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EQUATION OF STATE OF INSENSITIVE HIGH EXPLOSIVES 

Francis H. Ree, James A. Viecelh, and Mat van Thiel 
Lawrence Livermore National Laboratory 
P. 0. Box 808, Livermore, CA 94550 

Detonation of an insensitive high explosive formulated with a fluorine 
containing binder produces a large amount of condensed carbon and gaseous HF 

I product, which transforms into CFq as the pressure is increased. The former 
(carbon condensation) is characterized by slow energy release, while the latter 
(HF) has no shockwave data. We have identified that these two items are the key 
factors, which make reliable prediction of the performance of an insensitive high 
explosive very difficult. This paper describes physical models to address these 

I 
issues and apply the models to analyze experimental data of LX-17. 

INTRODUCTION 

An insensitive high explosive (IHE) with high 
safety and high performance is preferred over a sensitive 
HE. The former differs from the latter not only in 
initiation characteristics but also in detonation 
characteristics. An IHE is characterized by (i) the 
presence of gaseous HF as a detonation product, (ii) a 
large carbon-content, and (iii) a slow energy release as 
indicated by a significant detonation front curvature 
and the diameter-dependence of the detonation 
velocity. This paper describes items of importance to 
the IHE detonation: (a) the HF-HF intermolecular 
potential and those between HF and other detonation 
products; (b) the effect of fluorine chemistry on 
supercritical fluid phase change in detonation product 
mixtures; (c) the kinetics associated with carbon 
coagulation; (d) a new HE burn model to account for 
the slow energy release associated with carbon 
kinetics. We apply the resulting model to produce 
equ’dtions of state (EOS) of IHEs and interpret 
experimental data of LX- 17. 

INTERMOLECULAR POTENTIALS INVOLVING 
IIF 

A typical IHE such as LX-17 uses a binder 
containing fluorine atoms. It produces hydrogen 
fluoride (HF) as a detonation product. Hence, the 
prediction of performance of an IHE requires 
information on the intermolecular potentials involving 
HF. However, because of its highly corrosive character, 
experimental data of HF (e.g., shock wave) are not 
available, making it difficult to formulate reliable 
intermolecular potentials involving HF under 
detonation condition. As a guide in deriving effective 
pair potentials between HF and other detonation 
products (HF, CO*, H20, NHl), we use the low- 
temperature (T) condensed-phase structure of HF and 
detonation properties of five high explosives 
containing F atoms: FEFO (C5H6N40r0FZ), FM1 
(C1.906HZ s~~NI.~~s~,I~~Fo.~os), PF (WMW&F,), Lx- 17 
(c2 29SH2 186N2.15002 ISOFO 2), and 1 ,‘DP (C~HshbFz). HF 
molecules have hydrogen-bond strength of about 0.3 
eV and form chain- and ring-clusters in the gas and 
liquid phases. The crystal structure of HF is 

orthorhombic with space group cif. It consists of 
zigzag hydrogen bonded F-F chains that are parallel to 
the [ 1001 plane. The F-F bond distance in the chain is 
2.49 A at 148 K and the nearest neighbor interchain 
distances are 3.12 to 3.20 A. 

Figure 1 shows these inter- and intra-chain 
distances of the crystal structure. It also shows three 
HF-HF potentials (with E = se) represented by an 
exponential-6 (exp-6) potential, 

4(r) = ---& ( 6 exp[a(l - r/r*)] - cc(r*ir)6}, (I) 

where the well depth E is made temperature-dependent,’ 

E = ~~(1 + h/T), (2) 

to account for the increasingly attractive character of 
the interaction as the temperature decreases. Equation 
(1) is a high-temperature correction and is only reliable 
at T > h. 
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FIGURE 1. PAIR POTENTIALS OF HF. ARROWS 
INDICATE INTRAdHAIN AND INTERCHAIN 
F-F DISTANCES IN THE HF CRYSTAL. 



