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NUMERICAL MODELING OF SHOCK—SENSTTIVITY EXPERIMENTS

Allen L. Bowman, Charles A, Forest, James D. Kershner,
Charles L. Mader, and George H. Pimbley
Los Alamos National Laboratory
Los Alamos, New Mexico

The Forest Fire rate model of shock initiation of hetecro-
geneous explosives has been used to study several experi-
ments commonlﬁ performed to measure thc sensitlvity of ex-
plosives to shock and to study initiation by explosive-

formed jets, The minimum priming charge test, the gap test,
the shotgun test, sympathetic detonation, and jet initia-
tion have bcen modeled numerically using the Forest Fire

rate in the reactive hydrodynamic codes SIN and 2DE,

INTRODUCTION

The TForcst Fire rate model (1) of
shock initiation of heterngeneous explo-
slves has bocn usel to describe the
bulldup to a propagating dctonation, the
passage of a detonation wave around a
corner and along surfaces, the wave cur-
vature , and the failurc diameter (2).
The Forest lire model has now bhaecn used
to study scveral oxperimants commonly
performod to measure the sensitivity of
cxplosives to shkock and to study initia-
tion by explosive-formed jets, The
minimum priming charge test (3) has been
modcled with the one-dimenslonal rcac-
tive hydrodynamic code SIN (4,5) and
Forest Fire burn rate. The card gap
test (6), the shotgun test, sympathetic
dotonation (7), and jet initintion (8)
have beon modeled with the two-dimen-
slonal cude 2DE (4,9) and lorest llre
rates.

MINIMUM PRIMING CHARGE: TEST

The minimum priming charge test as-
sembly used at los Alamos Natlonal Lab-
orntorr Is shown in Fig., I (i10). The
test charge is a 2-in,-diam. by 2-1n,-
high cylind=2r. The lixtox booster (a
putty-1lke explosive of 80% PETN, 20%
Sylgard iB2) is placea in a hemispherl-
cal cav!ty milled in the center of the
top of the cylinder. The cylinder and
kExtex are covered by a k-In.-thlek, 2-
In,-diam. cyllndrical brass piate that

con,inca the exploslve reaction. An MDE
detonntin; fuse pas=cs through the cen:
ter of tl,e brass platn to a detonator.
The bo.tom of the test chargo rests on n
steel witness nlate. The radlus of the
hemiarherical cavity, and thus tho mass
of lixtea hooster explowlve. are varied
to vind that radius at which 50% of the
test trinls resnlt in deotonntion,
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The minimum priming charge test was
modeled using spherical symmetry. The
spherical Extex buostcr charge is initi-
ated by a 0.5-mm-radius Lot spot at the
center. The hot spot is Jefined as a
region of completely rcacted Extex
(Extex detonation products) with density

¢ and internal energy I at CJ conditions.

The surrounding Fxtex is started with

ps = 1.53 g/cms and I, = 0, The detona-
tion through the Extex wac calculated
with the SIN option of C-J volume burn.
A gamma-law isentrope for the Extex det-
onat!sn products, with y = 3.0 and an
experimenta) detonation velocity of 7.26
mm/us, was chosen as giving the best
agreement with experiment, The results
were found to be very sensitive to this
choice,

Decomposition in the test charge
(essumed to be a spherical shell around
the booster) was modeled with Forest
Iire rates derivod from experimental Dop
plots for PBX 9404 (11) and Comp. B -
Grade A (12). The calculated mnximum
shock pressures are shown in #ig. 2 for
'BX 9404 and In Fip, 3 for Comp. B as a
function ¢f the radial shock poslitlon,
for various bhooster rudil, Notec that in
cach figure there 1s a curve for an
ixtex radius at which the shock pressure
continues to docrease, hut such that the
ncxt larger lixtex radius causes growth
of the shock to detonntion pressure (I' >
30 GI'n). This abrupt transitlon radlus,
or more properly radlus interval, is
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lop plot,
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compared with the experimental 50% point
in Table I.
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I'ig. 3 - Calculnted maximum shock pres-
sure as a functlon of shock positinn,
The calcvlations wsed the y = 3.0 Extox
cquation of state and the lorest [Flre
derived from the Trott and .Jung Comp. I-
Grude A T'op plot,

TABLE 1
xperimental and Calculated Results
for the Minlmum Priming Charge Test
lixtex llemlsphere
RadIna (mm) ——
CalcuTation
Transition

