .599733.3 .442473499 .193131#02
14 .199532-61 3.41223-81 .489768+63 .343663.99 .17931X*#2
Is .291198-61 .193743.99 ..M1363*3 .243153.99 .148233.92
16 .316232-61 .128413.19 .22972X#83 .148393349 .12682$*82
17 .333113-81 .133213.9 . 15943.903 .769173-s1 .18653.2*#
to .1U1195-61 .162993.19 .916181803 .3397SE-81 .30123#3.1
It .6389163-6 .1919323.9 .$33423.12 .141493-81 .125325.91
29 .704332-61 .229733.99 .48159312 .73:-2 .$94432#61
21 UMIUM .2659 "20M9 .234333.82 .245239-92 .432123.91
22 .125633.19 .393732.96 .162323.11 .191963-92 .48*143911
23 .156433.99 .369133.99 .185359.82 .444293-93 .340543*#1
24 .1933506.8 .416623.990 .4089911'91 .136703-13 .2 333 1b94+1
25 .231193.91 .479233.99 .451443.81 .3157339-84 .2417893+1
26 .314232.99 .548493.99 .'4263.91 .336313-84 .285633*31

P0  500 at%

p 3 93/10 ninE PS/010-i ICi~L/w U MX. TD/T3
A 1.994-53-93 .382333-61 28466X#93 .35705*3.9 .342095+#Z
2 .125833-12 534#343-11 .263743.93 .1359393.99 .331743.92
3 .153843-92 .531623-91 .243633.83 .342493.99 .393693+82

4 .193333-82 .426248-81 .224138.03 .333133.99 .4u7922#82
S .251133-92 .6A459-f1 .297102#93 .922433+41M .234232#&2
4 .316233-62 .736773-81 .1398441#6! .989363'19 .232453.92

7 .333113-82 .78347N-81 .174343*83 .335141.99 .212415082
3 Sa911M-02 .345933-91 .148182#63 .377873.91 .19333723*

9 .439063-82 .312153-01 .14#178.13 .057533.99 .176333.92
to .794333-92 .933273-01 .13209%*83 .133578+M9 .161348#41
is 1.0959*9-02 .1&6424"~ .128483.93 .855233.99 .146393.92
12 .125333-91 .11$345088 .1fi535633 .771623.98 .13334X+82
13 .133433-11 .12SSO3OM .371353.12 .131793.99 .1211833102
14 .1P3532-81 .135373.99 .092742#82 .684~223.9 .19M712*82
15 .251193-111 .1479111#09 .757723.92 .6271333.99 .999312+81
16 .316233-91 .161633.99 .4306243AV2 .56123.99S .839445381
17 .333113-11 .177413.99 .$37932#3. .493473.99 .7965433#1
to .581133M-91 .1§5772.08 .462823492 .335213.99 .797593.91
13 .638042-81 .21743289U .371553.92 .209903.99 .623353.91
2f .794333-911 .144192046 .294158f#2 .296863.99 .542393.91
21 Ift 93.9 .276323.99 .218133.92 .123568#00 .467023#91
22 USISS003. .31959MOS9 .147723.82 'fe1933-81 .397942#61
23 .154433.9W .363393.19 .19963X.92 .339333-91 .334373.91
24 .19$532*99 .418353#80 .973023+91 .1609m3-f1 .234333.91
is .23119M999 .435273.99 .444743*91 .7452343-12 .241113*91
'is .316238#69 .548233.99 .2323139+1 .332273-92 .209413611



COMPRESSI'4LE LIQUJ.D, ADIABATIC BUBBLE (cOfl't)

P0  1000 ati'

I 155110 3)/I PB/PO-1 WCL/WSTRX 10.X.Ts ?3PI

I 1.8555592-3 .394233-81 .132829403 .965643.&#S .294799+02
2 .125893-82 .441373-91 .127979-,83 VG0269VEN~ .27927t+52

3 .15141B-62 .698555-81 .118329+63 .954521.55 .247373+82

4 .199533-12 :742581-51 .189382#83 .946792+05 .22652t+82

5 .231192-82 .7993L3-51 .101983493 .93362#3.5 .287373+52
4 .314233-52 .i68412-s1 .931419^#2 .923543.55 .189773+#2

