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Accurate determination of pair potentials for a CwHxNyOz 
system of molecules: a semiempirical method 

M. van Thiel, F. H. Ree, and L. C. Haselman 
Lawrence Livermore National Laboratory, Livermore, CA 94550 

ABSTRACT 

Statistical mechanical chemical equilibrium calculations of the properties of high- 
pressure high-temperature reactive C, H, N, 0 mixtures are made to derive an 
accurate self-consistent set of inter molecular potentials for the product 
molecules. Our previous theoretical efforts to predict such properties relied in 
part on Corresponding States theory and shock wave data of argon. More recent 
high-pressure Hugoniot measurements on a number of elements and molecules 
allow more accurate determination of the potentials of these materials, and 
explicit inclusion of additional dissociation products. The present discussion 
briefly reviews the previous analysis and the method used to produce a self- 
consistent set of potentials from shock data on N2, o;?l H2, NO, an N2 + 0 2  

mixture, 'carbon, Cq2r and CO, as well as some simple explosive product 
mixtures from detonation of hexanieobenzene , PETN, and a mixture of 
hydrazine nitrate, hydrazine and water. The results are tested using the data 
from an H M X  explosive formulations. The effect of the non-equilibrium nature of 
carbon clusters is estimated using data for TNT as a standard to determine a non 
equilibrium equation of state for carbon. The resulting parameter set is used in a 
survey of 27 explosives. For the subset that contains no fluorine or two-phase 
carbon effects the rms deviation from experimental detonation velocity is 1.2%. 

I. INTRODUCTION 

High speed laser drilling and cutting of polymers, catastrophic propellant 
ignition, and detonation of explosives produce high-pressure (P) and high 
temperature (7') mixtures of C,H,N,O compounds. These materials are also 
important in the study of planetary atmospheres. Theoretical prediction of the 
P,V,T (V=volume) properties of such reactive mixtures requires a large number 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 

I 



2 

P,V,T (V=volume) properties of such reactive mixtures requires a large number 
of accurate interaction potentials. The determination of such potentials in turn 
requires a study of like- and unlike-pair interactions among a number of reactive 
molecules. There are more unlike molecular pair interactions than like-pair 
interactions in such product mixtures. Nevertheless, information on unlike-pair 
interactions is mostly unavailable at present. Earlier analysis used an 
approximation known as the Lorentz-Berthelot rule,' which is still being used, to 
circumvent this lack of information. On the other hand, additional shock wave 
data of N2,02, NO, N2i-Q mixtures, liquid air, CO, and C@ have recently 
become available. These data indicate that the molecular species will dissociate 
behind strong shock waves and that the use of the Lorentz-Berthelot rule cannot 
satisfactorily describe the shock wave data. 

Earlier analyses used shock wave data on pure components only, assumed no 
dissociation, and used the Lorenz-Berthelot rule. The present approach includes 
shock data of all relevant detonation products and carries out the analyses in a 
cyclical self-consistent manner to obtain a set of potential parameters that is 
useful for all related product mixtures. Here we give an overview of all pertinent 
gas-phase products of the above mentioned molecules. In addition we include a 
study of interactions between C02 and N2, H20 and N% and C02 and H20 
using, respectively, the detonation properties of hexanitrobenzene (HNB), a 
mixture of hydrazine, hydrazinenitrate and water (RX23-AB), and 
pentaerythritol tetranitrate (PETN). 

The present work explicitly includes melting and electronic degrees of freedom 
in a three-phase equation of state for carbon, while our previous analyses used 
only Mumahan forms for graphite and diamond.* Liquid carbon is here 
predicted when CO and C02 molecules are strongly shock-compressed and 
heated. The importance of including liquid carbon is illustrated by the fact that it 
explains a previous theoretical discrepancy in matching experimental Hugoniot 
data of liquid CO and C02. 
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1I.THEORY . 

A One-Component Systems 

The original equilibrium thermodynamics of one-component systems is due to 
van der Waals who more than one hundred years ago realized that the stiff 
repulsive portion, rather than the long-range attractive portion, of an 
intermolecular potential controls thermodynamics and structural properties of 
condensed phases. The development of this concept into the variational theory 
(VAR) used in the CHEQ code1 and the perturbation theory (pT) has been 
discussed by one of us2. A schematic representation of how the potential is split 
into the t&o parts, one important for high pressures and condensed phase 
changes, and the other a long range weak perturbation section, is indicated in 
Fig. 1. The process of formulating this idea into a mathematically rigorous 
framework in the P,T plane can be considered to include five principal parts. 

Van der Waals Model defines potential 
@(I-) = @,JrI + W(r) 

a controls N W ~ U ~  

= atmng rrpuhive care 

ow l 
They are: 

(a) an optimum way to break an 
intermolecular potential, @(r) ,  into 
a hard-sphere-like interaction, 
#o (r), and a perturbation term, 

Wr) I 

@ ( r )  = @o(') + Wr> 
(1) 

(b) a specific expression for (bo (r) and 

r =  r. 

Fig. 1. Schematic illustration of the van der Waals 
potential model 

W),  
(c) an expression for the Helmholtz free energy A, 

in terms of the Helmholtz free energy (4) for the reference system and 
another ( 4) for the perturbation potential, 

(d) an expression for the hard-sphere (HS) diameter to represent the reference 
potential, 

(e) convenient expressions for the HS equation of state (EOS) and radial 
distribution function gHS(r).  
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The intermolecular potentials used for the gas-phase components are of the 
exponential repulsive and inverse sixth power attractive form, 

This so called (exp-6) potential which has been the preferred form for high 
pressure work for some time.3 For most systems we use a constant E. A more 
general form of E is 

with hii f 0 for polar molecules. The reason is the decreased accuracy of the 
sphericaly symmetric potential at low temperatures, where dipole-dipole 
alignment becomes a factor. The definition of the three potential parameters is 
indicated in Fig. 1. 

Specific expressions needed for items (a) - (e) are available for classical 
fluids.2,4 One approach is to use our perturbation theory2 (PT) which extends 
earlier theories of Weeks, Chandler, and, Anderson (WCA) theory to high 
pressure. The CHEQ code, used here, employs the variational theory WAR) of 
Mansoori and Canfield, and of Rasaiah and Stell, as modified by Ross? (MCRSR 
theory) for high pressure work. 

TABLE I: Comparison of the model and Monte Carlo 
calculations for the exp-6 potential with a = 13.5 (ref. 2) 

3.27 
3.80 
8.04 
P 

,, I t 

- 1  J f  16.58 f 16.65 I 

Both give about equally reliable results. As an example, Table 1 compares 
PV/NkT (where P = pressure, V = volume, T = temperature; p = N/V) for PT 
and Monte Carlo (MC) simulations with an exponential4 (exp-6) potential. 
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Parameters, a , E , and r+ are specific to each chemical species and can be 
obtained from experimental data. It is noteworthy that the PT is about equally 
reliable as the MC results(within MC's statistical errors). Yet, its computational 
time is several orders of magnitude less than that required for MC calculations. 

B. Mixtures 

Compared to like-pair potentials described above, the exp-6 parameters for 
unlike-pairs are experimentally less well known. But they can be expressed as 

* * *  r.. = 8. (rii + r..)/2 , 
11 11 JJ (5) 

* in terms of like-pair parameters (rii, Qi, aii) and small multiplicative 

constants (kip &j, mij ) which can be fixed if appropriate theoretical or 
experimental data are available. Otherwise, we set kij =4j =mij = 1, commonly 
referred to as the Lorentz-Berthelot rule. 

We assume that mixtures of chemical species interacting with exp-6 
potentials [Eqs. (3) and (S)] can be represented by a hypofhefical one-componenf 
system with exp-6 parameters that are composition ( x i )  weighted averages of the 
parameters of the component pair potentials, as follows: 

The connection between the statistical mechanical theories discussed above 
(including interaction potentials &j(r)> and G(P,T, {n,}) occurs strictly through the 
chemical potentials pi. When chemical equilibrium is established between the 
molecules in the mixture, their concentrations { n,) will only change with T and P, 
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and can, therefore, be determined by minimizing the Gibbs free energy 
G(P,T,b,Hl 

with respect to { ni). The minimization is done within the chemical equilibrium 
code CHEQ*t4 which also evaluates pi using the variational theory and the 
effective one-component mixture model. 

The fact that one-component calculations are much simpler than mixture 
calculations provides a reasonable justification for using this so-called improved 
van der Waals one-fluid (IfvdW) model. In fact, comparisons with two- 
component MC for He-H2 mixtures5 in Table II shows that the effective one- 
component model (using VAR) produces excellent results at high pressure and 
temperature. 

TABLE II. Effective onecomponent (lfvdw) theory parameters and 
comparisons of the resulting pressure of an equimolar mixture of H2 
and He with the exact Monte Carlo results. (Ref. 5) 

C Condensed Systems 

Solids or liquids have been modeled by Murnaghan forms.* These are adequate 
as long as the amount of the material is small and has a simple single phase E a .  
The reactive product mixtures of organic material are rich in carbon and sensitive 
to its EOS. In addition, carbon exists in at least three phases - graphitic, diamond- 
like and liquid- all of which occur in strong shock waves. A three phase EOS was 
therefore developed6 to describe these phases. The chemical potential 
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n 
1 

&(p,T) = 2 + J Vi(P,T)dP , (8) 
lam 

for the three phases are then used with those of the gas-phase species in Eq. (7) to 
determine the stable phase. 

