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Abstract. The Disc Accceleration eXperiment (DAX) is, by now, a well-established small-
scale detonation performance test that has shown a high degree of versatility. However,
determination of Chapman-Jouguet (CJ, or detonation) pressure has proven challenging for
less than ideal explosives applying the methods described in the seminal work of Lorenz et
al. (Propell. Explos. Pyrot., 40(1):95-108, 2015). In this study, two independent analysis
techniques are presented to extract CJ pressure from DAX data. The first method relies on
impedance matching and the compressible motion of the DAX witness disc. The second
method uses previously developed one-dimensional equations of motion as well as an “ef-
fective mass” concept. Emphasis is placed on description of the methods rather then their
application. Furthermore, hydrodynamic modeling is employed to highlight the physical
phenomena underpinning the two techniques. It is shown that the latter method is preferred
as it yields more accurate results and is applicable to ideal as well as non-ideal explosives.

Introduction

The Chapman-Jouguet (CJ) pressure (i.e., det-
onation pressure) is a characteristic property of
chemical explosives that is fundamental to the un-
derstanding of detonation phenomena. It provides
an important calibration point for detonation models
(e.g., the ZND model'~®) as well as for the equation
of state (EOS) of detonation products.* In addition,
ClJ pressure is an important measure when assessing
the performance of a given explosive (e.g., through
its correlation with brisance®), which is of relevance
to practical design applications.

CJ pressure, however, is a challenging property
to determine empirically to a satisfactory degree of
accuracy. All available measurement techniques in-

fer the CJ pressure by performing observations in
inert media placed in contact with explosives.”!?
Arguably, the most accurate of such techniques is
that in which the free surface velocities of plates
of different materials and/or thicknesses are mea-
sured.®1%13 However, this approach is time inten-
sive and costly; therefore, there is value in the devel-
opment of simpler tests (e.g., [5, 11, 12]) to measure
CJ pressure without detriment to accuracy.
Recently, Lorenz et al.'* !5 developed a reduced-
scale explosive material performance test: the
Disc Acceleration eXperiment (DAX). The DAX
stemmed from the need for a low-cost test requir-
ing moderate amounts of material. The DAX is a
rate stick that includes piezoelectric pins (to mea-
sure detonation velocity) and a thin metal witness



disc at the end of the stick. Once the stick is deto-
nated, the disc is launched and its velocity is mon-
itored via photonic Doppler velocimetry (PDV).!¢
Lorenz et al.'> demonstrated a technique to de-
termine CJ pressure which relies on extrapolations
based on features related to the initial velocity his-
tory of the DAX disc. For non-ideal explosives,
however, such features may not be present, which
render the results of this technique questionable.

On the basis of the discussion above, the work
described herein presents methodologies (which ex-
tend and complement the study of Lorenz et al.'®)
for the determination of CJ pressure from DAX
data. In the context of a DAX test, one can reason-
ably assume that the detonation is steady and one-
dimensional. Under such conditions, the dynamic
behavior of the DAX disc can be analyzed in two
independent ways to yield CJ pressure. The meth-
ods are detailed and analyzed below using available
data for LX-16,'% a plastic-bonded explosive con-
taining pentaerythritol tetranitrate (PETN).

Approach
Reverberation Analysis Method

Figure 1 shows a DAX velocity-time profile of a
0.254 mm thick copper disc launched by the detona-
tion of a 12.7 mm diameter and 152.4 mm long stick
of LX-16 (96.5 wt% PETN in a VCTFE binder; ini-
tial density, po = 1.734 g/cm?). The compress-
ible motion of the disc is evidenced by the ring-
ing oscillations (i.e., reverberations) in the veloc-
ity record. These reverberations are produced by
shock wave interactions with the detonation prod-
ucts. Impedance matching!”!® (i.e., continuity of
velocity and stress across interfaces) can be applied
to obtain the conditions at the interface between
the disc and the detonation products. In Fig. 1,
each step change in velocity denotes a shock re-
flection at the free surface of the disc (i.e., even-
numbered states in Fig. 1). The amplitude of this
change can be used to estimate the particle velocity
at the interface with the detonation products (i.e.,
odd-numbered states in Fig. 1):

