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INTRODUCTION

Safe start-up and operation of a liguid propellant gun {LPG)
system can be accomplished if the relevant sensitivity parameters
of the candidate monopropeilant as relates to compression
ignition can be identified. It is essential that a quantitative
characterization of the threshold for runaway reaction associated
with compression ignition be established and brought under
precise control in LPG design. As a practical approach to
defining the domain of safe start-up for LPG operation, it is
necessary to provoke runaway reactions, i.e., explosions, in a
specialized reusable laboratory-scale test fixture. It must also
be recognized that residual ullage and cavitation bubbles brought
into the liquid reservoir of a LPG during the pre-firing rapid
fill process will influence the sensitization of the liquid
monopropellant to compression ignition. It is therefore
essential that cavitating flow dynamics induced by the rapid f£ill
process be incorporated into laboratory fixture design, aside
from a guiescent or static ligquid propellant loading with single
or multiple gas pockets or bubbles, :

To this end, Princeton Combustion Research Laboratories,
Inc. designed and fabricated a Compression Ignition Sensitivity
Tegt Fixture in 1979 to produce on a systematic basis rapid
compression of a liquid monopropellant charge, with or without
ullage, under rapid fill or quiescent loading conditions (Ref.
1). The sensitivity to compression ignition of various liquid
monopropellants has been investigated over the years, including
Otto Fuel II, NOS-365, LGP 1845, and LGP 1846 (Ref. 2-4).

As a result of the recognized utility of the PCRL
Compression Ignition Sensitivity Test Fixture in establishing the
hazards potential of liquid gun propellants to rapid compression
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Furzzeitdynamik, Ernst-Mach-Institut, Abteilung fur Ballistik
{EMI-AFB) undertook an effort to design and test a windowed, high
pressure, rapid compression apparatus modeled after the PCRL
design (Ref. 5). The ability of the EMI-AFB compression
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undergoing rapid compression for high speed cinematography of the
dynamics of the bubble compression process is a design feature
not present in the PCRL apparatus. ©Of course, there are other
inherent differences in apparatus design which are addressed in

Al £ e
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The purpose of this report is an attempt to reconcile
apparent discrepancies between conclusions drawn from compression
ignition sensitivity data of ligquid gun propellants obhtained
independently by PCRL and by EMI-AFB.



DISCUSSION

Figure 1 shows a functional schematic drawing of the PCRL
Compression Ignition Sensitivity Test Fixture. The rapid £i1l1l
sequence is initiated by activating a circuit that opens the
Solenoid Valve which releases the driving My pressure into the
0.5 inch diameter bore of the Pneumatic Load ~“ylinder to

accelerate the Pneumatic Piston. The motion of the Pneumatic

DPiston faorgces the 11qu1d p'ogellant anmd any gas nllage past the

Poppet Valve. The liquid propellant and gas ullage flow through
the Flow Guide, possxbly resulting in cavitation depending on the
nature of the orifice, into the bore of the Compression Chamber.
The Projectlle g1ston 1s then drlven to the rlght al’ow1ng the LP
cnarge \o 65 cm ) To fill the bore until mazximum stroke is
achieved. The contact of the Projiectile Piston with the contact
wire in the End Plug completes a circuit that fires an M52
Electric Primer in the Starter Charge Chamber. The resulting
pressure generated by the combustion of the tailored smokeless
powder starter charge is sensed by the Compression Piston which
is free to move in the Compression Chamber bore. As the pressure
in the Starter Charge Chamber rises, the Compression Piston
accelerates compressing the liquid propellant charge and the
embedded bubbles. If the liquid propellant charge undergoes
runaway reaction at some point in the compression cycle, the
Projectile Piston will shear through the aluminum shear disc when
the bore pressure exceeds 450-480 MPa (65-70 kpsi). P7B type
119A quartz pressure transducers, ruggedized to withstand
hydraulic pressures to 200 kpsi, are mounted in the Compression
Chamber to record pressure-time histories in the liquid during a
compress ion test. PCRL light sensor assemblies are incorporated
in the Compression Chamber for detecting ignition of the liguid
propellant charge.