111. COMPARISONS WITH EXPERIMENT 

The effective spherical exp-6 potential is determined by the available 
experimental data of simple systems. For high-pressure work these are primarily 
shock wave (Hugoniot) data of elements and di- or tri-atomic compounds. 
Conservation of mass momentum and energy across a steady shock front,' that 
changes the material from state i to i+l, gives the internal energy,EH, as 

while conservation of mass and momentum allow us to write the conventional 
variables of shock pressure (PHI and volume (V ) in terms of the wave velocity 
(Us) and the particle velocity (Up) behind the wave relative to the particle 
velocity in front of the wave. 

The velocities are in the laboratory based system of coordinates and subscripts i 
and i+l indicate that the equations apply to any of the shocks in a multiple shock 
event. In the case of single shock events subscript 0 is normally used for the 
initial state and Upo = 0. 

Corresponding states theory has been a useful first-order means of estimating the 
potentials for a number of molecules, as long as the experimental data base was 
limited. That work showed that the products of CHNO compounds - the 
molecular products of polymers and explosives are H2, N2, H20, C02, CO, NH3, 
C Q ,  and condensed carbon with generally smaller amounts of 02,O3, and N G ,  
depending on composition and temperature. 
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While some detonation velocities were well predicted by the original theory, a 
recent survey of 17 explosives8 showed that, deviations from experiment were as 
high as 6%, when the original set of potentials is used. Furthermore, high 
pressure work on nitrogen9 showed the need for including atomic nitrogen. 

The current effort is an outcome of that work and the effect it had on the 
accuracy of the EOS of other mixtures. For example, the detonation velocity of an 
LX-14 explosive, a mixture of HMX (with composition C4w8O8) and 4.5% 
Estane binder, increased by 3.3% as a consequence of improvements in the EOS 
of carbon and the potentials used to compute N2 and C02 Hugoniots.*o That 
quantity should be predictable to within 0.5% by the mixture theory. 

In principle, a large number of intermolecular potentials are needed for high 
pressure and temperature mixture analyses. Fortunately, a significant amount of 
new data is available to guide the effort. The unlike pair-interactions involving 
dissociation products of N and N2, for example, can be derived by means of the 
aforementioned statistical mechanical theory of mixtures and recent shock wave 
data of N2. Similarly 0 and @ interactions are defined by the shock data.on 02 .  
Somewhat more complex is the study of CO and C@, which requires 10 
[=(n2+n)/2] interaction potentials among its (n=) 4 reactant and product 
molecules. These interactions involve single elements (0-0, Q-, @a), 
unlike-element molecule-molecule interactions (CO-CO, Ce-CO2, C@Q, 0 2 -  
CO, C02€0), and - molecule-atom interactions (C0-0, C02-0). In addition, 
there will be condensed carbon in a graphite, diamond, or liquid phase. One of 
these three phases of carbon is selected in the minimization process involving 
Eqs. (7) and (8). 

NO and its 7 reaction products, N, 0, N2, a, O3/ N e ,  and N20, have a larger 
number of interactions (28) between them. The problem is somewhat simplified 
by the fact that a number of components are generally present in minor amounts 
and need not have their potentials refined to the same degree as the major 
components. We deal with the simplest systems and proceed to more complex 
ones. What follows is the detailed discussion relating to each data set used. 
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A. N2 and 0 2  

Both these molecules dissociate under shock compression, a factor that increases 
the compressibility along the Hugoniot, but the compressibility profile for 0 2  

appears to be different from that shown by N2. The amount of ionization in this 
pressure regime is uncertain. Oxygen has an optical band gap11 above 1 eV up to 
37 GPa. Its conductivity12 reaches 100 a-1 ane1 at 45 GPa. Extrapolation of this 
data could place the system in the metallic regime at 90 GPa. The Hugoniot data, 
however, show no additional increase in compressibility that could be assigned 
to a significant free electron concentration. 

The experimental Hugoniots of oxygen appear to be smooth within the accuracy 
of the data.12-14 Figure 2a shows the single shock Hugoniot of liquid oxygen. 
Two theoretical curves are shown: one computed with the best potential 
assuming no dissociation and another which includes dissociation. Dissociation 
increases smoothly from 1% at 27 GPa to 40% at 90 GPa along the single shock 
Hugoniot, while the temperature rises from 3900O to 11,700" K. This dissociation 
causes a simple reduction in curvature of the Hugoniot without inflections The 
reflected shock data and theory (see Fig 2b) are also in good agreement. In this 
case the highest temperature is only 8386 K (at P= 141 GPa), resulting in 25 % 
dissociation. Any deviations from the computed curves can be ascribed to 
random experimental error. 

Nitrogen has been studied extensively by several investigators.11#14-*6 The single 
shock Hugoniot data are shown in Fig. 2c. Zubarev's datal1 are the average of 4 
to 12 experimental points and have been weighted heavily in this study. The 
two-stage-gun data near 26 GPa of Nellis et a114J5 have a similar acccuracy. But 
at higher pressures the accuracy decreases. Some representative data points of 
Dick16 are also plotted in Fig 2c. His reported uncertainties are derived from the 
uncertainty in the timing of the probes that are used to determine the shock 
speeds in the sample and reference material for each experiment. Thii does not 
include the effect of pressure nonuniformity and shock flatness in these 
essentially one dimensional experiments. It is here assumed that those effects 
double the uncertainty reported. This assumption makes the individual pressure 
and volume uncertainties more consistent with the deviations of Dick's data 
points from the smoothed fit to the data. The initial sample density of Dick is 
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FIG. 2. Oxygen and nitrogen Hugoniots (see text for details): a. 02 - single shock; 0 I experiments; solid and dashed curves, theory 
(initial conditions: Eo=-13.85 kJ/mole, po=1.203 g/cm3, Po=0.2 MPa). b. 02refl- single and double shocks, solid and dashed curves 
from theory, experimental, points as shown in frame; c. N2 single shock experiment and theory as labeled (Eo=-12.4!j4cJ/mole, 
po=0.8075 g/cm3/ Po=0.2 MPa); d. N2refl- single and double shock curves from initial points shown as n . 
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slightly higher than the initial density of Zubarev's and Nellis' samples (0.820 vs. 
0.808 g/cm3). Here we have made the simplifying assumption that the relative 
compression is insensitive to initial density [i.e. (p/po)p = const.] over this range 
and used the same po = 0.808 g/cm3 for the graphical comparison in Fig. 2c. This 
approximation is well within the uncertainty of the data. 

Several comparable fits, shown in Fig. 2c, illustrate the sensitivity to the potential 
parameters. Curves a and b are obtained with potential parameters that are close 
to those originally derived with a corresponding states argument from data on 
shock compressed liquid argon.17 At high pressure curve a offers a slight 
advantage. Both curves tend to be low at low pressure, and comparison with 
Zubarev's lowest points favors curve c. Note that in c we have changed the 
curvature (or &I&/aV)Of the Hugoniot by using a small a and r*, compensated 
by a larger E The data of Dick suggest the possibility of a weak first- or second- 
order phase change at 15 GPa, as indicated by an abrupt change of slope and 
curvature at that point (not shown here). If this change in slope is real, than even 
at these high temperatures none of the spherical potentials in Fig. 2c may be the 
best approximation of the N2-N2 potential. The choice of a larger E than expected 
from corresponding states also affects the theoretical sublimation energy and 
increases the temperature of the Hugoniot. The temperature plot discussed 
below shows this effect. 

At 45 GPa the experimental data in Fig. 2c indicate a more abrupt change to the 
dissociated high pressure phase than predicted by the current model. This 
sudden change in modulus \suggests non random (liquid) structure and, 
therefore, an atomic packing that is more complex than a simple randomized 
(liquid) version of the proposed simple cubic18 atomic solid, even at this high a 
temperature (10,000 K at -50 GPa). Polymeric structures have been proposed and 
could cause this effect. These are predicted for pure N219 and may not be 
significant in mixtures where these potentials will be useful. 

In addition the apparent abruptness of the change in compressibility shown by 
experiment could be a kinetic effect. Transfer of energy from the translational 
and rotational degrees of freedom to the reaction coordinate may be sufficiently 
slow below 45 GPa to affect the shock front in these experiments. 



12 

Associated shock-temperature effects in Fig. 3 are peculiar to this molecule. 
Sufficient energy is absorbed in the transformation to decrease the temperature 
of a second shock below that of the first. This unusual shock cooling is also 
represented by this model. If one considers data between 26 and 45 Gpa to be in a 
metastable diatomic state, the computed second shock temperatures are as 
shown. These temperatures are also consistent with those discussed before by 
one of us.9 The data are from Nellisls and Voskobolnikov.20 It may be noted that 
the low-pressure temperature is closer to that of a nonreactive molecule, while at 
higher pressure the reflected shock induces dissociation leading to a decrease in 
temperature. 

~ 

I .  = I . ' .  I . ' .  . 
/ 

0 

cmQb 
1.2 - noqeactive 

0 

reactive 
I - 

, 
I' 4.'- - 0.8 - 

reactive . 
- 

n 

a + 
v - 
c-r : CHEQC- I* e nonreactive 

0.4 - CHEQ { reactive - 
/ I.' 
I.' 

<j.' 