Exporimen?

e 308 Noint | Interval
I'BX 9404 1.495% 2. 80 - 2.5
Comp, N - .70 L 6.0 - 0.}

WA TLST

The experimental arrungement of the
Lox Alamox standard, or large-senle, pap
test Is shown 1r Flg. 4 (ID). The Imral
spcer md relatively long booster nre
usedd to obtain greater preclslian In the
tests.  The gap length at which detonn
tlon of 50% of the samples would he ex-
pected to occeur Is estlunted by the up
and -down procodnre, A 0.25-mm rtep
helght Is used for the flunl determinn
tion vf the 50% point. The NI large.
xeale gap cest (13) Is shown In I'lg. b,
Ad-2 basting cap (llerenles) Is used to
Inltinte the stanlonl danoy, whlvh 1Is
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two pressed pentolite Eellets with den-
sity of 1.56 g/cm®. The gap is made of
Plexiglas {polym-thy]l methacrylate)
disks and cell»”~s5 acetate cards. The
test explosive 1- formed to fit a s=am:
less steel tube with a 5.6-mm-tiicx wall
A 9.5-mm-th-ck aild steel witness plate
is used. A "go" result is defined by a
clean holes dunchea in the plate. The
tes; prureiore is a modification of the
Bruceton up-and-down technique.

The _ 'p tests were modeled with
Forest Fir» rites for all the explosives
and propellants except pentolite. Be-
cause Pop plot data are not available to
dorive Forest Fire parameters for pento-
lite, the C-.J volume burn model (4) was
used for this explosive. The Plexiglas

DETONATOR +(1/2In 8Y 172 In.)
BOOSTER PELLET

PLASTIC HOLDER

DONOR (PBX-9208,
! 8/8-in dlam BY 4 InLONG)

SPACER (15/8-In. dlom, 2024 DURAL}

CCEPTOR (1 3/8-In. dlam BY
4 In. LONG)

WITNESS PLATE

I'lg. 4 - Los Alamos Nutlonul Laboratnry
stawdard gap test assombly,

WIINEES PLATL
U FE N NELE

pPEntoLYt PELLIY

CAP HOLDIN
FRN I LTY ] ]

Elpg, § -

NOL large-scale gap test con-
flguration,
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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 k-in. tetryl hooster
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 and iII.
The poorest agreement between calcuiated
and experimental results was obtained
with Comp. B. This may be a consequence
of the Pop plot that was used. The two
avnilable Pop plots for Comp. B are
shown in Fig. 6 (12,14). Tne lower,
more sensitive curve was used for these
calculations. The upper curve would
give a shorter critical gap length,
probably less than the experimental
value. The calibration of peak prescure
in the gap (Pg) versus gap length (x)
was obtalned Erom these calculations.
The calculated curve for the NOL gap
test agrees with the published experi-
mental curve (15) for x > 10 mm, and is
better for shorter gap lengths. These
results provide the first calibration
for tho Los Alamos test. The distances
of run to detonntion obtained from these
calculations arec plotted versus the in:
duced Rressure in IFig. 6 for comparison
with the Pop plots oﬁtninod from wedge
tests. The run distanres from the pap
tests are sl&nlficantiy longer than
those from the wedgo tests nt induced
pressurces near the critical gap length
values, but they approach each other at
hipher pressures. The critical run dis-
tance, {.e., tne observed run distaucce
at the critical gap length, clearly in-
creasces with Incrcasing gap length in
both types of gap tests.

SHOT GUN TEST

The shotgun test In its implest
form involves shooting a cylindor of cx
plosive or high-energy rocket propellant
from n shotgun at a target. The veloc-
ity of the sample is meonsured, and dJet:
onntion is determinod from the effect
on the target., llercuies Inc. has devel-
ured an inxtrumentod test facllitv,
shown in schematle form in Flg. 7 (10),
In order to study the ontlrec process In
detail,