A HF-HF potential (labeled “HF”) was used in our 
earlier work.’ Its repulsive range with a potential 
minimum at r* (= 3.30 A) > re = 3.12 A (= interchain F-F 
distance) is too large. Another potential (labeled HFb) 
has r* = 2.95 A (< re,), E& = 188.6 K, a = 13.01, and h 
= 368.6 K. It was obtained using detonation velocities 
(DcJ) of 1,2DP at the Chapman-Jouguet (CJ) -point. 
Since it gave inconsistent DCJ’S of the other 
explosives, it has been rejected. The best available 
potential is labeled HFa (@k = 188.6 K, r* = 3.19 A, a 
= 13.01, h = 368.6 K). It was obtained by spherically 
averaging ab initio quantum mechanical HF-HF data 
weighted by a Boltzmann factor.3 Note that r* (= 3.19 
A) of HFa is close to re. 

Unlike-pair (i #j) potentials between HF 
(subscript i) and other detonation products (subscript 
j) are obtained by using the HFa potential parameters 
and the generalized Lorentz-Berthelot rule, 

TABLE 2. SENSITIVITY OF DcJ TO LIKE- AND 
UNLIKE-PAIR POTENTIALS OF HF 

obtained by using the Hfa or HFb potential together 
with Set A or Set B for parameter 13. The differences in 
the calculated DCJ between the HFa and HFb potentials 
are about 2.5 %  for FEFO and LX-04. These are 
significant differences. It shows that accurate 
knowledge of the HF potential is critical to the HE 
performance prediction. 

qj = kij&, q; = +Zij(q; + r;), 
(3) 

cxij = mij cYiiaii , 

In this work, we set ~j = mij = 1 and determine the 
values of Iij between HF and detonation products (HaO, 
CO2, CO), using a memica muilibrium code CHEQ, 
to match DCJ data of FEFO, LX-04 
(C 155 258 230 730 052 H N O- F ), and 1,2DP. The CHEQ code’ 
minimizes the Gibbs free energy of a detonation 
product mixture with respect to the mole fractions of 
detonation products, in which the Gibbs tiee energy of 
the fluid mixture is computed using exp-6 potentials 
described above in a statistical mechanical mixture 
theory.2’4 Table 1 gives the resulting values of f5. Set A 
is based on an empirical carbon EOS calibrated to the 
performance of TNT (C~H~N~OS).’ Set B which was 
chosen in actual calculations is based on a model, 
which allows the carbon cluster growth by diffusion 
discussed later. Note that the overall determination of 
the interactions is sensitive to the accuracy and 
completeness of the experimental data and also to the 
carbon cluster model. Set A uses lij = 1 for the CO-HF 
interaction, since the effect on the detonation pressure 
(P) was too small to offer a good test. Table 2 shows the 
CJ pressures (PC]) and DCJ for FEFO and LX-04 

TABLE 1. CORRECTION FACTOR Z,, EQ. (3). 

Correction factor 1 

SUPERCRITICAL FLUID PHASE CHANGES 
ASSOCIATED WITH FLUORINE CHEMISTRY 
AND EFFECTS OF HE EOS 

Currently available studies on supercritical fluid 
phase separations are limited to mixtures of chemically 
nonreactive species. These are not directly relevant to 
describe the postdetonation products of HEs, which 
contain chemically reactive systems such as CO, C02, 
H20, N2, etc. In addition, our earlier statistical 
mechanical calculations’ revealed that post-detonation 
mixtures containing C, N, H, 0 atoms can separate into 
an N2-poor and an N2-rich fluid phases (hereafter, 
referred to as phase a and phase p, respectively.) A 
binder such as Kel-F or viton A used in the formulation 
of an IHE contains F atoms. They react with H or C 
atoms to produce HF and CF4. We show below 
important influence of HF and CS on phases a and p. 
Such calculations are carried out for LX-17 (TATB with 
Kel-F binder) and LX-04 (Hh4X with viton A binder). 

Figure 2 shows Hugoniots of LX-17 based on 
CHEQ, assuming the HE to burn 100% and 96.5%, 
respectively. Both calculations use the HFa set for the 
HF-HF potential and Set A (in Table 1) for unlike-pair 
interactions involving HF. The reason for the two 
calculations will be elaborated later. We focus here on 
the 96.5% burn Hugoniot, which shows a ‘kink’ near 
50 GPa. The kink is a manifestation of how the fluorine 
chemistry complicates the a-p phase separation. 
Namely, up to about 50 GPa, F atoms form HF 
molecules and occur in the a phase containing Ha0 
molecules. This is so, because HF and Hz0 are 
hydrogen bonding molecules and prefer to associate 
with each other. However, above this (P, T) range, F 
atoms appear in the fi phase as CF4 molecules, as high 
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FIGURE 2. CHEQ HUGONIOTS OF LX-17 VS. 
EXPERIMENT.” 

pressure forces F atoms to be  in a  more compact  CF4 
structure to reduce the thermodynamic free energy (Le 
Chaterlier’s principle). 

