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FOREWORD

The deflagration to detonation transition (ODT) behavior cf porous charges
of a high-eneryy propellant (VLU) has bean studied at both high confinement
(steel tube) and low confinement (plastic tube). The physical nature of the
propellant used to construct the porous beds was varied: shredded, powdered
and cuboid materials were evaluated. The major part of the accumulated data
is for the shredded propellant.

In the high confinement apparatus it was demonstrated that pressurization
along most of the predetonation columrn was mild. The region of accelerating
pressure buildup, necessary for DIT, occurred shortlv before (bcth in time
and distance) a transition to detonation. This pressure buildup was associated
with the propagation of compressive waves both forward and rearward in the
predetonation period. The origin of the event producing these compressive
waves is unknown but appears to be a rapid heat release mechanism (e.g., a
thermal explosion}! rather than a pressure buildup produced by confined
(convective) burning, The DDOT characieristics observed for this propeliant
are quite similar to those observed earlier for tetryl in the steel apparatus.
The predetonation culumn lengths observed in the high and low confinement
systems are comparable at high porosities. Thus, the effect of confinement
on the DDT susceptibility of this material at high porosities is small although
confinement would be expected to be more important at lower porcsities.

This work was carried out undey Task 30003-001/77402, Explesives Hazards
Classification and HEPS. The present results and conclusion on the DDT
behavior of VLU should be of interest in the area of propellant and explosive
sensitivity as w21l as that of safety and reliability of weapons.

The text of this report was presented as a paper at the 16th JANNAF
Combustion Meeting, Monterey, California, 10 September 1979.
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INTRODUCTION

The mechanism of the deflagration to_detonation transition {DDT) has been
discussed in some detail in recent years.lv @ However, there have been few
systematic studies of the DDT ' ~ocesc as it applies to porous beds of
propellants. Korotkov et al. ave Tgoked at mixtures of ammonium perchlorate
(AP} with polystyrene or with TNT. >3 For these composite mixtures, a
differ:nt dependence of predetonation column length (&) on density was
observed. There was an apparent continuous increase in ¢ for increasing
density, over the compaction range of 40 to 75% theoretical maximum

density (TMD). Thls contrasts with the U-shaped 2-%TMD curves found for
neat explosives.ls

Shuey and coworkers®:6 conducted some of the earliest investigations
into the susceptibility of various double base propellants to DDT. They
demonstrated not only that these materials could transit to detonation from
a burning mode but that the transition would occur under relatively low

confinement. More recently, Beckstead and coworkers have shown that porous
beds of various (ohsolete) frianle, cress-linked double-base {XLDB)
propellants could also undergo DDT under low confinement./,8 They have
systematically varied the permeability of the porous bed (as reflected in

the porosity and particle surface to volume ratio for burning) in determining
the propensity to transit to detonation.

The present work was undertaken to assess the susceptibility of a XLDB
propellant to transition to detonation under conditions of both hiah and Tlow
confinement. In particular it was of interest to contrast the mechanistic
aspects of this propellant with those observed for various explosives.
Consequently the thickwalled steel tube arrangement used in earlier explosive
studies?b has been employed here to study DDT under high confinement. For
conditions of low confinement, a recently developed transparent plastic DDT
tube arrangement has been used.? The latter system 1s useful in extending
our knowledae of the early DDT events. The propellant used herein was the
friable (obsolete) formulation, VLU. The physical nature of the propellant
used to construct the porous beds was varied: powdered and shredded material,

as well as cubes of propellant, were evaluated. The major nart of the
accumulated data is fur shredded material.

iu L iuiD
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' XPERIMENTAL ARRANGEMINTS AND PROCEDURES

The thickwalled steel tube arrangement and procedures have been
described in detail elsewhere. ¢ [t consists of a seamless steel tube
with heavv end closures. The column lencth of the 0.35 a of 25/75 B/KNO3
ignitor is 6.4 mm; the lenath of the exnlosive column is 295.4 mm. The
tube is instrumented with ionization prebes (IPs) and strain gaces (SGs)
to monitor ionizatien fronts and internal pressure, respectively. Both
custom-made and commercial IPs are used and data from each type of probe
are distinquished on later araphs. The strain gage output is reported in
microstrain (ue). 1In a s*atic calibration of the tube, the gradient is
1120 uc/GPa (1.135 u=/atm) up to the elastic limit of 0.2z6 GPa (2192 atm).
From 0.22 to 0.47 CPa the strain level increases from 246 ue to 788 uc.

The transparept plastic tube arrangement is described in detail in
Reference 9. A schematic representation of the instrumental tube is snown
in Figure 1 and the experimental arrangement is shown in Fiqure 2. The
tube is machined from polycarbonate rod; the commercial designation of the
polycarbonate plastic is Lexan 101-111. Although Lexan 10i-111 has good
transmittance of light, it was found in this work that better transmittance
could be attsined through the machined tube by "solvent polishing" with
ethylene dichloride. Both the inner diameter (ID) and outer diameter (QD)
of the Lexan tube are greater than the ID and OD of the steel tube. The
length of the propellant bed varied from 253.4 to 289.6 mm 1n this work.

As shown in Figure 1, the Lexan tube, loaded in the same manner as the steel
DDT tube, is clamped between two 25 n. thick steel olates usine Tour
threaded (19 am: diameter) steel rods. The ignitor utilizes a column Tength
ot G/KNO3 identical to that for the steel tube but has a scaled diameter
such that the ratio of the cross-sectionzl arei of the B/KNO3 to the

. cross-sectional crea of the propellant is the same for both the Lexan and
steel tube. Here the weiaht of B/KNO3 used is about 0.75 a.

The instrumentation used with the Lexan tube includes the ionization
probes and strain gages used with the steel tube. However, in some
instances the commercial ijonization probes are attached to electrical
circuits which continuously monitor resistance across the head of the
probe. When used in this manner, the commercial probe is called a conductiv-

i t.\ll prnkn

obe. {A single conductivity probe was occasionally used in the steel
00T tube experiments.) A major difference in the SG data between the steel
ODT tube and the Lexan tube is the strain and pressure gradient. For the
Lexan tube, a static calibration has at present been made only to 11,1 MPa
(110 atm). The experimental rest 'ts agree within 7% with the calculated
de/dp values. The latter values show a gradient of 108 u:/MPa (10.2 pe/atm)
up to 28 MPa (276 atm), the estimated elastic 1imit of the Lexan tube,

An optical fiber/photoce!l (OF/PC) assembly is used to detect
luminosity along the ignitor/propellant interface. The optical fiber is
threaded throuch orifices in the ignitor plate and a stee) sleeve around
the ignitor. The output of the OF/PC assembly is used to trigger
recording oscilloscopes and an electronic flash; the latter is used to

m~
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backlight the Lexan tube for photographic coveraae. The first appearance

of backlighting on the camera's film serves as a temporal fiducial for the
camera records and data from the oscilloscopes. In the Lexan DNT experiments
zero time is the time of detection of luminosity by the OF/PC assembly.

