C,(T) EQUATION OF

temperature is given by the equation

Co(T)=Cy(298)+AC(T), (10)

where C,(298) is the specific heat of the liquid at
298°K, and AC,*(T) is the increase in C,(7") from 298
to 7°K as calculated with the Einstein function for a
molecule considered to be in the ideal gas state.

The assumptions for (8p/07), and C,(T") together
with the Hugoniot curve implicitly define the state
variables in the volume range spanned by the Hugoniot
curve. Integrating along lines of constant volume from
the Hugoniot gives the following expressions for tem-
perature and energy,

T=Tu+(8T/3p) o(p— pu),

T
e=ey+ | .C,(T)dT,
T
where T is obtained by integrating Eq. (1) with a
Runge-Kutta technique and ey is given by the Hugoniot
equation eg=ey+4p(v—0).

SHOCK TEMPERATURE CALCULATIONS
WITH C.(T)

Shock temperatures were calculated for carbon
tetrachloride, nitromethane, and water.

Carbon Tetrachloride

The shock temperature of carbon tetrachloride was
calculated using C,(7) and other input data givenin
Table I. The results, shown in Fig. 1, show better
agreement with the experimental measurements than
do the temperatures calculated using the constant value
of C,. Although Mader' obtained better agreement with
the experimental results above 150 kbar using the
Walsh—Christian method, he used the value of C, for
C..

The experimentally observed temperatures start to
diverge from those calculated using C,(7) at pressures
above about 150 kbar. This is the region in which Dick!?
observed a break in the p—v Hugoniot and is also the
region where Mader® calculated that significant amounts
of decomposition of CCly into CyCls and Cl; take place.

Nitromethane

The results of the shock temperature calculations
with both the constant C, and C,(7") models are shown
in Fig. 4. They are compared with those calculated by
Enig and Petrone using their own equation of state,
and with the shock temperatures at 86 kbar calculated
by Campbell, Davis, and Travis!® and Mader.!

It is of interest to discuss reasons why the tem-
peratures calculated with the C,(7") model are con-
sidered to be more realistic than those calculated with
the other methods. As mentioned earlier, the constant
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Fi1c. 4. Shock temperature for nitromethane. The point M CDT'
was obtained by Mader using the Walsh—Christian method (con-
stant C,), but using C, for the value of C,. The point M CDT
was also obtained by Campbell, Davis, and Travis using the
‘“‘ideal gas equation of state.” The line C, was calculated in the
present work using the Walsh—-Christian method, and the line
C,(T) was calculated in the present work using C, as a function of
temperature. The line EP was calculated by Enig and Petrone
who used another equation of state. The input data for the present
calculations are in Table I.
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C, model ignores the excitation of molecular vibrations;
it thereby underestimates the value of C, along the
Hugoniot curve, and gives an overestimate of shock
temperature. Calculation of C, at 298°K with the
Enig-Petrone equation of state gives a value of 0.24
cal g'-deg™' which differs significantly from the
literature value? of 0.29 cal g~*-deg™'. Moreover, it has
been pointed out by Jacobs! that their equation of state
predicts high values for C, at higher temperatures. For
example, at 2000°K, C, is increasing rapidly and has
already attained a value of 2 cal g='-deg~! which greatly
exceeds the classical maximum of ~0.7 cal g~1-deg™
given by the generalized Dulong and Petit expression
3nR/M for a solid of molecular weight M containing »
atoms per molecule. Campbell, Davis, and Travis have
calculated a shock temperature of 1140°K at 86 kbar
using the expression 7'=300+Ae/C,, where Ae is given
by the Hugoniot equation. However, the calculation
ignores the forces of interaction between the molecules
and uses the value of C, for C,. It should be noted that
use of the value of C, in the calculation gives a value of
1450°K. Mader calculated a value of 1168°K at 86 kbar
using the Walsh—Christian method with a constant C,.
The agreement with the value calculated by Campbell,
Davis, and Travis can be explained by the fact that the
value of C, and a high value of (dp/d7T), were used in
the calculation.?

Water

The results of calculations using the Walsh—Christian
method are shown in Fig. 5. The results are compared
with those calculated by Rice and Walsh who assumed
C, to be constant and C,/(dv/dT), to be a function of
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Fi1c. 5. Shock temperature for water. Comparison of the con-
stant C, model with the Rice-Walsh constant C, model. The
shock temperatures’ calculated using the constant C, model are
not sensitive to the form of the Hugoniot. u, #.=1.28, 1.58
(personal communication from R. W. Woolfolk); 1.2, 1.7 (Ref.
3?. The other input data are in Table I.

pressure only. From the analysis of the dependence of
calculated shock temperature on (dp/d7), and C,, we
conclude that the shock temperature will be very
sensitive to the value chosen for C,. The observed
difference between the present results and those ob-
tained by Rice and Walsh is therefore regarded as not
significant.