7 .393113-32 .92693B-61 .837762.).2 .917175s.5 .17369M*92

I .5011$3-91 *113769-E1 .781478482 .903823.55 .15373B+62

9 .638942-62 .157673.55 .723249492 .3188253*5 .14584z+#2

to .794332-S2 .116132#80 .641753262 .870812+86 .13245B+02

11 1.- 35553- .1253523aff .493438402 .U4d6124o5 .12923B3+82

12 .125393-11 .1354514-s5 .5486ý3+82 .32344355# .1181635*2

13 .153493-91 :L4§422+69 .4*6453482 .793733+55 .18893+9.:

14 .199532-61 .151323.55 .446772*52 .758742#08 .911132#01

15 .251190-51 .171283.55 .359353*92 .717313x55 .827453.91

Is .311233-11 .114722+88 .35394B#62 .468L24885 .749173.91

17 .3961113-11 .253333.55 .3M12#83*2 .610942*80 .676342+61

k . 5se113-6l .222153.55 .268309#92 .5443651.05 .O5343*01

19 .438962-81 .2435302*4 .22731B*92 .4463243.9 .544593+81

29 .794333-11 .260473.51 .1889~.5V#2 .379642.55 .484532+81

21 .195313.15 .297842#69 .151912+62 .233413.55 .42770151##

23 .15849c.S.Jo .37517E+09~ UE7330E+U3I .1.4281E.('k .324.19E+V~1

24 .119539*09 .425479+08 .62235E+81 .69445S-81 .27884E+61

7t .2a,1199492 .484I3r+zs .42363E*S1 .35459E-01 ..13881E.D1

.31623Z+88 .5513993.5 .2868JE*91 .16334E-fl .20451S+81
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Figure B-2. Minim~al. radius ratio -mi "Rn/Ro vs. initial pressure ratio pB/Po

for adiabatic bubble, comparinq inc~mressib/t liquid solution vith
comnpressible liquid at several drivinig pressures P.
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Figure B-3. Maximal bubble pressure, p /P I., vs. initial bubble pressure
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compressible liquid solutions at several driving pressures P 0
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APFZNIX C

FLMW VI8UA.LIZKTIOW TESITR ASSUDLY PIOCZDXJM

The following parts require "Ow-rings prior to installations

PART "0" RING SIZ 7ft

Pneumatic Piston #2-012-U552-70 2

Separator Piston #2-011-3552-70 2

Projectile Piston #2-011-N552-70 2

Septum Access Plug #2-006-N552-70 1

Install the following items into the pneumatic loading L.P. cylinder
* and visualization chamber in order as shown (reference Flow Visualization

Tester Assembly Drawing).

1. Pneumatic Piston with "0" rings.

2. 1/4 tube to 3/8 pipe fitting (cover pipe threads with
teflon tape prior to installation).

3. 1/4 tube to 1/8 pipe fitting (cover pipe threads with
teflon tape prior to installation).

Secure pneumatic load L.P. cylinder to tester stand (not shown).

4. Silicon rubber septum.

5. Septum retainer (cover with teflon tape prior to installation).

6. Septum access plug (coat "0" ring and end of plug with
vacuum grease).

7. Poppet valve seat with "0" ring. Ensure "0" ring is properly
seated in poppet valve seat. (Coat tcp sealing surface of
seat with vacuum grease.)

8. Drop poppet valve thru poppet vilve seat and pneumatic loatl
L.P. cylinder.

9. Install flow guide into visualiration chamber (coat top sealing
surface with vacuum qrease prior to installation).

10. With visualization chamber oriented as shown, place chamber
on pneumatic L.P. cylinder and secure with (4) 1/2 - 13 WNC X
2" long high strength bolts and washers. Torque bolts to
15 in-lb using alternate bolt tightening method. Visually
watch sealing surface of poppet valve seat to ensure correact
sealinq in visualization chamber.

11. Coat Parker "0" ring P/N 2-006-N552-70 with vacuum grease and
push onto poppet stem. Tighten poppet packing gland into
pneumatic L.P. loading cylinder.

12. Install poppet valve spring into countersink in poppet packing
gland and hold in place using (2) #5-40 washers and (2) #5-40
nuts.

