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hazard associated with compression-ignition of colliapsing bubbles in the
liquid charge and ensuing runaway reaction. It ig the purpose of this

study to define the threshold conditions required to initiaterunaway reaction,
in the presence of finely distriduted ullage. furthermore the theory for
the mechanisa of ignition of liquid monopropellants by rapid compression ,
is advanced by examining ilie assumptions and limitations of previous works. _ }
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Foreword

This Final Report represents work performed by Princeton Combustion
Research Laboratories, Inc. in support of the Statement of Work on Contract
No. DAAK10-78-C~0315 during the psrind 24 August 1978 thru 14 July 1979.

Technical cognizance for this contract was provided at the U.S. Army
Armamont Research & Cevelopmwit Command, Dover, NJ by Dr. Anthony Besardell
The authors wish to express special acknowledgement to Mr. Joseph Hershkowitg
of ARRADCOM, Dover for many enlightening technical exchanges.
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1.0 Sensitivit: ol Liquid Monopropellants to Explosion by Rapid Compression

1.1 Crigin of the Problem in *ractical Liquid Propellant Gun (LPG)Systems

Monopropellant liquid-propellant qun systems have been developed
generally aluing two lines, the pre-loaded type (so-called bulk-loaded
LPG) and the direct-injection tyre (so~callad regenarative type). In
sach of thess typas, the iiquid charge is brought rather rapidily up
to gun operating pressure, ca. 30 to 60 kpsi, in a rise time on the
order of 0.1 to 1 msec. Although hundreds nf successful firings have
beean made with both types of gqun, w.th sevaral different types of liquid
monopropellant, in sizes up to 4-inch barrels, a few destructive explosions
have taken place, zll of them on start-up duving the rapid pressure rise :
associated with ignition of the gun. This almost-successful test-record j

suggests that the particular monopropellants selected ars not themsalves )
at fault, or explosions would have accurred with far greater frequency. 1
The most plausille explanation that has emerged from all of the evidenca !

available is that air bubbles dus to excessive ullage in the firing
chamber, brought in during the pre~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 suggestad 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 prescunt
investigation.

.

On the experimental ¢ide, Princeton Combustion Research Laboratories,
Tnc. has produced on a systematic basis rapid pressurizations of liquid
vropallant (LP) columns with various rates of pressure rise, with various
amounts of ullage,both finely distributed and undistributed, and with
various LF monopropellanta; and hae found operating domains of safe
'r start-up for NOS-type and Otto Fuel II¥® propellants. Generally speaking, safe
3 start-up without any sign of axplosion or runaway exothermic reaction
: is obtainable by (a) elimination of all aii in the sysism, a probably
1 impractical requirement, (b) avuidance of sharp entry ports or other
; channel locations where cavitation may occur in the gun filling system,
b probably also an impractical requirement, (c) keeping th= rate of pressure
g rise in start-up to less than ca. 20 kpsi/msec, a requirement that can
; be met by rational Jdesign of the ignition system, and (d) pre-pressurizing
: the charge of IP kefore the onset of the rapid pressure rise of the
: start-up, a fairly practical remedy that cau be incorporated in an I12G
control system. Thase four nrescrivtions define the domain of explosion-

free start-up, on the Lasis of the LP compression experiments performed
by PCRL.

A M o b A st Bl i 2

s .

It should be noted, as a matter cf practical interest, that in defining
this domain of safe start-up, it was necessary to provoke axp.osions in
the test zpparatus. The domzin of safe start-up is defined by the "dividing
surface" between the conditions that always produce explosion and those
that never produce explcsion. The apparatus 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 rs-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 programs,
that no detonations have occurred.
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With this background,attenticn in the prescnt research has been focused
on the manner of initiation of runiway exothermic rea:tion in an LP field
by a suddenly compressed hot gas bubbie imbedded in the LP. In passing,
we note that the problem of ullage in an explosive medium is not limited
to the field of LP monopropeliant gun systems. It can ariae in LP
monopropellant (e.g., hydrazine) power generating systems designed for
aircraft and space-raft use, and it can 2xise in the problem of premature
warhead explosions due to setback acceleraticn of plastic-type warhead
explosives in high velocity projectiles. Detininy theoretically and
expsrimentally the safe domain of operation for explosive media containing
bubbles is a task of general significance.

1.2 Sensitization of LP by "lllage or Dispersed Rubbles

When a liquid monopropellant 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 increasa by
about 10 to 20 deg C, with some uncertainty in the calculation due to lack
of preciss data on compressibilitv and thermal expanaion coefficient,
among other proparties. A bubble-free mcnopropellant is thersfore unlikaly
to explode upon sudden pressurization.

However, with one or more small bubbles in the liquid, a "hot spot"
can be gensrated by the adiabatic compression of the bubble, either air
or vapor, and if the bubble is initially large enough, the sharp local rise

in tempsrature can cause the bubble to retain its heat long erough to initiate

ew,thermic chemical reaction, i.e., combustinn. The resulting rapid gas

generation can lead to rupturz of the chambar or tn a gun breech blow, f it is
fast enough or if the volumwe expansion does not accommodats the generated gas.

Thers is somea avidence from firing test pressure records of regunerative-
type direct-injection LP guns®and from explosion tests concducted at Princeton
Combustion Research Laboratories, Inc. with nearly bubbhle-free LP fillings
that, with only a f«w bubblou sparsely distributed in the liquid field,
the rate of gas generation is sluw enough to be accommodated by an LPG
system as the volume expands at the start of a firing. In the prusent tests
the severity of the explosicns in a confined liquid propellant column

was provortional to the space dengity of bubbles -- faw bubbles led to
orily mild explosions. On the other hand, when in the PCRL compression
twsts the number of injected air bubbles was deliberately l.rge, the
resulting explosions were much more severe. Ag poirted out above, these
ware never 0 severe as to destyoy the apparatus (except f£nr the pressure-
relief shaa: disc device). The conclusion is that it takes only a single
bubihl. , §: lycye erough, tu start a run-away reaction, but it requizas
a laxge mumbexr of such bubbles acting simultaneously aa hot spots to
cause the hardware damage associated with such explosionu.
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2.0 Flow Visualization Studies of Dynamic Loading Characteristics of NOS-365
Ligqu.d Monopropellant

In order to conduct compression-ignition senaitivity atudies of
a pra-compressed, multiple bubble ligquid monopropellant medium representing
3 conditions found {n gqun simulation studies parformed as part of a hLazards
analysis by Pulsepower Systems, Inc., Princeton Combustion Research 1
Laboratories, Inc., efforts have been directed toward the design,
fabrication, and development of an apparatus which incorporates features !
to control the rate of dynamic loading of the liquid monopropellant, i
!‘ the volume percent of injected air ullage, and the -esulting break-up
phenomena of the ullage into some mean bubbla discribution in the liquid !
] propellant charge. The objective of the Flow Visualization phase of this

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

I after dynamic loading, at tha system "fire"condition.

! 2.1 Description of Test Equipmont

Figure 1 shows an assembly drawing of the Transparent Visualization }
Chamber and the Pneumatic Load L.P. Cylinder utilized in the Flow
Vigsualisation siudies. The schematic drawing presented in Figure 2
identifies functional components such as valves, gas lines, liquid fill
and discharqge lines, and electrical connect.ions. The Transparent
Visuslization Chamber was machined from a cast acrylic block with a
0.4375-inch diameter bore. The chamber is provided witi an End Plug which
cariies the contact wire for actuation of the elactronic strobe light.

In the actual Liquid Propellant Compression Chamber, the End Plug

carries the contact wire ccmpleting the circuit for ignition of an

M52 electric primer which ignites the smokeless powder starter charqge
which, in turn, produces the desired pressurization rate tc which the
liquid propellant column in the Compressioa Chamber is to be subjected. j
The Transparent Visualization Chambar alen contains a1 Blssd Valve for
flushing residual ullage from the system prior to dvnamic injection of the
liquid propellant charge. A Kristal Type 60lA pressurec transducer is
fitted into the chamber to monitor the pressure-time history of the
dynaric loading process snd is locatad 0.70-inch downstream of the centaer-
line of the injection port. The injection port is designed so as to accept 4
various flow guider Lo alter the cavitation dynamics of the injucted liquid.
The cl:amber bore is fitted with a Separator riston which seals the bore and
simulates the function of the Saparator Piston in the Liquid Propellant
Compression Chamber, ji.e., to isolate the 1ligquid propellant charge in the
Comrreasion Chamber bore from the hot combustion gasys in the Starter

Charge Chanber (see Assembly Draw'ag. Figure 3). A Projectile Piston

is utili~ed to facilitate chamber filling under dynamic loading and

provides the trigger to actuate the electronic strobe lijht won chamber
filling complation. The maximum stcroxe of the Projectile i .con is 2.7-
inch, providing a maximum volumetric loading of liquid propellanc of

0.41 cu.in. (6.65 cc).

The Pneumatic load L.P. Cylinder is machined from 416 S.S. The 0.5~
inch diameter bore contains a Pnevmatic Piston which transfers the liquid
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sropallant charge through a Poppet Valve into the injection port ‘
of the Transparent Visualiization Chamber. The Pneumatic Load L.P. |
Cylinder acts as a liquid syringe to control the dynamic loading process. ‘
A regulated supply £ Nz gas fad through a Soiennid Valve provides the ;
driving presszure for acceleration of the Pneumetic Piston. The 3‘
injection time is controlled by this driving pressure, for a fixed i

H

i

volusetric loading of liquid propellant. The Poppet Valwe controls the
E‘ steady state (equilibrium) pressure in the Transparent Visualization

Chamber by adjustment of the Poppet Valve Spring compression. The
3 Pneumatic Load L.P. Cylinder contains a Siliccu Rubber Septum through

which a Gas Ullage Syringes, i.e., hypodermic nesdle passes to irtroduce

) a precise loading of air ullayw (volume percent, STI',. Liquid progellant ]
! is introduced into the Pneumatic Loading L.P. Cylinder through a fill
t port. A photograph of the Transparent Visualization Chamber assembled
to the Pneumatic Load L.P. Cylinde:, with associatua fill lines and
valves is shown in Figure 4.

v

2.2 System 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 either side cf the Visualization
Chamber fill -~rt, thereby forming a 5/32-inch wide passageway for flow
of liquid from t 1l port to Blmed Valve. The Poppet Valve is then
manually held in the open position as a gravity-fed supply ~. liguid
propellant flows into the Pneumatic Load L.P. Cylinder, through the
Poppet Valve, Flow Guide, fill port, the 5/32-inch 3lice of Visualization
Chamber bore, and out the Blaed Valve. In this manner the entire system
including the initial bcre volume between the two Visualisgarion Chamber
pistons can be fiushed. With the Poppet Valve released, free to return
te its normally closed position, a prescribed volumetric loading of gas
ullave is introduced into the Pneumatic Load L.P. Cylindar with the
gas syringe. The displaced liquid propellant volume is permitted to flow
out through the Isolation Valve. All valves are then closed.

- e O YT

The dynamic loading sequence is now initiated by activating the
circuit that opens the Solencid Valve which releases the driving N; pressure
into the Pneumatic Load L.P. Cylinder o 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 sstablislhes Poppet
Valve opening. The liquid propellant and its gas ullage “low through the
Flow Guide, possibly resulting in cavitation depending on ‘:he nature of
the orifice, into the bore of the Transparent Visualication Chamber. The
Projsctile Piston is then driven to the right allowing the charge to f£ill
the bore until maximum stroke is achieved. The contact of the Projectile
Piston with the contact wire in the End Plug completes 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 phctograph of the resulting
bubble distribution in the liquid propellant charge is cobtained. 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 Rasults Of Flow Visualization Studius

2.3.1 Inert Simulant (Water) Tests

Functional cests of the system were performed witii water to determine
that all aspects of sywtea operation checksd-out. Thes? functicnal tests
with water 2lso provided =~ baseline for comparison of dymamic loading tests
pexformad with NUS-365 liquid monoprope.lant.

Flow vigualixzation tests were conducted with water and air ullage
volumes of 0%, 0.9% (0.060 cc), and 3.1% (0.206 cc). The driving pressure
in all these tests was ‘ixed at 300 psig. Figures 5a and Sb display
oscillograph records of these water tests. A dual timebase mode cf data
recording and display was utiligsed. The time-scale is as follows.

The first centimeter of the oscillograph reco;’d represents 40 ms. All
subsequent recording is displayed at 4 ma/cm. Thea lower trace represents
pressure in the Transparent Visualization Chamber bore. The vertical

scaiing is 200 psi/cm. The upper trace represents electronic strobe voltage,

showing discharge characteristics once the contact wire in the End Plug
Completss the circuit. The traces in Figure Sb represent z cime expansicn
of the traces in Figure 5a in the neighborhood of the "water hamaer"™ gpike.
Table 1 contains information extracted frrm the oscillograph records on
Visualization Chamber fill time, t £i11 (msec) , peak pressure associated
with the "vater hmnr',p'pik. {psig), and equilibrium pressure in the
liquid col'mn in the Visualization Chamber, p.quu
the ullage loading, the fill time varies from 28.0 to 32.0 mse:. The

fill time is defined as that time from opening of the the Solencid Vulve
to time of attainment of maximum stroke of the Projectile Piston (commen-
surats with discharge of the strobe). The spike pressure varies from 420
to 460 psig and the equilibrium pressare in the Visualization Chamber bore,
a function of the Poppet Valve Spring compression, is approximately 240~
260 psig. The Poppet Valve Spring compressisn is responsible for an
observed equilibrium pressure in the liquid column less than that of the
applied driving pressure by approximately 50 psi. The more the initial
spring compresaicn, the higher the restoring force exerted on the Poppet
and the lower the resulting equilibrium pressure 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-ignition were 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 Compressici: Thamber and wnuld not propa-
gate into the Pneumatic load L.P. Cylinder.

(psig) . Depending on

Figures 6, 7, and 8 are photographs of the dynamically-loaded water
column illustrating the physical condition of the charge at the instant
0% complete fill of tne Visualization Chamber bore. These correspond to
Us, 0.5%, and 3.1% voluwsetric air loading, respectively. It i~ interesting
to nots that zero percent ullage, Figure 6, shows a consider. ..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

.

i mh




(a) Ov ullage
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strobe voltage !

= liquid rressure

v . i

(c) 3.1% ullage

5 FIGURE 5a. OSCILLOGRAPH RECORDS OF WATER TESTS: 300 psig DKIVER PRESSURE.
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EXPANSION OF OSCILLOGRAPH RECORDS
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Strobe discharqed

—P

spike = 460 psi

P = 240 psi

equil

srike = 420 psi

. 260 i
equil = 260 psi

Pspike = 460 psi

Pequil = 260 psi

‘Discharge of :strobe




T

DAIVING PRESSURE: 300 psig

RN  LIQUID ULLAGE Yei11  Pspike  Pequil  “mean

NO. TYPE (volumes, STP) {msac) (psig) (psiq) {ince)

24 WATER . 0.0 28.0 4€0 240 0.007

25  WATER 0.9 32,0 420 260  0.009

23 WATER 3.1 30.4 460 260  0.009

11 NOS-365 0.0 21.0 540 210  0.008

12 NOS-165 0.9 22.0 480 200  <0.001

i 14  NOS-365 3.1 20.0 540 200  <0.001

Notu: The scale facter enployed in the Flow Visualization photographs
| is oktained by noting that the iiristal Type 601A Pressure

' Transducer port threads are machined 3/8-24 , i.e., a thread

1 spacing of 0.0417 inch.

W

e

TABLY ' TABULATION OF RESULTS OF VISUALIZATION STUDIES CONDUCTED
WITH WATER AND NOS-365 LIQUID MONOPROPELLANT AT A DRIVING
PRESSURE OF 300 psig.
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306 psiy DRIVER vRESSURE

0.9% ULLAGE,

WATER TEST:

FIGURE 7.
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photograph (s taken; the “water hasmer” pressure wave generatd .t the
extrems right hand sida of the liquid column by th+ slamming of the
Projectils Piston againat the Brd Plug has not yet propagated to the
{ntectica port iocation. Therefore th.e Poppet Valve is still (n the

open position, awaiting the prussure signal to propsgate back through

the liquid charge. Rear the injection port, this cloud of vary fine
bubbles 15 balieved to be due to cavitation in the flow guide, producing
bubbles of wate. vapor, wiich then rapidly condense and disappear further
dommstream. This cavitation phenomanun is not seen in tha 0.9% ullage
case (Figure 7). This could be due to the coinridence that the electronic
stxobe was discharged slightly later in time compared with tne O\

ullage test, allowing vapor bubbles in the cavitation region to condense.
The mean bubbles diameter for the zero pwri.ent allage cases taken over

a large ancugh sample of the bubbles downstream of the injection port,

is 0.007 dnch.

Figure 7 displays the bubbie 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 cf this case with the results of
3 the zgro percent ullage case, one could estimate that the zero ullage
case may have about 0.1% of dissolved air and that this disaolved air
tendd to come out of the solution at the i‘njector port where cavitation
would take place. This is not surprising since do-aerated water
ig not vsed for the tasts.

Figure 8 lisplays the bubble distribution for the case of 3.1%
volumetric loading of air ullagu. The mean bubble diameter for this
case is 0.009 inch. Intense turbulent mixing can be scen in the vicinity

of ths

-~ P

iajactor poit.

2.3.2 NO§~365 Liquid Monopropsllant Tusts

T —

The first series of liquid monopropellant dynamic loading rests were
conducted at a Ariving prassure of )00 psig with ullage rolumes of 0%,
0.9%, and 3.1A. Figuroes 9a and 9b display oscillograph records of these :
propsllant loading tests. The records of Figqure 9b represent time ’
, oxpansions of the traces in Figure 91 in the neighborhood of tha pressure
spike. Propellant fil! cimes, extracted from Figure 9a, are considerably
less than corresponding fill timas for water loading tests, i.e., ca. 20
maec for NOS-365 compared to 20 msec for water. Also, the spike pressure
is increas¢d to ca. 540 psig. A lower equilibrium pressure is attained
in the prorellant column, associated wirth a slightly increased Poppet
Valve Spring compre.sion.

gle e

i b i o el tnenss i

| Figures 10, 11, and 12 are photographs of the dynamically-loaded

propellant coluan. Thaexe correspord, respectively, to Ov, 0.9%, and

3.1 volumetric loading of air ullage. The zero percent ullage case, Figqure ]
10, shovis results very similer to that ot 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.
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Figure 11, depicting the physical condition of the dynamically~loaded
propellant charge with 0.9% volumstric air loading, displays a "fog-like"
appearance. The mean bubble diameter is less thar 0.001 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 iy reasonable to assuma that the mean bubble diameter for this case
is considexably lec - than 0.001 inch.

Ne can summariza these results as follows. Under identical conditions
of ullage loading and driving praessure, the bubbles generated in NOS-365
liquid monopropellant are considerably smaller than thogse generated in
water, by a factor on the order oxf 190, Wa suspect that surface tension
plays a major contributing role in altaring the ultimate size. It may
be worthwhile for further ¢sxperimentation to be performed with water
and added gurfactants and perhaps with more viscous liquids in order to
understand more accurately the factors that determine the bubble size.

This could be of immense practical imvortance 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 aestab.ished by choosing either faster or slower fill times,
i.e., higher or lower driving pressure. Two additional series of tests
were conducted with NO3-365 liquid monopropellant with driving pressures of
SO0 pgig and 150 psig. Note that the 150 psig driving pressure is just
sufficient to drive the pneumatic piston and open the Poppet Valve,
thereby injecting liquia into the Transparent Visualization Chamber.

