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REACTIVE FLOW MODELING OF RECENT EMBEDDED GAUGE AND METAL
ACCELERATION EXPERIMENTS ON DETONATING PBX-9404 and LX-17

C. M. Tarver, N. L. Parker, H. G. Palmer
B. Hayes and L. M. Erickson

Lawrence Livermore National Laboratory
University of California
Livermore, California 94550
ABSTRACT

The ignition and growth model of the reactive flow during
shock initiation and detonation wave propagation in the
heterogeneous solid explosives PBX-9404 and LX-17 is compared
to recent embedded particle velocity and stress gauge
measurements in detonating PBX-9404 and Fabry-Perot free
surface velocity measurements of thin metal plates accelerated
by detonating PBX-9404 and LX-17. The overall agreement
between the numerical calculations and the various experimental
records, which have time resolutions in the nanosecond regime,
is very good. The regions of disagreement emphasize some of
the processes involved in reactive flow and metal acceleration
that are not fully understood and directions for future
experimental and modeling work. These new experimental and
calculational results are also compared to some previously

reported back surface particle velocity gauge and free surface
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velocity measurements for detonating PBX-9404. The experimental
records and the numerical results clearly demonstrate that
detonating PBX-9404 attains particle velocities and pressures
in excess of the Chapman-Jouguet (CJ) values in less than ten
millimeters after detonation has been established and that the
resulting detonation reaction zone has a steady profile for its

entire length of propagation.

INTRODUCTION

The ignition and growth modell of reactive flow during
snock initiation and detonation wave propagation has
successfully calculated a great deal of one- and two-dimensional
experimental data on solid heterogeneous explosives and
pr'OpeHant:s,z—6 particularly on the HMX-based explosive
PBX-94047 and the TATB-based explosive LX-17.7 The
ignition and growth model of a detonation wave is based on the
ZeI'dovichB-von Neumamg-Doring10 (ZND) model, in which
the steady state reaction zone consists of a leading shock wave
front, a chemical reaction zone in which the shocked unreacted
explosive is converted to reaction products according to a

”-douguewt:]2 (CJ) state at

reaction rate law, and a Chapman
which the chemical reaction is complete and the flow is sonic.
The reaction zone is followed by a non-steady rarefaction (or
Taylor) wave in which the reaction products expand and cool.

The equations of state and chemical reaction rates used to
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model shock initiation and detonation in PBX-9404 and LX-17 are
discussed by Tarver and Hanquist2 and are listed in Table

I. The descriptions of detonation wave propagation are based
on the particle velocity histories measured by Hayes and
Tarver3 for PBX-9404, LX-17 and other explosives using a 25

um thick copper gauge system with a several nanosecond time
resolution developed by Hayes.]3 These particle velocity
histories were all measured at a depth of 50.8 mm in the test
explosive. One experimental result reported in this paper is
the record of a Hayes-type particle velocity gauge at a much
smaller depth of detonating PBX-9404 in a one-dimensional
experiment conducted in the LLNL 101.6 mm gas gun.]4 The
multiple embedded electromagnetic particle velocity gauge
developed by Erickson et. a].]s for shock initiation studies
is also used to study detonating PBX-9404 at short run
distances. In this application these Erickson-type gauge
packages consist of a 25 um thick aluminum foil encapsulated in
a similar thickness of teflon, thus yielding a better impedance
match to the explosive than the copper Hayes-type gauge but a
slightly longer time response. The two types of particle
velocity gauges give excellent agreement in both inert and
reacting environments. Thicker multiple particle velocity
gauges have been used in detonating TNT-based]6’17 and

non-ideal explosives.]b
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In addition to embedded particle velocity gauges, several
groups have developed the capability of using multiple embedded
manganin stress gauges to study shock initiation and detonation
wave pv‘ocesses.m'22 To survive for reasonable times in the
turbulent flow produced in the shock to detonation transition
process, the 25 um manganin foil has to be encapsulated in a
much ygreater thickness of teflon insulation. Thus these stress
gauges perturb the reactive flow more than the particle
velocity gauges, and the records are more difficuit to
analyze. However, a set of four embedded manganin gauge
records in detonating PBX-9404 are compared to ignition and

growth reactive flow model predictions in the next section of

this paper.