The shotgun experiment was modeled
with a cylinder of gropellnnt radius
6.5 mm and iength 12.5 mm, mniing impnct
with a steel plate at & specifiled inl-
tlal veolocity. The calculatlon was
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TABLE I1
LOS ALAMOS STANDARD GAP TEST
TATB PBX 9404
Gap (mm) 14.4 20.6 43.3 47.5 51.6 £5.7
Pressures (GPa)
Dural gap2 23.2 19.0 7.3 5.9 4.8 3.8
Induced in sample:
Calculation 23.5 13.5 8.0 4.0 3.0 2.4
Impedance match 16.3 13.0 4.2 3.3 2.6 2.0
Run distance (mm)
Pop plot 3 5 7 9 13
Calculation 7 -- 4 8 19 --
Experimental b c
50% gap (mm) 21.9 51.9 - 57.6
Bpressurcs from the calibration curve.
bExperimentaI sample had p = 1.870; calculztion based on limited Pop piot
data for matcrial with p = 1.876.
“This range includes all scparate obscrva‘*ions For PBX 9404 with p > 1 84
(Ref. 10). Calculation hased on r = 1.844.
TABLE 111
NOL LARGIE-SCALLE GAI' TEST
vrQ-2 Composition B
4
Gap (mm) 36.5 40,2 43,8 47 5 51.1 54.8 58.4 62.1
(in.) 1.44 1.58 1,73 1.87 2.01 2.16 2.30 2.44
I'ressures (Gl'a)
I'lexiglas gaph 4.7 4.0 3.4 2.1 2.5 2.2 1.9 1.0
Induced in samplc:
Calculation 8.0 6.5 5.3 4.5 3.8 3.3 2.7 2.3
Impedance match 6.1 5.2 4.3 3.5 3.1 2.7 2.3 1.9
Run distancce (mm)
l'op plot 8 11 15 17 20 24 2N
Caiculation 11 22 -- 19 2? 40 69 -
lixper lmental
50% gap (In.) 1.60 2.01 2.18
No conflnement
Run dlstance (calc.i 33 -
Ixperimental 50% gap 1.50
e S O R .

"ressures from the callbratlon curve (Ref. 15).
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POP PLOTS

©® PBX 9404

O TATB
COMP.B
CONFINED }

11 1. 1 11

VTR

QO unconraeD,
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1 1 ) lllll

i

1 10
PRE SSURE (GPa)

Fig. 6 - Pop plots of the test materials
of this study, shown by solid lines. An
alternatc 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 arc plotted with
two-dimensional Pop plots defined by the
gap tests.

Flg. 7 - The Instrumented shotgun test
system.

started at the time of impact. The re-
sults are summarized in Table IV. The
experimental minimum impact velocity for
detonation of both these propellants is
n0.7 mm/us. The necessary condition for
detonation appears to be that the run
distance bo less than the radius. The

(P3005)
TABLE 1V
SUMMARY OF SHOTGUN RESULTS
Initial Run
Velocity Shock |Distance
(mm/us) Result (GPa) (cm)
voP
0.3 No reaction 1.5 4.4
0.6 Partial 3.5 1.1
reaction
0.9 Detonation 6.0 0.5
FKM
0.6 No rcaction 3.1 1.9
0.9 Detonation 5.2 0.6
The minimum velocity required for
detonation is ~“0.7 mm/us for both
propellants.

run distance is obtained from the Pop
plot using the initial shock pressure.
“his pressure is derived by matching the
target Hugoniot with the propeilant
llugoniot, reflected from the initial ve-
locity.

SYMPATHETC DETONATION

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 varlables. The simplest test in-
volves two cubes of propellant mounted
as shown in Fig. 8. The donor cube is
backed by a stecl plate, and is lniti:
ated by a J-2 cap irserted through a
hole in the plate., Tho extent of reac-
tion of the acceptor cube .s determined
by the effect on a lead witness cylinder.
The 2-{n. cubes of the basic experiment
were modeled by equivalent cylinders,
2.8678 cm in radius and 5.0738 cm long,
with 8 0.002% difference in volume and
a 0.1V difference in surface area of the
matched faces, The cap Inltiation was
modeled by an initlail hot spot 0.8824 cm
in radius and length. The same mode.
was oxtended to experiments with i and
3-in. cubes.

The crltlcal secparation distance 1s
defined as the midpoint between the
fonge:t gap for which detonation occurs
and the shortest gap for whlch no deto-
nation 1s observed. It appcars from
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STEEL PLATE

SEPARATION
[ 14 DISTANCE

J2 CAPj

ACCEPTOR

LEAD CYLINDER
WITNESS

4 FEET 1O

GROUND -fi“

POST

PROPELLANT DONOR

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

comparison with experimental results
that the critical separation distance
represents the observed transition from
high-order detonation to low-order deto-
nation. Thus, a very significant reac-
tion can be inducad by a shock that is
too weak to producc a direct shock-ini-
tiated detonation. This phenomcnon was
not investignted with our present modcl.
The cajculated critical separation dJdis-
tances for VRO cubes of different si:zcs
are compared with ecxperimental results
in lFig. 9.

