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Predicting blast waves from the axial direction of a
cylindrical charge.

Clare Knock*@, Nigel Davies!®, Thomas Reeves'®!

Abstract: Bare, cylindrical, explosive charges produce secondary shock waves in the direction of least presented area. Whilst the source of
these shock waves was explored in the 1940’s, no attempt was made to predict them. This paper describes the detonation of bare, cylindrical
charges of PE4 (RDX binder 88/12%), mass 0.2 to 0.46 kg and with a length to diameter ratio of 4 to 1. High speed camera footage showed i)
the formation of the separate, primary, shock waves from the sides and ends of the charge, ii) Mach reflection of these separate shock waves,
giving rise to reflected, secondary shock waves, and iii) the secondary shock waves catching and merging with the primary shock wave. In the
axial direction, the secondary shock wave’s peak overpressure and impulse exceeded that of the primary shock wave for scaled distances, Z =
M3 /R 2 3.9 m kg '3, where M is the mass in kilogrammes and R the distance from the charge in meters. It was found possible to predict the
primary peak overpressure, P, at all distances in the axial direction, for a constant length to diameter ratio, using P = 3075 Z® — 1732 Z2 +305
Z'. Close in the primary peak overpressure is proportional to M/R® in the axial direction. It was not possible to predict the secondary peak
overpressure with the data obtained. The total impulse from both shock waves, |, in the axial direction can be predicted using | = 746 (M??/R)?

— 708 (M?*/R)? + 306 (M2%/R).
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1 Introduction

Explosives are compared using TNT equivalency in
many situations such as explosive safety [1], the study
of blast effects [2] [3] and for landmines [4] [5] [6].
Many military and civilian explosive charges are
cylindrically shaped. However TNT equivalency is
based on spherical charge data. This is the case for
the computer program CONWEP (based on [7]), which
uses an electronic set of experimentally based data to
determine the blast wave parameters from an
explosion. However, it has been known since at least
the 1940's [8] [9] that blast waves from cylindrical,
explosive charges differ from the blast waves from
spherical, explosive charges. These differences
include a peak overpressure from cylindrical charges
that can be double that from spherical charges of the
same mass [10]. Also cylindrical, explosive charges
can generate secondary shocks which can be
comparable or even greater in amplitude to the primary
shock waves [11]. Despite this, since the work by
Wisotski and Snyer [12] in 1965 and Plooster [11] in
1982, there has been a paucity of data on cylindrical
charges. Only recently have authors begun to
comment on the limits of TNT equivalency [13-17] and
how this affects explosive storage safety [3] [4] [18]
and explosive performance [19] [20] and consequently
new modelling and experimental techniques are now
being developed [5] [20-22].

The objective of this paper is to address
some of these issues by studying the shock waves in
the axial direction of cylindrical charges. The aim is to
determine if it is possible to predict the impulse and
overpressure for cylinders in the axial direction. To do
this data has been collected from new experiments on
bare, cylindrical, explosive charges of PE4
(RDX/binder 88/12 %). The results were then
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analysed to develop emperical equations to predict the
peak overpressure and total impulse in the axial
direction.

In this work the following definitions will apply.
A circular cylinder is defined as having a length, L, to
diameter, D, ratio (L/D) of greater or equal to 1; L/D =
1. A disc has a length to diameter ratio of less than 1;
L/D < 1. The curved surface of the charge is defined
as the side and the two flat surfaces the ends. The
radial direction is perpendicular to the curved surface
and the axial direction is perpendicular to the flat ends.
The scaled distance used is defined by Z = R/M'3
where R is the distance from the explosion and M the
mass of explosive.

1.1 Previous work on shock waves
generated by cylinders

Experimental work using pressure sensors and
photography [12] [23] has shown that when a
detonation wave travels through a cylindrical charge
from one end to the other, it results in the generation of
multiple shockwaves, as shown in Figure 1. The first
shockwaves seen are as a result of the gas generated
by the detonation expanding outwards [12]. These are
known as primary shockwaves. A primary shock wave
radiates out from the side and is known as the primary
side shock wave. Separate shock waves radiate out
from the ends and are known as the primary end
shock waves [23]. As the shock waves expand
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outwards, the separate, side and end shock waves
meet and reflect from each other. As they meet at an
obtuse angle the reflection is a Mach reflection [23, pg
353]. This Mach reflection generates Mach stems,
known in this instance as bridging waves, between the
two shock waves [12, pg 20], see Figure 1. These
bridge waves and Mach reflections have been
photographed by Wisotski and Snyer [12] and
Woodhead (cited in [23, pg 353]).