The EMI-AFB test fixture is shgwn schematically in Figure 2,
The liquid propellant sample (14 cm”) is introduced into the
sample cavity as a quiescent liquid, i.e., static £ill. A bubble
generatlng device located below the 1iquid propellant sample
cavity introduces discrete bubbles intoc the sample. The
compression sequence is then initiated by an electric primer
firing into the upper combustion chamber. The pressure generated
acts on the face of the driving (compression) piston and, once
the restraining shear pin fails, piston motion ensues,
compressing the liquid propeliant charge and the embedded
bubbles. The compression piston is of a differential area
hydraulic intensifier design. The test fixture is configured
with optical windows to cobserve the bubble collapse phenomenon
through high speed cinematography, and with a pressure transducer
for monitoring the pressure-time history in the liguid propellant
during a compression test.

Table 1 presents a comparison of the PCRL device and the
EMI-AFB device before and after recent modifications to the
latter fixture. The most striking difference between the two
fixtures is the state of the liquid propellant and associateéd
ullage at the onset of rapid compression. 1In the PCRL



Compression Ignition Sensitivity Test Fixture, the initial
condition is a pre-pressurized liquid propellant charge
containing a homogeneously distributed field of microbubbles with
mean bubble diameter less than 0.0025 cm. This is meant to
simulate the pre-firing propellant rapid loading process in the
gun, prior to the onset of regenerative piston motion. On the
other hand, in the EMI device, the initial condition is a liquid
propellant charge at atmospheric pressure in which discrete
bubbles of initial mean bubble diameter on the order of 0.1 cm
are introduced into the LP field.

The conclusions drawn by Dr. Schmolinske based on his
experimental data were that no ignitions attributable to
compression ignition were observed at conditions supposedly
duplicating those in PCRL experiments (Ref. 5). The one liquid
propellant initiation observed was thought to be a result of
friction and viscous heating in the small annular clearance where
the bubble generating device is located. The question arises:
why the apparent discrepancy in results? It is PCRL"s bhelief
that no contradictions exist and, in fact, the EMI data support
the PCRL data.

To summarize the reconciliation of the two data sets, before
getting into the details of analysis of each test, let us offer
the following explanation. Of paramount importance is the fact
that the liquid pressurization rate upon which the PCRL
compress ion ignition sensitivity data correlates is the mean
pressurization rate, not the instantaneous maximum pressurization
rate. Upon inspecting expanded scale pressure-time plots from
EMI tests, it is observed that the mean pressurization rate is
less than that corresponding to TYPE "C" start-up in PCRL
experiments, i.e., nominally 200 MPa/msec, in which the liquid
response was benign for NOS-365 and for LGP-1845. So it would be
anticipated, based on considerations of mean 1liquid
pressurization rate only, that the response of the bubhly
propellant charge in EMI tests would also be benign. However,
there is another consideration. The bubble diameter in EMI tests
is approximately a factor of 40 larger than in PCRL tests and it
has always been PCRL”s contention that the presence of larger
bubbles sensitizes the liquid propellant to hot spot development
to a greater extent than smaller diameter bubbles. This is still
held to be true provided that the bubbles undergo collapse
without significant deformation during pressurization leading to
splitting and shattering. 1In the EMI experiments the large
diameter bubbles introduced into the LP field appear
hydrodynamically unstable under the action of the pressure wave
motion, undergoing splitting and shattering for high initial
liquid pressurization rates. It is doubtful whether the bubble
fragment as splitting and shattering occurs from the parent
bubble. It is hypothesized that the bubble shattering mechanism
relieves the internal bubble pressure so that the instantaneous
overpressure across the bubble boundary, delta-p, is relieved.
Thermodynamic effects, i.e., average internal temperature,
associated with hot spot development due to bubble compression
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would be reduced. That is to say, it is speculated that the
maximum internal temperature attained is less for a bubhle that
has undergone asymmetric collapse, splitting, and shattering,
than for one that collapses without shattering.

Thus, the lower mean liquid pressurization rate in EMI
tests, the bubble shattering mechanism observed in EMI tests with
high initial liquid pressurization rates, and/or a combination of
both is responsible for the observed benign response of the
bubbly liquid monopropellant subjected to rapid compression in
EMI tests. ©PCRL test results and EMI test results are consistent
when compared on this basis.

