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Hugoniot data to scvcral hundred kilobar have becn obtained for benzene. carbon disulfIde, carhon 
tetrachloride, and liquid nitrogcn. Standard high explosivc tcchni'lucs \I'ere used for gencrating the shock 
wavcs. Experimentally measurcd 'luantities werc transformcd to prcssurc and volume data hy thc im
pedancc match mcthod. Thc shock-particle velocity data for the liquids arc dcscribcd by a linear relation
ship, hO\l'e\'cr, a quadratic in particlc \'c\ocity also pro\'ides an adequatc representation of the dal<l for 
c.1riJon tctrachloridc and liquid nitrogcn. Benzene undcrgocs a transition at 133 kbar and carhon disulfldc 
at 62 kbar. Thesc transitions arc accompanied by a volume decrcasc of approximately 1670. A double 
shock-wa\'c structurc, obsen'ed in many solids \I'hich undergo a transition, \I'as not obscn'cd in benzene 
and carLon disulfide. Therc is some cvidcnce that carbon tetrachloride and liquid nitrogen undergo a 
transition at 165 and 135 kilar, rcspccti\·ely . Hugoniot curvcs calculated from a Lennard-Joncs and 
Devonshire (6-9) and a modified Buckingham exp-6 intermolecular potcntial fit the liquid nitrogen 
experimental [-I ugoniot curve bctween 20 and 170 kbar. 

1. 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 295°K and of the liquid nitrogen 75°K. 

was used as the standard. The Rankine-Hugoniot 
relationsll- 13 

There is yery little high-pressure data available on 
these liquids. Bridgmanl- 7 has obtained most of the 
static pressure data. A limited amount of shock com
pression data were obtained by Walsh and RiceS for 
benzene, carbon disulfide, and carbon tetrachloride, 
using optic..1.l techniques. More extensive dynamic data 
for these liquids were collected by Cook and Rogers,9 
also using optical methods. Zubarev and Telegin lO 

obtained some Hugoniot data for liquid nitrogen using 
techniques similar to those of this investigation. 

The" impedance 111 a tch method" was used to trans
form the measured shock velocities to pressure, par
ticle velocity, and relati\·c volume data. These data 
are presented in shock velocity-\·ersus-particle velocity 
and pressure-versus-relative voluille plots. ] n addition 
some rough electrical conductivity experiments were 
carried out on benzene, carbon disullide, and carbon 
tetrachloride. The discovery that benzene and carbon 
disulfide undergo a transition prompted experiments 
to detect the presence of a double shock-\\'a ve 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 

(1) 

(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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ELECTRICAL CONTACTORS 
FOR MEASURING SHOCK 
VELOCITY IN lI0UIDS 
~ 
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FIG. 2. Cross-sectional view of the shot assemuly used for the organic liquids. 

must be continuous across the interface between the 
standard and the material under study. In the above 
equations Po and Vo( = l /po) represent the pressure 
and !'peciflc volume ahead of the shock front and P 
and V the pressure and specific volume behind the 
shock front. U. and [ 'p represent the shock "elocit)' 
and particle velocity relative to the undisturbed ma
terial ahead of the shock front. V /Vo is defined as 
the relative volume. The curves in the P- U v plane 
in Fig. 1 illus trate the impedance match method. The 
rncasurcm.ent of the shock velocity in the known 202-1 
dural determines the state PI) Up l . From this point 
the reflected Hugoniot curve is constructed and inter
sec ts the line of slope poL. determined for the liquid. 
This intersection is the pressure and particle \"flocit)' 
(P, C p ) in the sample. 

The Hugoniot for the 202-1 dural has been mea.
sured very accurately at ambient temperature. The 
equatiun of statel4 is expressed by 

U. = 5.328+ 1.338U p, ( 3) 

with Po= 2.iS5 g/cc and the Gruneisen ratio 1'0= 2.0. 
A detailed descriptirln of the experimental apparatus 

.lI\d bbricating techniques arc gi\"Cn in Ref. 15. A 
\ r()'s ' ~C '1\ iona I "iew of the l'xperimen ta l appa ra tus 
\ 'I 'd jor the organic liquids i' pr(;~l'ntcd in Fi~. 2. 
Thrn' liquidS were eX3111ined in a single expl'rin~enl. 
l.;1 eh liquid was contained in a glass cylinder set into 
.I well machined in the target plate. The shock ve-
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FIG. 3. Cros~ a~tion view of the apparatus used for the liquid 
nitrogen. 
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SHOCK WAVE COMPRESSION OF LIQUIDS 6023 

TABLE I. Shock wave data for benzene. 