To reciy? th~ luminous events occurring in the Lexan system, a
Beckman-Whitley Dynafax framing camera, Model 326, was used. This is
a continuous access, rontating drum camera which records 224 frames
{16 nm size) at a maximum rate of 25,000 fps " more recent addition
to the Lexan tube arrancement shown in Fiqure 2 is a flash radiography
unit: Field Emission Corp., Model 235, The 150 kilovolt pulsers have a
pulse width of 0.1 usec. Currently two x-ray heads can be pulsed during
a DDT experiment. In the present work, flash radio-graphic data were not
successfully obtained because the x-rav film and cassette were badly damaged.
A new cassette arrangement has beer developed and successfully utilized in
subsequent work. To record the times associated with the various events
(i.e., first detection of Tuminosity at ianitor interface, x-ray, etc),
an electronic unit is used te record and display the order of a sequence
of eight events and measure the time interval between them.

The propellant materials (shreds, granular powders, and cuboids) used
to fabricate the porous charges were made by shredding, slicing or tearing
solid pieces of VLU. The resultant shredded and qranular {pewder)
particles showed rough surfaces and irreqular shapes. The cubes were more
reqular and the 1/16 in. cubes did have an average edae dimension of 1.6 mm:
the 1/8 in. cubes were less regular. Photomicrographs of the granular
powder indicated particle sizes ranging from 100 um to 1200 um. The shreds
typically had "rectanguiar” dimensions of 0.5 wm by 1.6 mm by 25 mm. Fig. 3
shows photomicrographs of the powdered (p), shredded (s) and cubed VLU-10.

EXPERIMENTAL RESULTS AND DISCUSSION
STEEL DDT TUBE

This experimental investigation was directed primarily toward evaluating
various predetonation parameters as the porosity of the propellant beds was
sustematically varied. The majority of the accumulated data in steel DOT
tubes pertain to the shredded material; ten experiments were run with this
material over the dencity range of 1.0 t5 1.7 a/cc {54 to 9i% theoretical
maximum density, TMD). Five experiments were run with the granular powder
over the range of 1.0 to 1.6 g/cc (54 to 86% TMD) while only tuo shots were
fired with tne cuboid material at 60% TMD.

Early in the study it was observed at tne Tower densities that jonizaticon
probes, used to trigger our recordina instrurientation and to outline the
propadation of predetonation fronts, did rot respond in the earlier (nearer
the ianitor) portion of the predetonation column. Morcover the response
of the IPs appeared to depend upon the initial physical staae of the
propeliant material. Figure 4 and 5a show this feature tor shredded and
aranuler charges at 54% TMD. In Fiaure 4 (Shot 709), 1Ps did not respond
until just before a transition to detonation (the location of the onset

(92
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of detonation is 172 mm and is deduced primarily from markings on the
recovered tube fragments). Custom-made IPs Tocated at 34, 54, 80 and 118 nm
did not respond either before or after the transition to detonation (here 2
js 138 mm). In Shot 1217 a conductivity probe* was used at the 42 mm
location; it responded 129.5 us before any of our reqular (custom-made or
commercial) probes. The response time of this 42 ~m probe serves as zerc
time in Figure 5. It is interesting to note that a custom-made IP at 54 mm
failed to respond but similar probes at 80 mm and 105 mm did respond. The
responses of the 42, 80 and 105 mm probas eppear to outline the propagation
of a convective ignition front, travelling at 0.29 mm/us.

The failure of cur regular probes to trigger early in the predetonation
period potentially limits information concerning pressure buildup, obtained
from our SG data. Fortunately it was found that pressurization during the
predetonation period was unusually mild over a large portion of the pre-
detonation column. This feature is illustrated in the SG data of Figure 5b
for the 54% TMD granular material. From these data it was found that at
253 us (10 us before the onset of detonation) the maximum pressure chserved
at any of the SG locations was about 100 MPa (1000 atm). Thereafter,
pressure (strain) began to increase rapidly, first at the 111 mm ‘ocation
and subsequently at all other SG locations in the predetonaticn region.

The time at which the rapid pressurization beagan is represented by a square
(O) symbol in the x-t plot of Figure 5a, letters, associated with this
symbol, show corresponding data in Figures 5a and 5b%* In Figure 5a points

A and B outline the propagation of a forward travelina compressive wave
whose velocity is about 3.1 mm/us while points A, D, and F outline a rearward
travelling compressive wave whose velocity is about 1.3 mu/us. (Point E is
associated with a rearward compressive wave traveling through the steel

wall; this phenomena is discussed in more detail below.) These data lead

to the conclusion that the region in which accelerating pressure buildup

is first detected is relatively near to the location of onset of detonation.

Similar conclusions concerning the origin of pressure buildup in charges
using shreaded VLU can be drawn from the data in Figures € ana 7. Figure 6
presents the data for shredded VLU pressed to 70.5% TMD while Figure 7
pertains to a 78.6% TMD charge, In Figure 6a, the response of 1Ps at 92
and 118 mm indicate that a convective ignition front is propagating downstream
at a velocity of 0.34 mm/us. Probes at 41 aid 67 wm did not respond, duiing
the experimental time period, to this convective frent or any other process.
The SG data of Figure 6b show that accelerating pressure buildup within
the porous charge does not begin untii 140 us or 12 us before a transition
to detonation occurred. As seen in the predetonation pericd of Figure 6a,
points A ard C define a rearward compressive wave traveling at 1.55 mm/us.
Pnint B i5 associated with a forward traveling compressive wave (dashed 1in2);
the response of the 158 mm IP 2ppears to be associated with reaction induced
by forward traveling compressive waves. The origin of the event leading to
the propagation of these compres:zive waves appears to be Tocated slightly
beyond 140 mm or less than 30 mm from the onset of detonation.

*A conductivity probe is a special IP and is described in tho Experimental
Arrangements and Procedures section,

**The data from the 149.5 mm Tocation show a typical -t curve when the S5G is
located in the detonation region or close to the onset of detonation.

8
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In Figure 7 the IP and SG data from the 78.6% TMD shredded VLU charge
confirm the previous interpretation and serve to illustrate more clearly
the propagation path of the forward traveling compressive wave, In this
exneriment the response of the first few IPs was associated again with a
cuenvective ignition front whose velocity was about 0.46 mm/us. Strain gage
data (taken from Figure 7b) for the 143, 163, and 182 mm locations cutline
a forward traveling compressive wave (points A, B, and C) whose velocity
is about 2.2 mm/us. The interpretation of the path of the rearward traveling
o wave is somewhat unclear. Pointc D and £ appear to be associated with a
o wave traveling at a velocity of abouv 5.7 mm/us  and having its origin
close to the onset of detonation. From the gradients associated with
increase in strain beyond points D and E in the SG data of Figure 7b and
the 5.7 mm/us velocity of this wave, it is concluded that this rearward
traveling wave is a compressive wave traveling through the steel wall and
not through the propellant bed. This steel compressive wave, as it shall
be called, has also been observed in several other experiments with VLU
(see Appendix A) and earlier work with explosives;10 in these cases at least
three SG locations were used to define its propagation path and associated
de/dt values.

v w.‘g_;;\

Table 1 summarizes the various experimental parameters associated with
the DDT mechanism in porous charges of VLU, The first reaction front
which we have detected with nur IPs and SGs in the majority of the experi-
ments seemed to be a convective ignition front (CIF), In a few experiments
(Shots 802, 817, and 1201) this front had a lower velocity (v 0.12 mm/us)
close to the igniticn region but later attzined a velocily consistent with
CiF velocities in experiments at slightly higher densities. In view of
the diffi.ulty in response experienced with the IPs in porous beds of VLU,
this observation of two distincc velacities could be attributed to
experimental variabilities, h-owever, as described below for the Lexan
experiments, this same type of behavior is also observed for a luminous
CIF. Hence it is concluded that the variability of CIF velocity in a
given experiment is a manifestation of the permeability and turbulent flow
within the porous bed. On the whole, the data for the CIF in Table 1 show
lTittle dependence on porosity and permeability; the average value for all
experiments is about 0.3 mm/ps.

i,

.
e
E
-

originate close to the onset of detonation and travel in both forward and
rearward directions. The detection of the forward compressive wave has
been most difyicult because at least two SG locations (needed to outline
its path) must oe precisely located in a region a few centimeters before
the onset of detonation. Consequently data concerning the velocity of the
forward traveling compressive wave have been obtained for only three
experiments although many other experiments show the response of one SG
which is consistent with the presence of this wave. However, there can be
no doubt about the existence of a forward traveling compressive wave since
jts presence is required for the final stage in the DDT mechanism, the
shock-to-~detonation (SDT) stage.