The inapplicability of the C,(7) model to water at
low pressures is yet another example of water being an
anomalous liquid. Specifically, the model is not valid
since the value of C, has its classical value at atmos-
pheric pressure and temperatures where the O-H
vibrations are not fully excited. It is for this reason that
shock temperatures calculated by Duvall® using Eq.
(1), the C, model and standard conditions for the lower
limits of integration are lower than those calculated by
Walsh and Rice.® A similar calculation with the
C,(T) model would give even lower values of shock
temperature. Similarly to Rice and Walsh, the integra-
tion of Eq. (1) is started from a point on the Hugoniot
above atmospheric pressure. As shown in Table I, the
point selected was (py=10 kbar, v=0.819 cc g7,
Ty=323°K).

CONCLUSIONS

When compared with the Walsh—Christian method,
the present method for calculating shock temperatures
takes better account of the properties of liquids and the
greater dependence of shock temperature on C, than on
(0p/dT),. It is therefore considered to be an improve-
ment on the Walsh-Christian method and will yield
more realistic values of shock temperature in liquid
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explosives. This conclusion is substantiated by the im-
proved agreement between the calculated and experi-
mental temperatures for carbon tetrachloride, but
account must be taken of the inapplicability of the
model to water in the low pressure region. Thus the
C,(T) model is expected to be better for nonassociated
liquids than associated liquids. An improvement of the
present model must include the variation of (dp/d7T),
and a better method for calculating the variation of C,
for associated liquids.

ACKNOWLEDGMENTS

One of us (R.S.) wishes to thank L. B. Seely for
introducing the problem and offering encouragement at
all stages of the work. We are indebted to R. W.
Woolfolk for referring us to the work of Voskoboinikov
and Bogomolov, to S. J. Jacobs for many constructive
suggestions, to C. L. Mader for his promptness and
courtesy in supplying us with his input data, and to
R. D. Dick, J. W. Enig, B. Bain, and R. F. Chaiken.

* This work was supported by the U. S. Office of Naval Research
under Contract Nonr 3760(00).

! J. M. Walsh and R. H. Christian, Phys. Rev. 97, 1544 (1955).

2 (a) J. W. Enig and F. J. Petrone, Phys. Fluids 8, 769 (1965).
(b) C. L. Mader, Phys. Fluids 8, 771 (1965). (¢) B. O. Reese,
I(;.g]?b)Seely, R. Shaw, and D. Tegg, J. Chem. Eng. Data 15, 140

1 .

3 I. M. Voskoboinikov and B. M. Bogomolov, ZhETF Pis. Red.
7, 338 (1968).

* Personal communication from C. L. Mader re experiments by
Ramsay.

® M. Cowperthwaite, Am. J. Phys. 34, 1025 (1966).

8. J. Jacobs has suggested

Us=mco— [ (11— 1) co/ exp (usup/co) 1+ustip

with #; as a constant as a better form of the Hugoniot curve.
This form has the advantage that it satisfies the limiting condition
Us=co when u,=0. However the linear form is used for con-
venience since values of shock temperature calculated with #;= o
have been found’ to be not significantly different from those cal-
culated with #3=1 and %;=10.

7 Stanford Research Institute Project 4051 Technical Progress
Repgort 69-2 (Semiannual), “Sensitivity Fundamentals,” October
1969.

8 C. L. Mader (personal cummunication).

¢D. Harrison and E. A. Moelwyn-Hughes, Proc. Roy. Soc.
(London) A239, 230 (1957).

0P, W. Bridgman, The Physics of High Pressure (Bell, Lon-
don, 1958), pp. 127-142.

1 D. B. Davies and A. J. Matheson, Discussions Faraday Soc.
43, 216 (1967).

2 C. L. Mader, Los Alamos Scientific Laboratory of the Uni-
versity of California, Los Alamos, N.M., Rept. No. LA-2900.

1B R. D. Dick, Los Alamos Scientific Laboratory of the Uni-
versity of California, Los Alamos, N.M., Rept. LA-3915.

14 J. W. Enig and T. J. Petrone, Phys. Fluids 9, 398 (1966).

15 A. W. Campbell, W. C. Davis, and J. R. Travis, Phys. Fluids
4, 498 (1961).

16 C. L. Mader, quoted in Ref. 19.

17S. J. Jacobs (personal communication).

18 G. E. Duvall, “Equations of State of Liquids and Calcula-
tions of Waste Heat,” Stanford Research Institute Project PAU-
4900, 6 November 1966, Spec. Tech. Rept. No. 3.

1% M. H. Rice and J. M. Walsh, J. Chem. Phys. 26, 824 (1957).




