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CHARACTERIZATION OF TWO COMMERCIAL EXPLOSIVES

B. G. Craig, J. N. Johnson, C. L. Mader
and G. F. Lederman

ABSTRACT

Experimental data are obtained for the performance of two commercial
explosives, an ammonium-nitrate/fuel-oil mixture (ANFO) and a water-gel

explosive (WGE-1), using the water-tank, or aquarium, technique.

Plexi-

glas and clay tubes (10- and 20-cm-diam) containing the explosive are

submerged in a large transparent water tank.

The explosive system is

detonated from the top and an image intensifier camera records the shock
wave in water as well as the dynamic expansion of the confining cylinder.
The experimental data are compared with two-dimensional Lagrangian

hydrodynamic calculations based on various assumptions regarding nonideal

explosive behavior.

The results show that substantial fractions (30 to

50%) of the constituents do not participate in the chemical reaction at

the detonation front.

For ANFO, complete reaction takes place within a
few microseconds behind the detonation front.

For WGE-1, detectable

additional reaction does not occur within experimental recording time

(>200 us).

These results have important applications in effective rock
breakage with commercial explosives.

I. INTRODUCTION

A subject of current national interest is en-
ergy and mineral resource recovery, and an important
part of this subject is controlled rock blasting
with commercial explosives. Explosive rock blasting
has been studied empirically by a number of investi-
g:-xt:olrs.l_5 Generally, these studies consist of de-
veloping a data base for empirical relationships
between rock blasting efficiency and detonation ve-
locity, energy release, expansion work, etc. The
reason for such an approach is that detailed consid-
eration of actual eiplosive performance, coupled
with high-, intermediate-, and low-strain-rate frac-
ture mechanics to predict actual removal of rock
from a blasting face, is an extremely difficult
problem. However, as our predictive capabilities in
dynamic rock fracture improve, we need more detailed
information about the behavior of the explosives in-
volved.

Many explosives systems have been studied ex-
tensively and their behavior is extremely well un-

derstood. However, when explosive performance

closely follows theoretical behavior (we say the ex-
plosive behaves ideally), economic considerations
often limit its applicability because of the cost of
the great quantities of explosive needed on a com-
mercial scale. But commercially available explo-
sives often do not behave according to steady-state
theoretical predictions based on equilibrium thermo-
dynamics of the expected detonation products (such
explosives have nonideal behavlor). Therefore, for
nonideal commercial explosive systems, extensive
measurement of several performance parameters are
necessary to assess correctly the actual behavior
and departure from ideal conditions.

In this report we present experimental and
theoretical results for the characterization of two
commercial explosives: ANFO (ammonium nitrate/fuel
oil, approximately 94 wt%/6 wt%) and a water-gel ex-—
plosive (approximately 46 wtZ ammonium nitrate, 24
wtZ TNT, 15 wt% sodium nitrate, 13.2 wt% water, 1.2
wtX ethylene glycol, and 0.6 wt% thickener) that we
shall call WGE-1l. The densities of ANFO and WGE-1

are nominally 0.9 g/cm3 and 1.5 g/cm3, respectively.



Results of preliminary rate-stick experiments
are initially presented to bracket the performance
of both explosive systems; that is, to determine how
confinement and charge diameter influence production
of high-order detonation and how various booster
This is then followed

by a comprehensive discussion of data obtained in

systems affect performance.

aquarium, or water-tank, experiments in which 10-
and 20-cm cylindrical charges of ANFO and WGE-1 (all
~100 cm long) are observed optically following det-
onation from one end. The data consist of measured
radial positions of the confinement tube and the
water shock as functions of position behind the det-
onation front. 7Two-dimensional hydrodynamic calcu-
lations of the aquarium shots are then performed and
compared with experimental data, giving considerable
information on the actual performance of these two
This method is similar to that
used in performance studies of other nonideal explo-

sive syst@ns.6_11

explogsive systems.

The final results are estimates of the degree
of ammonium-nitrate (AN) reaction at and immediately
behind the detonation front as a function of charge
diameter. We expect this study to improve our un-
derstanding of nonideal explosives, in general, and
of two commercial explosives, in detail. Our goal
is better descriptions of explosive rock breakage

based on first principles.

II. PRELIMINARY EXPERIMENTS

ANFO was chosen as the first explosive to study
because of its low cost, desirable safety, and wide-
spread use. However, as mentioned in Sec. I, ANFO
is a nonideal explosive; that is, its performance
depends on the charge diameter, length, and confine-

Some of these variables have been investi-
7,8,12,13

ment.
gated by several researchers, and so we
will compare our newly generated data and the exist-
ing data. In addition, its performance near the
booster (perhaps for several meters from the boost-
er) depends on how it is boosted. These variables
lead to major complications in modeling the perform-
ance and result in unusual experimental require-
ments.

We need a model that will describe the perform-
ance in a typical borehole and that allows for vari-
ations that result from the material in which the

hole is located, the hole diameter and length, how

the charge is boosted, how the charge is stemmed,
and the distance to a free face or other boreholes.
The quantitative effect of each of these variables
and their combinations on the performance of ANFQO
needs to be understood.

The total cost of rock fragmentation will be
significantly influenced by the cost of boreholes,
which increases with the hole diameter. Better con-
trol of rubble size can be expected for smaller and
more numerous holes, all other parameters being
equal. Generally, the smallest borehole used with
ANFQO is about 7.6 cm (3 in.) in diameter; however,
economics or practical requirements may force the
use of a borehole as large as 10.2 cm (4 in.) in
diameter. One practical requirement for modeling is
that the ANFO detonate high order. A low-order, or
low-velocity, detonation may break rock but does not
lend itself to modeling; a nonideal high-order det-
onation will be difficult enough. We must calibrate
our model to a range of borehole diameters that meet
the above requirements.

The most economical way to load ANFO into nu-
merous boreholes is with a pneumatic loader. Pneu-
matic loading gives a density of ~0.98 g/cm3 as
opposed to "0.80 g/cm3 for pour loading. OQur model
should be calibrated to a density representative of
that obtained with pneumatic loading. Incremental
loading of ANFO into a tube while it is appropri-
ately vibrated gave the desired densities.

