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A £TUDY OF THE IMPACT OF REACTION RATES ON EQUATION OF STATE

Pier K. TANG

Los Alamos National Laboratory, Los Alamos, New Mexico 87545

We present experimental evidence on high explosives pushing metal plates that shows the tendency of the
equation of state behaving more energetically in the low-pressure region. We believe the deficiency in pre-
dicting low- and also high-pressure performance has a theoretical origin, and it is related to reaction rate.
The reaction process with a slow stage generates a higher effective Chapman-Jouquet pressure. The devel-
oKment of an equation of state based on this information, using the classical detonation theory but without
the consideration of the slow component in reaction, would produce a more energetic condition in the low-
pressure region and a less powerful one in high pressure. We demonstrate how a polytropic gas equation of
state is constructed and the properties it possesses as mentioned. Finally, we show how the effective Chap-
man-Jouguet condition comes about and define the property of a pseudo Hugoniot associated with it.

1. INTRODUCTION

Extending the range of applications beyond
the domain of calibration is ¢ way of life in engi-
neering and science. In high explosives (HE", we
do not usually generate very high pressure in
simple experiments, and in other extremes, very
low pressure is not easily attainable either. Nev-
ertheless, extreme conditions of high and low
pressure are often encountered in many applica-
tions. To these situations, data developed for the
moderate ranges are used.

In previous work through the simulation of
plate push experiments,!!) we described how the
slow process stage in the reaction can affect the
Chapman-Jouguet (CJ) state. It brings about a
higher effective pressure than the vormal value
based on simple detonation theory. Only in pass-
ing did we mention the doficie acy of the EOS in
the low-pressure region without giving any rea-
son. The product equation of state uscd is Beck-
er-Kistiakowsky-Wilson (BKW), but the source of
the defect is not unique to this particular EOS,

Figure 1 shows the free surface velocity histo-
ries of both the experimental and computational
results for a 50-mm thick PBX 9602 (95% TATB,
8% kel-F 800) pushing sluminum (Al) and tanta-
lum Ta) plates of 0.5-mm thickness. Without
the inclusion of a slow process, the prediction
would fall short of the experiment in the initial
velocity jump, indicating a lower CJ pressure

condition.!) With the proper reaction 1ate, good
match i8 obtained throughout for Ta; but for Al,
the simulation predicts a highor velocity afler a
couple of reverberations. Certainly we could
blame the inadequacy of the EOS for Al, but we do
have high confideace in the OS uscd because it
is obtained from a wide range of experiments. So
the fault inust be the HE EOS. To see why thin de-
ficiency occurs only when Al is used, we examine
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FIGURE |
80-mm PBX 8502 pushing aluminum and tanta.
lum plates.



the pressure time histories at the explosive-metal
interface as seen in Fig. 2. Because of the high
impedauce Ta, the pressure is still above 10 GPa
around 1 psec; but the condition is not so for the
low impedance Al. Pressure in the Al case already
drops below 5 GPa after the arrival of the second
release wave. Similar behavior is seen when a 13-
mm PBX 9502 is used.(!)

Additional evidence is seen in interface velocity
experiments, especially for short-duratign impact
and low-impedance window materials.(? At this
point we begin to suspect the inadequacy of the HE
EOS at low pressure, but the question remains,
why is it more energetic? Is it merely a condition of
defect in numerical extrapolation, or does it have
any intrinsic physical significance? This work is to
answer the question, if not to offer final solution.