NSWC TR 79-351

20/68y'L = 0 ‘AL %L 8L 1V NTA G3AATUHS HLIM €08 LOHS HO4 Wiva / 3HNDI
(eG 3UMODI4 40 AIN) 1074 3IWIL-IDNVLSIQ ®

(95 34NOLd 40 AN} LOTd IWIL-NIVHLIS 9
(sripy {(sri
08¢ ove 002 oSt oci (08 .
w [ | 1 i 1 1 i [ 1 Lo Qmﬂw ove 002 Q9L 0Zi 08 ot 0
9 .mhmwp 1 I i { l ] T
\ (1] -—sAm W 8 A WY B - -
; 8 e e ¢l
” \W« - ] ceent [T 1R
a s i - rar = arr e 6ZLL |
w . J T et sors ot ey - Xm..ﬁw.Nl - l.m.o ’ m
CITE A T Y3AVM 1331S
PO {aws)x \
/o .
\ .ot - 1 srfjww gy'Q oL
e x — x
: ¥ 2 (m [q] E}
S 61 3
PR L vilo o2
: -
m — wml\EE 2C wur Ggi
| 5 oo
—6'2 ¢
sr//uww 26

—4052

12




NSWC TR 79-351

*35u0dsSad ¢] 2i3PAU3 Y}LlM SPU0IAU LIO44 S3SBYJUSJLRd UL SIn|Ep
Buipea| AQ po3edlpul SP uwll 9G] = X Je JO W i

'S

*pa3e | CABUIX Ixx
juawLaadxs SLyl ul 1GG 3L9LYx® 03 patled Sagnd “ul-y/T S2GND "UL-9T/T A]jRUiLONy
*1dLaosasdns

X 32 dI 40 9buRYDSLp 03 SALIR|3J4 due SaWL)] P

.:Omu0w>mv paepuels d ‘9seq ejep usLaLijnsug 'q .UU\m 8’1 SstL %vwmcmv SSo|piOA ‘e
(57 ¢L) - LA (~)6° - - q 9'65  CI'T pOTT
¥538MD
- £92 8el (£0°0)0L°t €1 '€ 620 L£°¢s  10°1 L121
- 822 pEl (81°0)65°G  0°2 - 12°0 P69 £2'1 1121
9 #x2L€ 991 (81 0)z2'3 91 - 02°0 S'vL Ot'1 3101
(£ 127 12 (2970)21°9  9°1 - G'0-21'0 0'#8  8S'T 1021
S - 222 (Sv0)v6°9 - - q 298 29'1 6121
d3aM0d
0'9 - 2L1 (y1-0)6v'v  L'1 - q €9  20°1 60/
€9 - 891 (60°0)50°§ ¢ - q 9°09 b1°1 106
(o01) - 61 (6£70)6€°G ¢ - £ 0 P y9 1271 01
v's - 0L1 (b1°0)29°G  9'T - 7€ 0 L'0L  ge'1 08
- - 6¥1 (6£70)80°9  G'Iv - 22°0 A 7N 2uL
- - 3 - - - - £°0-21°G S  0p°1 (18
52 {692) 581 (05°0)26°§ - 272 9% 0 8L 8p'l £08
og (065) 902 (-)50°9 - - §2'0-€1°0 ¥°28  §G°I 208
€L o(LvE) 2¢€2 (11°0)61°¢ 9°2 G I b0 £'98  £9'1 206
€2 - 09¢  ,(91°0)85'9  €°¢ - 1£°0 b'06  0L°1 1001
Ty 0y - @3003¥HS
aq1 1§ 1l 11} uoLjeuolsg P, ,MIEIY p, M0 9A L332AUDY QWL UUNW *ON 30usg
sd ‘uo13eu0laq yibuan SATSS5IG007 A Od
03 S3Wij 9ALlR[3Y  uUwNjo) v
* J3padd SA/uy * A3 1003\ U044
SqnL (993§ ulb jue|jadoag pIA 40 SOLISL4DIORARY) 1QQ 40 Adeuwwng 1 3Iigyl

13




NSWC TR 79-351

The rearward traveling compressive wave seen in the predatonation
period has been estahlished in experiments covering a wide density range,
1.0 to 1.7 g/cc. The measuremert of its velocity has been complicated,
however, by the presence of another rearward traveling compressive wave, the
"stea] wave". The latter appears to be associated with the excitation
within the steel wall of & compressive wave as a result of the onset of
detonation. Nevertheless, in nine experiments it has beer possible (as
seen in Table 1) to assign a velocity to the predetonation rearward
traveling wave; there appears to be a weak depandence on porosity. The
velocity of this rearward wave should depend upon the density of (or along)
the predetonation column. Since extensive compaction can occur (and has
been established as occurringll) in porous propellant beds, during the
predetonation period, the velocity of the rearward traveling wave will be a

manifestation of the extent of prior compaction and the extent of prior
reaction.

The presence of the forward and rearward traveling compressive waves in
the predetonation period as well as the location of the region of initial
accelerating pressure along the predetonation column provide valuable
information concerning the DDT mechanism in porous charges of VLU. These
facts are indicative of a rapid heat release mechanism (e.g., a thermal
explosion) as the driving force for a transition to detonation rather
than a pressure buildup produced by cor.fined (convective) burning. This
sequence of events is not unique to DOT behavior in porous reactive beds;
similar observations have been made for porous tetryl charges.l?

Ancther similarity between the experimental data for porous VLU charges
and tetryl charges is the dependence of the predetonaticn column length &
on % TMD., In Figure 8 are displayed the data from all ViU charges. For
the shredded VLU beds, 2 seems to be constant ‘within experimental error)
beiow 75% TMD., As the compaction increases above 75% TMD, 2 increases
very sharply and indeed DDT could only be attained at 90% TMD by joining
two of our reqular DDT tubes to make a very long vorous column, ATthough
fewer experiments were conducted with the granular VLU material, the
dependence of 2 on % TMD for the granular material appears to be similar
to the shredded material with one exception. At low compactions {< 70% TMD),
the predetonation column length for granular material is lesc than values
for the shredded waieriai. 1t it is assumed that the permeability of a
shredded charge is less than that of a granular charge at densities of 1.1 g/cc
or less, the predetonation column Tength data from the shredded and granular
materials can be interpreted as indicating that the more rermeable charges
have a shorter ¢ value. This also was the trend observed for porous tetryl

charges. The data in Figure 8 from the shredded (and possibly the granular)