Figures 13z and 13b display oscillograph records of propellant dynamic
loading tests with a driving pressure of 50O psig. Table 2 contains
information extracted from the oscillograph records on Visualization Chammer
fill time, spike pressure , and eqguilibrium pressure in the liguid column.
Figures 14, 15, and 16 are photographs of Zynamically-locaded propellant
colusn under a driving pressure of 500 psig. These correspcnd, respectively,
to Os, 0.9%, and 3.1% volumetric loading of air ullage. Fiqure 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 throughout the column. The mean bubble diameter is
reduced to 0.004 inch, approximately one-half of that observed for the
08 ullage, 300 psig Ariving pressure case. Figure 15, the (.9% ullage
case at 500 psig driving pressure,shows remarkable similarity to the
aopagque "fog" produced in the 3.1% ullage, 300 psig driving pressure case.
The mean bubble diameter is estimated to be considerably less than 0.001
inch. Increasing the ullage %o 3.18 volumetric loading at a driving
pregsure 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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(b) 0.9% Ullage

(c) 3.1% Ullage

' FIGU 13a.
E IGURE OSCILLOGRAPHE RECORDS OF NOS-1365 TESTS: 500 psig DRIVER PRESSURE
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DRIVING PRESSURE: SOU psig
MN  LIQUID ULLAGE te111  Pepike  Pequil  Ymeun
\ NO. TYPE (VOLUME 8, STP) (msec) (psig) (psig) (inch)
i 20 NOS-26S 0.9 20.8 1100 350 0.004
{
§ 23 NOS-365 0.9 22.0 800 400 <0.001
' 27 NOS-365 3.1 16.0 90 300 <0.001
t
s
{
-
i
i i
2 !
1 !
-
]
;
{ b
g TABLE 2. TABULATION OF RESULTS OF VISUALIZATION STUDIES COWDUCTED WITH i
5 WOS-365 LIQUID MOWOPROPELLANT AT A DRIVING PRESSURE OF 500 psig. !
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Photographs of the dynamic loading te:ts at a driving presgure of
150 psig are shown in Figures 17, 18, and 19 corresponding to Os, 0.9y,
and 3.1\ volumetric air loading. Figure 17, the 08 ullage —ase, shows
a liquid colusn relatively free of bubbles, indicating that the cavita-
tion phenomenor. is greatly reduced at this low driving pressure. The
largest 4diameter bubbles can be neen i{n the center of the column length
Bubbles with diameter as large a 0.023 inch can be observed. The effe.t
of the low driving pressure cn ullage break-up is more pronounced in
Figure 18, the U.9% ullage case. Large diamester bubbles and even undivided
ullage can be seen superimposed or. a field of well Aispersed bubbles of
mean diameter 0.009 inch. Bubbles with diameter as large as 0.045 inch
can be saen in the column. Note that the "fog-like" quality of the
liquid column vbserved in higher driving pressure tests, i.e., 300 psig ond
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 the
flow guide and injector port is not as intense at low driving pressure.
This same observation is borne out for the 3.1% ullage case, shown in
3 Figure 19. The mean bubble diameter for this case is 0.006 inch, with
1 bubbles well-distributed rhrough the column length. The "fog-like"
i opaque liquid column aJ observed for the 3.1% ullage case at driving 1
rressures of 300 psig and 500 psig is not observed at 150 psig driving
pressure.
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2.4 Summary of Flow Visualization Test Results on Dynamic Loading Characteristics
of a Liquid Charge.

L. The combination of Pneumatic Load L.P. Cyli.der and Liquid Propellant
Compression Chamber produces the desired physical state of the dynam-
ically-loaded liquid propellant charge. A pre-cowpressed, multiple
bubble, NOS-365 medium has besn produced representing similar conditions

s found in other gqun simulation studies.

]
:
3

; 2. The versacility of the system so designed has been established. Para-
r meters under precise control are pre-compression liquid presuure level,
o fraction of initial ullages 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
fraction of air ullage, upon dynamic loading into the Transparent
Visualization Chamber bore, is markedly different from that observed
with inert (water) charges. 1In general, an opaque "fog-like” appear-
ance of the NOS-365 column results with dynamic load, for driving
pressures in the Pneumatic Load Cylinder greater than 300 psig.
Subsequent compression-ignition analyses must take this physical
observation into account.

— ot

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 resulting void volume
may be as much as 0.18 of the total available chamber bore volume. At
the "fire condition" of the coswression-ignition sengitivity tests toc
be performed in the next phase of tha project, it is anticipatad that

[ the cavitation vapor bubbles will not have returnod to solution, since
the time of "fire"” is precisely the time that the photographic film
was exposed.

e

5. Observed mean bubble diameter and distribution of bubbles in the
dynamically-loaded liquid propellant cclumn are quite repeatable in
the 300 psig 2.:d 500 psig driver pressure tests. At low driving
pressure, i.e., 150 psig, the uature 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 extremely low driving
pressure. It has been observed that pockets of gas sre superimposed
on a distribution of fine bubbles for low driving pressure tests. The
characteristic "fog-like"” appearance of the resulting liquid propellant
column is not present at this low driving pressure.

6. It would definitely bx worthwhile for axperiments to ba performed with
water and added surfactants and with octher liquid monopropellancs, :.e.,
“LGP 1845", to understand the factors that determine bubble size and
distribution in a dynamicalliy-loaded column. It would also be
instructive to alter the shape of the cavitation insert flow guide to
purposefully alter the nature of the cavitation phenomenon. This, of
course, all has a bearing on compress.on-ignition sensitivity of the
resulting dynamically-loaded liquid propellant colusn.
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3.0 Starter Charge Pressurization Rats Tests

In order to establish the threshold condition for runaway reaction
in a liquid wmonopropellant leading to severe over-pressures and possible
explosion, attention must first be directed toward contrcl 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
sangitivity to compression-ignition. In those studies we found that the
pressure-time start-up histories could be brought under precises control by
varying the type of smokeless powder charge in the pressurizing chambar.
In those studies the range of achievable pressurization rates was
1.25 < dp/at (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 smokaless powders, to produce various pressure-time start-up
histories to which the dynamically-loaded liquid monoprope=llant charge
would be subjected for compression-igniton sensitivity analysis.

3.1 Description of Test Equipaent

Pigqure 20 shows an assembly drawing of the Starter Charge Tester
utilized in the Starter Charge Pressurization Rate Tests. The schematic
drawing presernted in Figure 21 identifies electrical connections for soth
instrumentation and firing circuit, vent gas, smokeless powder, and wadding
locations. Tha Starter Charge Chamber is machined from a 3.5 inch diameter
x 8 inch long bar of type 17-4PH stainless steel heat treated to condition

H 1150 prior to machining. The chamber bore diameter is 1.00 inch. One

end of the chambher bore has a 1 31/8-AN-2R intarnal threaded portion ¢o
accept the Electrical Primsr Contact Assembly (P/N BUBBLE-1300). The

other end of the chamber has a "neck”"portion 1.3725 inch diameter and

+.250 inchses long. This "neck"™ is machined with an O-ring groowve for
sealing purposes vhan the Starter Charge Chamber is mated with the Blind
Chember. A 0.88 inch length of the chamber boay is machined with 3 1/2-8N-2A

threads. These 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 BUBALE-1005-A) was designed to allow calil ition
testing of the various starter charge mixes with an internal gsometry
that duplicateg that of che more expensive and complex Liquid Propellant
Compression Chamber. It, toc, is sachined from type 17-4PH stainless steel
in the hsat treated condition H 1150. The Blind Chamber iz 3.5 inch
in dismter by 2.5 inch long with a 0.95 inch length of 3 1/2-8M-2A
external threads for mounting to the Coupling Collar. The central bore
of the Blind Chamber , into which the "neck” of the Startsr Charge Chamber
fits, is 1.375 inch in diameter by 1.240 inch deep. A small bore 0.25
inch diamester by 0.50 inch long simulates the pressure comsunication passage
betvesn the Starter Charge Chamber and the isolated liquid column ir the
Liquid Propellant Compression ~hamber. A PCB Type 119A piezoelectric gage
is fitted into the Blind Chauer to monitor the pressure-time history within
this passage due toc the starter charge combustion. This P-t history i=x
that which will be sensed by the Separator Piston compressing the liquid
coiumn during compression-ignition sensitivity testing.
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The Blast Shield (P/N SUBBLE-1008) fits over the 1/4 inch diameter
pregsure commmnication passage in the Blind Chambsr and ic designed to
prevant the direct blast of burning powder and wadding from entering tha
passage. It is 0.87 inch in diameter by 0.50 inch high and machined from
17-4M1 stainless steel hardened to condition H 1025 after machining. Six
0.12 inch diamster holes are evenly spaced around thn Shield periphery and
onnnect to & center bore 0.37% inch in diamster by .25 inch deop. These
holes allow gaz pressure to communicats to the flow passage in ths Blind
Chamber. Two0.152 inch diameter holes located U625 inch apart pass longi-
tudinally through the Blast Shield to accomodats mounting screws.

The Chamber Coupling Collar (P/N BUBBLE-1003) is machined from a 2-inch
thick rlate of AISI 1020 carbon steel. It is 5 inches 0.D. with 3 1l/2-8w-2%
thrveads spanning the 2" length of the collar. A milled flat with two
3/8-16 UNC-2p tapped holes located 1 7/8 inch apart provide a mrunting
surface for the collar. When the Starter Charge Chambar and the Blind
Chamber are joined togethear and threaded into the Coupling Collar, the
entire tester is supported by this mounting surface. The Chamber Coupling
Collar pruvides a simple, high strength, fastening schems for the chamber
sections.

The cod:inntion of the Primer Gas Integrating (Fuse) Chamber (P/N
BUBBLE-1006), the Orifice Pluy (P/N BUBBLE-1007), and the ERlectric
Primer (Olin #M-52A3Bl) constitute the igniter assembly for the starter
charge. When inserted into the Starter Charge Chamber, this assembly
also provides a pressure seal for the chamber. The Integrating (Puse) Chamber
ismachined from AISI 1020 carbon steel and is 1.63 inch long. One end has
‘ a machined bore to ancept the electric primer. The M-52A3Bl 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 "0"-ring groove machined 0.63 inch from the front ades, 2 shouldar
1.225 inch snd 0.375 inch thick acts as a stop when the Integrating (Fuse)
Chamber assembly is inserted into the Starter Charge Chamber. The main
E bore of the Integrating (Fuase) Chamber is 0.55 inch I.D. by 0.75 deep. The
]
3
E
}

entrance bore is machined with 3/4-10 UN-2B threads for mounting the
Orifice Plug.

The Orifice Plug is machined from a Grade 8 alloy steel 3/4-10 UN bolt.
The plug is 0.55 inch long and has four (4) 0.0935 inch diamster thru
boles located evenly spaced on a 0.3 inch diamete: circle. These orifice
holes meter the hot primer gases emerging from the Integrating (Puse) Chamber
: into the main Starter Charge Chamsber.

When threaded into the Starter Charge Chamber, the Primer Electrical
; Contact Assembly (P/N BUBALE-1300) retains the Integrating (Puse) Chamber
assembly and provides the slectrical curren’ to the primer. The Contact

! Assembly is 2 1/4 inches long with a 1 1/4 inch wrench hex and 1 3/8-8M-2A
' threads. The Primer Electrical Contact Housing (P/N BURBLE-~130l1) is mede
; of RISI 1020 carbon steel rod and is machined to accapt a BNC electrical
connector at the hex end. 1A 0.076 inch diamater hcle in the housing face

allows the spring loaded Primer Electrical Contact Pin to make contact with
the center button of the primer.
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Combustion products of the smokelegss powder ttarter charge are
continuously vented from the chasber thru the Powder Chamber Vent Plug
(P/M MRBLE-1009) .

The vent consists of an AISI 1020 carbon steel cylinder ).410 inch
diemcter by 0.635 inch long. The sealing cone at one end is 88 degrees
included angla. A 0.191 inch diameter by 0.50 inch long hard copper
insert is press fit into the bors in the steel body. The copper carries
a C.0%3 inch diameter thru hole which serves as the vent hole. Copper
is used because of resistarce to high tesperature erosion. A 1/2~13 hex
bolt with a 3/16 inch diamster thru bore retainc the vert in the Blind
Chambar .

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

3.2 System Operation

The Integrating (Fuse) Chamber is first loaded with smokelass powder.
In all cases DuPont IMR 4198 was used. The macs loading can be varied,
depending on the natuce of “he start-up pressurization history desired
in the main Starter Charge Chamber. It has been our experience that pres- :
surization rate delays (a pre-pressurizaticn “stew”) can be achieved with !
such an igniter ocafiquration by decreasing the charge loading in the
Integzrating (fuse) Chamber. This will be discuased further in the next
ssction.

Oncz the Integrating (Fuse) Chamber is iocadsd, i:he Orifice Plug is
threaded in place. The gas muss flow into the main Starter Charge
Chamter can ba precisely matsrad by appropriate choice of Orifice Plug.
A thin layer of cellophane tape is used to cover the orifice holes
to ratain the powder. The Integrating (Fuse) Chamber and Electric
Primer Contact Acsssmbly are then fitted into the Starter Charge Chamber.
Tinally the remaining loading of smokeless powder ia introducod intu the
bore of the chamber and retained with wadding. The complute Starter Charge
Tester Asssmbly Proosdurc is presented in Appendix D.
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3.3 Results of Starter Charge Tests

A cautious approach was taken in the starter charge test series in
ogdar to assure proper functioning of the starter chargs chsmber with ‘
assocliated eisctric primer assembly, fuse section, and orifice plug. i
supporting thezrwochemical equilibrium calculations for DuPont INR 4198 '
Smokeless Powder were performed with the "BLAKE" computer code to establish
peak chamber pressure as a function of loading density in the chamber. |
The results of this camputation are shown in Pigure 23 , a plot of :
predicted equilibrium chamber pressure vs. loading density. Starter i
charge tasts were performed for p = 0.07%, 0.125, and 0.165 g/ce. In all
cases 2.60 g of INR 4198 powder were loaded into the Integrating (Puse)
Chamber. NMessulting pesak pressures,as sensed by the pissocslectric gage in
the Rlind Chamber, are plottad in Figure 23 , repressated by open circles.
The firing test resulting in a psak chamber pressure of 25 kpei corresponds
to a total of 10.15 g of DuPont INR 4198 Smckeless Powder lo:.ding. By
reducing the loading of the powdar charye in the Integrating (Fuse) Chamber
the onset of rapid chamber pressurization can be delayed. This corresponds
to a lovw pressure pre-compressive interval in the p-t history, the duration
of which is a function of the powder loading in the Fuse section. Like-
wise, a faster burning smokeless powder, s ch as Berco Shotgun Powder or
Berco Pistol Powder will result in a more .apid chsmber pressurixatican.

A summary plot of p-t start-up histories for various starter charges

k and loading densgities is shown in Figure 24 . The range of achievable
“ressurization rates is seen to be 25 < dp/dt (kpsi/msec) < 100. The fastest

1 priassurization rate, i.e., 100 kpsi/msec, is obtained with Herco Pistonl

T wéer 1 the main chamber and an IMR 4198 fuse (Curve E). The slowest

o080y ation rats, i.e., 25 kpsi/mesec, is obtained with 0.65 g of INR

4198 und 10.57 g of IMR 4198 in the aain chamber (Curve A). Curve A

also dispiays a low pressure pre-compression interval. lasting sooroximat

1] ToR;mataly
2.5 meac pricz

Pricz to rapid pressurization.

Starter charge pressurization rate tests were limited to mean psak
chamber pressures of 25 kpsi, although the apparatus has been designed
to withstand testing with a msan peak chamber pressure of SO kpsi. It was
faly Lnat all the phenomena of intersst would be present at 25 kpsi mean
peak chamber pressure. Also, since large excursions from the mean pressure
can be > ripe. in the liquid propellant compression chamber if explosion
wers ~LCur. .» selt it necessary to confine sensitivity testing to 25

kpsi mean peak chamber pressure in order to assess the magnitude of any
pressure spikes.
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BLAKE CODE PREDICTION
30 FOR CLOSED C"“ER\

CHAMBER PRESSURE, xPsI

10 15 20 25

g SMOKELESS FWDER LGADING DENSITY, 6/cc

‘ rigure 23.COMPARISON OF CHAMBER FIRINGS WITH DuPONT IRM 4198 SMOKELESS
POWDER AND THERMOCHEMICAL EMUILBRIUM CALCULATIONS.




i e adiide i

SRS T

-43-

" STARTER CWARGE LOADINGS
e . ;
]
—l INTIGEATING CHAMBER MAIN CHAMBER
_____(rusz_szcriom) |
A 0.8Sg Dulont IMR 4198 10.57¢ DuPont INR 4198 :
3 1.30q DuPont IMR 4198 9.9ig DuPont LR 4198 |
c | 2.609 bapont ner 4198 7.55g DuPoat IMR 4190 ‘
D 2.60g DuPont INR 4194 7.003 Nerco Shotgun Powder
2.60g Duvont TMR 4198 6.50g Nerco Pistol Powder
*
¥
x
g i
2
4
-
3
.
i
S

TINE, mSEC.

Pigure 24. Pressurisatica Rats Ristories for Verious Stacter Charge Kixes.
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4.0 ssion-Ignition Sensitivity Studies of a Dvnamicglly Loaded
ﬁ Eﬂut Charge

4.1 Description cf Test Equipmeat

Pigure 25 shows an assembly drawing of the L.P. Compression-
Ignition Sensitivity Testar used in the expurimental studies. PFunctional
components such as valws, gas lines, liquid £ill and discharge lines,
gas vent, and electrical vomnections are presanted in the aschesmatic drawing
Figure 26 . A complete description of the Startear Charge Chamber and
associated components is given in Section 3.1 . The L.P. Compression
Chamber (P/¥ BMEBBLRE-1002-C) mates with the Starter Charge Chamber via the
Chambar Ccupling Collex. The Compression Chamber is machined from type 17-4mm
stainiess steel in the H 1150 heat treated condition and seasures 3.5 inch in
diametar by 7 3/16 inch long. ™3 main bore of the chwmber is 0.4382 inch
diametar end carries the Separator Piston (P/N BUBBLE-1100-A) and the Projectile
Piston (P/N DUBBLE-1013). The Separator Pistom prevents hot combustion
gasss from the Starter Charge Chamber from igniting the liquid propellant
charge in the Corpression Chamber bore. The Projectile Pircon is utilised
1 to facilitate chamber filling under dynamic loading and pruwides the triggsr
1 to act'wte the ignition of the Starter Charge. The Vent Pluy (P/N BUBBLE-1009-A)
1 mounts in the Cospresvion Chamber and provides continuous venting of
startar charge coabust’on gases through its 0.033 inch diameter copper
orifice. Rard drasn copper is used for tha vent orifice insert because of
its resistance tn hot gas erosion.

The extreme end of the chamber is machined to accept the aluminum Sheax |
Disc (P/N BUBALE-1015) and the Disc Metainer (P/N BUBBLE-10156-A}. The Shear {
Disc acts ar a stcp for the Projectile Piston durinc dymaxic loading and, ¥
in the ewvent of 2 cveiprussure (exceeding 65 kpsi) due to L.P. combustion, !
the Proiectile Piston will shear thru the disc and allow the chamber to 1
empty and depressurize rapidly. Mounted on the Disc Retainer is the Micro- :
k switch Assembly which fires the electric prime~ when dynamic loading is |
] complete. The L.P. Compression Chambsr also contains a Blesed Valve for
} flushing residual ullage from the systwa prior to dynamic loading of the i

liquid proupellant charge. The injection port is designed 20 as to accept i
various Flow Guides to rlter the cavitation dynamics of the injected liquid. 7
]

™he Pneumatic load L.P. Cylinder (P/N BUBBLE-1004) is machined from
type 416 stainless steel heat treated to Rockwell C30/38. The 0.50 inch
diametsr bore containsg a Pneumatic Piston (P/N BUBALRE~102l1) which transfers
the liquid propellant charge through a Poppet Valwe into the injection port
of the L.P. Compression Chamber. The Pneumatic (oad L.P. Cylinder acts as
a liquid syringe to control the dynamic loading process. A regulated suply
of N; gas fed through a Sclenoid Valve provides the driving pressure for
acceleration of the Pneumatic Piston. The injection time is controlled by
this driving pressure, for a fixed volumetric loading of liquid propellant.
The Poppet Valve controls tls steady state (equilibrium) pressure in the
L.P. Compression Chamber by adjusting the Poppet Valve Spring compression.
: The Pneumatic Load L.P. Cyiinder contains a Silicon Rubber Septus through
' which a Gas Ullage Syringe passes to introduce a precise loading of air

ullage (volume percent, STP'. Liquid propellant is introduced into the

Pneumatic Load L.P. Cylinder through a fill port equipped with a tube fitting
and valving.

e i e T
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four PCB type 119A quartz Pressure transducers, ruggedized to withstand
hydraulic pressures to 200 kpsi, are mounted in the L.p. Comprassion Chamber
to record pressure-~time histories during a compression test. One pressure
transducer is located in the pressure communication Passageway between the
Starter Charge Chamber and the L.P. Compression Chamber to measure the
driving p-t history sensed by the liquid pPropellant charge. Three pressure
transducers and tlree light sensor assamblies are mounted 180° apart and
1.0 inch on centers along the Corrpression Chamber bors.

A photograph of the assembled Starter Charge Chambar, L.p. Compression :j
r, and Pneumatic load L.p Cylinder le shown in Figure 27. '

4.2 Phototransistor Light Sensor Assemblies

e

Three phototransistor light sensor assemblies, PCRL MOD 1 design, have
been incorporated in the Liquid Propellant Compression Chamber design. Use
of such a light-sensing system which is capable of detecting ignition of
the liquid oropellant charge is a useful diagnostic too
ignition ucu lies. The design provides for (i) easy insertion and removal
in the chamber, (ii) a saal against pressure and prctection of the
; sensitive phototransistor element; and (iii) no ablation or cracking of the
]

viewing (sealing) sapphire window when subjected to the high pressure,
hot gas envicunment.