Initial Shock Particle 
density velocity velocity 
(g/ee) (km/sec) (km/sec) 

0 .877 2.78±0.01 0 .77±0 .09 
0.869 2.72±0.01 0 .89±0.04 
0.870 2.96±0.02 0. 89±0 .OS 
0 .870 3 .31±0 .01 1.05±0 .03 
0.875 3.44±0.01 1.12±0.03 
0.879 3.47±0.01 1.12±0.04 
0.880 3.8S±0.01 1.36±0.03 
0 .866 3.89±0.00 1.45±0.02 
0.885 4.0S±0.01 1.45±0.03 
O.S77 4.0S±0.01 1,48±0 .03 
0.S81 4.09±0.01 I.S9±0.09 
0.869 4.3S±0 .01 1. 77±0.03 
0.869 4.s2±0.01 1.8S±0.01 
0.885 4.79±0.02 1.90±0.OS 
0.871 4.77±0.02 1.94±0.02 
0.870 S.OO±0.02 2 .16±0. 10 
0 .870 S.2S±0.01 2.29±0.02 
0.S7S s,46±0.01 2.33±0.02 
0.880 S.S2±0 .02 2.37±0.04 
0 .868 s.71±O.OI 2 .61±0.03 
0 .887 6.00±0.03 2.86±0.03 
0 .871 5.93±0.02 2 .92±0.02 
0.876 6.17±0.02 3.34±0.08 
0.870 6.22±0.0.J. 3.44±0 .06 
0.870 6,43±0.03 3.66±0.03 
0.874 6.82±0.06 3.92±0 .09 
0 .881 7.23±0.01 4.15±0.04 
0.872 7.16±0.03 4.20±0.07 
0.871 7.2S±0.03 4.29±0.09 
0 .875 7.66±0.OS 4.61±0.06 
0.876 8.24±O .OS 4.99±O.O7 
0.876 8.61±O.04 S.21±O.07 
0.881 8 .91±0.07 S.38±0.14 
0 .871 8.82±0 .08 S.42±0.12 
0.874 8.97±0.06 S.51±0.1I 

loci ties in the liquids were determined from the times 
at which the shock front arrives at the coaxial elec
trical contactorsl6 located in the liquids at accurately 
measured distances from the 2021 dural plate-liquid 
interface. Other electrical con tactors are placed in 
holes of accurately measured depths in the 202-1 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
hoiling state. A few seconds before detonating the 
explosive the ~tyrofoall1 slab was removed remotely. 
This ensures that the cold apparatus is in contact 
with the warm explosive for a minimal period of time. 

The obse[v<J.tioll of a transition occurring in benzene 

Relative Dural shock 
Pressure volume velocity 
(khar) (V IVo) (km/see) 

19±2 0.722±0.031 s.93±0 .07 
21±1 0 .671±0.016 6.02±0.03 
23±1 0.700±0.016 6 .02±0.04 
30±1 0.684±0.OO9 6. 16±0.02 
34±1 0 .676±0.009 6.22±0 .03 
34±'1 0.676±0.01l 6.23±0.03 
46±1 0.647±0.OO8 6,43±0.02 
49±1 0.627±0 .006 6.s0±0.02 
s2±1 0.642±0.007 6.s2±0.02 
s3±1 0.63s±0.006 6 .s4±0.02 
s7±3 0.612±0.021 6.62±0.07 
67±1 0.597 ±O. 006 6.78±0.02 
73±1 0.s91±0 .003 6.86±0.01 
81±2 0.603±0.01O 6 .92±0.04 
81±1 0.s93±0.004 6.9s±0.02 
94±4 0.s67±0.019 7.14±0.08 

10S±1 0.s67±0.003 7 .26±0.01 
111±1 0 .S7S±0.004 7.31±0.02 
l1S±2 0 .S70±0 .OO7 7 .3S±0.03 
129±2 0.542±0.OOS 7.56±0.03 
152±2 0.s23±0.006 7.SO±0.03 
lS1±1 O.sOi±O.OO4 7.83±0.02 
IS0±4 OAs8±0.013 8.20±0.06 
186±3 0.446±0.010 8.29±0 .05 
20S±2 O. 430±0. 005 8,48±0.03 
234±6 0,42S±0.015 8 .74±0.08 
264±3 0,426±0.006 8.97±0.04 
262±s 0,413±0.01l 9.00±0.06 
271±6 0,409±0 .013 9.08±0.08 
309±4 0.398±0.009 9.39±0.05 
360±5 O.39S±0 .009 9.77±0.06 
393±6 0.39s±0.009 1O.00±0.06 
422±12 0.396±0.017 1O.17±0.12 
416±1O 0.386±0.015 10. 18±0. 10 
432±9 O.386±O.O13 10.28±0.09 

and carbon disulfide and the character of their U,- Up 
plots led to some experiments to determine if a double 
shock wave structure17 •18 was present. The apparatus 
consisted of a 202-1 dural driver plate 0.64 cm thick 
backed by the appropriate explosive system, a liquid 
layer 1.27 or 2.5-1 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 position'ed 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. 
n" cioublin()' the thickness of the liquid the time separ
at-ion is als~ doubled, neglecting attenuation. The free 
surface motion of the cover plate results from the two 
impubes received from the two shock waves. Care was 
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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 SJ.1. and the precision 
in readi ng the pin signal times was 5 nsec. There was 
negligible attenuation of the shock wave over the 
distance establisheu for measuring the shock velocity. 
The liquid density errors were about t% 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 
99% pure with the major impurity being oxygen . 