VLU charges indicate that if there is & minimum in the ¢-% TMD curve it is

very shallow; this too was the case for (granular) 20_um tetry112 and the
grang]ar 15 um AP mixtures studied by Korotkov et al.’3 Consequently at high
confinement, porous charges of VLU exhibit many similarities in DOT behavior

to porous charges of tetryl and somewhat similar behavior to some AP
mixtures.
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In the case of tetryl, erratic response of the earlier IPs resulted in
values of atp (relative time to detonation with respect to a specified x i
value) from which no smooth trend was evident. Here we have measured relative
time with respect to IPs at 41 and 156 mm, respectively. The values are
?iven in Table 1 and plotted vs % TMD in Fig. 9. Except for one value, the

56atp vs % TMD values for shredded and ground VLU fall on smooth curves
(Fiq. 9a) drawn as were those of Fig. 8 with a shallow minimur, at about 65%
TMD. The two curves are within experimental error in Atp. The one point
of1 the curve is from a shot in which early IP response was erratic. The
values in parentheses in the atp columns of Table 1 were read from similar
records, and have been omitted from the plot of Fig. 9b. This latter
"curve" of 4latp vs % TMD is sketched by only four sets of data, one of which
is extrapolated, because IPs at x ~ 41 mm often failed to respond in VLU;
when they did, the records were apt to indicate erratic front behavicr.
This last was the case for the three shredded VLU charqges which exhibited
early respond. However, the granulated material produced gcod IP records
(see Appendix A) from which the data of Fig. 9b were obtained, Those data
indicate a significant, though still shallow, minimum in #laty at about

65% TMD.

The trend Aty vs % TMD of Fig. 9 is verv iike that roughed out by the
coarse tetryl data. It is the opposite of that observed for waxed RDXZ»13,
picric acid,? and PETN!4 which exhibit decreasing atp with increasing % TMD,
Moreover, as the similarity of the curves of Figs. 8 and 9 suagest, there is
a regular variation of & with atp as Fig. 10 shows. This too differs from
the beohavior of waxed ROX et a7. where no analogous smooth curve, 2 vs Alp,
is evident for constant composition with varied compaction.

Since VLU clearly does not start its accelerated burning in the region
near the ignitor, it does not generate a compressive wave from that region,
marking the start of such a process. Such a wave, called the post-convective
wave, provides data to compute another relative detonation time for mos:
explosives. Obviously, it is non-existent for VLU.

LEXAN DOT TUBE

Only three experiments have been run with the shreodded YLU propeiiant
in the experimental arrangement shown in Figure 3; of these, one failed to
transit to detonation. As mentioned earlier, no flash radiographic data
were obtained because of system malfunction and/or inadequate protection of
the x-ray film. However, use of SGs in conjunction with the framing camera
has allowed us to extend our knowledge of the early stages of the DOT
process.

Two experiments were run with shreddad VLU ai 1,10 g/cc (58.5 % TMD).
Our philosophy has been to evaluate the confinemert provided by the Lexan
tube in the absence of any probe hales (e.q., for conductivity probes) which

16
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tend to reduce the effeciive confinement of the chacge. Thus, in the first
VLU experiment at 58.5Y TMD (Shot S44), no conductivity probes were uced
altacuagh SGs were located alony the length of the 253.4 nm porcus cotumn,
An uptical fiber/photocell (OF/PC) assembly was used to detect the luminosity
at the ignitor/propeliant interivace (x = 0). The tim» of detection of

this luminosity serves as zero time for all olher measurenents., In

Ficure 11 is shown a seaucnce of enlarged frames (4x) from the framing
camera film. Each frame has two paraliel bright bands which represent the
backiighting penetrating the spaces between the cutside c¢f the tube and the
connecting bolts., The semi~circular Tuminous region at the fop of ewch
frame is backlighting above the upper connectina rod. The ignitor is on
the left hand side of the frames.

The Tirst frame in Figure 11 shows a luminous zone very close to the
janitor interface (~§ mm). It is believed that this zone represents a
void that was formwed from compaction of the propellant by action of the
ignitor gases. This zore appears to propagate at a velocity of ~G.03 mm/us
for several hundred microseconds. A second lundinous zone appears farther
downstream as seen in the 284 us frame. At 528 us the second luminous zone
has expanded to cover the entire inner cross section cf the tube and has
a jagged front, indicative of a convective flame front. We shall call this
seécond luminous zone a convective flame frent since its propagation velocity
(~0.:1 nm/usec at 60 mm) and its pressure characteristics are consistent
with sucn an assiqgnment. Figure 12a outlines the propagation paths of the
various luminous zones in ke x-t plane while Figure 12b shows the strain
gage data for four locations.

In the 1259 us frame, a distinct dark zone has formed behind the
leading edge of the convective flame front. The development of this dark
zone can be noted in earlier frames. As time proceeds, the dark zone grows
in lenagth and the luminous zone immediately behind the convective frent
becomes shorter. 1In the distence-time plane of Figure 12a, the leading eage
of the dark zone is seen to be accelerating faster than the convective
ignition front. However, the velocity associated with the leading edge of
the dark zone (0.33 nm/uc) indicates that the dark zone is nct propagating
at the local sound speed of the porous bed. It should be noted that the
last 28 mm at the far end of the c'arqe was not viewed hy the camera.

The strain gage data in Figure 12b allow one to determine the time of
arrival of pressure {strain) at the various locations as well as to measure
the pressure associated with the leading edges of the various fronts.

In Table 2 data have been summarized for the leading edges of the luminous
CIF from the Lexan expe: irvents; for this cxperiment the data are for the

CIF at hree SG iocaticns and the dark zone at two locations. For the
convective ignition front, in addition to calculeting the velocity and
pressure ¢ssociated with the edae o7 the tumincus front, ar induction time

© has aiso been calculated. The time 1 represents the period between

arrival of the first detectable pressure (assumed here to represent Gus flow)
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and the first detection of luminosity at a given location as seen by the
camera. The luminosity in this case is defined as the time of arrival of
the CIF. The value v is seen to be essentially constant for the three
locations between 72 and 226 mm.*  However the velocity and the pressure
associated with the CIF change dramatically with location along the porous
bed. The velocity of the CIF (Vcyr) increases by a factor of two between
the 72 and 226 mm locations while the associated pressure increases by an

order of magnitude. Such a large difference in pressure for the corresponding
change in velocity was unexpacted.

The dark zone observed in the latter half of the porous column is
somewhat puzzling. As expected, the dark zone is associated with a higher
pressure than the CIF and the accelerating nature of the dark zone may be
associated with the sharpening pressure gradient, dp/dx, at the convective
front. More extensive compaction would be associated with the higher
pressure of the dark zone and may be responsible for the presence of the
dark zone. The increase in {uminosity behind the dark zone (closer to the
ignition region) wouid then indicate a decrease in density (due to
consumption of the propellant) or flame pronagation down annular spaces
formed between expanding walls and the compacted charge.

To extend our knowledge of tne curvective ignition front and the dark
zone observed in Shot S44, a second experiment was prepared; the column
length vias increased to 289.0 mm and SG locations were moved farther from
the ignition region. Unexpectedly a transition to detonation occurred, with
quite dissimilar predetonation events. Selected framee (10x magnification)
from Shot $45 arc shown in Tigure 13. The initial frames (not shown)

showed a slowly propagating Tuminous zone similar to that discussed in
Shot S44.