Just as the time resolution of the embedded particle
velocity gauges has recently been improved, two new techniques
have been developed to study metal acceleration by detonation
waves with nanosecond resolution. The Fabry-Perot technique of
measuring the free surface velocity of thin metal plates driven
by detonatinyg PBX-9404 and LX-17 described by Erickson et.

a1.23

is used in the paper to measure the free surface
velocity histories of thin aluminum and copper plates in 101.6
m1 gun experiments and the early-time radial copper wall

24

velocities in the cylinder test. The second technigue is

also a laser based velocity interferometer system call QRVIS

216



14:11 16 January 2011

Downl oaded At:

for Optically Recorded Velocity Interferometer System, in which
the motion of very thin metal foils through a water medium is
recorded by a nigh speed electronic streak camera. Sheffield

5

et. a].2 have measured this foil motion using ORVIS for

several explosives, including the TATB-based explosive

7 and TNT. Al'tshuler et. a1.26 have also reported

PBX-9502
using a similar laser technique on other detonating
explosives. The ignition and growth model is used in this
paper to calculate the Fabry-Perot records for PBX-9404 and
LX-17 and in Sheffield et. al.zs to calculate the ORVIS
records for PBX-9502 and TNT. A great deal is being learned
about the equations of state and reaction rates of detonating
explosives and about the equations of state and time-dependent
processes in metals and other inert materials by these
comparisons of experimental records and numerical modeling
results. Numerical models can also be compared to previously
reported metal acceleration experiments that have led to

27-31

considerablie controversy. In this paper the ignition

and growth model for PBX-9404 is compacted to the back surface
particle velocity gauge measurements of Davis and Ramsa_y32’33
and the free surface velocity measurements on thicker metal

34 and Cast et. a1.35

plates by Craig using the reflected

wire technique. The main purposes of this paper are to present
the new experimental data and to determine the ability of the
ignition and yrowth model to calculate all of the available

data.
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EMBEDDED GAUGE RESULTS FOR PBX-9404

As discussed in the Introduction, the Hayes-type and
Erickson-type embedded particle velocity gauges are now
yielding good agreement in inert materials and detonating
explosives. Figure 1 contains two particle velocity histories
in detonating PBX-9404 using Erickson-type gauges of the
thicknesses 1isted on Fig. 1 at depths of 10 mm and 14 mm.

This experiment used a non-metallic (teflon) flyer plate
impacting the PBX-9404 at 2 mm/us and imparting approximately

8 GPa pressure at the interface. The run distance to
detonation at this input pressure is 2-3 mm so the detonation
wave is well established by the time it arrives at the first
gauge station 10 mm into the PBX-9404. Figure 2 shows two
additional Erickson-type gauge records from the same experiment
at the same depths in PBX-9404 with slightly thicker tefion
insulation, as listed on the Fig. 2. Also shown in Figs. 1 and
2 are the calculated particle velocity histories in the teflon
just behind the aluminum gauge element. The PBX-35404 is
described by the ignition and growth model using the parameters
listed in Table I. The equations of state parameters for
aluminum, teflon, and the other inert materials modeled in this
paper are listed in Table II. The calculations reported in
this paper generally use 20 zones per mm in the reacting

explosive and corresponding zone dimensions for different
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density and impedance inert materials. Occasionally a very
finely zoned calculation with 100 zones per mm of explosive is
used to resoive the reaction zone in great detail. Similar
particle velocity histories are shown in Fig. 3 for a
Hayes-type gauge (50 um of copper in this experiment which had
nearly identical initial conditions as the experiment described
in Figs. 1 and 2) and for the calculated particle velocity
history in the PBX-9404 just behind the copper gauge. This
particular gauge was a thicker experimental design that did not
yield as accurate a representation of the flow as the standard
gauge used by Hayes and Tar'ver3 (25 um of copper). However,
the agreement between the experimental records and calculated
histories, which were normalized to Hayes-type gauges at a
depth of 50.8 mm, in Figs. 1-3 is quite good considering the
inherent time responses of these gauge packages. In particular
the excellent agreement between the gauge records and
calculations in the rarefaction or Taylor wave at particle
velocities below 2 mm/us proves that these gauges faithfully
record the flow for more than a microsecond. Although the
experimentally recorded peak particle velocities are not quite
as high as the ZND model calculations in the first 0.1 us,
these records indicate that the detonation wave front in
PBX-9404 attains particle velocities and pressures in excess of
the CJ values in less than ten millimeters after detonation has

