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Hugoniot data to several hundred kilobar have been obtained for benzene, carbon disulfide, carbon
tetrachloride, and liquid nitrogen. Standard high explosive techniques were used for generating the shock
waves. Experimentally measured quantities were transformed to pressure and volume data by the im-
pedance match method. The shock-particle velocity data for the liquids are described by a linear relation-
ship, however, a quadratic in particle velocity also provides an adequate representation of the data for
carbon tetrachloride and liquid nitrogen. Benzene undergoes a transition at 133 kbar and carbon disulfide
at 62 kbar. These transitions are accompanied by a volume decrease of approximately 167. A double
shock-wave structure, observed in many solids which undergo a transition, was not observed in benzene
and carbon disulfide. There is some evidence that carbon tetrachloride and liquid nitrogen undergo a
transition at 165 and 135 kbar, respectively. Hugoniot curves calculated from a Lennard-Jones and
Devonshire (6-9) and a modified Buckingham exp-6 intermolecular potential fit the liquid nitrogen
experimental Hugoniot curve between 20 and 170 kbar.

I. INTRODUCTION

These are the results of an investigation to de-
termine some of the properties of benzene, carbon
disulfide, carbon tetrachloride, and liquid nitrogen
when shocked to pressures of several hundred kilobars.
The pressures were produced by plane shock waves,
created by detonating high explosives. The initial
temperature of the three organic liquids was approxi-
mately 293°K and of the liquid nitrogen 75°K.

There is very little high-pressure data available on
these liquids. Bridgman'™ has obtained most of the
static pressure data. A limited amount of shock com-
pression data were obtained by Walsh and Rice® for
benzene, carbon disulfide, and carbon tetrachloride,
using optical techniques. More extensive dynamic data
for these liquids were collected by Cook and Rogers,’
also using optical methods. Zubarev and Telegin!®
obtained some Hugoniot data for liquid nitrogen using
techniques similar to those of this investigation.

The “impedance match method” was used to trans-
form the measured shock velocities to pressure, par-
ticle velocity, and relative volume data. These data
are presented in shock velocity-versus-particle velocity
and pressure-versus-relative volume plots. In addition
some rough electrical conductivity experiments were
carried out on benzene, carbon disulfide, and carbon
tetrachloride. The discovery that benzene and carbon
disulfide undergo a transition prompted experiments
to detect the presence of a double shock-wave struc-
ture associated with the transition; the results were
negative.

II. EXPERIMENTAL TECHNIQUE

The impedance match method, as used in this
study, requires the measurement of the shock velocity
and the initial density of the material being examined
and the shock velocity in a standard to determine
the Hugoniot data. In this investigation 2024 dural

was used as the standard. The Rankine-Hugoniot
relations!—1
P—P0=P0U.Up: (1)

V/Ve= (U= U,)/ U, (2)

for conservation of momentum and mass across the
shock front provide the connection between the mea-
sured quantities and the Hugoniot point for the un-
known material. The pressure and particle velocity
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Fi6. 1. Graphic representation of the impedance match method.
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Fic. 2. Cross-sectional view of the shot assembly used for the organic liquids.

must be continuous across the interface between the
standard and the material under study. In the above
cquations Py and Vo(=1/po) represent the pressure
and specific volume ahead of the shock front and P
and V the pressure and specific volume behind the
shock front. U, and U, represent the shock velocity
and particle velocity relative to the undisturbed ma-
terial ahecad of the shock front. V/V, is defined as
the relative volume. The curves in the P—U, plane
in Fig. 1 illustrate the impedance match method. The
measurement of the shock velocity in the known 2024
dural determines the state Pi, Uj. From this point
the reflected Hugoniot curve is constructed and inter-
sects the line of slope pyl’s determined for the liquid.
This intersection is the pressure and particle velocity
(£, Up) in the sample.

The Hugoniot for the 2024 dural has been mea-
sured very accurately at ambient temperature. The
cquation of state™ is expressed by

U,=5.32841.338U,, (3)

with pg=2.7835 g/cc and the Gruneisen ratio 1'p=2.0.

A detailed description of the experimental apparatus
and fabricating techniques are given in Ref. 15. A
cross-sectional  view of the 1\'])crimcm.11 apparatus
vsed for the organic liquids is presented in Fig, 2.
Three liquids were examined in a single experiment.
Each liquid was contained in a glass cylinder set into
4 well machined in the target plate. The shock ve-
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SHOCK WAVE COMPRESSION OF LIQUIDS

TaBLE I. Shock wave data for benzene.
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Initial Shock Particle Relative Dural shock
density velocity velocity Pressure volume velocity

(g/cc) (km/sec) (km/sec) (kbar) (V/Vy) (km/sec)

