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We have made detailed measurements of the approach to steady, self-supported
propagating shock waves at greatly reduced yield in composite propellants. Propa-
gation velocities are less than one half the theoretical value expected for full reac-
tion at the sonic plane.

Previous experimental studies! have given evidence of similar behavior. Also,
previous theoretical work? in an analytic form has shown the possibility of reduced
yield detonations. We have developed a reaction model coupled with a hydrody-
namic code that together provide a description of the coupling of the complex reac-
tion behavior with shock propagation and expansion in energetic materials. The
model results show clearly that if the dependence of reaction rate on pressure is of
sufficiently low order and the mode of consumption is by “grain burning” the calcu-
lated detonation behavior closely parallels the observed non-ideal results.

We describe the experiments, the reaction model, and compare experimental and
calculational results. We also extend the model to predict results in the unexplored

regime of very large size charges.

INTRODUCTION

Our purposes in this paper are two-fold, first to re-
port the rather remarkable reactive shock behavior of a
typical propellant material and, second, to present
analysis based on a reactive model of such material to
display special features of their detonation behavior,
Our model-based analysis predicts detonation behav-
iors that remain to be confirmed experimentally. The
available experimental observations provide only a lim-
ited coverage of possible initiation and detonation be-
havior. We have extended the analysis to explore the
full regime and have included illustrations of the de-
pendence of the results on parameters in the model.

We will refer to the ammonium perchlorate (AP),
aluminum(Al), polymeric binder propellant as 1.3 pro-
pellants. For convenience, other materials containing
large amounts of AP with lesser amounts of high explo-
sive such as RDX or HMX we will refer to as composite
explosives even though some of these materials may be
used as propellants and in a few cases may be officially
classified as 1.3.

There have been relatively few studies devoted to
detonation behavior in large charges of 1.3 propel-
lants.!:3-4 There was evidence of the propagation of

detonation in all of these studies. However, as we will
show, the approach to steady behavior is very pro-
longed so that the evidence may very well not be con-
clusive.

Considerable work>® has been performed on
smaller charges of 1.3 materials (charges whose diame-
ter, d, is considerably smaller than the failure radius d.).
With the exception of the reports by Bai et al.® and Bo-
teler and Lindfors,!? results of shock loading tests have
failed to reveal any significant reactive response during
the time of shock transit. Our results are consistent
with the preponderance of evidence.

Experimental work on composite explosives!!-14

containing large amounts of AP and work on pure
granular AP (less than TMD) reveals behavior similar
in nature but much less extreme than that which we ob-
serve and predict for 1.3 propellant. The composite ex-
plosives and granular AP offer the opportunity to ob-
serve detonation behavior at values of d/d. >>1 and to
examine the relation of the reaction rate to the detona-
tion behavior. We recover the measured!!-!13:14 linear
dependence of propagation speed with reciprocal di-
ameter with specific parameter values.



Previous analyses by Leiper,!> Guirguis,? and by
Andersen and Chaiken!® have presented numerical and
analytic work to describe the non-ideal behavior in
composite materials. Leiper and Guirguis have pointed
out the possibility of “eigendetonations” (i.e. steady
detonations with reduced yield and variable sonic
plane conditions depending upon charge diameter).
Leiper’s description is based on a rather arbitrary mul-
tiple reaction step process while Guirguis’ analysis is
based primarily on analytic relationships between reac-
tion rates and hydrodynamic flow. Both analyses are
primarily limited to steady flow. Their analyses were
applied to composite explosives where the effects are
much less extreme than in the 1.3 propellant examined
here. Anderson’s analysis was applied to 1.3 materials
in advance of the SOPHY test studies and focused on
temperature dependence of initiation and burn rate.
Their estimated failure diameter was approximately 10
times the value measured later. They did not discuss the
sonic plane conditions or rate of approach to steady
propagation. Westmoreland!? and Tarver!8 applied
models to composite explosives similar to the modeling
analysis presented in this paper. Laminar burn rates
were not explicitly incorporated and a form factor de-
scribing “hot spot” burning was used. Tarver® in a
later paper applied a grain burning model to a 1.3 mate-
rial. Their results and predictions were quite successful
but were applied to a limited regime of composite be-
havior.

Our approach differs considerably from the previ-
ous work in several respects. The current numerical
model is more general in that it treats initiation and the
approach to steady propagation or to failure. It is based
on an attempt to provide a physical description of the
reaction process following shock stimulus. As we will
describe, our modeling analysis has explicitly incorpo-
rated measured burn rate dependence, separate alumi-
num burning, and inert shock measurements together
with calculated equation of state parameters in order to
produce realistic predictions. More important, the as-
sumptions in the model and the assignment of parame-
ters can be separately subjected to critical examination.
Thus it is our hope that we have laid the groundwork
for future studies.

