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Aluminum: Edge Angles For DSD
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"Shock and Detonation Physics Group, *Hydrodynamic Experiments,
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Abstract.

Non-ideal high explosives are typically porous, low-density materials with a low detona-
tion velocity (3 ~ 5 km/s) and long detonation reaction zone (~ cms). As a result, the
interaction of a non-ideal high explosive with an inert confiner can be markedly different
than for a conventional high explosive. Issues arise, for example, with light stiff confiners
where the confiner can drive the high explosive (HE) through a Prandtl-Meyer fan at the
HE/confiner interface rather than the HE driving the confiner. For a non-ideal high explo-
sive confined by a high sound speed inert such that the detonation velocity is lower than the
inert sound speed, the flow is subsonic and thus shockless in the confiner. [n such cases, the
standard detonation shock dynamics methodology, which requires a positive edge-angle be
specified at the HE/confiner interface in order that the detonation shape be divergent, can-
not be directly utilized. In order to study how detonation shock dynamics can be utilized in
such cases, numerical simulations of the detonation of ammonium nitrate-fuel oil (ANFO)
confined by aluminum 6061 are conducted.

Introduction sive/confiner interface as described by Aslam and
y
. . Bdzil? 3.

Detcr}atlon Shock Dynam!cs. (DSD) calculates Non-ideal/home-made high explosives such as
the motion of a curved detonation through an ex- ymonium nitrate-fuel oil (ANFO) are typically
plosive geometry; in its standard application, DSD porous, low-density materials with a low detona-
requires knowledge of the detonation velocity vari- tion velocity (3 ~ 5 km/s) and long detonation
ation as a function of surface curvature for a given reaction zone (on the scale of centimeters rather

explosive and the specification of an “edge angle™
along the outer edge of the explosive that deter-
mines how the material (confinement) surround-
ing the explosive influences the detonation speed.

than 100s of microns). As a result of these prop-
crties, the way a non-ideal high explosive inter-
acts with the explosive confiner is markedly differ-
! ; el : : ent than for a conventional high explosive. Signifi-
For conventional or insensitive high explosives, like cant issues arise, for example, with light stiff con-
PBX 9501 or PBX 9502, a shock is transmitted finers where the confiner can now drive the high
into the confiner and the edge ang_le can be deter- explosive (HE) through a Prandtl-Meyer fan at the
mined from a shock polar analysis at the explo- HE/confiner interface rather than the HE driving the



confiner?: 3. The net effect is a negative edge angle
at the HE/confiner interface for which the standard
DSD capability cannot be utilized (which generally
requires a positive edge-angle in order that the det-
onation shape be divergent). A simulation of this
type of scenario where PBX 9502 is confined by
a composite material was performed by Aslam &
Bdzil?. In this case, it was observed that the region
where the detonation shock is convergent is con-
fined to a narrow layer adjacent the confiner. Aslam
& Bdzil2 3 have discussed the shock polar analysis
at the HE/confiner interface for most cases relevant
to conventional and non-ideal HE.

For a conventional or non-ideal HE confined
by a high sound speed inert such that the deto-
nation velocity is lower than the sound speed in
the inert, there is no possible shock polar match.
The flow is subsonic and thus shockless in the
confiner. Eden and Wright® examined the wave
shape in a brass/Baratol/Al and a brass/Comp.
B/beryllium sandwich test configuration. For the
brass/Baratol/Al configuration, they observed a pre-
cursor elastic wave running at the Al sound speed,
followed by a weak shock in the Al just ahead
of the detonation, causing the interface to pre-
compress undetonated HE. The detonation veloc-
ity at the Baratol/Al interface was ~ 5% greater
than the normal plane speed in Baratol. Similarly,
Eden and Belcher® examined the detonation of a
brass/EDC35/beryllium sandwich configuration (25
mm EDC35, 9.3mm beryllium and 10mm brass
thicknesses). A precursor elastic wave in the beryl-
lium was followed by a beryllium shock ahead of
detonation. The velocity of detonation was en-
hanced by ~ 1%. Eden and Belcher® attribute this
to a thin layer of undetonated EDC35 preshocked
before the detonation front reaches it. Tarver &
Mcguire!? conducted an ignition and growth model
simulation of Eden and Belcher?, finding that the
global features observed experimentally are cap-
tured by the simulation. A simulation of 40 mm
heavy ANFO confined by 49 mm steel Clark Souers
et al 4 reveals a steel precursor wave ahead of the
detonation that drives the inner wall into the HE
causing the explosive to pre-initiate. Sharpe and
Bdzil® examined analytically the effect on detona-
tion of subsonic flow in the inert when the overall
change in the sound speed of the inert is small. The

subsonic flow deflects the interface toward explo-
sive. For sufficiently thick inerts, deflection of the
confiner should drive the detonation speed in the ex-
plosive up to sound speed of the inert and/or drive
a precursor wave ahead of detonation in explosive.
A simulation of an emulsion explosive confined by
hard rock where the thickness of the HE was equal
to that of the inert was conducted by Sharpe et al..

