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CHEMICAL EQUILIBRIUM CALCULATIONS FOR THE HIGH PRESSURE AND TEMPERATURE OISSOCIATION OF LIQUIO 
NITROGEN 

D. C. HAMILTON AND F. H. REE 

Lawrence Livermore National Laboratory, P. 0. Box 8G8, Livermore, California 94550 

Calculations are reported for the equation-of-state properties of shock-compressed liquid 
nitrngen. The statistical mechanical, chemical equilibrium calculations, which allow for the 
simultaneous presence of both the diatomic and monatomic forms of nitrogen, show good agreement 
with recent dynamic experiments. 

Recent dynamic experiments indicate that 
shock-compressed liquid nitrogen undergoes 
molecular dissociation, thus forming a two-
component mixture of monatomic and diatomic 
nitrogen. The- Hugoniot equation-of- state 
measurements of Nellis and Mitchell show an 
abrupt change in the compressibility around 30 
GPa. This is attributed to the onset of an 
energy-absorbing process. In a later paper, 
Nellis et al. report three double-shock data 
points which lie above the principle Hugoniot 

2 in pressure-volume space. The specific 
energies at these double-shack states are 
calculated to be smaller than their corres
ponding states at the same volume on the 
principle Hugoniot. Based on their measure
ments and the requirement of a positive 
specific heat, they predicted the phenomena of 
double-shock cooling. Temperature measure
ments performed by Radousky et al. on single 
and double-shocked liquid nitrogen, using a 
multichannel optical pyrometer, substantiated 

3 the prediction concerning cooling. They 
report a 1300 K decrease in temperature for a 
double-shocked sample with an initial pressure 
of 36 GPa and a final pressure of 91 GPa. They 
also report large electrical conductivities 
(o ~ 50 a cm ) for measurements performed 
along the principle Hugoniot. Alt these mea
surements support the claim for dissociation. 

MASTER 

An extensive amount of theoretical wori has 
also been done on +he shock-compressed liquid 
nitrogen system. Ross has developed a varia
tional perturbation approach to calculate the 
equation-of-state properties and includes a 
volume-dependent dissociation energy. 
Kerley and Swltendick have also performed 
equation-of-state calculations on the high 
temperature and high pressure properties of 
liquid nitrogen. Both treatments include 
dissociation and show reasonable agreement 
with the dynamic measurements. McMahan and 
LeSar predict that a monatomic phase of 
nitrogen is stable at pressures which are 
accessible to laboratory measurement. In 
addition to its inherent interest on purely 
phenamenological grounds, nitrogen has been 
the object of study because of its presence in 
detonation products and in the atmospheres of 
the outer planets. 

We decided to investigate the properties of 
the reactive fluid by using a statistical 
mechanical, chemical equilibrium comouter code 
(CHEQ).' The code evaluates the thermo
dynamic properties of a Nj-N mixture by. 
minimizing the Gibbs free energy with respect 
to their concentration at fixed temperature 
and pressure. This method incorporates Ross' 
variational theory and represents the Nj-N 
fixture using an improved van der Waals one-
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fluid model. The properties of the mixture 
are taken to be those of an effective 
one-component fluid. The Percus-Yevicfc form 
1s used for the pair-distribution function and 
an exponential-six form is used for the 
in.termolecular potential function. The 
potential scaling parameters of each of the 
species are determined by weighting the 
individual parameters of each of the species 
based on their mole fractions. The mole 
fractions are, in turn, determined by 
minimizing the Sibbs free energy, with respect 
to their concentration. 

The ",-N, exponential-six potential 
parameters are determined by fitting the low 
pressure Hugoniot data with the calculated 
Hugoniot. At lower pressures (P < 20 GPa) 
dissociation is not important. The N-N 
potential parameters are adjusted to give the 
best overall fit to the experimental data. 
The parameters *, r* and a represent the 
well depth, the radial position of the well 
minima, and the degree of stiffness of the 
repulsive portion of the potential. Resales 
for the calculated Hugoniot using parameters 
e = 101.9 K, r* = 4.09 A and a = 13.2 for 
the N - N , potential and c = 10.0 K, r» = 
2.0 A, and a - 30.0 for the N-N potential, 
are shown in Fig. 1. The "reactive" mixture 
allows for dissociation and the curve labeled 
"non-reactive" corresponds to calculations 
which suppress dissociation. Figure 1 also 
includes the Hugoniot data of Nellis and 
Mitchell, Zubarev and Telegin, and two g low pressure data points of Dick. 