1l for these compression-

] The light asnsor assembiy has two major components : (1) the photo-
transistor housing which contains the active light sensing element and
(2) the high Pressure window housing thich protects the phototransistor

from the high Pressure (25-50 kpsi), ho: 928 environment in the compression
[ chamber by means of a small sapphire window.

The phototransistor housing has an overall length of 1.28 inch with
. half this length threaded 10-32 UNF, terminating in a Microdot fomale
connector. The opposite end of the phototransducer ho
the phototransis*tor lens recessed for Protection.

The high pressure window housing is 1.50 inch
threads for mounting into the combustor housing.
3 1/2 inch wrench flats for tightening.
threads to Accept ths phototransducer
i long sight hole to ad it liyht from th

in length and has 4-20
The window housing has
It contains an internal bore with
and a 0.04 inch diameter x 1/2 inch
@ sapphire window to tha phototransistor.

The Phototransistor employed is a Texas Instruments L3-400 N-D-N
Planar Silicca Phototransistor. The risa-time and decay-time of thig
transistor ase 1.5 HUseC and 16 usec, respactively. The Phototransistor
; elements are contained in . hard glass, hermatically-sealed case with a
: h-ilph-xical-lhapod lens. The operating temperatur
f exposed is -65 C to 125 C. The device requires 9mW/
f to fully saturate. The outer dimensions of the phot
E in length and 0.08 inch diamter. The collector and
&re accomplished by means of two fine copper wires.

In the phototransistor housing, the collector wi
brass female Microdut connector after bein
Two small Teflon slecve collars insulate
transducer housing. The brass grounding

re is soldered to a
g fitted with heat shrink tubing.
the female Microdot for the photo-
bushing presses the emitter lead

The photo-~
housing using General Electric

| to the housing when the Phototransducer is finally assembled.
_ transistor element igs potted into the
silicone rubber RTV-108.
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A lock nut ia tightened to hold the phototramsducer in place. The
sapphire window, which msasures 0.125 inch dismeter by 0.200 inch lorg and
is manufactured by Adolf Maller Co., has cptically polished faces for opiimum
light transmission. The window is placed into the high pressure housing
from the pressurs side and ig sealed by msans of a Parker ¥o. 5-179-N352-90
"0"-ring in a dowc~-tail groove in the housing face.

The relative spactral rvesponse of the LS 400 phototransistor is show
in Pigure 28 , with the responss of the human eye, output of a 2870 X
Tungeten source, and output of GaAs sources displayed for comparison.

4.3 System Operatiomn

Following the completes assembly of the L.P. Compression Chamber and the !
Prneumatic Load L.P. Cylinder, the Starter Charge Chamber is fitted with an !
electric primer and loalded witl: the prescribed mmokeless powder mix. The .
Starter Charge Chamber and the L.P. Compression Chamber are then joined }
together with the Chamber Coupling Collar oa the test staad. The liquid
propellant filling procedure can now begin.

The Pheumatic load L.P. Cylinder and the L.P. Compression Chamber
are first bled to remove residual unwanted air. This is accomplished
by first positioning the Separator Piston and the Projactile Piston with
ends on either sids of the Compressiomn Chamber fill port, thereby forming
: a 5/32 inch wids passageway for flow of liquid from f£ill port to Bleed ]
| Valve. The Poppet Valve is then manually held in the open position as a

gravity-fed supply of liquid propellant flows iuito the Pneumatic Load L.P.

Cylinder, thrcugh the Poppet Valve, Flow Guide, fill port, the 5/32 iach
slice of Compression Chamber bore, and out the Bleed Valve. In this oanner
the entire system including the initial bore volume betwsen the two
Compression Chamber pistons can be flushed. With the Poppet Vilve rsleased,
free to return to its normally closad position, a prescribed volumetric
loading of gas ullage is introduced into the Pneumatic Load L.P. Cylinder
with the gas syringe. The displaced liquid propellant wvolume is permitted
to flow out through the Isolation Valve. All valves are then closed. 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.

e bt s
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The ignition circuit which ultimately initiates the electric primer is

| energized by first closing the Ignition Circuit Safety Interlock key switch

E and thea the Ignition Circuit Arm switch on the control panel (Refer to
Figere 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 ligquid propellant load circuit is now energized by closing the Load
; System Safety Interlocitc key switch. Refer to the schematic drawing, Figure ]
29 , for the fcllowing description. The dynamic loading sequence is
initiated by closing the Ioad System Firing Switch., This action opens

the Solenoid Valva which releases the driving N; pressure into the Pneumatic
Load L.P. Cylinder to accelerate the Pneumatic Piston. The motion of the
Pneumatic Piston forces the ligquid propellant and its gas ullage past the
Poppet Valve once the force balance establishes Poppet Valve copening. The

o e
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Figure 28. Melative Spectral Response Characteristics of L§ 400
Phototransistor.
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liquid propellant and its gas vllage 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 maximum
stroke is achieved. The contact of the Projectile Piston with the pushrod
of the Microswitch Assembly closes the microsmitch and applies the + 500 VDC
to the Electric Primer in the Starter Charge Chamber. The resulting
pressure generated by the vaombustion of the starter charge mix is sensed
by the Separator Piston which is free toc sove in tim Cowpression Chamber
bore. As the pressure in the Starter Charge Chamber rises, the Saparator
Piston sccelerates compressing the liguid propellant charge along with

its bubble distribution. The nylon portion of the composits Separator
Piston expands radially cutward to the bore to prevent hot gases from
reaching the liquid propellant charge. This is a high pressure seal. %We
rely on “0"-rings fitted to the Separator Piston for low pressure sealing.
Combustion gases from the starter charge are continuously being vented through
the 0.053 inch dismeter 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 runatay rractica at some peint in the compression cycle, the
Projectile Piston will shear through the aluminum Shear Disc when the
bore pressure exceeds 65-70 kpsi. As the Projactile Piston emsrges from
the bore, the ~ombustion gases from the liquid propellant charge are
vanted 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 aziso. Both the Separator Piston and the Projectile Piston must
be replaced in the event of a liquid propellant explosion.

3 4.4 The Data Acquisition Syatem

Princeton Combustion Research Laboratories’, Inc. data acquisition system
includes a Biomation Waveform Recorder, Model 1015, Tektroaix Model 7704A
Oscilloscope, DATAcap Coupler Model 3403, and Texas Instrumsnts Model 733
ASR Electronic Data Terminal.

e et ke e e

The Biomation Waveform Recorder records four simltaneous analog input j
aignals, with resolution of each input signal being one part in 1024 (better
r than 1/10 percent). The four input signals recorded are : Channel 1:

i Starter Charge Chamber pressure, Pei Channel 2: Light sensor output, L1;
Channel 3: Liquid Compression Chamber pressure, p_; Channel 4: Liquid
Compression Chamber pressure, p.. The recorder 1} operated in the Pre-
trigger Mode. This mode of dati 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 rasceived, then using the trigger to stop the recording process, i
freezing the data that was recorded prior to triggering in memory. Each of 1
the four channels stores 1044-'0 bit words. The sampling rate utilized

is 100 *Hz (0.0l msec/word), resulting in a data recording window of 10.24
msec. Tue window is quite adequate to capture the events of interest. The
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vaveform recorder is opsreted in the pretrigguer wmode with a trigger delay

of 900 saaple intsrvals. e trigger signal utilised is the extsrnal voltage

associated with the Starter Charye Chember pressure transducer response.

When the trigger circuit of the wavefora racorder detacts the extarnal
voltage signal of 0.6 7 (or 6000 pei), it records 20 words of ensuing

data. This provides Jor sufficisnt resolution of the rapid preesurisation
~nim of the p~t start-up history.

The stored data on the waveform recorder can be ocutput to an escillo-
»30pc for visual display and photographic recording, and/ar tc the
printer of a telatypewritsr, and/or directly to a data file on the time-
sharing computer (IaN 370-158) for subsequent ocutput in tabular form amd/or
ple In oxdexr 0 avoonplish the two latter mamms of digital
Hﬂ@,;ﬁ@qlﬂ“%l&&ﬂum

™e Coupler, Modesl D403, is an integrated circuit unit specifically
designed to interface the Bicmation Weveform Recorder to waricus recording
and computing umits, by prowviding the circuitry and ceble necessary for
ccanecting the digital ocutput of the wawsfora recorder. Tihw coupler is set
up to acoept the digital data froo the wawvefors recorder on a sanual
(command-type) basis. Digital data is streamed from the wawefora recocder

into the Mormdunnueosouumtmn oxnes
Instruments 733 ASR Rlectromic Data Terminal. When the eatire data file
mszmzdm-potutmnhthnw a file on an IBM

370~138 time-sharing computer for subssquent calibration, tabulation, and
plotting.

4.5 Panctional Testing: Inert Simmlant (Water) Tests

Functicnal Tests of the system ware perforwmsd vith watsr to determine
that all aspects of system operation checisd ocut. These fxctional tests
with water also provided a basseline for comparissa of compression-igniton
ssnsitivity studies performed with N08-~365 liquid monopruopellamt. In all
functioral tasts the line pressure t0 the Pneumatic load L.P. Cylinder was
300 psig and “nast’' liquid wes dynamically loaded in the Compression Chamber.
Tvo different pressurization p-t start-up ciarves were employed, Type C and
Type E.

A vearification of ths system response to the pressure losdings generated
by Type C and Type E starter chargms was cbtained by emercising the “SUPER-
SCEPTRE" Computer Program 54 for a liquid spring/mass system with physicel

Properties, e.g., density and sound speed, represmntative of NOS-365 liguid
monopropellant.

In this simplified approach, nc account is taken o system dmping and the
liquid is assumad "reat“. The mass of the liquid charge is lumped with the
mass of the Separator Piston, the sum being Ml. The applied pressure produced
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T™he agriag force for & “linesr spring” is given by:
ar = x 4l

-
-3
Now, Q”q‘s - (c:’t:)"_"s

= (1.093 x 10° cw/sec)? (1.39¢ g/cc)

0.302 x 10'! dynes/om’

foroe in the liquid wonopropellant
foroe loading associated with starter
Type 8. Large amplituds ocecillations are
W fact, the liquid is in tension at
the respoase of the real systsm includes the
effects of damping. Therefore the forow, or pressure, emcursicas in the
liguid to be as violomt. Similarly, Pigure 31
shoss the predicted foroe in the liguid spring in response to the driving
force loeding associated with starter charge pressurizstion curve Type C.
Notice that the predicted liquid pressure response is less viclent, the
aplitude of the foroe encursions bdeing significently reduced. Also, the
liquid is slwaye in compressicn, i.46., a aegetiwe pressure(tension) does
functicaal

toots are idemtified in Figures 32 and 33

In all cases s maan peak chamber

. Thess figures display digitised
cutqnu&-ofeum-emwummmm.
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p (t), and in the bore of the L.P. Compression Chamber, P (t) and P (t).
ssure transducer p. is located 0.60 inch from the ron} face of tﬂo
saparator Piston and is located 2.00 inches downstream of p
vartical scale in thesd figures is 20 kpsi/inch, with shifted huselines
for each pressure record. The oscillation frequency of 5000 Hs in the
-t record is associated with excitation of the fundamental acoustic
&ootﬂnommma\nmmmuwpm«u. The
liquid response, p, and Py (essentially a damped spring-mass system) to
the driving prouu}c P uoocuud with starter Type k displays rather
large ampl i tude prouun excursions of the same frequency. Although the
mean peak liquid pressure is seen to be 235 xpei, a pressure wave of
SO kpei amplitude is generated in the dynmmically-loaded liquid columsn,
at thw location of Py- Notice that the magnitude of the pressure spikes
in the liquid colusn are not as severe for "INERT RN 3" sinoe the
pressure axcursions developed by the smokeless powder starter charge
Type C are less severe. This was predicted by the system responss cal-
culaticns of tha “SUPER-SCEPTRE" Codas. '

In both of these lnert loading tasts system components and instru-
mentation functioned perfectly. T integrity of all seals was estab-
lished. As anticipated, all light sensors remained on basseline for the
duration of the inert loading test, indicating that compression-ignition
of the dynamically loaded neat water charge did not result. Compression-
ignition sensitivity studies with WO8-365 liquid monopropellart are
discussed next, in Section 4¢.6.
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4.6 -3 Ligquid Nongpropellant Teets

Compression-iganition ssnsitivity studies of dynamically-loaded
We-33 limuid somopsopellant were performed with the apparstus pre-
vicusly dsscribed. The pressurisstion rate to which the liquid pro-
pellant charge with associated ullage is subjectod is an importamt
pormseter ia determiniag the threshold for runaway reaction and, there-
fore, the safe operatiag liaits of start-wp pressurization. The matris
of tests perforwed is presoated in Table 3 . PFigures M4 thru 41
display firing recosds of the ssasitivity tests performed. In each
oase stacrter charge chasbar pressure and two liguid propellamt compression
chasbar pressures are displayed as a function of time on a siaggered
haselise scale. The timsvise respunse of the phototramsistor light
sensors in the coxpresaion chamber bore is shown as an insert in each
figure.

Piring tests "DUBELE" ROM WO'S 1, 2 a~d 4 were performed with neat
propellant and a dynar.c loading driver pressure of 300 paiq. In all
cases the muan prak siartar charge pressure was 25 kpsi. The pressur-
isation rate was varied between tests, corresponding toc those associated
with start-up curves Type C, £ and D respectively. Pigure 34 displays
tast results of "DUBNLE NUW 1“. The responste of the dynamically-loaded
neat propellant charge to a pressurization rats givem by TYPE C start-up
charga is benign. This can be seen by inspection of the p-t history in
the liquid charge, a comparison of these records with those associated
wvith test "INERT NN 3", and by the lack of response of the phototran-
sistor lisht sansere.

givean by TYPE B start-up curve, a faster pressurisation rats than TYPE C
curve, is an explosion. Light ssasor L2 detects combustion in the
ligquid charge st agpromimately 0.60 msec after igaitiom of the starter
charge (amset of chamber pressurisation), frllowed Ly a response of L1

t = 0.70 maec and then L3 4t ¢ = 0.05 usec. The pressure-time histories
liquid charge show large scale oscillatioms with peak preasures
excess of 60 kpsi. Charge aaplifier gains were increased in subessquent
ots in order to capture the exact pressure psak. Several paints are
worth noting: (i) the desparture of the liquid presswe responss from that
of an inert loading teet, i.e.. Pigure 32 "INERF NN 2%, occurs in the
nwotc-o.son-c-mwuoetm.m:m.m
(11) at appruximetely t = 1.0 csec after preesuriastion canset tha shear
unmnﬂMMMtMotmlwmlmeu
pression chamber Loze results. This was our first indication that the
design of the pressure rulief blow-out system would ensurs the integrity
of the comprossion-ignition test apparatus as z iesult of an axplosion.
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PERCENT DRIVER
“BOMBLE"  START-UP ULLAGE PRARESURE SYSTEM
e RV | (oLam ») —psig) RESPONSE
1 c 0 300 BENIGN
2 x 0 300 EXPLOSION
3 c 3.1 300 BENIGN
i . D 0 300 EXPLOS ION
s 0 3.1 300 EXPLOSION
6 D 0 $00 EXPLOSION
7 c 0 500 BENIGN
s c 3.1 150 EXPLOSION
y
! TABLE 3

Tabulation of Compression-Ignition Sensitivity Tests with
Dynamically-Loaded NOS-365 Liquid Monopropellant Charga.
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Pigure 37 displays tsst results of "DUBSLE RUM 4", sn intermediate
pressurisation rate case ocorzesponding to TYPE D startsr chargye. The
dynamically-lcaded neat propsllant charge undergoes delayed runsway
reaction, approsimatsly 4.25 mesc sfter starter charge igmnitiom. The
Tesponse of the liquid propellant charge is essentially beaiga up to
this point. WUnfurtunataly, no light ssasor cutput data was obtaimed
duw o0 the deliyad liquid response. This delayed explosive response
of the liquid ropallant suggests that a critiocsl threshold comdition
for compression-ignition has been achieved. Por pressurization rates
less than that associated with TYPE D starter cherge, the liquid respomse
is benign; for faster pressurisation raves, sxplosion reesults.

7igure 42 is a smmary plot displaying the ccrridor for safe start-up
operation of the dynamically-loaded neat propellant charege.

The next sequance of cwpression~-ignition seasitivity teuts perforwed
wags directad at determining the effect of deliberately introduced air
ullags (3.1% by volums) on t'e tendency towzrd exrlosion. THhase tests,

ontified ‘as "DUBRIZ ROM 1" and “DUBSLE MM 3° were perforasd with a
dynamic lowd Arivexr pressure of 300 psig and pressuriszation rates given
by starxcvex charge TYPE C and TYPR D respectiwvely. Pigure )& displays
digitised firing recoxds of "BUBSBLE ROM 3". The response of the dynamically-
loaded MDS~365 prupellant charge with its associated bubble distribution to
a pressurization rate givea by TYPE C start-up cuxve is benign. Again w»
note the lack of respunse of the phototranagistor light sencors indicating
the abesncs of compression-ignition.

Figure 38 displays digitised firing reccrds of “PUBBLE RIM S”. The
response of the propellant charge with associated ullsge tn a faster
pressucizacion rate given by TYPE D start-up curve is an explosion. Light
sengor L] detacts combuction in the liquid charge at ¢t = 0.90 assc follow-
ing ignition of the starter charge. The delay time to exploeion is consid-
erably reduced by the introduction of 3.1% ullage as compsred to the neat
liquid responss to TYPE D starter charge prossurization. ,The pressure
gonerated in the liquid colusm is seen to b in excess of 100 kpsi (charge
amplifier signal saturation). Rapid depressurization of the propellant
compression chamber bore is seen to begin 1.6 msec after the onset of
pressurization. Also notice that pressurw transducsr p. shorted during the
firing dus to the excessive prossure. This transducer was scrapped after
the firing dus to diaphrage rupture.

The next group of tests was performed with a dynamic loading driver
pressure of 500 peig and s neat propellant charge. At this high driver
prussure the cavitation phenomenon is anticipated to be more severe than
the 300 psig driver case, but the resulting bubbles (from csvitation and
residual ullage in liquid) tend to be smaller in diamster. Pigure 40 .
"BUBALR RN 7% . shaws $hc baniss (eejomse of ww dynamically-loaded neat
propellant charge subjectsd to TYPE C starter charge pressurisation history.
Again the light sensors show no sign of conpressiaon-ignition in the charge.
Howsver, as shown in Pigure 39 for "BUBBLE RUM 6", explosion results when
the neat propsllant charge is subjected tc the start-up pressurization
history given by a TYPE D curve.

-———— -
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In all of the above-referenced compression-ignition tests, the ‘
dynamically-loaded liquid propellant charge displayed a benign respomse |
to the pressurization rate given by starter charge TYPE C. It was felt ;
that explosion could bes produced by compression-ignition by reducing the
dynamic load driver pressure to 130 peig tharedy increasing ths sean
bubble diaseter distributed through the liquid propsllant charge. The
results of the Plov Visualization studies, discuvsased in Ssction 2.3,
irdicate that large bubbles are created with this low driver pressure.

It is our experience that larger diameter bubbles are more ssasitive to
compression-ignition than smaller diameter ones. Therefore "BMESLE MM 8"

was conducted with a liquid charye coataining 3.1% by volume air ullage.

As anticipated, explosion ensued. Light sensor L3 detectesd combustion

in the bore of the liquid propelliant compression chamber at t = 0.70 meec

after the onsut of starter charge pressurisation. The pressure-time

histcry in the liquid charge indicates severe prosuure peaks (p > 100 kpei)

at approximately 1.00 msec after starter charge ignition. The ssvere

overpress: re at axial location P3 resulted in the rupture of another ‘
transducer diaphragm.

4.7 Interpretation and Discussion o Compression-Ignition
Sensitivity Siudies

In considering whether 1apid compression of & liquid monopropel lant
charge with associated ullage can lead to secondary ignition sites (hot- ,
spot ignition) ard resulting explosion of the charge, we have to consider j
the detailad processes that may initiate a runaway sxothermic chsmical 1
decomposition reactinn. Hest produced by the campression process in tha
ﬁ neighborhood of a collapsing bubble is believed to the triggering agent, f
]

not the pressure itsel?.

f When the ligquid monopropellrnt is rapidly comprassed to ca. 50 kpsi an

estimate of th. tempersture r.se shows that, if the liquid is debubbled i
i (de-acrated) and if “he ~ompression process is taken to be isentropic, it
can be as much as 10 te 20 °C, with some uncertainty in the calculation i

due to lea k of nracise data on compressibility and thermal expnsion
coefficieat, among other properties. A completely bubble free monopro-
pellant is therefore unlilely to explode under sudden compression.

