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NUNERICAL MODELING OF SHOCK-SENSTIIVITY EXPERIMENTS

Allen L. Bowman, Charles A, Forest, James D, Kershner,
Charles L, Mader, and George }1. Pimbley
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I
The Forest Fire rate model of shock initjntion Qf hetero-
geneous explosives has been used to study several experi-
ments commonl

1
performed to measure the sensitivity of ex-

plosives to s ock and to study initiation by explosivc-
formed jets, The minimum priminR charpe test, the gqp test
the shotgun test, sympnthotic detonation, and jet initia-
tion have hcen modeled numerically using the I’orcst I:irc
rate in the rcnctivc hydrodynamic COLIC!?SIN and 2111!,

.——— —

INTRODUCTION

The Forest Fire rate model (1) of
shock initiation of hctcrogcneous explo-
sives has 170cn usf I to describe the
buildup to a p~opngatinR dctonntion, the
pnssnge of n detonation wave around n
corner and nlong surfnccs, the wnvc cur-
vnturc , nnd the fnilurc dinmctcr (2).
I’hc I:orest I’irc model !NIS now bocn used
to study scvcrnl oxpcrim:nts commonly
performod to measure the sensitivity of
explosives to shock nnd to study lnltln-
tlon by explosive-formccl jets, 1’1]e
minimum priming charge test (3) has bcon
modeled with the one-climenslonnl rcnc-
tivc hyclrodynnmlc code SIN (4,S) and
Porcst Firu burn rate. The card gap
test (6], the shot un test, sympathetic

!detonation (7), an jet initintlon (R)
hnvc boon modeled with the two-dlmen.
slontil cL.LIc 2[11; (4,9) and I:orcst I:lrc
rutcs.

M:NINUM PRIMING CIIARGI, THT

The minimum prlmfnR chnr c tc~t as-
Y$cmhly used nt I,os Alnmos Nnt annl 1,1111-

orntor’ Is shown in I’111, 1 (10), The
)tc*t clnrge is a Z-jn,-dlam, Ily 2-ln,-

high cylindar, ‘lho I!xtox booster (a
putty-like exploslve OC i30\ PI!’I’N, 20\
Sylgnrd iR2) 1s placed in a hemispheri-
cal cuv!ty milled in tho contor of the
top or tho cylinder. I%e cyllndor and
I!xtox are covered by a k-in, =thick, 2-
in, -diam. cyllndrictil brass Plato that

con;inc. the CXP1OSIVC renctlon. AI1 Nlll’
detonntinf fuse pns’:c’+ through the cen-
ter of t!le brnss plutd to a dctonntor,
The bobtom of the test chnrgo rests on n
steel witness nlntc. The rndlus Or th(t
herninrhcrlcul cnvity, nnd thus tho mil~s
of I!xtcx booster exploslvc, urc vnricd
to iind thnt rndius ut which 5(l\ Or thv
test trlnls result in dotonntion.

(1/2 In, I’14CK)
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The minimum priming charge tes;h~as
modeled using spherical s mmetry.

ispherical Extex boostc~ c arge is initi-
ated by a 0.5-mm-radius Lot spot at the
center. The hot spot is defined as a
region of Completely l“~dCtOd Extex
(Extex detonation products) with density
B and internal energy I at CJ conditions.
‘The surrounding I?xtex is started with
pm ■ 1.53 g/cml and 10 = O. The detona-
tion through the Extex was calculated
with the SIN option of C-J volume burn.
A gamma-law isentrope for the Extex det-
onat~>n products, with y ■ 3,0 and an
experimental. detonation velocity of 7.26
mm/ps, was chosen as givinR the best
agreement with experiment. The results
were found to be very sensitive to this
choice,

Decomposition in the test chnrge
(~ssumed to be a spherical shell around
the booster) was modeled with Forest
l’ire rates derived from experimental Pop
plots for PBX !)404 (11) and Comp, B -
Grndc A (12). The calculated mnximum
shock pressures nre shown in I:ig, 2 for
PflX 9404 and In I’ig, 3 for Comp. II as o
function Lf the radinl shock position,
for vnrious booster rudii, Note that JII
cnch figure thero Is n curve for an
I!xtcx radius at which the shock pressure
cont~nues to docroaso, but such thnt tho
next lar er Extex rndlus causes Krowth

!of’ the s ock to dotonutlon prc.qsurc [i’ ~
30 (;1’[1) , ‘rhls nl~rupt transition rndlus,
or more proporly rndlus intcrvul , js

I

i

--. w

01 IO !09
RACIALSH(’CK POSITION (em,

compared with the experimental SOt point
in Table I.