MODEL OF IGNITION AND GROWTH OF
REACTION

The model we use to describe the growth of ener-
getic reaction in propellant is based on the original
model described by Lee and Tarver,!® and modified by
us to incorporate the idea that the oxidation of the alu-
minum metal has a clear and distinct rate of reaction that
differs in its pressure dependence from the rate of de-
composition of the AP oxidizer and the oxidation of the
polymeric binder HTPB. As implemented, the model
uses JWL equations of state to represent (a) the unre-
acted material, (b) the products of burning binder in AP

decomposition products, and (c) the products of burn-
ing aluminum in (b). Analysis of the composition of the
latter two using CHEETAH?20, a thermochemical equi-
librium program, shows that over a wide pressure range,
oxygen from H,O and from CO; is used to burn the alu-
minum metal, but CO is not further reduced.

In our implementation of the model, there are two
parameters that track the extent of the two reactions, A,
and A,. The extent of reaction 2 depends on the progress
of reaction 1, according to our view that aluminum can
burn only when water and carbon dioxide are present.
The mixture rule for the equations of state is that pres-
sure and temperature are equilibrated. The mass fraction
of reactants is given by /-A,, the mass fraction of the in-
termediate products is A-A,, and the mass fraction of fi-
nal products is A, We impose the additional constraint
that the intermediate product may not have a negative
mass fraction.

The equation of state parameters for the unreacted
propellant were fit to Hugoniot data taken for this and
similar propellants.>-2! The JWL parameters for the in-
termediate products were fit to CHEETAH calculations
of the energy released on the adiabat from a theoretical
ideal detonation of AP, HTPB, and non-reacting alumi-
num metal. The JWL parameters for the final products are
taken from a renormalization of the CHEETAH calcula-
tion that reduces the available energy from the final
products by 20%. The historical precedent for doing so
is that the predictions of thermochemical calculations
for aluminized propellants have always exceeded the
measured values even in cases where the aluminum is
consumed. The argument relies on comparison of calcu-
lational and experimental results of cylinder tests on
1.1 propellant of varying diameters. We give the pa-
rameter values for the equations of state in the Appen-
dix.

REACTION RATE EXPRESSIONS

The decomposition of AP and the oxidation of
binder material is treated as a single reaction, which can
be expressed schematically as

AP + Binder + Metal 1 AP/Binder products Metal (1)

The rate of this reaction is specified by

dA a Gy o
7;=1(1_A1)’(“ _c)ﬂ +G1(1 _AI)L/\IF (p) 2

The first term represents the initiation of propellant by a
shock wave that produces an excess compression, .
The excess compression is simply related to the density
pby U= p/py— 1. Here py is the reference density. The
limit c represents a pressure cut-off, so that lower pres-
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Figure 1. Closed bomb and strand burner measure-
ments of the laminar burn rates of several similar
propellants.

sures do not cause initiation. This was set to corre-
spond to an impact stress of approximately 150 bar.
Tests by Merrill on a similar propellant showed no re-
action from low-velocity impacts. The value of ¢ used
results in no reaction at the impact velocity tested
there. The parameter / was reported by Tarver® in his
simulations of impact induced reactions at high stress
levels. He also reports the use of a small value for the
parameter a;.

The second term represents the growth of reaction.
The laminar burn rate, r’, of QDT propellant for the Titan
IV SRMU and other similar propellants have been
measured by us and by others.22-24 The various meas-
urement techniques and laboratories result in somewhat
differing burn rates. (See Fig. 1) We chose to use the
data of ours and Parker?? The piecewise power-law fit
is given in the Appendix. In our high-pressure meas-
urements, the value of the power was constant and
equal to the lowered value at the highest pressure of
Parker. The 1 atmosphere burn rate is consistent with
that measured by Merrill.25 The aluminum metal, in the
form of 29 micron diameter powder, is assumed to burn
in the products of AP and binder. Pokhil et al.2® report
the time for the combustion of aluminum in an oxidizing
gas atmosphere to be approximately 2 millisec for a 30
micron sphere. The dependence of burn-up time on gas
pressure is approximately -0.3,27 so that the rate of
combustion would be proportional to the 0.3 power of
pressure. Hermsen?’ reports a factor of 3 faster burn-up
times for the same pressure and diameter, as a conse-
quence of the assumed erosive burning present in the
turbulent flow of the exhaust gases in rocket motors.
Both reports show the dependence on oxygen concen-
tration to be the 0.9 power. As a consequence, we have
chosen the equation for the metal combustion to be

ddAtz :GZ(RAI _AZ)O.‘)(I_/\Z)O.b(ﬁpO.S (3)