13. Izolation piston with "0" rings -- install piston into visualization
chamber with chamfered end in first. Care should be taken during
installation not to slice "0" rings while pushing past threads
in chamber. (Also a requirement for installing projectile
piston.)

aI__l___7
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14. projectile pistom with "0" rings.

15. Visualizatiom chamber plug - screw in pluq until threads are

flush with outside edge of visualisation chanher.

16. Pressure transducer -- install transducer with adapter
and copper washer until snug.

17. Bleed valve stew. (yover thread with teflon tap prior to
installation.)

18. 1/4 tuhe to 1/8 pipe fittinq (ccor pipe threads with teflon
taps prior to installation).

19. L.P. drain line.

20. install N2 qas line and L.P. fill line.

JI

iI

1

h -mm Z :
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FLOW VZSUALXZRTZOU TWUBR FILL=U F~UD

For filling Flow Visual zat ion Tooter, the followi.ng steps must
be taken (reference Flow Visualization Schematic cavwinq)t

I. lvne U2 gas lite fzrom solenoid valve and ensure pneumatic
piston is in proper location. Reconnect gas line.

2. Ensure all lines, valves, and Zittings are properly tightened.

3. Close all valves on test fixture and reeno air compressor lines

4. Open regulator valve on N2 gas cylinder and not gas pressure as
per test requiremnts.

5. Open bleed valve stm to L.P. drain line.

6. Using positioning rod, set projectile piston at starting
location (i.e., rear edge of piston in line with edge of fill hole).

7. Set poppet spring compression (distance) as follows:
for 300 psi tests - 21/32 total compression
for 500 psi tests - 19/32 total compresxion

8. Fill L.P. reservoir

9. Connect L.P. fill hose to L.P. fill valve.

10. Open L.P. reservoir stopcock.

11. Open L.P. isolation valve.

12. Manually hold poppet valve open.

13. Slowly open L.P. fill valve until a slow flow is detected.
Watch L.P. resevair and refill when necessary. When L.PIis seen coming out the drain line and no air bubbles emerge,
close L.P, fill valve.

14. Move poppet up and down to dislodge any air bubbles.

15. Close bleed valve.

16. Close stopcock on L.P. resevoir.

17. Remove L.P. fill hose from L.P. fill valve and insert hose plug.

For ullage addition(if no ullage go to step 24).

18. Open L.P. fill valve.

19. eMove septum access plug.

20. Load syringe with required amount of gas.

21. Insert syringe thru septm and inject gas into chamber.

22. Rewve syringe and install septum plug.

23. Close L.P. fill valve.

24. Close L.P. isolation valve.

25. Check that all valves are closed.

26. Ensure contact strobe wiro in chamber plug is in proper position.

27. Initiate Visuali-ation Tests Checklist.



. , ,* Il i jI I II

• " • • •'TON TE-STS ENCHICLI4.I"

0 0 E 0 0 I. After filling, ensure all valves and vent plugs are closed.

- 0 I ] D2. Close LP reservoir stop, disconnect fill hose, and remove
LP reservoir from test area.

l- ] 001 3. Dump any leftover LP from drain bottle into used LP bottle
and put drain hose back into bottle.

[I[] C]0[3 4 ,. Ensure strobe light is plugqed in. Test fire same.
C) Cj 0 E] [3 . Unlock camera film stop and advance film. Ensure lens cover is off.

2_.11HE 6. Re-check camera focus using focusinq rod and re-check "f" stop.

El Ell�0 7. Close installation cover and set charge &W to "OPw" mode.

El E 00 I.]a. Place Biomation in ready state. Check scale (xtl) and
baseline of trace lines.

CD D L0] 9,. Turn off laboratory lights.
E] ~C 0 0l 10. open Camera shutter.

l l [l El E 11. Turn on lab warning light.
C i]J12O . Go to control panel, insert key, arm, and fire.

El 0[•0 [00 13. Rermove key.

[El CC D 14. Close camera shutter.

'EJ[C]] 015.s. Set charge asp on -ND"-.
01 1 Hl El 16. bOyeIpneumaic bleed valve, reset pneumatic piston and open chamiber

C El E -l 17. Disconnect strobe light.
Ii C3 El [ 18 i. Turn off lab warning light.