I
00 Ioo*— I

10 10.0
RADIAL SHCCK POS17GN (cm)

Iig, 3 - Cnlculntcd maximum shock pres-
sure IIS n ful;ctlon of shock position,
The calclllations i.sed the y = 3,0 I;xtox
cwntlon of State and the I:orest I:]rc
derived from tho Irott und .JUmlR (:omp, 11-
Grudr A Pop plot.

TABI,I; I
l;xprrimcnrnl and Cnlculntvd Results
for the tdlnlmurn l)rimitl~ (:llilrgu Test

, ---- -- --,— .. . .. —------------------------ —.. --- .. ,

I:xtex llcmis~lllorc
ltmllu:I mm) I

.-. —.... —— ... -”
+ 711TliiFiF30n I

-.. -.

. . . . . ... - L, . . . . . . . .
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two pressed pen?slite
R

ellets with den-
sity of 1,S6 g!cm~. T e gap is made of
Plexiglas [polymthyl methacrylate)
disks and celll~’~sa acetate cards, The
test explosive ~= formed to fit a seam-
less steel tube ~ith a 5,6-mm-th;ck wall,
A 9.5-mm-th:.ck .~ild steel witness plate
is tised. A “go” result is defined by a
clean hole :>u?lchea in the plate. The
tes; piul-~~~re is a modification of the
Bruceton up. and-down technique.

The ‘p tests were modeled with
Forest Fi~,* rates for all the explosives
and propellants except pentolite. Be-
cause Pop plot data are not available to
derive Forest Fire parameters for pento-
litc, the C-J volume burn model (4) was
used for this explosive. The PlexiElas

kDETONATOR +(1/21nUfl/21n.)
BOOSTER PELLET

PLASTIC HOLDER

IDONOR(PBW9205,
! 8/B-lndlomBY41nLONG)

E3-SPACER(lS/8-ln, dlom,2024DlJR~)

w

CCEPTOR(15~(: ~:c]n

WITNESS PLATE

I’lg, 4 - Los Alarnos Nutlonul Laihorutory
qtand[lrd Enp test nssombly,

J.1

Wl?llllsPLAII
Illlblalnm

afonoul olPnflloR
I IAMOOII

-.,

OAFMAl~’,lALPlfalOIAl ‘b)

#

PIMOil\l PILLII

CAPMoLolh
‘Acct P?omI ?114101
I IIIOD1 1,1 In,

ol’oNA?on colt OEA*NIIAMIIII
MECHANICALflJOINO

was modeled with elastic-plastic flow,
with shear modulus - 1,5 GPa, and yield
strength = 0.5 GPa. Unconfined NOL gap
test calculations were made with the
same model, with the steel tube replaced
by air. The LOS Alamos test was initi-
ated by a full-radius hot spot to model
the effect of the ~-in, tetryl booster
pellet. The NOL test was initiated by
a hot spot of 3.7-mm radius and length
to model the J-2 cap used by Hercules
Inc.