Figure 3  highlights this fluorine chemistry by  
comparing the mole fractions (= moles/total number  of 
moles in a  given phase)  of N2, H20, HF, and  CF4 along 
the 05eV isotherm of LX-04. W e  note that F  atoms 
alter the a-0 phase change at different pressure levels. 
First, within a  small interval (Pi, Pa) indicated by open  
arrow in Figure 3, the fluid mixture separates into phase 
a  (solid line) which is rich in HF and  phase fi (dashed 
line) which is rich in H20. At the next interval (Pz, Pr), 
Hz0 molecules gradually change their phase preference 
ti-om phase b  to phase a  to be  close to HF molecules. 
But, at P > P3, HF molecules in phase a  become 
thermodynamical ly unstable with respect to formation 
of CF4 molecules, which prefer to be  in phase p. This 
last phase separat ion is abrupt  in a  thermodynamic 
sense and  occurs at pressure P3 that is well above Pi. 
Examination of Figure 3  shows that this phase 
separat ion involves the formation of d iamond through a  
chemical reaction, 2CO@) + 4HF(a) +  CS@) + 
2H20(a)  +  C(diamond). 

It should be  noted that this shift in fluorine 
chemistry is extremely sensitive to the unlike pair 
potentials between HF and  other species. For example, 
if Set B is used instead of Set A, the shift in fluorine 
chemistry, HF(a) -+ CF@), is not abrupt  and  starts 
gradually from the pressure (Pi) where the N--rich fluid 
phase separat ion occurs first. 
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FIGURE 3. MOLE FRACTIONS OF DETO- 
NATION PRODUCTS OF LX-04 AT 0.5 eV: 
SOLID LINE = PHASE a; DASHED LINE = 
PHASE 0. 

CARBON KINETICS 

The carbon-r ich class of HEs (such as TATB and  
TNT) is different from other classes of HEs with CHNO 
atomic composit ion. In the latter cases, their 
thermochemistry is dominated by gaseous chemical 
reactions. Because these reactions are very fast, an  
assumption of thermochemical equilibrium results in 
reliable prediction of the HE performance. In contrast, 
carbon condensat ion reactions in carbon-r ich HEs can 
take long time (often longer than the time scale of a  
typical detonat ion experiment). Hence,  the post- 
detonat ion EOS of carbon-r ich HEs needs  to consider 
both the thermodynamics of chemically reactive 
mixtures, as  well as  the kinetics of carbon coagulat ion.6 

A detonat ion wave consists of a  compressive and  
an  expansion parts. The  former includes (i) the 
detonat ion front represent ing an  unreacted HE, (ii) a  
reaction zone where HE molecules undergo 
endothermic and  exothermic reactions and  dissociate, 
and  (iii) a  steady state point, where the kinetic energy 
of reaction products drives the compressive port ion 
ahead  of the expansion part of the detonat ion wave. The  
resulting steady detonat ion front travels with the 
sound speed (relative to the medium) of the following 
peak  rarefaction wave. The  CJ theory assumes the 
steady state to be  in thermodynamic equilibrium. In 
zone (ii), carbon atoms t?om the dissociation products 
will start to form clusters by diffusion and  grow into 
larger clusters. If we assume thermodynamic 
equilibrium, these carbon clusters should be  in the 
d iamond phase with sp3-bonding.  Our  analyses6 of 
experimental TNT data indicated that this is true in 
some instances but not so in other cases. In the latter 
cases the detonat ion behavior is consistent with an  
assumption that carbon clusters form a  graphitic solid 
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with $-bond. It implies that the final state is not in 
thermodynamic equilibrium but in a me&table state. It 
also implies that the CJ theory is not applicable for a 
carbon-rich HE. The expansion portion of the 
detonation wave contains the hot gases and carbon 
clusters left behind. These gases continue to exert 
pressure and perform most of the work of the explosion. 
Here, as the pressure drops, the diamond clusters 
transform back to graphitic clusters. Hence, our 
modeling effort must also consider the carbon kinetics 
associated with the expansion portion of the 
detonation wave. 