F. I Nellis first sho - 
c 

p - / *  . / A  
c Voskoboinikov , 

40 80 120 
P (GPa) 

o o ~ " " " " ~ ' " * ~ ' ' ~ ' ~ ' g ~ ~  

Fig. 3. First and second shock temperatures of N2 . Curves as labeled refer to Fig. 2 potentials. 
Long arrows cover the T and P difference between the first shock state and the experimental 
second shock state. Theoretical second shock states from the same first shock (W states are 
indicated by (A-A) and (+ -+ for the strong and weak shocks resp. 
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B. CO and COz 

~- 
i 

i -  

This pair of molecules has the same products : CO, C02,02,0, and condensed 
carbon for a total of 10 gas-phase interaction potentials. C@ as the most stable 
molecule offers the simplest composition sequence along its Hugoniot. In Fig. 4a 
we show three different curves. The non-reactive theoretical curve uses only the 
C02-C@ interaction, and is the one used originally to fit the solid C@ Hugoniot 
of Zubarev.11 The more recent liquid C02 data21z offer a better picture of the 
high temperature behavior of this system. 

Two possible potentials are given, with ga offering a somewhat better fit at low 
pressures. At even lower pressure3 (T,p,Pee1270 K ,0.4305 g/cm3,0.14 GPa), 
fits a and b are below the experimental pressure by 2.5 and 3.5% respectively, 
with the deviation decreasing as the pressure drops and the gas becomes more 
ideal. Both fits are shown as an indication of the sensitivity to the reaction 
products. The composition change in Fig. 4b shows that both oxygen atoms and 
liquid carbon become important at high pressure, as both C02 and CO dissociate. 
The results therefore depend both on Co;! as well as that of 0 and the EOS of 
liquid carbon. The latter has some uncertainty associated with the fact that 
carbon precipitation is slow. Its non equilibrium EOS is under study. With the 
present form of the carbon EOS the value 4ij = 0.905 for the 0-Co;! interaction is 
preferred, as indicated in Fig 4a. 

In contrast to C@, the equilibrium CO Hugoniot contains carbon at even very 
low pressures (Fig. 4c). This theory shows it to be a weak explosive. In reality, it 
is stable as a consequence of its activation energy for reaction. Two low pressure 
data points of Nellis et al?l in Fig. 4d, fit calculation if no products are allowed. 
This indicates that, below 10 GPa and on this time scale, CO does not react to 
.form C02 and carbon. The higher pressure data are more consistent with reactive 
mixture calculations. 

Three different carbon equations of state are presented. Using the most recent 
carbon EOS6 and the above value of 4j for +%-ma the calculation agrees with the 
two highest data points. The curvatures of the theory and experiment do not 
allow a complete match with the data using the current carbon EOS, suggesting 
the need for a model of nonequilibrium carbon clusters. 
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Fig. 4. a. Single shock Hugoniots of C02- experimental data (points) and theoretical curves (with E0=-408.9 kJ/mole, Pp1.173 g/crn3 
and, Po=O.l MPa), see text for details. b. compositions of CQ products behind the shocks. c. Single shock Hugoniots of CO (EO=- 
123.4 KJ/mole, p0=0.8068 g/cm3, and Po=2 MPa ), and d. composition vs. pressure along the Hugoniot. 
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The results indicate the sensitivity to the location of the graphite-diamond and 
melting phase lines. In the calculation of the 'Equil-a' curve the transformations 
occurred at approximately the same pressure. In calculations with the present 
carbon model, curve 'Equil-b, the separation between the two transformations on 
the Hugoniot locus is larger. The liquid phase was not present in the calculation 
that produced the dashed curve, therefore, only the graphite-diamond transition 
shows up. The difference in temperature computed with and without the liquid 
phase also indicates the importance of the effect of the additional entropy of 
melting. We may expect that portion of the oxygen in the gas-phase is in fact 
trapped chemically on the carbon phase, a feature not included in the present 
calculations, perhaps accounting for the deviation from the three intermediate 
pressure points between 25 and 50 GPa. 

C Water 

With a heat of formation [AHf(298 K)] = -242 kJ/mole at 1 atm.] and with its 
small size, water is perhaps the most stable material under shock compression. 
At 90 GPa and 7000 K only 0.2% of the material is dissociated. It is also an 
important product of energetic materials. The description in terms of a spherical 
exp-6 potential presumes a neutral rapidly rotating molecule. Yet, the tendency 
of this molecule to form strong polar hydrogen bonds and its apparently high ion 
concentration at high pressure makes the detailed fluid structure mysterious. 

To explain the fast charge transport between electrodes, Eigen24 has argued for 
extended hydrogen bonded structures with rapid exchange of protons up to 
about 300 OC, after which there is a sharp drop in conductivity. These extended 
clusters do not break up sufficiently fast to increase the resistivity with increasing 
pressure, instead, behind shock waves the conductivity increases25 from the 
ambient condition of 4.2 x 104 mhocm to saturation at about 20 mhocm, at 35 
GPa shock pressure26 and a temperature of 4000 K. At this temperature kT is the 
binding energy of the hydrogen bond. The molecule is essentially rotating freely 
at that temperature. 

At the same point the 0-H stretching mode of the water behind the shock27 
becomes very weak in the Raman spectrum, suggesting a loss of the hydrogen 
bonding that enhances the polarizability of the molecule and its absorption cross 
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Hugoniots using potential b 
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section.28 Also, the exchange of protons is thermally enhanced and sustains the 
conductivity at higher shock pressures, unlike the behavior at ambient conditions 
where the mobility is reduced by temperature.** 

Three sources of water Hugoniot data are presented in Fig. 5. The relatively 
accurate data of Rice and Walsh29 has been extended by the more recent data of 
Mitchell and Nellis.26 In addition some data points of Skidmorem are shown in a 
region where data from the former are lacking. The theoretical Hugoniot 
obtained with potential 'a' is refined by potential 'b' that fits the low pressure 
points better and attempts to improve the fit of a cluster of data points near 40 
GPa. Agreement with reflected shock data is also good except for the highest 
pressure, where the compressibility of the Hugoniot suddenly seems to increase. 

The relatively large curvature indicated by the data between 15 and 35 Gpa 
causes the theoretical fit to miss some data points. This has been interpreted as 
possibly due to a first or second order transition.253 In Fig. 6 we show the 

7 -  
Rkr-WIII.h€iih- - - 

0 2 4 
Up (krnk) 

6 8 

Fig. 6.  Water, single shock pressurevs particle velocity 
data and fits. See text 

variables in which the 
experimental data were 
measured (see Eq.  (10)). Data in 
this plane are commonly fitted 
with straight lines. By contrast, 
the original data fit of Rice used 
a more strongly curving fit to 
match all the data available 
then. Later data, however, 
proved this to be a wrong 
assessment of the true pattern. 
The reader can convince himself 
that two straight lines can do a 

somewhat better job of fitting the data, even though the data are insufficient to 
force that conclusion. 

We may note here, however, that the region up to 35 GPa corresponds to a 
molecular fluid that is freeing itself from the constraints of hydrogen bonding as 
discussed above. Additional accurate data are needed between 15 and 35 GPa to 
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TABLE IIk Exponential4 coefficients 

245.6 13.5 0.0 - _  
so2 -17 
co 1108.3 14.12 113.0 0.0 - * t 

g2 1125.0 13.86 
0 1700.0 12-40 

- 0 3  1211.0 13.0 0.0 
NO 1 112.9 E 12.2 0.0 

, 
* These are the constants selected in this work. 

g/cm3 by a factor of 1.305. The Chapman-Jouguet temperature is computed to be 
2850 K in this work. 

Figure 7 gives the equilibrium composition behind shock waves in NO and in a 
mixture of N2 and with a mole ratio of 1. We may note that, at higher shock 
temperatures and pressures, NO becomes a significant component in these 
mixtures. It is therefore a significant part of any system containing nitrogen and 
oxygen, the major components of our atmosphere. In addition to N a  02 N, 0, 
and NO we need to include NO;! and N20 in the calculations. In total, this 
reactive system of 7 molecules requires the specification of 28 interaction 
potentials. The like-pair interaction potentials used are summarized in Table 111 
and the 'extended Lorensz-Berthelot' constants for the unlike species interaction 

determine the proper 
curvature in this region. 
Potential 'b' offers the 
most reasonable 
representation of the 
data under the 
circumstances. 

D. NO and N2+02 

Under normal conditions 
NO, like CO, is a 
metastable molecule that 
dis propor tiona tes readily 
into N2 and 0 2  under 
weak shock loading. 
Liquid NO will 
detonate31 with a 
detonation pressure of 
4.3 GPa, which increases 
the atmospheric liquid 
density of 1.28 & .005 
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TABLE IV: Extended Lorenz-Berthelot 
coefficients 

System I h i  I l i i  Imii I - 
N2,c - N b  1 .o 10.90 
NO - N b  1.0 0.93 
07-0 11.0 11.0 10.98 - 
N2,c - NO* 
N2,c - 0 2  

c 0 2 ,  - 0 
@-NO 

N7 - H7O 11.0 11.045 11.0 

- 
N2,c - NO* 
N2,c - 0 2  

c 0 2 ,  - 0 
@-NO 

N7 - H7O 11.0 11.045 11.0 
N 2  - C 0 2  
C 0 2  - H 2 0 t  
C 0 2  - H 2 0 $  
NH3 - H20** 
* Used here; for N2,b . ~ I ~ ~ , ~ - N O )  = 1.03. 

Assuming ideal equilibrium carbon. * Used with nonideal C to fit TNT data. 
** Very uncertain, unused trial numbers. 

potentials in Table IV, together 
with those for the C-O-H- 
system molecules discussed 
below. 