0.877 2.78+0.01 0.77+0.09 1942 0.722+0.031 5.9340.07
0.869 2.72+0.01 0.894-0.04 2141 0.671+0.016 6.02+0.03
0.870 2.96-£0.02 0.8940.05 2341 0.700+0.016 6.02:£0.04
0.870 3.31+0.01 1.05+0.03 3041 0.684+0.009 6.160.02
0.875 3.4440.01 1.1240.03 3441 0.676+0.009 6.22+0.03
0.879 3.47+0.01 1.1240.04 3441 0.67640.011 6.23+0.03
0.880 3.85+0.01 1.36+0.03 4641 0.647+0.008 6.43+0.02
0.866 3.89:4-0.00 1.4540.02 494-1 0.62720.006 6.50+0.02
0.885 4.05+0.01 1.4540.03 5241 0.642+0.007 6.520.02
0.877 4.054:0.01 1.48+0.03 53+1 0.6350.006 6.5440.02
0.881 4.09+0.01 1.594-0.09 573 0.612+0.021 6.62=+0.07
0.869 4.38+0.01 1.77+0.03 671 0.597+0.006 6.78+0.02
0.869 4.5240.01 1.8540.01 731 0.591£0.003 6.86+0.01
0.885 4.7940.02 1.90-£0.05 8142 0.6030.010 6.92:+0.04
0.871 4.774+0.02 1.9420.02 81+1 0.593-+0.004 6.9540.02
0.870 5.00-£0.02 2.16+£0.10 944-4 0.567+0.019 7.14£0.08
0.870 5.284-0.01 2.29+0.02 10541 0.567+0.003 7.26£0.01
0.875 5.4640.01 2.33+0.02 11141 0.575+0.004 7.3140.02
0.880 5.5240.02 2.374£0.04 11542 0.570+0.007 7.35+0.03
0.868 5.71+0.01 2.61+0.03 12942 0.542+0.005 7.56+0.03
0.887 6.00+0.03 2.86+0.03 15242 0.523+£0.006 7.80+0.03
0.871 5.9340.02 2.9240.02 15141 0.507+0.004 7.83+0.02
0.876 6.17+0.02  3.343-0.08 1804 0.458+0.013 8.20£0.06
0.870 6.224+0.04  3.4440.06 18643 0.446+0.010 8.2940.05
0.870 6.4340.03 3.66+0.03 20542 0.4304:0.005 8.48+0.03
0.874 6.824+0.06  3.924-0.09 23446 0.4254-0.015 8.7440.08
0.881 7.2340.01 4.154-0.04 264+3 0.426+0.006 8.974+0.04
0.872 7.160.03  4.2040.07 26245 0.413+£0.011 9.004:0.06
0.871 7.25+0.03 4.29-£0.09 2716 0.409+0.013 9.08--0.08
0.875 7.66+0.05  4.614+0.06  309+4 0.398+0.009 9.3940.05
0.876 8.2440.05 4.99-£0.07 3605 0.395+0.009 9.7740.06
0.876 8.61+0.04  5.2140.07 3936 0.395+0.009 10.00+0.06
0.881 8.91:+0.07 5.384+0.14 422412  0.396+0.017 10.1740.12
0.871 8.8240.08 5.424+0.12 416410  0.386+0.015 10.18+0.10
0.874 8.974+0.06  5.51+0.11 43249 0.386+0.013 10.28+0.09

locities in the liquids were determined from the times
at which the shock front arrives at the coaxial elec-
trical contactors'® located in the liquids at accurately
measured distances from the 2024 dural plate-liquid
interface. Other electrical contactors are placed in
holes of accurately measured depths in the 2024 dural
plate to determine the arrival time of the shock front
at these levels. The shock velocity in each material
was computed from a plot of the corresponding time-
distance data.

The methods and techniques used for the liquid
nitrogen experiments are similar. Figure 3 is a diagram
of the shot assembly showing the double-walled con-
struction for keeping the liquid nitrogen in a non-
boiling state. A few seconds before detonating the
explosive the styvrofoam slab was removed remotely.
This ensures that the cold apparatus is in contact
with the warm explosive for a minimal period of time,

The observation of a transition occurring in benzene

and carbon disulfide and the character of their U,— U,
plots led to some experiments to determine if a double
shock wave structure® was present. The apparatus
consisted of a 2024 dural driver plate 0.64 cm thick
backed by the appropriate explosive system, a liquid
layer 1.27 or 2.54 cm thick, and a 0.64 cm thick 2024
dural cover plate. The free surface motion of the cover
plate was determined from the times at which the
electrical contactor pins positioned above the plate are
shorted. If at the transition pressure the original shock
wave is unstable two shock waves with different
velocities are formed, one with the pressure of the
transition and the other with the remainder of the
pressure pulse. A separation in time occurs as the two
shock waves traverse the liquid layer and cover plate.
By doubling the thickness of the liquid the time separ-
ation is also doubled, neglecting attenuation. The free
surface motion of the cover plate results from the two
impulses received from the two shock waves. Care was
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Fic. 4. Shock velocity-versus-particle velocity plot for benzene.

taken in designing the experiment to see that extraneous
shock waves were not present.

III. EXPERIMENTAL RESULTS AND
INTERPRETATION

A. General

The data for each liquid are presented as U,—U,
and P—V/V, graphs. A linear relationship between
U, and U, was observed for each of the liquids. The
data were fit by a linear least-squares method to the

equation
U,=C+SU,. (4)

The carbon tetrachloride and liquid nitrogen U,—U,
data were also fit to a quadratic in U,

U,=C+SU,+TU2 (5)

Benzene and carbon disulfide undergo a transition.
There is less convincing evidence for the occurrence
nf a transition in carbon tetrachloride and liquid
nitrogen,

For all materials the errors associated with the
measured  shock  velocities represent the standard
deviations computed from the linear least-squares fit
of the time-distance data. These data were initially
corrected for tilt in the shock wave. The standard
deviations listed with the calculated values for pressure,
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particle velocity, and relative volume were determined
from the standard deviations computed for the meas-
ured shock velocities. The precision of the pin setback
and hole depth measurements was 5u and the precision
in reading the pin signal times was § nsec. There was
negligible attenuation of the shock wave over the
distance established for measuring the shock velocity.
The liquid density errors were about 3% due mainly
to a 2°C error in the temperature measurement.