Ionization and mechanical switches for measur-
ing the progress of the reaction were first tested
with granulated TNT and then with ANFO. Ionization
switches, two lengths of 1.59-mm-diam stainless
steel welding rod separated by 1 mm, are able to
withstand the loading operation without deflection
and respond to a high-order but not a low-order det-
onation. A coaxial mechanical switch of existing
design responded to either high- or low-order deto-
nation and to shock waves in water when the shock
pressure is as low as 0.1 to 0.2 GPa (0.1 GPa =
1 kbar).

Table I summarizes the results of our analyti-
cal and hazard testing on ANFO.

The results of standard rate-stick experiments
with ANFO show that it does not propagate a high-

order detonation in a 7.6-cm-diam stick confined



TABLE 1

NOMINAL PROPERTIES OF ANFQ®

Composition Wt Per Cent
No. 2 diesel fuel oil 6.27

NH4N03 93.73 (by difference)

Impact Sensitivity Test Result

Type 12 1 explosion out of 10 at
320 cm

Type 12B None at 320 cm

Stability Result

Vacuum <0.1 mf/g at 120°C in 48 h

DTAb Normal for NH4N03

Pyrolysis Normal for NH4N03

2Nitro-Carbo-Nitrate Blasting Agent, Gulf 0il Chemi-
cal Company, lot GOC 657A051976, specification Spe
N-C-N1, pink, $0.12/1b.

bDifferent:ial thermal analysis.

with 0.63-cm-thick Plexiglas* or 0.5-cm-thick
Pyrex,** even when the charge is strongly overboosted
with a plane-wave lens plus 2.5-cm-thick Composi-
tion B (CB). The overdriven detonation slowed to
low order within 1 diam of run. Confining materi-
als such as Dural were rejected because their sound
speeds exceed the detonation velocity of ANFO and
thus influence explosive performance.

A shot (E-4266) was prepared with ANFO loaded
into a Plexiglas tube of 10.l-cm i.d. and 0.63-cm
wall thickness. The booster was a P-40 Baratol
plane-wave lens plus a 2.5-cm-thick CB slab in con-
tact with the ANFO mixture. Ionization switches
were located every 5 cm along the tube (6l-cm-long)
beginning 10 cm from the booster/ANFO interface.
The ANFO density (p) was 0.964 g/cm3 and the tem-
perature at firing time was 27°C.
high order.

charge axis was 4.9 lm/s over the first 10 cm and

Detonation was

The detonation velocity (D) at the

slowed to a steady-state value of 3.39 * 0.02 km/s
after a run of 3.5 charge diam. The detonation ve-
locity along a line 1.2 cm inside the edge of the
charge was also initially overdriven and slowed to
the same steady-state value after a run of 3.5

1

*Rohm and Haas GMBH, Darmstadt, Germany.
**Corning Glass Works, Corning, NY 14830.

charge diam. The steady-state velocity observed is
less than that reported for ANFO prills confined in
a 5.2-cm steel tube (3.7 km/s for the same density)
but higher than reported for crushed prills in a
2.15-cm~diam steel tube (3.2 km/s).14

A shot (E-4275) was prepared with ANFO (p =
0.950 g/cm3), loaded into a nominal 8.8-cm-i.d.,
0.63-cm-thick-wall tube of Plexiglas and with a
When
fired at 24°C, the overdriven detonation slowed from

booster identical to that in shot E-4266.

4.52 km/s over the first 10 cm to a steady-state
3.02 lm/s after 6 charge diam of run.

The results of all rate-stick experiments on
ANFQ are summarized in Table II. Shots F-3971,
E-3975, E-3977, E-4272, E-4275, E-4274, and E-4266,
in conjunction with minor auxiliary experiments,
verified that a minimum diameter of 10 cm was re-
quired to sustain a high-order detonation (D = 3.4
km/s) in a 0.6-cm Plexiglas confinement. Shots
E-4266, E-4278, and E-4281 showed that booster over—
drive becomes unimportant after a suitable length
of run. Shot E-4300 showed that the effect of the
confinement material, although minor, is real and
must be considered.

Table III presents the results of similar ex-
periments conducted on the WGE-1 system. Note that
the sample diameter and type of confinement do not
significantly alter the performance. The detona-
tion velocity remains nearly constant at 4.83 to

4.86 km/s.

II1. WATER-TANK EXPERIMENTS

The rate-stick experiments described in Sec. II
give detonation velocity as well as information on
the effects of confinement and charge diameter, but
they do not provide a quantitative understanding of
the physical and chemical phenomena occurring behind
the detonation front. Therefore, the water-tank
experiment was developed to measure simultaneously
detonation velocity and pressure, confinement ef-~
fects, and the release isentrope from the Chapman-
Jouguet (C-J) state.

In the followiﬁg discussion we present (a) the
detailed experimental techniques, (b) an analysis
of measurement accuracy to be expected by this tech-