In regard to the effect of confinement on det-
onation propagation when the detonation velocity
is lower than the sound speed in the inert, it ap-
pears that a number of competing mechanisms are
present. Energy transferred into the confiner from
the detonating HE can propagate upstream of the
detonation shock. The energy propagated upstream
can drive the confiner surface into the HE, changing
the confinement conditions; the detonation veloc-
ity can be significantly increased beyond that one
would expect with no upstream energy transfer; al-
ternatively, for porous non-ideal HE, the collapse
of the heterogeneous pores due to the upstream en-
crgy transfer can lead to local failure of the det-
onation due to absence of hot-spot generation; in
some cases, the energy transfer can cause upstream
fracture of the confining material leading to the dis-
appearance of confinement which in tum can result
in detonation failure, as observed experimentally!.
The nature of the HE/confiner interaction in such
cases is determined by the confiner sound speed, its
density and thickness.

In order to develop a DSD capability for config-
urations in which the detonation velocity is lower
than the sound speed of the confiner, further un-
derstanding of the physics of this process is neces-
sary. In this article, we present numerical simula-
tions of the detonation of ANFO confined by alu-
minum 6061

ANFOQ-Al rate-stick: PDV diagnostics

A series of rate-stick experiments on the effect of
aluminum confinement on the behavior and shape
of ANFO (94/6 wt.% AN/F0) detonation have been
conducted for varying Al wall thicknesses”. On one
configuration (shown in fig. 1), four focused pho-
ton doppler velocimetry (PDV) probes were placed
along the axis of the tube, with a 50 mm wall
stand-off distance (in addition, four collimated PDV
probes were placed along an axis of the end of tube,



Fig. 1. Set-up of cylindrical Al confinement of
ANFO (94/6 wt.% AN/FO). The ANFO/AI tube
length was 914.4 mm. The ANFO [D was 76.2 mm,
while the Al wall thickness was 12.7 mm.

again with a 50 mm stand-off distance). Along the
tube axis, the PDV probes were aligned with the ax-
ial position of shorting, ionization and piezo pins.

The detonation velocity was 3.466 mm/us. A
precursor elastic wave running at 5.09 mm/ps in the
Al was detected by a signal in the piezo pins. Fig-
ure 2 shows the velocity of the outer wall expan-
sion in the radial direction detected by axial PDV
probes PDV2 (33.1851 cm from the tube end wall)
and PDV3 (8.5217 ¢cm from the tube end wall).
The elastic precursor causes an oscillatory wall mo-
tion with induced velocities of the order of 5 m/s
(since an acoustic-optic frequency shifter was not
employed, it is difficult to ascertain whether the ra-
dial wall motion changes direction, or simply ac-
celerates and decelerates). More significantly, both
PDV2 and PDV3 records show a more rapid but
continuous expansion of the wall lasting of the or-
der of 2 jis, prior to a more dramatic increase in the
wall velocity (presumably corresponding to the det-
onation arrival). For the PDV3 record, it appears
that the precursor pressure disturbance immediately
ahead of the detonation causes the wall to acceler-
ate out radially and then decelerate prior to detona-
tion arrival. For a detonation progressing at 3.466
mm/jis, a 2 ps pressure disturbance period ahead of
the detonation is equivalent to an approximately 7
mm spatial region.

Figure 3 show the shorting, ionization and piezo
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Fig. 2. Al outer wall motion detected by PDV
probes 2 (PDV2, top figure) and 3 (PDV3, lower
figure), located 331.851 mm and 85.217 from the
tube end respectively.

pin signal records corresponding to the locations of
PDV2 and PDV3. In particular, the piezo records
also indicate the arrival of a smooth precursor pres-
sure wave just prior to the arrival of detonation. The
time period of the precursor pressure wave is ~ |
ps.

Figure 4 (record d) shows the detonation front
shape for set-up described in fig. 17. The record
is smeared due to a separation between the ANFO
and a PMMA window (with a PETN paint strip de-
signed to illuminate the detonation break out) at the
end of the tube as described by Jackson, Kiyanda
and Short”. Also shown is a sharper record obtained
from a 305 mm long Al tube with an inner ANFO
diameter of 76.2 mm and a 25.4 mm thick Al wall
(record e). In both cases, a flattening of the wave
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Fig. 3. Shorting (red lines), ionization (black lines)
and piezo pin (blue lines) signal records at the
PDV2 (top figure) PDV3 (bottom figure) locations.