The results of these calculations
are summarized in Tables II ar]d iII.
The poorest agreement between calculated
and experimental results was obtained
with Comp. B. This may be a consequence
of the Pop plot thnt was used. The two
arnilable Pop plots for Comp. B art
shown in Fig. 6 (12,14). T,le lower,
more sensitive curve was used fow these
calculations . The upper cu~ve would
give a shorter critical gap length,
probably less than the experimental
value. The calibration of peak ressure
in the gap (P ) versus gap lengt K
was obtained ?rom these calculatio~~?
The calculated curve for the NOI, gap
test agrees with the published experi-
mental curve (15) for x ~ 10 mm, nr,d is
better for shorter gap lengths, These
results

r
rovide the first calibration

for tho os Alamos test. The distances
of run to detonntlon obtained from these
calculations arc plotted versus the in-
du~cd ressurc in l’i

[ E“
6 for comparison

with t c Pop plots o toinod from wodRu
tests. The run distanres from the gGp
te!its nre si nlficantiy longer thun

ethose from t..- wed:o tests [it induced

I)rcssurcs near the critlcnl gap length

vnlucs, but they approach each other nt
hl~!her pressures. The crit~ccl run dis-
tance, 1,0., the observed run rlistancc
at the critical gnp len~th, clenrly in-
crcnscfi with lncrcnsing gnp length Jn

both types of gap tests,

SIIOT GUN ‘1’1%’r

The shotgun test In 4.1s lmplrst
form involves shooting n cylindar of cx
plrI#lvo or high-energy rocket. Propcll[lnr
from n shotgun at a target. Tno vrloc.
ity of the sample is monsured, nnd tlet-
onnt~on is dctcrminod from the effect
on the tarRct, Ilcrculcs Inc. has Jevcl.

rud an instrumented test facl]ltv,
slown in schematic form in I:lg, 7 (I(I),
In order to study the ontlrc procoss In
dctnll,

‘rhe shotRun experiment was modeled
with a cyllndcr of

$
ropcllant rndlus

6,5 mm nnd len8th 1 .5 mm, mn&inR Irnpnct
with n stepl plntc nt n s cclf’led lnl-
tlal voloclty. Y‘rhc calcu ntlon wns

3
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TABLE II
LOS ALAMOS STANDARD GAP TEST

I TATB I PBX 9404

Gap (mm)

Pressures (GPa)
Dural gapa
Induced in sample:

Calculation
Impedance match

Run distance (mm)
Pop plot
Calculation

Experimental
50% gap (mm)

14.4

~3n2

23.5
16.3

3
7

20.6 43.3

19.0 7.3

13,s 8.0
13.0 4.2

6 5
.- 4

21,9b

47.5

5.9

4.0
3.3

;

51.9 -

51.6 55.7

4,0 3.8

3.0 2.4
2.6 2.0

9 13
19 --

57.6=

aPressurcs from the calibration curve.
b

Experimental sample had P ■ 1.t170; calculation based on limited Pop piut
data for material with P ■ 1,876.

Clhis range includes all separate obscrva’ions for PFIX 9404 with p > 1 84
(Ref. 10J. Calculation based on F = 1.844.

___ .— . .

=—- ——-

Gap [mm)
(in.)

I)rcssures (GPn)
l’lexiglns gnpll
Induced in sample:

Calculation
Impcdnnco match

Run dlstancc (mm]
Pop plot
Cniculation

I;xperlmcntnl
50% gnp (In,)

No conflncmcnt
1{1111dlstancc (calc,i
l’xpcrlmental SOI gIIp

----- -——- ..—--- ..-.-— —

TABLE 111
N(IL LARGI1-SCALE GAP TISI

—

36.5
1,44

4.7

8,()
6.1

6
11

33

V’I-Q-2
.——

40,2
1,5s

4,1)

6,5
5,2

8
22

1,(1(1

. .
1.50

-.—.— —-.—

I Composition H

3.4 2.:t

4s5
::; 3,5

11 1s
. . ] g

2.5

3,8
3,1

17
?7. .

54.8
2.16

2.2

3.3
2.7

2(1
4()

58.4
2.3o

],!)

2.7
2.3

24
~!)

1
2.01 - 2.18

—— .- .-— ..-—..- .—— — ---- —— -

62.1
2.44

1,6

2.3
l.~)

~g
. .