A second ltuminous zone began to develop at ~520 pus. It can be seen
clearly in the 680 us frame of Figure 13. This second zone of luminosity
developed as a peninsuia that primarily penetrated axiaily rather than
both axially and latlerally as in the previous experiment. This second
zone again appears to be a convective flame front; its velocity is

essentially constant and is 0.12 mm/us as shown in the distance-time plane
of Figure 1l4a.

*The values of v have been calculated with the assumption that the
backlighting {time fiducial for the camera; apoeared at the instait the
frame was taken. However, the backliahting can appear just after a
frame is taken also. Thus, there can be a synchronization error between
the SG data and the camera frames equal to the approximate 1aterframe
time, 40 us, plus the transit time for waves to travel thiough the Lexan
wall (25.4 nm thick). Consequently the total time error can he about

50 us. The data in parentheses in Table 2 represent maximum corrections
for any time difference.
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An abrupt change in the Tuminous pattern is noted in the 960 us frame
in Fiqure 13. A bright band, extending from 108 mm to 123 mm, is seen
approximately 20 mm ahead of the convective flame front. This new bright
zone (band) may have arisen from pinetration of combustion by a path that
is not visible. However, it is somewhat difficult to account for the
nlanarity, at the ends of this new iumirous band, with a convective
combustion mechanism. It is tempting to evoke some other mechanism, e.g.,
a thermal explosion, especially since a transition to detonation occurs
shortly thereafter. In the 1000 us frame it appears that a transition to
detonation has occurred or is very near to occurring. Between 960 and
1000 us the luminous front has an average velocity of 3.3 mm/us. Thus
detonatior did not begin before 960 us.

Limited information was obtained Trom the SG data (Figure 14b) since
only two locations were in the predetonation column, Fortunately, one of
those locations (127 nm) was very close to the head of the bright band
seen in the 960 nus frame, 1I* is evident from Figure 14b that pressure
buildup at 127 mm is rapid after 950 us, when pressure first appeared at
that location. At the other (63 mm) location, pressure was first detected
at 615 us. At later times (< 1025 us) pregsure increases but with a
pressurization rate of 140 GPa/s (1.4 x 10° atm/s) or less; this rate is
associated with a convective combustion wave. Hence both the SG and camera
data point to a thermal explosion-like event as the driving force for a
transit to detonation.

A third experiment (Shot $46) was fired with shredded VLU in the Lexan
tube; it utilized a 63,8 %TMD charge. Oased upon damage to the end plate
as well as conductivity probe dalta, a transition to detonation occurread.
Fiqure 15 shows selected frames from the camera film; the initial luminous
events, as summarized in the distance-time plane of Figure l6a, were qu te
similar tc those from Shots S44 and S45. The nature of the propagating
convective ignition front is intermediate in behavior, compared to the two
58.5 %TMD Lexan experiments. That is, the CIF initially propagated
perferentially down one side but spread both axially and laterally therea’ter.
In the 955 and 1000 wus frames, it is interesting to note the planarity
of the head of the luminous front. From Figure 16a, one sees that these
planar fronts are associated with a compressive wave whose apparent
velocity is 1.4 mm/us. A transition to detonation occurred bofore ¢

L~
T Lie
noxt (1(\'/”: .Y

1045 us) frame; in Figqure 16a, conductivity probe Jdata outline a
QPtonation front between 248 and 273 mm, The predetonation column lenath
is estimated to be between 180 and 210 mm. The SG data of Figure 16 show
a pattern consistent with Shot S45; data for the convective flame front
are listed also in Table 2. The parameters for the CIF in the earlier
region of the predetonation colunn appear to be remarkably similar in all
three experiments.
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SUMMARY AND CONCLUSIONS OF DDT EXPERIMENTS WITH
VLU PROPELLANT

DDT exper1ments at both high and low confinement have demonstrated
that the region of accelerating pressure buildup, necessary for a
transition to detonation, occurred shortly before (both in time and
distance) the onset of detonation. The origin of the event preducing the
accelerated buildup is unknown but is indicative of a rapid heat release
mechanism (e.g., a thermal explosion) rather than a pressure buildup
produced by confined {convective) burning. The DDT characteristics observed

here for the porous VLU propellant columns are quite similar to those
observed for tetryl.l

Experiments conducted in the Tow confinement {Lexan) system have
provided parameters associated with the convective ianition front; these
parameters should be useful in checking calculations cencerning the CIF
from numerical models of DDT. Compaction, which is present durina «11 the
stages of the DD7V process, must also be considered in the interpretation
of the CIF parameters observed in these exper1mpnts Compact1on during the
early stages is i1lustrated by the slow luminous Trunts (v0.04 mm/usec)
seen in Figures il2a, lda, and 16a. More detailed d19cus<1Yn ¢f the comp-
action process in XLDB propellants is presented elsehwere. 1

The predetonaticn column Tengihs observed in the high confinement

(steel tube) and Tow confinement (Lexan tube) systems at high porosities
are comparable, as shown in Table 3.

Table 3. Summary cof DDT Experiments with Shredded Porous Propellant
Density 2_(mm) 5
ropelilant Snot No. g/cc 7TMD Steel? Lexan
VLU S45 1.10 58.5 168 150-170
VLU S46 1.20 €3.8 168 180-210
a) ID/0D: 16.7 mm/50.8 mm; ¢ derived from smoothed curve of Figure 8.
b) ID/OD: 25.4 mm/76.2 mm
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It is not as easy to compare the relative times to detonation in the
two confinements. Shots 545 and S46 had a total time to onset of detonation
tp (from first luminosity and from x = Q) of 1000 and 1030 us, respectively,
From Figs. 14 and 16, the respective times for a disturbance to reach x =
41 mm are 550 and 543 ws, Thus the times referred to x = 41 are 450 and
487 us, respectively. They can be compared to 4latp of 247 and 230 s
from Fig. 9. Thus the relative times to detonation seem to be the same
order of magnitude in the two experimental configrrations. Still
unresolved is the quantitative relationship between lTuminosity detected by
the optical fibers and the conductivity which causes the IP response.

Also, still to be determined is the diameter effect on the entire transitional
process.

Thus, the effect of confinement on the DDT susceptibility of this
material at high porosity is small; this is in agreement with the deduced
physical mechanism. That is, confinement would be expected to play a
minor role if pressure buildup and tube deformation along most of the
predetonation column length is relatively low and the accelerating pressure
buildup necessary for DDT occurs shortly before the onset of detonation.*
It is expected that confinement would be more important at lower
porosities (higher %TMD).

* The effect of charge diareter on 2 values for this propellant, has not
been explored. However, for data from other explosive experiments the

effect appears minimal in steel tubes with ID/OD rati f
S SE ahpears /00 ratios of 16.7/50.8
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APPENDIX A

ADDITIONAL DATA

Detailed data for al} shots on VLU-10 are given in this section.

e e e

Data for the charges prepared from the shredded VLL are given in Table Al
and displayed in Figs. Al-A9.

Fig. Al for 90.5% TMD charge shows an initial 0.3 mm/us flame front that
smoothly accelerates until the onset of detonation at 452us. The initial
velacity is about that observed in many convective fiame fronts; however,
the SG records give 70 indication of a subseguent post-convective (compression)
front. The detonation velocity is a bit low for this charge density, but
reasonable since the value was obtained from only two [Ps.