1 )
Upi = 5 (u;,i_l + up71;+1) 1=1,3,5,... D

Up1a
4
2
= 3
£
E
_.E‘ 2 DETONATION
7] PRODUCTS *
o
(]
> 1
' ugAxmsc
0 & . . .
0 0.2 0.4 0.6 0.8

Time (us)

Fig. 1. DAX data for LX-16. The velocities needed
for the evaluation of Eqn. 1 are noted. The inset
shows an x-t diagram of the shock reverberation
process.
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Fig. 2. Determination of CJ pressure. The parti-
cle velocities noted are obtained from Eqn. 1; the
intersection of the Hugoniot and isentrope curves
with the abscissa are the velocities (i.e., u;, ;_; and
Up+1 in Eqn. 1) recorded in the DAX test, see
Fig. 1.

where u, ; ; and wuy ;11 denote, respectively, the
“valleys” and “peaks” of the velocity record, see
Fig. 1.

The DAX disc compresses and expands along its
Hugoniot and isentrope, respectively. If one approx-
imates the isentrope by the Hugoniot, the pressures
at the interface can be calculated with the parti-
cle velocities obtained from Eqn. 1, see Fig. 2. In
the present study, Hugoniot data for copper were



taken from Ref. 19. The pressure data in Fig. 2
can be fitted rather well by a second degree poly-
nomial. Knowing that the CJ state must lie in a
straight line®® of slope poD (where D is the det-
onation velocity), i.e., the Rayleigh line, its inter-
section with the fitted curve defines the CJ pressure,
see Fig. 2. The CJ pressure derived for LX-16 us-
ing the method above is Pcy = 27.91 4+ 0.19 GPa,
where the uncertainty stems from the error in the
coefficients of the polynomial fit. This value is ap-
proximately 8% lower than the 30.34+-0.4 GPa value
determined by Lorenz et al.'?

One-dimensional “Effective Mass” Method

If the detonation wave that impacts the metal
disc in the DAX test is steady, planar, and one-
dimensional, the terminal velocity reached by the
disc can be described by the equations of Aziz et
al.?® for the motion of a piston under detonation
loading. For a DAX experiment, the terminal ve-
locity is determined by plotting the disc velocity in
terms of scaled displacement, see Fig. 3. The scaled
displacement is the time integral of the disc veloc-
ity normalized by the disc diameter, i.e., the diam-
eter of the explosive. As shown in Fig. 3, the disc
reaches an asymptotic/terminal velocity when it has
moved a distance equivalent to one diameter. The
equations of Aziz et al.? express the terminal ve-
locity in terms of the detonation velocity, the poly-
tropic gamma of the detonation gases, and a mass
factor. In the DAX test, however, both the detona-
tion and disc terminal velocities are known; there-
fore, the polytropic gamma, -, can be solved for:
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where U is the disc terminal velocity and z is the
mass factor:
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where M is the mass of the DAX disc and Ceyy is
an effective charge mass acting onto the disc. This
effective mass arises because of side losses, mani-
festing as rarefaction waves, that reduce the amount
of explosive available to drive the DAX disc to a
right circular cone behind the disc.
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Fig. 3. Velocity data shown in Fig. 1 versus disc
displacement (z) normalized by its diameter (2R).
The terminal (i.e., asymptotic) velocity is noted.
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Fig. 4. Simple schematic of a DAX assembly show-
ing the concept of effective mass. The discount an-
gle, 0, and effective charge, C.yy, contributing to
the acceleration of mass M are noted. The confine-
ment (typically PMMA for DAX!*13) of thickness
w is also shown; R is the radius of the explosive.