Fig. 4. Streak camera detonation front record.
Record (d) corresponds to fig. 1, while record (e)
is for a 305 mm long tube, ANFO diameter of 76.2
mm, with a 25.4 mm Al thick wall.

can be observed near the wall, with the curvature
of the front reaching a maximum in the interior of
the ANFO. It is difficult to isolate an explicit upturn
of the wave at the boundary from these images as
predicted by theory.

Model

Our reactive flow model for ANFO consists of a
two-component mixture of reactants and products.
The initial density of the material is py = 1/vy =
0.88 g/cc. A JWL based EOS is used for the prod-
ucts, with an internal energy e given by

v wg
= :" [pg ~A (l — Rlvg) exp(—Ryvg/vo)
wup

-B (1 - R—) CJ&P(—R::U;;;"UO)] )

2Uy

(1

for pressure p and specific volume v. The subscript
{}4 i1s used to denote the product state. The pa-
rameters A, B, Ry, R; and w (constant Gruneisen
Gamma) are given by

A = 1.049 g/em ps®, B = 0.01623 g/cm ps?,

2)
Ry = 4.658, Ry = 1.138, w = 0.2916,

from an ANFO calibration given by Wescott!!. For
the ANFO reactants EOS, we use a Mie-Gruneisen
EOS based off a linear U — u, fit to reactant Hugo-
niot data'l. Specifically, with

Us = ¢+ su (3)
then,
‘LP
€s = Esh T+ Fg'(p.s == P.-s.’:) (4)
0

where the shock Hugoniot variations are,

B é%(1 = v, /vg)
vl = s(1 — vy /ug)|?’
. (1 — vy fyg)*?
T2l = s(1 - vy /u)]?

Psh
(5)

Csh

The subscript {}s is used to denote the reactant
state. The calibrated parameters ¢, s and I'y are
again taken from Wescott!! as,

¢ =0.0977em/pns, s = 1.42, T = 0.967. (6)



The closure conditions for the mixture are:

P=Ps =Py v=1_(1— ANy + Ary,
(7
e=(1- MNes+ de; — Aeg,

along with an assumption that the post-shock en-
tropy S in the solid is fixed,

DS,
5 =0 (8)

The heat release ¢p (the energy of the initial state
relative to the products on the CJ isentrope at p = 0
and temperature 7' = 0) is given by

eo = 4.3434 x 1072 em?/pus®. (9)

With this calibration, the CJ state of the one-
dimensional stecady ANFO detonation is calculated
to be,

De s = 0.48006 em /s, vey = 0.8174 ec/yg,
(10)
pey = 0.05695 g/cm us?.

We implement a one-step reaction between reac-
tants and products with a pressure dependent reac-
tion rate given by

ry = kgp™ (1 - A)", (1)
where
ns =2, vy =1, ky = 200 g/cm ps°. (12)

For the aluminum confinement, we again use a lin-
ear U, — u, EOS with

Uy =¢a + sau. (13)
For aluminum, the calibration parameters are
éar = 0.3328 e/ pes. s = 1.338,
(14)

PCoat =2, woar = 1/2.70 ec/g.
Polar Analysis

Figure. 5 shows the shock polar behavior for the
ANFO reactant EOS given by (3-6), and the Al EOS
given by (13-14) for non-oblique shock velocities 6
mm/ps, 7 mm/ps and 8 mm/ps. In all cases, the
maximum turning angle for the ANFO polar is sig-
nificantly greater than for the Al polar. The detona-
tion velocity of ANFO varies in particular with prill

density and size. For 8 mm/us, there are (wo in-
tersection points; one corresponding to strong con-
finement having subsonic How in both the ANFO
and Al. The other corresponds to a non-traditional
shock interaction case, where the polars are con-
nected via a Prandtl Meyer fan originating at the Al
sonic point, so that the Al is driving the ANFO lo-
cally. Sandwich test cases of this nature have been
examined numerically by Aslam and Bdzil2 3 (see
also Sharpe er al.?). It was found that the detonation
front turns up toward the confiner in a narrow region
near the HE/confiner interface, i.e. becomes locally
convergent. Since the match of the Prandtl Meyer
fan is on the supersonic portion of the HE polar, a
local region of supersonic fow must exist in the HE
near the confiner interface. At 7 mm/us, the Al po-
lar lies completely within the ANFO polar, and the
only solution is a Prandtl Meyer fan originating at
the Al sonic point and intersecting the ANFO po-
lar. For 6 mm/s,s the ANFO intersection point of a
Prandtl Meyer fan from the Al polar would be at a
low pressure that is not likely physically relevant®.
For a shock velocity lower than the sound speed in
the Al, no shock polar exists for the Al, and thus no
shock polar match is possible.