Figure 7 shows that N2 and 0 2  

remain significant components 
over the whole range shown, 
but that NO becomes negligible 
at low pressures and 
temperatures. The principal 
cause for the differences 
observed behind low pressure 
shocks through NO and N2+02 
samples is the temperature, 
which is higher for NO at 
moderate shock pressures. This 
effect and the decrease of the 

ratio, TH,NO/THfl2+02, with pressure is illustrated in Table V. The crossovers 
in temperature and component concentrations for the two systems, near 26 GPa, 

are due to the relatively 
0 high compressibility of 
Y z the N2 + 0 2  mixture ( po 
el = 0.945 g/cm3) compared 

to that of NO (1.28 
T1 I g/cm3). The other 
s, components ( N e ,  N20 ,  E 0.01 

1 

0 

E O.’ . 
Y U 

0, and N) are a small 
fraction of the total in this 
pressure range. Atomic 

important at higher 
pressures, while N 2 0  and 
0 are also increasing 
with increasing shock 

- 
2 

0 10 20 30 40 nitrogen will become 
P (GPa) 

Fig. 7. Equilibrium composition of reactive NO (-1 and 
an equimolar mixture of N2 and O2 (points) along the 
Hugonio t 

temperature and pressure. 
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Fig. 8. a. Single shock data points and theoretical curves for NO showing the effect of changing I(Eqn 5 1, as indicated in the frame (Eo = 
79.52 kJ/mole, po = 1.2645 g.cm3, Po = 0.3 MPa). b. Reflected shock data and theory (I= 1.0) with first shock as listed in frame. c. 
Single shock data points and theoretical curves for the equimolar N2 + 0 2  mixture, potentials as above ( E o  = 11.89 kJ/mole NO, po = 
0.946 g/cm3 and, Po= 0.3 MPa). d. Reflected shocks for the N2 + 02 mixture ( I  = 1.0). 
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TABLE V.: Temperature ratio of NO and N2+02 Hugoniots 

._-. --- a > I < < 2 I 

TwNo/THN,+c), 13.74 I 2.29 1.82 11.55 11.06 10.885 10.7941 

Figure 8 shows the single and reflected shock data32 and theoretical calculations 
for NO and the N2i-02 mixture. The NO data are sufficiently precise to indicate 
that the fit is improved with a value of 1 ~ ~ ~ 0  = 1.00, with the N2K potential 
selected above. The reflected shock data also show good agreement if I W-NO = 

1.00. 

E. The H20-Nz interaction (RX-23-AB) 

There are a few explosives that produce simple product mixtures. One of these 
(RX-23-AB) has the nominal weight percent composition:%* hydrazine /hydra- 
zinenitrate/water = 5.9/70/24.1. This explosive is a good candidate for the study 
of the nitrogen-water interaction since the explosion products are primarily 
water ( H 2 0 )  and nitrogen (N2). Table VI shows that N 2  and H20 remain the 
principal components over a wide range of overdriven shock pressures. The 
concentration of N atoms is negligible for normal detonation pressures as are the 
number of H and 0 atoms, H2 and NH3 molecules. These species are, however, 
included in the calculations since they have a noticeable effect on the entropy of 
the system at higher shock pressures. 

TABLE VI: Product composition in moles/100g of RX-23-AB; P in GPa 

Since this work is more than a first order refinement of the EOS, we take a 
close look at the effect that the uncertainty in the explosive composition has on 
the EOS of the reaction products. The uncertainty in the exact composition of the 
undetonated liquid explosive may be inferred from the reported mixture 
analysis.33 Computations with the nominal composition and the one derived 
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? 

r, 

from chemical analysis proved to be indistinguishable, showing that composition 
uncertainty is negligible. However, subsequent to the mixture analysis it was 
noticed that the hydrazine-nitrate component may have contained as much as 
3.88% by weight methanol solvent. The effect of this possible impurity is also 
addressed below and in Table VII. 

TABLE W: Effect of 1 3 ~ ~ 0 ~ ~  on the theoretical CJ state of RX-23-AB 

c 41) Pa(*) D c J ( ~ )  &I/ [H201 in Methanol* 
(GPa) (km/s) water phase 

11 Source 

Theory 1 1.05 I 2645 I 17.3 17.464 1 2.3 % No 

No 
2633 I 18.75 I 7.635 No 

YeS 
Yes 

I 
N I 1.045 1 2640 1 17.45 I 7.492 1 3.4% NO 
f, 2634 1 17.66 I 7.531 I 

* 1 1.04 1 

Experiment - ? 

1 1 

(l) See Eq. (5). 
(2) Obtained with the initial, undetonated sample, conditions: Eo= kJ/Mole, Po= g/m3 ;and, 

(3) The theoretical average T of two other mixtures of hydrazine and hydrazine nitrate without 

t Possible 3.8% impurity in the hydrazine nitrate component. 

Po= 0.1 MPa. 

water is 2540 K. 

The experimental detonation characteristics of RX-23-AB, shown in the table, 
have been reported by Finger et a11.M The relatively accurate detonation 
velocity35 listed here is a guide for the computed equilibrium conditions. The 
calculated compositions in Fig. 9a show that nitrogen and water tend to form 
separate phases, and that the extent of phase separation at the Chapman Jouguet 
(CJ) point (as shown by the [N2]/[H20] ratio in the table for the water-rich 
phase) depends on the magnitude of rr. for the H20N2 interaction. The phase 11 
separation (Fig. 9a) occurs at lower pressures as the concentration of nitrogen in 
the water-rich phase at PCJ is decreased with an increase in 4j (or rr. 1. This phase 
separation increases the compression and decrease the detonation velocity. The 
equilibrium (or more generally the steady state) detonation velocity may be 
computed from the relation 

11 
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Fig. 9, a. Composition of RX-23-AB products for isentropic expansion below - and shock compression above the CJ state showing phase 
separation above 7 GPa or 14 GPa depending on the value of the H20-N2 interaction parameter, I, as shown. b. Isentrope through 
the CJ point of RX-23-AB for the same two potentials compared to the experimentally determined JWL equation. 
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DCJ is the minimum of the left hand side on the Hugoniot of the reaction 
products - the definition of the CJ state. It may be derived from Eqs. (10) and (11) 
by setting i = 0 (Upj = 0) and Us,i+l=  US,^ E DCJ. The table shows good agreement 
for l'ij = 1.04 to 1.05 if the sample is assumed to be pure, but 4j = 1.05 or greater if 
the suspected methanol solvent impurity is present. The methanol produces less 
than 0.1 mole of a relatively large Co;! molecule and reduces the oxygen balance 
to produce -0.1 mole NH3 per 100 g of sample. The level of agreement with 
experiment does neither proof nor deny the presence of methanol. We therefore 
simplify the problem by excluding methanol and select 1.045 as the correct value 
Of Yij. 

The resulting isentrope through the CJ point is shown in Fig. 9b, where it is 
compared to the experimental JWL isentrope, 

(13) 
W + l  

Ps = A exp(-RIV, ) + B exp(-R2V, ) + CV, , 

with coefficients A = 465.7 GPa, B = 3.661 GPa, C = 0.433, R1 = 4.40, R2=1.20, o = 
0.40, and Vr = V/Vo . The theoretical curve has slightly higher pressures than the 
fit of the JWL function to experimental cylinder expansion measurements,% 
especially where the two phases dissolve in each other in the equilibrium 
mixture model. Whether this solution process also takes place on the time scale 
of the experiment would require additional study. 

The formation rate of small N2 and H20 clusters appears to be relatively fast, and 
of the order of 30 to 100 ps. Koshi and Mtsui observed a relatively sudden 
nucleation effect (in the pair correlation functions) at 30 ps in molecular 
dynamics calculations using 256 particles in a periodic boundary system. 
Another jump occurred just beyond 50 ps.36 These calculations were performed 
at 2000 K and at densities between po = 0.918 and 1.99 g/cc. The calculation 
becomes expensive quite rapidly beyond this point. It is not clear at this time if 
the theoretical system is size sensitive. But it appears that 1000 ps could be a safe 
upper estimate for the appearance of reasonable size clusters. Turbulence in the 
detonation front may enhance growth somewhat, but the point at which the size 
is sufficient to yield an equilibrium cluster free energy is not clear. The 
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disappearance on the release isentrope is neither turbulent nor a nucleation 
process and may therefore take significantly longer. 

Non-equilibrium effects can not be ruled out. The rate at which the second phase 
dissolves on expansion could affect the pressure along the dynamic release 
curve. Furthermore, if the experimental mixture is not in equilibrium near the 
shock front, the internal energy of the products will be somewhat above the 
minimum value, density will be higher, and Dexp e DCJ. Under those conditions 
the deviation from equilibrium will be temperature dependent. The temperature 
drops from the CJ value of 2640 K to about 2300 K at 10 GPa. Over this pressure 
range the total number of moles calculated remains constant to 0.1%, suggesting 
that maintaining equilibrium on expansion is not a significant problem, as long 
as equilibrium is indeed established rapidly at 2650 K. With sufficiently accurate 
volume measurements, static high pressure experiments could throw some light 
on this subject. The present analysis assumes equilibrium conditions behind the 
detonation wave of this liquid explosive mixture. 

F. T h e  Nz-CO2 interaction (HNB) 

Hexanitrobenzene (HNB) is a light sensitive explosive that produces mostly C02 
and N2 on detonation. In Fig. 10a we show that the minor hexanitrobenzene 
products are more numerous at high pressures than below CJ. At the CJ state, CO 
plays a small (7%) role in the C02-N2 mixture. Some atomic oxygen (3%) and NO 
(3%) are also present. At higher pressures a number of other species including 
liquid carbon play a (cumulative 43% at 100 GPa) role in the EOS. 