2. POLYTROPIC GAS EQUATION OF STATE

To atford our analylical investigation, we have
to select the simplest equation of state, such as
polytropic gas, although we recognize the inade-
quacy of this particulay EOS for condensed phase
explosives. However, the most common use of
EOS, Jones-Wilkins-Lee (JWL), does have an as-
ymptotic behavior of the polytropic gas at low pres-
sure. The EOS is'¥

pv = (Y-1) (e+Aq); (1)

and the C\J property
P, = D2y, (y+ 1), 2
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FIGURE 2
Pressure histories at interfaces between HE and
motal plates.

and
D = 2(¥-Da (3)

The initial pressure is neglected in the formula-
tion; p, v, and e represent pressure, specific vol-
ume, and specific iLternal energy; while ¢ is the
lieat release, y the polytropic coefficient, and A the
reaction fraction, D is the detonation velocity; sub-
script ¢J refers to CJ state, and subscript o *0 ini-
tial value It is a simple matter to construct a
polytropic gas EOS if CJ pressure and detonation
velocity are known. Choosing dimensionless unit,
v, = |, and D? = 80, we have for two different CJ
pressures,

P, =32., Y= 1.50;

p, =36., y=122.

The two Hugoniots along with a common Ray-
leigh line are shown in Fig. 3. We see quite clearly
that the Hugoniot with higher CJ pressure is more
energetic than the other in the low-pressure re-
gion but less energetic in the high-pressure region,
provided they have the same detonation velocity
and, therefore, the same Rayleigh line. As we have
already noticed in Eq. (1), the form of EOS should
show dependence on the reaction fraction A, 80 in
general,
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FIGURE 3

Construction of a Hugoniot based on CJ atate for a
polytropic gas.



p=p(ev,A). (4)

The appearance of A is critical in expressing the
EOS of energetic materials. Only in chemical equi-
librium, which assumes infinite rates, can explicit
dependence of p on A be removed.

3. EFFECTIVE CHAPMAN-JOUGUET STATE

AND PSEUDO HUGONTOT

All equations of state require some sort of nor-
malization or parameter adjustment to fit experi-
mental data. In the previous section we have
demonstrated such an approach for known detona-
tion velocity and CJ pressure. However, CJ pres-
sure is not a directly measurable quantity and is
inferred only from experiments such as plate push.
As we have demonstrated in the simulation of
plat3 push experiments, a slow component must be
added to the reaction process in order to fit the ex-
perimenta! data better.!) The consequence of this
reaction step is to make the CJ pressure “appear”
higher than the normal CJ pressure, for the reason
given later. Since we can only measure the “effec-
tive" CJ pressure, not the normal one, any con-
struction of EOS using the effective value based on
classical detonation theory will lead to wrong re-
sult, regardless of the types of EOS.

We determine through interface velocity experi-
ments, as well as plate push experiments, that the
detonation of condensed high explosives consists of
a fast raaction stage followed by a slow reaction
stage. Figure 4 shows such a reactict history for
PBX 9502. The brst 85 percent is burned .- less than
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FIGURE 4

PBX 9502 reaction zone showing fast and slow reaction
zone thicknesses.

20 ns, but it takes more than 380 ns to reach the
level of 99.9 percent. The question remains why the
presence of a slow process would make explosives
behave more energetically in the low-pressure
regioa as implied through plate push experiments.
Referring to Fig. 5, we proceed with the argument.
In the p- v plane, first there are two frozen Hugo-
nio‘s labeled A = 0 for the initial reactant and
A = | for the final product. A Rayleigh line is tan-
gent to the product Hugoniot at the CJ point; and
the intersection of the Raleigh line and the reac-
tant Hugoniot is marked VN, the von Neumann
spike. If the reaction process is very fast, according
to classical steady detonation theory, the state
would jump from the initial condition O to VN and
then move down to CJ along the Rayleigh line. In
fact, for an instantaneous reaction as assumed in
programmed burn, we do not even concern our-
selves with the pathway from VN to CJ, aud the
product begins to expand at CJ as soon as the det-
onation wave arrives, That is why we do not sce the
VN spike when we use programmed burn.