II

I~ l. . . . . . |1 1 -" -| . . . . '' - -- - " --



CL40A ?S~j SET W

Camera:

1. valeysa M7.

2. Lens: 50

3. Films Kodak PXP-120 a G 9, ABA 125

4. Lens at ?" tim setting mad "f- stop set between f1l and f6.

5. Fromt ed0e of lens placed arpmimately 3" from ceter of
ViOU&Liatim Chamber bore.

St~robe I. Vivitaa Auto 252

2. *?Ad" flash setting

3. Face of strobe placed approimately " from center of Viamaliaation
Chamber bore. Strobe placed at 45 degree angle to front face
of visualisation Chambr
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•~CS

mzosaICA : NMdel 1015 woo ftyzn recorder.

1. OCh l chamber pressure I S VFU
2. Ch 21 flash discharge voltage 650 Vm
3. Both inpats s C moe
Inpat Nlft
1. Ch. I 0md Ch. 2 (2044 woeds per clhmel)

10aou4 NUe: I Del d

Triqqars
1. S 300 psi , 200 mords delaye
2. * 500 psi a 370 words delayed
3. axterma source
4. single sweep nods I

5. D.C. oW4ling
6. Positi•e slope
7. trigger level at 9 o'clock

TIM Bases
1. cal
2. 6 300 psi, timbase "A" 1 0.2 um/word

*I" 1 0.05S ma/word
3. 0 500 psi, timbase "*A" 0 C 2 ma/word

"B" 0 0.02 us/word

CRUM ANPUIFa

1. chamber pressure from "1•ristal" pressure transducer, type
601 A s/n 62094.

2. sensitivity - 1.075 pC/psi
3. range - 100 psi/V for 300 psi test

500 psi/V for 500 psi test

k o, -m - - -l -ll. . . .--
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STU=~ IAM= TRSSR ASSZNBUT PORUW

te following parts require O=-rinqs -wrior to installation:

PART "O=-RhG 2I2 QTV

STUkMT CR OAM #2-026-N552-90 1

PR.IER GAS #2-020-U552-90 1

Refer to the Starter Charge Teeter Assembly Drawing for the following
assembly procedure. Wihere loading of smokelees powder and wadding is
mentioned, refer to the starter charge test matrix for the type and
quantity of each.

1. Install electric primer into Primer Gas Integrating Chamber.
After installation, clear contact surface of primer and face of
Integrating Chamber. Using t volt/ohm smter, note resistance
between primer and Integrating Chamber.

2. Load pouder and wadding into Inteqrating Chamber as required.
Ensure powder does not get inside threads.

3. If, in step 2, the Integrating Chamber was fully loaded with
suckelesas powder (i.e., 2.60 grams), cover the four holes on the
inside face of the Orifice Plug with cellophane tape (no tape is
required for a partial loading). Cover threads of the Orifice
"! ".Ug with g-r•ass and install intio the Integrating chamber. Tighten
plug with the special spaeeier tool. Cover outside face of Orifice
Plug with cellophane tape.

4. Coat all outsile sealing surfaces oz Integrating Chamber with
grease and drop into end of Starter Char.ge Chamber as thown. Care fully
push Integratlng Chamber in until the *0"-rinq contacts the inside bore.
Using & wooden dowel, carefully tap the Integrating Chamber in until
it is properly seated in the Starter Charge Chamber.

5. Clean the contact pin and end -turface of the Electrical Primer Contact
Assembly. Coat the threads of the Contact Assembly with grease and
install Into the Starter Charge Chamber. Using a volt/ohm meter,
measure the resistance between center pin of electrical connector
and casing. If resistance has increased by more than 25,000 ohms
over the reading taken in step #1, reiove the Electrical Primer
Contact Assembly, re-clean it and re-clean the contact surface of the
Integrating Chamber. 3m-install the Contact Assembly.

6. Turn the Starter Charge Chamber over and load the chamber with
smokeless powder and wedding as required. Ensure chamber does not
rest on Electrical Primer Cltact Assembly.