been established.
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As discussed in the Introduction, manganin stress gauges
require thicker insulation than particle velocity gauges and
thus perturb the reactive flow to a greater extent. However,
these stress gauges do accurately record the flow associated
with detonation waves in PBX-9404, as demonstrated in Fig. 4.
Four manganin gauge records, each gauge consisting of 25 um of
manganin with 275 um of teflon on each side, are shown in Fig.
4 at depths of 5, 10, 15 and 20 wm of PBX-9404 in an experiment
with a stainless steel flyer plate that imparts approximately
12 uPa into the PBX-9404. The run distance to detonation is
therefore 1-2 mm so even the 5 mm deep gauge should be in the

detonation regime.

The calculated pressure histories in the teflon zones just
behind the manganin gauge elements are also shown in Fig. 4.
These calculations show the two or three peak structure created
by the interaction of the gauge package materials with the
detonation wave. Except for the 5 mm deep gauge record, where
the presence of the relatively thick manganin gauge package
seems to perturb the detonation flow more than the calculations
predict, the agreement between the experimentally measured and
the calculated early-time pressure peaks is excellent. The
close agreement petween the measured and calculated peak
pressures at the 10 mm gauge is another indication that

pressures in excess of the CJ values are attained in less than
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ten millimeters of detonation propagation. However, the
agreement in the rarefaction wave region is not as good as for

the particle velocity gauges.

FABRY-PEROT MEASUREMENTS FOR DETONATING PBX-9404

The Fabry-Perot technique has been used to measure the free
surface velocity of thin metal plates accelerated by detonating
PBX-9404 in one-dimensional gas gun experiments and cylinder
tests. In the 101.6 mm gas gun experiments, a 6 mm thick
copper flyer plate impacted 17 mm of PBX-9404 at 1.25 mm/us
imparting a 9 GPa shock pressure into the PBX-9404. The
resulting free surface velocity records of thin copper or
aluminum plates accelerated by the detonating PBX-9404 are
shown in Figs. 5, 6, and 7 for a 0.5 mm thick copper plate, a
0.5 mn thick aluminum plate, and a 0.25 mm thick copper plate,
respectively. The iynition and yrowth calculations for each
experiment are included in Fig. 5, 6, and 7. The various

regions of velocity decrease or "pull-back" and subsequent
reshock are resolved by both the Fabry-Perot records and the
calculations, and the overall agreement is excellent. Since
the Fabry-Perot technique has the best time resolution of all
of the experimental techniques applied to PBX-9404 metal

acceleration, the calculation of the velocity histories in Fig.

5-7 is the toughest one-dimensional test of the ignition and
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growth model for detonating PBX-9404. The small differences in
peak and valley velocity values may be due to several factors,
includinyg spall of the metal plates. Further experimentation
and calculational model development can certainly address such
physical processes on a nanosecond time scale.

24 has long been used to measure the

The cylinder test
radial copper wall motion produced by detonating explosives,
and calculations of this motion are then used to define the JWL
equation of state parameters of the reaction products.36 The
standard streak camera technique can not record the earliest
wall motion, but the Fabry-Perot technique can resolve
this motion, thus enhancing the usefulness of the cylinder
test. Figure 8 shows the Fabry-Perot and calculated radial
copper wall velocity histories for a 0.254 cm thick copper wall
driven by a 2.54 cm diameter cylindrical detonation of
PBX~9404. The initial measured wall velocity is slightly less
than the calculated value, which is a general trend that is not
understood at the present time but the overall agreement is
yood. Calculations without a resolvable reaction zone are
nearly identical to these ignition and yrowth calculations,
because the effects of the thin PBX-9404 reaction zone {(a
reaction time of less than 20 ns or a reaction zone length of
less than 0.2 wm) decay during the shock wave transit through

the relatively thick copper wall. However, as will be
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demonstrated for LX-17 in the next section, the inclusion of
the finite thickness reaction zone is essential for cylinder

test calculations for explosives with relatively thick reaction

zones.