Figure 1. Development of shock waves and
bridge waves from cylindrical charges. Based on [12].
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The Mach reflections, or secondary shock
waves, then travel out towards the centre lines in the
axial and radial direction of the explosive charge.
Thus there is a secondary shock wave travelling out
behind the first, or primary, shock wave in each
direction, Figure 1.

At any collision with a boundary, energy from a
shock wave is either reflected or transmitted across
the boundary. In this case there are two shock waves
colliding. The stronger shockwave will transmit energy
across the interface. The shockwave in the direction
of maximum presented area is the stronger shock
wave [12, pg 18]. As a result energy is transmitted in
the direction of least presented area. Wisotski and
Snyer [12, pg 22] described this as the “feeding-in" of
energy from the direction with the largest presented
area to the direction with the smaller presented area.
For a cylinder the curved surface is the largest
presented area. For a disc the ends have the largest
presented area. For a cylinder this means the energy
is transmitted from the shock wave generated from the
curved surface to the axial direction. So secondary
shock waves are seen in the axial direction. However
in the direction perpendicular to the curved surface of
the cylinder it was found that any secondary shock
waves due to the Mach reflections were too weak to be
seen in the pressure measurements [12]. In contrast
for a disc with a length to diameter ratio of 1/4, the
largest presented area is the flat end of the disc. In
this case multiple shocks were seen from the curved
side of the cylinder [12, pg 22].

The velocity of a shock wave depends on the
peak pressure, ambient pressure, specific heats of the
medium and the ambient sonic velocity [12, pg 23].
The reflected shock waves have a higher pressure [7]
and hence a higher velocity. Hence the secondary
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shock waves can overtake the primary shock wave.
This results in a single shock wave, known as a
“healed” shock wave [12, pg 21].

Taking the detonation velocity of RDX as 8700
ms-' [24], then the detonation process takes 21 us for
a 0.185m long cylindrical charge, detonated from one
end. This will not affect the formation of the shock
wave from the flat surface at the opposite end to the
detonation point. However it means that the shock
wave from the curved surface of the cylinder will form
asymmetrically. The part of the shock wave closest to
the point of detonation forms first and begins to
expand outwards before all of the charge is detonated.
In the work in this paper, the fireball hides the shock
wave on the camera for the first 400 ys and it takes
350 ps for the shock wave to reach the first pressure
gauge. Therefore in this work it is assumed that the
interval over which the shock wave is formed can be
neglected compares to the timescales of the results
being examined. Further work studying the
shockwave in all directions would be needed to
determine if this assumption is valid.

1.2 Previous predictions of shock wave
parameters for cylindrical charges

Several authors have used emperical
equations to predict the peak overpressure and
impulse from explosive charges. Plooster [25]
developed complex empirical equations to predict the
primary peak pressure at all angles around a
cylindrical charge. However the equations do not take
into account any secondary shock waves.

Previous work by the authors [26-28] has
studied the shock wave from the curved surfaces of
cylindrical and disc charges. This lead to empirical
methods for predicting the peak pressure and impulse
in the radial direction for cylindrical charges.

For charges where L/D = 2, then close into the
charge (Z < 3.5 m kg'®) the peak over pressure, P, in
the radial direction is given by [26]

p=K, 1 Ean. (1)

R

To take into account the pressure further out,
where the shocked waves have healed to that of a
sphere, the authors developed an equation for all
distances, given by [26]

P=C,(Z)”+C,(2)”+C,(2)" Eqgn. (2)
where C'1, C2 and C's are explosive dependent
constants.

