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Abstract. Numerical modeling of experiments conducted using two distinct types of high
explosive (HE) expansion test geometries (slab and cylinder) is conducted. Viability of
the slab expansion test as an alternative to the cylinder expansion test for an assessment of
HE behavior and model validation is demonstrated. Simulations using a proposed set of
phenomenological parameters for the constitutive and detonation behavior of PBX 9501 is
found to provide reasonably good agreement between simulation and empirical data.

Introduction

For many years now the high explosive cylinder
expansion test has been a tool often used for the pur-
pose of investigating detonation and the constitutive
response of HE reactants and products, and for vali-
dating numerical models thereof. The test normally
involves the initiation of detonation at one end of a
cylinder of HE that is encased circumferentially in a
thin metallic cylindrical sleeve (the metallic sleeve
is open-ended). As the detonation wave propagates
through the length of the cylinder, the metallic con-
finement expands. By carefully measuring this ex-
pansion, one may gain valuable insight into detona-
tion propagation as well as the constitutive behavior
of reactants and products, and can use the measure-
ments of cylinder expansion for quantitative model
validation, comparing predicted expansion to that
which is measured.

A planar analog to the cylinder expansion test
that has recently been developed 1 can be referred to
as a slab expansion test 2. In this test a planar slab of
HE is sandwiched between two thin layers of metal.
Detonation in the HE is initiated by a line wave gen-

erator (LWG). As the detonation sweeps through the
length of the slab, the sandwiching metallic layers
deflect outward. As with the cylinder test, careful
measurement of the movement of metal can be used
to gain valuable insight into detonation and consti-
tutive behavior, and to evaluate models, comparing
predicted to measured motion. In both cases (cylin-
der and slab) the primary empirical diagnostic is
Photon Doppler Velocimetry (PDV) measurement
of free-surface velocity.

Our objectives in this work are two-fold: (1) to
demonstrate the viability of using the slab expan-
sion test as an alternative to the well-known cylinder
expansion test for HE behavior observation and for
model validation, and (2) to evaluate a proposed set
of phenomenological parameters for modeling the
constitutive (two-part Davis-type equation of state
(EOS)) and detonation (Wescott-Stewart-Davis re-
active burn model) behavior of PBX 9501. In par-
tial fulfillment of this objective we conduct numeri-
cal modeling of two experiments that were recently
conducted at Los Alamos National Laboratory, one
of each experimental type (slab and cylinder). Nu-
merical prediction is compared to empirical data.
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The numerical analysis is conducted using the Los
Alamos finite volume continuum mechanics code
FLAG3.

The Experiments

Since the focus of this work is modeling, as op-
posed to experimental methodologies, only a cur-
sory discussion pertaining to details of the experi-
ments will be provided here. The interested reader
is referred to Jackson et al. 2 for a discussion of ex-
perimental detail.

HE Cylinder Expansion Test

The HE cylinder test specimen used in this study
(Test No. 8-1964) was assembled using twelve pel-
lets of PBX 9501 (2.54 cm in length and 2.54 cm
in diameter) encased in an annealed Cu sleeve. The
pellets were carefully placed so as to minimize any
trapped air. For purposes of numerical modeling
(discussed later) the diameter of the HE was as-
sumed to be 2.5446 cm and the thickness of the cop-
per sleeve 0.2523 cm. Detonation in the PBX 9501
was initiated by an RP-1 detonator. A drawing of
the as-modeled cylinder test specimen is provided
in Figure 1.

Diagnostics included PDV with measurements
of free-surface velocity taken at 8 locations: ZP
(see Fig. 1) = 20.0025, 20.3200, 20.3200, 20.3200,
22.8600, 22.8600, 22.7025, and 22.8600 cm for
Probes 1-8, respectively. We need not address az-
imuth since this detail is irrelevant with respect
to the present work. All eight PDV probes were
aligned normal to the Cu sleeve. Shorting wires
were used for a measurement of detonation speed.
A streak camera was used to capture an image of
the breakout surface along a center chord.

HE Slab Expansion Test

The HE slab test (Test No. 8-1932) was con-
ducted using PBX 9501 bonded to Cu plates. For
purposes of numerical modeling (discussed later)
the thickness of the HE was assumed to be 1.003
cm, and the thickness of the copper plates to be
0.102 cm. Detonation in the PBX 9501 was initi-
ated by a LWG. A drawing of the as-modeled slab
test specimen is provided in Figure 2.