A single experimental cylinder expansion experiment, yielding a detonation 
velocity and cylinder expansion velocities, has been done using 
hexanitrobenzene,37 which has recently been reanalized.38 The JWL Em, 

is traditionally determined by these velocities in a hydrodynamic simulation. 
Equations (13) and (14) form a self-consistent set because Eq. (14) reduces to Eq. 
(13) by substituting the integral function of volume 

i 



c : L  1 

0 
4 0  8 0  1 2 0  

P (GPa) 

2.5 

n 

d 
Y 

E 1.5 

B 
R 

b (HNB-isentr.) * 
I 

P w ~ I  - PmV = 1.0) I ,i 
I I 

I 
I 
I 
I 
I 

i 

J 

\ -  
\ .  

. 

1 1 0  
P (GPa) 

50 

Fig. 10. a. Composition of H N B  products for isentropic expansion below - and shock compression above the CJ state, showing the 
production of unstable species behind strong shocks. b. Pressure difference at constant density between two empirical JWL 
equations and theory. 
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The original analysis yielded coefficients (JlVL,l) of: A = 1131.79 GPa, B = 16.53 
GPa, C = 1.976 GPa, w = 0.47, R1= 4.713, R2 = 1.209, and Eo =12 GPa. The JWL 
EOS from that test has been used to compute the CJ shock state using the energy 
conservation condition ( E  = Eo + [P+Po][I-Vr)/21 with Vr = po/p and po = 1.960 
g/m3 ). The detonation velocity comparison in Table VlII shows the sensitivity 
and best value of L&KQ. Use of (k/C/m)N2-~m = 1/1.035/1 allows an exact match 
of the experimental H N B  detonation velocity (9.34 km/s), using the above 
mentioned potentials. No overdriven Hugoniot exists to test higher pressure 
calculations. 

TABLE VIII. Shock states from theoretical calculations and jwl experimental fit for HNJ3 with 
po=1.965 g/m3 and E0=0.252 kJ/g 

Source &-cm I TCJ (Kelvin) PCJ (GPa) 1 D ( W s )  
Theorv 1.00 51 02 I 37.07 I 9.0506 

I 
Theory 48- 40.45 

t 43.0 Experiment - 
i 

Analysis of the preliminary cylinder-expansion test yielded a JWL isentrope 
(with the above constants and C= 1.976 GPa) that may be compared to our calcu- 
lations in Fig. lob. The two maxima are a characteristic of the JWL form. The two 
exponential terms in Eqs. (13) and (14) impose two maxima on the -dlnP/dlnV vs. 
P curve that also show up when a pressure difference is taken with a model that 
does not have that characteristic JWL derivative structure. This derivative 
structure is unique to the JWL form and makes an exact match of this practical 
form to theory impossible. The JWL coefficients obtained with the more recent 
analysis of the data38 (which gave a JWL2 with A = 1047.883 GPa, B = 7.9824 GPa, 
C = 1.39612 GPa, w = 0.28, R1 = 4.472, R2 = 0.85, Po= 1.965g/cm3, and E o  = 13.2 
GPa) offers a better average deviation from theory. The difference curves 
between the two JWL equations and theory offer a sense of the uncertainty in the 
hydrodynamic simulations of the experimental data. Furthermore, the compa- 
rison with the two theoretical isentropes using &-cm = 1 and 1.035 indicate the 
sensitivity to the potential, which is also indicated in Table VIII. 
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G.  The C02-H20 interaction (PETN) 

The two most prominent dissociation products of PETN ( CsW4012) are water 
and carbon dioxide (H20-COi) as shown below. The large dipole moment of 
H20 and the quadrupole moment implies a strong non-ideal interaction between 
these two. There is also some tendency for the formation of the complex, carbonic 
acid (H2C03), in the presence of sufficient water at normal pressures. Two 
questions need to be considered before discussing the potential constants for this 
interaction. a. The rate of H2C03 formation and b. its stability under shock 
conditions. f 

a. Formation rate of H2C03 
The theoretical energy barrier (E') for the reaction is high enough to make the 
reaction slow. Some complication is introduced by the dependence of E' on the 
number of water molecules considered in the interaction (210 kJ for one and 170 
kJ for two ).39 But the computed C to 0 van der Waals distance is too small40 to 
inspire great confidence in the calculations. A better criterion for the value of €# 
is the reaction path kinetics for the formation of carbonic acid from C02 and 
H20 in a water solution. This yields E' = 74 kJ/mole (= 8300 K) at ambient 
pressure.41 

At a CJ temperature of about 4500 K this implies a reaction time of 

if we assume that the activation energy is pressure independent. Here we have 
used the Debye frequency (v  ) of ice (Do = 192 K) and alnD(v)/alnV = y/V = 
constant as an estimate of the effect on D(V) of the compression, of the 1 atm 
solid mixture (PO 1.2 g/cm3), to the CJ density. The atom fractions of the two 
reacting components C02 and H20 are x1=0.35 and x2= 0.36. The probability (PI 
that the two colliding molecules will have the proper orientation for reaction is 
not well known but may be estimated to be about 0.01. This offers a reaction time 
similar to that of the formation of C02 and water from the decomposition of 
PETN at the CJ point. This C02 formation rate is evidenced by the Von Neuman 
reaction spike that precedes the relatively cool (3700 K)42 TNT CJ point.43 In 
addition, the relative compressibility of the activated complefio would imply 
that E# decreases with pressure, which would cause the reaction rate to increases. 
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The rate is therefore sufficiently high for the formation of carbonic acid. The 
reverse reaction can be expected to be high too, so that the probability that 
carbonic acid is present at the CJ point depends strictly on its Gibbs free energies 
(G) of the reactants and product. 

b. Stability of H2CO3 
In the gas-phase carbonic acid does not form under ambient conditions so that, 
unlike formic acid (H2CO2), pure carbonic acid is unstable. No direct information 
on G H ~ C O ~  at high pressure is available, but its stability may be estimated by 
comparison to that of formic acid (H2CO2). Its potential was estimated from an 
evaluation of its critical constants and the Corresponding States principle. Using 
this potential, our study of this molecule shows that it is not stable under shock 
conditions. But formic acid is stable under ambient conditions. Table IX shows a 
comparison of the enthalpies and Gibbs free energies of CO, COL and the water 
solution of their reaction products by reaction with water. This shows that 
carbonic acid is even more unstable than formic acid and therefore even less 
likely to occur under shock conditions. We have here assumed that it is not 
formed in the determination of the C02-H20 interaction constants. However, we 
may expect that the existence of soft collision configurations would make the 
interaction quite non-ideal. 

TABLE IX: Enthalpy and Gibbs free energy of formation, for the components and 
the reactions: H20 with CO and C02. 

-57.796 -26.416 -101.68 -17.468 
= 4 9 8  

f -54.634 -32.780 - 89.0 -1.58 
= G298 

Material--> 1 H20(g) I + co2(g)+ I HzC03(aq) Xprod -%,a, 

-57.796 -94.051 -167.22 -15.373 

f -54.634 -94.254 -148.94 -0.052 
= $98 

= G298 
a. ( g )  indicates the gas-phase and (aq) is the water solution. 
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Fig. 11. a. Potential energy curves for the pair interactions among CO;! and H20 molecules: @((o,cQ-H~o) is the Lorenz-Berthelot 
approximation. b. Major reaction products of PETN for strong shocks above - and along the expansion isentrope below the CJ 
pressure. Lines: phase 1, the water-rich state; points: phase 2, above P = 17 GPa. 
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c. Interaction constanfs between C02 and H 2 0  
The result of matching the detonation velocity of PETN is shown by the constants 
for the C02-H20 interaction in Table IV. The effect that the constants have on the 
potential is shown in Fig lla, where the ideal pair interaction potential is shown 
together with the actual H20-CO2 potential. The potential energy curve is 
additional evidence for the instability of H2C03 since the effective collision 
diameter is considerably larger than that calculated for the combined molecule.40 
Shock and detonation data of PETN (C5bN4012) offer the best experimental 
data to quantitatively study this interaction at high pressure. Figure l l b  shows 
the major high-pressure high-temperature decomposition products of this 
molecule. 

The mixture, consisting primarily of C@, H20 and N2, becomes heterogeneous 
just above the detonation pressure where a nitrogen-rich phase (with major 
components labeled N2(ph2) and N(ph2)) separates out behind the overdriven 
shock front as the nitrogen content of the water-rich phase, N2(phl), decreases 
with increasing pressure. Another significant component is CO, which is roughly 
3% of the total amount of gas just behind the detonation front, and rapidly 
increases as the pressure drops during the expansion of the product gasses and 
the small amount of condensed (diamond-like) carbon decreases. At the 
detonation pressure the major components are therefore N2 and C@, with N2 
coming in at 20% of the gaseous mixture. The O(N2-CO2) and <D(N2-H20) were 
determined above, so that the C02-H20 interaction may be refined with these 
databee Table IV). 

d. Some effects of nonequilibrium C 
The carbon component is not totally negligible at the detonation pressure. 
Carbon is produced in cluster form behind the detonation wave as evidenced by 
the detonation velocities of porous TNT42 samples and from recovered carbon.4 
The equilibrium EOS used here is therefore only approximately correct. One 
measure of the uncertainty due to this approximation can be tested by simply 
increasing the heat of formation of diamond by AHf(298) = 0.1 eV, as done before 
in the analysis of TNT,@ and consistent with the surface energy45 of the 
recovered clusters. The change in the composition of the gas-phase species is not 
noticeable. The principal change is a transition from liquid carbon to graphite 
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at a pressure (P=21 GPa) lower than the liquid to equilibrium diamondtransition. 
graphite phase disappears at the same pressure on the expansion isentrope as the 
equilibrium diamond [AHf(298) = 0 eV] in Fig. 11. 