We consider the coagulation kinetics of carbon 
clusters by employing the Shaw and Johnson model,7 
which describes a change in concentration ci of k-atom 
clusters by using Smoluchowski equations; i.e., 

dc,ldt = c k/y, - 25, c kjkcj , (4) 
itj=k i 

where k,, = 4rc(D, + D,)R,, (Di = diffusion constant of a 
cluster with i atoms; Ro = collision diameter between 
clusters of sizes (and j). Shaw and Johnson derived an 
approximate analytic solution for Eq. (4), 

Ck = no [x1( J + x)]“‘l( J + x)‘, (3 

in terms of the initial carbon concentration no and a 
dimensionless time x, 

x = 4n DR t no = (2kT/3q) t no, (6) 

where DiR, = constant = DR. The second equality in 
Eq. (6) results from the Stokes-Einstein equation 
relating DR to the viscosity q of the medium. 

The surface energy correction <Al+ to the bulk 
carbon energy is obtained by averaging the surface 
energy of k-atom cluster tik =&? over ck ; i.e., 

AE =A r(5/3)l[x + l?(5/3)]“). (7) 

We implemented Eqs. (6) and (7) in the CHEQ code 
by approximating the surface corrections to the 
Helmholtz free energy for graphite and diamond, 
AA gro@ilhile = <&r+,? and AAdiamorrd = <h&,,,,~~. The 
viscosity rl is given by the modified Enskog theory,’ 

7 = q. (2z+d3[Y-J + 0.8 + 0.761 YJ, (8) 

& = (5/l 6nd’) (nmkT)“‘, (9) 

where Y = p P/p - 1. Equations (8) and (9) require 
information on the hard-sphere diameter d and the mass 
m of the medium. The CHEQ code provides d through 

““*,‘/ graphite-diamond transition 

Effect of carbon clu\kr sizes 
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graphite-diamond transition graphite-diamond transition 
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FIGURE 4. DCJ VS. p o OF TNT: CHEQ VS. 
EXPERIMENT.“.” 

the effective one-component mixture formulation. A 
similar effective one-component mass m  is available,’ 

1 cc XiXjEUrj /illj 1 ij -= ill cc X iXj&& ’ (10) 

i j 

where r; and ~0 are parameters for exp-6 potentials 

between species i and j, and mj is the mass of species j. 
In Eq. (10) a set {x,) represents the composition of 
detonation products, as determined in CHEQ by 
minimizing the Gibbs free energy with respect to xi. 

Figure 4 illustrates effects of the graphite-diamond 
phase change on DCJ of TNT with different initial 
densities p@ The calculation was done at fixed time [= 
150 ns) behind the detonation front. This time interval 
is a typical reaction zone thickness for TNT. The lower 
curve assumes thermodynamic equilibrium. The upper 
curve is obtained from the carbon kinetics model by 
adjusting Adiamo,rd = 70 kcal/mol and using Agrophrre = 
40.94 kcal/mol. It raises the transition pressure (hence, 
DCJ) and, thereby, make the theoretical prediction agree 
closer to experiment.‘O,” At low pB the graphite-to- 
diamond conversion rate is slow because of low 
pressure and temperature conditions. Consideration of 
the surface energy causes these clusters to be graphitic 
with sp2-like bonding as opposed to diamond with 
sp’-like bonding. At high po, the diffusion and 
conversion rates are fast, enabling carbon clusters to 
grow larger and making diamond-like clusters become 
thermodynamically favorable. The kink in Dc, at p0 = 
1.5 g/cm3 in Figure 4 signifies the graphite-to-diamond 

4 



transition so that diamond clusters become 
stable above the kink. 