7. Install the Blast Shil-Ad into the Blind Chmaber, oriented as showi,
and secure with (2) #6-32 UNC x 3/4* long machine screw with lock
washers.
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8-. Zastalle hetrenater with seal ring into the
Iliad Chember. Toqvs trvAnsdr to 25 ft-lbs.

NOTs Do not install Powder Chamber Vent Plug at this tim.

9. Grease the autesde maling surfaes on the starter Charge Chamer
"OneckE and O0-rLnv.

10. CarefUlly push the Blind Camber drax onto the starter Charg
Chmber "neck* until the erns of both parts are flush agaLnste
each other.

11. Grease all external threads am the Starter Charge Chmber and the
Bind Chaber.

12. With Camber Coupling collar nounted am test stand, put tester
assembly through collar in direction shown. Screw tester assembly
into collar until collar is situated evenly over both parts of
tester asembly.

13. Grease threads on Powder chamber Vent Plug and install vent plug
In sequence as shown.

-i-



I

(I t tItI. MMheSure that theeSafety interloCA key is
riw f the rmt, firing panel.

IfItItIt12. Short-out the center pin of the priessure
trmansdoer lead to the conector housinq.

-t I[ It ][ 1 3. Cambect the presaur, transducer lead, making
cert'n th lead is out of the path of the Vent 9".

4, ComII 14 mo ttheir fmily. dtotheprh usc Xlectrical

It[ If H[ H 1 5. close the sa•ety meclosure, M I the handle and
insert the latch bolt.

f6 It 111(1'. svitchca mp to-o-wo se.
( ]( I ItIt1 . Make certain that channel 1 ftoord/Hold button an

bi &mt2Lo is In the out posltion to enable the
rwcor' mode.

i H IH H I 1 S. Switch ,icmation to "-ady-.
[ I[ I[ ]H [ . Turn on lab••rnin light.
I( H If Ht 110. Insert safety key into zote control firing panel

to activate firing circuit.

I[ ][ It [ ]Ill. Place arming witch in the mn position.
[I[ If If ] 112. fire.

f If I[ I[ It 113. Return &ring switch to the "off" poeition.

tIf I[ I't It 114. Amuo safety interlock key from the firing panel.
[ IM If It 115. Push in channel 1 Reord/Sold button on _iction.

([ It It It 1)16. switch ,argeamtoo "=I*.
r ]tH ItIt)17. D=r off lab warning light.
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L.P. qq!Wremsion-Ignition Sensitivity Teeter Asembly Procedure

The following parts require "0" rings prior to installationt

Part "0n Ring line y_
Pneumatic Piston 2-012-M674-70 2
Separator Piston 2-011-mSS2-90 2
ProjectiLe Piston 2-011-1552-90 2
Septum Access Plug 2-006-1674-70 1
leed Valve Sten 2-013-1i52-90 1

Starter Charge Chwber 2-026-552-90 1
Priemr Gas Integrating 2-020-1,452-90 1

Chamber

afer to the L.P. Copression-Ignition Sensitivity Toster Asembly
Drawing for the following assembl procedure. Znstall the following
item into the Pnematic Load L.P. Cylinder in order as showm.

1. Pneuamtic Piston with "0o rings.

2. 1/4 tube to 3/8 pipe fitting (coer pipe threads with
ta*1.tg PI- to Lut-aliation.

3. 1/4 tube to 1/8 pipe fitting (cover pipe threads with
trflon tape prior to installation).

4. Silicon rubber septum.

S. Septum retainer (cover with teflon ta6a prior to installation).

6. Septum access plug (moat w0" ring and end of plug with vaugrease).

7. Poppet valve seat with "0 r•ng. auare "0" ring is properly seated
in poppet valve eat. (Coat top sealing mrfam of seat with vmcý
grease.)

S. Drop poppet valve thru poppet valve mt and pnaematic lo"
L.P. cylinder.

9. Coat Parker "0" ring P/9 2-006-N552-70 with vw grease and pumh
onto poppt stre. Tighten poppet ckj- gland into gstic
L.P. loading cylindr.

10. Dnstall poppet valve Spring inOt omtGaink in p etlpaig gLand
and hold in place using (2) O5-40 washers and (2) 05-4o nute.