Te obtain the necessary predetonation length for transition in this
charge, the usual tube length was doubled; the intertace between the two
nieces o7 tubing used is indicated in Fig. Ala. The rearward compression
i wave travelling at 3.9 mm/us might be a reflection (0f an undetected
L disturbance) from that interface or it might be from an explosive event
!¢f that sent out both forward and rearward waves. 1in the latter case, the
forward disturbance could not have been ouserved because no SGs were mounted
on the farther length of tubing. The 3.9 mm/uc front was not generated by

' the onset of detonation because it occurs toc early to have been caused

! at that time (atp).

|

The 86.6% TMD charge was also fired in a druble iength tube (Fig. A2).
The frant outlined by the IPs seemed of constant velocity at 0.45 mm/us
rather than accelerating (This g pocsihbly an artifact caused by an early
discharge of the second IP.) In this case, a thermal explosion might nave
occurred at about 184 mm where both forward and rearward traveling compressive
' waves (2.6 mm/us) might have criginatec. The forward traveling compression
does not resemble a FC wave such as tnose repeatedly observed in 91/9 RDX/wax.2
The detonation velocity, establiched by the discharge of seven IPs is that
to be expected at this density.

Fig. A3 for the 82.6% TMD shows an IP front which appears to be accelerating
smoothly from an initial velocity of 0.13 mn/us. At this porosity we first sece
difficuities with the vesponse of the IPs; subsequent shots shew that such
ditficulties are enhanced as the porosity increases. Here the second IF did not
respond at all and the third IP seems to have responded late; even the fifth

A-1
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IP showed only a partiai discharge. However, enough of the record was obtained
to indicate smooth acceleration to a detonation veiocity about 10% below

that estimated for this density. At the same time, no PC wave was evident.

On the other hand, we have the first example of what is called tre "steel

wave" in the text. It is a mild compressive wave that appears to originate

at the point of onset of detonation and traveis rearward at a velocity

about the same as that of the detonation. In this case, it is about 10%

Tower but in most of the other cases (presented below! it is 10% or more
higher.

Fig. A4 displays the data for the 78.7% TMD charge, the same data
as those of Fig. 7 in the text. The orly addition here is of the partial
discharaes of the 2nd and 3rd IP shown in Fig. Ada; they further confirm
the constant velocity of the initial IP front. Again no PC wave is
evident and the "steel wave" is a mild compressive disturbance traveling
rearward; it extrapolates back to the point of detonation onset.

Shot 817 at 74.6% TMD did not transit to detonation. Fig. A5a
shows an IP front smoothly accelerating from 0.12 to 0.3 mm/us. It then
showed a constant velocity over the next 60 mm after which it failed to
activate the next IP. The subsequent and final IP did respond to show
a final velocity of 0.9 mm/us. The response pattern is similar to that
of Shot 802 (Fig. A3) where the second IP failed to respond and the third
seemed to have a late response. It is wossible that the last probe in
Fig, A52 also had a late response, and that the fina' velocity was
actually greater than 0.9 mm/us. Strain-time recurds were obtained only
for the last three SGs aind onily one of these (that for ihe lasi 3G
at 156 mm) exhibited an excursion. However, both the higher final
velocity and the pressure excursion at 156 mm suggest the occurence
of some event which might have led to a trarsition had the charge
heen longer. Lack of a dent in the closure bolt and the large tube
fragments indicated that detonation had not been achieved by the time
the 4isturbance reached the end of the tube.

Fig. A6 is alsu for a 74.5% TMD charge which did underyo transition
although neither 9f the first two IPs showed any response. The pre-
detonation pressure excursions sucgest an explosive event at x = 119 mm
Teading at 149 mm to detonation {6.1 mm/us, a rate expected at this
density). The "steel wave" in this case travels rearward at 6.5 mm/us,
somewhat faster than the detonation wave.

A very similar pattern was obtained for the 70.7% TMD charge. Tnis
is illustrated in Fig. 6 of the text where that shot (No. 804) is discussad.

I s:cords for the shot on the 54.4% TMD charge (Fig. A7) show the
usual problem of IP discharge in the high porosity VLU as well as the
additional complication of uncertainty in assigning measured response
tim2 to the anpropriate probe. However, there is no dount that the
charge showed a transition and detonated at an appropriate rate for
its density. The rearward traveling compressive wave is too slow for
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a "steel wave", and is more apt to have resulted from an explosive event;
no SGs were in a positicn to monitor any forward traveling wave from
such an event.

By way of contrast, the 60.4% TMD charge of Fig. A8 shows four IPs
that did not respond and a "steel wave" of about 7 mm/ps compared to
a detonation velocity of 5. The final charge ¢f this series was at

54.3% TMD. 1Its data are displayed in Fig. A9. Note that Fig. A9a is
Fig. 4 of the text.

Powdered VLU

Data for the charges prepared from the powdered VLU are given in
Table A? and displayed in Figs, AlQ0 - Al3.

Fig. A10 for an 86.2% TMD charge shows three inactive IPs, an IP
front initially nominally at 0.64 mm/us,* foliowed by a 1.5 mm/us
compression front. The last, like those observed in the records of
shredded VLU, appears to originate at some distance from the ignitor,
i.e., the first two SGs qive no indication of this front. The onset of
detonation at 6.94 mm/us terminates a smooth acceleration of the IP
front and seems influenced b+ the observed compressive front only to
the extent of moderately increasing the velocity.

In contrast to the 86.2% TMD cnarge, the 83.8% TMD charge showed
[P response problems only with a doubie discharge of the first probe
and possibly a late response of the third (see Fig, Alla), It cxhibited
a weak,** 0.59 mm/ps compressive front that was detected by the first
SG, but it also showed a stronger, rearward traveling, 2.6 mm/ps compression
front that suggests a companion forward traveling front (undetected), both
caused by some explosive event. The late pressure excursion at x = 67 mm
might well b.. a portion of tie "steel wave".

The 74.¢% TMD charge of Fig. Al2 exhibits the same patterns as
those shown by the 83.8% TMD charge with the exception that the first
mild compression wave was not detected on the first two SGs. Thus, it
resembles most of the other charges in this respect, and it is the
86.2% TMD which is unusual.

The 65.4% TMD charge (Fig. Al13) exhibited much the same behavior
although no "steel wave” was detected. Up to onset of detonation,
SGs registered a maximum of one kbar. The 53.7% TMD charge was discussed

in the main text; its data are displayed there in Fig. 5 and will not
be further discussed here.

*This velocity is ahout twice the average value for most of the other shots,

and together with the unresponsive IPs, indicates a much too late discharge
of the first IP,

**Up to 400 us, all SGs except the first registered less than 1.6 kbar.

Probably this is the pressure front associated with the convective
flame front.
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VLU Cubes and Slugs (Table A3)

Shot 1104 was made on 1/17 inci cubes of VLU packed to 59.6% TMU
As Fig. A14 shows, this material did transit. Three IPs failed to
function; the remainder indicated an initial front of about 0.8 mm/ys.
It was followed by a jow pressure front at 2.4 mm/us. Up to 110 us,
no 5G registered more than about one kbar, hence this front might be
traveling for the most part through the solid cubes at the sound
velocity of the voidless material. At about 115 us, however, the last
SG (at x = 181 mm) showed a rapid pressure rise to the yield point of
the steel tube in the next 10 us, after which pressure continued increasing
at the accelerated rate. Consequently, the pressure front sent forward
from x = 181 mm is much stronger than the earlier front; it also shows
a rearward traveling branch indicating the occurrence of an explosive
event. About 30 ps after the stronger front was detected, detonation
occurred about 50 mm downstream. The "steel wave” in this case seemed
to originate from the high pressure region about 25 mm ahead of the
location of the point of cnset; it traveled at about 5.6 mm/us compared
to the detonation velocity of 5.0 mm/us.