nique and the results of a proof test with PBX 9407,



TABLE II

ANFO RATE-STICK EXPERIMENT SUMMARY

Booster i.d. [ Length D
Shot No. System [em (in.)] (g/cm3) (cm) (lan/8) Comments
F-3971 Tetryl/TNT 7.6(3) 0.967 50 2.9 (?) low-order, 0.6-cm Plexiglas confinement
E-3975 Tetryl/TINT 7.6(3) 0.964 50 3.0 (?) low order, 0.5-cm Pyrex confinement
F-3977 P-40/CB 7.6(3) 0.972 50 2.8 at v25 cm and low order, 0.6-cm Plexiglas confinement
decaying rapidly
E-4272 P-40/CB 8.8(3.5) 0.953 75 no test
E-4275 P-40/CB 8.8(3.5) 0.950 75 4.5 at 10 cm signals decaying, borderline
3.1 at 25 cm low-high order; 0.6-cm
3.0 at 50 cm Plexiglas confinement
3.0 at 75 cm
E-4274  P-40/TNT 10(4) 0.947 75 no test
E-4266 P-40/CB 10(4) 0.964 75 4.9 at 10 cm high order, 0.6-cm Plexiglas
4.6 at 25 cm conf inement
3.39 at 75 cm
E-4278 P-40/TNT 10(4) 0.960 75 3.5 at 25 cm high order, 0.6-cm Plexiglas
3.3 at 50 cm confinement
3.3 at 75 cm
E-4281 Tetryl/TNT 10(4) 0.945 75 3.4 at 25 cm some overboost at booster/ANFO inter-
3.3 at 50 cm face, high order; 0.6-cm Plexiglas
3.3 at 75 cm confinement
E-4288  P-40/TINT 10 (V) 0.947 75 no test
E-4300 P-40/TNT 9.8(3.9) 0.909 75 3.6 (ion pins) high order, l.6-cm clay-pipe
3.5 (mech. pins) confinement
after 2 diam
E-4307 Tetryl/TINT 9.8(3.9) 0.926 25 l.6-cm clay-pipe confinement
TABLE III
WGE-1 RATE-STICK EXPERIMENT SUMMARY
Length Diam p D
Shot No. Confinement Booster System _ (cm) (cm) (g/cm3) (km/s) Comments
E-4322 0.6-cm P-40/CB 39.3 8.79 1.49 4.83 velocity given is average over entire
Plexiglas : length of rate stick
E-4327 0.32-cm SE-1/Tetryl/CB 122.0 19.79 1.48 4.85 velocity given is for last meter of
Plexiglas run
E-4336 2.22-cm SE-1/Tetryl/CB 167.3 19.85 1.51 4.86 clay pipe has p = 2.3 g/cm3
clay

and (c) experimental data for ANFO and WGE-1 of sev-
eral diameters and confinements.

A. Experimental Techniques

The proceeding detonation wave, high-explosive
(HE) water shock, and water on the confinement-tube/
water interface were observed with a multiple-expo-

sure, image-intensifier camera (IZC) manufactured

at Los Alamos Scientific Laboratory. The 40-mm
image-intensifier tube can resolve 16 line pairs/
mm over the whole frame and has a useful light gain
of 625,

periments on ANFO and WGE-1 are V175 ns.

The exposure times in the water-tank ex—
Photo
floods with four Fresnel lenses are used for back-

lighting the image. A complete description of this



experimental apparatus is given by Winalow, Davis,
and Chiles.15
B. General Analysis of the Experiment

Figure 1 shows a schematic diagram of the ex-
perimental setup for the HE/water—tank experiments.
A cylinder of explosive is detonated from the top
in a transparent confining medium, and we measure
the radial positions of the bubble and shock waves
in the fluid as functions of distance behind the
detonation front. The following question is then
asked: What is the sensitivity of these measure-
ments to differences in basic detonation parameters;
that is, do these measurements give sufficiently
accurate information on detonation properties in
addition to the detonation velocity?

To answer this question, two-dimensional
16,17 are per-—

formed (using code 2DL) on a hypothetical 15-cm-diam

Lagrangian hydrodynamic calculations

cylindrical explosive in water with an initial den-
sityof 1 g/cm3 and a detonation velocity of 4.6 lkm/s.
We assume that the explosive products obey a gamma-
law equation of state with a variable C-J pressure
(PCJ)' The results of two calculations, at P

CcJ
equal to 40 and 50 kbar, are shown in Fig. 2. The

Confining

fluid B = bubble

S = shock

explosive cylinder

Successive positions of bubble and shock
fronts resulting from a detonation wave of
velocity D propagating down an explosive
cylinder immersed in a transparent confin-
ing fluid.

Fig. 1.

differences in bubble-front and shock-front posi-
tions in these two calculations are measurable, and
we can estimate the accuracy to which PCJ can be de-
termined from these measurements.

Let r be the radial position of either the bub-
ble front or the shock front at a fixed position z,
behind the detonation wave. Let z be the general
coordinate normal to the plane detonation wave
front. In general, r will also be a function of
PCJ’ and we can expand r(zo,PCJ) in a Taylor series

for fixed z

r=r + (ar/BPCJ)z dPCJ E . . 1)
Thus
Ar
dPo; = k o= . . 2)
(o]
where
k = zo(aPCJ/Br)z . 3
50 T T T | T
)]
— * Water -]
40— l —
[ =4
'O
b
_ § \ _
= \
€ I
£ - g o\ —
N b \
- = \ .
\
= \
2 \s50
20 = 40
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L1 ] i |

0 10 20 30
r {cm)

Fig. 2. Comparison of calculated bubble- and shock-
front positions using a gamma-law isentrope
for the detonation products with PcJ equal
to 40 and 50 kbar. The calculations were
made with the 2DL code using a sharp shock

burn.



From the calculation results shown in Fig. 2, we
find that k 2 150 kbar for the shock front and k =
300 kbar for the bubble front. From Eq. (2), this
means that if Ar can be measured to within 0.3 cm at
can be deter-

cJ
mined, in principle, to within 1.5 kbar by measuring

30 cm behind the detonation front, P

the shock front, and to within 3 kbar by measuring
the bubble front. Thus, we are better off measuring
shock-front positions in determining PCJ by this
method. These results should not be interpreted as
giving the absolute accuracy of the technique, but
only as indications of the range of errors involved
in data interpretation.

An analytical study was also performed to check
the previous results concerning sensitivity of bub-
at fixed

cJ
detonation velocity. The results follow. Figure 3

ble-front and shock-front positions to P

illustrates a plane detonation wave traveling at
speed D parallel to the interface between the explo-
sive and water. Although this analysis only applies
specifically to a plane interface between the explo-
sive and water, we assume the results indicate the
usefulness of this technique for determining explo-
sive properties in cylindrical geometry.