The three organic liquids were reagent grade with a
purity better than 99%,. The liquid nitrogen was about
999, pure with the major impurity being oxygen.

B. Benzene

The Hugoniot data for benzene are listed in Table I.
The U,—U, plot shown in Fig. 4 shows three line
segments representing the data. An interesting feature
of this graph is the short middle segment which has a
relatively small slope. There is good agreement with the
data of Walsh and Rice® and Cook and Rogers.? In the
interval 2.70<U,<5.83 km/sec the fit of the U,—U,
points is

U,=1.5040.104 (1.6740.04) U,, (6)
and from 6.26<U,<9.00 km/sec
U,=1.3740.174(1.3940.03) U,,. (7

The short segment between U,=5.83 and 6.26 km/sec
is fit by

U,=4.644-0.99+ (0.4640.10) U, (8)
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F1G, 5, Pressurg-yersus-relative volume plot for benzene.
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SHOCK WAVE COMPRESSION OF LIQUIDS

TasLe 1I. Shock wave data for carbon disulfide.

Initial Shock Particle Relative Dural shock
density velocity velocity Pressure volume velocity

(g/cc) (km/sec) (km/sec) (kbar) (V/Vo) (km/sec)

1.260 2.4740.01 0.7540.08 2343 0.698-+0.033 5.93+0.07
1.249 2.4140.00  0.86+0.04 2641 . 0.642+0.017 6.02+0.03
1.251 2.5940.01 0.86+0.05 2842 0.668+£0.017 6.02+0.04
1.251 2.9440.01 1.01£0.03 3741 0.658+0.010 6.16+£0.02
1.257 3.0640.01 1.07£0.03 4141 0.6500.010 6.224+0.03
1.263 3.0940.01 1.0840.04 424-2 0.651£0.012 6.23+0.03
1.264 3.3940.01 1.31+£0.03 561 0.615+0.008 6.4340.02
1.245 3.43+0.01 1.3940.02 5941 0.594+0.006 6.50+0.02
1.272 3.4740.01 1.40+0.03 6241 0.59740.008 6.52+0.02
1.260 3.47+0.01 1.424+0.02 6241 0.5904:0.007 6.5440.02
1.266 3.5140.01 1.52+0.08 6844 0.566+0.024 6.620.07
1.249 3.53+0.01 1.72+0.02 761 0.513£0.007 6.7840.02
1.249 3.55+0.01 1.81+0.01 801 0.49140.004 6.86+0.01
1.272 3.65+0.01 1.87+0.05 8742 0.4894+0.013 6.92+0.04
1.253 3.6240.01 1.91+£0.02 8741 0.473:£0.006 6.95+0.02
1.251 3.7840.01 2.1340.09 10145 0.43640.025 7.14£0.08
1.251 4.02+0.01 2.25+0.02 11341 0.442+0.004 7.26+0.01
1.257 4.1840.00  2.28:0.02 12041 0.45440.004 7.3120.02
1.264 4.20+0.01 2.3340.04 12442 0.44640.009 7.35+0.03
1.248 4.40+0.01 2.56+0.03 14142 0.420+0.007 7.560.03
1.275 4.86+0.02 2.7740.03 17242 0.430-£0.006 7.8040.03
1.253 4.80+0.01 2.83+0.02 17041 0.41040.005 7.83+0.02
1.258 5.2340.02 3.204:0.08 21145 0.388+0.015 8.20+0.06
1.251 5.2040.02 3.31+£0.06 21544 0.3644-0.011 8.2940.05
1.251 5.68+0.03 3.48+0.03 24742 0.3884-0.006 8.48-+0.03
1.255 6.044-0.03 3.72+£0.09 28247 0.38440.015 8.74+0.08
1.266 6.46+£0.02  3.924-0.04 32044 0.396+0.007 8.9740.04
1.254 6.360.02  3.98+0.07 3176 0.375+0.011 9.00+0.06
1.253 6.444+0.04  4.06£0.09 32847 0.37140.014 9.08+0.08
1.257 6.7340.03 4.37+£0.06 37045 0.351+£0.010 9.3940.05
1.258 7.3440.04  4.7130.07 43546 0.358+£0.010 9.77+0.06
1.258 7.64+0.05  4.93:40.07 47347 0.355+0.010 10.00+0.06
1.266 7.8440.03 5.09+4+0.14 504414 0.35040.018 10.17+0.12
1.253 7.9840.08  5.0940.12 509412  0.363+0.017 10.18+0.10
1.255 8.09+0.05  5.18+0.11 52611 0.360+£0.014 10.28+0.09

Included on the graph is the measured sound speed'
of the liquid benzene at 22°C and local atmospheric
pressure. In Fig. 5 the P—V/V, data are plotted
along with the curves transformed from the fit of the
U,— U, data. The initial density was 0.879 g/cc.