Howevsy, with one or more swall bubbles in the liquid, a "hot spot" 1
can be Jeneratedi by the adiabatic compression of the bubble, either air
or vapor, and if the bubble in initially large enough and if the compres-
810n ; ‘oress i. rapid enough, the sharp local rise in tempearature can
cause the bubble to retain its heat long enough to initiate exothermic
chemical reaction. The sesulting rapid gas generation, which can lead tc
rupture of a gun chamber or to a gun breech blow if it is rapid enough
ex 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 experimer ts.
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The following summarisee the results of the compressioa-imition
studies:

(1) Por prossurisation rates less than 20 kpsi/msec s dymamically-
loaded naat NOB~-36S liguid momoprapellamt chavrge is bemiga. Por pree- 5
surisation rates in amoess of this thweshold cwmdition, explosion of the j
liquid somopropellant charge results, whether it be neat or comtaining
puspossfully intrwtaced distributed ullage. This establisihes the damein
of safe start-wp for practical dynamic loed LPFG systams.

(2) The severity of the explosion and associated delay time to

explosiia in a ocomnZined liquid somopropellant charge agpears to be
peopoztional to the space demsity of the bubbles.

(3) Por a given pressawisaticon rate, ce. 20 kpei/mesc, bubble sise ‘
plays a dominant role in determining thes tsndency toward eaxplosion. Whoa rq
the mean bubble (ismster is increassd by am order of meynitude, from 107} i
inch to 107! inch, ¢he threshold for rumasmay reaction shifts. The {
dynamiocally-losded liquid momopropellant charge is no longor beaign when A
sabjected to ptcauqtuuon rates of 20 kpei/msec for distribduced bubbles i
of wean diumeter 10 ? inch. This is of practical significamce. Line (£411) i
preasmire in a dynasic-load rapid-fire LFC can be controllad so as to
profuce the maxinus wbble break-up. Also wolumstric comtent of residual o
ullage can probably be minimized to the range considered in the sforemen- |
tioned tests.

(4] ¥o detonations hawve occurr~d in the compression-ignition
sensitivity wtudies.

(3) It is apparent that explosion does not occur during the firut
pressure pulse on start-up. DRunaway sxothermic reaction snsues as e&-ly
as 0.50 msec after pressurivation onset to as late as 4.00 msec. This
suggests that bubble oollapes time compared to heat retention (nr escape)
time during the pressurization cycle is key to understanding compression-
ignition.

] (6) Nanagemsn: of the start-up pressurization history i of parzsount
., importance from the standpoint of compression-ignition sensitivity analysas.
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S.0 to Initiatioe of Explosicn by Dymami. OCompression
ve with
$.1 Pour Bypotheticyl Sitwations to be Oonsidere’ Theoretically

A comprehensive theoretical analysis of the sensit.vity problem due ;
to bubbles should take into account at least four different physical |
situstions. Ome is the case of the bubble-free or neat ligquid. This
aight be comsidered the baseline cuse. As a remult of its non-sero
compressibility, the ligquid tases up emergy in a rapid compression, and
this emergy manifests itself as heat or tesmperature rise. This rise is
on the ordar of a fewv tans of Jegress C, not encugh for most propellants
to onuee a Teasmay reactioa in the ailliseconds of gun cycle timse. Howewer, .
a container of meat liquid can, if the applied rate of pressure rise 12 ¥
tailovred agpropriately, (e.g., a sharp compressicn pulse to plateasu)
cuvitate during the travaise of a reflected expansion wave. Such cavitation
bubbles camn conzain air drawm out »f solution as well as the propellant
vapor. It requires detailed fluid mechanical analysis plus consideration
of fianite~rate cavitation theory in orde. to estimate theoretically the
tims delay required for the appearance of cavitation bubbles of a size 1
sufficient to initiate the runaway reaction. This question ~f a safe no.-
cavitating pressure rise profile has not been investigated for a neat
liguid to the staoe of deciding just what the safe limits are, to our

] knowledge.

A sscond case of importance is that of undistributed air ullage, a
large cavity or “"bubble™. It can be shown by analysis that a cavity of
as little a8 16 of a large caliber LP gun chsmber volume constitutes a
large bubble in the context of this theoretical discussion, tha: is, one
whose collapse time is comparable to the applied pressure rise time
and whose heat retention time is also long compared with the pressure
onset time. In cother words, a large bubble is cne extreme cf the hot-spot
initiatior theory, and undistributed ullage usually fits that case.

The third case for thearetical consideraticn is that of the isolated
small bubble, initially perhaps 0.1 to 0.01 cm 1a size, or even smaller.
] in the gqun chamber compression process, the bubble can "implode” to a diameter
as small as a few microns, creating preasure levels within the bubble
and in the immediately surrocunding ligquid encrmously higher than the field
x pressure in the LP chamber, and ~eaching temperatures in the range or
; sany thousands of degrees Zelvin. This is the case :reated here. The
i bubble is taken as filled with both air and vapor; we have ignored for
simplicity the dissolution of the air in the surroundinqg liquid but we
have explicitly talen into the analysis the finite rate of evaporation
and condensation of vapor in the bubble. The genera.. conclusion can be
anticipated, that a runaway reaction can be provoked by a combination
i of conditions: a large enough bubktle, a rapid enough compression, and
I a sensitive enough propellant. The formulation of the equations is such
as to admit the possibility of runaway exothermic reaction in either the
vapor phase or the liquid phase. It should be noted that monogropellants
composed cf 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' lv in the
liquid phase. 1f so, the theory would suggest that the react .n goes most
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rapidly right st the bubble-gas interface, where the temperature reaches
the highest levels. I° the liquid charge in the gun chamber contaings many
bubbles, a realistic assumption, caused by break-up and scattering of the
unavoidable zir ullage introduced in the filling process or brought out

of solution by cavitation, then the question can be asked, whethex the
isolated bubble theory is applicable. It can he shown theoretically that
the most important effects of the bubble in causing a runaway reaction

are contained within & few radii of the bubble, so that if the ullage is
less than 1\, there is a 9004 chance that most of the bubbles can be
treated by single-bubble thecry.

This brings up the fourth c.3e, that of bubble cluaters. No theory
is offered here for this case. Obviously, it can become the dominant case
when the smount of ullage is more than 1s. A bubble cluster can lead to
runaway reaction more readily than the isolated bubble, since it can
creats a situation in which a saall 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 s0 clusters may not be the icminant problem. However, the
cluster situation doss deserve analysis. It has never been treated, to
our knowledge.

5.2 Scopr of the Prssent Work: Fundamantal Processes and Theoretical
Considerations

With the preceding discussion as background, the present work was
initiated uimply as an entry into the problem. Limitations of contract
time and very sevare limitat.ons of contract funding precluded more than
& definition of the problem and an indication of the manner of soluticn,
¥or the reasons given above, attention wac focused on the single-bubble
probles.

vany of the ideas that underlie the following theoretical formulation
wore drawn from the extensive work that has been done on the theory of
bubble dynamics ever since tha 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. ®e 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. 5uv kpsi in a time of the order of 1 msec. The "wavelength" of the
applied pressure is much larger than the diameter of the bubble, so that
it is legitimate to treat the liquid “ield 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 of the liquid ensues and the buoble starts
to contract. Due to the momeitum acquirad by the liquid in its inward
motion, the rressure in the bubble can reach levels on the order of a million
atmospheres. The adjacent liguid reaches similar pressures. The temperature
of the gas in tiic buvbble can reach peaks on the order of tens of thousands
of da2qrees Kelvin. At the severe pressures in the micrc-domain arnund
the compressed bubble, the liquid must he taken as compressible. ‘this
woderates enormously the bubble pressure that would have been pradicted
on the basis of incompressibl)e liguid theory; and correspondinaly, the gas
tuomperature in the Dubble 18 moderated encormously by the introduction
of comgressihility. One of the examples given below ghcws tliat the
gas temperature decreases ry a factor of five whben the compressibility
is introduced. A numerical exanple shows that as much as 95% of the
energy of the impiosion resides in the compression work absorbed by the
compressible liquid, at the moment of peak bubble pressure,and only the
other 5% in the compressed gas. Conduction of heat from thes hot bubple
gas tc the surrounding liquid also moderate. the pressure rise and the
temperzture rise during the collapse. Tiiis non-adiabaticity is difficult
te predict ia tha absence o+ infoomation aboui: the motion of the gas in
the t ny collapsing bubble. In the rc¢eceat work, it is assumed that
the gas is simply in radial contracting motioin and that the pressure is
approximately uniform, i.e., that the bubtle wall Mach Number is much
less tran one. The formulation for heut loss ‘ests *herefore on molecular
heat conduction in a contracting (moving) gas. A similar formulation
is used to describe the heat conduction in the suyrounding licuid.

The heat conduction processes within tiie bubble and outside the bubbie
are incorporated in the gereral energy equation of the fiuid in each case.
It will be noted that each energy equation inclules a chem’ca), reacticn
term to describe the dependence of the exothermic reaction heat goneration
on the local temperature, that is, the formulation allows the possibility
of reaction in both the gas (vapor) and the liquid. Associ 4 with the
question of the flow of heat from tho bubble into the surrowiding liguid
iz the rate of vaporization of the liguid tn Fovm vacor in the hubkle.

In the present work, finite-rate vaporizaticn kinetics i- ircluded. 1In

some otner published work, 2specially in the cavitaticn theory literature,

it has been communplace te take tie wvapor deasity in the bubble as being

in “hermodynamic equilibrium with the surrounding liquid suxface temperature.
We have reviewad tre supporting order of-magnitude . rguments and we are

not convinced. Accordingly, the finite-~rate avapora' iou-condensation
equarions are introduced.

One of the most interesting features of the problem arise~ from
consideration of the tine scales inherent in the problem. Five can be
identified: (1) The induction tim> for cheidcal reaction in the vapnr
phas.:, deteriiined it the high tenperatire at the moment of peak bu! le
pressure; (2) The corresponding chendcal reactlon time in the liguiu phase;
(2) The ducration of heat retention in the »u-rle (heat conducticn time) ;
(4) Tie rise time of the imposed pressuce “ram "; (5) The ~olla; se time
of the bubble in reasponse to ihe iwposed pressuic field.

the chemical reaction induction tiwe is iis 7 coacared with o 2 :
rime (i.e., slow kinetics and tiny hubbl s} there s a goon? nance +h
the —unaway -veaction can be aveidsd. 'This
the PCRL ccnmpressicn tnic: aTIor Te3vs o e

It .s possihle to aaticipate sonm2 of the thecretical resulte. I
¥
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Consideration of the relative times of bubble collapse and pres:sure
rise leads to an interesting theoretical problem thut, as far as we can
find, has not been treated in the literature but has a very importan:
bearing on our problem of explosion avoidance. It can be shown theo.saetically
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 exploiive subjected to setback forces) are generally cn che order
of cne or more milliseconds. Thus, there are mwmadreds i za1haps
thcusands of cycles of bubsle collapse, rehound, and collaps= again within
the rise time. The heat retention time is generally also long compared
with the collapse time. This means that each successive wollapse intro-
duces more arc¢ meocre compression heat into the bubble, so that the danger
point for ru.away reaction wouid be well along in the rise of pressure,
perhaps even after the applied pressure nas reached cthe highest level,
and thus the point uf interest would be after some hundreds of cycles.
Cuspite this observation, pteviour theor:ical work has been aimed at
computing tlLe pressure, temporature, an. reaction rate trajectories of a
bubble during the first cycle ounly. usvally he 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
ke instantaneous. It was thought that a sudden junp is just as good a
model as any other pressure rise function. This is not so. The control
of pressure ri.e rate is prcbably the most practical way, to avoid explosions.
The many-cycle model must not be ignored, but this means that the theoretical
me+ osdclogy has to be alterea. It is simply not feasible to compute at
12ngth the entire history of the bubble through all the hundreds and perhaps
tiiousands of cycles required to reach the thecretical explosion 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
otiicr time finction of practical nature, a new method has to be sought.
traightforward computation of the problem is not applicable tc real LPG
systems or to the important problem of explosion avoidance.

32l D A A i s A b 4
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6.0 I.terature Analysis

5.1 Collapse of Bubbles in Inert Liquids ;

The collapse of a cavitation bubble was first analyzed by Rayloiqh’,
who addressed the problem of a spherical, evacuated bubble in an infinites
liquid domain. Neglecting viscosity, surface tension and heat transfer,
as well as liquid compreasibility, Rayleigh used the momentum equation
to derive che eguation for bubbie aurface motion:

R a?r/at? + -g-(dR/dt)z = [p(® - p,l/p (6.1)
whare R(t) denotes the bubble surface, P, = const is the driving pressure at
infinity, and p(R} -~ ;“ = crast is the gubble pressure. The mass continuity
for the incompressible liquid leads to

u/U = (R/x)? (6.2)

el e st "l b, e vl At -~ tim v n i e

where U = dR/4t, which was used in ¢he werivation of :he hubble surface
equation. The time for collapse was chown to be

ot b

]
taor = ©-915 Ry (0/py) (6.3)

expresged 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, underyoing isothermal compression '
during collapse and calculated the conditions for rebound, as a certain 3

2 :

maximal pressure is reached. ZIn a concluding remard, Rayleigh mentioned the
2ffect of liquid compressibility, noting that a satisfactory theory of .
collapse sho 'ld include it at the early stages of development. . 4

Addressing the original problem considered by Rayleigh, namely constant
bubble pressure and incompressible liquid, Poritsky2 invegtigated the
effects ¢l liquid viscosity and surface tension upon bubble collapse. He !
has shown both effacts to enter only throuch the bubble surface balance, 1
(viscosity in the liquid vanishes under the assumptions of incompressibility
and irrotational flow.. Incorporation of viscosity at the bubhble surface ]
Ltesults in the balance of pressures, 1

0

P = p(R} + 4p{dr/dt)/R (6.4)
3 and the bubble surface equation is )
3 b, -P

R a?r/at? ¢ S(dr/at)? + “p—“ (dR/At) /R = —"-—6—9 (6.5)

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

1 The effect of surface tension further modifies the balance of pressures
¢ at the bubble surfacc,
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p; = p(R) + 4uUIdR/4At) /R + 23/R (6.6)
so that the forcing term on the right hand side of Eq. 6.5 becomes:
} - , 6.7
(p' 20/R -po)/D .

Cleariy surface tension is important when the bubble radius is small, and
tends to accelerate collapse and decelerats expansion. Viscosity, on the
other hand tends to slow down ths process of collapse as well as rebound .
Within the range of rarameters considered, Potiuky’ shows a reduction in
both collapse and rebound times by a factor -0{10). The results were
obtained by numsrical integration of BEq.6.5 after transformation.

shu’, in a note following the analveis of Poritsky obtained asymptotic
relations describing the behavior of bubble undergoing cullapee or rebound,
through the phase plane (U - R plane) analysis. The results point out the
fundamental importance of viscosity and surlace tension 1n the problea
considered. It should be stressed, howewer, that both anaiyses are for
constant bubble pressure and hence aprly =most clossly to the cavitation
bubkle problem and not to the case whare the cavity contains permanent
gas, in which case the driving pressure difference is time dependent, and
oscillatory collapse-rebound motion is anticipated. PFurther, the consider-
ation of compressible liquid would have necessitated the incorporation of
viscosity in the liquid somsntum equation, resulting in a such higher
degree of analytical complexity.

The formation, exnansion and collapse of vapor bubbles in a cavitating
liquid, upon passage over anogive shaped body in a2 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-
graphy of the Lubble 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 bibble (no air or permanent gas), with
PB =D = - = const, where p 1is the vapor pressure, (3) the bubble radius
is sma?l ccmpared to the lenqgh scales as-- -iated with longitudinal and
radizl pressure gradients, (4) bubbles are c..~ied with the local (approxi-
mately constant axial) liquid velocity, i.e., 10 velocity slip between the
cavity and the liquid, and (5) bubble is outside of the boundary layer. These
assumptions allow consideration of a vapor bubble within an "infinite" but
time-dependent pressure field. with p_ = p_(t) determired by the observed
(stationary) pressure field and the longitudinal liquid velocity component.
Thus the relationship of Eq.6.1 has been used, with the prescribed forcing
term

p(R)- Py P, - 20/R - po(t) (6.8)

P P

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

12 uzed 2s =0 inpulls GGacolcal wolutions were optalned, and comparison with
experimental data regarding R versus t was good.
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It should be mentioned that at the pressures considered (p, up to
8 psia) and the typical bubble radius, R___ - 0(0.1)in, the chiracteristic
collapse tims is ~O(l)mesec, and coqu-nﬂ‘ to the time over which Po(t)
varies. Interestingly, the plotted results show that the instant of
msaximal redius (full expansicn) lags appreciably bshind that of minimal
p.(t), and occurs somewhat prior to the attainment of maximal pressure.
Il&-ﬂr, no attempt was made to calculate the pressure field about the
bubdle, sad the extent to which it influsnces the pressure profile about
the immersed body.

Several important aspects of cavitation bubble dynamics were discusoped
in a further study by Plesset.’ Actual solutions were not included in this
work; rather, the physics of the cavitation probles were illuminated through
comparison of characteristic scales. Dynamics of vapor-bubbles and of
bubbles containing permanent gas are treatsd separatsly, and the (secondary)
importance of rectified diffusion in the gas, (where wass exchange between
the phases is considered) was pointed out. The questions of uniformity
of the temperature fisld within the bubble, and limiting asymptotics of
isothermal (at the low and the high frsquency :imits of bubble oscillations)
and adiabatic (intarmediate frequencies) bubble processes ware discussesd in
tarms of the thermal diffusion scaics.

The quastion of stability of the spherical bubble shape was addressed
as well; using linearized small perturbation reasoning, it was shown that
the stability results for a planar phase interface are reverted for the
case of a spherical cavity, namely, that if the surface is accelerated
outward (into the liquid) the surface shaps perturbation term approaches a

constant or zero, while it tends to grow cut of bounds in an cscillatory manner

if acceleration is in the direction of the gas (as in collapsa), and R *+ O.

The question of stability of tle sgpherical bubble shape was addressed as
well. Using linearized small perturbation reasoning, it was shown that the
atability results for a planar phase interface are reverssd for the case ot
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 uscillatory manner if
acceleration is in the direction of the gas (as in collapse), and R + O.
This rezzonong 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 incospressible flow) and
would result in shape distortion and subsequent breakup. Bubbles cantaining
sufficient amounts of permanent gas (relative to liquid vapor) wculd 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 staiement 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
through the classical Rayleigh equation.s However, two major ca-reats should
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be raised ragarding the preceeding stability results: (1) The lineariszed
anslysis naturally breaks down as amplitudes of the perturbational harmonic
components exceed soms small value compared to R(t). Thus the Zinal evects
rvemain unresolwed, since nonlinear coupling, fu.h as lare variations of R
itself during collapse, viscous effects or heat transfer could become
important and counteract to indefinite asplitude growth. Yet the ver; same
effacts were intrinsically neglected to facilitate lineariszation. (2) The
effect of liquid compressibility wcs precluded in tha aralysis, yet it
reams to become important at least at the same extsnts of bubble compression
as thoee associated with instability, for driving pressu~es p. >> 1 atm are
considered. AMdaittedly. the convergent streamlines during ression would
enforose a meta-stable process at best, but the (particularly sensitiwe) high
prossure region near the buhble surface would tend to be stabilized by

3p/3t ¥ O, as some of the liquid mass displaced inward is taken up in
accusulation.

Nost traatments of liquid compressibility were associated with the forma-
tion and propagation of hydrodynamic shocks in the liquid, and hence relate
to processes following complets collapese of vapor bubbles or underwater
explosions. ;p the latter context the subject was extensively treated in a
book by Cole’ . vho susmarized the knowledge accusulated from resaarch prior
to and during World lur II. An exceptionally suc essful spproximation due
to Kirkwood and Bethe' has heen advanced, undar tie assumption that the 3
entropy change in the liquid, 9S = 0, (unlike the enthalpv change, dansity
change, pressure jump, etc.). This leads to the explicit ewnression of the
conservation cf total enthalpy along an outgoing (radial) characteristic line,
viz.,

r(h + uz/?)I = const.

whare I denotes the characteristic. This approximation forms the basis of a
theory by Giliore ', and was later compared favorably with numerical solutions
of the compressible equations of motion (concerning continuity and momentum,
neglecting viscosity and heat transfer) by Hickling and Plasset. 19 These

. athors considered the problem of a bubble containing psrmanent gas under-
going compression and their rebound. Upon rebound, a compression wave is sent
into the liquid, steepening into a weak shock within a distance comparable :
to the original bubble radius R., and with decreasing strength due to
spherical dilatation. Numeric solutions were obtained by the method out- 4
lined by VonNesumann and Richtmyer 11 for the equations in Lagrangian form.