11. ast pmpet "wsing Covivreaaion (disteace) as follows.a
i~or IS50 Pei too"s - 3/4 0total cussieeme
for 300 psi tests - 21/320 total coamueesie~
for SOO psi. tests - 19/320 totA aals "Laeine

Install the following item into the I P. CosaimiL Chmbr in
*xdsr &a show.

12. Sepiarator Piston v/"01 rings--inetal piston with chasoeze and
In first. Us a ooese dowl ro3 far pushing pLaton &ownCamber
bare, swmringa that pistas is prOpbI1I seated.

13. Projectile Pistom--install pdato with special depth too for
proper pistoni alignet.

14. Install the Slast Shield,* oriented as show, and sieoare with
(2) W-3a use 1 3/4' long macine surews with sock washers.

Beo fre installing my otl- r parts.* cimCk the chmer bore . light wser~o
ports, and Masse" transducer Ports and Clemn Oct my foreign metter. vWM,
attach the Microsvitch N". oar t to the Dic: Retainer and secure w th
(2) 06-32 LVIC X IG l/6 ong machine screw with flat washore. Novat the
Wicroswit.ch with Pus Rod onto the NMhmtinq ftiacket . oriented as eham., and
secure with (2) #4-40 1jAC X 5/80 long screw and cuts. vold the Shear Disc
against the ead of the Disc Notainr with tim Kicroewit&J Push Rod yassing
tbrua the Shoar Disc hole. Adjust the Push mod v) that 15"o protru"" paent

the Shear Disc to allow for prqper sw...tch actuation.
15. Shear Dlice - coat botn aides of the Disc with vacuum grease and

listaLll into chabr seat.

2.6. Disc Noainer with W.eraowitcb sod Bracket - grease all external
threads dad install into chmer. Wrench tighten.

17. keaS&S all external threads an the L. P. Coess.1.os Chmbr.

M. With Chme Cospling Coll'aa movated on teot stand, screw the
00Oession Chme into the collar until (1) am thread is
visible anchabr.

19. Notat& the 00Mes03tn Chamer vmtil the (3) light veaar ports
ret on top. Install the (3) Light @@ewsor ad toym to 30 it.-lbs.

20. 00"er the piVe thrads Oft the 1/4 tubs to 1/M pipe fitting with
teflon taps nd install the fitting an the L.P,. DrAi Line as shows.

21. RoaAte the Comrensim Mmhe as nesusry and install tim (3)
PCS Pr.essure transducer. with se"l ring s ad the transducer pact
plug as shows. Taxqi to 25 ft. -lbs.
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22. Rotate the Compession Chamber so that the LP.. Pneumatic Load

Cylinder mounting holes (4) are on top.

23. Flow Guide -- coat top sealing surface with vacuum grease prior

to installation.

24. With the L.P. Pneumatic Load Cylinder oriented opposite fom

mhown, place cylinder on L.P,. Compression Chamber and secure
with (4) 1/2-13 tMC X 2" lona high strength bolts and waahers.

Torque bolts to 50 ft.-,ba. using alternate bolt tightening

wa thod.

25. Rotate parts so orientation is as shown.

26. Bleed Valve Stem -- Coat threads with grease and coat "nose"
with vacuum grease.

27. Install the L.P. Fill Line Valves to L.P. Peservoir and the N2
gas line from solenoid valve to Pneumatic Cylinder.

Where loading of smokeless powder and wadding is mentioned in the
following section, refer to the test matrix for type and quantity of each.

28. Install electric primer into Primer Gas Integrating Chamber.
After installation, clean contact surface of primer and face of -
Integrating Chamber. Using a volt/ohm meter, note reslstance
becween primer and Integrating Chamber.

29. Load powder and wadding into Integrating Chamber as required.
Ensure pow-'or does not got inside threads.

30. If, in step 2', the Integrating Chamber was fully loaded with
smokeless po%,Aer (i.e., 2.60 grams), cover the four holes on the
inside face of Lhe Orifice Plug with cellophane tape %no tape is
required for a partial loading). Cover threads of the Orifice
Plug with grease and install into the Integrating Chamber. Tighten
plug with the special spanner tool. Cover outside face of Orifice
Plug with cellophane tape.