The U,—U, and P—V/V, plots indicate that a
transition begins at about U,=5.80 and U,=2.60
km/sec, and a pressure of 133 kbar, and ends at about
U,=6.30, U,=3.50, and a pressure of 194 kbar. It is
possible that a transition occurs below 5 kbar since
the lowest line segment extrapolates to a value on
the U, axis 14¢; higher than the measured sound
speed. The P—V/V, data of Iig. 5 are represented
by concave upward curves below 133 kbar and above
194 kbar, with a third curve fitted to the few points
in between. If the upper Hugoniot curve is extra-
polated to 133 kbar and the lower Hugoniot curve is
used as a reference, the change in V/V, due to the
transition is about 169.

In many solids the occurrence of a normal instan-
taneous (less than 0.1 usec) transition is represented
in the U,— U, plane by either a change in slope or by
an interval of constant shock velocity. The latter case is
usually accompanied by a double shock wave structure.
The benzene U,— U, plot appears to contain a combi-
nation of both characteristics since the shock velocity
increases very slowly with particle velocity over the
small interval described in Eq. (8). However, the
formation of a double shock structure is not expected
because the Rayleigh line from the foot of the P—V/V,
curve connects all points on the Hugoniot in a single
shock process. This conclusion was verified by the per-
formance of some double shock wave experiments as
explained in Sec. II. Based on the above observations
and a knowledge of other materials,'®*° benzene is
believed to undergo an instantaneous transition for two
reasons: (1) a sluggish (greater than 1 gsec) transition
is unlikely because a plot of the U,— U, data shows a
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F1c. 6. Shock velocity-versus-particle velocity plot for carbon
disulfide.

discontinuous change in slope and (2) there was
negligible attenuation of the shock wave, indicating
that a time dependent transition with a relaxation time
of the order of the velocity measuring time does not
occur. The absence of a double shock wave structure
indicates the shock wave at the transition pressure is
stable. Hence, the 133-194 kbar region may be a mixed
phase region that occurs when a portion of the benzene
transforms immediately to a new phase. The transfor-
mation is then complete at 194 kbar.

It is doubtful that the transition is due to freezing
because the duration of the shock process is too short
for rearrangement of the benzene molecules into a
specific solid structure. Furthermore, pressure hinders
rotation of the molecules. A temperature calculated
at the beginning of the transition is 2300°K, based
on the Mie-Gruneisen form" for the equation of state.
Under these extreme conditions of pressure and tem-
perature, the molecular bonds are distorted sufficiently
that polymerization can occur. Above 194 kbar the
entire volume has undergone the transition and the
Hugoniot curve is that of a more compact material.
The temperature at this pressure is probably above
3300°K. A dynamic high-pressure study® of some
solid aromatic hydrocarbons (anthracene, pyrene, and
phenanthrene) indicated that their behavior was sim-
ilar to that of benzene. It was found that anthracene

transformed at about 180 kbar, phenanthrene at about
200 kbar, and pyrene at about 240 kbar. Hence, the
transition pressures of the aromatic hydrocarbons and
benzene are arranged according to the complexity of
the individual molecules with benzene at the lowest
and pyrene at the highest pressure. Perhaps benzene
and the solid aromatic hydrocarbons undergo similar
transformations.

The results of electrical conductivity experiments
performed on benzene indicate no appreciable increase
in conductivity up to pressures of 140 kbar.

The Hugoniot curve calculated by Salzman, Collings,
and Pings* using a Lennard-Jones and Devonshire
intermolecular potential form appears to agree with
the experimental Hugoniot curve up to about 130 kbar.
The parameters they computed are #=6.9 (repulsion
term), r*=5.92 & (position of the potential minimum),
and 7%=440°K (temperature equivalent of the poten-
tial minimum).

C. Carbon Disulfide

The carbon disulfide Hugoniot data are presented
numerically in Table II and graphically in Figs. 6
and 7. Distinctive features of the U,—U, plot of
Fig. 6 are the representation of the data by two line
segments separated by an interval of constant shock

600 T T T T T T

500 ¢ ® DATA .

— CALCULATED FROM
Us-Up LINEAR FIT

400f~ -

PRESSURE (kbar)
o
3
T

200~

100~

03 0.4 0.5 06 07 0.8

09 1.0
RELATIVE VOLUME (wvo)

Fic. 7.Pressure-versus-relative volume plot for carbon disulfide.

SR AT 32

EHN




SHOCK WAVE COMPRESSION OF LIQUIDS 6027

Tasre 11I. Shock wave data for carbon tetrachloride.