From elementray principles, the variation of
particle velocity u = (ul, u2) and the material den-
sity p in the centered rarefaction fan behind the
detonation front can be written as three coupled or-
dinary differential equations involving the angle w
between a particular centered rarefaction wave and

the detonation front. These equations are

DETONATION 0
EXPLOSIVE
)
INTERFACE

WATER

Fig. 3. Detonation wave traveling parallel to the
interface between explosive and water.
The interface is bent through an angle a
with the passage of the detonation wave.

du
1 c\d
_dw— b (E) E(% co8s W N (4)
du
2 c\ d
el (E) a% sin w , (5)

/2

where ¢ = (dP/dp)1 is the infinitesimal wave ve-

locity at density p, and P is the pressure (P = PCJ
at @ = 0). Equations (4) through (6) can be solved
analytically with a gamma-law isentropic pressure-
volume relationship for the detonation products to
give the pressure P and the angle a through which
the interface is bent by the passage of the detona-
tion front. The pressure and angle are then matched
with the same calculated quantities in the fluid
that result from a shock front propagating at an
angle § with respect to the interface. This gives
a unique relationship between tan o, tan 6, and PCJ’

or equivalently between tan o, tan 6, and Yy, because

cJ y+1 ’ (N

where P is the initial density of the explosives.
In Fig. 4, the quantities tan o and tan 6 are plot-
ted as functions of y for an explosive (po = lg/cm;
and D = S5 km/s) in contact with water (co = 14.83
km/s and S = 2.0 in the straight-line Us - up rela-
tionship). From this figure we can estimate the
error in PCJ caused by an error in measuring a or
0. Consider measurement of the interface angle
first. The quantity tan o can be thought of as a
function of D and PCJ’ or equivalently, D and Y.
Thus

9 tan O 3y
d(tan @) = (_TY—_)D(——BPCJ)DdPC ;s (8)

when D is held constant. Thus

2

D
dp - Po > ( Y
Y a+y

) d(tan a) . 9

9 tan o D
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Because d(tan a) = Ar/zo in the notation of Eq. (2),
Eq. (9) becomes, with use of the slope of the Y vs

tan a curve in Fig. 4,

- Ar
APCJ = 500 2, (kbar) (10)

for the bubble interface. A similar calculation can
be performed for the shock-front angle 8, with the
result that

8P, = 100 ’i—: (kbar) (11)
The conclusion from this sensitivity analysis
is that the cylindrical test in water provides use-
ful data for the accurate determination of the C-J
pressure in the ideal situation considered here, and
that the shock-front position in the water is a bet-
ter indicator of PCJ than is the bubble interface

Fig. 5.

Shot C-4628; dynamic single exposure of a
detonating cylinder of PBX 9407 in water,
photographed with a 40-mm I2C.

position. We will show later that the interface
position is a sensitive indicator of details in the
release isentrope of the detonation products.

The second step in determining the usefulness
of the proposed experimental measurement is to per-
form tests with a well-behaved explosive whose
properties are known, and compare the results with
theoretical predictions based on these known prop-
erties.

of PBX 9407 unconfined in water (Fig. 5).

This was done with a 1.27-cm-diam cylinder
The det-
onation properties of this explosive were calculated
with the BKW code,18 and were then used as input to
2DL to give bubble-front and shock-front positions
as functions of time (position z, divided by deto-
nation velocity D) behind the detonation front.
Details of the BKW calculations and the 2DL
code are presented in Refs. 16-18. A compari-
son of the calculated and measured positions is
shown in Fig. 6. The agreement is quite good.
Furthermore, the difference between the measured
detonation velocity (7.875 lm/s) and the BKW-calcu-
lated velocity (7.887 lkm/s) is 0.15%.

ment between theory and experiment is excellent

The agree-

here, and the results indicate that the water-—tank
experiments behave as expected.
C. Experimental Results for ANFO and WGE-1

Experimental water-tank data of the type de-
scribed in Secs. III.A and II1.B were obtained for
A10-cm (4-1in.) and v20-cm (8-in.) cylindrical




charges of ANFO with both 0.6-cm (0.25-in.) Plexi-
glas and v1.6-cm (0.63-in.) or 2.2-cm (0.87-in.)
clay-pipe confinement. Measurements were also made
on Vv10-cm (4-in.) and v20-cm (8-in.) cylindrical
charges of WGE-1 with ~v1.6-cm (0.63-in.) or 2.2-cm
(0.87-1in.) clay-pipe confinement. The photographic
records for these experiments are shown in Figs.
7-11, and representative positions of the shock
front in water and interface between confining tube

and water are given in Tables IV-VIII.
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Fig. 6. Experimentally and theoretically deter-
mined shock- and bubble-front positions for
a 1.27-cm-diam PBX 9407 cylinder in water.

Fig. 7. Shot C-4632; 10-cm-diam ANFO cylinder with
Plexiglas confinement.

Fig. 8.

Shot C-4652; 10-cm-diam ANFO cylinder with
clay-pipe confinement.

Fig. 9.

Shot C-4664; 20-cm-diam ANFO cylinder with
clay-pipe confinement.




TABLE IV

EXPERIMENTAL DATA FOR SHOT C-4632%

Shock Interface
z (cm) r (cm) z (cm) r (cm)
0 5.72 0 5.72
1.26 7.11 11.34 7.96
2,52 8.66 12.60 8.13
5.04 11.14 13.86 8.32
6.31 12.25 15.12 8.46
8.83 14.25 16.39 8.63
12.59 17.07 17.65 8.77
16.39 19.92 18.91 8.89
20.16 22,53 20.16 9.05
Fig. 10. Shot C-4691; 10-cm-diam WGE-1 with clay- 25.20 25.33 21.42 9.19
pipe confinement. 30.25 27.86 23.94 9.48
25,20 9.64
30.25 10.18

3por n10-cm-diam ANFO with Plexiglas confinement,
Py = 0.95 g/cm3, D = 3.48 kn/s.