B. Benzene 

The Hugoniot data for benzene are listed in Table 1. 
The U.- Up 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 \\'ith the 
data of Walsh and Rices and Cook and Rogers.9 In the 
interval 2.70::; U,::;S.83 km/ sec the fit of the U.- U). 
points is 

U,= 1.S0±0.10+ (1.67±0.O-l) Up, 

and from 6.26::; U.::;9.00 km/sec 

U.= 1.37±0.17+ (1.39±0.03) Up. 

(6) 

(7) 

The short segment between U.= 5.83 and 6.26 km/sec 
FIG. 4. Shock velocity-versus-particle velocity plot for benzene. is fit by 

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, - Up 
and P- V / Vo graphs. A linear relationship between 
(T, and Up was observed for each of the liquids. The 
data were fit by a linear least-squares method to the 
equa tion 

(4) 

The ,arbon tetrachloride and liquid nitrogen U,-'U p 

data were also fit to a quadratic in Up, 

(5) 

Benzene a nd carbon disulfide undergo a transition. 
There is less convincing evidence for the occurrence 
of a transition in carbon tetrachloride and liquid 
nitrogcn. 

For all materials the errors associateci with the 
measured shock velocities represent the standard 
dc"iations compull'd from the linear least-squares tit 
of tIll: timc- dis tance data. Thl's~ data wcre initiall\' 
corrected for tilt in the shock waye. The standard 
deviations listed with the calculated values for pressure, 

U,=4.64±0.99+ (0.46±0.10) Up. 
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TABLE II. Shock wave data for carbon disulfide. 

Initial Shock Particle 
density velocity velocity 
(g/ee) (kill/sec) (kill/sec) 

1.260 2.47±0.01 0.75±0 .08 
1.249 2.41±0 .OO 0 .86±0.04 
1.251 2.59±0 .01 0.S6±0.05 
1.251 2.94±0.Ot 1.01±0 .03 
1.257 3.06±0.Ot 1.07±0.O3 
1.263 3.09±0.OI 1.0S±O. 04. 
1.264 3 .39±O.OI 1.31±O.O3 
1.245 3.43±O.OI 1.39±0. O2 
1.272 3.47±0.01 1.40±O.03 
1.260 3.47±0 .01 1.42±O.02 
1.266 3.51±0.01 1.52±0.OS 
1.249 3.53±0.01 1. i2±0.02 
1.249 3.55±0.01 1.81±0.01 
1.272 3.65±0.Ot 1.87±0.05 
1.253 3.62±0.01 1.91±0.02 
1.251 3.7S±0.01 2.13±0.O9 
1.251 4.02±0.Ot 2.25±0.02 
1.257 4.1S±0.OO 2.28±0.02 
1.264 4 .20±0 .Ot 2.33±0.04 
1.248 4.40±0.Ot 2.56±0.03 
1.275 4 .S6±0.02 2.77±0.03 
1.253 4.S0±0 .Ot 2 .83±0.O2 
1.258 ~ . 23±0.O2 3.20±0.08 
1.251 5 .20±0.02 3.31±0.06 
1.251 5.68±0.O3 3.4S±0.03 
1.255 6.04±0.03 3.72±0.09 
1.266 6.46±0.02 3 .92±0.Q.1 
1.254 6.36±0.O2 3.9S±0.07 
1.253 6.44±0.Q.1 4.06±0 .09 
1.257 6.73±0.03 4.37±0.06 
1.258 7.34±0.Q.1 4.71±O.O7 
1.258 7.64±0.05 4 .93±0.07 
1.266 7.B4±0 .03 5.09±0.14 
1.253 7.9S±0.OS 5.09±0.12 
1.255 8.09±0 .05 5.1S±0.1l 

Included on the graph is the measured sound speedl9 

of the liquid benzene at 22°C and local atmospheric 
pressure. In Fig. 5 the P- VIVo data are plotted 
along with the curves transformed from the fIt of the 
U.- Up data. The initial density was 0.879 g/ cc. 

The U.- Up and P- V IVa plots indicate that a 
transition begins at about U.=5.80 and Up=2.60 
km/sec, and a pressu re of 133 kbar, and ends at about 
U.=6.30, Up=3.S0, and a pressure of 194 kbar. It is 
possible that a transition occurs belo\\" 5 kbar since 
the lowest line segment extrapolates to a value on 
the U. axis 14% higher than the measured sound 
speed. The P-l ' / 1'0 data. of Fig. 5 are represented 
by concave upward curves below 133 kbar and above 
19-1 kbar, with a third curve fitted to the few poinls 
in between. If the upper lIugoniot curve is extra
polated to 133 kbar and the lower Hugoniot curve is 
used as a reference, the change in VIVo due to the 
transition is about 16% . 