31. Coat all outside sealing surfaces of Integrating Chamber with grease
and drop into end of Starter Charge Chamber as shown. Carefully
push Integrating Chamber in until the "O"-rinq contacts the inside
bore. Using a wooden dowel, carefully tap the Integrating Chamber
in uttil it is properly seated in the Starter Charge Chamber.

32. Clean the contact pin and end surface of the Electrical Primer
Contact Assembly. Coat the threads of the Contact Assembly with
grease and install into the Starter Charge Chfamber. Using a volt/
ohm meter, wesure the resistance between center pin of electrical
connector and casing. If resistance has incre&sed by more than
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25,000 ohm over the reedinq taken in stop 01, rmewe the
Blectrical Primer Contact Asembly, -- •'ee it amo to-clam
the contact surface of the Zntagrct ember. foinstal1
the Contact assembly.

33. Turn the Starter Charge Chmlber ovr and loed the c•dsuer tith
mokaless powder and 4dinq vr, requLred. oumre chamber does
not rest on Zlectrical Primer Contact Assembly.

34. Greame the outside sealing surfaces on the Starter Charge
Chamber 'Peck' amd O'0-rinq.

35. Carefully screw the Starter Charge Clbe~r into the Cbmer
Covjpling Collar until the "neckO is properly seated in the
L. P. Compression Chamber.

B

L ________



LLMMuSeiGMI1mitic sensItivity Tester MILESn ftVomure

'. gsnme &Jl lines, valves, and fittings are properly tightened.

2. Close all valves OR test fizte and rOvE air careeor line.

3. Open rogylatr valve an 3h 9g cylinder Md set gas preMIro As
pr t Ireqst omets.

4. Open bleeml valve stes to L.P. drain line.

S. rill L.P. reservoir.

6. Cnewt L.P. fill howne tto L.P. fill velve.
7. GEpre L.P. reservoir stpcc.
8. Open L.P. isolation valve.

9. lNonu bly hold poppet valve open.

10. Slowly open L.P. fill valve until a slow flow is detected. Iatch
L.P. reservoir and refill ' necessary. Man L.P. is seen coming
out the drain Line and no air bubbles emerge. close L.P. fill valve.

11. Have poppet up and drm to dislodm any air bables.

12. U.olase bleed valve.'

13. Cloob stopcock an L.P. rope.eoir.

14. Uemos L.P. till hose from L.P. till valve and insert hose plug.

F S aftit-ion (if no ullage go tt* step 21.)

15. Opou L.P. fill valve.

16. FA U Septi aeSo plug.
17. Lad syringe with required aount of gas.

IS- Insert srine and inject ga into chamber.
20. Close L.P. fill valve.

21. Close L.P. isolatim valve.

22. Check that all valves are closed.



L.P. 2gf~gesui-Zitiomt Semsitivity Test 0MokJist

1 1 1 .1 .I

E] 0 0 3 1.. Afer vI . sre ALl va•iv-e • ,-sa ploya w Clo- d.

~ Q Q2. Close L.P. reseroix ftlapciok disoammect fill Imse. md
com L.P. resevrwiz ftcs test area.

Z E] C] [30 3. DM my leftover L.P. froM drain bottle into wood L.P.
bottle mnirummebottle.

r 14.Coftct P X-*ar end Ut~t sensor laws.

S aimob We that safety interlock keys ar m - . rmW the
t firLng pmel Ma the solod vaeiw minng switch.

7 _.. 6. nae certain tha t the X-da r iei is out of tihe mt* of
the vent gas mad close safty enclosure. am - bmdle -d

Insert latch bolt.

Li0 7. Otitch chargea ps to -opsats3 .

_j NE c . ae rtain that all mmaoed/Uo~d Suttams an sioastion awe
oaut in te Ole•cxdO Posiot.

. ,_, _ ,9. Switch BlontiAS to "leCiy°.

,. -- -U - Ilnsrt safety key Into f•ring pmel. end tuaft e rolevd
firing circuilt.

2 0 - ._ 2 U. Go to vene control fir Lng pmel. Insert safty iaterlock
bay w1.4 tor to -.

- -13. Switch @ig NOUN.

- -, r, - 14. Fi*..

t n

k -- . _. . . . . . . -' . . . .. . . .. . .. . . . . . . ..., _ . • ..