Figure 12a shows the states reached by expansion from the CJ state as pressure 
differences from the experimental ywL isentrope of Green et al.46 (with A = 
1032.16 GPa, B = 90.57014, C = 3.72735 GPa, RZ = 6.0, R2 = 2.6, o = 0.56, Fq = 0.108 
GPa, and po = 1.763 g/cm3). The best theoretical calculation includes the 
constants for the two major species ( [k /d ' /m]c~-~m)  shown in Table IV. The small 
values of both &j and mij are consistent with a relatively smaller collision distance 
between H20 and C02 than predicted by the Lorentz-Berthelot rule. The original 
EOS used a much softer C O N @  potential (h in Fig. 4a) as well as the softer 
N2-N2 potential with the standard Lorentz-Berthelot rule. The agreement 
between the JWL form and the current results, for P<PcJ, using both equilibrium 
and non-equilibrium diamond are similar but distinguishable. As shown below, 
other changes in the carbon EOS have a small effect on the C02-H20 constants in 
Table IV. 

~- 

The overdriven Hugoniot data in Fig. 12b also show the effect of including the 
high-temperature species. The old potential set produces a much higher 
curvature than the newer equations of state. The data appear to show a slightly 
higher compression between 50 and 90 GPa than is predicted by the present 
theoretical E a .  This pattern is similar to that observed with pure Co;! and could 
be related to high pressure cluster formation. Taking that factor into account, the 
high pressure compressibility is consistent with that of the simple systems 
discussed above. 

IV. HMX MIXTURES 

We will now compare the results of calculations of two H M X  formulations 
with experiment. HMX with atomic composition47 C4eN808 has a lower 
oxygen balance than PEW. The higher carbon content of the detonation 
products tends to make the carbon coagulation rate a more important part of the 
description of the detonation process, than it is in PETN. We work here with two 
 formulation^:^^ PBX-9404 and LX-14 containing 94 weight % and 95.5 weight % 
HMX, respectively. 
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The number of major components in the equilibrium composition diagram of LX- 
14 (Fig. 13a) is larger than it is for PETN. The amounts of nitrogen and carbon are 
comparable to the water content, while the C02 content plays the secondary but 
still significant role. In the phase separated region the nitrogen content (both N 
and N2) is primarily in the Nprich phase, with only 10% or less atomic N in the 
water-rich phase. Other molecules and atoms used in the calculation remain 
below 0.05 moles/100 g. The theoretical CJ point marks the boundary between 
the expansion region and the shock compression region. At that point carbon is 
in the diamond form, which does not liquefy until the shock pressure reaches 80 
GPa. The non-equilibrium character of carbon has a noticeable effect, on the 
location of the phase changes, since these are quite sensitive to any changes in the 
EOS of the mixture. The calculated effect is again roughly simulated with the 
above mentioned change in the heat of formation of diamond. 

The JWL release isentropes used in Fig. 13b were obtained from the best 
hydrodynamic simulations of a number of experiments on various metal- 
explosive configurations: flat plates, cylindrical tubes, and other 2-D structures. 
Such a comprehensive process further constrains the set of parameters that are 
possible fits and has shown that more massive metal plates are less sensitive to 
the non-equilibrium flow characteristics near the Von Neuman spike. We 
therefore emphasize here two fits of the JWL form [Eq. (13) and (1411 that offer 
the best overall agreement with two-dimensional metal-explosive configurations. 
Figure 13b presents plots of the deviations of two empirical JWL isentropes, in 
Table X, from our theory. These P J ~ - P T ~ O R Y  difference curves between 
empirical, JWL EOS forms and CHEQ theory reflect the differences between 
equilibrium and non-equilibrium [AHf(298) = 0.1 eV] diamond calculations. 

Two features stand out in this plot. They are the sharp fluctuations near 8.5 
and 11.8 GPa which are due to the diamond to graphite transition and fluid 
phase separation observed in the equilibrium theory (18.7 GPa and 14.5 resp. for 
non-eq. diamond calculation). These are not described by the JWL form and 
therefore, do not cancel out in the differencing. The figure indicates the 
transformation from graphite to equilibrium diamond and to non-equilibrium 
diamond by the arrows near the top and bottom of the figure. The horizontal 
bars indicate the regions of uniformly mixed fluid and of phase separated 
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TABLE X. JWL equations use in Fig 13b 

I Svmbol 1 WLJ3 i WLO I , i -  1 -  - 
A (GPa) 13104.0 i 1161.8 

174.4 1 53.96 .-- -, 
P 

' C ( G P a r 1  1.304 2.1098 .. 
Ri 1 7.66 I 5.40 - R2 2.00 

P 

<I> 0.50 - 3 t Pn Wee) 1 1.836 1.835 1 

11.5 

10.5 
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Fig. 14. Overdriven Hugoniot curves of PBX-9404, 
and w(-14 - experiment vs theory 

N2-rich and H20-rich fluids. These 
show that the phase separation 
point is also sensitive to the carbon 
EOS. The deviation of the theo- 
retical CJ pressures from those of 
the table X JWL equations are also 
significant. The most likely inter- 
pretation is that the experimental 
shock pressure is affected by the 
reactive wave-front profile 
discussed above. Reactive flow is 
beyond the scope of this work. 

The velocity of overdriven shocks is plotted as a function of pressure in Fig. 14. 
The experimental data of Kineke48 have been re-analyzed using an appropriate 
strength function or the standard reference metal (M01.49 Additional data 
obtained with a two stage gun by Green and coworkers50 is also presented. The 

original calculations have a 
stronger pressure dependence 
than experiment, as reported 
earlier.51 The present set of 
potential constants greatly 
improved the high pressure 
slope. The minimum in the 
theoretical curve (the detonation 
velocity) is somewhat higher - 
than experiment, again 
suggesting a significant non- 
equilibrium character of the 
detonation wave. However, the 

match of detonation velocity to experiment is important for accurate 
hydrodynamic simulations. It is therefore important for a complete theory to 
yield the experimental detonation velocity. Since carbon is a significant 
component in these systems, the effect of different carbon cluster structures on 
the EOS need to be evaluated to determine the cause for the deviation in Fig. 14. 
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V. HIGH CARBON SYSTEMS 

If the deviation between the computed and the experimental EOS of LX-14 is 
due to carbon, its effect should be greater for high carbon materials like TNT or 
TATB. TNT has the higher CJ temperature of the two and was, therefore, selected 
for a test of the carbon EOS. In Figure 15a we see a deviation of about 8 % 
between the computed shock speeds and the experimental results of Kineke 
(lQ.4832 This deviation is clearly larger than that of LX-14 which was of the order 
of 1%. This deviation is also larger than one may expect from simple carbon 
content scaling. This may be due to the fact that in the above comparison with 
PETN it was assumed that carbon reaction with gas-phase molecules is 
negligible. 

However, since the deviation is associated with carbon, we make an initial 
simplifying assumption that the effect can be represented by a scaling of the 
carbon E a .  This is done with the realization that we are here concerned with a 
coupled set of equations, the diamond EOS, the graphitic EOS and the H2MO2 
interaction constants. The data that are the standards for this part of the study 
are the overdriven TNT data of K, the lower pressure porous TNT data of Urizar 
and James53 CVJ) and of Dremin and Pokhila (DP), and the above mentione& 
PETN data. 

A reduction of the diamond modulus from BOK = 439.7 to 374 GPa has a 
negligible 'effect on the calculated overdriven TNT Hugoniot. Best agreement 
with K is obtained with an increase in initial (effective ambient) density. The 
diamond Hugoniot data in Fig 15a is matched if po = 4.475 g/cm3 (27 % greater 
than the normal diamond density, po = 3.517 g/cm3, at T = 0 K) and BOK = 439.7 
to 374 GPa. 

The computed TNT EOS has the same insensitivity to BOK at low pressure where 
the graphitic phase is stable. The data of DP, and especially of UJ in Fig. 15b, 
show clearly the region of graphitic carbon stability and the point of conversion 
to diamond-like material discussed previously.55 The latter is more unstable 
relative to the graphitic phase when formed in a detonation, requiring an 
elevated heat of formation for diamond-like material to match the experimental 
pattern. If we assume that the small size of the graphitic clusters does not affect 
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their heat of formation, the diamond-like material has an apparent AHf of at least 
4050 cal/mole or 0.176 eV per atom, as opposed to the 0.1 eV needed without a 
density adjustment. This may still be an underestimate since the effective initial 
density of the graphitic clusters has to be increased to match the data. 

This somewhat more realistic diamond 'cluster' EOS requires somewhat different 
C02-H20 interaction constants. With an adjusted l 1 - 1 ~ 0 ~  the best EOS for 
graphitic carbon in Fig. 15b is obtained with # = 2.57 g / d ,  11% larger than 

its normal density of 2.27 g/cm3 at T =O K. The UJ data have been weighted more 
heavily in the determination of the graphitic EOS, since their internal consistency 
is higher and since they represent the detonation velocities for large diameter 
charges extrapolated to infinite diameter. 

Fig. 16. Isotherms of carbon in its graphitic and 
diamond -like phases at T=0.3 eV and the liquid 
phase at T10.6 eV, showing the difference between 
equilibrium and simulated non-equilibrium C 

These changes in apparent carbon 
density are significant, as can be seen 
from Fig. 16 where isotherms at 3500 
and 7000 K are plotted. The high tem- 
perature isotherms are in the liquid 
and the low T isotherms completely in 
the solid. The diamond phase shows a 
much larger change than the graphite 
phase. This is qualitatively consistent 
with the larger chemically active 
surface of diamond and therefore its 
greater effect on the gas-phase 
through surface chemi-sorbtion. 