NEW HE BURN MODEL WITH THE DIFFUSION 
LIMITED CARBON KINETICS 

Another important physics issue is an indication 
that available IHEs tend to burn slowly or 
incompletely, as mentioned in connection with Figure 
2, which clearly shows the CHEQ equilibrium 
Hugoniot of LX-17 to be stiffer than experiment.” A 
3.5% reduction in the amount of burn brings the theory 
closer to experiment. It implies that the HE has not 
fully reacted. Not shown are the CJ expansion adiabat 
below the CJ point. A 3.5% reduction in the amount of 
the HE also offers good agreement there. A complete 
description of such kinetics is far more complex than 
the nonequilibrium description given above. It 
requires a hydrodynamic study with constitutive 
relations as well as initial and boundary conditions. 
The model presented below represents a compromise 
between the need to capture the physics of the carbon 
cluster kinetics with as much detail as possible and the 
need to minimize the computational work involved, 
such that a hydrodynamic calculation can be completed 
in a reasonable time. 

The dimensionless time variable x defined by Eq. 
(6) is independent of the cluster size but depends on 
the local temperature and viscosity of the detonation 
product gases. Shaw and Johnson assumed constant 
thermodynamic and transport properties, whereas 
physically these quantities change over the duration of 
a hydrodynamic process. However, Eq. (5) is still valid 
for the case of a time-varying temperature and viscosity 
if x in Eq. (5) is replaced with an integrated 
dimensionless time variable, 

r= t 
I fbum 

47DR[p(t), e(t)]n, dt. . (11) 

In Lagrangean hydrodynamic calculations, it means 
that we need to keep a running integral, Eq. (1 I), for 
each Lagrange zone. The release of cluster surface 
energy can be calculated by replacing x with T in Eq. 
(6); i.e., <@ -1 A r(5/3)/[2 + l?(5/3)]“3. A decrease in 
<AD due to the cluster growth is balanced by a 
corresponding increase in the thermal energy of the 
carbon clusters. The delayed energy release fi-om the 
cluster growth in a Lagrange zone should then appear 
as an increment in the hydrodynamic internal energy of 
the zone. 

The standard j3 burn modelI is usually used to 
simulate a detonation front in hydrodynamic 
calculations. It is described by a burn fraction f 

multiplying the pressure P,, representing the 
detonation product EOS, 

P =.P&w), f= min[l, P(l- pdmax[pl)]. (12) 

The initial conditions within the unburned explosive 
are taken to be 

P=O,e=e0,p=po,f=O, (13) 

where eo is the chemical energy released by the burning 
of HE and pOis its initial unburned density. 

In the case where all of the chemical energy is 
released in a thin reaction zone, p is chosen so that f 
approaches 1 as p approaches the density specified by 
the CJ theory. It needs to be emphasized that a 
hydrodynamic integration knows about the CJ theory 
only though this particular choice of /3. Otherwise, a 
range of possible detonation velocities (D), densities, 
and pressures can be obtained by using different 
choices of 0. Given the initial state Eq. (13), alternate 
hydrodynamic solutions, consistent with conservation 
of mass, momentum, and energy across the detonation 
front, can be obtained introducing a parameterfias,: 

These properties suggest that the modified @  burn 
model Eq. (14) can be adapted to model the fast gas 
reaction zone in a burn front followed by a slow 
diffusion limited release of the remaining energy. 

Such a model can be constructed by introducing the 
fast and slow reaction zones which are joined at the 
point where j’has increased to an input fraction &,, 
corresponding the fraction of the energy released by the 
fast gas reactions. Then, f can be allowed to relax to 1, 
following a T“‘3-decay, 

f = m iQ&, P(Z- pdnm[pl)l, f <& , (IW  

f= 1 + &ls, - 1)(~rasJq"3, f2$m . (15b) 
The time thsn, in Eq. (11) is defined as the time at which 
Sfirst departs from 0, so that z reaches qW, by the time f 
reaches &,. Because the time scaling factor l /DRno is 
so short relative tog hydrodynamic times, T typically is 
in the range of IO4 to 10’ by the timefreaches&l. A 
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hydra tracks of CHEQ with 
l = dillusion limited burn model 
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FIGURE 5. LX-17: (a) EXPANSION TRACK 
OF HYDRO VS. CHEQ CJ ISENTROPE 
AND CYLINDERkWL; (b) HUGONIOT: 
HYDRO SIMULATIONS VS. 
EXPERIMENT.” 

smooth switch t?om p  burn growth Eq. (Isa) to 
diffusion limited growth Eq. (15b) can be  obtained by 
setting z-faasc to the z calculated in each Lagrange zone at 
the t imefreachesJa, in each zone.  