FABRY-PEROT MEASUREMENTS FOR LX-17

Four Fabry-Perot free surface velocity measurements have
been made using LX-17 to accelerate thin metal plates in the
101.6 mm gas gun, and a cylinder test has also been fired.
Figure 9 shows the Fabry-Perot record and the calculated free
surface velocity of a 0.243 mm thick aluminum plate accelerated
by 17 mm of LX-17 that was impacted by a 6 mm copper flyer
plate moving at 1.39 mw/us. This flyer velocity shocks the
TATB interface to approximately 16 GPa, which results in a run

37 The calculated

distance to detonation of 5-6 mm in LX~17.
velocity history is initially slightly high but then closely
agrees with the Fabry-Perot record for the entire 2 s
measured. The agreement is not as close in the other three
experiments in wnich copper plates are used instead of
aluminum. Figure 10 compares the measured and calculated
velocities of a 0.433 mm copper plate accelerated by 14 mm of
LX-17, which was initiated by 3 mm of PBX-9404 that had been
impacted by a 6 mm copper flyer plate with a velocity of 1.14

mm/ys. The ignition and ygrowth models of both PBX-9404 and
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LX-17 are used in this calculation to shock initiate PBX-9404
from an initial pressure of approximately 6 GPa and then
initiate the LX-17 from the PBX-9404 reactive flow. The
calculated early-time velocities are slightly higher than the
Fabry-Perot record, while the later-time agreement is good.
This is also the case in Fig. 11 which compares measured and
calculated velocity histories for 0.249 mm copper plate driven
by 17 mm of LX-17 which was impacted by a 6 mm thick copper
flyer plate at 1.95 mm/us. Figure 12 shows the first 0.6 us of
the motion of a 0.1026 mm copper plate accelerated by 17 mm of
LX-17 initiated by a copper flyer plate impact of 1.89 mm/us,
and again the calculated early-time motion is slightly higher

than the experimentally measured motion.

This early-time disagreement could mean that the current
model of the LX-17 reaction zone has the wrong pressure-time
profile or is too thick. This possibility will soon be studied
with multiple embedded particle velocity gauges, since the
explosive mass and flyer plate mass and velocity limitations
that prohibited such studies in the 101.6 mm gas gun without
overdriving LX-17 with another explosive have recently been
overcoite. However, since the agreement with the aluminum plate
velocity measurement is better than those with copper plates,
the detonation wave model for LX-17 may be accurate. The hiyh

calculated early-time velocities may be due to the increased
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reaction rates in the partially reacted LX-17 adjacent to the
copper plate after this material is reshocked by the reflected
shock wave created as the detonation wave front strikes the

copper. Since the growth reaction rate has a p3

dependence

for LX-17 and the reflected pressure in the reacting LX-17
adjacent to the copper plate exceeds 60 GPa, this LX-17 reacts
much inore rapidly than in the steady state detonation wave,
which has a reaction zone length of approximately 2 mm
corresponding to a reaction time of approximately 0.25 us.

This thin layer of rapidly reacting LX-17 may then impart some
additional early-time momentum to the copper plate. The
reflected pressure from an aluminum plate is much Tower,
approximately 40 GPa, and the reaction rate in the doubly
shocked LX-17 is not as rapid as in the case of copper. This
effect is shown in Fig. 13, which contains calculated fraction
reacted histories as various distances into LX-17 near the 0.24
min aluminum and copper plates whose Fabry-Perot records are
shown in Figs. 9 and 11, respectively. These metal plates
effect the reaction rates in approximately 1 mm of LX-17
adjacent to the plates, and the stronger refliected shock wave
from the copper plate increases the LX-17 reaction rate more
than the reflected shock from the aluminum plate. Although the
LX-17 growth reaction rate is approximately doubled by the

reflected shock from the aluminum plate, the calculations

predict that the reaction in the 0.125 mm of LX-17 nearest to
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the aluminum is quenched before completion by the rarefaction
wave created when the shock wave reaches the free surface of
the aluminum. This is not predicted to occur in the copper
plate calculation, since the LX-17 yrowth reaction rate is
increased by a factor of 8 in the reflected shock wave. The
problem is complicated by the fact that equations of state for
the unreacted explosive and the reaction products may not be
applicable at these pressures. Further experimentation with
the Fabry-Perot and other techniques with very thin metal foils
may eventually address these high pressure reaction rates and
equation of state problems for detonating solid explosives with
relatively thick reaction zones, such as LX-17. For explosives
1ike PBX-9404 with very narrow reaction zones, experimental

observation of such effects represents quite a challenge.