Relative Dural shock 
Pressure volume velocity 
(kbar) (V/Vo) (kIll/sec) 

23±3 0.698±0.033 5.93±0.07 
L6±1 . 0.642±0.017 6 .02±O.03 
28±2 0 .66S±O .OI7 6.02±0.04 
37±1 0 .658±0.OtO 6. t6±0.02 
41±1 0 .650±O.01O 6.22±0.O3 
42±2 O.651±O.OI2 6.23±0.03 
56±1 0 .61S±0 .OOS 6 .43±0.02 
59±1 O.594±O .OO6 6 .50±O.O2 
62±1 0.S97±O .OOX 6.52±0.O2 
62±1 O.590±O.OO7 6.54±0.O2 
68±4 0.566±0 .024 6 .62±0.O7 
76±1 0.513±O.OOi 6.78±0.O2 
SO±1 0.491±0.00-l 6. 86±0.01 
87±2 O.489±O.013 6 .92±0.04 
87±1 O.473±O.OO6 6.95±0.O2 

101±5 0 .436±0.02S 7.14±0.08 
113±t 0.442±0.004 7.26±O.Ot 
120±1 0.4S4±0.004 7.31±0.02 
124±2 O.446±0 .O09 7.35±0.O3 
t4t±2 o .420±0. 007 7.56±0.03 
172±2 O. 430±0. 006 7.S0±0.03 
170±1 0.410±0.OO5 7.83±0.02 
2tl±5 0.388±0.015 S.20±0.06 
215±4 0.364±0.01 t 8.29±0.05 
247±2 0.388±0 .OO6 8.48±0.03 
282±7 0.384±0.015 8.74±0.08 
320±4 0.396±0.OOi 8.97±0.04 
317±6 0.375±0.01l 9.00±0.06 
328±7 0 .371±0.014 9.08±0.08 
370±5 0.351±0.OtO 9.39±0.05 
435±6 0 .358±0 .OtO 9 .77 ±0.06 
473±7 0 .355±0.OtO 1O.00±0.06 
504±14 0.350±0.0IS 10.17±0 . 12 
509±12 0.363±0.017 10.18±0.1O 
526±1l 0.360±0.014 1O.28±0 .09 

In many solids the occurrence of a normal instan
taneOllS (less than 0.1 ~sec) transition is represen ted 
in the U.- UJ, plane by either a cha.nge 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.- Up 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 
forma lion of a double shock structure is not expected 
because the Rayleigh line from the foot of lhe p- V / Vo 
curve connects all poin ls on the Hugoniot in a single 
shock process. This conclusion was verified by 1 he per
formance oi some double shock wave experiments as 
explained in Sec. II. Based on the above observations 
and a knowledge of other materials/8•co benzene is 
Lelievcd to undergo an instantaneous transition for two 
reasons: (1 ) a sluggish (g reater than 1 ~scc ) transition 
is unlikely because a plot of the U.- U l' data shows a 

. ', 
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Fu:. 6. Shock veJocity-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 19-1 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°1(, based 
on the ~Iic-Gruneisen form lS for the equation of state. 
toller these extreme conditions of pressure and tem
perature, the molecular bonds are distorted sufficiently 
th;\t polymerization can occur. Above 19-1 kbar the 
entire volume has undergone the transition and the 
Jiugoniot curve is that of a more compact material. 
The temperature at this pressure is probably above 
351)(1°1\:. A dynamic high-pressure study~1 of some 
,,\)lid aromatic hydrocarbons (anthracene, pyrene, aIld 
!,hcnanthrene) indicated that their behavior was sim
ibr to that of benzene. It was found that anthracene 

transformed at about 180 kbar, phenanthrene at about 
200 kbar, and pyrene at about 2-10 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 Pings22 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 n= 6.9 (repulsion 
term) , r* = 5.92 A (posi tion of the poten tialminimum) , 
and T*=440°1( (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.- Up plot of 
Fig. 6 are the representation of the data by two line 
segments separated by an interval of constant shock 
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TABLE ill. Shock wave data for carbon tetrachloride. 

Initial Shock Particle 
density velocity velocity 
(g/cc) (km/sec) (km/sec) 