High speed films of EMI tests designated 18-4-85, LPG 18453;
6-4-85, NOS-365; and 31-4-84, NOS-365 have been analyzed in
detail with the aid of a motion analyzer located at U.S. Army
BRL. Measurements of bubble sizes have been conducted, frame by
frame, to the point where measurement was no longer possible due
to resolution limitations. These bubble measurement data were
then correlated with liquid pressure p-t data. The high speed
cinematography was conducted with a Hitachi camera with a framing
rate of 10,000 fps or 0.10 msec per frame. The exposure time per
frame was 1.45 microsec. Although additional high speed
cinematography was conducted with a Beckman camera, 4.0 microsec
per frame and an exposure time of 300 nanosec, these photographic
records have not been analyzed.

The EMI high speed bubble collapse photos provide
information from one viewing direction only, s0 that the three
dimensional form of the collapse profiles can only be assumed
from considerations of symmetry. 1In those cases where major and
minor axes of the bubble are equal, we assume a spherically
symmetric bubble. In those cases where major and minor axes
differ, two different bodies of revolution can be assumed, an
oblate sphercid, i.e., rotation about the minor axis, or a
prolate spheroid, i.e., rotation about the major axis. Volumes
based on both oblate spheroid gemoetry and prolate spheroid
geometry are presented in the accompanying tables for each test.
In general, the side view photographs of EMI show a departure
from circular profile for rapid liquid pressurization, the bubble
collapse manifesting itself in pronounced asymmetry, followed by
bubble splitting and bubble shattering.

Test EMI 18-4-85, LP 1845

Only one set of test data is available for LGP 1845 liquid
monopropellant. Both high speed cinematographic film and liquid
pressure-time data (expanded scale) have been analyzed. Table 2
summar izes bubble size data from the motion analyzer. Initially,
single, large diameter bubbles are introduced into the LP. Upon
introduction the bubble boundary oscillates somewhat, but the
boundary motion damps to produce an ellipsoid-shaped bubble. At
the starting condition (t = 0), five representative bubhles were
identified and tracked in time._ The individual bubble volume is
in the range of 0.00645 < V {em3] < 0.01070 for oblate spheroid
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symmetry and in the range of 0.00547 < V [em3] < 0.00862 for
prolate spheroid geometry. At time t = 0.0001 sec (second
frame), the collapse of the individual bubbles has begun with the
bubble boundary retaining its el‘lptlcal shape. Volumetric
compression of the individual bubbles is approximately 1.2 (see
Table 2 for precise numbersg). The field pressure, as measured
from the expanded pressure-time record of Figure 3, is 20.3 MPa
{2.94 kpsi). The field pressure is tabulated as a function of
time in Table 3. At time t = 00,0002 sec (third frame), continued
collapse of the individual bubbles is noted with the bubble
boundary stilil retaining its elliptical shape. Volumetric
compression of the individual bubbles is now approximately 3.0.
The field pressure is 55.2 MPa (8.01 kpsi). Beyond t = 0.0002

- geCc, between t = 0.0002 sec and t = 0.0003 sec, continued
collapse of the individual bubbles occurs but with boundary
distortion. (ontrast differences begin to appear in each bubble
interior. Bubble labeled No. 5, closest to the wall boundary, is
no longer a single, well-defined bubble. At t = 0.0003 sec, the
field pressure has increased to 97.7 MPa (14.21 kpsi). In the
time frame 0.0004 < &£ (sec) < 0.0005 bubble splitting can be
observed with contInued distortion of bubble Surfaces. Finally
at t = 0.0006 sec, with the field pressure equal to 167.6 MPa
{24.31 kpsi), shattering of bubbles into localized "mists", i.e.,
microbubbles, can be observed, persisting for 2.5 to 9.0 msec.
During this time interval discrete bubbles are no longer visible.
The volumetric compression of individual selected bubbles as a
function of time is shown plotted in Figure 4. The sequence of
observations from high speed films is indicated on the expanded
pressure-time plot of Figure 3.