The Fabry-Perot techniyue has also been used on a LX-17
cylinder test using a 0.254 cm copper wall and a 2.54 cm
diameter LX-17 charge. A prism techm’que38 has also been
developed to study the early wall motion. The Fabry-Perot,
prism, and calculated radial copper wall velocities are
compared in Fig. 14. As for PBX-9404, the initial calculated
velocity is higher than the Fabry-Perot value, but then the
agreement amonyg the three curves is excellent. At later times
these new experimental technigues agree with the streak camera

records, and of course the reaction product JWL equation of
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state is fit to that later-time expansion data. A CJ
calculation without a resolved reaction zone and using a CJ
pressure of 27.5 GPa for LX-17 predicts velocities much lower
than the data in Fig. 14, and thus the ignition and growth
IND-type model should be used for explosives with relatively
thick reaction zones. By incorporating the Fabry-Perot, prism
and the ignition and growth techniques, the cylinder test has
recently become an even more useful tool for measuring the

metal acceleration ability of high explosives.
CALCULATIONS OF PREVIOUS PBX-9404 DATA

Since the ignition and yrowth model of detonating PBX-9404
accurately calculates the new multiple embedded particle
velocity and stress gauge records and the Fabry-Perot metal
acceleration records, it is used in this section to calculate
previously reported back surface particle velocity gauge data
and free surface velocity measurements on detonating PBX-9404.
This particle velocity gauye data was obtained by Davis and
Ramsay32’33 using a probe consisting of 75 ym of aluminuin
backed by 6.35 mm of teflon that was placed behind various
thicknesses of the test explosives, which are shock initiated
by plane wave lenses. Figure 15 contains the five smoothed

experimental particle velocity histories reported by Davis and

Ramsay32’33 for various thicknesses of PBX-9404 from 12.7 mn

227



14:11 16 January 2011

Downl oaded At:

to 203.2 mm and the corresponding iynition and growth
calculations of the particle velocity histories in the teflon
just pehind the aluminum gauye. The early-time peaks in the
calculated curves in Fig. 15 are caused by the detonation wave
reaction zone traversing the aluminum gauge element and then
entering the teflon backing. In general the calculated
particle velocity histories remain higher than the experimental

records for approximately 0.5 us.

As mentioned in the Introduction, free surface velocity
measurements of plates accelerated by detonating explosives
have lony been used to infer detonation wave parameters, such
as CJ pressure and reaction zone width. The interpretation of
these measurements is quite complex and has led to considerable

debate.27'31

The comparision of some of this data with
ignition and growth model calculations is presented in this
section. The most famous and complete free surface velocity
study is the pioneering work of Craig using the reflected wire
techm’que.39 Craig's results are most fully discussed by

Mader and Craig.34 The measured free surface velocities of
aluminum (2024 Dural) plates of various thicknesses accelerated

by various thicknesses of PBX-9404 were reported as single
values and tnen plotted as functions of plate and explosive
thicknesses. The resulting curves contained changes in siope
that led to various interpretations and further

experimentation. Craig's measured values for Dural aluminum
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plates driven by PBX-9404 detonations initiated by plane waves
lenses are compared to ignition and growth calculations of
these experiments in Fig. 16-19 for 1.27 cm, 2.54 cm, 5.08 cm,
and 10.16 cm thick PBX-9404 charges, respectively. Various
constitutive models of aluminum with different degrees of
sophistication and different material property values were
tested and had little effect on the peak free surface
velocities, but the models did exhibit different velocity
decrease or "pull-back" rates. The calculations shown in Figs.
16-19 used the 2024 Dural aluminum equation of state listed in

140 to describe the

Table II and the Steinberg-Guinan mode
high strain rate constitutive behavior. No time dependent
tensile strength or spall models were used, but such models
exist and could be applied as required. The free surface
velocity histories in Figs. 16-19 thus represent the maximum
rate of "pull-back" that the aluminum could exhibit. It is
apparent from Figs. 16-19 that Craig's measurements agree more
closely with the calculated peak velocities as the length of
the PBX-3404 charye increases and thus the steepness of the
“pull-back," which is directly related to the steepness of the
rarefaction wave in the PBX-9404 reaction products, decreases.
For the steepest "pull-back" (1.27 cm PBX-9404 charges in Fig.
16), Craig’s vaiues lie U.2-0.25 us behind the calculated peak
velocities, 0.1-0.15 us behind for 2.54 cm charges in Fig. 17,