Diagnostics included PDV with measurements

z

r

A A

Cu

Booster

Det

PBX
9501

1.27

30.48

z

View A-A

PDV

p

Fig. 1: Cylindrical geometry. All dimensions in cm.

of free-surface velocity taken at 4 locations (see
Fig. 2). All PDV probes were aligned normal to the
Cu plates. In addition to PDV, shorting wires were
used to measure detonation speed.

HE Constitutive and Reactive Burn Models

HE detonation and constitutive behavior are mod-
eled in this work using the WSD reactive burn
model in concert with a two-part EOS for the PBX
9501. We have chosen to use Davis-type 4 EOSs for
both reactants and products.

Davis-type EOS for Reactants

Reference 4 gives equations for p = p(v,E) and
T = T (v,E) where p, T , v, and E denote pressure,
temperature, specific volume, and specific internal
energy, respectively. We can equivalently express
equations for p and T in terms of density, ρ, and
specific internal energy (here we will use e instead
of E to denote specific internal energy), that is, p =
p(ρ, e) and T = T (ρ, e). Doing so yields:

p(ρ, e) = ps(ρ) + ρΓ(ρ) [e− es(ρ)] (1)
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In Equations 1-10, es, ps, and Ts are the specific
internal energy, pressure, and temperature on the
isentrope passing through reference density, ρ0, re-
spectively, Γ is the Grüneisen gamma, andA, B, C,
αst, Cv0, Γ0, v0, T0, and Z are model parameters.
Note that the term E0 appearing in Equation (26)
of Ref. 4 is omitted from our Equation 6 (the term
corresponding to E0 (e0 in our notation) is handled
elsewhere in FLAG).

Davis-type EOS for Products

As was the case for the reactants EOSs, the
Davis-type EOSs for products as delineated in



Ref. 4 are given in in terms of specific volume and
specific energy, that is, p = p(v,E) and T =
T (v,E). Also as was done for reactants, we shall
equivalently express equations for p and T in terms
of density and specific internal energy (and as in the
previous section we shall use e to denote specific
internal energy as opposed to E, which was used in
Ref. 4).

p(ρ, e) = ps(ρ) + ρΓ(ρ) [e− es(ρ)] (11)

T (ρ, e) = Ts(ρ) +
e− es(ρ)
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In Equations 11-20 a, b, k, n, pc, vc, Cv , and e0

are model parameters. Note that the term e0 appear-
ing in Equation 15 does not appear in Equation (6)
of Ref. 4.

WSD Reactive Burn Model

The reactive burn model as delineated in Ref. 4

can be expressed in a generalized yet precisely
equivalent form as:
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Equations 21-32 are what is programmed into
FLAG. In these equations, ra, rb, rc, rd, re, ri, rk,
rn, rx, ry , rz , rg1, rg2, ρ0, ρc, and rswitch are model
parameters. Additional model parameters that do
not appear in eqs. 21- 32 include: rkdead (rate con-
stant in preshock desensitization), rpign (minimum
pressure to start burn), rpmax (maximum pressure at
which to deaden), and rphel (Hugoniot elastic limit
minimum to desensitize). These last four parame-
ters are included for completeness, though they are
not used in our analysis since rkdead is set to zero.
These parameters are discussed in Wescott et al. 5

It is worth noting that for the parameter set used
in this work (provided in the next section), the WSD
burn model simplifies drastically from that shown
in equations 21-32. In fact, since (as will be seen in
the next section), ri and rd are set to 0, rb = rc = re,
rn = ry = rz , and rg1 = rg2 = rk, the reaction rate
becomes (as given in Ref. 6):

R = a (1− λ)
ν
( p
B

)Np
(33)

where a, ν, B, and Np are model parameters.
It is also worth noting that the reaction rate equa-

tion, Eq. 33, can be generalized to include an Arrhe-
nius term (commonly included when dealing with
gaseous detonation). This was done, e.g, in 7 where
the rate equation is expressed as:

R = a (1− λ)
ν
( p
B

)Np
exp

(
−ρE
p

)
(34)

where E is the activation energy.
For our purposes, it is the equation set 21-32 that

is most pertinent since this more general form rep-
resents what is programmed into FLAG.

Parameter Sets

The parameter sets used in this work are provided
in Tables 1-3.