The solutions were not pursued beyond wave steepening,as numerical instability
was encountered.

Heat transfer from a collapsing gas bubble, provided the initial radius
iy small enough, nas a primary cffect onscnoluminescence considered in an
analysis by Hickl:u'xg.xz The major effect of heatr loss from the compressad
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 ox-~
plained in the analysis on basi3 of differences between tne:r thermophysical
Properties. Interestingly, the egquat:ons ¢f st -~ “or the bunbple 388 contatn




{beside continuity s2d energy) a momentum squation with an internal
pressura gradient, despite indications made in a scale-analysis. At the
initial pressure ratios considared, p'/p = 1/40, with p_ = 3 atm,

it would seem ixportant to compare ehl eflfect of liquid c&anouibiuty
an the maximel temparatures attainad (the effect could be comparable
to that dus to heat loss froc the gas by comduction).

Heat transfer was also considsred by Plesset and Zaick'’, in their
treatmant of vapor bubble growth in an initially uniformly superhesated
liquid, and later by skinner and Benkoff’" in a similar treatment with
gencral, opherically symmetric tecperature fields. Ths latter authors also
published a sscond report conserning a binary liquid, and added c species
congervation squstion to the liquid model. In both instances the pressurc
wvithin the Mubble was considered uniform and constant, equal to the
vapor (or vapor wmirture) pressure®. This and many other asiacts of bubble
dynamics were treated ia a unified analytical discussion by Hsieh' ®, where
4 rathsr complete formlation of the problem was derived.

The excellent review by Plessat and Prosperetti® ‘lluminates many of
the physical processcs inwolved ard serves as a good source of referenceg
on the various subijects associated with bubbie dynamics. An additional
general explanation to the process of cavitation is provided in the book
by Batchelor!’.

6.2 Hot Spot Initiation Theory

Thermal initiation of explosives can be ¢ tained in several manners:
uniform heating (imposing a constant temperature on the sample surface),
heating by shocking the explosive (heating bahind a propagating shock wave
in the substance) and by formation of hot spots.

In the first instance, a constant tsmperature is applied tc an explosive
sample surface. Depending on tha shape (sle&b, cvlinder or spherical) and
a characteristic length of the sample, as well as on the thermochemical
and thcrmophysical properties of the explosive, runaway reaction may occur
for a su-face temperature beyond a typical critical valwe. The criterion
is simply whether a particular temperatuce (and history) would allow a self-
sustaining exothermic reaction at sowe inner location. A study of this fomm
of initiation was made by Zinn and Mader'® covering all three sampl: qeo-
metries mentioned above, and four tyvpical explosives. Theoretical analysis
involves solution ol the nonsteady Fourier heat transfor equation with an
exothermic reaction term of first order owverall, for which solutions were

generated numerically. Theoretical predictions were compared with experi-
mental measurements on a plot of time to explosion versus inverse surface

temperature and show good agreement in general (except 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:
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where & and C_ are thar thermal diffusivity and specific heat of the
pmpouint msﬁactivnly, Q. A and E are the heat of reaction, the pre-

factor and activation snexgy respectively and a is the characteristic
sanple dimension.

shock initiation of explosives was discunsed recently by Walker and :
¥asloy'? of Lawrence-Livermore laboratory, presenting a unified model for 1
solid, liquid and gaseous explosive substances. The model draws from a large j
number of published works on the subiect, both theoretical and experimental,
as wall as from experiments performed by the authors. Three atages in shock
initiation were propcsed as follows:

A

(1) Productiocn cof ions, radicals and free atoms either by the mschan-

ical shear affect of the shock or by theiraal heating behind

the shock front through molecular collisions, or Ly combination
of shear and collisions. The first applies mostly to solids,
whare molecular motion is limited, the second to gases where the
translational energy gain behind a shock is substantinl, and

the cosbination to liquids which have moxrw molecular freedom
than solids but also have more intermolecular structure than

gases. These reactions involve usually very small activation
enargies.

e el o b b bt

]
(2, Pommation of statistically random reactinn sites whers sxcothérmic
sactions are sustained. The number of rthase areas of concentrated

reaction was found directly proportional to the shock strength ]
Gr pressure jump.

{3) Input of critical energy flux is required, for the distributed
exothermic reaction sites to grw into an explosion or detonation.
In a previous nrticla“, the authors derived a correlation for
the critical energy flux, based on energy conservation reletionships:

2
tsAP

J W ————
CRIT (:Jus

3 where t_ is the shock pulse duration, AP the mean shock pressure

] ise, 0 the density in the unshocked explosive and u_ the shock
front spead. Obviously, this critical energy input is 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.le
In this respect, orly a posteriori estimates can be made for given
shock ronditions leadinj to explosion in experiments, and the

correlation of Eq. 6.9 does not offer predictive capability outside
of a tried explosive formulation.
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A simplified explanation of hot spot initiat sn cf explosives was given

: in a short analysis by zinn??, considering a sprerical region of radius a




at & unifrem elevated temperature T ., with a single, firat oxder owverall
emothermic chamical reaction. The Wy heat transfer equation is,

3T/3t + aVir = (Q/C,) Y Aexp (-8/R T) (6.10)

with ¥ * 1 to approximate ignition. A cooling tims, during which T = 'x‘1
within the sphere of radius a can be established,

te = 0.04 ala (6.11a)

dus to diffusion in abessnce of reaction, by letting A = 0 in Bq.

n the other hand, a heat-up or induction time can be calculated, during
viich temperature remains unchanged until the onset of rapid heating by
reactica,

2
S| AT1
.
tn = {_Q_ N oxp (!/Ruri) (6.11b)

obtained by neglecting thermal diffusion, letting V3T « 0 in Eg.6.10.
if c; = 7%, ignition is possible. This is the basis for the calculation
of a critgcal (minimal) radius of the hot npot.

fc\(r 12 y
L Zsl—QP- “!‘ aexp (E/R T,) (6.12)
L I ) J

Y

The author's calculated result (numerical solutions of Eq.6.10 and a
spacies equation where molecular diffusion was naglected) agree well with
the result of Eq. 6.12 , namely ignition was found possible when a > a T
However, conditions for ignition could not ensure propagation. Ind.oSRI :
Rosen?? 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 excthermicity.

Although the analysis 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 mora realistic model may lnvolve a Gaussian initial
temperature distribution with T, bsing the peak temperature and the radius
a taken at some mean value between '1‘1 and 'ro. Of course, enhanced analytical
complexity can bYe expected.

A treatment o:ri shock-bubble interaction in gases (neon bubble in helium
and vice-versa) was presented by Evans, Harlow and Meixner?®, The details
of the two-dimensional finite difference algorithm used were given in a
previous report by Harlow.2® The results depict the process of bubble
collapse upon shock passage, and the deformation caused to the initially
Planar shock: for the neon bubble in helium, shock velocity in the bubbie
is smalier than in wiee neilium outside, and hence the shock curves lccally
backward; the bubble shape (initially spherical) is compressed from front

b

-
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to back. Tho reverse is shown for helium bubble in neon. Isotherm plots
show high temperature regions within the defoxrmed bubbles and outside, after
shock passage. A high degree of internal non-uniformity in temperature is
indicated. Calcuiations with nitromethane (liquid) containing an air bubble
apparently resulted in numerical instability.

Hot spot initiaticu of explosives by intaraction between shock and
inhomogeneities in the explosive (such as bubbles) was recognized and inves-
tigated in a preliminary work by Mader.?® The cal-ulations were aimed at
correlating available experimental detonation times in nitromsthane, l.quid
TNT and single crystal PETN which were -~0O(l)lusec after ths shock passage.

The one-dimensional analysis (formulation was not reportad) was concerned with
two types of prescribed hot spherical spots, in the domain behind the planar
shock, as fcllows: (1) thermal hot spot, in which temperature was initially
slevated uniformly over the hot spot region, whila density was taken equal to
that of the surrounding (shocked) material, and (2) 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 sccur at a much faster rate in the hot spot region than in the surrounding
explosive ( ~ 1400K for nitromethane). Thus, unlike the treatment by

Evaas et al,?? no atteapt wvas made to assess the formation of the hot spot
itself. Several distinct equations of state were considered, for the differ-
ent hydrodynamic-regions, e¢.g., for the undetonated explosive, for the
detonation products (gas). for the mixture of datonation products and unreacted
explosive. The work also addressed the simpler problem of uniform heating
bshind a shock in homogeneous explosive. In k-th instances good agreement
with the experimental data of Campoell, Davis and Travia’?® 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 petrone?’, who questioned the
validity of the model predictions on grounds of (1) use of two incompatible
(e,p,0) equations of state to describe the same unreacted explosive region,
and (2) use of unreasonable values foir thermophysical parameters in the
equations of state, which seemed necessary to obta’n agreemant with the
experimental detonation delay times. The parameters in question were C:po and

a_ = -2 (3p/sm)°
0 Py P
for the unreacted explosive, being the isobaric specific heat and the thermal

expansion coefficient regpectively. Mader’® assumed these were constan:
in the process, i.e., c,_,('r) = CPO, etc., and also that the specific internal

energy cf the explosive is e = Cv'r with ¢, = C, = const. Enig and Petrone?’’
0

argue that if realistic experimental values were substituted, agre~ment beltween
the »>del res s and experimental cred:ictions would breax Zdown. The reply
oy Mt'er f2.0. .35 “hese Sogments.
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The bubble-shock interaction problem was addressed again by Mader?® ‘
extending the previous anc~dil-nlional model to two dimensions. The !
particle-in-cell method of Harlow'? was used for finite difference :
approximation, modified to incorporate exothermic reaction in the liquid
(represented by Arrhenius kinetics). Ir contrast to the previous model? {
this work is concerned with the process of hot spot formation. To includ. i
also the possibility of shock intaraction with dsnsity inhomogeneities in i
the explosive, the study incorporates an ziuminum cylinder in place of the ;
bubble as well. The results are generally in agreement with the predictions
of the one-dimensional wodel. PFor the particulai” case of the bubble, with
a shock styength of 85 kbar and 1200K, temperatures of 4000K ware found in the i
compressed bubble. Mechanisms of detonation-Zailure were discussed, with the
possibility of rapid cooling by the expanding flow (convectiion) from the
hot spot, as well as interaction with rarefaction vaves; the second of thase
was outside of the capabilities of the two-dimensional model.

Calculated numerical ro-ults for a variety of cases were published by
Mader in a series of rapor*: ’“, and a description of a Eulerian reactiv.
flow mode]l and finite difference alocrithm was raported more racently .
This followad from the conclusion by Mader that the particle-in-cell model
had insufficient accuracy for modeling of reactive flows. Ihis improved
algorithm was used to determine cases >* failure to detonate’‘ by hot-spot

interactioa, and involves the analysis of rarefaction waves passing through
the reaction sone in nitromethane.

Recently, axperiments wnre performed at BRL with hydroxylammsonium
nitrate liquid monopropellant ‘, using a compression chamber in a blow-out
qun configuration. A single 0.1 zm’ bubble was introduced into the mono-
projellant under test. Pressure transducers and photo diodes were used
to detact the magnitude and duration of the pregsure pulses emanating 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 inconclusivs as to the exact caura and mode of secondary ignition
by the occluded bubble ‘or other causes). Nevertheless the results indicate
that further testing and analytical evaluation are required. 1It should be
pointed out that pressure stressing of the test progellant does not occur
impulsively (unlik.: the shocks considered by Mader 28+30735 byt rather
gradua'ly. as in the process of initiation of tha actual propellant charge
in the gun, i.e., pressure ramp durations ~0(100)ysec.
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6.3 netonation i1 Liguid Monopropellant: The Work by Stanford
Mesvarch ‘astitute (SRI)

The research effort by SRI was summarized in two reports’’’'® on the
subject of detowation in liquid monopropellants. In essencs, two separate
problems were alcresswd in each report; first, investigation of the condi-
tions for initlation and propagation of low velocity detonation (LVD);
second, on a micro-scale, the formation of a hot spot in the liquid propel-
ant by a collapcing bubble, in the pressurized region behind the shock front.

The two suojects mentioned were not combined within a detailed analysis
of shock-bubbl¢ interaction in the manner considered by Evans, Harlow and
Meimmer?? or by Mader?3/283973% (hgither was mention made of the latter

work) , althoug:: esseatially the same problem was addressed. Therefore the
review herein constitutes of two parts.

6.3.1 Zow Velocity Detonation (LVD)

This form of detonation, compared to the common mode for explosives
termed h.gh velocity detonation (HVD), inwnlves lower peak pressures
~0(10) kbi.7, lower stock front propagation wvelocities, ~0(2000)m/s and

can be sustaine! by partial reaction only, in the propellant region
bahind the shock front.

Exporiments were cair-ied out with open steel tube holding
liquid p1opellant,placed upright on a pad under which an explosive
charge wus sat off. Straingauges in the liquid recorded the orogress
of the shock frowm bottom to top. In one node”, the gauges ware 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 qauges 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 symoetry were affected by the presence of these thin bulkheas;
unfortunately no such aralysis was attempced.

It has been presumed in these experiments that the initiation shock
sStrains the tubs walls in ;ucli a manner as tu put sufficient regions of
the liquid in tension (or sub-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 reportedsg, but .t seams that the experiment was not designed
to verify the interaction between the shock and the cavitation bubbles
(or the number and size of these bubbles) even qualitatively.

A two-dimensional computer simulation was carried out to determine
condicions for LVD in a confined liguid r:opellant charge, simulating

the effect of hot spots by varying amounts of uniforr heat release behind
the shock front.®’
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A one-dimensionul inalysis was roportcd", to determine charac-
teristic LVD curves on the p - (/N plane, again treating the reuction
as an overall heat release parawter. This formilation involves a
homogenecus energy equation for the region behind the shock (where
heat release due to decomposition should occur), while the Rankine-
Hugoniot relations (jump condit.ons) contain a term denoting heat of
reaction. Thus, wvhereas the model may describe ertain final states
of low velocity detonation in a1 approximate manner, it certainly
may not describe the process by which this form of detnnation evolves,
and these is no assurance that the final states describved may indeed
by achieved physically.

In addition, the degree of reaction in the model ig represented
by a generalized "reaction coordiiate”™ (given as a correlation with
pressure) which has no direct relationship with the chemical process
at haid. PFurther, ths quastion of different squations of state for
the unreacted liquid propellant and for the mixture of decomposi-ion
products and unreacted liquid was not raised. A single (caloric)
equation of state was coisidered, releting (e,p,0,¥), where e is the
specific internal energy of the liquid and Y tha reaction coordinate.
l"olloving the treatment by Mader?® aud the cosments by Enig and
Petrone? this problem seems to be of primary importance in the

14
mdaling of initiation by shock-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’’’3? and was carried out by Levine and
Wooten of Ultrasystems. The following comments can be made, regarding
the more recent report:

i (1) v¥or liquid field pressures p. > 1000 atm, (as beh.nd

: the shock front), the inertial time scale associated with bubble
: collapse, derived by Ra.yleighl is R (p./p )% 21 usec for

|

7

R. 21 ~m and o_ = 1 q/cma. Theiefore treatment of the process
of collapse is relevant within the time scales afforded by
shock passage, and when interaction with a shock is sought.

However, as shown in the works of Evans et al.?’ and later
by Mader?®’2873%73% (hoth analytically and in experiments) two
important effects prevail under these conditions. First, as
an initially planar shock interacts with a spherical bubble,

i the shape distorts appreciakly during collapse and becomes

: mushroomlike. Second, heat transfer due to conduction would
be negligible, as the thermal diffusive tire scale

ROZ/aL >> RO(QL/pO)H for 10 " fRO < 0.1 cm and hydrodynamic
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convection is expected to dominate. Tharefore, on the micro-
scales associated with bubble collapse (Ro and the character-
istic collapse time) iwo-dimsnsional effects assume relative
importance. Unfortunately. these effects were excluded. In-
stead, spherical symmetry 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 assumed in-
compressible as indicated by the use of the bubbla-equation,
in the form of Eq. 6.1 . As is wall known, extremely high
preasures 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.ble liquid presently, while considering cospressibility
for shock propagation in the LVD analysis. As will be shown
in later sections, this aeffect nas a profound iafluence upon
the maximal bubble pressures (and temperatures;} achiaved in
ccllapse.

(3) Reaction is assumed to occur ir. the vapor (not in
the liquid), yet the assumption of equilibrium vapor pressure
is maintained, and a Clausius-Clapeyron expression (with
constant heat of vaporization, Q ) was used to determine the
instantaneous vapor pressure from the bubble surf.ce temper-
ature. Ciearly this -~3sumption 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 appropriage B
form for the mass balance between liquid and vapor (non-equi-
librium) was given by Plesset and Prosperetti.

{4) The bubble properties were assumed uniform,although
(regarding the temperature distribution) there might be con-
ditions under which this assumpticn breaks down, and a thermal
profile must be considered, as in the work by Hickling.12
The engray aquation for the uniform bubble was taken from
Hsieh’s, and appears to contain a derivation error. The first
law of thermodynamics, for the bubble volume,

SE = §Q - pdv
The variation ‘n total internal energy is
SE = §(Ve) =2 9V8e + ed (0V)

for the case of ncnvanishing mass exchange between the bubble

and the l:7uid corsidersd ov Hsieh O

) .
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The second term was apparently representec by QVG(D ), but

0 ) ’ ’ - ~
e = g + (;’Crv('r )ar # QV !

for the temperatures considered, with eo being the specific
internal energy at the reference state (T0), and C, the i
isochoric specific heat of the gas. .

In conclusion, the simuiation was intended to represent the process
of bubble collapse in a shocked liquid. The various deficiencies pointed
out in thepreceeding discussion see.: to indicate that the actual process 1
was inferred only in an approximate way, with may important phyeical 3
3 aspects excluded. In this respect, the analysis of thes same process by
Ly Mader2®’%9735 s4emg superior, although it involves a much higher level
& of computational effort.

The analysis was clearly not interded for modeling of secondary

i ignition (due to hot gpot formation through bubble collapse) during

the start-up trs.sient of actual gun charge initiation, in the manner
considerec by Knapton et al.’® The time scale for this process is

0(0.1 - U mses much longer than the shock-bubble interaction times,

and may not be investigated within the realm of a single bubble~collapse.

As mentioned earlier, no attempt has been made’’’3° to combine
the analyses of LVD propagation and bubble collspse. Consequently,
information concerring LVD evolution, failure of hot spot initiation
or LVD stability cannot be obtained directly from the model.
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7.0 physical Considerations in Theory of Liquid Propellant Compression with

Isolated Bubbles

7.1 Chemical Reactions and Vap- .ization

In the loading of liquid propellant (LP) in a gun system, bubbles
might be presert either as a result of unavoidable ullage in the supply
system or due to cavitation somewhere in the flow passages. Such bubbles
may contain, therefora, varying amounts of air and LP vapor. The presence
of air under most practical rap‘d loeding conditions must be expected.
Vspor bubbles, even without air, could emanate from rapid passage of the
LP over sharp edges in the loading orifice, as poiited out by Batchelor!’
in a discussion of various cavitation mechanisms in the motion of liquids
at high speeds. 1Indeed the Plow Visualization stvdies of Section 2.0 for
dynamic loading c¢f the liquid monopropsllant display this behavior. For
these isusons, 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 reactionz 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
procesd within the bubble ax well us in the liquid. On the other hand,
if the liqu.d consists mostly of inext carrier material and its vapor phase
is nonreactive, the likelihood of vapor phase reaction diminishes, and
decomposition can be expected to occur mostly in the high temperature
liquid layer surrounding the bubble. 270 present a formulation adegquate
for both LP types, reaction terms must be placed in both the liquid and
gas phags encrqgy consarvation equations. Of course. this greatly com-
plicates tle analytical model of the process, since in addition to the
"stiff" reaction terms incorporsted, it becomes also necessary to fnllow
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,

m, = a[mcut - minl (7.1)

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

is the adscrpuion coefficient. The outwa. ! mass flux (into the gas) is
given oy the equilibrium exprecssion,

om0 ) = (G0 b
out  T\Pp 2, Pa (7.2)

with p:q(T') being the equilibrium vapor density, which can be obtained

from a Clausius-Clapeyron equation, and the square root term is the wmolecular

velocity of species \ perpendicular to the surface. The incoming mass

flux, however, depends on the actual concentration cf vapor off the surface,

and hence on the physical and chemical processaes in the bubble.
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RuT

. { s -

m,_ = £(p,) = (2““A P (7.3)
where (-) denotes values at the gas side of the interface. Actual
valnes of m and noot are large compared with m due to the large

molecular velocity. Therefcre, at quasi-steady stats, the assumption
of liquid-vapor aquilibrium is reascnable for caicalation of

p; x p;q(T'), although the liquid may undergo vapurization, and m, ¥ 0.
Under dynamic conditions, howeveyr, r relatively smill change in p; can

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

RuTs L eq
1m)\) pTlY 1t - ¥

N (7.4)

m, = af A

A 2

where pA = p Y, and YA is the mass fraction, serves as an adequate gas-

A
liquid interface condition in the dynamic process.