0.05-0.1 us behind for 5.08 cm charges in Fig. 18, and quite
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close to the peak values in Fig. 19 for 10.16 cm charges, with
the exception of the 5.09 cm aluminum plate, which is most
likely slowed by side rarefactions. The disagreement between
the calculated and measured initial free velocities for the
shortest charge lenyths remains a mystery. The reflected wire
technique has an inherent time response since a finite length
and a finite time must be measured and differentiated to obtain
a free surface velocity. The actual value of this time
response is unknown. As concluded in the classical explosive

4 the

metal calculational study of Lambourn and Hartley,
experimental value of free surface velocity 1ies between the

calculated initial free surface velocity and the mean velocity
over the first "pull-back" period. Tne concept of buildup of
the effective pressure from approximately 30 GPa at 1.27 cm to

37.5 GPa at 10.16 cm used by Mader‘42

to calculate Craig's
free surface velocity measurements does not seem to be

compatible with the embedded gauge and Fabry-Perot data.

A further complication is the possibility of spall of these
relatively tnick aluminum plates. Veretennikov et. a1.29
demonstrated that much of the available data is consistent with
approximately 1 mm of aluminum being spalled off the rest of
the plate and that the dimensions of the spalled section would

depend most strongly on the pressure profile in the detonating

explosive and the dynamic tensile strength of the plate
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material. Since the shock velocities in these aluminum plates
are 7-8 mm/us, the transit time of the shock and subsequent
release wave through 1 mm of aluminum is approximately 0.25
us. Therefore techniques, such as Fabry-Perot, that can
resolve the first few nanoseconds appear to be necessary to
accurately measure the initial velocity of metal acceleration

by detonating explosives.

The above comparision is for aluminum plates, and further
comparisons for other plate materials were made to check the
conciusions reached for aluminum. Figure 20 shows Craig's
measurements and the calculations for plexiglas plates driven
by 10.16 cm of PBX-9404. As for aluminum, the agreement is
quite close since 10.16 cm of PBX-9404 has a relatively gradual
pressure decay. Two sets of free surface velocity data from
the reflected wire technique are available for magnesium,
although the types of magnesium used were slightly different
(see Table I1I). Figure 21 shows Craig’'s measurements and the
calculations for magnesium plates driven by 1.27 cm of
PBX~-9404, while Fig. 22 shows the Cast et. a1.35 rneasurements
and the calculations for magnesium plates driven by 11.43 cm of
PBX-9404. As shown for aluminum plates, the free surface
velocity measurements from the reflected wire technique are
approximately 0.25 us down the calculated velocity history

curves for 1.27 cm charges and are very close to the calculated
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peak velocities for 11.43 charges. Thus the reflected wire
technique results for plexiglas and magnesium are consistent
with those for aluminum plates. The effects of the explosive
pressure profile and the high strain rate properties of the
plate material must be carefully considered when analyzing free

surface velocity data for thin explosive charges.

CONCLUSIONS

Two embedded particle velocity gauge techniques, the
embedded manganin stress gauge technique, and the Fabry-Perot
free surface velocity measurement technique are demonstrated to
yield accurate data on detonation wave propagation and metal
acceleration by P8X-9404 and LX-17 in the nanosecond time
resolution regime. All of these experimental results are quite
consistent when compared through numerical calculations based
on the ignition and growth ZND-type model of detonation. This
caiculational model is also compared to some previously
reported back surface particle velocity gauge data and free
surface velocity measurements on PBX-9404. The inclusion of
the finite reaction zone length of detonation waves in ZND-type
model calculations is shown to be necessary to calculate the
momentum imparted to metal plates, even for PBX-9404, which has
a reaction zone length of less than 0.2 mm, and especially for

LX-17, which has a reaction zone length of approximately 2 mn.
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The ability of PBX-9404 to attain a steady state detonation
velocity and CJ pressure in less than ten millimeters of the
transition to detonation is implied by the embedded gauge
results, the Fabry-Perot results, and the corresponding
calculations. However, the calculations do not accurately
predict previously reported back surface gauge and free surface
velocity data for short run distances of PBX-9404. Therefore
there appears to be unresolved differences between the

experimental measurements.