TABLE V

EXPERIMENTAL DATA FOR SHOT C-46522

Shock . Interface

z (cm) r (cm) z (cm) r (cm)

0 6.48 0 6.48

0.33 6.72 8.03 7.83

0.56 6.89 11.94 8.20

1.01 7.10 15.87 8.64

1.33 7.31 19.78 9.03

1.77 7.54 23.71 9.43

2.34 7.88 27.63 10.00

2,93 8.37 31.56 10.43

6.87 11.63 35.49 10.73

10.79 14.59 39.42 11.15

14.72 17.48 43.34 11.48

18.64 20.42 47.26 11.94

22,56 22.95 51.18 12.49

Fig. 11. Shot C-4663; 20-cm-diam WGE-1 with clay- "26.49 25.37 35.11 13.10

pipe confinement. 30.41 27.73 59.03 13.43
34.34 29.83

3Por v10-cm-diam ANFO with clay-pipe confinement,
P, = 0.90 g/cm3, D = 3.47 km/s.




TABLE VI

EXPERIMENTAL DATA FOR SHOT C-46642

TABLE VIII

EXPERIMENTAL DATA FOR SHOT C-46632

Shock Interface

z (cm) r {(cm) z {cm r (cm)
0 12.12 0 12.12
2,03 12.99 15.20 14.73
4.07 14.42 17.24 15.05
6.10 15.99 18.43 15.33
8.14 17.52 19.27 15.36
10.16 19.04 20.46 15.50
12.20 20.55 21.30 15.55
14.23 21.99 22.49 15.83
16.27 23.42 23.34 15.88
18.30 24.79 30.62 16.78
20.33 26.09 34.69 17.25
22.36 27.48 38.76 17.54
24,40 28.81 42.82 17.94
30.49 32.61 48.93 18.61
34,57 35.04 55.03 19.25
40.66 38.57
44.74 40.76

3For v20-cm-diam ANFO with clay-pipe confinement,
P, = 0.90 g/cm3, D = 4,12 lm/s.

TABLE VII

EXPERIMENTAL DATA FOR SHOT C-4691%

Shock Interface

z (cm) r (cm) z (cm) r (cm)
0 6.63 0 6.63
5.11 7.32 2,91 9.54
9.44 7.67 5.82 12.45
13.80 7.96 8.72 15.35
16.71 8.26 11.63 ’ 18.26
19.62 8.56 14.52 21.16
22,52 8.91 17.43 24.06
24,28 9.27 20.34 26.97

23,25 29.88

24.08 30.71

2por v10-cm-diam WGE-1 with clay-pipe confinement,
Py = 1.47 g/cm3, D = 4.53 kn/s.

10

Shock ) Interface

z (cm) r {(cm z (cm r {(cm
0 12.14 0 12.14
8.0 13.1° 2.44 13.13
16.0 14.1° 4.89 14.42
24.0 15.0° 7.32 15.69
32.0 15.9° 9.76 17.14
37.97 16.72 12.20 18.55
40.42 17.03 14.64 19.74
42.85 17.22 17.08 20.97
45.28 17.54 19.52 22.30
47.73 17.86 21.96 23.54
50.18 18.03 24.40 24.88
52.60 18.17 26.84 26.04
55.05 18.37 29.28 27.37
57.49 18.73 31.72 28.63
59.93 18.94 34.15 29.81
69.68 19.74 36.60 31.08

39.04 32.30

41.48 33.54

43.91 34.73

46.35 35.92

48.80 37.01

51.24 54.02

2ror 220-cm-diam WGE-1 with clay-pipe confinement,
P, = 1.50 g/cm3, D = 4.81 km/s.

-bLinear interpolation.

For shots C-4632 (10-cm-diam ANFO with Plexi-
glas confinement) and C-4652 (10-cm-diam ANFO with
clay-pipe confinement), the detonation velocities
are almost identical: 3.48 km/s and 3.47 lkm/s, re-
spectively. This indicates that details of the
type of confinement are not important in this con-
figuration, as long as the sound speed in the con-
fining medium is less than the detonation velocity.
In fact, we conclude that the confinement provided
by both the Plexiglas/water and clay/water systems
is8 equivalent to an infinite medium with mechanical

properties representative of typical rocks. It may



be argued that the agreement in detonation velocity
between shots C-4632 (Plexiglas confinement) and
C-4652 (clay-pipe confinement) is a consequence of
the density difference of 5%. In principle the den-
sity difference may be a factor, but it is not con-
sidered to be significant in actual field applica-
tions where density variations of this magnitude are
commonplace. Also note that the measured detonation
velocity is somewhat less than the value of 3.9 lkm/s
measured by Helm et 81.7 for a 10-cm-diam charge.
Based on ideal performance calculations using
the BKW code,18 the detonation velocity for ANFO
should be 5.44 km/s with a detonation pressure of
73.4 kbar, if the reaction were complete. Compari-
son with the measured detonation speed shows that
conditions are far from ideal. When we go to 20 cm
in experiment C-4664, the detonation velocity in-
creases to 4.12 lm/s. Conditions are tending toward
ideal, but still have a substantial way to go.
Measurements made by Helm et 81.7 show that detona-
tion velocities in ANFO are also well below ideal
conditions for charge diameters of 5.1 cm, 10.2 cm,
and 29.2 cm. In fact, field data7 on a 550-cm charge
of ANFO give a detonation velocity of only 4.7 lm/s.
Hence, even for extremely large charges, the detona-
tion velocity remains considerably below the value
predicted by the BKW code under the assumption of

complete reaction. Persson,14

however, reports det-
onation velocities in ANFO very close to the theo-
retical value of 5.44 km/s for 26.8-cm charges con-
fined in rock.

Therefore, we concluded that the detonation ve-
locity data obtained on 10- and 20-cm-diam ANFOQ
charges are consistent with existing data, and that
reactions in these geometries are nonideal.

Experimental data for 10- and 20-cm charges of
WGE-1 are given in Tables VII and VIII. Based on
complete reaction of this explosive, the predicted
detonation velocity is 7.34 km/s with a detonation
pressure of 187.2 kbar. Comparison with the experi-
mentally determined detonation velocities of 4.53
Im/s and 4.81 km/s shows that this explosive systenm
is also nonideal.

A discussion of nonideal explosives, their
theoretical description, and comparison of water-
tank data with two-dimensional Lagrangian hydrody-

namic calculations based on theoretical equations

of state for ANFO and WGE-1 are presented in the

next section.