The stoichiometric ratio, R, is taken to be 1.42,
based on CHEETAH calculations of the product spe-
cies throughout the pressure range 0.09 to 0.7 GPa.
This is the ratio of oxygen concentration considering
only H,O and CO,, to the oxygen needed to burn the
aluminum completely to Al,Oz The two-thirds power
on the form factor is appropriate for spheres burning
from their surface. We fit the coefficient G> = 0.00953 for
pressure in Mbar, time in microsec to match Pokhil’s
data interpolated for 29 micron spheres. For our model,
we defined the time to burn as the time taken to burn be-
tween 10% and 90% of the aluminum present.

EXPERIMENTS

The growth of reaction parameter G; (Eq. 2) and the
form-factor, are fit by comparing simulations of Critical
Diameter (CD) tests with measured results. Critical di-
ameter tests of several similar 1.3 composite propellants
were performed at Edwards AFB. Cylinders with diame-
ters between 0.4 and 1.5 m were tested. In those tests,
the cylinders were 2.5 to 4 diameters long. The booster
charge was as-poured density (1.22 g/cc) AP. The
booster was the same diameter as the propellant and be-
tween 0.5 and 2 diameters long. Experimental results
for various similar propellants include propagation ve-
locity at locations more than 2 diameters downstream of
the AP/propellant interface. The propagation velocity
midway between two pins is measured in the experi-
ments (and in the simulations) by recording the arrival
time of the shock front at various axial locations on
fixed radial lines. The arrival times are differentiated to
establish the propagation velocity. We found it con-
venient to treat both simulations and experiments alike
by averaging two adjacent velocity values and report-
ing that velocity at the midpoint as described by
Banas.? For equally-spaced pins, this procedure is
equivalent to differentiating by skipping a pin, and re-
cording the velocity at the skipped pin location. For all
propellants from 0.4 to 0.9 m diameter, the propagation
velocity measured at two diameters downstream was
less than 2.6 km/s, which corresponds to a pressure less
than 1 GPa.

The 1.5 m diameter test took place at Edwards AFB
on November 18, 1996. The results of the 1.5 m SOPHY
test! were similar, except for the near-booster response,
which was noticeably more reactive. The TNT booster
used in SOPHY resulted in considerably faster propa-
gation in the first diameter. Because of this similarity,
we also calculated the 1.8m SOPHY test, which was
still more reactive (faster propagation downstream). De-
spite the differences in the SOPHY ANB-3226 propel-
lant formulation, which was 69% AP, 15% Al, 16%
PBAN, and the QDT propellant (69, 19, 12% HTPB),
the similar behavior in the 1.5 mtest led us to believe
that a single model would suffice. We found that using
the grain-burning form factor,
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Figure 2. Experimental results and simulation of the
1.8 m SOPHY CD test.
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Figure 3. Experimental data and simulations of the

1.5 m SOPHY and PIRAT tests
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and either the pairs of values (y, G1) (0.1, 4.5) or (0.33,
11.75), we could match the two SOPHY tests and all
test results 1.5 m diameter and smaller. In the following
section, we discuss the consequences of other choices
for the value of y. We show the computed and experi-
mental results for CD tests in various sizes (Figs 2-5).
Air shock overpressure measurements, made during
these tests, are consistent with explosive yields of 50%
for the smallest diameters, and 100% for the largest di-
ameters. These explosive yields are much greater than
the shock front conditions in the propellant would in-
dicate. These are reduced yield (or failing) detonations.

MODEL ANALYSIS, RESULTS AND DISCUSSION

To illustrate the behavior of 1.3 propellant as de-
scribed by our model, we performed a set of computer
experiments of under-initiated cylinders. In these com-
puter experiments, a 4-diameter long cylinder of propel-
lant is stimulated by impacting one end with a steel
disk that has the same diameter and is a quarter-diameter
thick. By under stimulating, we could observe the
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Figure 4. Experimental results and simulations for the
0.9 m CD test with reaction (solid) and without any re-
action (dash)

>0 { { { {
v 45 Simulation Experiment ]
E e 22400 o 22-in QDT
T, + 22-inPS1
2 ™ 4 22-inPS2 [
3 .: x B, % 22-in PS4
g 35— X 22-in PS13 [
2 30 3
§ 2.5 ,