Both the experimental and theoretical understanding of
detonation wave phenomena and the subsequent effects on inert
materials are still developing. The current embedded particle
velocity gauye techniques have an inherent time response of a
few nanoseconds and may slightly perturb the chemical energy
release rates in the explosive in contact with the gauge.
These gauges and the manganin stress gauges, as well as new
experimental techniques, will undoubtably yield improved data
in the near future, and the numerical models can then be
further refined. Continued-application of Fabry-Perot and
other new techniques to metal acceleration by shock initiated
and detonating explosives will yield finely resolved data on
equations of state and high pressure reaction rates of
explosives and on nigh strain rate and spall phenomena of plate

materials. This data can also be incorporated into
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computational models. Although the complex microscopic

interactions of hydrodynamics and chemical energy release that

control detonation wave propagation mechanisms

43,44 are still

unobservable in solid explosives, new experimental and

theoretical results such as those presented in this paper are

certainly producing an accurate macroscopic description of

detonation wave phenomena.

TABLE I

EQUATION OF STATE AND REACTION RATE PARAMETERS FOR PBX-9404 AND LX-17
JWL EQUATION OF STATE: p = A(1 - w/RyV)eR1V + B(1 - W/ V)e~R2Y + wE/Y

PBX-9404

Unreacted Explosive Reaction Products
A (Mbar) 9522 8.524
8 {Mbar) -0.05944 0.1802
Rl 14,1 4.6
Rz 1,4 1.3
W 0.8867 0.38
E (Moar-cc/ce) 0.102
Heat Capcity (Mbar/K) 2.281x107° 11075
Initial Temperature (K) 298
Snear Modulus (Mbar) 0.0454
Yield Strengtn (Moar) 0.002
Initial Density (g/cad) 1.842

Detonation Wave Parameters

Detonation Velocity (mm/us) 8.80 8.80

Pressure (Mpar) 0.3981 0.370
Relative Volume 0,7209 0.7406
Particle Velocity (mm/us) 2.456 2,283

Reaction Rate Parameters: aF/at = [(1 -~ F)zig(cslo<> - 1)4 +6(1

1 (us™) o
6 (us™! wpar~dy 850
z 2.0

234

LX-17
Unreacted Explosive Reaction Products
778.1 6.5467
-0,05031 0.071236
1.3 4,45
113 1.2
0.8933 0.35
0.06%
2.487x10°5 %1078
293
0.0354
0.002
1.895
7.696 7.596
0.3374 0.275
0.6914 0.7485
2.344 1.910
. F)2/9F2/3PZ
50
500
3.0
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Figure 1. Embedded Erickson-type gauge and calculated
particle velocity histories in detonating PBX 9404,
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Figure 2. Additional Erickson-type embedded gauge and
calculated particle velocity histories in detonating

PBX 9404.
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EQUATION OF STATE AND CONSTITUTIVE PROPERTIES FOR INERT MATERIALS

GRUNEISEN EQUATION OF JTATE
P v pol2uf1 + {1 - ygi2hw - (2/2)62)i01 -(5) = Vu -Spuliln + 1)=53u37{p + 1212 + (yg + au)E

p = pressure € » sound velocity
po = inttial density E » internal energy
u = relative compressfon (p/og) Yor 8 S]s S5z, 53 are constants

Material oo(g/cms) cemius) S S, 53 Y a
Al (6061) 2,703 0.52¢4 1.40 4 0 1.97 0.48
A) (2024 Dyral) 2,785 0.5328 1,338 0 0 2.0 0.48
Copper 8,93 0.394 1.489 4 0 2.02 0.47
Teflon 2,15 0.168 1.123 3.983 -5.197 0.59 0
Magnesium (Craig) 1.775 0.4516 1.256 0 0 1.43 0.33
Magnesium (Cast} 1,738 0.452 1.233 0 0 1.54 0.33
Plexiglas (Craig) 1,186 0.2598 1.516 [ 0 0.97 0

Constitutive Properties

Material Shear Modulus (Mbear) Yield Strength (Mbar)

A} (6061) 0.276 0.003 (0.0029 » 0.0068 in Reference 40)
Al (2024 Dural) 0.286 0.003 {(0.0026 » 0.0076 in Reference 40)
Copper 0.477 0.003

Teflon 0.0273 0.002

Magnesium 0.1656 0.002

Plexiglas 0.0232 0.002
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