The 1/8 inch cubes were packed to approximately the same porosity,
but the nature of the reactions after ignition was such that only a
few IPs responded, and no transition occurred. Thus our records are
entireiy from the SGs. As Fig. Al5 shows, the tube became uniformly
pressurized about 180 us after response of the triggering IP. At 300G us,
a strong (nominaily over 5 kbar) compression front has formed and mov:d
dowit the fube ai a shock velocity. 1t dispersed with failurc of the
end closure of the tube and rapid escape of the high pressure gas.

Slugs of VLU-10 (0.637+N_003 in. dia x 2.0 in. long) were used in
an attempt to fill a DDT tube with voidless propellant. A "slip fit"
procedure at dry ice temperatuvre, recommended by Hercules Bacchus, was
used. Inasmuch as the slugs were not of uniform diameter and showed
plastic deformation even at drv ice temperature, the actempt was more
of a "push-fit" and was not successful, The xray of the loading finally

obtained showed a gap of 0.04 in, at 51.3 mm and a long void at x =
151.4-169.4mm,

Although this charge failed to transit, it burned completely, i.e.
no solid residue was found after the shot. The first probe to respond
after ignition was at 54.1 mm, i.e. beyond the interface gap; the location
of the longitudinal void is indicated on Fig. Al6a. The initial 0.27
mm/us IP front ran for about 200 pus after which it was slowed down or
disappeared. At 338 us a faster front appeared. It initially traveled
at 2.5 mm/us but decelerated to about 0.6 mm/us between the last two
IPs. At about the time the faster front was detected, a mild compression
wave was also detected in the same region; it traveled rearward. The
same event might be responsible for both the faster IP front and the
rearward traveling wave; its location seemed near the longitudinal void,
but that appeared to have little effect on the IP front,.
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Although the strains shown in Fig. Al5b reached as large values as
those of Fig. A15b (1/8 in. cubes), the rate of pressiure increase was
much jess. Either for this reason or because the interpretation of
e-t records is more complex when transmission is through a solid medium,
this tube was split in half whereas that containing the 1/8 in. cubes
was relatively undamaged because the end closure was blown off, The
first, third, and fourth SG stopped functioning between 600 us {the

fourth) and 740 us (first), whereas the second and fifth SG functioned
until 840 and 760 us, respectively.

Detonation Velocity

Although the DDT experiments are not well designed tou measure the
detonation velocity D accurately, we do obtain D values whenever transi-
tion occurs early enough, The values of Tables Al and A2 for s and p
VLU-10 have been plotted in Fig. Al5. The lines drawn are heavily
weighted by the D values with 0<0.2 mm/us. From these data,

D (mm/us)

D (mm/us)

0.80 + 0.0726 (%TMD) pVLU-10

0.60 + C.0727 (%TMD) sVLU-10

The above equations give D values of 6§.06 and 7.97 mm/i:s for the voidiess
material at 1.88 g/cm3.

. VL e s o AT it e
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DETAILED DATA FOR SHREDDED VLU-10

Shot No. 1001
Density:ig/cm3) 1.705
% TMD) ** 90.7
IP Data X o
41.5 Bad pin*
79.6 0.0*
117.7 120.1*
171.4  252.15*
215.6 315.65%
253.9 373.3*
292.1  415.0%*
323.8 439.4*
355.6  450.6*
387.3  455.2*
425.4  461.2*
Strain Gage
Data Xt
20.7 513-522
92.5 500
194.3 474
215.5 468
245.4 458
Predetonation
vel., mm/us 6.3 - 1.3
Predetonation a .
Column Length® 359, (355 *8)
{mm)
4lAtD(US) -
156AtD(ps) 231
D(o), mm/us 6.58(0.16)

much of tube

*Gustom made prohes.
**p, = 1.88 g/cm”,

intact

TABLE Al
902
1.62
86.6 ?
X o
41.4 0,0*
92.7 87.4*
143.1 250.3*
193.8 338.7*
232.0 347.1*
257.3 350,3*
311.0 357.1*
349.1 362.3*
387.2 367.7*
425.2 373.0*
526.9  388.2*
X .
2¢.7 389
155.8 336-~345
194.1 322
232.0 349
0. 25
(232+5)
347
73
7.19(0.11)

a.Values in parentheses determined from IF data.

Units of x and t are mm and us respectively.

—

802
1.55
82.6 3
. L
28.7 0.0*
5.2 -
66.9 481.1*
79.6 403.1%
104.9 h46.4%*
130.4 613.6*
155.8 659.4%
181.2 681.6*
206.6 690,.4*
257.4 69¢.8*
X 2t
20.6 720
54.6 704
79.8 554,709
4.9 697
33.7 690
0.13 - 1.6
(206+10)
590
30
>6,05(-)
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TABLE Al (Cont'd)
DETAILED DATA FOR SHREDDED VLU-10

Shot No. 803 817 712
bensity:gg/cm3) 1.47, 1.40, 1.399
ZTMD)**  78.6 74.6 74.4
IP Data X X X L X L
41,4 0.0* 41.4 0.0 41.4 -k
66.3  (49.5)* 79,5  319.6*  54.2 %
92,0 (106.2)* 104,9  472.4*  7G.6 0.0*
117.6  158.3*  124.0  576.0* 105.0 114.8*
143.,0  219.8*  143.0  663.7%* 130.4 140.4*
155.7  244.5*  162,1  735.8* 155.8 149.1*
174.6  253.3*  181,2  798.9* 181.2 152.0%
193.8  260.4*  200.2  864.7* 206.5 156.9*
212,9  263.0%  219.2  921.4* 232.0 160.0*
231.9  267.4*  238.3 -* 257.4  165.2*
257.1  270.6*  257.3  963.3* 295.4 171.0*
Strain Gage
Data X L X I t
20.6  ~227 20.4 - 20.3 167
117.9 271 79.4 - 54.5 164
143.3 ¢32 105.0 - 79.5 159
162.6 239 130.4 - 105.2 138?,146
181.5 249 155.8 992 130.3 138
Predetonation 0.46, 2.2 0.z - 0.9 0.22 - 0.98
vel,, mm/us
Predetonation +5
Column Length? >163,{188 -2) - 149(147:8)
(mm)
. Tyty(us) 269 - -
- 156AtD(us) 25 - -
D(c), mm/us 5.92 (0.50) F 6.10 (0.38)

*Custom made probes,
**p, = 1.88 g/cmd
a.Values in parenthzses determined from IP data,

units of x and t are mn and us respectively,
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Shot No.