For cylinders and discs combined, close into
the charge (Z < 3.5 m kg ) the peak over pressure in
the radial direction is [28]
K, M(L/D)"
e

Further out the peak overpressure is [28]

P=C/(Z)"+C,(Z)*+C,(2)" Ean. (4)
where Z'= M'(L/D)"®/R and Ci, C2 and C3z are
explosive dependent constants.

At all distances and all L/D ratios the impulse,
I, in the radial direction can be predicted by

P= Ean. (3)
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I= KITW Eqgn. (5)
or

K MO.S
1= KME Eqn. (6)

where K| and K| are explosive dependent coefficients.
There is not enough data available to decide which
equation gives the best results.

This previous work by the authors [26-28] only
examined the primary shock wave radiating out from
the curved surfaces of the cylinders and discs. It did
not predict the blast wave in the axial direction and
neglected any secondary shock waves that are often
seen from the direction of least presented area [12].
This issue is examined in the work in this paper.

1.3 Computer modelling

Computer modelling of shock waves from
explosions has looked at the effect of cylindrical
charges on deformable panels [29] or aluminium
cylinders [30] and blast waves from spherical charges
in confined facilities [31].

Baum et al [29] used coupled computational
fluid dynamics and computational structural dynamics
models to model a cylindrical charge detonating inside
a tube and the resulting blast impacting on deforming
plates. Baum et al comment on the observed 'jet
propagating upstream' [29] in the axial direction.
Contour plots of the results show the intersection of
the side and end primary shock waves and potentially
the formation of bridging waves. However reflections
from the surface of the containing tube interact with the
bridge wave region before there is any sign of the
formation of secondary shock waves.

Tham [30] models the blast from single end
and double end initiated cylindrical charges. The
results show, as expected, that the velocity field is not
'spherically distributed' [30]. Contour plots show the
interaction of the end and side shock waves. However
there is no discussion of the formation of secondary
shock waves and their effect on the observed impulse.

2 Experimental work

To obtain sufficient experimental data to predict the
shock wave parameters from the flat ends of cylindrical
charges, new experiments were required. This
experimental work was carried out to measure the
pressure and impulse from the end of bare, cylindrical
charges of explosive.

PE4 (RDX/binder 88/12 %) was used as the
explosive, due to its ease of packing into a variety of
shapes. The charges were hand-packed using metal
moulds lined with paper. The paper was used to ease
the charges from the moulds and to support the
charges until they were fired. Six different charge
sizes were used, each with a L/D ratio of 4/1, Table 1.
The charge masses varied from 0.207 to 0.46 kg.
There were three replicates of each charge. All charge
replicates were accurate to within £ 0.001 kg. The
charges were initiated from the centre of one end, the
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0¢ position in Figure 1. The detonator used was the
Nobels explosive company number 8 star, containing
1.4 g of explosive.

Table 1. Experimental charge sizes

Mass (kg) Diameter (m) Length (m) L/D

0.207 0.035 0.142 4.06
0.249 0.037 0.151 4.08
0.314 0.04 0.164 4.08
0.363 0.043 0.170 3.96
0.416 0.044 0.179 4.03
0.459 0.046 0.185 4.03

The firings were carried out outside. The
charges and pressure gauges were placed two meters
above the ground to avoid ground reflections during
the positive phase of the shock waves. Pressure was
measured using six Kistler 211 pressure transducer
gauges. The gauges were placed along the direction of
the charge axis, at the far end from the ignition point
(at 1802 in Figure 1). The distance from the explosive
varied from 0.7 to 5.4 m. The gauges were placed
such that the face of the gauge was parallel to the
axis, Figure 2. This means that only shock waves
travelling parallel to the flat end of the explosive
charge will pass over the gauges as side-on shock
waves. Shock waves travelling at an angle to the flat
ends will be measured as reflected shock waves.

The firings were filmed in black and white
using a high-speed Phantom V12 camera.

Figure 2. Experimental set up.

Pressure gauges

RS

2.1 Experimental errors

It is possible to achieve high resolution when using a
high speed camera in optimum contitions. Working
indoors, McNesby et al [32], achieved an exposure
time of 300 ns at 2.5 Mfps using a Cordin Co. Model
570 digital camera.