HYDRODYNAMIC APPLICATIONS 

As ment ioned earlier, measured detonat ion 
velocities of LX-17 tend to be  roughly 10% below 
what is predicted by the CJ theory. In the context of the 
modif ied fi burn model  descr ibed above,  a  lower 
detonat ion velocity can be  obtained by reducing /? and  

&, al though this also changes the density and  
pressure behind the fast burn front. However,  given a  
slow delayed release of the detonat ion energy,  the use 
of the CJ theory to determine /II is not justified. Under  
these condit ions an  alternative is to use the 

conservat ion condit ions Eq. (14) to select a  fi that 
yields a  hydrodynamic burn velocity consistent with 
measured detonat ion velocities. That not all of the 
chemical energy in LX-17 is released in the fast 
reaction zone suggests that the increase in f with p  
specif ied in Eq. (12), should be  limited to &, that is 
less than 1. W ith these modifications to the /3 burn 
model,  the effective energy release across the fast 
reaction burn front can be  limited while maintaining a  
propagat ion velocity consistent with measured values. 

Equation (7) has  an  asymptotic time decay of 8’. 
This corresponds to a  rapid initial decay following the 
fast gas  reactions with a  subsequent  slow asymptotic 
relaxation to the zero surface ener  

?I 
of bulk carbon. The  

magni tude of l/D&o is about  IO- seconds,  so that the 
-” r dependence  is relevant to the time scales of a  

typical hydrodynamic integration. 

Figure 5a  shows a  comparison of a  hydrodynamic 
expansion track of a  Lagrangean zone in a  one-  
dimensional burn of an  infinite slab of LX-17 and  the 
cylinder tests (LH-JWL)13 track. The  calculation was 
done  in CHEQ with diffusion limited carbon kinetics. 
The  CHEQ CJ isentrope is also shown for comparison. 
Figure 5b  shows the Hugoniot  of LX-17 obtained f?om 
a  series of hydrodynamic simulations of a  p lane 
detonat ion front driven by a  piston moving at constant 
speeds,  ranging from 1.5 to 3  km/s. Also shown are 
experimental data by Green et al.,” and  the CHEQ 
equilibrium Hugoniot  using the bulk carbon EOS. 
Slowing down the release of the detonat ion energy 
reduces the detonat ion velocity, and  increases the 
density of the detonat ion product gases.  Although the 
diffusion limited burn model  is highly simplified, it 
improves agreement  between theory and  experiment. 
These simulations of a  self-sustaining detonat ion wave 
in LX-17 predict the steady state at (ps, P,, Ds) =  (2.67 
g/cm3, 32.0 GPa, 7.60 km/s) compared to the cylinder- 
test values (2.62 g/cm3, 30.0 GPa, 7.60 km/s), while the 
equilibrium CHEQ predicts (2.42 g/cm3, 27.3 GPa, 
8.23 km/s) at the CJ point. 

W e  are now testing the CHEQ/carbon diffusion 
kinetics using the LX-17 data fi-om a  “bigplate” 
experiment descr ibed by Souers et al.‘3V’4 This experi- 
ment  consists of a  HE disk, 100  m-n in radius and  40  
mm thick. Detonat ion at the center of the backside 
sends an  expanding detonat ion wave, which pushes a  
0.5 mm-thick Cu plate that is g lued to the front side of 
the HE. The plate velocity is measured by a  Fabry- 
Perot interferometer focused at different radial 
positions. 

Figure 6  shows ‘on-center’ comparisons at center 
of the Cu plate between spherically symmetric one-  
dimensional (KO) hydrodynamic’* simulations and  



Fabry data, as recently reported by Souers et alI4 These 
data (with estimated uncertainties of +O. 1 ps) are in 
good agreement with one of our most detailed 
calculations, referred to as ‘Standard set’ to about 0.4 
p.s. This calculation uses a high resolution HE zone 
(0.02 mm1 the detonation model with carbon 
coagulation kinetics, the Cochran-Banner spa11 model, 
and the Steinberg-Guinan strength model. The other 
calculations represent effects of individually relaxing 
these hydra/physics constraints. Figure 6 clearly 
shows importance of the carbon diffusion kinetics. The 
program burn model fails to approach the compression 
needed at the CJ conditions. The use of a coarser zone 
(0.1 mm) smears out the early velocity-time record. All 
these factors cause the calculations to underestimate 
the initial Cu plate jump-off velocities. Exclusion of the 
spall or material strengths (not shown) produces the 
oscillatory behavior of the plate velocity that differs 
significantly from experiment. 