We can predict results from a con:
sideration of run distances, blast wave
pressures, and induced pressures in the
acceptor.  The necessary condition for
dctonation of the accuptor is that the
length of run to detonation be less than
approximatcly 0.75 times the radius of
the acceptor. This run lenpth is then
convertcd to a necessary minimum induced
pressure in the nccoptor by mecans of the
l'op plot. The blast pressmve required
to induce this pressurc is ohtained from

s
pH - kplxl“ '

with k = 0.02483 for VRO and the pres:
sures in GI'n. The Jdlstance from the
donor at which this blast pressure will
ocenr can be determlned for the VRO
cubes from Fip. 10. The cffects on the
Must pressuro curves from varylng /d
ratio, donor mass, method of Inltlatlon,
and acceptor location have also heen
stndled.

(P3005)
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Fig. 9 - Variation of critical separa-
tion distance with cube size. Calcu-
lated values are shown by (®); experi-
mental results arc shown by arrows indi-
cating the limits of observation,
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tig. 10 - Varintion of peak blast pres.
sure with dlstance from the donor for
three cnbe siZes. The critical separa
tlon distance {& xhown by (o),
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JIT INITIATION

The jet initiation of explosives
has been studied by using shaped charges
with copper cones to fire a copper jet
into an explosive sample (17). The ve-
locity was controlled by shooting  :
Jet through a steel plate of appropriate
thickness. The velocity and diamerer of
the jer were measured with velocity
screens and flash x-ray photography.

The critical jet parameter for initia-
tion was found to be V?d, where V is jet
velocity and d is jet diameter.

This process was modeled b, trecat-
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 copner jets fired into PBX -404 and
PBX 9502 are compared with experimental
values of V?d (18) in Table V. The jet
initiates an overdriven detonation in
PBX 9502 smaller than the critical diam
eter. This fails when it is decayed by
side and rear rarcfactions bhefore it can
expand beyond the critical diamecter.

CONCLUSTONS

The minimum priming charge test can
be modeled fairly well 1ln one-dimen=:ion-
al sphericol geometry. The minimum det:
onation pressnre ix found to he ~6 Gla
for PBX 9404 und 7 GPa for Comp. R, in
dicating that this test is a high rres-
sure, prompt shock Ilnitiation c¢xperiment.
The gap test, shotgun test, and sympa:
thetic detonation can be modcled with
two-dimensional cylindrical geometry,
and are shock initiation experiments
with a sustained shock pulse. A detonn-
tion will occur when the shock wave is
of sufficient strength and duration to
build up to dJdetonation. The shotgun and
sympathetlc detonation shock waves ace
planar across the face of the sample,
resulting in pressure (p) versus run
distance (x) 1ln agreement wlth the I'op
plot. The p-x condition for detonatlon
is x = r (r 1s sample radius) for the
shotgun test and x - 0.75r for sympa-
thetlc detonation, where the shock wave
has some sxlight curvature. The gap test,
on the other hand, shows p-x hehavior
very differcent from the Pop plot near
the critlcal pap, as a consequence of
the sharply curved shock wave that en-
ters the sample. The process of shock
initlatlon by a jet ls In contrast wlth
the other experlmeits. In a near-crilti-
cel Jet initlntion, a prompt Jetonation
of the explosive wlll occur. This wlll
bulld to a propupating detonntion only
If the shocc wuve produced by the jet Iu
of sufflclent magnltude and duration.,

(P3005)

TABLE V
SUMMARY OF JLT INITIATION
WITH A COPPER JET

Diameter

Velocity 2

mr) (mm/us) Result v

==
S
PBX 9404; Experimental Vd = 16

2.0 2.0 Failed 8
2.0 2.5 Marginal 12.5
2.0 3.0 Propagated 18
4.0 2.0 Propagated 16
1.5 3.0 Marginal 13.5
PBX 9502: Ixperimcntal Vid = 127
1.0 5.0 lI-'nil(!d 100
4.2 6.0 Marginal 144 i
4.0 Tup I'ropagated 1M
8.a 4.0 Marginal 128,
L.--__.__r?_.__.s:'..-. I'ropagated —L_".‘(Hl -J!
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