The work presented in this paper was
undertaken outdoors. Due to the weather conditions
there was limited light available for using the high
speed camera. As a result the high speed camera
was operated with an exposure of 19.48 us and
interval of 55.55 ps. The number of pixels in each

3
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image was 640 by 480. To capture the movement of
the multiple shocks out to a distance of 3 m this limited
the resolution to 3.2 mm per pixel. Using the data from
the pressure gauges it was found that the secondary
shock wave travelled at 487 ms-' between 1.98m and
2.98m, see Section 3.2. This equates to the shock
wave moving 9 mm during the exposure of each
frame. This distance will be even greater close into
the charge where the shock wave is faster. As a result
the shock wave is not as sharp as it could be, Figure 3.
The distance travelled by the shock waves between
exposures is 2.7 cm.

Figure 3. Results showing the asymmetric fireball and
shock waves of a cylindrical charge of 0.459 kg at 1.39
ms.

Bridge waves
form here

Primary end

For the pressure gauge meaurements
thermal effects on the gauges generally show up as a
drift in the pressure before the shock wave arrives.
The maximum drift seen was 2 % of the peak
overpressure. Where this occurred the drift was
subtracted from the overpressure measured.

The pressure gauges gave a variance
between the arrival times of the shock waves for
replicate firings of under 1 % for all gauges. The
primary peak overpressure varied by up to 20 % at a
distance of 0.98 m, Z = 1.27 mkg'3. As the shock
waves move out, the values from the replicate firings
converge, dropping to a variation in primary peak
overpressure of 9% by 1.98 m, Z = 2.4 mkg's.
Plooster [11] working with pentolite (PETN/TNT,
50/50%), obtained an average variation in pressure
across all measurements of 8.4 % for scaled distances
of 1.4 to 6.15 mkg'3. As found in this work, Plooster
found that the variation between replicates decreased
with distance. The variation in Plooster’s work varied
from 14% at Z = 1.4 mkg'® to 4% at Z = 6.15 mkg 3.
At Z = 24 mkg'® the variation in data was
approximately 11%. (Note these percentages are
estimates from a graph on pg 63 [11]). So the
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variation between replicates in this paper and in
Plooster is similar.

By callibrating the pressure gauges before and
after the experiments Plooster found that 2.9 % of the
variation was due to the callibration of the gauges.
Plooster also carried out tests on HMX spheres. He
found that the HMX spheres gave a 2 % variation in
values. However the HMX pressure gauge results did
not show the “bumps and wiggles’ [11] seen in the
pentolite data. Plooster used high resolution laser
photography on the pentolite and HMX charges. This
showed that for the pentolite there were 'many density
fluctuations in the flow behind the shock fronts, while
almost none were detected in the HMX spheres™ [11,
pg 64]. Plooster concluded that these fluctuations had
lead to the variation in results. The hand packed PE4
charges in this work, almost certainly have density
variations that could lead to similar fluctuations as
those seen by Plooster for pentolite. The changes in
density will result in changes in detonation velocity and
hence could account for the variability in the measured
blast pressures.

3 Experimental results

The results from the experiments were analysed in
three stages. First the high speed camera footage
was examined to study the secondary shock waves.
Next the pressure gauge traces were analysed and the
results compared to the high speed camera results.
Finally the results from the pressure gauges were used
to develop methods for predicting the peak
overpressure and impulse of the shock waves formed.

3.1 High speed camera results

As with all the charges, the high speed camera images
of the blast wave from the cylindrical charge of 0.459
kg showed the asymmetry of the fire ball and the blast
wave. This is shown in Figure 3, taken at 1.39 ms.
The fireball jets out from the ends and sides of the
cylinder and not the corners. Both the primary side
wave from the curved side of the cylinder and the
primary end wave from the flat ends of the cylinder can
be seen radiating outwards from the explosion.