In view of the large variation expected in bubble temperatures and
pressures daring the process of bubble compression, the Clausius-Clapeyron
axprassion for p:q should be used in its integral form to accommodate
Qy = Q,(T,). TFor instance, note that Qy = O in the reighborhood of the

critical point (PB, TB)
CRIT.

7.2 Charactaristic Length and Time Scales

Reat transfer between the bubble gas and the surrounding liquid has
an extremsly important role in proper assessment of hot spot initiation.
Therefore, dastailed modeling of the bubbin processes can not be avoided
in the analysis, since the thermal wave and pressure field structure
within the bubble determine the gas phase side of the thermal balance (the
pressure field is important in the rresence of jas phase reaction). The
question is whether the bubble environment can be ideally considered as
viiform at all times (yet time dependnni} during the process, without
seriocus louss of physical significance in the results. Purther, within
the time frame of start-up pressurization of the LP charge, the question
18 what relationships exist between the rates of bubble collapsa, thermal
equilibration, chemical rclaxation, and the rate of pressurization itself.
To obtain sowme preliminary insight, the following length rad tiwe scale
analysis was carried cut.

The length scale associated with the thermal wave within the bubble
is the diffusive characteristic distance,

- ( e () & (o./e )] 7.5)
Xmy * CTcor/ ™ (pBCp R, (o /%, (7.5

wher s tCOL 13 the characterigtic collapse time taken fiom Rayleigh's
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incompressible liquid theory. A second associated characteristic thermal
length is the convective-diffusive distance,

- ) y
- a0 = (—) (o, /P) (7.6)
2 % pﬂcp L' "o
— ) i .
where U I R /T, (Po/pn) is the characteristic co.lapse velocity.

The relationship between x,ml and X'm2 is

X2/ Xmm1®™ 21’ Ro 7.7
These scalas can be calculated, depending on the driving prersure Po'
the bubble pressure r itio pn/Po and the seference bubble radius Ro
tUtilizing tha properties of water and aitrogen, the {ollowing values evolve:

?o (atm) pn/’o R, (cm) Xom1 (cm) X‘mzlxml
1 10 n.1 0.056 0.56

1000 100 102 1.2x1074 0.012
1000 100 1074 1.2x10™ 0.12

The .r.sults can bs summarized as follows:

(a) At low pressures, as in the 2arly stages of compression,

(1) relatively large hubpies, with R ~ O(L, mm, possess highly
nonuniform thermal fields, since x.ml ~ Ro.

o~

2) wndas sk o -

undsr theae mﬂ).i:i’m-, small bubbles with R *o(lilo)um
would have uniform temperature distributions.

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

{2) a nonuniform therwal field is indicated again for small
bubbles, Ro ~ 0(1-10)um, with xﬁl ~ Ro.

The wmiformity of the fressure fi:ld within the bubble can be infarred
from a comparison of charactiristic time scales associated with fluid

dynamic equilibratiocn, t ., and bubble collapse, T

fa cot.’

'!
TooL n (p +/Po W )"

where c denotes the adiabatic speed of sound in the gas. PFor the properties
of water and nitrogen, the time scale ratio can be calculated:

P b — - cTm T

'
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Po(atm) pB/Po de/TCOL
1 10 7%10 °
1000 100 0.02

Evidently, at low driving pressures and low comprassion ratios the
uniform pressure field assumption is very good, while at higher pressures
it tends to be invalidated; nevertheless, the interior pressure fisld

can Le assumed uniform to a good approximation even ac the high values
cf (Pox Pn/po) shown.

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

y
ToorL = nb(pL/Po)

the calculation yields:

Po(atm) Ro(cm) TCOL(mnec)
1 0.1 0.1

1000 1072 3x10~4

1000 1074 3x107%

The calculstions show thal at the early stages of the process, forx

relatively large bubbles, the bubble collapse and the applied axternal
pressure may interact dynamically, so that the time variation of the
imposed Po(t) may not be negleccted in the collapse analysis. However,
for small = bubbles, with Ro ~ 0(1~-10)um at practically all stages of

external pressurization, the rate of bubble collapse is much fastar than
the rate of Po(t) variation and Po(t) can be considered as quasi-ateady

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 systea is sufficiently low, the preceeding calculations
indicate that (for the relatively small-size bubbles considered), practically

hundreds or thousands of collapse-vebound cycles may evolve during a single
P°~prallur1:acian period.

The possibility of rebound of the bubble following full compression,
as wall ax the reriodicity of collapse-rebound, were mentioned already by

Raylcighl. 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

2 2
g = Ro/o"a - Ro/(k/pacp) (7.10)
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and

2
TTHL - R.o/aL (7.11)

respactively. PFoxr the properties of nitrogen and water,

TwL Trun v -3 ‘e -3
( /P R (m) (msec)  (msac) T *1° T %10
Po atm) pB o s (o ] ms msac coL coL
1 10 0.1  7x10° 210. 2 70
100. 10 1072 67 56. 56 70
1000. 100 1074 7%10”3 0.15 47 vi

The results show that

(1) Thermal relaxation within the bubble has a rate much slowsr than
the collapse rate.

(2) Similarly, the rate of liquid thermal relaxsiion is also much
slowar than the collapse rate.

The last two observations regarding the relationship between rates

of collapse, start-up prasgurization ana thernal relaxation may Ds 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 zxffacts of Liquid Compressibility

The rslevance 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

presgure 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 “orm a hyperbolic set. As pointed out

by Lax *? , such nonlinear hyperbolic systems can obtain weak solutions,
which allow the formation and propagation of hydrodynamic shocks, observed
also in practice. Previous treatuents of bubble-liquid dynamics which
account for liquid compressibility were concerned with the problem of

shock oropagation in liquids, as ¢ scussed in the book by Cole’.

Prior to the advent of high spsed computers,many of the analyses sought
closed form solutions and employed suitable approximaticns. The most

. B
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well known approximation is due to Kirkwood and Bethe ' , based on the
assumptinn that 8§ = O across the liquid shock (negligible entropy
change), and leads to an expression of the total (static and kinetic)

anthalpy distribution following an outgoing characteristics line,
denoted by I:

r(h + u’/z)I = const.

This result was utilized in a first order perturbation theory

by Gilmore * , ind later compars”’ ‘qainst numerical solutions of the
exact eguations of motion (cont ‘ uitv =4 momentum, assurming isentropicity

in the liquid) by Hickling and Pl sset'? , where the approximation was
demonstrated to be in good agreer nt with the numerical results.

Regarding the influence on hot spot initiation, two effects may be
considered in this instance. First, the passage of hydrodynamic shock
(resulting from rebound of one bubble) over a neighboring bubble undergoing
conpression - or at early stages of rebound - can significantls contribute
to the thermal energy accumulation in the latter, and may lead to hot spot
initiation after rebound. Second, wave steepening was shown to occur'?®
within a distance of 0(R_) of a rebounding bubble ce..tex. Since com-
pressed bubbles are qnnegally much smaller than their original sigze,
R(t)/R << 1, the effect of shock front encountering a small disturbance
} (e.g., Canother bubble) may lead to enhancement of the 11quid phase

reactica, a mechanism for detonation investigated by Mader *’%°73! on
S the other hand, shocks emanating from a rebounding bubble are -xpcctod
to be woak, at r/R_>> 1 as indicated by the results of Hickling and
Plesset'® , since cﬁey are driven by a small, finite amount of energy
and diminish in strength due to spherical dilation.

Lhe o o og

The second physical aspect of liquid compressibility can be invoked
in terms of the energy balance in a system containing a single garious
bubble. For simplicity, only the fully collapsed state (minimal bubble
radius) is considercd, but the results apply tc all states of bubble
surface motinn. If the liquid field pressure, P, = Const., the driving

wtroke work™ for the collapsiiig bubble is given in the incompressible
liquid case , by

“Smﬂ - P‘:’AVa - -Po ) (Rlﬂin - Ro) (7.12)

v e T TT—

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

e e T

© p(r)
' - - 2
% 's'rm POAVB po jourr dr f d(1l/p) (7.13)
d R o
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where the second term corresponds to PDAVL, the part of the

utroke work absorbed bty liquid compression. At the fully
compressad state, the stroke work is converted antirely into
compression work (considering viscous and other losses negligible)
80 that for the ‘ncompressibie liquid:

2
w - e ) = - ‘7. ‘
STROKE l Py 4np, (R)R"AR {7.14)
Vg, R,

whare the functional dependence of p_(R) is determined by the nature
of the bubble compre~sion process (isothermal, ndiabatic, or inter- ]
nediate), On the other hand, for the compressible liquid case, i

\'/

o«
. Smin 2
NsrRoxe "[ Pyd p = Jpémridr
R

By

plr)
pa(1/p) (7.15)
po

where the additional term arises from ligquid compression work. Now
rince p(r)/Po >1 for R< r < o,

L r) o r)
"cz."f pr’d:j‘ pa(l/p> - F‘l pr'dzj aam) (7.16)

T VAR ey
v
]
0
Q
N
D
"
~N
]
~
. <
[
~
o
~
| ]
)
C»
<,

where Fm is a constant mean pressure in the liquid, P, < ;. < p(R).

Therefore the liquid compression work always exceeds the associated
driving stroke work POAVL. This means that when the liquid is

compressible (as all liquids are), less of the stroke werk is available

for bubble compression. In particular, this conclusion leads to
the following comparisons:

ey e pp———?

COMPYESSIBLE INCOMPRESS XBLZ
LIQUID LIQUID
>
l Rain Rin
; Py = Py
b max max
1
\ Tn < Tg
¢ Mmax MAX

Tndeed, the caiculated results of Pppendix A for the incompreasible
case show enormous maisal bubble pressuress .and temperatures) compared
with the approximate solutions for the compressible liquid case, given
in Appendix B; the above results t+ad to be stroagly verified.

g .

Comparisor. at several initial bubble pressure ratios p:/PO and

o — "
P ey a0 i olile i
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d::iving pressures P_is given in the feollowing table along with the
fraction of couprolgion work absorbed in the liquid to its compressibility,
211 the tabulated results are for the adiabatic bubble approximation,

TABLE 4

COMPARISON OF CCMPRESSIBLE AND INCOMPRESSIBLE
LIQUID SOLUTIONS AT MAXIMAL COMPRESSION STATE

(=]
Py Ramin Pasx 7 amax NeL
-— P_(atm) =l e e
Po ° M o 3 STROKE
0.002 - 0,0012 2.5%10° 201 -
100 .04 1.5x10° 48 88
(n)z %00 .06 2.2x10? 28 93
1000 .07 1.1x10?%
0.010 - 0.0044 4.9x10 43 -
§ 100 .07 7 x10 24 61
(a){ 500 .11 1.2x10 15 61
100¢ .13 60 12 38
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

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

7.4 Summary

™a fallawins

™ .
------- AT adliny A
r

iminaiy counciusions may be drawn, based on

the physical considerations of the preceedirg sections.

(1) Liquid compressibility has a profound affec: upon the actual
maximal pressurcs and temperatures obtained in a collapsing gaseous
bubble. Comgesed with results for incompressible liquid, final bubble
presaures ard raduced by two ordars of magnitude or more and temp. ratures
by at. least one order of magnitude, whei the bubble is crnsidered

ideally adiabatic (fast compression).

This imp.ies that liquid compressibility

mus’. be taken inio account in the analveis of hot spot initiation.

{2) The applied start-up pressurisatior time is typically much

longer than the inertial bubble collapse timy EL

OL

- &
Ro(pLPO) for

the range of bubble radii and pressures consideresd, and almost always

muck dherter than the bulk thermal relaxation time of the bubble~liquid
avstam., Therefore, for sufficiently low viscous damping in the liquid,
many collapse-rebound cycles can be expacted during start-up pressuriszation,
over which heat will aczurilate in the bubble and in the immediately
surrounding liquid. Thus, vhernas a single bubble collapse may be

too brief to lead direstly to hot spat initiation, a series of hundreds

or thousands of collapsa-rebound cycles, during which the external

driving pressure is continuously rising, may under favorable interaction
with the chemical kinetics lead finally to runaway reaction.
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The analytical model concerns a single gas bubble in an infinite
1iquid medium. Consequently, the treatment is divided into chree parts:
the liquid phase, the gas-bhubble interior and the interface conservation

conditions at the bubble surface. Dospite the indications that spherical

bubble shapes are some .imes unstable, as &!jcussed by Plesset’ and

Plesset and Prospere.ti,® the assumption of spherical bubble shupe
is made, to obtain a mathematically tractable model at this stage.

8.1

Aasumptions regarding the liquid phase are as followa:

a)
b)
c)
4)
e)
f)
q)

In spherical polar coordinates, the equatiomm of motion are wr
in Bulerian form:

~
u - ue

9 L is the lsat release by chemical reaction in the liquid. The above
formulation follows those darived by Williams *% or Batchelor '’

After taking the assumpticns into consideration, the equations of
motion for continuity, momentum and enerqy can be written, in simplier “orm:

r is the only component of wvelocity considered (radial); the total
specific internal energy is e

The Liquid Phase

inviscid, homogenecus and isotropic liquid
body forces are negligible

irrotational liquid motions

no sources/sinks of masa, momentum and energy
spherical symmetry

compressible liquid phase

surface tension is negligible

itten

/3t + div (cu) = 0

(8.1)
3(pu) /3t + div(ouu) = - div (P) (8.2)
d(e,) /3t + divipue  + uP) = div(igrad T) + qp o (8.3)

o ™M ¢ u?/2 and the pressure tensor is P.

1 3 2
?% + 7 5;(: ou) = 0 (8.4)

Ju n 13
a‘:’*‘"f;‘*s r =0 (8.5)
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for t > 0 and K < ¢ < o,

The consideration of chemical reaction requirsr the addition of species

ceresarvation equations; for the liquid phase mass fractions Yj . assuming
all binary diffusivities to be aqual to the mean (D:
Yy Y Y
1 )
E-t‘l + ux—t » 5—;:- 's;(raLDTr'l) + QL WL/D (8.7 ]
4 3y ‘

j-l,Z"‘N

where ap z wj(\:; - v, \)3 and v; being the stoichicmetric coefficients
3 L '

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

species participating. For the case of a single overail reaction step,

Shvab-Zeldovich coupling terms may be formed; defining

2y w]l,2,3 - + *H (8.8a)
By Yy, )
such that

i z = s J=2,3,° * * N (8.8b,

o, 28 -8,
1 and the diffe:ential operator for these Oj terms i3 free of the reaction
] term, vis., ‘

ae 3% 3,

1 3.2 ' .
Pl Sl 8 UL LRI (6.9

Consider an overall one-step decomposition reaction of a liquid
phase species A, forming products which remain dissolved in the liquid,

T P

Al iq) -—»nl(q) + Bz(g) + e+ QL

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

I 4

groducts lj(q) as a single mean species (inert), the reaction scheme
simplifies to

A{liqQ) =% Blg) + Ry, {8.10)

sy —————

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

species equations have to be solved, in the form given by Eqs. (6.7)
and (8.9).

— dmmd e it B K e
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The liquid cowpressibility statement (i.e., uquation of state) is, 1

CQn-p + B (8.11:

which has been used by Hsieh'® as we.l as by Hi».ling and Plesset!?,
For water, the values of n = 7 and B = 3000 atm »re proposed. This
corresponds approximately to a bulk modulus of 3(),000 psi at one

atmosphere pressure. More general exprescions inrolve polynomials

including powers lower than n = 7. The above com.ressibility equation
is tor an imothermal process, and hence not strictly applicable to the
presant general formulation; a more adequate expr' ision can be derived

from basic thermodynamic principles, cf. Moelvyn—tlghol"‘. . The internal
energy statement is
- (8.12)
e(T) C,T

and the reacticon terun is
- (8.13)
qR,L QRHL(T)

where W_(T) ‘s the raactian . ate, which can be fitted to an Aivrhenius
expression.

It should be noted that thermal transport is expected to b~
negligible over most of the liquid region, except within a thin, high
gradient layer adjacent ot the bubble surface, whe e temperature is also
high due tn transfer from the bubble. It would be also 3afe to assume
that the reaction term, qR L’ is relatively importut within the same

layer (provided the activation energy is sufficien.ly hich} and negligible
outside. Thus, for the liquid domain outside of this thin thermal laywr,
the assumption of isentropis liguid Way De amployed, in line with the

-

analysis of Gilmers °  and Hickling and Plesget'® . A suitable length
scale associated with the thermal layer thickness is
¥ (T )Y (8.14)
m™L - %L ooL .

which arises naturally from the energy eJuation, and where the characteristic
inertial collapse time was defined in Eq. (7.9). Explicitly,

A\, 4 .
X . = - R -JL)H (8.15)
e [

utiliziry the properties of water,

P, latm) Ro(cm) X lem)
1 0.1 dxlo™"
1000 1072 2x1073
1000 107" 2x10” °®

it is demonstrated that XTHL/Ro << 1.
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The fo)lowing boundedness-conditicons are relevant:

u(e,t) =0 (8.16¢&)

{8.16b)
whare Po(t) is the imposed far field pressure, which may vary with time

p(®,t) = Po(t)

in a specified manner{: 3., ramp function); however, the initial pressure
distribution in the field is ~iform:

pl(r,o) = PO(O) (6.17)

_ Clesrly, tha liquid field problem, as posed by the praceeding
formulaticon and boundery conditions is quite formidable, and ccnsiderable
simplificavior may be achieved if Po(t) = const. is specified. This type

of simplification has been used in cavitation thaory.

8.2 The Gas Phase

The following assumptiors are made, regarding the bubble interior:

a) the bubble environment consists of a mixture of permanent gases,

as well as vapor from the liguid

+the gas mixture may undergc chemical reaction, represented by
a 3single overall reaction step

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

b)

c)

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

An additional

SRS F

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 pressure at infinity, while the liquiad
density would always be higher than that of the gas. Therefore, it

can be expected that the gas-dynamic equilibration t.ime within the bubble

3 would be always riuch smaller than the characteristic process (bubble
1 collapse) time, viz.,

. % 8.18
Riey << R (p /P,) ( )

where cq = (YPg/po)k is the adiabat’c speed of sound in the g=s and vy the !

specific heat ra..i0. This dffords the foilowing simplification, !

P(r.£) =p,(t), 0 < r <R (8.19) f

; namely, the ressure is taken uniform withirn the kbublle at all t:mes.
:
£
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The system of equations describing the process in the bubble
interior is therefcre, )

%% + ;%-ss—(rzpu) = 0 (8.20) '1
Ju du 8
% YWy =0 (8.21) %
de . de P _ 1 3 29 g

T + u-s; + o 3r pET at(t A-E) + 5 (8.22)

for t > 0and 0 < r < R. i

To accommodate the elevated pressures expected during the period of i
collapse, the Noble-Abel equation of state is utilized, :

1 —
p(E - HB)- R“T/W (8.23)

where Ng is the covolume ": typically la’/g, and W the mean

molecular weight of the gas.

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

Alg) —_— B(q) + Qg (8.24a)

A, (g) + Az(q) —» B(g) + Qg (8.24b)
where B(g) in both cases denotes the mean, inert product mixture. The

presence of a dilvent C(g) is also anticipated, again with iavariant mass
fraction. The reaction rates for the chemical mechanisms shown are,

rospectively:
wit) = oA axp(-E,/T) (¥, /W) (8.25a)
(2) 2 N
Wy = 0 Rexp(-E,/T) (YA]/\II) “'Az/"z’ (8.25b)

The species couservation equations are of the same form as those in the
i liquid (of course, using gss phase propertiss) and shall not be repeated.
! The mean molecular weight in tha equation of :zTate is dafined
3

- -
W= ( Yj/ﬂj)

i ey e e
S
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It should bhe emphasizsd that due to the presence of permanent das
in the bubble, the total intarior pressure is not equ..l to the vapor
pressure, and is not letermined by the phase interface temperatures.