The dissociation fraction calculated for 
the "reactive" mixture agree within a factor 
of two with Ross and Kerley and Switendick 
over the dynamic pressure range 30-70 GPa. 

Our results for double-shock Hugoniots, 
agree with the two highest double-shock data 
points ot Nellis et al. CHEq results, 
corresponding to the two lowest double-shock 
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FIGURE 1 

Liquid nitrogen Hugoniot in pressure-reduced 
volume space showing "reactive" and 
•non-reactive" CHEQ calculations, and the 
experimental data of Nellis and Mitchell (Ref. 
1), Zubarev and Telegin (Ref. 8), and Dick 
(Ref. 9) 

pressures of Nellis et al., also give a 
double-shock Hugoniot which lies above the 
principle Hugoniot, however not to the extent 
observed in the experiments. 

Results for our calculated single and 
double-shock temperatures are shc-'n in Fig. 
2. The single and double-shock temperature 
data of Radousky et al. are also included. 

The data appear to follow the "non-reactive" 
results near pressures of 30 GPa and approach 
the calculations representing a reactive 
mixture as the pressure Increases. The 
calculations for the two double-shock 
temperatures are in reasonable agreement, with 
the exception of the large degree of cooling 
reported for the 3f GPa starting pressure. 
Our calculations predict cooling at higher 
starting pressures but only by 0.005 ev. 
Efforts to Find a set of potential parameters 
which predict a 1300 K decrease in temperature 
resulted in large discrepancies between our 
Hugoniot calculations and the principle 
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FIGURE 2 
Single and two double-shack Huganiots of 
liquid nitrogen in temperature-pressure space 
showing "reactive" and non-reactive" CHEQ 
calculations, and single and double-shock 
temperature data of Hadousky et al, <Ref. 3) 

Hugoniot equation-of-state data of Nellis and 
Mitchell. A large apparent decrease in 
temperature due to double-shocking would 
result if the change in temperature was 
defined to be the difference between the 
initial state located on the "non-reactive" 
curve and the final state located on the 
double-shock Hugoniot originating at the 
starting temperature and pressure on the 
"reactive" principle Hugoniot. This could 
occur if the shock front were optically thick 
and the temperature at the front of the shock 
wave was higher than the tailing portion 
because of non-equilibrium or kinetic 
effects. The observer would be measuring the 
equilibrium region once the shock wave 
reflects off the window and proceeds in the 
opposite direction. These k:netic effects 
have been proposed to be the cause for 
discrepancy between the measured and 
calculated temperatures of benzene. He 
have also compared the temperature data with 
our calculations in temperature-shock velocity 
space. This representation reduces 
ambiguities involved in interpreting the 

equilibrium issue because it includes only one 
thermodynamic variable. We have found that the 
temperature data agree with the "non-reactive" 
curve at lower pressures and temperatures and 
approach the "reactive" curve at higher values. 

The reaction kinetics calculations of Ree 
and Calef predict that equilibrium times for 
intermediate shock pressures (in 30 GPa) could 
play an important role in interpreting dynamic 
experimental results. 

In conclusion, we have calculated the 
equilibrium equation-of-state properties of 
shock-compressed liquid nitrogen using a 
statistical mechanical, chemical equilibrium 
code that allows for the simultaneous existence 
af the monatomic and diatomic species. We 
have found that the pressure- and temperature-
induced dissociation is significant o^er the 
dynamic range recently sampled in single and 
double-shock equation of state and electrical 
conductivity measurements. With the exception 
of the large degree of double-shock cooling 
observed by Radousky et al. in one temperature 
measurement and double-shock equation-of-state 
measurements of Nellis et al. at intermediate 
pressures, which lie well above the principle 
Hugoniot, our results appear to be in good 
agreement with experimental data. We have 
performed similar calculations on the 
equilibrium properties of shock-compressed 
liquid oxygen. The degree of dissociation we 
have found is comparable to the nitrogen 

system which is consistent with recent 
12 electrical conductivity measurements. 
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