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SHOCK-INDUCED REACTION IN SEVERAL LIQUIDS!

Stephen A. SHEFFIELD and Robert R. ALCON
Los Alamoa National Laboratory. Group M-9, MS P952, Los Alamos. New Mexico 37343

Single-shock experiments have been completed in several liquids using multiple. embedded. electromnagnerni~
Lagrangian particle velocity and inpulse gauges to measure shock waveforms. The liquids include acryloni-
trile, bromoiorm, diiodomethane, phenylncel)ﬁene‘ bromocyclopropane, and carbon disulfide. Some of these
are known to exhibit shock-induced reaction and others are considered to be candidates for reaction studies.
The “universal” liquid Hugoniot, which depends only on initial condition sound speed. was used to calcu-
late the unreacted Hugoniot. Sound velocities were measured for those liquids with no data available. The
effects of shock-induced reaction are clearly identified in the particle velocity waveforms for some materials,
but there are remaining queations about whether reactions occur in others. The most impressive results are

that the full reactive. two- wave structure was measured in phenylacetylene. On the reacting materials with
two-wave structures, the ‘Puticle velocity waveforms had a decrease behind the top of the first wave. This is

thought to be evidence o

1. INTRODUCTION

Although a number of experimental studies have
been made on shock-induced reactions in liquid ma-
teriala little basic understanding concerning why the
materials react and what the reactions are has re-
sulted. Our purpose is to find materials that can be
studied spectroscopically to gain understanding of the
reaction process. The approach is to identify candi-
date liquide by making me-surements of the shocx
wave profiles resulting from the reactions. Carbon
disulfide (CS;),!-* acrylonitrile.’ toluene.® benzene *
and other organic liquids®-" are known o have reac:
tions which result from shock loading ug to particular
levels. These reactions have usually been established
by noting cusps in a plot of measured Hugoniot data.
For CS33-4® and acrylonitrile® extensive studies have
been made with only limited success in undentanding
the reactions.

Many other materials probably will react in the
shock environment but have not vet been identified.
A method has been devised to estimate th= liquid
Hugoniot and then do a few shock experiments to
look for deviations from this Hugoniot to see if there
is evidence of a reaction. We report here progresa

made using this approach,

PWork performed under e auspices of the U'S Departinent of Energy

an early reaction which occurs at the top of the first (non. .active) wave,

2. EXPERIMENT

There are three aspects to this study. First, an
estimate of the shock Hugoniot is obtained using the
“universal” liquid Hugoniot.? This relation requires
knowledge of the initial condition sound speed so a
method was developed 10 measure this property. Fi-
nally, an electromagnetic gauging technique unique
to Los Alamos was used to measure the shock at-
tributes.

2.1. *Universal” Liquid Hugoniot

A “universal” lijuid Hugoaiot relation was pro-
posed by Woolfolk, Cowperthwaite, and Shaw at SRI
in 1973.° This empirical form is,

Ui/eo=1.37-03Texpt-2u,/co) + 1.62up/cq

where U, is the shock velocity, n, is particle velocity,
and cq is the initial condition sound speed (the only
adjustable parameter). This relation allows the {7, -
u, Hugoniot to start at the initial condition sound
speed and still beeome linear at high pressures.

We have uned this empinical relation to setimate
the Hugoniots for over 40 liquids (with available
Hugoniot data), including liquid argon, mereury, ben.

cene, CS;, and water. The caleulated Hugoniot ity



TABLE 1
SOUND SPEED DATA FOR LIQUIDS

Mensured
Chemical Name Dt-nally Sound Speed
and Formula g/cm mm/us
Acrylonitrile 0.80679°C 1.1978°C
H,C=CHCN
Benzonitrile 1.1021%°C 1.4317°C
CeHsCN
Diiodomethane 3.325%0°C 0.96627°C
CH,1;
Phenylacetylene 0.92820°C 1.397¢°C
CgHsCié
Bromocycl gropn.ne = 1.51 1.0134-3°C
‘2-Bromopro 1.36230°C 0.90733°C
CHJCBI'=
2.But 0.69120°C 1.2716°C
CH Ciéc“:

the experimental data well for this Aiverse set of liq-
uids; this is fairly strong evidence tiiat it provides

a good unreacted Hugoniot estimate for liquids for
which no experimental data cxists. Deviation of data
from this curve is assumed to result from some type
of reaction.

2.2. Sound Speed Measurements

We put together a setup and measured liquid
sound speeds for the liquids where this property had
not been previously reported. This equipment con-
sisted of a Mitutoyo digital height gauge, together
with a Panametrics transducer/receiver system. Mea.
surements macie with this system are considered to be
accurate to about 1%. Table I contains data for some
of the liquids measured to da:a.

2.3. Shock Experimental Setup

All the experiments were done using an 8-m-long,
72-mm-diameter bore, single-stage gas gun capable
of projectile velocities to 1.43 mm/us in magnetic
gauging experiments. An electromagnet was installed
in the target chainber to previde the magnetic field
{up to 825 gaums).