1.590 2.32±0.01 O. i2±0.08 
1.577 2 .27±0.01 O. 84±0. Q.! 
1. 571 2.47±0.01 O.83±O.Q.! 
1. 571 2.79±0.01 O.97±0 .03 
1.586 2.91±0.01 1.03±0 .03 
1.59-1 2 .95±0.01 1.D4±0.04 
1.596 3.28±0.01 1.25±0.03 
1.5il 3.32±0.01 1.33±0.02 
1.606 3.46±0.01 1.33±0.02 
1.591 3.44±0.01 1.36±0.02 
1.598 3.50±0.01 1.45±0.08 
1.577 3.74±0.01 1.61±0.02 
1.571 3.86±0.01 1.69±0.01 
1.606 4 .0S±0.01 1. 73±0.04 
i.580 4.07±0 .01 1. 77±0.02 
1. 571 4.27±0.03 1.97±0.09 
1.571 4.52±0.01 2.07±0.02 
1.586 4.66±0 .01 2.1O±0.02 
1.596 4.71±0.01 2.15±0.04 
1.574 4.88±0.01 2.36±0.03 
1.610 5.34±0.02 2.55±0.03 
1.580 5-.21±0.01 2.62±0.02 
1.588 5.72±0.03 2.9S±0.Oi 
I.S71 5.69±0.02 3 .06±0.OS 
1.571 6.13±0 .03 3 . 22±0 .03 
1.584 6 .44±0.OS 3.44±0.08 
1.598 6 .80±0.02 3.64±0.04 
1.582 6.72±0.02 3 .69±0 .07 
1.580 6.78±0.03 3.77±0.08 
1.586 7.13±0.03 4.05±0.06 
1.588 7.55±0.02 4.40±0.06 
1.588 7.96±0.03 4.5S±0.06 
1.598 8 .06±0.06 4.74±0.13 
1.5S0 S.24±0.04 4.74±0.11 
1.584 8.26±0.03 4 .84±0 . 1O 

velocity and the excellent agreement betwecn thc 
measured sound speedl9 and the interccpt of the lower 
line with the U, axis. The line segmcnts were deter
mined by a lcast-squares fit of the U.- Up data; in 
the region 2.40::; U,::; 3.50 km/ sec the relationship is 

U.= 1.18±O.22+ (1.67±0.14) Up, (9) 

and from 3.50::; U,::;S .20 kill/ sec, 

U.= 1.ll±O.Oi+ (1.35±0.02) Up. (10) 

In the particle \'Clodt)' interval of 1.39 to 1.84 km/sec, 
the shock velocity is essentially constant. The dat:l 
of \\'alsh and Rice3 agree with the present data but 
those of Cook. and Rogers9 do not. The abrupt change 
in the slope and the onset of the t\\'o line segments 
indicates a transition occurring at about 62 khar 
(U,= 3.50 km/ sec, Up = tAO kill / sec, and Po= 1.263 
g/ cc) with a new phase formed at about 80 kbar 

Relative Dural shock 
Pressure volume velocity 
(kbar) (V/Vo) (km/sec) 

27±3 0 .6S8±0 .035 5.93±0.07 
30±2 0.63t±0.018 6.02±0.03 
32±2 0 .663±0.018 6 .02±0 .D4 
43±1 0.652±0 .0 1O 6.16±0.02 
48±1 O.64S±O.OIO 6.22±0.03 
49±2 0.64S±0 .012 6 .23±0.03 
6S±1 0.619±0 .00S 6.43±0.02 
70±1 0 .598±0.OO6 6 .50±0.02 
74±1 0.615±0.007 6.52±0.02 
74±1 0.606±0.007 6 .5-1±0.02 
81±5 0.585±0.023 6.62±0.07 
95±1 0.568±0.006 6.i8±0.02 

102±1 0 .563±0.OO3 6.86±0.01 
113±3 0.576±0.01l 6.92±0 .D4 
114±1 0.566±0 .OO5 6.95±0.02 
132±6 0 .539±0 .021 7.14±0.OS 
148±1 0.542±0 .OO3 7. 26±0 .01 
156±1 0.5-19±0.004 7.31±0 .02 
161±3 0 .544±0.OO8 7.35±0.03 
182±2 0.516±0.006 i .S6±0.03 
220±2 0.522±0.OOS 7.80±0.03 
216±2 O.497±0.OO4 7.83±0 .02 
268±7 0.4S4±0.013 8.20±0.06 
274±5 0.461 ±O. 009 8.29±0.05 
311±3 0.476±0.005 8.48±0.03 
352±9 0.465±0 .014 8.7-1±0.OS 
395±4 0.466±0.006 8.97 ±O.Q.! 
392±7 0 .451±0 .01O 9.00±0.06 
40-1±9 0.444±0.013 9.08±0 .08 
45S±7 0.432±0.OO8 9.39±0.05 
527±7 0.417±0 .OOS 9.77±0.06 
579±8 0.425±0.009 10.00±0 .06 
611±17 0.411±0.017 10.17±0. 12 
617±14 0.425±0.014 10 . 18±0 . 1O 
633±13 0.415±0 .012 1O .28±0.09 

(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 
specd of 1.16 km/ sec, indicating that carbon disulfide 
is in the liquid state from 1 bar-62 kbar. 

The P- V /Vo plot of Fig. 7 is characterized by 
concave upward curves abo\'e SO 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 17 % . Every point 011 the P- VI Vo 
curves can be reached by the Rayleigh line in a single 
shock originating from the po) Vo point. As a result 
there is no double shock wave structure associated 
with the transition even though an inten'al of con
stant shock velocity was obscrn:d in the U,- Up plot. 
This was confirmed by experiment (see Sec. II ) . The 
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similarity in the observed behavior between carbon 
di~ultide and benzene indicates that carbon disulfide 
undergoes an instantaneous transformation to a mixed 
phase material at 62 kbar with the new phase being 
completely formed at 80 kbar. In addition, the shock 
wave remains stable a t and above the transition 
pressure. 

