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1). ADSTRACT

An experimental and analyt1ca1 investigation was -coenducted to study the physical and
~hemical processes governing the ignition and release of encrgy under low amplitude,
"accidently applied stimuli, 7To determine the mechanisms responsible for initiation

. of detcuation in low-speed impact a two-dimensional tensor code has becn developed.
ihe code is applied to calculations of the mechanical response of solid ccnposite

and double base propellant materials in unconfined impact against a vigid surface,
‘Computations were also carried out for YINT to serve as a reference or baséline for
comparison purposes. The materials were characterized by a hydrodynamic 2nd by an
clagtic plastic-hydrodynamic equation of state, Estimates were made of the transient
temperature ficld in these matexials resulting from the dissipation of the mechanical
energy of impact. Impact experiments on solid propsllants and on inert simulants

vere carried out in support of the analysis, These propellants were a double base
EJC/EMA /ALl and two composite materials which were formulations of PBAN/AP/AL and
PU/2P/Al. These experiments covered the range of impact velocities hetween that

where no reaction occurs and that where transition -to detonation occurs. The observed
features of the deformation of the propellant are in goed agreement with the analyticzal
predictions, .
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ABSTRACT

An experimental and analytical investigation was conduéted
to study the physical and chemical processes governing the igni=
tion and release of energy under low amplitude, accidently applied
stimuli. To determine the mechanisms responsible for initiation
of -detonation in low-speed impact a two-dimensional tensor code
has been developed. The code is applied to calculations of the
mechanical response of solid composite and double base propellant
materials in unconfined impact against a rigid surface. C(omputa-
tions were also carried out for TNT to serve as a referenge or
baseline for comparison purpcses. The materials were character=-
ized by a hydrodynamic and by an elastic plastic~hydrodynamic
equation of state, Estimates were made of the transient tempeva-
ture field in these materials resulting from the dissipation cf
the mechanical energy of impact. Further, calculations indicated
that the effect of friction at the interface was not a signifi-

cant factor in producing high temperatures. The locus of maximum

temperatures was found to migrate through the propellant cylinder.
Initially the maximum temperature is attained near the outer edge
of the target sample interface. This maximuvm value is maintained
behind the shock front while sweeping across the cylinder toward
the interior of the sample. Wnen a second bouridary is introduced,
i.e., the material is at rest on a rigid base and is impacted

by a rigid mass, the temperature developed almost doubles as a
result of the reflections of the :shock from the boundaries,
compared with the case of the cylinder of material impinging on

a riggid target.

Impact experiments on solid propellants and on inert simu-
lants were carried out in support of the analysis. These propel-
lants were a double base EJC/HMX/ALl and two composite materials
whict were formulations of PRAN/AP/AL and PU/AP/Al. These experi-
ments covered the range of impact velocities between that where
no reaction occurs and that where transition to detonation occurs.
Instrumentation consisted of framing camera photographs taken at
/4, sec between frames so as to obtain early time details. Longer
time phencmena were recorded by means of a fastax camera. The
observed features of the deformation of the propellant are in good
agreement with the analytical predictions. .
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1. INTRODUCTION

Weapons delivery systems in the future will require higher
eneirgy propellants and larger motors to improve perfonnance.

Higher energy systems have a tendency to be impact sensitive.

Impact is the most common occurring accident situation.

The answor to many questions concerning the hazards asso-
ciated with solid rocket motors are not known, and whére doubt
exists, they must be resolved in the favor cf a more conserva~
tive safety criteria. With the advent of even larger solid
motors, the cost of "mere safety” has become prohibitive. There-
fore, it is necegsary to accurately analyze and predict the
hazards and damage capabilities of solid propeilants and to
understand the processes whichi govern the hazardous energy re-
lease. A knowledge of the various mechanisms by which propel-
lants react when they are subjected to stimuli of moderate
amplitude will lead to the establishment of criteria for the
formulatinn of less sensitive propellants