The second part of our discussion involves a par-
tiall, reacted Hugoniot, labeled A < 1. This Hugo-
nint should be between those of the reactant and
the product but much closer to the product oue be-
cause of the large amount already reacted as seen
in the reaction zone, Fig. 4. The intersection of this
Hugoniot and the Rayleigh line is labeled “Effec-
tive Cy.”" Because the first p. se of the reaction is
quite fast with a process time of 5 ns, the pathway
coming down from VN follows very
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FIGURE §
Evolution of a pseudo Hugoniot based on an effec-
tive CJ ntate.



closely to the Rayliigh line until it reaches the
effective CJ point. The second phase of the reaction
is, however, much slower then the first, with a pro-
cess time of 75 ns. This slow reaction forces the
reaction pathway to deviate from the Rayleigh line,
starting the expansiou from the effective CJ point
in a way similar to the classical expansion from the
normal CJ state aiong the principal isentrope. The
difference is that the composition of the expanding
gas through the effect of A is still changing, albeit
slowly. From the hydrodynamic point of view, the
expansion begins at the effective CJ point, not the
normal CJ; and, as we can see, the effective CJ
pressure is greater than the normal CJ. That is
why the inclusion of a slow reaction would result in
higher ('J prissure, a condition so vividly illus-
trated in plate push experiments.‘t)

Let us suppose we have no knowledge of the re-
action process - in particular, the slow stage - and
proceed to construct an EOS based on the mea-
sured quantity of “CJ” pressure. The resulting
Hugoniot is shown with the label “pseudo”. This
Hugoniot satisfies the classical detonation, the
tangency, requirement. As long as we do not do
anything extraordinary and the form of the EOS is
well-behaved, the Hugoniot must have the proper-
ties we described earlier for a Hugoniot with high-
er CJ pressure, seen in Fig. 3, It appears more
energetic than the real Hugoniot in the low- pres-
sure region as demonstrated in plate push experi-
ments when Al is used, but less so in the high-
pressure region. The same conclusion can be
reached about the principal isentrope. This pseudo
Hugoniot, unfortunately, forms the basis for the
construction of EOS in many cases.

So far we only have direct experimental evi-
dence showing the deficiency of the EOS in the
low-pressure regime. Sti!l we do not have a con-
crete result to demonstrate the weakness in the
high-pressure domain. However, from the energy
consideration involving carbon coagulation, we ex-
pect the slow reaction mass fraction should be be-
low 0.1, Instead, a value of 0.15 is used. As Figure
2 shows, the HE experiences a pressure condition
over 60 GPa, a consequence of shock reflection
from the Ta plate. The magnitude is twice the val-
ue of the quoted normal CJ pressure of about 30
GPa. Even reflection from the Al plate can reach s
pressure over 40 GPa. The seemingly higher value
required for the slow reaction mass fraction is
quite likely a manifestation compensating for the
effect of loss energy of the EOS in the preanure re-
gion above CJ. Sume overcompennation in seen in a

13- mm PBX 9502 pushing Al plate as a result of'a
slightly larger slow reaction mass fraction.!

The above discussion is based entirely on a qua-
si-steady concept, but in reality, the pathway is
much more complex. For one thing, the Rayleigh
line is not fixed; it depends on how the system is
driven. The effective CJ, shown in Fig. 5, repre-
sents a self-supported asymptotic limit. Therefore,
the effective CJ state is not unique with a condi-
tion demonstrated clearly in plate push experi-
ments showing the change of the initial velocity
jump with respect to varying HE thickn~ss.V

4. CONCLUSIONS

For a pericd of more than 350 nanoseconds after
the onset of detonation, the HE is still in a partial-
ly re=cted state due to the presencc of a slow reac-
tion. A construction of the EOS without
recognizing the fact automatically assumes it to he
the complete product and leads to a pseudo EOS
with the deficiencies described earlier. Because of
the finite reaction involved for a rather long peri-
od, EOS as presented generically in Eq. (4) has a
time-dependent character through A and conse-
quently results in time-dependent, nonsteady det-
onation, a fact that has been observed for some
time. To oblain a true product Hugoniot, tue con-
dition must be maintained long enough to reach
the quasi-steady state over a wide range of pres-
sure conditions. Construction of EOS based ¢n the
false CJ condition alone should be avoided.
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