Simulation

We have performed a simulation of ANFO con-
fined by Al in a two-dimensional symmetric sand-
wich test configuration. The total thickness of the
ANFO is 7.62 ¢m, while the thickness of the Al is
2.54cm, The simulation is performed with the AM-
RITA environment, which provides a state-of-the-
art capability for multi-material, adaptive-mesh re-
fined simulation of high explosive applications. The
reactive flow model uses the ANFO system (1-6)
and the Al system (13-14) with closure conditions
(7-8). The flow updates in the ANFO and Al are ob-
tained with a three-stage TVD Runge-Kutta integra-
tion using a Lax-Friedrichs Hux with WENO recon-
struction. The ANFO/Al material boundary uses a
ghost fluid approach with linearized Riemann solver
coupling. The pressure and velocity come directly
from the Riemann solution, while the density uses
half the expected jump. Outflow extrapolation con-
ditions are used on the top Al boundary, outflow ex-
trapolation conditions are used at the left and right
hand side boundaries, while symmeltry conditions
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Fig. 5. Shock polars for the ANFO reactant EOS
(solid lines) given by (3-6) and the Al EOS (dashed
lines) given by (13-14). The non-oblique shock
speeds in each case are (a) 8 mm/us (top figure),
(b) 7 mm/pus (middle figure) and (c) 6 mm/us (bot-
tom figure). The circles indicate sonic low on each
branch.

are used on the lower HE boundaries. The initial
state in the ANFO corresponds to a ZND detona-
tion wave solution placed near the left hand bound-
ary. The upstream state in the ANFO is quiescent.
The initial state in the Al is quiescent.

Figure 6 shows a sequence of pressure contours
(based on 20 equal increments from the pressure
maximum to the pressure minimum) at times ¢ =
25.58 ps, t = 66.80 ps and t = 127.4 ps. Cor-
responding pseudo-Schlieren images are shown in
figure 7. Also shown in figure 7 are surfaces in the
ANFO representing 50% and 99% reactant deple-
tion. The high pressure flow behind the initial ZND
wave in the ANFO drives the ANFO/AI interface
outward initially. The high sound speed in the Al
causes a pressure pulse to develop ahead of the det-
onation front, and at ¢ = 25.58 ps, the develop-
ment of the precursor pressure wave is prominant.
The deflection of the interface at t = 25.58 us is
weak, and no significant curvature in the detonation
wave has developed. At t = 66.80 s, the pres-
sure pulse in the Al continues to drive the detona-
tion. The corresponding Schlieren image indictates
that a region of the detonation shock near the in-
terface has become convergent. At ¢ = 127.4 ps,
the detonation front is completely convergent. The
precursor wave in the Al is sufficiently driving the
detonation in the ANFO that the curvature is nega-
tive. The surface of 50% reactant depletion is also
convergent, while the surface of 99% reactant de-
pletion again becomes divergent in a small region
near the interface. There is also a density and pres-
sure flow gradient ahead of the detonation front in
the ANFO, aresult of the precursor pressure wave in
the Al compressing the ANFO. Of particular inter-
est is the behavior of the ANFO/AIl interface at late
times. The Al wall expands slightly into the ANFO
in the precursor pressure region®, and increasingly
expands into the ANFO during the passage of the
ZND wave and for a significant portion of follow-
ing product flow. Subsequently, the high pressure
of the product flow begins to drive the wall motion
outward.

The results here are somewhat different from
those described in the PDV experiment described
above. As determined by Aslam & Bdzil? 3 and
Sharpe and Bdzil? the nature of the HE/confiner in-
teraction is determined by the confiner sound speed,



its density and thickness relative to those of the HE.
An analysis of the detonation wave shape in fig-
ures 6 and 7 should be carried out to determined
how to apply detonation shock dynamics to such
cases.
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Fig. 6. Pressure contours at time £ = 25.58 us (top figure), t = 66.80 us (middle figure) and ¢t = 127.4us
(bottom figure). The contours are plotted based on 20 equal increments from the pressure maximum to the
pressure minimum. Red coloring corresponds to ANFO region, while green corresponds to Al

Fig. 7. Pseudo-Schlieren images at time t = 25.58 pus (top figure), ¢ = 66.80 ps (middle figure) and
t = 127.4 us (bottom figure). Blue coloring corresponds to ANFO region, while grey corresponds to Al. The
red line corresponds to 50% reactant depletion, while the green line corresponds to 99% reactant depletion.