Schematically, the effective mass concept is
shown in Fig. 4. The angle, 6, that defines the effec-
tive mass depends on the mass of material confining

the explosive:*!
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where p,, is the density of the confining material, w
is the wall thickness of the confinement, and R is
the radius of the explosive. With Eqn. 4, then, the
effective mass is:
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Finally, the CJ pressure is obtained with the poly-
tropic gamma calculated from Eqn. 2:
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For the LX-16 data considered here, Figs. 1
and 3, D = 8.162 mm/us, U = 4.51 mm/us,
M = 0.287 g, R = 6.35 mm, p,, = 1.182 g/cm?
(PMMA), and w = 6.35 mm. Application of
Eqns. 2-6 yields Pcy = 30.7 GPa, in excellent
agreement with the results of Lorenz et al."

Discussion

The disparate results from the two methodologies
described above warrant further examination. In
this section, hydrodynamic modeling is used to gain
further insights and provide physical arguments to
explain the observed differences. All simulations
discussed herein were performed with an in-house
arbitrary Lagrangian-Eulerian code.”> The DAX
geometry was treated as two-dimensional and ax-
isymmetric. Adaptive mesh refinement was em-
ployed; the spatial resolution at the most refined
level was approximately 35 pum. This resolution
was sufficient for the purposes of the present study.

Given that the reverberation method for extract-
ing detonation pressure relies on the compressible
“ring-up” motion exhibited by the disc (see Fig. 1),
processes that may affect this motion need to be
considered. One such process is the shock com-
pression of the disc material, which is affected by
its strength. Figure 5 shows DAX velocity curves
simulated with and without the use of a constitu-
tive model for the disc material; pressure and par-
ticle velocities (similar to Fig. 2) extracted from
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these curves are also shown. In the simulations, the
disc material was modeled with a Mie-Griineisen
EOS along with the Steinberg-Guinan constitutive
model® (when used). The explosive was modeled
via “programmed burn” using lighting time to prop-
agate the detonation front and a compression based
burn model (i.e., “beta burn”) with a JWL EOS
for the detonation products of LX-16 taken from
Lorenz et al.’

Note from Fig. 5 that in the absence of a con-
stitutive model the amplitude of the reverberations
increases along with the determined CJ pressure.
The increase in this case is just over 3%, which
does not fully account for the 8% underprediction
noted above. This result indicates that there may
be other phenomena that further compound the ma-
terial strength effect shown in Fig. 5. Recently,
Sutherland et al.>* have shown, via hydrodynamic
modeling, that possible voids (whether unfilled or
filled with mineral oil or grease, as typically done
experimentally) present between the explosive and
the DAX disc can noticeably affect the reverber-
ation process. The results of Sutherland et al.*
were reproduced by the present authors and are not
shown here for the sake of brevity. Finally, ap-
proximating the DAX disc isentrope by its Hugoniot
(vide supra) introduces additional error,? on the or-
der of 1%.

The one-dimensional effective mass methodol-
ogy described in the previous section appears to
provide accurate CJ pressure values, which may be
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Fig. 5. (Left) Simulated DAX disc velocities, for the conditions of the data in Fig. 1, including or neglect-
ing the strength of the disc material. (Right) Results of the reverberation method using the simulated disc

velocities.



unexpected given the rather simplified (i.e., one di-
mensional) treatment of the problem. This method
suggests that the asymptotic velocity of the DAX
disc is governed by the CJ pressure as well as the ge-
ometry of the DAX. Furthermore, although not dis-
cussed herein, the one-dimensional effective mass
method has been applied to ideal and non-ideal ex-
plosives with positive results. This observation is
counterintuitive since it has been established!* that
the DAX is sensitive to kinetic effects exhibited by
non-ideal explosives.