Initial Shock Particle Relative Dural shock
density velocity velocity Pressure volume velocity
(g/cc) (km/sec) (km/sec) (kbar) (V/Vo) (km/sec)
1.590 2.3240.01  0.7240.08 2743 0.688+0.035 5.9340.07
: 1.577 2.274+0.01  0.8440.04 302 0.631+40.018 6.02:40.03
7 1.571 2.4740.01  0.83+0.04 3242 0.663+0.018 6.0240.04
:\ 1.571 2.79£0.01  0.9740.03 43+1 0.652-0.010 6.1640.02
5 1.586 2.91+:0.01 1.0340.03 4841 0.645+0.010 6.224+0.03
1.594 2.95+0.01 1.0440.04 4942 0.648-£0.012 6.234+0.03
1.596 3.284:0.01 1.25+0.03 6541 0.619-£0.008 6.4340.02
1.571 3.32+0.01 1.3340.02 701 0.5984-0.006 6.504-0.02
1.606 3.460.01 1.3340.02 7441 0.615+0.007 6.524:0.02
1.591 3.44:0.01 1.3640.02 7441 0.606+0.007 6.544:0.02
1.598 3.50-£0.01 1.4540.08 81+£5 0.5854-0.023 6.6240.07
1.577 3.7420.01 1.61£0.02 95+1 0.568+40.006 6.78+0.02
1.571 3.86+0.01 1.6940.01 1021 0.563-£0.003 6.86+0.01
1.606 4.0840.01 1.734+0.04 11343 0.576£0.011 6.924-0.04
1.580 4.07+0.01 1.77+0.02 11441 0.566-0.005 6.9540.02
1.571 4.2740.03  1.97+0.09  132+6 0.5390.021 7.140.08
1.571 4.524£0.01  2.07+0.02 1481 0.542-£0.003 7.26+0.01
1.586 4.6640.01  2.1040.02 1561 0.5494-0.004 7.31£0.02
1.596 4.7140.01 2.154£0.04  161£3 0.544-:0.008 7.35+0.03
1.574 4.884+0.01  2.36+0.03 18242 0.516£0.006 7.56£0.03
1.610 5.3440.02  2.55+0.03 22042 0.522+0.005 7.800.03
1.580 5.214£0.01  2.6240.02 21642 0.497+0.004 7.83+£0.02
1.588 5.724+0.03  2.954+0.07  268+7 0.484-0.013 8.20+0.06
1.571 5.6940.02  3.06+0.05  274+5 0.4610.009 8.29:+0.05
1.571 6.134+0.03  3.2240.03 31143 0.4764-0.005 8.4840.03
1.584 6.44+0.05  3.444:0.08 35249 0.4654-0.014 8.7440.08
1.598 6.80+0.02  3.64+0.04  395+4 0.466+0.006 8.9740.04
1.582 6.724+0.02  3.6940.07  392+7 0.451+£0.010 9.000.06
1.580 6.784+0.03  3.7740.08 40449 0.444+0.013 9.08+0.08
1.586 7.134£0.03  4.0540.06 45847 0.432+0.008 9.3940.05
1.588 7.5540.02  4.40%0.06 52747 0.417-0.008 9.7740.06
1.588 7.96+:0.03  4.58+0.06  579+8 0.4252-0.009 10.00=:0.06
1.598 8.064+0.06 4.74+0.13  611x17  0.411+0.017 10.1740.12
1.580 8.244+0.04  4.7440.11 617414  0.42540.014 10.18+40.10
1.584 8.264-0.03  4.84+0.10  633+13  0.415+0.012 10.28+0.09

i et

velocity and the excellent agreement between the
measured sound speed” and the intercept of the lower
line with the U, axis. The line segments were deter-
mined by a least-squares fit of the U,—U, data; in
the region 2.40<U,<3.50 km/sec the relationship is

U,=1.1820.22+ (1.67£0.14) U,, (9)
and from 3.50<U,<8.20 km/sec,
U,=1.1120.074+(1.3540.02) U,,. (10)

In the particle velocity interval of 1.39 to 1.84 km/sec,
the shock velocity is essentially constant. The data
of Walsh and Rice® agree with the present data but
those of Cook and Rogers® do not. The abrupt change
in the slope and the ofiset of the two line scgments
indicates a transition occurring at about 62 kbar
(U,=3.50 km/sec, ;=140 km/sec, and py=1.263
g/cc) with a new phase formed at about 80 kbar

T T T TN ST T

(U,=3.50 km/sec, Up=1.80 km/sec, po=1.263 g/cc).
The intercept of the lower line segment with the U,
axis (1.18 km/sec) is very close to the measured sound
speed of 1.16 km/sec, indicating that carbon disulfide
is in the liquid state from 1 bar-62 kbar.