Thé existing detonation theories describe the steady-state
detonation of propellants and explosives by strong shock waves
reasonably well. However, detonation of propellants and exgplo~
sives can occur under low~amplitude shocks and by impact at im-
pact speeds and pressures that are well below those predicted
by hydrodynamic theory of detonution. Equally as important as
high~-order detonations is the class of chemical decompositions
referred to as subdetonation reactions. Such reactions occur
when the stimulus is not sufficient to cause high-order detona-
tion but is sufficient to cause disturbances with intensity
levels ranging from mild burning to low-order detonatzon. Sub-
Jetcnation reactions occur at relatively low pressures; heﬁce,
they are of interest in determining the potential hazards of
propellants tu accidental stimuli such as impact or mechanical
action, the most commonly occurring accidental situationm.
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Large deformations characterize the mechanical response of
solid propellant materials prior to initiation in realistic acci-
dental impact situations ind in low<velocity unconfined impact
experiments, To determine the mechanisms responsi%le for propel-
Iant ignition in low-speed impact requires an understanding of
material flow amd energy conversion processes in unconfined
dynamic compression. To achieve this -oujective chribined theo-
retical-experimental investigation was carried out, Analytical
studies can reveal parameters whose role or significance is
masked in interpretations of experimental results, since the com-
plexity of the phenomena do not readily lend themselves to
experimental observation. Insight into hazardoiis conditions not
tested in the laboratory may alsc be xevealed by an analytical
model. A knowledge of mechanisms governing thé initiation pre-
cess and their relationship to the physical properties ¢f pro-
pellants can provide guidelines for the formulation of less sen-
sitive propellants with reduced damage capabilities while main-
taining their necessary performance and ignition characteristics.
The data obtained on initiation mechanisms will result in the
development of large solid propellant motors of reduced sensi-
tivity with a sabsequent increase in personal safety and better
utilization of resources.
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2. SENSITIVITY EXPERIMENTS ON SOLID. PROPELLANTS

Accidents involving solid propelllants rockeit motors, such as
the destruction of an inflight motor as a result of a malfunctior
. " at launch; have resulted in consideiable damage ito the surrou’ding
area. The: effects to the surroundirf: are similair to that of a
detonition of 4@ high explosive. In ithe 1éboratory howevizr, when
these propellants are subjected to a high pressuire-short duration
! load from a detondting high explosive donor, as in the gap rtest,
the most commonly used ¢ensitivity test, the propellant tannot
be iznited ard it generally shatters. On the other hand initia-
tion of burning and detonation reactions occur at a much lower
g pressure by the long duration loads occurring as a result of low-
3 speed impact.

a2 "

L

Flyer plate impact experiments Figure 1, on solid propellant
materials and their inert mechsnical simtlants were carried cut
in order to determine deformation modes, impdct spéed required
for initiation, intensity of the reaction, assist in the develop-
ment of the ‘theoretical model, and to substantiate the predictions
of the analysis. The Beckman & Whitley model 189 framing camera,
operating at & framing rate of four microseccnds between fraries,
was used to observe the deformation of the propellant during the
early timés, the first 100 psec. TFastax cameras operating at
5000 fps were used for late time phenomena. Details of the
experimental setup can be found in Ref. 1. The experiments were
conducted on. two composite solid propellants, similar in composi~
tion except for bimder, and one double base propellant. Their
3 corresponding inert mechanical sdimulant was also tested at the
i -game; loading condition. The two. composite propellants (PBAN and

ANP) had aluminum as the fuel and ammonium perchlordte as ‘the
oxidizer. The binder macerials were PBAN and polyurethané,
respectively. The double base propellant consisted of aluminum
as the fuel, HMX as -oxidizer ond EJC as binder. Experiments
were carried out on EJC, PBAN and ANP to bracket che ignition
threshold and intense reaction region. Each ¢f the propellants

e
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-were impacted at speeds ranging from 200 fps to 800. £ps. 'The
samples were cylindrical in shape, 5 in. diameter by 5 in. high.
The results of these tests are summarized in Table 1. Tesgts on
an inert simulant, HDLK, carried out at the same impact speeds
resulted in recovery of the compressed and fractured material.

One of the imjortant observations made is that composite
and double base prcpellants can exhibit intense reactions, re-
sembling low~velocity detonation, at impact speeds uf ~ 800 fps. .
These materials were considered to be insensitive by other tests.
The dimensions of these materials were well below itheir critical
diameter for detonation, which was determined to' be of the ofder
of 60 in. for ?BAN.cZ) .

Other experiments were carried out to determine the ignition
threshold as a function of charge size for PBAN solid propellant.
Sample sizes ranged from 1 in. to 10 in. in length .and 4 to 10 ir.
in diameter. It was found that the PBAN propellant is exceedingly
easy to ignite by impact, requiring a plate impact speed cf 150
to 300 fps, depending on charge size. However, the intensity of
the reaction at these impact speeds in & mild burning. Even at
higher impact speeds, reactions of the PBAN propellant were less
intense than these observed for the polyurethane propellant.