IV. NONIDEAL EXPLOSIVES AND THEORETICAL SIMULATION
OF THE WATER-TANK EXPERIMENTS

Maderll

defines a nonideal explosive as one
having a C-J pressure, velocity, or expansion isen-
trope significantly different than expected from
equilibrium, steady-state calculations such as
BKW.18

For example, an experimentally determined det-
onation velocity of 7.55 km/s is observed for Amatex/
40 (po = 1.66 g/cm3), whereas a BKW calculation
gives a value of 7.96 lm/s based on complete reac-—
tion of the AN. Mader showed that if the AN was as-
sumed to be a compressible inert solid, the BKW cal-
culation gave a detonation velocity of 7.15 lm/s,
somewhat below the experimentally observed value.
Therefore, it was concluded that some degree of AN
reaction was occurring. In fact, it was found that
if 50% of the AN underwent reaction, the calculated
detonation velocity was 7.57 km/s, within 0.3% of
the measured value. Hugoniots for 0, 50, and 100%
AN reaction are shown in Fig. 12 along with the ex-

perimentally determined Rayleigh line for Amatex/40.

500 T T
3
Amatex/40 p 2166 g/cm
400 |- Pe*i55 8
o C-J state
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Rayleigh line
’:; 300~ —
=
¢
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& 200 -
Ws0
Wsl0 “wW:05
\
AN
~ B
100 — \
\
\
\
\
N
AN
1 1 M
03 0.4 05 06
Volume {cm/g)
Fig. 12. The BKW-calculated Hugoniots for Amatex/40

(W is the mass fraction of AN that remains
unreacted).
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We apply the same ideas to the performance of
ANFO and WGE-1 to determine the degree of reaction
at the C-J plane. In addition, comparison of calcu-
lated shock and pipe/water interface positions with
water-tank data gives information on when and where
additional reaction takes place.
A. ANFO

For 10-cm-diam charges of ANFO confined with
either 0.6-cm Plexiglas or l.6-cm clay pipe (shots
C-4632 and C-4652), the measured detonation velocity
This is well below the
theoretical BKW-determined detonation velocity of

was approximately 3.5 lm/s.
5.4 km/s for complete reaction. The C~J pressure
corresponding to complete detonation of ANFO is 73
kbar.

candidate reactants remains inert at the C-J plane.

These data indicate that some portion of the

If we assume that 55X of the AN remains inert, a BKW
calculation gives a detonation velocity of 3.5 lm/s,
in agreement with experimental data.

ponding C-J pressure is 24 kbar.

The corres-
Not only do we ob-
tain the C-J pressure and the detonation velocity
from the BKW calculation, but also the release isen-
trope passing through the C-J point. From this in-
formation an equation of state of the detonation
products is constructed and used in a 2DL calcula-
t:ion16’17 to simulate the water-tank shots C-4632
and C-4652. When we compare the computed response
of shot C-4632 with the data, we find that both the
measured shock-wave and Plexiglas/water interface
positions are in poor agreement with the calcula-
tion, as shown in Fig. 13.

We then sought an explanation for this dis-
crepancy. An obvious consideration in this type of
experiment is the optical refraction effect result-
ing from the shock compression of the water surround-
The curved shock

front acts as a lens that makes the radial position

ing the encased cylindrical charge.

of the expanding cylinder appear greater than it
actually is. This effect is analyzed in detail in
the Appendix; it is found to be too small to account
for the difference between theory and experiment
shown in Fig. 13.

Another possible explanation for the discrep-
ancy is that the remaining inert AN at the C-J plane
undergoes reaction behind the detonation front.
Several BKW calculations were performed to determine
the release isentrope from the 24-kbar C-J point

under the assumption that the AN continues to react.
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Fig. 13. Shot C-4632; comparison of measured

(circles) shock and interface positions
with those calculated assuming that 55X
of the AN remains inert behind the deto-
nation front. The contours are the cal-
culated pressures at l-kbar intervals.

Based on the assumption that all of the remaining
(55%) AN is reacted by the time the pressure has )
dropped to 10 kbar behind the detonation wave, a new
release isentrope is calculated and used in a second
Figure 14
Note that both the shock and in-

calculation of water-tank shot C-4632.
shows the results.
terface positions agree better with the experimental
data. These results are not sensitive to the precise
way in which the remaining AN is assumed to undergo
reaction. Numerous two-dimensional calculations were
performed with various additional AN reactions and
all results were identical to those shown in Fig. 14.

A computer simulation of shot C-4652 was run
to see if the results we have just presented depend
In shot C-4652, 10
cm of ANFO was confined with 1.6 cm of clay pipe
(po = 2.3 g/cm3 and bulk modulus is 168 kbar) in
place of Plexiglas.

on the details of confinement.

Figure 15 shows the results of
calculations based on the same explosive equation
of state used in the calculations of Pig. 1l4. Be-
cause of the good agreement, we again concluded
that Plexiglas and clay-pipe confinement are approx-
imately equivalent and that ANFQ performance is not
very sensitive to the confinement details in the
10-cm configuration.

In addition, an "end-on air-shock experiment"

was conducted to provide an independent check of



these results. In this experiment, a relatively
short, 10-cm—-diam ANFO dylinder was detonated from
one end, and the velocity of the resulting air shock
was measured as the nearly plane detonation wave
reached the opposite end of the cylinder. The ex-

perimental record is shown in Fig. 16 as three
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Fig. 14. Shot 4632; comparison of measured
(circles) shock and interface positions
with those calculated assuming that all of
the remaining (55%) AN reacts by the time
the pressure drops to 10 kbar. The con-
tours are the calculated pressures at l-
kbar intervals.
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Fig. 15. Shot C-4652; comparison of measured

(circles) shock and interface positions
with those calculated with the same ex-
plosive equation of state used in Fig. 14.
The contours are the calculated pressures
at l-kbar intervals.

/
exposures of the shock wave in air after the detona-

tion has reached the end of the cylinder.