The P—V/V, plot of Fig. 7 is characterized by
concave upward curves above 80 kbar and below 62
kbar with a well-defined cusp representing the transi-
tion at 62 kbar. A straight line segment joins the two
major curves. Using the lower curve as a reference,
the decrease in relative volume ascribed to the tran-
sition is nearly 179,. Every point on the P—V/V,
curves can be reached by the Rayleigh line in a single
shock originating from the Py, Vy point. As a result
there is no double shock wave structure associated
with the transition even though an interval of con-
stant shock velocity was observed in the U,— U, plot.
This was confirmed by experiment (see Sec. II). The
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9.0 I T T T T significantly, indicating a connection between the
transition and electrical conduction.
8o~ I D. Carbon Tetrachloride
Carbon tetrachloride, in some respects, has a less
7.0/~ - complicated behavior under shock conditions than
either benzene or carbon disulfide. In Table III are
the Hugoniot data obtained from the experiments.
=% = The U,—U, data are plotted in Fig. 8 and are fit
3 by two straight lines. They differ in slope, but there
gso—- A is no displacement of the two segments. The lines
e are fitted by
=
S sl o U,=1.1120.08+ (1.67£0.05) U, (1)
>
x in the range 2.30<U,<4.70 km/sec. Above U,=4.70
230l : ;ﬁf_gﬁ“"a DRAIEA: | km/sec the linear relationship is
o ® COOK & ROGERS :
U,=1.8740.14+(1.3240.03) U,,. (12)
2.0— L7 - . )
/ These lines intersect at U,=4.70 and U,=2.17 km/sec.
7 A least-squares fit of the data to a quadratic in the
'-°L—souno SPEED o particle velocity resulted is a smooth curve through
e ! 1 l 1 | L \ y I T
0 1.0 20 30 .40 5.0 6.0
PARTICLE VELOCITY (km/sec) 600~ -
Fic. 8. Shock velocity-versus-particle velocity plot for carbon
tetrachloride,
similarity in the observed behavior between carbon 500(~ =
disulfide and benzene indicates that carbon disulfide o DATA
undergoes an instantaneous transformation to a mixed —GGLSSLALE'?E ::0:"1_
phase material at 62 kbar with the new phase being 8k
completely formed at 80 kbar. In addition, the shock P o
wave remains stable at and above the transition
pressure.
The observed transition is thought to be a trans- T
formation from the liquid state to a “‘black substance” =
as observed by Bridgmant Whalley® and Butcher s 20 3
el al* investigated the phenomenon and the trans- 5
formed material in more detail. They found that under ﬁ
static pressures the transition takes place at about =
40 kbar over a temperature range of 120-200°C. The . _
black substance was determined to be an amorphous
form of carbon disulfide, stable at ambient pressure
and temperature, and has some of the characteristics
of a semiconductor. In some experiments® where carbon
disulfide was shocked to about 200 kbar, a black fluffy 100~ =
solid was recovered which may be the solid observed
in the static experiments. '
Some cxperiments were performed to determine the
clectrical properties of carbon disulfide near the tran- o 1 1 1 |

sition pressure. It was observed, with rather insen-
sitive instrumentation, that there was negligible elec-
trical  conductivity below the transition pressure.
However, near 80 kbar the conductivity increased

03 0.4 0.5 0.6 07 0.8 0.9 1.0
RELATIVE VOLUME (V/Vo)

. Pressure-versus-relative volume plot for carbon tetra-
chloride.
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TasLr IV. Shock wave data for liquid nitrogen® at 75°K.

Shock vel. Particle vel. Pressure Relative vol. Dural shock vel.
(km/sec) (km/sec) (kbar) (V/Vo) (km/sec)
2.58+4-0.02 0.9040.09 194:2 0.653+4-0.037 6.0740.07
2.97:40.02 1.11+0.05 2741 0.6284-0.016 6.2440.04
3.534+0.01 1.5140.04 4441 0.57040.010 6.58+0.03
4.1940.02 1.9740.03 681 0.5314-0.008 6.974-0.03
5.09+0.02 2.5440.02 10641 0.50140.004 7.484-0.02
5.5040.02 2.7840.02 12641 0.494+0.005 7.71+0.02
5.9340.03 2.9940.12 14646 0.49540.020 7.91+0.09
6.06+0.03 3.6240.07 19844 0.457+0.010 8.484-0.05
6.98+0.08 3.724£0.09 2135 0.468+0.014 8.5840.07
6.854-0.04 3.8940.05 21943 0.432+4-0.008 8.7140.04
7.3440.04 4.054:0.07 24445 0.4484-0.011 8.894-0.06
7.524:0.05 4.334+0.07 267 4 0.425+40.010 9.1340.06
7.5240.04 4.3640.15 269+9 0.4194-0.020 9.16+0.12
7.594:0.03 4.3940.12 27348 0.4224-0.016 9.1940.10
7.43+0.03 4.45+0.08 27145 0.401+0.011 9.2240.06
7.73+0.03 4.57+0.10 28946 0.409+0.013 9.354-0.08
8.1740.06 4.61+£0.09 30946 0.4353:0.012 9.4340.07
7.924-0.05 4.6640.11 30347 0.4124+0.014 9.444+0.09
8.364-0.06 4.754-0.08 32546 0.4334-0.010 9.56+0.06
8.514:0.08 4.9240.05 34344 0.4224-0.008 9.7140.04
8.4840.03 5.08+0.11 35448 0.40040.013 9.8540.09
§.80+0.04 5.204+0.09 3767 0.409-+0.010 9.98-+0.07
8.924-0.06 5.35+0.12 39149 0.400+40.014 10.11+0.10

® Density is 0.820 g/cc.

the data and is
U,=1.17£0.174 (1.7240.06) U,— (0.060.01) U 2.

(13)

There is fair agreement with the data of Walsh and
Rice® and Cook and Rogers.® For shock velocities
between 3.50 and 4.75 km/sec Mitchell and Keeler®
obtained a linear relationship which has a larger
intercept and smaller slope than expressed by Eq. (11).
The reason for this discrepancy is not known. The
values of U, for U,=0, as determined from Eqs. (11)
and (13) are significantly larger than the measured
sound speed. Bridgman?® found that the liquid freezes at
a pressure of approximately 1 kbar at 25°C; which may
account for the lack of agreement.

Figure 9 is a P—V/V, plot showing two concave
upward curves corresponding to the two straight lines
of Fig. 8. A slight cusp appears at about 164 kbar.
A single curve through the data is equally descriptive,
considering the quality of the data.