The observed transition is thought to be a trans
formation from the liquid state to a "black substance" 
as observed by Bridgman.4 \\"halley2J and Butcher 
el al.~4 investigated the phenomenon and the t ran::i
formed material in more detail. They fo und that under 
static pressures the transition takes pbce at about 
.\0 kbur onT a temperature range of 12Q-200°C. The 
black substance was determined to be an amorphous 
form of carbon disullitle, stable at ambient pressure 
and temperature, and has some of the characteristics 
of a semiconduc tor. In some experiments~5 where carbon 
di~ldflde was shocked to about 200 kbar, a black llutly 
sol id was recovered which ma\' be the solid obscrved 
in the static experiments. -

SOllle experiments wcre pcrformed to determine the 
eleclrical properties of carbon dislllfide ncar the tran
:-iliol1 pressure. It was obsen 'cd, with rather insen
!-ili\"l" inslrumenlation, that thl'rc was negligible cIt-e
I i ica l conducti\'ily below the transition pressure. 
) luwevcr, ncar SO kbar the conductivity increased 

significan tly, indicating a connection between the 
transit ion and electrical conduction. . 

D. Carbon Tetrachloride 

Carbon tetrachloride, in some respec ts, has a less 
complica ted behavior under shock conditions than 
eilher bellzene or carbon disulfide. In Table III are 
the Hugoniot data obtained from the experiments . 
The U, - Up data are plotted in Fig. S and are fit 
by two straight lines. They differ in slope, but there 
is no displacement of the two segments. The lines 
are fitted by 

U.= 1.11±0.08+ (1.67±0.05) Up ( 11 ) 

in the range 2.30~ U.~4.70 km/ sec. Above U.=4.70 
km/sec the linear relationship is 

U.= l.S7±O.14+ (1.32±0.03) Up' (12) 

These lines in te rsect at U,=4.70 and Up= 2.17 kill/ sec. 
A least-squares fit of the data to a quadratic in the 
particle velocity resulted is a smooth curve through 

-... o ... ... 

600 

500 

400 • 

• DATA 
- CALCULATED FROM 

Us -Up LINEAR FIT 

300 
w 
ex: 
~ 
I/) 
I/) 
w 
ex: 
Q. 

o,~ __ -L __ ~ ____ ~ __ -L ____ C=~~ __ -J 

0 .3 0.4 0 .5 0 .6 0 .7 0 .8 0 .9 1.0 
RELAl:IVE VOLUME (VIVo) 

. Pressurc-vcrslls-rclati\'c volume plot for carbon tetra
chloride. 

I 
i 

• i 



I 

S HOC K \Y A VEe 0 1\1 PRE S S ION 0 F L I QUI D S 6029 

TABU: IV. Shock wave data for liquid nitrogen" at 75°K. 

Shock vel. Particle vel. Pressure Relative vol. Dural shock vel. 
(km/scc) (km/ sec) (kbar) (V /1'0) (km/scc) 

2.S8±O.02 O.90±O.09 19±2 O.6S3±O.037 6.07±O.O7 
2.97±O.O2 1. l1±O.OS 27±1 O.628±O.OI6 6.24±O.O-l 
3.S3±O.OI 1.51±O.04 4-+±1 O.S70±O.OlO 6.SS±O.03 
4.19±O.O2 1.97±O.O3 68±1 O.S31±O.OOS 6.97±O.O3 
5.09±O.O2 2 .5-l±O.O2 lO6±1 O.501±O.004 7.4S±O .02 
S.SO±O.02 2.78±O.O2 126±1 O.49-l±O.OO5 7.71±O.O2 
5.93±O.O3 2.99±O.12 146±6 O.495±O .O20 7.91±O .O9 
6.66±O.O3 3.62±O.O7 19S±4 O.4Si±O.OlO S.4S±O .05 
6.9S±O.OS 3.72±O.09 213±5 O.468±O.O14 S.5S±O.07 
6.S5±O.O-l 3.89±O.OS 219±3 O.432±O.OOS 8.71±O.04 
7 .34±O.O-l 4.05±O.O7 24-+±S O.4-+S±O.Oll S.89±O.06 
7.52±O.O5 4.33±O.O7 26i±4 O.42S±O.OlO 9.13±O.O6 
7 .52±O.O-l 4.36±O.15 269±9 O.419±O.O20 9.16±O. 12 
7.59±O.O3 4.39±O.12 273±S OA22±O.016 9 .19±O.lO 
7 A3±O.03 4AS±O.OS 271±S O.401±O .Oll 9 .22±O.O6 
7.73±O.O3 4.57±O.1O 2S9±6 O.409±O.O13 9.3S±O.OS 
S . 17±O.06 4.61±O.09 309±6 OA3S±O.012 9A3±O.07 
7.92±O.O5 4.66±O.1l 303±7 O.412±O.O14 9.44±O.O9 
8.36±O.O6 4 . iS±O.08 32S±6 OA33±O.OlO 9.S6±O.06 
8.51±O.OS 4.92±O.OS 343±4 O.422±O.OOS 9.71±O.O4 
8.48±O.O3 5.0S±O.1l 354±8 OAOO±O.OI3 9.8S±O.09 
8.80±O.O4 5.20±O.09 376±7 O.409±O.OlO 9.98±O.O7 
8.92±O.O6 S.35±O.12 391±9 O.400±O.O14 10.11 ±O.lO 