To further investigate how detonation pres-
sure and burn kinetics affect the DAX disc
velocity, hydrodynamic modeling was applied
to two explosive formulations widely varying
in ideality.  These explosives are PBX 9404
(94/3/3 wt% HMX/nitrocellulose/CEF) and LX-17
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(92.5/7.5 wt% TATB/PCTFE). The modeling was
performed as described above; however, the explo-
sive programmed burn model was replaced by a
JWL++2¢ reactive flow model. This latter model
consists of a Murnaghan®’ EOS for the unreacted
explosive, a JWL EOS for the reacted explosive, a
pressure mixer, and a pressure-dependent reaction
rate. More details can be found in Refs. 14 and
26. All parameters needed for the simulations were
taken from the study of Lorenz et al.'*

The results of the reactive flow simulations are
shown in Fig. 6. There is a difference in disc
kinetic energy of approximately 40%, which cor-
relates with the detonation energy of the explo-
sives'® 15 and shows the difference in their perfor-
mance. Also in Fig. 6, the disc velocity sensitivi-
ties to CJ pressure and reaction rate can be found.
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Fig. 6. Simulated DAX disc velocities (top row) and sensitivities to CJ pressure and reaction rate (bottom
row) for PBX 9404 (left column) and LX-17 (right column). All simulations used a JWL++ reactive flow
model with parameters from Ref. 14. The DAX geometry is identical to the LX-16 example of Figs. 1-5.
Conditions - PBX 9404: py = 1.830 g/cm?®, D = 8.80 mm/us; LX-17: py = 1.903 g/cm?, D = 7.46 mm/pus.



These sensitivities were computed by comparing
the base velocity values in Fig. 6 to those obtained
by perturbing the CJ pressure and the reaction rate.
When changing the CJ pressure, the JWL EOS was
also modified to ensure its consistency with the new
pressure as well as to maintain the same overall en-
ergy as the original JWL EOS. Note that the sensi-
tivities shown in Fig. 6 are logarithmic, that is:

d(lny) _ p Oy
d(lnp) ydp

where s is the sensitivity coefficient, y is the ob-
servable of interest (i.e., the disc velocity), and p
is a given parameter (i.e., CJ pressure or reaction
rate). Expressing the sensitivity in this manner en-
sures that the values are normalized so that direct
comparison can take place.

Figure 6 shows that sensitivities are almost ex-
clusively dominated by the CJ pressure. This is
certainly the case in the asymptotic region (i.e.,
scaled displacement = 1), which is what is used
in the one-dimensional effective mass method de-
scribed above. For the less ideal explosive, LX-17,
even though its sensitivity to reaction rate increases
by approximately an order of magnitude over that of
PBX 9404 (as expected), it is still an order of mag-
nitude lower than its sensitivity to CJ pressure. It
is also worth noting here that modeling shows that
the effects of material strength and possible voids at
the explosive/disc interface discussed above affect
the asymptotic disc velocity by less than 2% so that
the determined CJ pressure would vary by 1% or
less. Therefore, the one-dimensional effective mass
method appears to be a reliable way to determine CJ
pressure.

(7

Conclusion

Two independent methodologies have been pre-
sented to determine CJ pressure experimentally
from DAX data. The first method, which relies on
the dynamic reverberations exhibited by DAX discs,
underestimates the CJ pressure. However, hydro-
dynamic modeling indicates that this is due to dis-
sipative material effects as well as phenomena as-
sociated with experimental aspects (i.e., gaps/voids
between the explosive and the DAX disc), which
could be corrected for. Nonetheless, this method-
ology yields a useful lower bound on CJ pressure

without resorting to extrapolations'> that would be
difficult to apply to data for less ideal explosives.
Furthermore, this method can be applied to incom-
plete DAX records wherein the disc does not reach
an asymptotic velocity.

On the other hand, the second method seems to
provide accurate estimates of CJ pressure; this has
been the case for a wide range of explosives (not
presented herein) against which the present authors
have tested this method. It has been shown through
hydrodynamic modeling that the asymptotic veloc-
ity reached by the DAX disc, which is the basis
of the methodology, is most sensitive to CJ pres-
sure even for explosives that exhibit strong rate ef-
fects. Furthermore, the effects of material strength
and experimental features do not strongly affect the
asymptotic disc velocity. Therefore, this method ap-
pears to be sound and widely applicable.
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