The compression process did not lead to an ignition event.
A detailed look at Figure 3 explains why. During the .time
interval of maximum pressurlzatlon, 420 .5 MPa/msec (61.0 kpsi/
msec), bubble splitting occurs in the pressure range
97.7 < plurPal < 137.4, followed by the bubble shattering for
t > 0.5 msec, for Tiqu1d pressure in excess of 162.1 MPa.
However, during the time to achieve maximum equilibrium pressure
in the liquid (p = 228 MPa, 33.1 k951), a mean pressurization

rata can he idantified ‘l'hl'ﬂl'lﬂh +the cscill ai-nrv character of the
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start-up p-t curve. This mean pressur1zat1on rate is equal to
108.2 MPa/msec (l5.7 kpsi/msec). It is this mean pressurization
rate that PCRL has identified in its compression sensitivity
experiments as one of the important parameters to correlate
ignition/no-ignition observations, not the maximum pressurization
rate. Table 4 compares tabulated results for EMI test 18-4-85
(no ignition) with "equivalent™ PCRL tests Al3 and Al4 which
resulted in no ignition (benign) response of the liquid. Note
that the mean liquid pressurization rate in EMI test 18-4-85 is
only one-half that in "equivalent” PCRL tests. Comparison is
also made with PCRL tests A20, A2l, and A24 in which the mean
pressurization rate was higher than that in tests Al3 and Al4

(43 kpsi/msec vs. 31 kpsi/msec). In thegse PCRL tests with higher
higher mean pressurization rate, explosions were observed in two
out of three tests.



Also tabulated in Table 4 is the maximum liquid
pressurization rate. It is interesting to note that the maximum
rate for PCRL tests Al3 and Al4 is approximately a factor of four
greater than for EMI test 18-4-85, yet no explosion was observed.
To demonstrate that the maximum liquid pressurization rate is not
the correlating factor, P"RL tests A20 and A24 have maximum rates
less than Al3 and Al4 and yet explosions were observed in the
former tests! Therefore, on the Yasis of mean pressurization
rate, coupled to the bubble shattering mechanism in EMI tests,
the EMI test results and PCRL test results correlate.

Test EMI 6-4-85, NOS-365

One of the available data sets for NOS-365 liquid
monopropellant is EMI 6-4-85. Both high speed cinematographic
film and liquid pressure-time data have been analyzed.
Unfortunately expanded scale p-t data were not made available for
this test, so estimates of maximum and mean pressurization rate
from the unexpanded record placed these values approximately
equal to those experienced in Test 18-5-85, Table 5 summarizes
bubble size data from the motion analyzer3 The individual bubble
volume is in the range of 0.000087 < V[iem®] < 0.000487. This
individual bubble volume is a factor of 10 smaller than the
bubbles introduced into LGP-1845 in EMI Test 18-5-85. At t = 0
51ngle, spherlcally-symmetrlc bubbles in close proximity appear
in the immediate vicinity of the bubble generator. At t = 0.0001
sec, the field pressure has increased to approximately 20.3 MPa
(2.94 kpsi). At this time symmetric bubble collapse is evident.
At t = 0.0002 sec, bubble splitting is observed to occur (pp =~
55.2 MPa, 8.01 kpsi). At t = 0.0003 sec, bubble shattering is
evident. No measureable discrete bubbles exist in the field.
This localized collection of microbubble "mist™ persists for
approximately 1.8 msec. No ignition was observed.

Test EMI 31-4-84, NOS-365

Another available data set for NOS-365 is EMI 31-4-84. This
data set differs from Test 6-4-85 in that the mean ligquid
pressurization rate is reduced by a factor of four, from 420
MPa/msec to 106 MPa/mgsec. The liquid pressure-time history is
shown in Figure 5, with mean pressurization rate approximately
equal to maximum pressurization rate. Table 6 tabulates liquid
pressure versus time for the first 1.8 msec of bubble collapse.
Table 7 summarizes bubble size data from the motion analyzer. 1In
this test the 1nd1v1dual bubble volume is in the range of
0.000110 < Viem?] < 0.000885 for both oblate and prolate spheroid
symmetry. As Table 7 indicates, each bubble tracked retains its
shape for the duration of the compression process, to the
resolution limit of the motion analyzer projector. The
volumetric compression of the individual bubbles can be tracked
for many frames, owing to the relatively slow pressurization
start-up. Volumetric compression factors as high as
approximately 30 are noted from the film. The change in
individual bubble volume with time is shown in Figure 6. This
figure should be compared with volumetric compression results for



bubbly LGP-1845, test EMI 18-5-85, presented in Figure 4. The
larger bubble diameter and higher compression rate in Test EMI
18-5-85 result in an accelerating collapse of the bubble until
splitting and shattering occurs. Figure 6 demonstrates a
completely different collapse behavior for Test 31-4-84, for the
case of slow pressurization start-up with bubbles which are one-
half to one-third the diameter of those in Test EMI 18-4-85. No

bubble shattering is observed to occur. No ignition resulted.