Density:fg/cm3)

ZTMD ) **

IP Data

Strain Gage
Data

Predetonatio
vel., mn/us

Predetonatio
Column Leng
(mm)

41AtD(u5)

156,40 tus)

D(U) s m:/'IJS

n

n

thd

NSWC TR /9-351

TABLE Al (Cont'd)
DETAILED DATA FOR SHREDDED VLU-10

*Custom made probes,

**, = 1.88 g/cmd,

Py

804 710 901 709
1,326 1.209 1.136 1.01
70.5 64.3 60.4 54,

X t X t X t X t
41.4 b 415 -* 41.4 * 34,0 ¥
66.8 * 54,1 % 79.5 o 54,2 %
92.2 0.0 79.6 0.0(2)* 104.9 o 79.6 -*

117.6 80.2* 104.9 68, 9% 124.0 0 117.7 -
143.0 % 130.4  198(?)*  143.0 0.0 155.3  0.0*
155.7 147.3* 155.8 82.35*  162.1 8.4 181.4  7.8*
174.8 153.8* 181.2  177.0* 181.1  14.2* 206.8 13.9*
193.8 157.5% 206.5  184.7* 200.2  17.85% 232.2 18.8*
212.9 160.9* 232.0  190.0* 219.2  21.9* 257.6 25.0%
231,9 163.7* 257.4  194.15%  238.3  25.,25*

257.3 168.7* 267.3  29.35*%

x t X t X Xt
20.4 i72 20.4 241 20.7 32 20.2  25.0
92.6 145-170 60.7 183,223 92.2 26.7  53.8 4.8

117.9 152 79.4 172,213 117.6 18.7,21.8 79.2 -
137.0 141 98.9 168,195  137.0 18.3,15.2 104.6 -
155.7 142 118.1 188 156.1 12.6,16.6 130,2 -
0.34 0.27 2.27 -
(170+10) 194+ 6 168(170+3) 17246
5.4 .
100 6.3 6.0
5.62(0,14) 5.36(0.37) 5.05(0.09) 4.49(0.14)

a.values in parenthesis determined from IP data; b. probe had NC deposited on

its tip.

Units of x and t are mm and us, respect}xgﬂy.
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Shot No. 1219
Density: q/emd 1.621
STMD** 86.2

I[P Data X t
31.3 0.0*
60.3 -
79.4 *
104.8 *

130.2 136.7*
155.6 180.4*
181.1 211.2~*
206.5 225.7*
225.4 230.4*
244 .6 233,9*
263.7 235.75*

SG Data 66.9 -
1431 -
168.5 180,194
187 .6 194,210
205 .5 220,230

Predetonatien
vel., mm/us 0.64 - 1,75,1.5

2 (mm) 222
AIAtD(uS) b
16ty (us) 45

i) 6.94(0.45)
m/us

*Eustom-made probes
**n 1.88 g/cm3,

NSWC TR 79-353

TABLE A2
DETAILED DATA FOR POWDERED VLU-10

1201
1,576
83.8
Xt
41.4 0.0,24, 2%
66.9 212.85*
92.3 360.4*
117.6 316.15*
143.0 35G.4*
168.5% 406.8*
187.6 432.3%
206.6 438, 5%
225.7 442 . 1*
244.7 444 8%
263.8 448, 25*

66.9 200,486
136.9  216-330,457
166.0 350,443

175.0 387,411

1941 420,~

0.12,0.59

214

440
37
6.17(0.42)

¥a1ues in parentheses from IP record,

b. Gondurt1v1tv probe,

Units ot x and t are mm and ps, respectively.

A-9

1016
1.402
74 .6
Xt
28.8 b
41.5 *
60.7 0.0%
79.8 94 1%
98.7 179 3%
117.9 209 g%
143.3 287 g%
168.7 294 g%
194.2  29g 1
219.5  302.9%
244.9 306 4%
263.9 300 g*
20.6 -, 31F
67.7 -, 308
92.3 120,313
137.5 202,293

143.8 256,280

0.20 - 0.60
166

364-372 (extrap)
6

6.22(0.138)

gl %&
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TABLE A2 (Cont'd)

DETAILED DATA FOR POWDERED VLU-10
Shot No. 1211

1217
Density: g/cm3 1.233 1.011
LTMD** 65.4 53.7
IP Data X t X _t
28.4 0.0b 41.7 0.0°
41.0 149.0* 54.4 _x
60.1 780 . 5* 76.2 129.5%
79.2 283.2%  105.2 215,85*
104.6 341.75% 130.4 259.75%
130.0 376.05%  15€.0 267.0%
155. 4 381.4*  181.4 271.9
180.8 334.15%  206.8 277.75
206.4 389.05%  225.8 281.45
225.3 393.5%  244.9 285.5
2443 396.7*  263.9 260.0
263.4 400.05*
$G Data 66.8 242,395 67 2 278,293
92.2 275.378 92.6 268
117.7 342,370 111.4 254
136.9 3€7 130.7 260
155.7 - 149.5 267
\ Predetonation
| vel., mm/us 0.08 - 0.44 0.29
1 o () 134(13073) 138
\ Matylus) 208 263
\ : 156AtD(hS) - .
{ D(o) 5.55(0.18) 4.70(G.07)
i : imm/us

| *Custom-made probes,
*k, = 1.88 g/em.

a. Values in parentheses from IP record.
b. Gonductivity probe,

Units of x and t are mm and us, respectively.

A-10




DETAILFD DATA FOR CUBES AND SLUGS OF VLU-10

Shot No. 1104 711
Material Cubes (~1/16 in.) Cubes (+~1/8 in.)
Density
Pg»G/Cm 1.12 1.10
ETMD** 59.6 58.5
IP Data X t X o
41.7 -2 There were responses
60.7 -* from only two or
79.9 0.0* three IPs on this
105.3 -* shot. They could
130.8 30.65* not be identified,
149.7 56.8* but one triggered
168.8 100.6* the scopes for the
187.8 128.75* SG records.
206.9 137.0*
226.1 143,3*
245.0 148.0*
264.2 151.85*
SG Data 20.3 -.169,185 20.6 180,274,313
66.8 52-64,161,180 54, -
105.0 66,-,154 79.9 168,241,323,
350-65
143.0 93,-,144 105.2 180,330,357
181,1  113,-,- 130.7 180,335,
342-353
Predetunation - This shot failed to
vel., mm/us transit. The tube
+5 was nearly intact
2 (mm) 232(230-0) (far end closure
blown off and end
41 of tube slightly
atp(us) - expanded). AT}
156 propellant burned.
AtD(uS) 73.5
B(o) 5.0(-)
mm/us

*Tustom-made proges,

**p, = 1.88 g/em3,
a.Conductivity probes.

NSWC TR 79-351

TABLE A3

Units of x and t are mm and us, respectively.

A-11

808

Stugs 0.64 in, dia.
x 2 in, long

20,
41,
67.

136.
187.

WO WO N

—— LW

195

378.2%
399, g+
440 1*

502
385,570
360,595

326
316

0.27 - 2.5 - 0.63

No detonation.
Despite decreasing
velocity of IP front,
pressure continued tc

rise.

Tube split into

two pieces at ca,
850us.

e
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FIGURE A5 SH”  §17 ON 74.5% TMD sV LU-10, £,=1.40 g/cm3 (KEYS OF FIGURE A1)
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b. STRAIN-TIME DATA

FIGURE A14 SHOT 1104 ON 53.6% TMD CUBED VLU-10, Fy=1.12 g/cm3 (KEYS OF FIGURE A1)
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FICURE A15 SHOT 711 ON 68.5% TMD CUBED VLU-10, £,=1.10 g/cm3 (KEYS OF FIGURE A1)
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FIGURE A16 SHOT 808 ON ~100% TMD SLUGS OF VLU-10, £, --1.88 g/cm3 (KEYS OF
FIGURE A1)
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