For shocked carbon tetrachloride, Walsh and Rice®
observed a slight change in transparency to visible
light at about 70 kbar and complete opacity between
130 and 170 kbar. Previous dynamic pressure studies™*
on carbon tetrachloride have found a large increase
in electrical conductivity at pressures above 120 kbar.
A thorough investication by Mitchell and Keeler™
revealed measurable conductivity at 69 kbar and very

e oo o e R

high conductivity at 164 kbar. Hence, there seems to
be a relation® between the onset of opacity and mea-
surable electrical conductivity at about 70 kbar. In
addition the opaqueness and the very high electrical
conductivity observed in the 160-170-kbar range may
also be related to the change in slope in the U,—U,
plot at 164 kbar.

The observed behavior of carbon tetrachloride under
shock conditions may be the result of the liquid
polymerizing in the 70-170-kbar pressure range. The
molecular rearrangement occurring in the polymeriza-
tion process could free ions in sufficient quantity at
70 kbar to produce detectable changes in opacity and
electrical conductivity. The change in slope of the
U,—U, curve at 164 kbar may signal the end of this
process, with the upper line corresponding to the new
polymer. Based on some calculations® Mader of this
laboratory has suggested that a different chemical
species is formed according to the reaction 2CCly—
C:Cls+2Cl, at pressures ncar 100 kbar while insig-
nificant amounts of the new substance are formed
below 50 kbar.

Another explanation for the change in slope of the
U,—U, plot at 164 kbar is the following: :\ pressure-
temperature graph of Bridgman’s carbon tetrachloride
freezing data’ and that from the Hugoniot informa-
tion indicates that the Hugoniot curve crosses into
a solid TII phase at about 10 kbar. Then near 160
kbar the Hugoniot recrosses the liquid-solid phase
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90— I ] TaBLE V. Potential parameters used for computing Hugoniots
for liquid nitrogen.
8.0l— = Potential form
(References) ™ (1) .T*(°K) n a
70— o LJD (present work) 4.17 97.5 9 ..
LJD (Ref. 10) 4.19 91.5 12 .
LJD (Ref. 36) 4.16 95.9 7 see T
ool _ LJD (Ref. 37)= 4.13 91.5 12 aee
\3 L]D (Ref. 35) 4.15 95.0 12 oo
E exp-6 (present work) 4.00 110.0 cee 13.6 @
=_] B exp-6 (Ref. 34) 4.05 1200 ... 13.0
> 39
g ® Gaseous nitrogen data.
Yao— -
. the 70-170-kbar range were calculated to be between
§ © PRESENT DATA 1350 and 3500°K using the Mie-Gruneisen equation
¥ 3.0 4 TBAREY D TELE ~ of state. Ramsey™ of this laboratory has measured a
brightness temperature of 2400°K at 170 kbar. Re-
& : cently, Voskoboinikov and Bogomolov® have reported
2.0~ // = measuring the brightness temperature of the shock
7 front in carbon tetrachloride over a pressure range of E
3 80-200 kbar. At 170 kbar they measured 2600°K.
10— sounp speeD -1 A Hugoniot curve computed by Salzman, Collings, 2
and Pings? from a Lennard-Jones and Devonshire E
o | N | | | intermolecular potential is located slightly above the 3
(] 1.0 0 6.0 experimental Hugoniot curve when plotted in the

2.0 3.0 “40 5
PARTICLE VELOCITY (km/sec)

Fic. 10. Shock velocity-versus-particle velocity plot for liquid
nitrogen.

line and remains in the liquid state. This particular
explanation, however, does not explain the opacity
and electrical conductivity changes observed at high
pressures.

Temperatures for carbon tetrachloride shocked into

40 T T T T T
L[]
®
[ ]
300 © DATA
- —— CALCULATED FROM
Ug-U, LINEAR FIT
-~
o
£
=
200 —
w
@
= ]
(2]
(2]
w
[*4
o
100~ -
o 1 1 1 l
03 04 05 06 O7T 08 09 10

RELATIVE VOLUME (V/Vo)

FiG. 11. Pressure-versus-relative volume plot for liquid nitrogen.
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;// ——EXPERIMENTAL HUGONIOT
204 ,/ CALCULATED HUGONIOTS —
# e LJD 6-9_ POTENTIAL
/ t"=418 A, T*=97.5%
4 , EXP-6 POTENTIAL
10 a=13.6, r* =4.00 A, T*= 110°K u
0 | L L 1 !
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PARTICLE VELOCITY (km /sec)

Fic. 12. Experimental and calculated Hugoniots for liquid
nitrogen,
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Tasre VI. Summary of results.
Carbon
Benzene disulfide Carbon tetrachloride Liquid nitrogen

Lower segment ;

C (km/sec) 1.50£0.10 1.18+0.22 1.11+40.08 1.174+0.17 1.1940.06 1.12£0.50

S 1.67+0.04 1.6740.14 1.67+0.05 1.72:0.006 1.5640.03 1.68+0.11

T (km/sec)™? cee —0.064-0.01 oo —0.04+0.02
U, limits (km/scc) 2.70-5.83 2.40-3.50 2.30-4.70 2.30-8.26 2.58-5.60 2.58-8.92
Middle segment oo cee eee “ee

C (km/sec) 4.64+40.99 constant

S 0.464:0.10 shock

T (km/sec)™? ces velocity
U, limits (km/sec) 5.83-6.26 interval 3
Upper segment oo eee 3

C (km/sec) 1.3740.17 1.11+0.07 1.874+0.14 1.8540.38 '

S 1.3940.03 1.354+0.02 1.3240.03 1.32+40.08

T (km/sec)™! “en cee cee e
U, limits (km/sec) 6.26-9.00 3.50-8.20 4.70-8.26 5.60-8.92
Average initial 293 293 293 293 75 75

temperature (°K)
Average initial density 0.879 1.264 1.594 1.594 0.820 0.820

(g/cc)
Sound speed (km/sec) 1.31 1.16 0.93 0.93 0.88 0.88 ‘
Transition pressure (kbar) 133+5 6244 16445 . 13543 .