• Den.ily is 0.820 gl ee. 

the data and is 

U.= 1.17±0.17+ (1.72±0.06) Up - (0.06±0.01) Up2. 

(13) 

high conductivity at 164 kbar. Hence, there seems to 
be a relation~9 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,- Up 
plot at 164 kbar. 

There is fair agreement with the data of Walsh and 
Rice,s and Cook and Rogers.9 For shock velocities 
between 3.50 and 4.75 km/ sec ~litchell and Keeler~6 

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 I' = 0, as determined from Egs. (11) 
and ( 13) are signi1icantly larger than the measured 
sOllnd speed . Bridgman" found that the liquid freezes at 
a pressure of approximately 1 kbar at 25c C, which may 
account for the lack of agreement. 

Figure 9 is a P- 1'/ 1'0 plot sho\l'ing t\\'o concave 
upward curves corresponding to the t\l'O straight lines 
of Fig. 8. A slight cusp appears at auout 164 kbar. 
A single curve through the data is equally descriptive, 
considering the qua lity of the data . 

For shocked carbon tetrachloride, \\"alsh and RiceS 
observed a slight change in transparency to visible 
light at about iO kuar and cumplete opacity between 
130 and 1 iO kuar. Previous dynamic pressure st udil"s~7.~8 
on carbon tl'trachloride have founu a large increase 
in electrical conducti\'ity at. prcssures above 120 kbar. 
A thorough inw:;tigation by \litchl"ll anu Kl"rler~1j 

rcyealed measurablc cunductivity at 6<) kbar and very 

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 suilicient quantity at 
70 kbar to produce detectable changes in opacity and 
electrical conductivity. The change in slope of the 
U.- Up curve at 164 kbar may signal the end of this 
process, with the upper line corresponding to the new 
polymer. Based on some calculations30 l\lader of this 
laboratory has suggested that a diJ1crent chemical 
species is formed according to the reaction 2CClc~ 
C~CI6+2CI2 at pressures nea.r 100 kbar while insig
nificant amounts of the new substance are formed 
below 50 kbar. 

:\nother explanation for the change in slope of the 
C.- Up plot at 164 kbar is the following: A pressure
temperature graph of Bridgman's carbon tetrachloride 
freezing data3l and that frum the Hugoniut informa
tion indicates that the Hugoniot cun'C crosses into 
a solid III phase at about 10 kbar. Then ncar 160 
kbar the Hugoniot recrosses the liquid-solid phase 
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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 
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FIG . 11. Pressure-versus-relative volume plot for liquid nitrogen. 

TADLE V. Potential pa.rameters used for computing T-Iugoniots 
for liquid nitrogen. 

Potential form 
(References) ,* (A) 

LJD (present work) 4.17 
LJD (Ref. 10) 4.19 
LJD (Ref. 36) 4.16 
LJD (Ref. 37)- 4.13 
LJD (Ref. 35) 4.15 
exp-6 (presen t work) 4.00 
exp-6 (Ref. 34) 4.05 

• Gaseous nitrogen data. 

.T*(OK) 

97.5 
91.5 
95.9 
91.5 
95.0 

110.0 
120.0 

n 

9 
12 
7 

12 
12 

13.6 
13.0 

the 70-170-kbar range were calculated to be between 
1350 and 35000 K using the Mic--Gruneisen equation 
of state. Ramsey32 of this laboratory has measured a 
brightness temperature of 24000 K at 170 kbar. Re
cently, Voskoboinikov and Bogomoloy33 haye reported 
measuring the brigh tness temperature of the shock 
front in carbon tetrachloride over a pressure range of 
S0-2OO kbar. At 1 iO kbar they measured 2600°K. 

A Hugoniot curve computed by Salzman, Collings, 
and Pings22 from a Lennard-Jones and Devonshire 
in termolecular poten tial is located sligh tl y above the 
experimental Hugoniot curve when plotted in the 
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TADLE VI. Summary of results. 