280 —0s 1.0 15 2.0 25 3.0

Propagation distance, diameters

Figure 5. Experimental results and simulations for the
0.5 m DSWA and PIRAT CD tests

growth of reaction to finally achieve a steady peak
pressure that was higher than the initial shock value. In
this way, distinguishing a steady reaction from one that
decays was unambiguous. In all cases reported, an in-
put pressure of approximately half of the steady propa-
gating shock was sufficient to reach steady state in four
diameters. All steady values reported here had propa-
gated 3 to 4 diameters. The result for steady propaga-
tion velocity as a function of reciprocal diameter is
shown in Fig 6. For the choice (y, Gi) = (0.33, 11.75)
we replicate the results of the 1.5 and 1.8 m CD tests.
The result for under-stimulation was that diameters of 2
m and smaller did not propagate. The reaction started
but then died out. A 2.5 m diameter calculation showed
steady propagation. The approximately linear variation
of propagation velocity with reciprocal diameter has
been reported!!:13:14 for a number of composite explo-
sives containing large amounts of AP.

The original choice for the values of (y, Gi) as (0.1,
4.5), also recovers the measured propagation velocity of
the 1.5 and 1.8 m CD tests. The behavior of propagation
speed with reciprocal diameter is even more extreme,
and is well fitted by an exponential decay with recipro-
cal diameter. (See Fig. 6) For this case, a critical diame-
ter cannot be identified. Even small sizes propagate a



small amount of reaction at scarcely larger than the
sound speed in unreacting propellant. The shape of the
form factor is shown in Fig 7 for various choices of y,
(Eq. 4). If a “hotspot” model (y, G1) = (0.667, 56.225) is
chosen, it is possible to match the results of the 1.5 m
test, but the calculated result of the 1.8 mtest is a re-
duced yield detonation propagating at 5 km/s.

Based on the above limited evidence we have se-
lected y = 0.33. The physical description correspond-
ing to this form factor is as follows. Starting from
widely spaced localized ignition sites, “flames” spread
subsonically in thin sheets to enclose rather large (10-
30 mm) regions of propellant. The grain burning regime
is attained after only a small fraction (.03) is consumed.
This implies a flame thickness of approximately 1 mm
This picture is based on our model and has not been di-
rectly confirmed.

INITIATION

We sought to characterize the initiation behavior
of this propellant by calculating the “Pop” plot of run-
distance to detonation as a function of pressure for
thick-plate stimulus. We found that this could not be
done in an unambiguous way. We examined a 5 m di-
ameter cylinder, which is 2.5 times the critical diameter.
In the usual experiment, steady detonation is achieved
in the plane-strain region, less than one radius propa-
gation. In our calculation (Fig. 8) steady detonation
does not occur within one radius, even for an initial
pressure of 0.15 Mbar. The peak pressure for full detona-
tion at infinite diameter would be over 0.3 Mbar (Fig.
9). After achieving a maximum at one radius propaga-
tion, side rarefactions reduce the peak pressure. At 3 to
4 diameters downstream, the steady peak pressure of
0.15 Mbar (Fig. 9) is achieved.

REACTION ZONE

Another remarkable feature revealed in our analy-
sis is the extremely low value of energy release forward
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Figure 6. Calculated steady propagation velocity as a
function of reciprocal charge diameter for y=0.1 (dot),
0.33 (solid), and 0.667 (dash-dot)

of the sonic plane. The sonic plane separates the region
behind the shock front. Behind that plane, disturbances
cannot communicate with the shock front, so energy re-
leased in the reaction cannot contribute to the strength
of the shock. It is the Chapman-Jouget (CJ) plane of
detonation theory. We show the distance between the
shock front and the sonic plane as a function of recipro-
cal diameter in Fig. 10. These distances are much larger
than commonly obtain in explosives. For our nominal
model, the distance is approximately 1 meter.

The low value of the propagation velocity relative
to the infinite diameter result suggests that little of the
energy of reaction is released at the sonic plane. We
show the result for the fraction of the energy released
(including both reactions) at the sonic plane in Fig. 11.
For our nominal model at 2.5 m diameter, the reactive
shock propagates with less than 15% of the energy re-
leased at the sonic plane. For the extreme model (y, Gi)
= (0.1, 4.5), less than 3% of the energy is released at the
sonic plane at 2 m diameter. It is important to remember,
however, that substantially all of the energy is eventu-
ally released. However, it is not released in such a way
that it can affect shock propagation. We show profiles
(Fig. 12) on the center-line of the 5 m diameter cylinder
using the nominal model, about 3.7 diameters down-
stream from the initiation. The shock pressure and the
fraction of energy released are shown as a function of ax-
ial distance. There are no features that would make the
ClJ plane identifiable. This is simply the location of the
place where the sum of local sound velocity and mate-
rial (particle) velocity equal the steady propagation
speed of the reactive shock. The reactions continue to
release energy behind the sonic front, which contrib-
utes to radial expansion of the propellant cylinder and
to air blast, but not to the propagation speed of the re-
active shock. Experimental pressure measurements
would report the von Neumann spike pressure. Deter-
mination of the “CJ” or sonic plane pressure requires
further analysis.