Table 1: Davis reactants parameter set

Parameter Value
A 0.21 (cm)(µs)−1

B 3.8
C 0.4
αst 0.3662
Cv0 10.67x10−6 (Mbar cm3)(gK)−1

Γ0 0.67
ρ0 1.832 (g)(cm3)−1

T0 297 K
Z 0.0

Table 2: Davis products parameter set

Parameter Value
a 0.867302
b 1.04
Cv 4.34x10−6 (Mbar cm3)(gK)−1

e0 0.0566997 (Mbar cm3)(g)−1

k 1.33
n 1.00164
pc 0.0282 Mbar
vc 0.95 (cm3)(g)−1

Numerical Modeling

As mentioned already, all numerical analysis
conducted in this work was accomplished using
the FLAG finite volume continuum mechanics code
(Version 3.8.Alpha.2). FLAG is an ALE code that
can be used to approximate the solution to initial
boundary value problems and can be executed in 1d,
2d, or 3d geometric complexity. It has slideline and
slide surface capabilities. It incorporates a number
of mesh relaxation schemes.

Simplifications and Approximations

The reader who compares the experimental as-
semblies depicted in Figs. 1-2 to those described
in Ref. 2 will note that a number of simplifica-
tions have been taken in our modeling. For exam-
ple, in both cases (cylinder and slab), we have ig-
nored complicating features that are not expected
to significantly impact the accuracy of our model-
ing, such as base plates, mounting brackets, glue
and the like. The astute reader may also note that
Figs. 1-2 show the presence of boosters that do not
exist in the experiment. In both cases (cylinder and



Table 3: WSD parameter set

Parameter Value
ra 0.214
rb 0.9562
rc 0.9562
rd 0.0
re 0.9562
rg1 6377.78

(
µs Mbar3.3898

)−1

rg2 6377.78
(
µs Mbar3.3898

)−1

ri 0.0 µs−1

rk 6377.78
(
µs Mbar3.3898

)−1

rn 3.3898
rx 7.0
ry 3.3898
rz 3.3898
ρ0 1.844 (g)(cm3)−1

ρc 2.740 (g)(cm3)−1

rswitch 0.90
rkdead 0.0 µs−1

rpign 1x10−5 Mbar
rpmax 0.06 Mbar
rphel 0.0007 Mbar

slab) the detonator (either RP-1 or LWG) were ac-
tually in intimate contact with the PBX 9501 (at
z = 0 in the one case, and y = 0 in the other).
Rather than modeling the detonation initiation de-
vices (either RP-1 or LWG) directly, we chose to
“mimic” their impact through the use of a booster.
The booster was modeled as a hybrid material with
the constitutive response of PBX 9407 (two-part
Grüneisen/JWL EOS) and with detonation propa-
gation accomplished via detonation shock dynam-
ics (DSD) 8 using DSD parameters derived for PBX
9501. Taking this approach resulted in smooth ini-
tiation of the PBX 9501 at location z = 0 (cylin-
der) or at location y = 0 (slab) at a time slightly
later than t = 0. Thus what was modeled with re-
spect to detonation initiation is not precisely what
occured in the experiments, but the approximations
made are far enough removed from the location of
diagnostics that they are not expected to have a pro-
found impact upon our analysis.

Modeling the HE Cylinder Expansion Experiment

The HE cylinder expansion experiment (8-1964)
was modeled in FLAG as a 2d axially-symmetric
initial boundary value problem. Mesh discretiza-
tion resulted in an average element size of 100 µm.
Boundary conditions were set such that nodes at top
and bottom of the assemblage could move in the
r-direction but not in the z-direction. PBX 9501
constitutive response was modeled using a two-
part Davis EOS as described in the previous sec-
tion. Detonation within the PBX 9501 was mod-
eled using WSD reactive burn as described in the
previous section. Deviatoric constitutive behavior
of the copper was modeled using the PTW 9 flow
stress model. No slide lines were employed. Nodal
relaxation was employed using the feasibility set
method 10 and a strobing controller such that relax-
ation was on for 1 cycle, off for 60 cycles, repeating,
starting from 1.00 µs.

Modeling the HE Slab Expansion Experiment

The HE slab expansion experiment (8-1932) was
modeled in FLAG as a 2d cartesian initial bound-
ary value problem. Average cell size was 100 µm.
Boundary conditions were set such that nodes at top
and bottom of the assemblage could move in the x-
direction but not in the y-direction. Note that since
the modeling was done in 2d, only the data from
Probes 1 and 3 are relevant to the analysis; to make
use of the data from Probes 2 and 4 we must run
the simulation in 3d. The high explosives and Cu
were modeled as described in the previous section.
No slide lines were employed. Nodal relaxation was
employed as described in the previous sub-section.