These adjustments in the carbon EOS have a minor but noticeable effect on the 
computed CJ state of PETN. With the interaction constants in Table N, we 
compute DETN = 8.21 km/s, instead of the experimental value of 8.27 km/s, 
suggesting that the non-equilibrium character of PETN implies that l ~ ~ o - c o ~  

= 8.27 should be raised from 0.9765 to 0.983. This change produces a Dc, 
km/s consistent with its experimental value. with this value of t ~ , o c e  this 
effective non-equilibrium carbon EOS also improve the agreement between the 
computed PBX-9404 CJ detonation velocity and experiment, as shown in Fig. 14. 

PETN 



VI. OTHER EXPLOSIVES 

The way in which the above systematic, pair-potential and EOS, specifications 
affect the overall agreement with measured explosive detonation velocities can 
now be addressed to test the adequacy or sufficiency of the above considera- 
tions. We concentrate on the detonation velocities. Computed equilibrium CJ 
pressures are generally lower than measured detonation pressures, since the 
latter are affected more by a transient partially reacted zone near the pressure 
front that has a higher dynamic impedance (POD) and, consequently, a higher 
pressure. These are, therefore, not compared in this study. 

The properties of the materials studied are summarized in Table XI. A number 
of these are used as binder materials in multicomponent explosive formulations 
(mixtures). Some of these contain fluorene Q, which forms hydrofluoric acid 
(HF) in the reacting mixture. The interactions of these materials with themselves 
and their molecular environment had to be estimated and are not well defined. In 
addition, chlorine (Cl) is present in the binders CEF and Kel-F, while a small 
amount of phosphorus Q is introduced through the use of CEF. Many of these 
heat of formation measurements have been discussed by Ornellas.33 

The results of the calculations are summarized in Table XII. A number of porous 
explosives are included in the comparison. For those post-detonation mixtures 
that contain free carbon, systems with equilibrium carbon (Ceq) (but with a 
AHf(298) = 0.1 eV, for diamond, to yield the experimental graphite to diamond 
transition pressure) and the adjusted-density 'non-equilibrium' carbon (Cne) EOS 
have been calculated for comparison. The use of Cne lowers the calculated 
detonation velocity. This is shown in the schematic representation in Figs. 17a 
and b. Figure 17a shows that using 'non-equilibrium' carbon makes a change in 
the detonation velocity comparable to the over all variability of the results. We 
will consider a number of features that are related to basic physics questions. 

a. First of all, fhe question of equilibrium must be addressed. The temperature of 
the computed Chapman Jouguet state varies from a high of 5340 K for BTF to 
2470 K for TNM. This temperature range implies a significant range in the 
reaction rate, 
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Table XI: Properties of Energetic Materials 
A - Pure Compounds 

BTF 
BDNPF 
CEF 
DNB 

P 

._II...._....._._....... 

1,2DP 
ED 
estane 
FEFO 
HNo3 
HN 
HYD 
HMX 
H N B  

P 

___I 

HNS 
Kel-F 
MF-1 
P 

NM 
NP 
P 

PF 
PETN 
RDX 
TATB 
."__I 

TNGU 
TNM 
TNT 

Chemical name Number of atoms of I CMINIOI Cl/F/P " kJ/g 
beIlmtrifuroxane 6/0/6/6/ O/O/O 1.90l2O 1200. 2.386 252.1 47/56 
bis (2,2-dinitropropyl)formal 7/12/4/10 O/O/O 20 -1.913 312.19 156 
5 3. -4.396 285.5 47/56 
m-dinitrobenzene 6/4/2/4/ 0/0 -0.543 1168.11 
1,2-bis(difluoroamino)pro~ane 3/6/2/0/ 0/2/0 I 1.26 1<20 -1.374 1146.09 56 - 

ethylenediamine 12/6/0/2/ O/O/O 0.900 8.5 -1.048 '60.11 161 
_polyurethane polymer 47/70/1/17/ O/O/O -1.18 -- -3.970 921.08 I61,56 
bis(2-fluoro-2,2-d- 5/6/4/10/ 0/2/0 1.607 14.5 -2.320 320.1 47 

nitric acid(100%) o/o/o .. 1.503= -42. -2.763 63.01 47 

hydrazine 0/4/2/0/ O/O/O 1.004= 2. 1.580 32.045 61 
oc!ahydro-l~,!j,7-ktr~1,3,5,7+tracine 4/8/8/8/ O/O/O 11.905 285. 0.253 -." 296.2 47 
hexanitrobenzene 2.02 240.d 0.19 348.11 56 
2,2',4,4'6,6'-hexani t ros tilbene 0.174 450.3 61 
&ro,broethyk?ne/viny~b&ap~er (8/2/0/0/ 3/11/0)n >2.02 ---- -1.63 413.5 47 

m b 4 -  6/9/4/10/ 0/1/0 >1.534 1<20 _.--__*I -2.119 316.16 56 
nitromethane 1/3/1/2/ O/O/O 1.13720 1-17. -1.853 61.04 61 
2-nitropropane 3/7/1/2 O/O/O 0.W' 1-23. -2.023 89.09 61.56 

' 

0/5/3/2/ O/O/O 1.665 I 832 95.058 61,556 ....- 
e__. 

----___....I_I. 