—- -
‘il’rcssurcs fro,fl the calll~rntion curve (Ref. 15).
----- —.__—------- --- --.—-. - —.- .—.—----- ..- - ------- .---- .—- __.—-—,—-— —— -———
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Fig. 6 - Pop plots of the test materials
of this study, shown by s~lid lines. An
alternate Pop plot for Composition B is
shown by the dashed (-- -] line, indi-
cating the degree of uncertainty in this
material. The run-pressure points ob-
tained from this study are plotted with
two-dimensional Pop plots defined hy the
gap tests.

Fig, 7 - The instrumented shotuun te~t
system.

started at the time of impact. The re-
sults are summarized In Table IV. Tho
●xperimental minimum impact velocity for
detonation of both these propellants is
%(1.7 mm/Bs. The necessary condition for
detonation nppoars to be that the run
distance be less than the radius. The

TABLE IV
SUMMARYOF SHOTGUN RESULTS

Velocity
(mm/ps ]

0,3

0.6

0.9

0.6

0.9

R6sult

VOP

No reaction

Partial
reaction

Detonation

FKM I
No reaction

Detonation

1.5

3.5

6.0

3.1

5.2

Run
lis:ance

(cm)
—.

4.4

1.1

0.5

1,9

0.6

~imum velocity required f
detonation is~O.7 mm/~s for be;;
propellants .

run distance is obtained from the Pop
plot using the initial shock pressure.
‘ibis nressure is derived bv matchin~ the
targe~ Hugoniot with the p~opellant-
Ilugoniot, reflcctcd fr,lm the initial vc-
locitym

SYMPATtlI:T:C DEIoNATIc)N

Hercules Inc. has performed an ex-
tensive experimental study of the sympa-
thetic detonation of selected rocket
propellants studying the effects cf size,
shape, damage, method of initiation, and
other variables. The simplest test in-
volves two cubes of propellant mounted
as shown in Fig. 8, The donor cube is
hacked by a steel plate, and is initi-
ated by a J-2 cap ir.serted through a
hole in the plate, Iho extent of reac-
tion of the acceptor cube IS determined
b the effect on n lead witness cylirdcr.

tT e 2-in, cubes of the basic experiment
were modeled by equivalent cylinders,
2.8678 cm In radius and 5.0738 cm long,
with a 0.0021 difference in volume and
a 0,11 difference in surface area of the
matched faces, The cap initiation was
modeled hy nn initial hot spot ().8824 cm
In radius 9ncl len~th. The same mode,

was extended to experiments with 1- nnd
3-in. cubes.

The critical separation distance is
del’ined as the midpoint hetwcen the
longe:~t gap for which detonation occurs
and the shortest Rap for which no deto-
nation 1s ohservcd, It appears from

5
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STEEL PL~TE

/ SEPARATION

J2 CAP

r

L

4 FEET TO
GROUND

P( 1

DISTANCE

<$

ACCEPTOR

,:..,:,,
.:.x :

L[AD CYLINOIR
wIINESS

IPROPEILANI DONOR

f

Fig. 8 - Schematic test setup for sympa-
thetic detonation experiment. (4 ft. -
1.2192 m.)

comparison with experimental results
that the criti:al separation distance
represents the observed transition from
high-order detonation to low-order deto-
nation. Thus a very significant reac-
tion can be ~~duczd by a shock that is
too weak to produce a direct shock-ini-
tiated detonation. This phenomenon was
not investigntcd with our present model,
The calculated criticill separation L!is-
tances for YRO cubes of different si:cs
nre compared with experimental results
in l:i~. !1,

Wc can predict results from a con-
sidrrntion of run distances, blast WIIVC
pressures, and induced pressures in the
acccptur, Ihc ncccssnry condition for
detonation of the acc~ptor is that the
le:lgth Of run to detonation hc less thtin
apllroximatcly [).;S times the radius of
the acceptor. This run lcnr.th is then

converted to o necessary minimum induced
pressure in the nccoptor hy mcnns of the
Pop plot, ‘Ihc hlust pressu]c ruql. ired
to induce this pressure is ohtnincd from

P H
s/2- k]), ,

with k ■ [),02483 for Vl?(l nnd the prcs
surcs in Gl)n, TIIC dlstancc from thu
donor at ~hich this blast pressure wI1l
occllr can hc detcrmlncd for thr YMO
culIcs from I:ic. 10. The effects on the
hlust prcssuro curves from varylnfl L/LI
rntio, donor mass, method of Inltlntion,
nnd acceptor location huvc al$o been
Studied.