If we know the air Hugoniot, we can establish a
single pressure/particle-velocity state for the det-
onation products. This state is shown in Fig. 17
with the three release isentropes for ANFQ corres-
ponding to complete reaction, 55% inert AN with no

additional burn to completion, and 557 inert AN with

&

P

)

Fig. 16. Shot C-4655; three exposures of air shock
induced from the end of a 10-cm-diam ANFO
cylinder.
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Fig. 17. Release isentropes for ANFO for complete

reaction, 457 AN reaction, and 45% AN re-
action with additional burn. Also shown
is the experimentally determined point on
the air Hugoniot from shot C-4655.
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additional burn to completion. It is clear from
Fig. 17 that the air-shot data are in good agreement
with the assumption of 45% AN reaction at the C-J
plane followed by additional burn to completion.
Table VI gives results for a 20-cm-diam ANFO
charge in clay pipe surrounded by water. The meas-
ured detonation velocity of 4.1 km/s is greater than
the 3.5-km/s velocity for the 10-cm-diam charge but
still considerably less than the theoretical value
of 5.4 lm/s based on complete reaction. If we as-—
sume that 38% of the AN remains inert at the C-J
plane, a BKW calculation predicts a detonation ve-
locity of 4.1 km/s and a C-J pressure of 36 kbar.
Figure 18 shows the results of a 2DL calculation of
shot C-4664 assuming the remaining 38% AN undergoes
reaction close behind the C-J plane. The calculated
position of the shock front agrees well with the
data, but the clay/water interface does not. The
calculated interface position is parallel to the
measured position but at a smaller radius. This may
indicate a physical shortcoming in the way the addi-
tional energy release is calculated. Here we have
been treating it as a rate-independent process by
varying the release isentrope. Perhaps a more so-—
phisticated method of rate-dependent energy release
would give the confining pipe a greater initial
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Fig. 18. Shot C-4664; comparison of measured
(circles) shock and interface positions
with those calculated assuming that 38%
AN is inert at the C-J plane but reacts
within a2 few tens of microseconds later.
The contours are the calculated pressures
at l-kbar intervals.
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acceleration in better agreement with experimental

observation. This remains to be investigated.

B. WGE-1

Water—-tank shots C-4663 (20-cm—-diam) and C-4691
(10-cm-diam) conducted on WGE-1 were described in
Sec. III.C. For the 20-cm-diam charge, the detona-
tion speed was 4.81 km/s, well below the ideal det-
onation speed of 7.3 km/s at a C-J pressure of 187
kbar. Therefore, we conclude that this explosive's
performance is nonideal and can be treated in the
same way as that for ANFO. A BKW calculation for
this explosive gives a C-J pressure of 71 kbar and
a detonation velocity of 4.95 km/s under the assump~
tion that none of the AN reacts (this explosive is
46 wt% AN). This velocity is slightly greater than
that measured experimentally, which implies that
perhaps even some of the other constituents do not
undergo complete reaction. Because the calculated
value of 4.95 km/s is reasonably close to the meas-
ured detonation velocity, we did not try to refine
the calculation.

We chose to limit the reaction of the AN rather
than that of some of the other constituents because
AN reaction actually reduces the C-J temperature as
a result of the way energy is partitioned between
potential and kinetic contributions. A heuristic
way of picturing this is to consider both the posi-
tive heat of reaction of AN and the change in heat
capacity of the reaction products caused by addi-
tional AN reaction. If the heat capacity increased
fast enough, it could offset the effect of the heat
of reaction that is causing the temperature to in-
crease. This is what happens for AN.

If we assume that none of the AN reacts at the
C-J plane and that the AN remains inert behind the
detonation wave, a 2DL calculation is compared with
the experimental data for shot C-4663. The results
presented in Fig. 19 show very good agreement be-
tween theory and experiment for both shock and in-
terface positions. Thus, we conclude that, on the
time scale of this shot at least, the AN in WGE-1
does not react at all.

To examine the effect of additional reaction
on the computed shock and interface positions, a
second calculation was run in which it was assumed

that all of the AN reacted within a few microseconds




behind the C-J plane. The results of this calcula-—
tion in comparison with measured values are shown in
Fig. 20. Additional AN reaction has a significant
effect on the measured positions; therefore we con-
clude that if this reaction had occurred, it would

have been observed experimentally,

V. CONCLUSIONS

The results of the experimental measurements
and theoretical analyses presented here have shown
that the water—-tank technique is very useful in
determining the nonideal explosive properties of
commercial explosives. The specific conclusions
that have been reached concerning ANFO and WGE-1
follow.
L] A 10-cm-diam cylinder of ANFO with either
Plexiglas or clay-pipe confinement has a detonation
velocity of n3.5 lm/s, corresponding to 55% AN re-
maining inert at the C-J plane. The calculated C-J
pressure is 24 kbar (compared to 71 kbar for an
ideal reaction). The remaining 55% AN undergoes
reaction within a few microseconds behind the C-J
plane.
L] A 20-cm-diam cylinder of ANFO with clay-pipe
confinement has a detonation velocity of 4.1 km/s,

corresponding to 38% AN remaining inert at the C-J

plane. The calculated C-J pressure is 36 kbar.
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Fig. 19. Shot C-4663; comparison of measured

(circles) shock and interface positions
with those calculated assuming that none
of the AN reacts during the experiment
(w60 ps). The contours are calculated
pressures at 5-kbar intervals.

The remaining 382Z AN undergoes reaction within a
few microseconds behind the detonation front. De-
tailed agfeqnent between theory and data is not as
good for shot C-4664 as for the others, possibly
because of the elementary rate-independent way in
which additional reaction was treated theoretically;
that is, by simply modifying the release isentrope
to reflect the higher pressures maintained to great-
er specific volumes. More sophisticated treatments
of rate-dependent energy release may rectify this
problem.

L] A 20-cm-diam cylinder of WGE-1 had a detona-
tion velocity of ~4.8 km/s, corresponding to all of
The cal-
culated C-J pressure is 71 kbar (compared to 187

the AN remaining inert at the C-J plane.
kbar for an ideal reaction). The experimental evi-
dence is that the AN constituent does not undergo
reaction during the experiment (>60 us).