Table 8 compares tabulated results for EMI Tests 6-4-85 and
31-4-84, both of which resulted in no ignition, with "equivalent”
PCRL Tests LP06 and LP07 which resulted in no ignition (benign)
response of the liquid. WNote that the mean liquid pressurization
rate in both EMI tests is only one-half that in "equivalent™ PCRL
tests. Comparison is also made with PCRL Tests LP15, LP16, LP)7
and LP18 in which the mean pressurization rate was increased.
Three out of four tests resulted in an explosive response.

Again we note that the maximum pressurization rate in PCRL
Tests LP06 and LP07 exceeds that in EMI Tests 6-4-85 and 31-4-84
by a factor of approximately 3 for 6-4-85 and a factor in excess
of 10 for 31-4-84, yet no explosions were observed in these two
PCRL tests. The correlating factor for ignition/no-ignition is
the mean pressurization rate.

SUMMARY

e PCRL compression ignition sensitivity data correlate based
on mean liquid pressurization rate, not maximum
pressurization rate.

. The mean pressurization rates in the three EMI tests
discussed in detail in this report are less than that

. ne . p ;
corresponding to TYPE "C" start-up pressurization curve In

PCRL tests, nominally 200 MPa/msec (30 kpsi/msec), for which
the liquid response was benign.

] The bubble splitting and shattering process observed in
several EMI tests tends to further desensitize the liquid.

® Apparent discrepancies between EMI test results and PCRL
test results, as voiced by Dr. Schmolinske, have been
reconciled.
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FAILURE

COMPRESSION PISTON FACE
IN CONTACT WITH LP

NO PRE-PRESSURIZATION
OF LP

DIAGNOSTICS

-~ 1 LIQUID PRESSURE
TRANSDUCER

- SAPPHIRE VIEWING
WINDOW FOR HIGH
SPEED CINEMATOGRAPHY

(MODIFIED)

QUIESCENT LP WITH
INTRODUCTION OF DISCRETE
AIR BUBBLES THROUGH
BUBBLE GENERATOR

DISCRETE BUBBLES IN
LP FIELD

START-UP TAILORING
OBTAINED BY ELECTRIC
IGNITER AND SHEAR PIN
FAILURE

MEMBRANE SEPARATING

COMPRESSION PISTON FACE
FROM LP CHARGE

NO PRE-PRESSURIZATION
OF LP

DIAGNOSTICS

- 1 LIQUID PRESSURE
TRANSDUCER

- SAPPHIRE VIEWING
WINDOW FOR HIGH
SPEED CINEMATOGRAPHY

TABLE 1. Comparison of Features of PCRL Compression Ignition

Sensitivity Test Fixture and EMI Device.



(dp/dt),, = 61.0 kpsi/msec

420.5 MPa/msec

{dp/at) = 15,7 kpsi/msec
mean . 108.2 MPa/msec
t=0

CBLATE
Bubble B A smm:;in
No. H(cm) Vi{cm} VOL ()
1 0.238 0.293 0.01070
2 0.207 0.244 0.00645
3 0.213 0.256 0.00731
4 0.220 0.238 0.00652
5 0.220 0.256 0.00755

t = 0.0001 sec Field Pressure:

1 0.226 0.268 0.00850
2 0.195 0.226 0.00521
3 0.207 0.244 0.00645
4 0.212 0.220 0.00540
5 0.213 0.244 0.00664

t = 0.0002 sec Field Preasure:

1 0.165 0.189 0.00309
2 0.146 0.146 0.00163
3 0.159 0.159 0.00210
4 0.171 0.146 " 0.0019%
5 0.195 0.159 0.00258

t = 0.0003 sec

t = 0.0004 sec

E = 0,0005 sec

t = 0.0006 sec

(VO/Vb)

bt e

1.259
1.238
1.133
1.207
1.137

' 3.463

3.957
3.481
3.414
2.926

=10~

PROLATE
SPHERD,
VoL (c:||§l)J

0.00869

0.00547

0.00608

0.00603
0.00649

0.00717
0.00450
0.00547
0.00523
0.00580

0.00269
0.00163
0.00210
0.00224
0.00317

Vo'V

=

200 bar = 2.94 kpsi = 20.3 MPa

1,212
1.216
1.112
1.153
1.119

545 bar = 8.01 kpsl = 55.2 MPa

3.230
3.356
2.895
2.692
2.047

Field Pressure: 967 bar = 14,21 kpai = 97,7 MPa

Field Pressurer 1356 bar = 19.93 kpei = 137.4 MPa
Field Pressure: 1600 bar = 23.52 kpsi = 162.1 MPa

Field Pressure: 1654 bar = 24.31 kpsi = 167.6 MPa;

{dp/dt) < 0, 0.05 msec after first pressure peak

COMMENTS

Single, large btwbbles introduced
sequentially into LP column; Upon
introduction, bubble boundary
oscillates somewhat but then becomes
ellipsoid and holds shape.