If the term "sensitiveness' denotes the ease with which a
material is ignited by a given stimulus, and “explosiveness"
denotes the intensity of reaction of the material when ignited,.
then in these terms, PBAN is the more sensitive material but ANP
is more explosive. Although materials may be characterized by
these terms, we do not yet know which physical or chemical prop-
erties govern the sensitiveness and explosiveness of a material
to a given input stimulus.

v

It was also observed in Fastax film records that the ANP
propellants, in particular, produced firebrands. This is, upon
"impact the makerial fragmented into a large number of burning
pleces. These pieces of lit propellant, firebrands, travelled
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hundreds of feet. Thus there is not only the blast or overpressure
3 ~ hazard but also the fire hazard associated with low speed impact.
EJC on the other hand did not produce firebrands. It is the

intent of the apalytical work described in the next section to '
provide a detailled understanding of the impact and material flow
processes to determine the way in which the mechanical energy is
converted to thermal energy, and to determine the cffeécts of
material propexi:ies on this conversion process.
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3. COMPUTATIONAL EFFORT

This work consists of the numerical modeling of the flow
phenomena occurring in material billets subjected to impact,
The primary purpose is to determine regions within the material
which may serve as initiation sources due to generation of local
high temperatures.

Calculations were performed with a two-dimensional unsteady
computer code described in Reference 3. Additional details of
the numerical technique are reported in Reference 4. The
materials considered were both propellants and explosives. The
latter were included for comparison purposes and also because
more informaticn regarding their behavior, properties, and
equation of state data is availablée. Early in the development
of the computer code checkout calculations were performed using
aluminum. Both purely hydrodynamic and elastic-plastic modeling
of the materials were usad. The early computations were per-
formed in order to analyze the deformation: of the impacted
material and to study the wave and flow patterns generated by
the impact. Later the capability 'to compute local temperatures
for a particular form of the equation of state was added (see
Reference 3). Most modeling was done for unconfined impact in
which a .cylindrical billet of material is impacted on a rigid
surface which is perpendicular to the cylinders axis. Both cases
with and without friction on the impact suriace were computed.

Finally results were obtained for impact of a flyer plate on a

cylindrical billet which in turn rests on a rigid surface. This
latter configuration is the one used in most impact sensitivity
tests on explosives and propellants (see Reference 1),

_ A tabulation of the significant computer runs performed
during the duration of this program i¢ presented in Table II.
This table indicates the impact conditions, the type of material,

. and the material behavior specified. Also listed is the purpose

of the computation. Some of the detailed results obtained for
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the free impact calculations are presented in Reference 3.
Additional results for this case and also the results for the
flyer plate impact computation are given in Section 4.

To minimize the complexity of the computational results -
and to be able to make valid comparisons between the behavior
of various materials and impact conditions the billet geometry
was standardized to be a cylinder with a height of 5 cm and a
radius of 5 cm. Also the numerical resolution for most rumns
wag the same, 30 radial zones and 30 axial zones: Finally the
impact velocity in all cases was assumed to be 21 cm/msec .
(.700 ft/sec). All computations except the run using PBAN were
performed using the equation of state formulation given in
Reference 3.

The caloric equation of state used for PBAN relates
pressure p, density p, and internal energy e as follows:
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4. NUMERICAL RESULTS

The sequence of dynamic events in a cylindrical billet in
normal unconfined impact on a rigid surface is illustrated in
Figure 2. The specific results shown are for a PBAN propellant
and hydrodynamic behavior of the material iy assumed. 'The impact
generates a shock wave moving upwards from the rigid interface.
However, since the lateral surfuce of the cylinder is free rare-
faction waves mové in to relieve the pressure as indicated in
the Figure. The flow field behind the original shock is simply
one-dimensional. Once the rarefaction wave moves in, the flow
fieid becomes two-dimensional. After sweeping through the entire
billet the shock encounters the top free surface reflecting a
strong rarefacticn down into the material. This wave interr~ts
with the rarefacticn waves coming in from the lateral boundary
setting up a complex wave pattern in the billet. Further inter-
action of these waves with the rigid and free boundaries take
place. In general these tend to relieve the pressure, Finally
regions of strong tension may appear in the material particularly
along the centerline. Figures 3 and 4 illustrate the pressure
field for the PBAN calculations at two times. Also showm are
displacements and distortions which occur in the material due to
the impact. As should be expected the largest lateral displuace-
ments occur along the rigid boundary. '