VRO

1 1 I
n 1 9 R. .

U EOGE(in,)

Fig. 9 - Variation of critical separa-
tion distal,ce with cube size. Calcu-
lated values are shown by (.); experi-
mental results arc shown by arrows indi-
catin~ the limits of observation,

,oJ-__L_J
5

DISTANCE @ml

Iif.m I(1 - \“nriution of pcnh blest prcs
sure with dlstnn~-c from the donor for
three CtIIIC si:esm ‘1’hc critic:l] ~ellilr;l
tlon distnncc Is shown I!y (0),
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JI:T INITIATION

The jet initiation of explosives
has been studied hy using shaped charges
with copper cones to fire a copper jet
into an explosive sample (17). The ve-
locity was controlled by shootinp i :
jet through a steel plate of appropriate
thickness. The velocity and diamerer of
the jet. were measured with velocity
screens and flash x-ray photography.
The critical jet parameter for initia-
tion was found to be V2d, where V is jet
velocity and d is jet diameter,

This process was modeled h; treat-
ing the jet as a solid cylinder with ini-
tial velocity V, starting the cal(.ula-
tion at the time of impact. Th- results
for copper jets fired into PBX >404 and
PFJX 9502 are compared with experimental
values of V2d (18] in Table V, The jet
initiates nn overdriven detonation in
PD!( 95o2 smaller than the critical diam
etcr, This fails when it is dcca~cd hy
side and rear rarcfactions heforc it can
expand beyond the critical diameter.

COX(:LIJSIOSS

The minimum priming chnrRc test can
bc moilclcd fairly well in one;dimenriotl-
al sphcricol geometry. The minimum det-
onation pressure is found to hc ~,h (“;l’a
for PBS 9404 iind -L7 (;PiI for Comp. R, in
dicating tknt this test is n high ~rcs-
surc, prompt shock initiation uxprrimcnt,
The gap test, shotRun test, and ~ympa-
thecic detonation can hc modcld with
two-dimensional cylindrical geomctr!’,
and arc shock initiation cxperirncnts
with a sustained shock pulse. A deton[l-
tion will occur when the shock wave is
Of sufficient strength and duration to
build UP to detonntionm ‘rhc shotRun and
sympathetic detonation shock waves nro
planar iicross the face of the sample,
resulting in pressure (p) versus run
distance (x) in ngrecment with the Pop
plot, The p-x condition for drtonatlon
iS x ‘: r [r Is snmplc radius) for the
shot Run test and x - 0,75r for sympn-
thet Ic detonation, where the shock wuvc
has some slight curvature. The gap test,
on the other hand, shows p-x hchnvlor
very dlffcrcnt from the Pop plot nrar
the criticnl sap, as a consequence of
the shnrply curved shock wnvc thnt en.
ters the sample. The process of shock
Initlntlon hy u jet is In rontrnst with
the other experlmm’ts. In a ncar-criti -
Cl:l

1
ct jnltltttlon, ● prompt detonation

of t c exploslvc will occur, This will
hulld to a

[
ropupatinR detrinntion only

If the S)1OC wuve produced by the jet IY
of sufficient maftnltude and durntlonr

TABLE V
SUMF!ARYOF JET INITIATION

WITH A COPPER JET

Diameter Velocity
[mm) (mm/us) Result Vzd

“
IW 9404:

2.0 2.0 Failed

2.0 2,5 Marginal

2.0 3.0 PrOpaRated

4.0 2,0 Propagated

1.5 I 3.0 MnrKinal

PBX 9502: l:x~crimcntal V2d—

4.0
I

5.[1 I:nilcd

4.!1 6.1) MarRinrnl

4.[1 :.(1 I’rOpngatcd

8,() 4.(1 31ar~inal

E.(I 5.() Propagated ,
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