Collapse of individual bubbles;
bubble boundary retaing elliptical
shape

Continued collapse of individual
bubbles; bubble boundary retains
elliptical shape

Continued collapse of individual
bubbles but surface shapes are
highly irregular; Contrast
differences beginning to appear in
each bubble interior; No. 5 hubble
no longer single, well-defined
bubble.

Continued distortion of bubble
surfaces; Bubble splitting occurs,

Continued distortion of hubble
surfaces; Continued bubble splittirmg.

Shattering of bubhles into localized
*"mists”, seen in this and succeeding
frames, persisting for 25-90 frames
(2.5 moec - 9.0 msec); discrete
bubbles no longer visible.

TABLE 2. Summary of Analysis of High Speed Cinematographic
Records for EMI Test 18-4-85,

for LGP 1845,



(m;ec)

0.1
0.2
0.3
0.4
0.5
0.6

(dp/at) pay

(dp/dt) pean

TABLE 3.

61.0
420.5

15.7
l108.2
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kpsi/msec
MPa/msec

kpsi/msec
MPa/msec

(MPa)
’0.1
20.3
55.2
97.7
137.4
162.1

167.6

Tabulation of Pressure-Time Behavior for
EMI Test 18-4-85, for LGP 1845.



LGP-1845

INITIAL
MEAN BUBBLE INDIVIDUAL BUBBLE PROPELLANT
TEST NO. DIAMETER VOLIME (8p/at) o (@p/8t) poan RESPONSE
om an’ kpsi/msec MPa/msec  kpsi/msec MPa/msec
EMI 18-4-85  0.207 <D < 025  6.03 X 1073 < v < 107 X 1072 6L.0 420.5 15.7 108.2  BENIGN
PCRL A3 D < 0.0127, distributed V < 1.07 x 1076 220, 1517. 32.0 220.6  BENIGN
PCRL Al4 D < 0.0127, distribated vV < 1.07 x 1075 220. 1517. 30.0 206.8  BENIGN
PCRL A20 D < 0.0127, distributed V < 1.07 x 107 160. 1103. 43. 296.  EXPLOSION
PCRL A21 D < 0.0127, distributed V<1.07 x 1076 110. 758. a5, 310. BENIGN
PCRL A24 D < 0.0127, distributed V <1.07 x 1076 87. 600. 39, 269.  EXPLOSIN

TABLE 4. Summary of Comparative Anélysis of Compression Ignition Tests for

LGP 1845.



(dp/dt) .., (est) = 61,0 kpsi/msec
20.5

= § MPa/msec
{(dp/dt) oo, (est) = 15.7 kpsi/msec
= 108,2 MPa/msec
t=0
Bubbla
No. DIA (om) WL (o)  (V/V) COMMENTS
1 0.0915 0.000401 1 Spherical, closely-packed bubbles
2 0.0976 0.000487 1 introduced in immediate vicinity
3 0.0793 0.000261. 1 of bubble generator
4 0.0549 0.000087 1 ,
t = 0.0001 Field Pressure (est.) = 200 bar = 2,94 kpsi = 20.3 MPa
1 0.0488 0.000061 6.574 Symmetric collapse; bubble no. 4
2 0.0732 0.000205 2.376 apparently merges with nearest
3 0.0305 0.000015 17.40 nelghbors
4 - o — ,
t = 0.0002 Field Pressure {est.) = 545 bar = 8,01 kpsi = 55.2 MPa
1 0.0366 0.000026 Bubbles no. 1 and 2 have merged
17 0.0305 0.000015 and split into four smaller bubbles
1”°” 0.0366 0.000026
1°°°*  0.0366 0.000026
3 0.0183 0.000003 29.0
t = 0.0003 Field Pressure (est.) = 967 bar = 14.21 kpsi = 97.7 MPa

Bubble shattering; No

measurable discrete bubhles;
Collection of microbubbles in
"mist-1ike" appearance persisting
for 18 frames (1.8 msec)

TABLE 5. Summary of Analysis of High Speed Cinematographic Records for
EMI Test 6-4-85, for NOS-365.