Electromagnetic gauging in shock experiments
wan first reported by Zaitsev, et al. in the Soviet
Union in 1960.'° We are using a syntem developed
by Vorthman and Wackerle in the early 1980's.4! The
gauge package includes. in addition to perticle veloc-

ity gauges, imp \se gnuges which were rst reported
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ny Young, et al.'? We call our gauge package an MV
(Magnetic Impulse and Velocity) gauge. The gauge
membrane was suspended at a 30° angle (with the
shock plane) providing particle velocity and impulse
measurements at each of ive Lagrangian positions,
1 inm apart. Details of the gauge and cell are shown
in Figure i. The inride of the cell (40.6-mm dia. by
9-mm thick) was lined with Teflon filin to prevent
chetnical attack on the Plexiglas. Before the unlined
Kel-F cell front wans attached, the gauge positions
were measured with & depth microscope,

All chemicals were used as received. Shock- wave
input tn the cell wan by a Lexan projectile faced with

A single cryntal (z-oriented) sapphire impactor.



3. RESULTS AND DISCUSSION

Although large numbers of experiments hav: not
been completed on each material, a single mult. ple
gauge experiment pr.vides vetter information than
several experiments where only one measurement is
made. Since particle velocity, shock velocity, and im-
pulse (pressure) are all measured, the Hugoniot state
is overdetermined and an idea of the internal consis-
tency of the various data for eacli experiment can be
obtained. We will provide here only a brief descrip-
tion of the measuremeuts in each matenal. Several
experiments on bromoform and diiodomethane pro-
vided no concrete ~vidence of reaction below pres-
sures of 10 and ! GPa, respectively, although there
were unexplsined anomalies in the waveforms.

3.1. Carbon Disulfide

Although several new experiments have been
completed on CSj, the conclusions reached in a pre-
vious paper! remain valid. The cusp in the Hugoniot
occurs at & 5.1 GPa, the state measured at the top of
the first wave in the reactive wave structure. It hrs
not yet been possible to measure the full two-waw:
structure in this material with our gas gun. An inter-
esting aspect of the latest experiments is that there
is & decrease in particle velocity (or “pull back”) at
the top of the first wave. A re-examination of the
two-wave structures produced in earlier double-shock
cxperiments® also indicates similar behavior. There is
a possibility that this could be the result of an early
reaction at the top of the first wave (the condition of
incipient reaction) but more work must be dene to
demonstrate this. The same behavior was noted for
acrylonitrile and phenylacetylene below.

3.2. Acrylonitrile

A single MIV gauge experiment wus completed on
acrylonitrile to see if 8 two-wave structure could be
recorded. Unfortunately, only the first wave could be
measured. although there was evidence that a second
wave formed but rapidly fell behind the first wave.
The sound speed was measured for this material (Ta-
ble ) and the correaponding calculated Hugoniot
agreed well with the data from the Soviet Union:®

they eatimated the Hugoniot cusp at a pressure of

4.3 GPa. From our measurements of particle veloc-
ity, shock velocity, and impulse (pressure) we estimate
that the Hugoniot cusp occurs at 4.1 GPa. However,
our measured Hugoniot state for the first wave does
not agree as well as the Soviet data with the calcu-
lated Hugoniot so the exact pressure of the cusp is
still in question. The waveforms from this experiment
showed some particle velocity “pull back”™, similar to
that observed in the CS, ex eriments.

3.3. Bromccyclopropazne

Bromocyclopropane was studied because it has
very high ring strain in ity three-membered ring. We
felt that the rather large ring strain would make it
a likely candidate for ring opening in a shock envir-
onment, thereby producing bromopropene. The en-
ergies and densities of these two materials appear
to be such that this reaction should have a “detona-
tion like” behavior. One MIV gauge experiment was
recently completed with an input pressure of » 7.5
GPa. We did not observe a two-wave structure or a
detonation like waveform. However, there appeared
to be some slight rounding in the later particle veloc-
ity waveforms. This may be the result of a consider-
ably overdriven reaction. It will take several expen-
ments at lower pressures to check this out.

3.4. Phenylacetylene

We had a desire to look at a carbon-carbon triple
bond liquid and phenylacetylene was chosen because
it has a high density and sound speed. It is an acety-
lene molecule with a benzene ring in place of one of
tae hydrogens, i.e., the carbon-carbon triple bond is
attached to a benzene ring. Benzene has a cusp in
the Hugoniot at about 13 GPa''* and it was felt that
if the carbon-carbon triple bond was very reactive
in & shock environment, it might break conaiderably
below this; perhaps at a condition we could obuain
with our gas gun. P~cently, an MIV gauge experi-
ment was completed on this material. Beautiful de-
veloping two-wave particle velocity proflies were mea-
sured; the waveforms are shown in Figure 2. These
experitnental results were gratifying because this in
the Jrat time that the evolution of a full two.wave

struture in a reacting liquid has been measuced in
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Figure 2.
MIV gauge paorticle velocity waveforms obtained from
pheny acetylene experiment with a shock input of 6.8

a single-shock input experiment. The input shock to
the phenylacetylene was w 6.8 GPa. Although care-
ful data analysis is not yet complete, the first wave
appears to have a pressure of » 4.8 GPa. The second
wave has more than one slope, a possible indication of
a multistep reaction. There is considerable pull back
in the particle velocity waveforms behind the first
wave in this material also.

Because phenylacetylene reacted at such a low
pressure, it anpears that the acetylene part of the
molecule (the CuC bond) is much more reactive than
the benzene ring (4.8 GPa compared to 13 GPa for
benzene). Although this supports some ideas which
we and others have had pertaining to the carbon-
carbon tripie and double bonds being more reactive
in a shock than single bonds. much work yet remaina
before these ideas are well founded.
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