The associated boundary conditions are given:

u(0,t) =0 (6.26a)
aT/3r(0,t) = 0 (8.26b)
8.3 The Phase Interface onservatinn Conditions

Pollowing Plesset and Prosperetti s . the pressurs force balance
at the bublle surface is

p(n+) - pB - -2% - i% u (8.27)

where Py is the interior bubble pressure (as-umed unifcrm in the gas

phase treatment), and 0 and U are the surface tension constant and ths

3 liquid viscosity respectively. For the range of pressures and bubble
sizes considered, p(R*) ~ U(1000)atm, R * O(2) ym utilizing the propertiss
of water (0 = 150 dyne/cm and U = 0.0l g/cm-s) the two last terms can

be shown to be negligible compared with the pressure p(R+). Hence,

p(R*,t) = Py () (8.28)
In addition,
] T(R*,t) = T(R™,t) = T (t) (8.29)

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

Heat and mass exchange across the phase interface uay occur during
the cavitation process through conduction and vaporization. Considering
vaporization, the bubbla surface welocity

= = 8.30
u(t) = dr/dat u' + A ( )

where 0. is due to compression or expansion of the bubble gas, and vB(t)
is the surface regression rate due to vaporization, defined

- + 8.31)
: vy = m(t)/p (R7,t) (

with m the vaporization mass flux. Consaguentl’, the velucity on the gas
side of the interface can be expressed as

u(R™,t) = g - m/pq(n',t) (8.32)

e oo
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During the rapid collapae process considered, the a priori

assumption of equilibrium vagorisation as made in the SRI report’® is :
not warranted. HNence, the more geveral nonequilibrium exprsssion is propoeed, 1

- oq
n '(‘!‘., "G) (DA )

A = Pa
as given by 2gs. (7.1) through (7.4).
Farthwor, for the case of water, ths latwnt heat of vaporization

variae wiih temperature, and vanishes at the critical point Terefore,
a general intarface enerxgy mttdnt would involwve Qv Qv(‘!' ). Following

Scala and Sutton ' and mn— the conservation conditions for
enthalpy and species mass fractions are given respectively,

il B b sk s . ot s

mh(R") - (x/c ) M/IT(R) = {3.33)
sh(r%) - wc&_ Mm/ar(r*) - my Oy (T {

whare Y denotas the evaporating l.quid mass fraction (on the liquid side, 3
a* r ) md Qv('r ) is the laten: heat of vaporization. ]

ij(R) - (CD)gan/ar(R) = (8.34)

+ +
an(R ) = (oD) 3Yj/32(R )

j-l,z- « <N

In conclusion, it should be emphasized that the formulation giwen
in the last two sections is gstrictly for the spherically symmetric
case whare tha field pressure at infinity, Po(t). »ay vary in a coatin-
uous manner, and is intended to simulats the relaitively clow start-up
_ transient. As pointed out earlier, this might involve msny collapee-

4 rebound cycles, during vhich hoat is accumilated in a rwgion roughly the
siza of the initial bubble.’?”3?
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9.0 Mathod of Solution

9.1 The Two Time Scais Problea |

Wwithin the realm of an !mvestigation of propsllant initiation during
the start-up transient by hot jpots, through gas-vapor bubble compression,
the foregoing physical considerations have pointel! out the possible exis-~
tance of two distinct time scales (at least) for the problem. Disregarding
for the moment chemical kinetic time scales, the twc distinct characteristic
times are:

(1) The typical start-up transient time, Tg~ 0(0.1-1) wmeec
characterizes the variation of the field pressure, po(t) .

(2) The characteristic bubble collapse time, - rmn defined sarlier
0(1) msec.

Evidently, T, >> T, for the problem considered. It should be stressed
that an oscillatory predgure field, with p_(t) having both monotonically,
varying as well as periodic components is got excluded, but the ocondition
on the wavelength of these oscillations is that they be much lowuger than lo.
the initial bubble radius, and their period be such larger than 1
[otherwise, if the opposite extreme is considered, the short nv.mqth,
shock~bubble interaction problem addressed by Mader2®’3°”%* is recovered .}

Thus, with viscous dissipation sufficiently low and with bubdle-
stability permittinrg, the overall problem concerns many collapse-rebound
bubble cycles cver the period of a cingle start.un transignt. Over thase
periods, presaure and temperature within the bubble wculd oscillate with a
relatively high amplitude, but their mean values are expected to vary as
| well, 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 . and tharefore heat may accusulate in the
bubble over saveral poria% during which the driving field pressure po(t)
somewhat increases.

When chemical reactions (in the bubble and/or within the high-temper-
ature propellant region surrounding it) are considered, the associated
kinetic time scales have crucial importance regarding a process that may
or may not lead to secondary ignition. Of course, these chamical time scales
cannot bea considered outside of the framework of the process at hand, as
they are stronqgly 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-
maters and chemical mechanism, it would be difficult to assess a priori what
type of interacticn should be expected, owing to the highly nonlinear
coupling betwesn the chemical and bubble-collapse processes. Thus, analysis
is proposed aiong two major lines, as follows.

£
|
;
|
|
?
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(1) Investigation of the short time scale process. This
analysis is aimed at solving ti~ bubble-propellant inter-
action problem over a small numier of collapee-rebound
periods, during which the driving field pressure variation
is small or vanishing.

(2) Inwvestigation of the long time scale bshavior, or the
mean process. This part of the analysis requires re-casting
of the problem in te.md of two tims scales (T7,,T.), and
involwes tramsforaing the equations givem in ghlmoudlnq
section. Tham, following quasi-linearization, a mathematical
averaging method would de appli 4, so that the small-scale
oscillations are considexed only in termss of their msan
envelope, vhich may vary with the long tine ecale, to.
Although put in two distinct categories, both analyses should be
carried out, in the order indicated. The solutions to ths micro-scale
process are required to obtain a firm guidance for the linearization in-
volved in the two-time scale analysitc, over a wide emough ramge of initial !
conditions, thermophysical and kinetic parameters.

9.2 cutline of the Soluticn Procedure

9.2.1 short Time Scale Analysis

The system of squationz foo thé ligquid, gas bubble and phase
interface are utilized as given in Section 8.0. A single time scale and
length scale are proposed, to obtain dimensionless coordinates:

£E"/n°o ﬂEt/‘l’mL

The sets of consrervation equations for the ligquid and for the gas are then
solved separate.y by the general-implicit predictor-corrector, finite
difference algo:ithm, applied to the 'ystem in Euleriar, form. At each step
during the time .aarching procedure, t.us liquid and gas volutions are
matched, to satisfy the bubble interface conservation —~onditions. A similar
procedure wvas meultul,ly applied to the problem of nlitramine deflagration
by Ben Reuven et al.,*'%? solving simultaneocusly for ten independent
unknown variables;: fime-marching was ussd for obtaining a final stoady
state solution from a set of ini%lal data.

9.2.2 Two Time Scale Analysis

This analysis is intended fur elucidation of the long time scale
beshavior of the bubble-propellant systam. 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 Tl' such that each variable has an amplitude and phase which are
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slowly varying (~1.) relative to the rapid oscillatory motion of collapse-
rebound. The objogtin is to separate in this manner the rapid (short-
time scale) behavior fyom tha slow behavior and investigats only the latter,
namely, ths evolution of the aforementioned amplitude and phace in r and
t/t..

0

Problems of this nature, involving both rapid and slow time {
variation, arise sometimes in wave propagatiot. (dispsrsive) through slowly j
varying media. A wnique Lqrmqun-mmch for waves La ulnbntic systems :
was dewveloped by Whitham, using an averaging msthod. Luke"? investi- 3
gaznd a similar problem utilizing a singular perturbation technigqua, with
the -u perturbation quantity being the ratio of time scales T1,/T,..
rxvskal®? suggested a nonlinear WKB approach for the classical K&rtgv-q-do
Vriss (shallow water wave) equation.

The ascove of the proposad analytical effort is outlined as follows:

(1) Derivation of a hierarchy of partial differential equations in ]
terms cf the slowly varying properties (amplitude and phase)
of the Jependent variables, utilizing a perturbatiuon method,
the small perturbation quantity being tha rat.o Tll‘to << 1.

(2) Mmumerical soluticn by finite diffurence to thie serotl and
first order problems.

This mode of analysis iy necesssvy for understind.rg of hot spot 3
furration during the start-up transient of LPG systems, which uay lead to
sucondary ignition within the propellant.

Although it is possible in principle to extend the numerical short
time scale analysis, proposed in the preceeding snction, over many periods
of bubble collapese-rebound, this is highly undesirable. It would involve
a very large cost per single computer solution and the errors, accusulated
over msny time steps of integration would greatly reduce tha reliability
of the final results.
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APPRIDIX A

Pressure Distributions During Buhble Collapee for
Incompressible Liquid

The purpose of the Fresent calculations is to cbtain the
anstantaneous pressure field about a gaseous bubble, in the process of
collapse in an infinite, incompressible liquid. The original spherical

bubble coilapss problew, ss posod by Rayleigh! is addressed. aralytical
galutions for the bubble wall wvelocity, U 2 AR/4t, and the pressule field
in the liquid, p(r,t), were obtained by Mayleigh, for ths case of
isctharmal bubble process. The bubble wall wvelocity is given by

gy ey

v, ary
ot e 3= am’ -1 - = (Mg /M), (A-1)
L L

V = .
p'. Const

where P = Const. is the initial field presaure, p: is the initial bubble
nressure, 0 is the liquid density and

-

nzk/l\a

the dimensionless instantaneous bubble radius.

For the adiabatic bubble process, a straightforward calculation yields

2 2p) i/} 3ty-1) .
vie—2 am' - +-B N .m0 (A-2)

30, - pL 3{y1)

e

pBVBY = Const.
following the analysis by Rayleigh, whara Y -cp/c' for the gas. In the

derivation of By. (A-2) , the same idealizations used by Rayleigh have been
employed, in particulaz, that no mass exchange occurs between the bubble
and the liquid, and that the bubble porperties are spatially uniform.

The instantaneous liquid field pressure distribution (for incompressible

liquid) corresponding to the Rayleigh problem was given by Plesset and Procporotti.
in the form of the general Bernoulli equation:

o

: P .
: ° o, 1 2.6 -1 (A-3)
b { B ) /% + 27, U ""'—Er—)

o
]

o
"U
1

:
g
3
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and p(g,n) is ti. liquid pressure, while p'(n) is the bubble preasure

given by
’ = - - o m3. (A—‘)
ISOTHERMAL 0‘ S (P‘ Po) /Po (p'/Po), ni-1
- - JY— (A-S)
ADIABATIC: 0. 4 (p. Po)/Po (p./Po)/n 1

The state at full compression is defined by U = U. Thus, Eqs. (A-1)
and (A-2) can be used to define n‘m (pg/Po) for the isothermal and

adiabatic cases r--gectivoly (in practice, due to the algebraic
complexity of the U -squations, the inverse calculation is much easier
to perform namely, finding pg/?o as a function of n‘m). Then the

maximal bubble pressure ratio .y can be calculated by employing the
BAX
values of (H.mpp:/l'o) in Eqs. (A=4) and (A-5). The results of these

calculations are given in Figures A-1l and A-2. Indeed it is shown that
the isothermil case ieads to more violent collapse, namsly to significantly
higher ¢4 and lowar Nain than the adiavatic case, as expectsad.

BAX

The pressure distribution in the liquid }({;n) AQuring bubble collapse
can now be calculated, by substitution of the velocity N? from Eqs. A=1)
and (A-2) into Eq. (A-3), for specified (n-m <£n <1y pg/Po) data. This

will yleld distributions due to isothermal and adiabatic bubble process
respectively. Note that the actual time corresponding to the particula:
values of n « r/R(t) apecified is not of interest here. Fou. isothermal
pressure distrilutions are plotted in Figqure A-1 as func ne of [

and a similar set of adiabatic pressure distributions is plotted in Pigire
A=4. In these diagrams, the pressure maximum dis.ussed by Rayleigh is
clearly shown, and the distribution at the instait of full collapse

is given by

cne of § = f/RiL),

ti
P

.B
- TAX ‘A=6
"(".nin'C) C A )

It should be mentioned that the {-coordinate is stretched with time,
since R(t) decreasc: in the vrocess of collapse.

The pressure profiles resemble in shape thoss obtaine2 by Hickling

and Plesset !¢ (for tollapre) for compress) )le liquid. They demonstrate
that within a distance of Ry from the bubble centsr, pressure in the liquid
can reach values several ordars of magnitude above Po-

R
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Figure A-3. Pressure distributions, ¢ = p/Po-l in the liquid phase vs.

dimensionless radial distance for isothermal bu:ble at
several stages during collapss.
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APPENDIX B

Approximate Analysis of Liquid C_.pressibility

The objective of the present calculation is to obtain an estimate
of the sffect of liquid compressibility upon the maximal pressure and
temperature of a cullapcing gas bubble. To carry out the calculation
without solving the entire ligquid-bubbie dynamic probiem, 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 obtained from incompressible-liquicé analysis of a
collapsing bubble, at the instant of full compression, i.e., when
U = drR/4t = 0.

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

Ysrroxe ™ Yo * "o (B-1)

whare «ach of the terms is evaluated at the state of maximal bubble
compression. The above equation will be shown to depernd upon the
final state R/Ro =Ny of the bubble, and will have to be solved
iteratively.

The results of this approximation lnC]:Ylil are presented in tabular
form at the end of this appendix, as well zs in PFigures B-2 and B-3,
where compearisons with the incompressible case (adiabatic bubble) are made.

B.1 The Fressure Distribution

Por purpesss of the present calculation, oniy the state of aaximal
bubble compression is of interest, when U = AR/4t = 0. The pressura
distribution in the liquid is approximated by that of the inrcompressible
liquid case (Rayleigh solution), At the inxtant when U = 0, Bernoulli's
squation yislds,

p-P P, -~ P 9, (n)
2.2 2 -8B (B-2)

L P, g

where p = p({,n), L = r/R(t) and N = R(t)/no. P, is the uniform injtial
driving pressure in the liquid, and p‘(n) is the (uniform) bubbla pressure.

en U= 0, M=y Re R, wdp g

Considering the adiabatic case,

Q
Py P
== G
o o

(8-3)
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vwhere Y = Cp/Cv for the bubble gas, and hence

*s Po
—pax [(i‘!)’"”' 1] /% (3-4)
©
with n = n in"

B.2 The Compression Stroke Work

When liquid compressibility is considered, the net change in volume
for a full compression stroke (for a single bubble) involves the
sum of bubble and liquid compression, such that the stroke work is defined

W - -po (Avn + AVLC,‘ (B-5)
The bubbie volume change is
e dem) - rS) = & m? (nd -
AVB -Svr(n Ro) 3 Tmo (n 1) {3-6)

where n = n in* Determination of the liquid volume change is considerably
more involved, and undertaken as follows.

The variation of volume is
GVL = §(M/p) = SM/p + MS(1/p) (B~7)

where M is the mass of a liquid volums unit undergoing compressiom, which
remaing invariant. Thus, &M = 0 and the volime variation is

GVL = M5(1/p) (3-8)
Considering a differential shell of radius r and thickness dr,
M = 4mriar

and the total liquid volume change is defined
plr)
av_ = an‘dxp [ d(1l/p) = 4n rlar(l - /o) (3-9)
o

The integrand in the last equality vanishes identically for the incowprsssible
£ase, as p = po is umniforn. Nrther, as r —» » the integrand vanishes

asymptotically p —» Oy but a moderate driving pressure P, is required,
such that p/p_ — 1 faster than 1/xi—» 0.

e e g
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Utilizing the liquid compressibility expression,

RE— g WY

" wpe+B (3-10)

(for watax, B = 3000 atm and n = 7 is proposed as good apprcaiution").

1/n 1/n g

- (R2B 2 i

D/bo (’o* ') ( + 1) | ;

where “

i ¢ P/Po 1 L
and B = (l/l’o + 1)

Transforming to dimensionless coordinates, [ = r/R, and using the pressure ,
distribution given by tis incompressible solution, :

av, = avm’n ’f[l -[-#»l]m]c'd( (»-11) i.

ﬂuna-o'/l audo -uud.ﬁmdbynq. (9-3) ; the notation
Nain applies as nu, and will be omitted herecn. Cases of interest
: involnl’o ~ 1000 atm, and if the trend showm in Appendix A for incompressible
liquid is currect, 0..“ is expectsd to be large, Therefore, a >> 1 can

be anticipated. To avoid the singularity at infinity involved in the last
in al, a oouwni.nt dissnsionless compressibility radius is defined by
’/a' » and liguid compression is considered only within the bounds

1l < Z <a. wWith the following chsnge of variable,

x = L/
the problem amounts to calculating the definite integral

1
:s.’j[l-(xsw)/“] 2ax (3-12)

E l/a

where a > 1. The pressure distribution and region of integration are
shown schematically in Pigure B-1l. Thus,

1m
; A _ex 2
E; : /£ BTN R

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

T T
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g
w

(]

] ‘ - hc

) /

g .
4 ' - nax
i - e, + 1

REGION OF HIGH
LIQUID COMPRESSION

DIMENBIONLESS PRESSURNE,

R
AN—— |

0 a
DDENSZONLESS RADIAL COOBDINATE, [ = r/R

Figure B-1. Schematic Diagram of Imposed Pressure Distribution Showing Liquid
Compressibility Megion Considered for Evaluation of the Stroks
Potential and the Liquid Compression Work.
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[_J
1+nea E :(:)xk 1l +qx +9-B?:—'—1-2-x’ + 0(x”)
k=0
taken up to third order accuracy. Hence,

-

' 2 2-1/n x> M/n ‘1"51' “1) 41y
I4a [x - X " -2 - x n]tlx

n 2
1/a

- 1.1 1
3 3-1/n n(4-1/n) 2(5-1/n)

I = -0.041a’ (B-13)

wvhare values at the lower limit of integration were assumed negligible,
as 1/a' << 1 is expected. The stroke work can now be calculated, with
the evaluation of the liquid compreasion temm:

]
¢, (M)
- 3.3 LR ), I 1 I ]
AVL - lnon x 0.041a - Ron x 0.123 [3/p°+1}

Rence, from Eq. 8-5),

w <4 S v o.223m |2 ' (8-14)
stroxe = 77 Ro% (1N 230 ST
where n = n . .

B.3 The Compression Work Terms

The bubble compression work is evaluated, assuming rapid process,
by use of the adiabatic relationship:

v R o
W_ = - o «-f % (—5-—)1 4TRIaR =
e} Pa®'p ’o o n Y

o o
L LI p: L‘ﬂ_?_(_t‘_) (B-15)
3 Ro’o(? Y - 1
whare N = N in°
The liquid compression work is given by
pix)
Yo = © amr?arp ) pa(1/p) (»-16)
R
o

. q-gi LT T :-..»w._-vo-‘.n.,_ﬁi:.~_.4‘ o v e
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The internal integral can be readily evaluvated, using the liquid
compression isotherm:

co,"/p -1 o
794(1/9) - -7 L:?-!ao--’ g2 [b%r -1 +g-[1--;;-}‘u-m
% %

Note that in the last expresssion,

Cp:~P°+l-P°B'.-othac

B, .
IR )
o f patrso) = - 25 (g-f‘-ﬂ—]-m-g—;-

[ © o o

PB'T i/m i/

o +B p- -

- | e & "[1"{,"—& ]

| © o o

Therefore, with the same change of variable of integrztion as in Eq. B-1ll)
for AVL .

-

- 3,9 Bla - 1/a 2

“CL *‘“onpo’/n-l[c*l (c+1) ]Cdc
1

+(B' - "l’l-(
@ -1 {/L

Limiting the integration to the interval 1/a < § < 1 and further transform
of the integration variable x = /a:

oyp

s 1)1/"] zlag ’ (B-18)

1l
- 13 l— 3 —’.'- ‘-
"Cx. Anon Po a1 fa:dx+n_1]:+(n 1x
1/a
1l
(IS I | .
-amin’p (28 X -a-s o.oua’t
1/a

where I was defined by Bq. (B-13).assuming that 1/a? << 1, the liquid
comprassion work term can be written

Y 1.58' - [a(m*-2)+1) o0.123( , (3-19)
'cz. 3 ‘o‘1 ’o ’ n-1 .
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The Energy Balance

The energy balance at max imal hubble >ompression,

Um - 'G (ADIABATIC) + 'CL

can be nov expressed in terms of n = Nai by use of Bqs. (B-~14),
(3-19, and 0-19; after substitution and dividing through by 4/!! P '

PP [ . ;
2 -n' +0.123n%’% = ;!-f’-{- [n el | 1] + xyn'a’ (3-20)
¢ Py
where .(n)s-.%-['a° -1]/|'
03

B'-n/ro+1

1.58' - 0.123[(n(B'-1)+1]
n-~1

k.(n.l‘) -

BEquation (B-20) can be solved iteratively to determine n = n in® The

method chosen for this purpose is Regula Falsi ( or method of false
position).

For incompressible liquid, it has been demonstrated in Appendix A
the the final comprsssion catio ain for both adiabatic and isothermal
cases depends only on the initial pressure p:/l’° (and Yy for the adiabatic

bubble). The present energy balance equation for the compressible liquid
shows that n ; depends in addition upon ’o' (as well as 3 and n which

contain the liquid compressibility properties), since the amount of
campression work done on the liquid depends on the actual) value of the
driving pressure.