-14-

-
]
— 0

0.72
1.37
3.19
4.58
7.44

UID PRESSURE

1.13
1.69
2.26
4.96
9.47
21.99
31.57
_51.30

(dp/dt) pay ~ (@p/dt)gaan = 15.4 kpsi/msec

TABLE 6.

= 106.1 MPa/msec

Tabulation of Pressure~Time Behavior

for EMI Test 31-4-84,

for NOS5-365.



@D/t g, =  15.4 kpsi/msec
= 106.1 MPa/msec

(89/3€) pagn = 154 kpoi/maeo
= 1lUb. L MFa/msec

t=0
CBLATE
Bubble B A SPHEE:§D
No. H{cm) Vicm) VOL (o)
1 0.119 0.1191 0.000885
2 0.1071 0.1071 0.000643
3 0.1191 0.1191 0.000885
4 0.1071 0.1131 0.000717
S 0.0714 0.07M4 0.000191
6 0.0%595 0.0595 0.000110
t = 0.0001 sec
1 0.1191 0.1191 0.000885
2 0.0952 0.0952 0.000452
3 0.1191 0.1191 0.000885
4 0.1071 0.1131 0.000717
- 0.0M4 0.0714 2.000191
6 0.0595 0.059% 0.000110
t = 0.0002 sec
1l 0.1071 0.1131 0.000717
2 0.0952 0.0952 0.000452
3 ¢.1131 0.1071 0.000679
4 0.1021 0.1071 0.000608
5 0.0655 0.0655 0.000147
6 0.0595 0.059% 0.000110
t = 0.0003 sec
1 0.0952 0.1102 0.000605
2 0.0813 0.0893 0.000348
3 0.1012 0.1191 0.000752
4 0.0952 0.0952 0,000452
5 0.0595 0.0536 0.000090
6 0.0595 0.0536 0.000090
t = (.0004 sec
1 0.0893 0.0952 0.000424
2 0.0714 0.0774 0.000224
3 0.0833 0.0833 0.000303
4 0.0833 0.0833 0.000303
5 0.053¢ 0.0476 0,000064
6 0.0476 0.0417

0.000043

PROLATE
Sfﬁﬂi::gn
Vg/Vy,) VOL(cw) Vo'V

e el el

1.234
1.423
1.303
1.179
1.230

e

EE%G?&

o
[ V- -]

MR
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0.000885
0.000643
0.000835
0.000679
0.000191

0.000885

0.000452
0.0003885
0.000679
0.000151
0.000110

0.000679
0.000452
0.00071.7
0.000574
0.000147
0.000110

©.000523
0.000324
0.000639
0.000452
0.000099

0.000099

0.000398
0.000207
0.000303
0.000303
G.000Q072

0.000049

b

QOMMENTS

Small bubbles located near
center of field-of-view

Collapse of individual bubbles;
bubble houndary retains elliptical
or spherical shape

Collapse of individual bubbles;
bubble houndary retains elliptical
or spherical shape. .

Collapse of individual bubbles;
bubble boundary retains elliptical
or spherical shape.

Collapse of individual hubbles;
bubble boundary retains elliptical
or spherical shape.

TABLE 7. Summary of Analysis of High Speed Cinematographic

Records for EMI Test 31-4-84,

for NOS-365,



t = 0.0005 sec

Bubble B

A
No. H (cm) V(cm)
1 0.0833 0.0833
2 0.0595 0.0833
3 0.0833 0.0774
4 0.0774 0.0774
S 0.0476 0.0357
6 0.0417 0.0357
t = 0.0006 sec
1 0.0655 0.0833
2 0.0536 0.0536
3 0.0774 0.0655
4 0.0655 0.0655
5 0.0357 0.0357
6 0.0357 0.0298
t = 0.0007 sec
1 0.0476 0.0655
2 0.0476 0.0536
3 0.0714 0.0595
4 0.0536 0.0476
5 0.0298 0.0298
6 0.0357 0.0298
t = 0.0008 sec
1 0.0476 2.0595
2 0.0476 0.0476
3 0.0595 0.0536
4 0.0417 0.0357
5 0.0238 0.0238
6 0.0298 0.0238
t = 0.0009 sec
1 0.0357 0.0476
2 0.0357 0.0357
3 0.0476 0.0417
4 0.0357 0.0357
5 0.0238 0.0238
6 0.0298 0.0238
TABLE 7.