U.— U, plane. An adjustment of the potential param-
eters (n=6.4, r*=6.60 A, and T#=327°K) would
probably bring the two curves into better agreement.

E. Liquid Nitrogen

The Hugoniot data are presented in Table IV and
in Figs. 10 and 11. The data reported by the Russian
investigators'® are also included in the U,—U, plot.
Since the initial temperature of the 2024 dural stand-
ard was the same as the liquid nitrogen, the equation
of state of the 2024 dural had to be adjusted to 75°K,
resulting in the equation,

U,=5.387+1.335U, (14)

with po(75°K) =2.820 g/cc and the Gruneisen ratio
ro= 2.0.

The experimental assemblies were constructed and
measured at room temperature. Distances and set-
backs of pin contactors have been adjusted to allow
for the thermal contraction to 75°K. The values listed
in Table IV for the shock velocities reflect this ad-
justment,

Two straight lines fit the U,— U, data with a change
in slope occurring at about U,=5.60 and U,=2.90
km/sec. The lower line fits

U,=1.19£0.06+ (1.564-0.03) U, (15)
and the upper line fits
U,=1.85+0.384(1.320.08) U,,. (16)

A smooth curve also provides a good fit of the data

and is described by a quadratic in U,,

Up=1.1220.50+ (1.68=:0.11) U,— (0.04=:0.02) U2
(17)

The present data agree reasonably well with the
Russian results.

The intercept with the U, axis defined by Eq. (135)
is higher by nearly 35% than the reported sound
speed™ of 0.88 km/sec. This leads to the possibility
of a transition occurring below 19 kbar, the lowest
pressure used in this study.

The P—V/V, plot of Fig. 11 shows two concave
upward curves with a cusp at 135 kbar. There is
considerable scatter of the points, especially at the
higher pressures. A temperature associated with 135-
kbar pressure was calculated to be 3400°K. If a tran-
sition occurs at this pressure, the Hugoniot could cross
into the solid phase below 19 kbar and then at 135
kbar recross the fusion line and remain in the solid-
liquid mixed-phase region.

Liquid nitrogen shock Hugoniots have been calcu-
lated®* using a Lennard-Jones and Devonshire and
a modified Buckingham (exp-6) intermolecular poten-
tial which agree well with the experimental Hugoniot
between 20 and 170 kbar. The calculations were per-
formed with a computer code developed by Fickett
of this laboratory. The code is based on the cell model
and assumes: The pair potentials are additive; each
cell has 12 nearest neighbors; there is one molecule
per cell. The 12 nearest neighbors are uniformly
smeared over a spherical surface whose radius cor-
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responds to the nearest-neighbor distance. The cal-
culated Hugoniots which agree with the experimental
Hugoniot have the following potential forms:

LD @(r) =[rT*/(n—6) J[6(r/r*)"—n(r/r*)=¢],

(18)
exp-6 ®(r)=[kT*/(a—06)]

X {6 expLa(1—1/r*) ]—a(r/r*)~%}, (19)

where 7* is the position of the potential minimum,
T* is the temperature equivalent of the energy of the
potential minimum at r=r* 7 is the intermolecular
distance, & is Boltzmann’s constant, # is the repulsion
term for the LJD form, and « is the steepness pa-
rameter for the exp-6 form. Table V is a list of the
values for these ‘“‘constants” from which the Hugoniots
were calculated. Also included for comparison are the
values used by others. Figure 12 shows the calculated
and experimental Hugoniots. The most recent calcu-
lations® are by Salzman, Collings, and Pings. These
agree with the experimental Hugoniot and the pa-
rameters used except for the value of # in the re-
pulsion term. A comparison of the parameters for the
exp-6 potential used in this study with Fickett’s values
indicated close agreement. No significance was placed
on the separation of the experimental and calculated
Hugoniot curves about 170 kbar. The calculated
Hugoniot indicates a stiffer material than observed.

IV. SUMMARY

Table VI summarizes the equation of state param-
eters obtained for each liquid and indicates the ap-
propriate range, standard deviations, and initial
conditions. The benzene and carbon disulfide U,— U,
data are represented by a linear relationship while
the carbon tetrachloride and liquid nitrogen data are
represented equally well by a linear relationship or by a
quadratic in U,. A transition occurs in benzene and
carbon disulfide with the possibility of a mixed phase
region existing between the low and high pressures
phases. The evidence for the occurrence of a transition
in carbon tetrachloride and liquid nitrogen is not as
strong as for the other two liquids. Considering Table
VI, the values for the slope of the lower and upper line
segments for each liquid are very similar.
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