The behavior of othér materials in unconfined impact is
qualitatively the same as described above. This is illustrated
in Figure 5 which shows the displacements and temperatures for
impact on an EJC billet, Similar results for TNT are contained
in Reference 3. A comparison of the mechanical behavior of the
three materials is shown in Figure 6. For all cases hydrddynamic
behavior is assumed. Shown are the velocities and displacements
at the corner of the billet, Again the similarity in behavior
may be observed. Largest displacements and veiocities are
obtained for TNT. In general displacements and velocities in

11
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Computation Cycle 170 , Time =22.7 LL sec

7 A Time Step=0.09/Lsec, Shock At 3.6 cm,
Head of Rarefaction At Center (0,0)
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Figure 3. PRESSURE AND DISPLACEMENT FIELD IN uI\'CO\IFINED IMPACT -

PBAN (Hydrodynamic)

13




{ R hiladhbian et T asiiad
Ny . -
a .
-
! ’ )
IS
F

ZA Computation Cycle 230 ; Time =27.8 [Lsec

Time Step =O.OO87L;L sec. Last Cycle at
Which Original I-D State of 7.1 k Bar
Exists at x=0,2=3.25 cm
Sp———— — T o
WA N [0 1.0, 010 o4l
4t |
~ le7 lesa |54 39 |25 Jos |l
E e - 0.__!
Tk |
i 366 |s9 |39 21 |10 08 ||
o | T 0},
| 7 .
E 5.2 |41 2.3 118" 0.9 0.5
= . ) A
; 35 l26 |17 1L 0.8 03 |
i - ' l 0
c 2
2 .8 r 1.5 1.0 0.6 05 |
T — O
L8KB | 1.6 1.4 1.0 0.7 lo,s |
| ! 1 i ] l L. 0O [ >
| 2 3 4. 5 6 X
Radius (em)

" Vg = Impact Speed = 2icm/ msec = 700 ft.’sec

Radius =5c¢m  Length=5cm .

» Numbers In Corners of Rectangles Are Vci!ijfes
Of Pressure In Kilobars-

Figure 4. PRESSURE AND DISPLACEMENT FIELD IN UNCONFINED IMPACT -
PBAN (Hydrodynamic) -] -




S e 7
S 130° [0 [30 29 |28 =%
4l .
' — : I} Shock
234 %/253 220 |19l 16S 172
v X '

E 3—?-6?/ 254 la19 169 |00 | g6 }
g [ ’
, o
& _[250 | 226 [164 107 |qg 50 :

-'J 2"~ . e ———.

226 | 188 1127 |93 66 |49 |
T I pa
o o o o ; o
20 163" | 13° |84 .| 63 33° :
we | 89° 62° | 1| 42° 27° ¢
L | 2 - 3 4 5 6
Radius (cm)

Impact Speed 2icm /msec Time =‘20.6/u, sec
Shock At 3.75.cm Head Of Rarefaction at (0, 2.6 cm)
Initial Radius and Length 5.em X 5cm

Numbers In Corners Represent Tem;;emture
“In °Centigrade -

:Figure J»  DISPLACEMENT AND TEMPERATURE FIELD IN UNCONFINED IMPACT -
‘ EJC (Hydrodynamic) : )

15 -




A S S T e A S i i e e A A

‘T = ‘1€ = T ITTIIC J0

Ge o¢

| FJAL IVIVALVH d0 ¥~ 3509
WANYOD IV FWLL "SA INIWIDVIASIC ONV ALr30adA

(JesT)y
04

*9 2an3tJg

SHIgE)

T (19g)

_ wn‘”f\

‘Q —

N 29

= Nvad

e
)P

q-

O

QO
N
n

(995 iy wo)X

O
w0

09

16




e e — e [ e R

< e s

the hydrodynamic approximation are primarily a functicn of the
density, i,e., less dense meterials are accelerated to highker
velocities and attain larger displacements in the same time.
This is clearly borne out by the results of Figure 6. To
ascertain the influence of material strength on the mechanical

betavior, impact calculations were.perfofmed for THT assuming

elastic-perfectly plastic behavioxr. A yield siwength of 1.21
kilobars was specified. The effect of materia’ strength is
clearly demonstrated in Figure 7 which again shows the cormer
displacement and velocity. Both the velocity and the displace-
ments are considerably reduced when material strength is taken
into account. '

Since the purposé of this study is to delineate possible
initiatica mechanisms 'for propellant and explosive materials
the most significant computational results are the temperature
distributions, Typical of the calculated tempersture fields
is the one for EJC shown in Figure 5. The highest temperatuizss
in unconfined impact occur generally behind the propagating
ghock wave. The location of the maximum temperature for the
EJC'impact is shown in Figare 8. Siwmilar results for TNT are
given in Reference 3, It may be seen that the maximum tempera-
tur2 never occurs at locations close to the free surfaces. The
location of maximum temperature approximately follows the shock
path wpwards through the billet. The effect of material type
on the temperature is illustrated in Figure 9. Maximum tempera-
ture as a function of time is given for TNT and EJC. The latter
material exhibits higher temperatures which is a reflection of
the lover specific heat. Figure 10 shows the effect of taking
into account the strength of a material on the temperature field.