OBLATE
SPHEROID
VOL (cm™)

0.000303
0.000216
0.000261
0.000243
0.000032
0.000028

0.000238
0.000081
0.000174
0.000147
0.000024
0.000017

0.000107
0.000072
0.000132
0.000064
0.000014
0.000017

0.000088
0.000056
0.00009%0
0.000028
0.000007
0.000009

0.000042
0.000024
0.000043
0.000024
©.000007
0.000009

(Cont'd.)

~16-

PROLATE

SPHERO[D
(Vo/V,) VOL (c:ns)

2.921
2.977
3.391
2.951
5.969
3.929

3.718
7.938
5.086
4.978
7.958
6.471

8.271
89.931
6.705
11.203
13.643
6.471

10.057
11.482

9.833
25.607
27.286
12,222

21.071
26.792
20.581
29.875
27.286
12.222

0.000303
0.000154
0.000281
0.000243
0.000042
©.000033

0.000187
0.000081
0.000205
0.090147
0.000024
0.000020

0.000078
0.000064
0.000159
0.000072
0.000014
0.000020

0.000071
0.000056
0.000099
0.000033
0.000007
0.000011

0.000032
0.000024
0.00004%
0.000024
0.000007
0.000011

Vo'V

2.921
4.175
3.149
2.794
4.545
3,333

4.733
7.938
4.317
4.619
7.958
5.500

11.346
10.047
5.566
9.431
13.643
5.500

12.465
11.482

8.939
20.576
27.286
10.000

27.656
26,792
18.061
28.292
27.286
10.000

COMMENTS

Collapse of individual bubbles;
bubble boundary retains elliptical
or spherical shape.

Collapse of individual bubbles:
bubble boundary retains elliptical
or spherical shape.

Collapse of individual bubbles;
bubble boundary retains elliptical
or spherical shape.

Collapse of individual bubbles;
bubble boundary retains elliptical
or spherical shape

Continual collapse of bubbles;
peraists for 31 frames (3.1 msec}.



NO5-365

INITIAL
AAFAELY W TRV L Illmrvmf mnr oD Pm‘:‘f" nlﬂ‘
TEST NO. ~ DIAMETER VOLUME (Ap/At) o (4p/8%) pean RESPONSE
om o’ kpsi/msec MPa/msec kpsi/msec MPa/msec
EMI 6-4-85  0.0549 < D < 0.0915 8.70 X 1073 < V < 4.87 x 10~ 61.0 420.5 15.7 108.2  BENIGN
B 31-4-84  0.0595 < D < 0.1191 1.10 x 1074 < v < 8.85 x 1074 15.4 106.1 15.4 106.1  BENIGN
AN
PCRL LPO6 D < 0.0025, distributed V < 8.18 x 1075 200.%%t  1500,°St 30,88t 200.%5¢  BENIGN 3
FCRL LPO7 D < 0.0025, distributed V < 8,18 x 1070 200.%8t  1500,8St 30,5t 200.85t  BENIGN
PCRL LP15 D < 0.0025, distributed v <8.18x 1076 120.%5t  goo.est 40.°5t 300.85t  EXPLOSION
FCRL LP16 D < 0.0025, Aistributed V < 818 x 1076 120.°St  goo.eSt 40,8t 300.55%  pENIGN
FCRL. LP17 b < 0.0025, distributed v <8.18 x 1076 120.65t  gpp.est 40.65% 300.65t  EXPLOSION
PCRL LP18 D < 0.0025, distributed V < 8.18 x 1076 120.%t  ggo.est 40.st 300.%St  EXPLOSION
TABLE 8. Summary of Comparative Analysis of Compression Ignition Tests for N0OS-365.
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BUBBLE VOLUME, OBLATE SPHERCID (cm3)

FIGURE 4.

Volumetric Compression of the Individual Bubbles in EMI Test 18-4-85.
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FIGURE 5. Plot of Pressure-Time Behavior in EMI Test

31-4-84, for NOS-365.
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