L] A 10-cm-diam cylinder of WGE-1 had a detona-
tion velocity of 4.5 km/s, indicating that even
less reaction occurred. Because 10 cm is near the
unconfined failure diameter for this explosive, no
attempt was made to simulate the experiment numer-—
ically for estimating which constituents were in-
hibited from reaction.
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Fig. 20. Shot C-4663; comparison of measured

(circles) shock and interface positions
with those calculated assuming that none
of the AN reacts at the C-J plane but
does within a few microseconds behind the
detonation wave. The contours are calcu-
lated pressures at 5-kbar intervals.
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APPENDIX

INDEX~OF-REFRACTION EFFECTS

Lack of agreement between the calculated and
experimentally determined Plexiglas/water interface
prompted the following three-dimensional analysis of
refraction effects in the water-tank experiments.
This analysis begins with the following definition
of terms in reference to Fig. A-1.

r = bubble radius (at distance z, behind det-

onation)

R = ghock radius (at distance Zo behind detona-

tion)
= unit vector normal to shock front at E
= angle between the shock front and cylinder

axis

>
[}

unit vector parallel to x-axis: the cam-
era is located at infinity along the posi-
tive x-axis

@ = angle between f and 1 (the angle of re-
fraction)

6" = the angle of incidence

@i = unit vector normal to the plane defined

by fi and {:

8r = error in locating r of bubble interface

o=nxi
8z = error in locating z of bubble interface
D = scalar distance between the apparent and
true positions of a point on the bubble
front
% = angle between m and z-axis
The first step in calculating 8r and 6z is de-
fining the unit vector n, normal to the shock front
at point E in Fig. A-1. This can be done by noting
that the equation for the cone tangent to the shock
front at a distance z, behind the detonation front
is

f(x,y,z) =V x2 + y2 - z tan a = constant,

(A-1)

and the normal fi is in the direction Vf. Thus
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vf = (x/R, y/R, -tan a) . (A-2)
We evaluate this vector function at x = AE =

RY1 - (r/R)2 and y = -r, with the result that

A = cos a(/ 1 - (r/R)z, -r/R, -tan a) . (A-3)

Because'i = (1,0,0), the unit vector A = & x 1 and
the angle 6 are easily found to be

fi = cos (0, -tan a, r/R) , (A-4)
cos 6 =cosa /1 - (r/R)2 . (A-5)

Because B' and 6 are the angles of incidence and re-

fraction, we find

A s Apparen! Poslilon
Te True Posltion Bubble

Fig. A-1.

Location of apparent and true positions
of bubble interface as viewed by observer
located at a great distance (compared to
R) along the positive x-axis.




n

o' = sin_lc:% sin 8) , (A-6)

which can be expanded in a Taylor series in n about
ng (because the difference between n and ng is very
small),

sin 6

4 1+s:l.n2 0

o' =9 - (n - no) . (A-7)

Therefore, to a very good approximation, the differ-
ence between 6 and 6' is given by

sin 6

Y1+ sin2 0

6 - 0" = (n - no) . (A-8)

Because this angular variation is small, the line

segment AT = D in Fig. A-1 is given by

AT = D = AE (6 - 8')

s (A-9)
or

! 2
D = RYl - (£/R)” sin B (a-n) . (A-10)

o
/1 + sin2 0

From Eqs. (A-4) and (A-10) it is now very easy

to determine 8r and 8z. Because

cos ¢ =fi - (0,0,1) R (A-11)
we find that
Rcos ¢ = r cos a N (A-12)

and therefore

/1 - (z/R)?
1+ s:l.n2 0

A - @/R)?
Y1 + sin2 0

8r = D cos ¢ = cos a sin ¢ (n - no) N

(A-13)
8z =D sin ¢ =

sin ¢ sin 6 (n - no) s

(A-14)

or

Sr _

< = N cos o N (A-15)

Sz

S =Nsing s (A-16)
2

N = Zi—:—ssigl——sin 6 (n - no) B (A-17)

/A + sin’ 0

From the initial calculation of the ANFO/
Plexiglas/water experiment we find that at z = 25
cm behind the detonation front (see Fig. A-2), r =
8 cmy, R =25 cm, a = 30°, and the average volume is
"0.92 cm3/g. The index of refraction of wat:erl9 is
n, = 1.34 at a specific volum;oof 1 cm3/g. Doxrsey19
refers to the work of Quincke in which he found
that the product of (n - 1) and the specific volume
v was nearly constant. Thus

(n - 1)v = (no - 1)vo (A-18)

€0 T T
F «— Plexiglas
ANFO Water 3
Y%=l0cm™/ g
1
40 0
E
2
=
»
<
S
£
© Detonotion
Products
0
0
Rodius {cm)
Fig. A-2. Calculation of the ANFO/Plexiglas/water

experiment. Contour lines are specific
volume v in cm3/g. At a distance of ~25
cm behind the detonation front, the shock
wave makes an angle of A30° to the cyl-
inder axis.
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or

v
(n-n)=(a - 1)(7°— 1) = 0.03 . (A-19)

Prom thege values we find that 8r/r = 0.012 and §z =
0.34 cm; that is, the corrections in this case are
fairly small. Certainly they are not large enough
to account for the differences between theory and
experiment shown in Fig. 13.

For completeness, we have applied the analysis
presented here to the data given in Table III. From
Fig. A-2, we can estimate the average specific vol-
ume behind the shock front as a function of z (the
distance behind the detonation front in the ANFO).
Then, with the use of Eq. (A-18), the average index-
of-refraction change can be found. The result is

expressed mathematically as

-(z/15)

n-n, & 0.093 e + 0.020 s (A-20)

= 1.34 and z is in centimeters. With this

variation of index of refraction, the data on bub-

where n
o

ble-front position given in Table IV are corrected

as shown in Table A-I. This correction is clearly

much smaller than the difference between theory and
experiment in Fig. 13.
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