As should be expected higher temperatures prevail when a purely

hydrodynamic behavior is assumed, The pressures in the hydro-
dynamic material are also higher. When material strength is
included purt of the impact energy is dissipated in distorting
the material, i.e., in mechanical work,

17
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To determine the significance of surface friction in

unconfined impact, computations were: performed including the

friction effect at the rigid surface. These calculations were
made for TNT both with and without material strength. It was
found that the effect of friction on the temperature increase
was minimal, More significant was a slight reduction of the
radial velocity and displacement along the rigid surface, It
is possible that a very local temperature increase may occur at
the surface but cannot be resolved without introducing a much
finer computational grid in this region. Thus the problem of
friction may require additional study, '

Since the computed temperatures in unconfined impact were
found to be quite moderate calculations were performed for
partially confined impact. The same size billet was used bhut
now resting on a rigid surface, and being impacted by a rigid
flyer plate from above. ‘The impi:cting plate was assumed to have

" @ mass of 1570 gm and the same initial velocity as the free

impécting billét. Considerable higher temperatures were now
computed, this is showh in Figure 11 which compares the maximum
temperatures as a function of time for the plate impact case
with the unconfined impact. 1Identical material propeirties were
assumed for both cases. The particular computation is for TNT
with material strength. Also shown in this figure are results
for plate impact obtained with a coarser computational grid

(10 zones in each direction rather than 30). The temperature
prediried 1s seen to be lowér. This indicates that .a coarse
ccmputational grid is not capable of sufficiently resolving the
flow field to determine the maximum temperatures since these
are normally restricted to a small region. The location of the
maximum temperatures for the plate impact case is indicated in
Figure 12. Again the maximum occurs on the interior of the
billet close to the centerline. )

Finally to study the distortion cccurring in such a billet
a graphical capability was developed which permits the CALCOMP

22 ' -
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Figure 11. Max. Temperature vs Time for TNT
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3 . plotting of the grid network. Figure 13 shows a typical sequence
" of such plots starting with the initial rectangular grid and
proceeding with consecutive time plots. These plots are full
scale and show the same behavior as observed in experimental
studies (see Reference 1), '

The much higher temperatures obtainéd with the plate impact
indicate that it may be possible to initiate explosives and
propellants under these conditions of partial confinement.
Additional confinement may raise the local temperatures still
higher. Hence this problém deserves further attention. Other
effects that should be analyzed are the geometry of the material,
i the presence of voids, and the encasement of the propellant in
metal housings. These studies can be readily accomplished with
but minor modifications of the existing code.
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5. CONCLUSIONS

The results of this investigation have shown that explosive
reactions can occur for composite and double base propellants
under conditions of laterally unconfined low-speed impact by a
rigid flyer plate., The mathematical model of the impact process
shows that there is an almost two-fold increase in temperature,
under conditions of flyer blate impact, with the propellant
resting on a rigid target, compared with the case of the pro~
pellant impinging on the rigid target. The maximum temperature
achieved, ,L400°C, is sufficiently high to cause chemical reaction.
In addition numerical tests using different computational mesh
sizes showed that higher temperatures are achieved using finer
meshes, indicating that the development of high temperatures
1s a very local phenomena. For low-speed impact the total
applied energy is never suffiicient to cause a rise in temperature
of more than a few degrees throughout the bulk of the material,

- Hence it has been recognized that in order to effect an explo-

sion the energy must be concentrated in a small region of the
material. In our computations we .see that this region is a
sphere about 0.08 cm radius which achieves a temperature of
~400°C, Bowdene (5) has calculated hot-spot radii for explosion
of 10"3 to 10°5cm with temperatures ranging from 400° to 600°C
depending upon the explosive.

These observations indicate that the hot spot theory cannot

‘be supported unambiguously. There are other mechanism for con-

centrating energy (6) which are dependent upon geometry,
compesition, and details of the applied load. In our application
elastic-plastic changes behind the shock front with localized

shear or fracture appear to be the dominant mechanism.

-
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