-__. 

~~~ ~~ ~ ~ ~~ 

picril fluoride 6/2/3/6/ 0/1/0 1.833 '<20 -1.122 231.1 156 

hexahydro-1,3,5-trinitro-l,3,5-triazine 3/6/6/6/ O/O/O 1,8220 1205. 0.2771 222.12 k 
1,3,5-triamino-2,4,6-trinitrobenzene 6/6/6/6/ O/O/O 1.939 1.325.d -.5972 258.15 61 
tetrranitroglvcoluril 4/2/8/10 O/O/O 2.04 0.1559 322.1 56 

pentaerytritol tetranitrate -II_ 5/8/4/12/ O/O/O 1.78 140 -. -1.61 316.15 47 

_ _ _  ~ 

te tranitrome thane I1/0/4/8 O/O/O I 1.63820 1-5 1196.03161,56 
~ 2,4,6-trinitrotoluene I7/5/3/6 O/O/O I 1.65421 I 82. I -0.3280 1227.13 I61,56 
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Table XI cont.: Properties of Energetic Materials 
B -  Mixtures 

~ - 

C / H / N / O /  C I / F / P  Weight ref 
gm 

e 
e 
FM-1 

1.742 
1.780 
1.509 
1.542 

___uI 

yI___ 

<82 
<82 
<20 
<20 

I___ 

_._I__....._.____.___ 

0.145 
-2.1128 
-1.71 1 HNQ #1 

HNQ#2 1.56 -1.676 
___. 

0.0628 
-1.088 
- 

e20 
270.d LX-14 1.849 

LX-17 1.944 325.d 
165 

.._.___._. 

NC A.656 -2.871 
-1.908 
-.170 
P 

0.00331 
-1.715 

RX-BM I 69.02% HN; 5.08% HM>; E.% Water I 0/7.14Q/2495/~6 o/o/o I 1.384 I <O. -5.69 100.00 134,35 I 
RX-BAC I 30.% HN; 70% HYD 
RX-%AF 149.0% HMX; 46.7% TATB; 43% 

0.1648 
-0.3325 100.00 156,47 I 
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Table XI: COMPARISON OF EXPERIMENTAL AND COMPUTED EXPLOSIVE PROPERTIES 
I 

MATRL po De Dne Dexp Pe Pne Pexp Te Tne Carbn ref 
Kelvin Kelvin phase km/s km/s km/s GPa GPa GPa g / a 3  



Pe 
GPa 

De Dne Dexp MATRL po km/s km/s km/s dm3 
Pne Pexp Te Tne Carbn ref 
GPa GPa Kelvin Kelvin phase 



MATRL po De Dne Dexp Pe Pne Pexp 
dcm3 kmls km/s km/s GPa GPa GPa 

I I I I 
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-- I dn = $ v exp(-AG#/kT) and n/no = exp(-f /d. 
n dt 
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Here n is number density and AG#is the difference between the activated or 
transition state of the reaction and the expectation value of the reactants. In 
general G = E + PV - TS. The PV term is often neglected and the exponent is 
written for the Helmholtz free energy of reaction (E-TS). As long as pressure 
dependence of A€fand ASIare small compared to effect of changing T, we may 
assume a generic AGland write the exponent of Eq. (17) as T f / T .  With v = 1013 
s-1, T=4000 K and Tf =3.78 x 104, we have 98% reaction in 10-8 s. Than, when 
T=2500 I( we get t =3 x 10-6 s. for 98% reaction, i.e. a factor of 300 in the rate of 
reaction. The relatively large difference between calculated and measured 
detonation velocities of RX-23-AC and TNM may, therefore, be due to a non- 
equilibrium effect of the gas-phase. The shock state than becomes an apparent CJ 
state, strongly affected by sample size. 

b. The exact melting point curve of curbon is in question. Melting affects both the 
density and internal energy of carbon and therefore the detonation velocity. In 
the case of BTF and FEFO the liquid diamond state clearly exists and shows that 
the liquid diamond state of the equilibrium calculation is close to that for the 
non-equilibrium diamond. In addition, HNS, FM-1 and TNT (not shown) 
samples that are near full density have their CJ points in a transition region 
where both graphitic and diamond clusters coexist. The present model is too 
simple to offer insight into the proportions of each state. 

1 

c. Explosive porosify too is a factor in the sensitivity of the detonation velocity to 
carbon EOS. Lower initial density increases the amount of CO formed and 
reduces the fraction of free carbon. This shows up in the comparatively small 
difference between the Ceq and Cne calculations for RDX with its 3% porosity 
and TNGU with its 8% porosity. Free carbon is absent for sufficiently low 
densitiy HMX and RDX as is shown in Fig. 1%. 

d. The interucfions ofHF with other'products, i.e., NH3, H20, and CO2, are likely 
to be quite non-ideal if ideal is defined by Eq. (5), with kij,tij,mij = 1. The data in 
Fig 17a. indicate that such repulsive interactions are too high. Information that 
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could refine these interactions is currently not available, and extensive use of 
these systems is not advisable because of the corrosive nature of HF. 

e. The accuracy of the experimental defonafion velocity is in principle quite good. 
And for some explosives an uncertainty of 0.1 % is a reasonable figure. In general, 
uncertainties in sample preparation, confinement, small voids etc. are additional 
factors limiting the accuracy of the measurement. Seven experiments56 with LX- 
1 4  showed a ADmx = &1.4% and a om =& 0.3%. For TX-17 these values for nine 
experiments ar& are f1.4% and fo.43%. The deviation between theory and 
experiment for PBX-9011, which is similar in composition to LX-14, is too large to 
be explained by the above. One possibility is that the uncertainties were larger 
for experiments done in and before the early 1960's which are the source of the 
PBX-9011 data,62 and those of the mid 1970's and later, the source of the LX-14 
data (ref. 56 and references therein). 

f. Figure 1% displays the results of porous explosives only. Here the deviation 
between theory and experiment tends to be larger. Sufficiently porous materials 
appear to form a separate class of explosives. It has been shown by Ramsey and 
Popolatoa that explosives require a certain minimum pressure to come to full 
detonation rapidly. They find that thii minimum pressure is less for porous 
materials, an effect that is related to the initiation process of the detonation rather 
than the bum rate. The detailed mechanism of microscopic burn is different for 
porous materials. Each grain should behave like a full density explosive, and 
when the average pressure drops below about 150 kbars (i.e., for TNT and H M X  
or RDX formulations) the burn rate of the grain slows down and for sufficiently 
porous materials the initiation is facilitated mainly by relatively low pressure hot 
gasses from burning grains. These hot gasses move through the space between 
the grains ahead of the main pressure front. The result is a wider pressure wave 
which should result in a stronger sample size sensitivity. 

Urizar, James, and Smiths show a 3.6% increase in detonation velocity between 
TNT sample diameters of 2 cm and infinity with pmax/p = 1.836 and only a 0.16 
% difference with pmax/p  = 1.011. The diameter effects for RDX59 appear to be 
less than those for TNT and for HMXs9 little information is available on the effect 
of charge diameter. The HNS results56 are for 2.54 an diameter copper sheathed 
cylinders. Correcting these to infinite diameter using the data of Urizar and 
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James reduces the deviation, as shown in Appendix I ,  but does not removed it. It 
appears, therefore, that the relatively large deviations for porous explosive are 
only in part related to the diameter effect. For the higher HNS densities the 
diamond or liquid phase also may be important. Where the carbon phase is likely 
mixed the computed phase is listed with a '?. 

The observed deviations are therefore reasonably consistent with experimental 
uncertainties. If we exclude the mixed carbon phase systems and those 
containing fluorine, the rms deviation in Fig. 17a is 1.44% and 1.81% for the Cne 
and Ceq calculations respectively, and larger for the porous systems in Fig. 1%. 

VII. SUMMARY 

We have obtained new information on like- and unlike-pair interactions for 
the chemical species N2,02 NO, CO, CO2 and H20, that are important in 
combustion and explosions, by examining their shock wave data of. Our self- 
consistent approach results in a set of potentials that reproduce all available 
Hugoniot data within experimental accuracy. This approach is essential for 
determining unlike-pair interactions, since such information is scarce. The 
present investigations also showed the importance of a reliable liquid carbon 
EOS in the simulation of the shock wave properties of reactive liquid-CO and 
-C02. In addition, close comparison of theory and data for N2 and C@ at high 
pressure suggest higher order (structural or kinetic) effects that are not handled 
by this theory. No decomposition of CO is observed behind shocks below 10 GPa 
and 3800 K. Carbon dioxide starts decomposing on the Hugoniot above 40 GPa 
and 4500 K. 

The improved accuracy of intermolecular potentials for the above molecules 
and their dissociation products required the investigation of simple mixtures to 
explain the deviation between computed and experimental detonation velocities. 
The 'non-ideal' interactions among N2, C02, and H20 are all important for 
explosives, especially in the region below 40 GPa. The unlike interactions 
between these molecules were obtained from shock and detonation data of HNB, 
RX-23-AB, and PETN explosives. Analysis of PETN data showed that the C02- 
H20 potential is considerably softer than predicted by the Lorenz-Berthelot rule. 
The resulting set of potentials gave a good match to the overdriven Hugoniot of 
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PBX-9404 and empirical release isentropes of W-14. The detonation velocity, 
however, is 0.8 % larger than experiment. Since hydrodynamic simulations 
require a better match between experiment and theory, the effect of non- 
equilibrium carbon clusters needs to be evaluated. The possible liquid structure 
changes in hot dense N2 and H20 suggested by the shock data should only have 
a secondary effect. 

A preliminary estimate of the effect of the carbon EOS uncertainty on the 
interaction constants in Eq. (5) was obtained by adjusting the carbon EOS to 
match the porous detonation and overdriven shock data for TNT. The resulting 
non equilibrium diamond EOS has a significantly higher density than the normal 
E a .  The change for nonequilibrium graphite is smaller and in the same 
direction. The interaction coefficient between Hf l  and C02 is slightly affected by 
this adjustment as shown in Table IV. 

A survey of a number of explosives indicates some significant features of the 
data: 

a. Some low energy materials (RX-23-AC and tetranitromethane) appear to 
show effects of gas-phase kinetics. 

b. The CJ pressures of TNT, hexanitrostilbene, and a formulation designated as 
FM-1 coincide with the graphite to diamond phase change of carbon, which 
occurs over a finite pressure range. The possibility of melting also needs to 
be considered in further cluster-EOS development. 

c. The results show that the sensitivity of the detonation velocity to carbon EOS 
decreases with decreasing density. 

d. For a number of explosives containing F2, the computed detonation 
velocities are high due to the uncertainty in the interaction constants of HF. 

e. The older experimental detonation velocity for PBX-9011 is low in 
comparison with the more-recent and extensive data on LX-14, a similar 
formulation, 

diameter of the explosive sample on the detonation velocity. 
f. Experiments with porous explosives indicate a noticeable effect of the 

In spite of these constraints, the simple approach of adjusting the carbon EOS 
yielded improved results, and indicates that the effect of using an appropriate 
cluster EOS for carbon tends to increase the overall density and lowers the 
detonation velocity of the pos t-de tona tion-mixture. 
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APPENDIX I 

The HNS data were for 2.54 an copper sheathed cylinders. The detonation 
velocities of Urizar, James and Smith may be used to compute the infinite 
diameter detonation velocity (D,) of HNS, since the D,po dependence- and 
therefore the EOS, is quite similar. From ref. 53 and Table MI the detonation 
velocity at p = 
and TNT, respectively. Their data of D@& vs inverse diameter (I/& offers a 
linear dependence for all densities listed. The data with their derived slopes 
( D ' [ p ~ l - ~ ]  = (-d2 aD/ad) are listed in Table AI. Fitting the slopes to a linear form 
with d in cm, D in m/s, and p in g/cm3, we get, 

= 1.654 g/m3 are 7.03 km/s and 7.14 km/sfor HNS 

D' = a + b-p, with a = -735 amm/s, and b = 414 cm4.m/g.s. (AI) 

TABLE AI: Urizar's TNT detonation velocities vs. charge diameter at the listed densities. 

l / d  D-D- l ld D - D d  
an-1 m / S  an-1 d S  

Po = 0.9009 g/cm3 Po = 1.0511 g/cm3 

, 
l /d D-Dm l/d D-Doo 
cm-1 m / S  cm-1 m / S  

Po = 1.4470 g/cm3 Po = 1.5342 g/cm3 
-500 0.51256 1-29.700 
.800 0.38417 1-40.600 

"_L 

q - 6 7 . 0 F  0.25602 1-20.400 
- 

0.38417 -58.800 0.12799 1-19.000 

~ p, = 1.2008 g/cm3 

1 

Po = 1.5695 gkm3 

Po = 1.3005 g / m 3  
I 

0.52493 1 -117.80 
0.38388 1 -91.800 
0.38388 1-92.100 

- 
1__1 __ 
0.25589 1-65.900 
0.25589 I-62.400 

I 

0. 10. 
lid D-D, 
cm-1 m / S  

Po = 1.6359 g/cm3 

0.12783 1-6.8001 
0. 10. 
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Table AI1 lists the density dependence of the slopes, the detonation velocities of 
the 2.54 diameter cylinders as well as D, and the % deviation from theory 
before and after correcting to D,. 

TABLE AIk Detonation velocities of TNT and HNS & deviations from theory 
before (ADIand after (a) correcting to 

1.2008 1-265.89 1.402 6.34 I 6.41 3.2 I 1.3 
I .3005 
1.4470 - 1,5342 1-78.165 1 I - 
1.5695 1-64.822 I 

1.6359 1 -33.259 
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