Now that n I is svailable, the normaliszcd (total) bubble compression

work can be calculatsad,
(P./’o (n =1}/(vy-1)
= Yo Msrroxx = T (h-n’90.1230%a") (»-21)

3(y-1)

Yc»
and the normslized owverall liquid compression work is

Yo * Y Msrox " 1 " Ve

The iul bubble pressure is defined by use of the calculated

n { Bq. (B=3);
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o 3y
Pa "o " ¥ Main

and the final bubble temperature ratio .s calculated throug the
adiabatic rslationship,

T, /Tp = (py/pg) Y = Im
Bm B B

Beploying values of B = 3000 ate and n = 7 (for water) and v = 1.40
(for air bubble), the pat-.tc:. Nain’ [ PR Ve and ‘l‘...‘jt"' were
caloulated for imposed (Po ' p./’o) data. Three distinct values of
’o » 100, 500, and 1000 a'm weare employed. The results sre tabulated

o

and plots of n I and "nm versus p./ro are shown in Pigures »-2 and
B-3 respectively, compared in each case with the incompressible liquid-
adiabatic bubble solutions.

I(r1) (»-23)
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Po ™ 1000 atm
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Figure B-2. Minimal radius ratio Npin ™ Rmm/ao vs. initial pressure ratio p:/Po

for adiabatic bubble, comparing incompressible liquid solution with
compressible liquid at several driving pressures Po.
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APPENDIX C

FLOW VISUALIZATION TESTER ASSEMBLY PROCEDURE

The following parts require "O"-rings prior to installation:

PART "O" RING SIZE QTY
Pneumatic Piston #2-012-N552-70 2 . ,
Separator Piston #2-011-N552-70 2 4
Projectile Piston #2-011-N552-70 2
Septum Access Piug #2-006-N552-70 1

Install the following items into the pneumatic loading L.P. cylinder .
and visualization chamber in order as shown (refercnce Flow Visualization by
Tester Assembly Drawing). :

1. Pneumatic Piston with "0O" 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 "O" ring and end of plug with
vacuum grease).

7. Poppet valve geat with "0O" ring. Ensure “O" ring is prxoperly
seated in poppet valve seat. (Coat tcp sealing surface of
seat with vacuum orease.)

8. Drop poppet valve thru poppet vulve seat and prneumatic loal
L.P. cylinder.

9. Install flow guide intc visualiration chamber (coat top sealing
surface with vacuum grease prior %o installation).

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

11. Coat Parker "O" 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. 1Install 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 "O" rings -- install piston into visualization
chamber with chamfered end in first. Care should be taken during
installation not to slice "O" rings while pushing past threads
in chamber. (Also a requirement for installing projectile
piston.)

ey P




14.
1s.

l6.

17.

18.

19.
20.

D A LR T e SR L 4

Projectile piston with "0" rings.

Visualization chamber plug — screw in plug until threads are
flush with outside edge of visuwalization chaober.

Pressure transducer -- install transducer with adapter
snd copper washer until smug.

Bleed valve steam. (Cover thread with teflom taps prior to
installatiom.)

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

L.P. drain lins.
Install N, gas line and L.pP. £ill line. :

SO heibupaid
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FLOW VISUALIZATION TESTER FILLING PROCEDUNE

Por £illing Flow Visualisation Tester, the followirg steps must
be taken (reference Flow Visualization Schematic Drawing) :

1. PMemove N, gas line from solencid valve and ensure pneumatic
piston is in proper location. RNeconnect gas line.

2. Ensure all lines, valves, and {ittings are properly tightened. i
3. Closs all valves on test fixtures and remove air compressor line.

4. Open regulator valve on N2 ges cylinder and set gas pressure as
per test requirements.

S. Open bleed valve stem 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 compreasion
for 500 psi tests = 19/32 total compreszion 3

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. isolatinn valve.

12, Manually hold poppet valve open.

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

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

15. Close bleed valve.

16. Close stopcock on L.P. resevoir.

17. FRemove L.P. fill hose from L.P. £ill valve and insert hose plug.

Por ullages addition(if no ullage go to step 24).

18. Open L.P. f£ill valve.

19. Memove septum access plug.

20. Load syringe with required amount of gas.

2l1. Insert syrings thru septum and inject gas into chamber.
1 22. RMemove syringe and install septum plug.

: 23. Close L.P. fill valve.

24. Close L.P. isclation valve.

25. Check that all valves are closed.

26. Ensure contact strobe wire in chamber plug is in proper position.
27. Initiats Visualization Tests Checklist.

— - - - - ey
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YISUALIZAT'ION TESTS CHECKLIRT

E

1. After filling, ensure all valves and vent plugs are closed. i

DDmem.

2. Close LP reservoir stop, disconnect f£fill hose, and remove
LP reservoir from test area.

M b e i

3. Dump any leftover LP from drain bottle into used LP bottle
and put drain hose¢ back into bottle.

. Ensure strobe light is plugged in. Test fire sams.
. Unlock camera film stop and advance film. Ensure lens covsr is off.

bl icaiot bt s s

. Re-~check camera focus using focusing rod and re-check "f" stop.
. Close installation cover and set charge amp to "OPR" mode.

Place Biomation in ready state. Check scale (x:1) and
baseline of trace lines.

20000 O 00 msrw.
O0O0O0o COOoOaa0 O 00 mssrw.
OO0Od aoooo 0O

® N Un s

. Turn off laboratory lights. ‘
. Open camera shutter. ;

. Turn on lab warning light.

-
v~ O

oo
00044 OO0 O OO0 msrw.

OO0 OO0 O 00 wssew.

. Go to control parel, insert key, arm, and fire.

i

POST FIRING:

+ Remove key.

. Close camera shutter.

5. Set charge amp on "GND".

C'l . gf::sd pnm?ic bleed valve, resst pneumatic piston and open chamber
Dl?. Disconnect strobe light.

OJO18. Turn off 1ab warning light.
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CAMERA MDD 3% SET W

Casmra: i
1. Mamiya MB67. i
2. Lens: 350mm
3. Film: Kodak PXP-120 B & W, ASA 125
4. lens at "T" tims setting and "f” stop set between fll and f16.

S. Front edge of lens placed approximately 3" from center of
Visualization Chamber bore.

Strobe: v
1. vivitaxy Aato 252 i

2. "Red" flash setting 1

3. PFace of strobe placed spproximately 6" from -center of Visualization
Chamber bore. Strobe placed at 45 dsgree angle to fromt face
of Visualisaticn Chambur

R

[
!
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BIOMATION: Model 1015 wave form recorxder.

INPUTS: i
i. Ch 1; chamber pressure ¢ 5 VIS

2. Ch 2; flash discharge woltage ¢ 50 vrs
3. Both inputs: DC mode

Input Node:

1. Ch. 1 amd Ch. 2 (2048 words per channel)

Reoord Node: Delayed

Trigger:

1. @ 300 psi = 200 words delayed
2. @ 500 pei = 370 words delayed
3. Rxteznal source

4. Single sweep mode 1

5. D.C. ocoupling

6. Poaitive slope 1
7. trigger lewvel at 9 o'clock

it i AL e =

Time Base: |
1. Dual '
2. @ 300 psi, timebase "A" § 0.2 me/word

“3" @ 0.05 ms/word ]
3. @ 500 psi, timsbase "A" @ ( 2 ms/word

“B"” @ C.02 ms/word

CHARGE ANPLIFIERS

IRFCT:
1. chamber pressure from "Kristal™ 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

iad
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STARTER CHARGE TESTER ASSEMBLY PROCETUNE

The following parts require "O"-rings prior to installationm:

PART "O"-RING SIZA Q1Y

STAKTER CHARGE  #2-026-K$52-90 1 *
CHANSER ,
PRINER GAS #2-020-N552-90 1

INTEGRATING

CHANBER

b

Refer to the Starter Charge Testsr Assembly Drawing for the following
assembly procedure. WNhere loading of smokeless 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 a volt/ohm meter, note resistance *
between primer and Integrating Chamber. . 1

2. load povder and wadding into Intagrating Chamber as required.
Ensure powder does not get inside threads.

3. If, in step 2, the Integrating Chamber was fully loaded with

1 smokeless powder (i.e., 2.60 grams), cover the four holes on the
] inside face of cthe Orifice Plug with cellophane tape (no tape is i
required for a partial loading). Cover threads of the Orifice 1
Plug with grsase and inastall into the Integrating Chamber. Tighten
o plug with the special spanner tocl. Cover outside face of Orifice
‘ ; Plug with cellophane tape.

4. Coat all outsile sealing surfaces ol Integrating Chamber with

grease and drop into end of Startcr Charge Chamber as shown. Carsfully
1 push Intagrating Chamber in until the "0"-ring contacts the inside bore.
Using a wooden dowel, carefully tap the Integrating Chamber in until
it is properly seated in the Starter Charge Chamber.

S. Clean the cuntact pin and end :wurface of the Electrical Primer Contact
; Asseably. Coat che threads of the Contact Assembly with grease and
e 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 moxre than 25,000 ohms
over the reading taken in step #l1, remove the Electrical Primer
Contact Assembly, re-clean it and re~-clean the contact surface of the
Integrating Chamber. Ra-install the Contact Assembly.

6. Turn the Starter Charge Chamber over and load the chamber with
smokeless powder and wadding as requizred. Ensure chamber does not
rest on Electrical Primer Contact Assembly.

7. Install the Blast Shild into the Blind Chamber, oriented as shown,
and sscurc with (2) #6-32 UNC x 3/4" long mzchine screws with lock
washers.
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8. Install the PCB pressure transducer with seal ring into the
Blind Chamber. Torqua transdursr to 25 ft-lbs.

NOTE: Do not install Fowder Chamber Vent Plug at this time.

. Grease the ocutside ceaiing surfaces on the Starter Charge Chamber ‘
“neck™ and "O"-ring. i

10. Carefully push the Blind Chamber down onto the Starter Charge !
Chamber “"neck" until ths erds of both parts are flush against 1
each other. !

11. Crease all extsrnal threads on the Starter Charge Chamber and the
Blind Chamber.

12. with Chamber Coupling Oollar mountsd on test stand, put tester
assembly through collar in direcliion shown. Screw taster assembly
into collar until collar is situated evenly over both parts of

1 tester assembly.

13. Grease threads on Powder Chsmber Vent Plug and install vent plug
] in sequence as shown.

RO i bl sl e

;
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(IO M 11, make sure that the safety interlock key is
removed from the remots firing panel. !

MO M M ) 2. short-out the ceater pin of the pressure
tranaducer lead to the connector housing.

[ JI X J M )1 3. Conmect the pressure transducer lesd, making
vertain the lead is out of the path of the vant gas.

{J M J M ] 4. connmect the firing lead to the Primer Electrical
Contact Assambly.

(M M M 1S, Close the safety enclosure, remove the handle and 4
insert the latch bolt.

6. Switch charge amp to "OPR" mods.
?

Make certain that channel 1 Ascord/MHold button on
Bicmation is in the out position to enable ths
rvcord mode.

[ 30 ) ) ) ) 8. switch Biomation to "Ready”.
(M M M ) 9. Tum on lab warning light.

} [ JU I H M J10. 1Insart safety key into remote control firing panel
to activate firing circuit.

(30 M M ) ]J11. Place arming switch in the "on® position.
(30301 M )12, rive.

3 POST-FIRING
1M M ) M 113. meturn arming switch to the "off” position.

JU JU U ) 114, memove safety interlock key from the €iring panel.
I0 Y M M 115. Push in channel 1 Record/Mold button on Siomation.
H M M JH J16. switch charge amp to “@D".
I I M 117, Tuem off lab warning light.

101100
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APPEMDIX E

L.P. Compression-Ignition Sensitivity Tester Assembly Procedure

The following parts require "O" rings prior to installation:

Part "0" Ring Sise QTY.
Pneumatic Piston 2-012-N674-70 2
Separator Piston 2-011-4852-90 2
Projectile Piston 2-011-u3%2-90 2
Saptum Access Plug 3-006-N674-70 1
Bleed Valve Stem 2-013-u85%2-90 1
Starter Charge Chaxber 2-026-%352-90 1l
Primer Gas Integrating 2-020-14552-90 1

Chamber

Mfer to the L.P. Compression-Ignition Sensitivity Tester Assesmbly
Drawing for the following assembly procedure. Install the following
items into the Pneumatic load L.P. Cylinder in order as showm.

10.

Pneumatic Piston with "0" rings.

1/4 tube to 3/8 pipe fitting (cowver pipe threads with
taflon tape priox to installacion.

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

Siliocon rubbar septus.

Ssptum retainer (cover with teflon tape prior to installation).
Septum access plug (coat "0" ring and end of plug with vacum grease) .
Poppet valve seat with "O" ring. Ensure “0" ring is properly seated
mt valve seat. (Coat top ssaling surface of seat with vaomm

Drop poppet valve thru poppet valve seat and pneumatic load
L.P. cylinder.

Coat Parker "O" ring P/M 2-006-1#3352-70 with vacuum grease and push
onto poppet stem. Tighten poppet packing gland into poeumatic
L.P. loading cylinder.

Install poppet valve spring into coumtersink in poppet packing gland
and hold in place using (2) #5-40 washers and (2) #35-40 nuts.
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11. Ret poppet spring cospressiom (distance) as followse:
for 150 psi tests = 3/4 " total cospression
for )00 psi tests = 21/32" total cospressios ;
for 500 psi tests = 19/32" total cospression. ‘

Install the following items into the I P. Compression Chambar in %
arder as shown.

12. Separator Piston w/"C" rings--instal) pistom with chamfered and ]
in first. Use a wodea dowel rol for pushing piaton dowm chamber
bore, ensuring that pistom is propuerly seatsd.

13. Projectile Piston--install piston with special depth tool for
proper piston al igement.

14. 1Install the Blast Shield, orientad as showm, and secure with
(2) #6-32 umc X )/4" long machine surews with iock washers.

wdhi e leg

Befora installing any other parts, check the chamber boce, light sensor
ports, and pressure transducer ports and clean out any foreign satter. Mext, :
i attach ths Nicroswitch Ntg. Rracket to the Disc Metainer and secure with
] (2) #6-32 UCX 3/16" long machine screws with flat washeres. Nount the
Nicroswvitch with Push Rod onto the MNounting Prucket, oriented as showm, and
secure with (2) #4-40 LC X 3/8" long screws cnd rmuts. Hold the Shear Disc
against the end of the Disc RMetainer with the Nicroswitcr Push Rod jassing
thru the Shear Disc hole. Adjust the Push Rod #n that 1,8 protrudee past
the Shear Disc to allow for proper sw.tch actuation.

15. Shear Diuc - coat botn sides of the Disc with vacuum groase and
install into chamber seat.

Laflade ity

16. Disc Metainer wvith Microsuvitch and Bracket -- grease all external
threads and install into chamber. Wreach tighten.

17. Greass all external threads on the L.P. Cospress.un Chamber.

E 16. with Chamber Coupling Collaxr aoumted on test stand, screv the
: Compression Chamber into the collar until (1) one thread is
visible on chamber.

19. hotats the Cospresiion Chamber umtil the (3) light censor ports
ere on top. Install the (3} light sensors and torqgue to 30 tt.-lbe.

E 20. Cover the pipe threads on the 1/4 tubs to 1/A pipe fitting with
! tsflon tapes and install the fitting amd the L.P. Drain Line as showm.

21. Rotate the Compression Chamber as nscesairy and install the (3)
2CB pressure transducers with seal rings and the transducer port
Plug as shosm. Torgque to 35 ft.-lbs.

e m B i - L o - PO
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F 22. Rotate the Compression Chamber so that rthe L.P. Pneumatic Load
Cylinder mounting holes (4) are on top.

23. Plow Guide -- coat top sealing surface with vacuum grease prior
to installation.

f‘ 24. With the L.P. Pneumatic Load Cylinder oriented opposite from
shown, place cylinder on L.P. Compression Chamber and secure
with (4) 1/2-13 UNC X 2" long high strengti bolts and washers.
Torque bolts to 50 ft.-lbs. using alternate bolt tightening
) wsthod.

25. Rotate parts so orientation is as shown.

i i ikt s

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

27. Install the L.P. Pill Line Valves to L.P. Reservoir and the N2 3
gas line from solencid valve to Pneumatic Cylinder.

vhere loading of smokeless powder and wadliing is mentioned in the
following section, refer to the test matrix for type and quantity of each. 1

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 resistance
becween primer and Integrating Chamber.

29. Load powder and wadding into Integrating Chamber as required.
Ensure pow.ar doses not got inside threads.

30. If, in step :, the Integrating Chamber was fully loaded with
smokeleys powder (i.e., 2.60 grams), cover the four holes on the
inzide face of the Nrifice Plug with cellophane tape {no tape is
required for a partial loading). Cover threads of the Urifice
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.

3l. Ooat all outside sealing surfaces of Integrating Chambe: with yrease
and drop into end of Starter Charge Chamber as shown. Carefully
push Inteqgrating Chamber in until the "0"-ring contacts the inside
bore. Using a wooden dowel, carefully tap the Integracing Chamber
in until it is properly seated in the Starter Charge Chamber.

32, Clean the contact pin and end surfacs of the Electrical Primer
Contact Aassembly. Coat the threads of the Contact Assembly with
greass and install intc the Starter Charge Chamber. Using a volt/
ohm meter, messure the resistance between center pin of electrical
connector and casing. If resistance has incressed by more than
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25,000 ohms over ths reading taken in stsp #l, remove the
Electrical Primer Contact Assembly, o~ -‘ean it aal re-clean
the contact surface of the Integre:’ ambey. We-install
the Contact Assembly.

33. Turn the Starter Charge Chamber sver and loed the chamber  ith

sacksless powder and w.idding rr recuired. Ensure chamber does i
not rest on Electrical Primsr ComZact Assembly. :

34. Greases the ocutside sealing surfaces on ths Starter Charge
Chamber “"neck” and "0”"-ring.

35. Carefully screw the Starter Charge Chwmber into the Chamber
Coupling Collar until the "neck®™ is properly seated in the
L.1'. Compression Chamber.

st il o
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L.P. gmum-x tion Sensitivi Testexr Pi) Proosdure

A. Emsure all lines, wvalves, and fittings are properly tightenad.
2. Close all valwes on test fixture and remove air compressor line.

3. Jpan regulator valve on ¥, gas cylinder and sat gas pressure as
per tast requiremsnts.

4. Open blewd! valve stam to L.P. drain line.
5. Prill L.P. ressrvoir.

6. Conmect L.F. £il1l hose tov L.P. fill valve.
7. Open L.P. ressrwoir stopcock.

8. Open L.P. isolation valve.

9. Manually hold poppet valve open.

10. Slowly open L.P. f£ill valve until a slow flow is detected. Watch
L.P. reservoir and refill vhen necesgary. tWhan L.P. is sean coming
out the drain line and no air bubbles emsrge, cloee L.P. fill wvalwe.

11l. Mowve poppet up and dowmn to dislodoe any air bubbles.

12. rloss bleed velve.

13. Closc stopcock on L.P. vegservoir.

14. Remowve L.P. fill hose froe L.P. fill valwe and insert hose plug.

Por ullage addition (if no ullage go to step 21.)

15. Opeu L.P. fiil wvalve.
16. Remove septum access plug.
17. Load syringe with required amoumt of gas.

18. Insert syringe thru septum and inject gas into chamber.
20. Close L.P. fill valve.

2l. Close L.P. isolation wvalve.
22. Check that all valves are closad.
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«146-
L.P. ssion- tion Sensitivity Test Checklist
I| '| .| .I 'I 1
£ 8 8 8 8 ;
R R
DDDDD 1. After filling, ensure all valves and vent plugs are closed.
00 0O OO 2. closs L.r. reservoir stopoock disconnect fill hose, and a
resove L.P. ressrvoir from test area. 1
T33O0 OO 3. omp aay leftover L.P. from drain bottle into used L.P.
bottle and remove bottle.
]
_ OO C O ¢ comnect P x-ducer and light sensor leads.
; — O 0O OO 5. waka sure that safety interlock keys are removad from the i
] ramote firing pansl and the solencid valve arming mritch.
:i ::::: 6. MNaks certain that the X-duc)r lead is out of the path of
; the vent gas and close safety enclosure. Remove handles and
i insert latch bolt.
, L 3 T [O 7. switch charge amps to “operate”.
[ [ T3 71 7 [T 3. nake certain that all Record/Mold ¥uttons on Biomstion are
» out in the "Record” Position.
e e e e = 9. Svitch Biomation tc “acdy”.
T [C = I ] 10. fum on Lab warning Light.
:Q:::u Insert safety key into firing papel and actuats soleroid
ficxing circuit.
T MO Z [C = u. co to remote control firing pamel, insert safety interlock
key and *urn to "On".
T T TS T 13, switch amaing o "on".
— 05 11 rire.
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