Modeling Results

Simulation results for the cylinder expansion test
are provided in Figs. 3-6 and 11. Cross-sectional
images of the cylindrical assemblage are shown in
Fig. 3. Pressure profiles are shown in Fig. 4. In
Fig. 5 we “zoom in” on various portions of the im-
ages shown in Fig. 4 to try to highlight features
where the pressure gradient is highest. Figure 6 pri-
vides the color palette for Figs 4 and 5. Figure 11
provides: LHS: a comparison of predicted free sur-
face velocity to empirical data for a representative
probe (comparisons to the data from other probes



look similar), and RHS: pressure history for an ar-
bitrary but representative point. Figures. 7-10 and
12 are analagous to Figs. 3-6 and 11, but are for the
slab expansion test. All results shown derive from
Simulations R029 for the cylinder test, and R004 for
the slab test.

It should be noted that using a 100 µm mesh re-
sults in an over-prediction of detonation velocity.
Our calculated value of detonation velocity is ap-
proximately 9.0 km/s, whereas the experimentally-
determined value is closer to 8.8 km/s. The sus-
pected reason for this discrepancy is that the reac-
tion zone for PBX 9501 is on the order of 10 µm
and that to get the calculated determination of deto-
nation velocity right, we need to model with a mesh
resolution of similar order. We have not yet suc-
cessfully modeled with such a fine mesh resolution.
Note that since t = 0 is somewhat arbitrary in the
experiment, jump-off times are aligned in Figs. 11
and 12, as is rather customary.

Conclusions

Despite some rather gross simplifications that
were employed (e.g., ignoring mounting plates,
brackets, and the like), our predictions of free-
surface velocity match the measured velocities
rather well. This is true whether we compare to the
cylinder expansion test or the slab expansion test.
This observation supports the assertion that the slab
expansion test is indeed a viable alternative to the
well-known cylinder expansion test for HE behav-
ior observations and for model validation purposes.
Relatively good agreement between simulation and
empirical data also gives us some confidence with
respect to the parameterization of our constitutive
and detonation models, though some refinement in
this regard may ultimately prove to be warranted.
Refinement will likely, for example, improve our
under-prediction of velocity in the first few ring-ups
and over-prediction of velocity at mid-range or late
time (see Figs. 11 and 12).
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Fig. 3: Cylinder test geometry (from L to R): at 0, 10, 20, 30, 40, and 50 µs

Fig. 4: Cylinder test pressure field (from L to R): at 0, 10, 20, 30, 40, and 50 µs

Fig. 5: Enlargements from Fig. 4 (from L to R): at 0, 10, 20, 30, 40, and 50 µs. These images are not all
drawn at the same geometric scale.

Fig. 6: Legend palette corresponding to Figs. 4, and 5 (from L to R): 0, 10, 20, 30, 40, and 50 µs. Pressure in
Mbar.



Fig. 7: Slab test geometry (from L to R): at 0, 10, 20, 27 µs

Fig. 8: Slab test pressure field (from L to R): at 0, 10, 20, 27 µs

Fig. 9: Enlargements from Fig. 8 (from L to R): at 0, 10, 20, 27 µs. These images are not all drawn at the
same geometric scale.

Fig. 10: Legend palette corresponding to Figs. 8, and 9 (from L to R): 0, 10, 20, 27 µs. Pressure in Mbar.
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Fig. 11: Cylinder test simulation results: Left – free surface velocity compared to data from Probe 03; Right
– pressure history at r,z point (0,21).
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Fig. 12: Slab test simulation results: Left: free surface velocity compared to data from Probe 03; Right:
pressure history at x,y point (0,9)



Question from Robert Dorgan, AFRL

Could this experiment be used for large critical
diameter materials as a less expensive alternative to
the CYLEX?

Answer from the authors

The slab test was intended to provide an alterna-
tive geometry for model validation where the deto-
nation front curvature at breakout is along one prin-
cipal axis rather than two, not to realize cost sav-
ings. However, there may be some cost savings in
cases where the cost of the explosive is relatively
low such that the Copper is a significant portion of
the test cost.

As the test thickness is scaled up for the case of
a large critical diameter explosive, it is important
to select the other dimensions carefully to maintain
1D front curvature at breakout while also perform-
ing detonation velocity and confiner velocity mea-
surements where the detonation is steady. Meeting
both of these requirements becomes more difficult
as the critical diameter increases. This is because
thick slabs tend to require longer run distances to
achieve steady detonation, but longer run distances
allow more time for release waves from the edges
of the experiment to influence the curvature at the
center of breakout. For this reason, very thick slabs
would require charge size increases both parallel
and perpendicular to detonation propagation, pos-
sibly negating any cost savings.

We note also that the slab geometry involves a
much shorter test time and exhibits less ringing in
the wall. It is better able to access the higher pres-
sure region of the product isentropes, but does not
yield as much data for the middle-to-lower pressure
region.