In this regard, F atoms appear mostly as HF in a 
fluid phase CY (poor in N2) up to a certain pressure 
level, beyond which they start to fonn CF4 in a fluid 
phase p (rich in Nz). This shift in fluorine chemistry, 
HF(cr) + CF@), can be abrupt or gradual in pressure 
and is extremely sensitive to small variations in the 
unlike pair potentials between HF and other 
detonation products. It can significantly affect the 
computed Hugoniots of LX-17 and LX-04. The change 
in fluorine chemistry can occur at pressure as low as 10 
to 20 GPa at 1000 K. This range is accessible by 
present-day high-pressure experiment. 

, 
I 

; 

, on-center (r D  0) Fabry data I 
(SOUWS, wu, et al,) 
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FIGURE 6. Cu BIGPLATE DRIVEN BY LX-17: 
I-D HYDRO RUNS WITH CHEQ EOS VS. 
EXPERIMENT.‘3*‘4 

The new HE burn model described here does not 
include the portion of the spike pressure decay 
associated with the prompt reaction zone, since we use 
an artificial viscosity coupled with P-burn to model the 
lead shock and prompt reaction zone. Although the 
mesh used in the calculations can be made small 
enough to correspond to a physically reasonable 
prompt burn zone, this is an additional source of 
uncertainty in the model. Hugoniot data for unburned 
LX-17 suggest that the error in the calculated matium 
spike pressure due to these approximations is of the 
order of 5%. 

The late-time deviations in Fig. 6 could come from 
possible interactions with off-center hydro-zones 

which our 1-D calculations did not include. Or, it 
could be due to a reverse transformation of diamond 
clusters into graphitic clusters as pressure drops 
behind the detonation front. A nonequilibrium CHEQ 
calculation, including carbon kinetics, shows that the 
reverse reaction can indeed raise the detonation 
pressure Tom the equilibrium value. One can examine 
the issues discussed here in detail by implementing the 
relevant kinetics and CHEQ directly into a two- 
dimensional hydro code. 

CONCLUDING REMARK 

Unlike a sensitive HE, CHEQ calculations on an 
IHE do not give uniformly good comparisons with 
experiment. This paper has presented detailed models 
dealing with two physics factors that are responsible 
for it; i.e., uncertainties in interaction potentials 
involving F atoms and a need to model the kinetics of 
carbon clusters during condensation processes. The 
former is an equilibrium effect; the latter a kinetics 
effect. Without a satisfactory description of the former, 
we can not expect to achieve a proper prediction of the 
HE performance, including the carbon kinetics or any 
kinetics effect for that matter. 

This paper described the first of the two steps 
involved in the carbon kinetics; i.e., diffusive 
coagulation of carbon clusters (and its implementation 
in CHEQ). The next step is the kinetics of the graphite- 
diamond transition, which occurs when graphitic 
clusters grow so large that surface effects favoring the 
graphitic form become no longer important, making 
graphitic clusters energetically less favorable over the 
formation of diamond-like clusters. Similarly, diamond 
clusters behind the detonation wave undergo a reverse 
transformation along the expansion path, as the 
pressure drops. In both cases the presence of an energy 
barrier between graphitic and diamond clusters will 
kinetically limit the transformation process. There is no 
a priori reason to favor the diffusion kinetics over the 
solid-phase transformation kinetics. We are presently 
investigating this solid-phase transformation kinetics. 



This paper also presented a HE burn model with 
cluster diffusion kinetics and its implementation in 
one- and two-dimensional hydrodynamic codes. 
Resulting 
improved 

calculations have shown significantly 
agreement with experiment. We have 

incorporated CHEQ directly into the one-dimensional 
hydrocode. A similar effort to do it in the two- 
dimensional hydrocode is in progress. Such an ‘on the 
fly’ CHEQ/hydro code is needed to examine the reverse 
kinetics involving the diamond to graphite 
transformation. With this coupled hydrocode-CHEQ 
model, we also plan to examine other kinetic processes 
which may affect the performance of IHEs. 
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