Lowcr segmcnt 
C (km/see) 
S 
T (km/see)-l 

U, limits (km/sec) 
Middle segment 

C (km/sec) 
S 
T (km/sec)-l 

U, limits (km/sec) 
Upper segment 

C (km/sec) 
S 
T (km/see)-l 

U. limits (km/sce) 
Average initial 

temperature (OK) 
Average initial density 

(glee) 
Sound spced (km/see) 
Transition pressure (khar) 

Denzcne 

1.50±0.1O 
1.67±0.04 

2.70--5.83 

4.64±0.99 
0.46±0.10 

5.83-6.26 

1.37±0.17 
1.39±0 .03 

6.26--9.00 
293 

0.879 

1.31 
133±5 

Carbon 
disulfide 

1.18±0.22 
1.67±0.14 

2.40--3.50 

constant 
shock 
velocity 
interval 

1.J1±0.07 
1.35±0.02 

3.50--8.20 
293 

1.264 

1.16 
62±4 

U,- Up plane. An adjustment of the potenlial param
eters (u=6.4, r*=6.60 X, and T*=32ioK) would 
probably bring the t,,·o 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 
investigators1o are also included in the U.- Up plot. 
Since the initial temperature of the 202-1: dural stand
ard was the same as the liquid nitrogen, the equation 
of state of the 20U dural had to be adjusted to 75°K, 
resulting in the equation, 

U.=5.387+1.335Up (14) 

with po(75°K) = 2.820 glee 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 i5°K. The values listed 
in Table IV for the shock velocities ret1ect this ad
justment. 

Two straight lines fit the U. - Up data with a chanITe 
in slope occurring at about U, = 5.60 and Up = 2.90 
km/sec. The lo\\'er line flts 

U,= l.19±0.06+ (1.56±0.03) Up (15 ) 

and the upper line fits 

U,= 1.85±0.38+ (1.32±0.OS) Up. (16) 

A smooth cun'e also provides a good fit of the data 

Carbon tetrachloride 

1. 11±0.08 
1.67±0.05 

2.30--4.70 

1.87±0.14 
1.32±0.03 

4.70--8.26 
293 

1.594 

0.93 
164±5 

1.17±0 .17 
1. 72±0.06 

-0.06±0.01 
2.30--8.26 

293 

1.594 

0.93 

Liquid nitrogen 

1.19±0.06 
1.56±0.03 

2.58-5.60 

1.85±0.38 
1.32±0.08 

5.60--8.92 
75 

0.820 

0 .88 
135±3 

1. 12±0.50 
1. 68±0. 11 

-0.04±0.02 
2.58-8.92 

75 

0.820 

0.88 

and is described by a quadratic in Up, 

Up = 1.12±0.50+ (1.68±0.1l) Up - (0.04±0.02) Up2. 

(17) 

Tbe present data agree reasonably well with the 
Russian results. 

The intercept \\'i th the U. axis defined by Eq. (15) 
is higher by nearly 35% than the reported sound 
speed34 of 0.S8 km/ sec. This leads to the possibility 
of a transition occurring below 19 kbar, the lowest 
pressure used in this study. 

The p- VI Vo plot of Fig. 11 shows two concave 
upward curves \\'ith a cusp at 135 kbar. There is 
considerable scatter of the poin ts, especially at the 
higher pressures. :\ temperature associated with 135-
kbar pressure was calculated to be 3-l000K. 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 ancl remain in the solid
liquid mixed-phase region. 

Liquid nitrogen shock Hugoniots have been calcu
Iated3;.36 using a Lennard- Tones and Devonshire and 
a modified Buckingham (e~p-6) intennolecular poten
tial which agree well with the experimental Hugoniot 
between 20 and 1 iO kbar. The calculations were per
formed with a computer code developed bv Fickett 
of this laboraton·. The code is based on the ~e ll model 
and assumes: 'J:he 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 co~-

1 

1 

I 

I 
I 
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responds to lhe nearest-neighbor di s tance. The cal
culated Hugoniot s which agree with the experimental 
Hugoniot have lhe following potential forms: 

LJD q'(r) = [kT* / (n-6) ] [6(r/r*)-n-n( r/r*)-j;J, 

(18) 
exp-6 <fI(r) = [kT*/(a-6) ] 

X 16 exp[a( l-r/r*) J-a(r/r*)-GI, (19) 

where r* is the position of the potential minimum, 
T* is the temperature equivalent of the energy of the 
potential minimul1l at r=r*, r is the intermolecular 
distance, k is Boltzmann's constant, n is the repulsion 
term for the LJD form, and a 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 u sed by others. Figure 12 sho\\'s the calculated 
and experimental Hugoniots. The most recent calcu
lationsn are by Salzman, Collings, and Pings. These 
agree with the experimental Hugoniot and the pa
rameters used except for the value of n 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 experi1!1ental 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 V,- VI' 
data are represented by a linear relationship while 
the carbon tetrachloride and liquid nitrogen data are 
represented equa lly well by a linear relationship or by a 
quadratic in VI" A transition occurs in benzene and 
carbon disulfide with the possibility of a mixed phase 
region existing be tween the low and high pressures 
phases. The eyidence for the occurrence of a transition 
in carbon tetrachloride and liquid nitrogen is not as 
strong as for the othe r two liquids. Considering Table 
VI, the va lues for the slope of the IO\\'er und upper line 
segments for each liquid are very similar. 
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