1.0

Form factor, FF

0.
8.0 0.2 0.4 0.6 0.8 1.0
Extent of reaction, A

Figure 7. Form factor evaluated for different values
of the y power 0.1 (dot), 0.33 (solid) and 0.667 (dash-
dot)
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The pressure at the sonic plane, which we may call
“CJ” pressure, although it is not the pressure sup-
ported by a fully reacted shock, is shown as a function
of reciprocal diameter in Fig. 13. Note that the “CJ”
pressure and the energy release do not reach theoretical
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Figure 11. Fraction of energy released, F, at the sonic
plane on the centerline of the propellant cylinder for
y=0.1 (dot), 0.33 (solid), and 0.667 (dash-dot)
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values even at infinite diameter conditions although
the reaction zone length approaches its asymptotic
value. Given the rate dependence we chose for alumi-
num burning, the aluminum reaction rate is simply not
rapid enough to reach completion in the passage of the



reaction zone (about one meter) at the propagation
speed 7.5 km/s. This is similar to the case with alumi-
num particles in high explosives. For this 1.3 propel-
lant a large fraction of the aluminum is predicted to be
consumed forward of the sonic plane, because the reac-
tion zone is enormous. The much smaller distance be-
tween the shock front and the sonic plane for alumin-
ized explosives, despite the higher temperature of the
intermediate products, implies that for many formula-
tions, a smaller mass fraction of aluminum may be
burned in that zone.

CONCLUSIONS

The response of composite energetic materials, in
particular, the 1.3 propellants commonly used in large
booster motors, is at great variance with what has been
observed in high explosives. In our modeling analysis,
detonation behavior is strongly dependent on the form
factor for the burn surface area and on the pressure de-
pendence for the burn rate. The combination of low val-
ues for S/V, grain burning, and a nearly linear depend-
ence on pressure results in a remarkably slow approach
to steady flow, very low reduced yield detonation
speeds, and very small fraction burned ahead of the
“CJ’ plane for charges near critical diameter.

The major energy release in this regime (near criti-
cal diameter) occurs downsteam of the “CJ” plane. This
is totally at variance with the observed behavior of
high explosives and much more extreme than somewhat
similar behavior in composite explosives.

The confirmation or refutation of our extended re-
sults will require very large experiments or ingenious
subscale experiments, perhaps using similar materials
with much smaller failure diameters. We pose this as a
challenge to detonation researchers.
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APPENDIX: PROPELLANT PARAMETERS

The equation of state used for the reactants, inter-
mediate products, and final products all have the same
JWL form

p=Aexp(=R,p,/ p) +Bexp(—R,p0,/ p) +C,al o/ 3,
where the reference density, p,, is 1.80 g/cc.

Table 1. Equation of state parameters

Parameter Reactant Intermed Final

A, Mbar 205 16.059 8.0098
B, Mbar -0.107876  0.09449 0.16183
R, 10 5.84 5.3

R, 2 1.3 1.4

w 0.8 0.222 0.26

Cy, Mbar- 222 107 1.61 107 1.845 107
cc/eco/K

Q, Mbar- 0 0.07 0.04
cc/ceo

Note. The total Q released for both reactions is 0.11, the
sum of the two energy values given

The values of the ignition and growth parameters
appear in Table 2. In addition to the nominal values of y
and G, given there, we used the two other pairs of (y,
G1) values (0.1, 4.5) and (0.667, 56.225)

Table 2. Ignition and growth parameters

Parameter Value

I 1.1

aj 0.222

c 0.002

n 4

G, 11.75
ag 0.667

y 0.33

G» 0.00953
R 1.42

Note 1. The ignition term is set to 0 when the extent of
reaction exceeds 0.04

Note 2. The pressure dependence of the laminar burn
rate is specified by log-log interpolation of the follow-
ing (burn-rate, pressure) pairs, where the burn rate is in
cm/microsec, and the pressure is Mbar:

(1.016 1077, 1.000 10°), (9.068 107, 1.151 10
(1.763 10, 3.842 10, (3.599 10, 5.957 10
(6.988 10, 8.077 10™), (1.016 10, 1.164 10
(4.441 107, 1)

:i;
_3)
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