At the junction between the shock waves from
the curved side and the end of the cylinder, the two
shock waves reflect from each other. Mach stems or
bridging waves form at the junction, Figure 4. As the
shock waves radiate outwards, the bridging waves
fade. This leaves the two primary hemispherical
shockwaves, Figure 5, which 'join' around a circular
path. This is seen as a two dimensional effect on the
high speed video images. Two reflected waves are
also seen to form. One, labelled "Reflected side wave’
in Figure 5, moves out behind the primary side wave.
Partially hidden in the fire ball, at approximately the
position of the arrow in Figure 5, the secondary end
wave is formed. This secondary end wave then moves
away from the charge behind the primary end wave,
Figure 6.



Full Paper

Figure 4. Bridging waves between the side and end
waves, 0.459 kg at 1 ms.
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Figure 5. Formation of secondary waves, 0.459 kg at
2.11 ms.
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As the shock waves travel outwards from the charge,
the secondary end shock wave (labelled reflected end
wave by Wisotski and Snyer [12], see Figure 1) can be
seen following at an angle behind the primary-end
shock wave, Figure 6. Further out the secondary
wave, is seen to catch up with the primary end wave,
forming a single shock wave radiating out.

3.2 Pressure gauge results

The best high speed video was obtained for one of the
0.459 kg charges. This high speed video for 0.459 kg
was compared to the corresponding pressure gauge
measurements.

3.1.1 Overpressure

The peak overpressures for the outer gauges (1.48,
1.89, 2.89, 3.98 and 5.34 m) are shown in Figure 7 for
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Figure 6. Development of secondary end wave, 0.459
kg at 3.6 ms.

Secondary
end wave

the 0.459 kg charge. At 1.48 m from the explosive
there is a single peak overpressure. Further out at
1.98 m, Z = 2.6 mkg'”?3, two peaks are seen on the
pressure curve. The first is higher (67 kPa) than the
second (35 kPa). Even further out, at 2.98 m, Z = 3.9
mkg'3, the second overpressure peak (54 kPa)
exceeds the first one (24 kPa). A study of all the
firings showed that for all values of Z > 3.9 mkg'? the
peak overpressure of the secondary shock wave
exceeded that of the primary shock wave.

Figure 7. Pressure time profiles for the 0.459 kg firing
at 1.48, 1.89, 2.89, 3.89 and 5.34 m.
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Looking at the high speed video footage the
pressure gauge closest to the explosion, at 0.98 m, is
enveloped by the fireball. As a result the primary end
shock wave can not be seen. At the second gauge on
the high speed video, at 1.39 m, the primary end
pressure wave is seen passing the gauge at 1 ms,
Figure 4. The pressure gauge at 1.39 m, Figure 7,
measures the primary shock wave arriving at 0.94 ms.
Given that the high speed images are 55 us (0.055
ms) apart, this is within the experimental error of the
high speed camera.

McNesby et al [32] used high speed video
footage to predict the peak overpressure of shock
waves from explosions using the equation
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7(M2-1)
—=P, Eqn. (7)
6
where Pa is the ambient pressure and Ma is the
mach velocity in the ambient medium = Us/c where Us
is the velocity of the shock wave and c the velocity of
sound in the ambient medium. For the current work
the ambient pressure, Pa, was 101200 Pa and the
ambient temperature 10°C, giving ¢ = 337 ms™' [33].

In the work in this paper there was limited light
to observe the shock waves. As a result the only
images sharp enough to pinpoint the shock’s position
were for the primary overpressure at the 1.48 and
1.98m gauges for the 0.459 kg firing. For the primary
shock wave the velocity was 572 m s! at 1.48m and
429 m s at 1.98m. This gives a peak overpressure
using Eqgn (7) of 232 + 27 kPa at 1.48m and 69.8 + 23
kPa at 1.98m. The error is calculated based on the
distance the shockwave could travel within one
exposure, 9mm. The results measured by the
pressure gauges are 217 kPa at 1.48m and 68 kPa at
1.98 m. These two sets of results for the peak
overpressure are within 7%. This error is less than the
variation between replicate charges seen at 1.98 m
(Section 3.1). This suggests that the pressure gauges
are reacting fast enough to capture the peak
overpressure.

Next the secondary peak overpressure was
studied. @ The second peak passes the second
pressure gauge at 3.98 m at 3.6 ms, Figure 7. The
high speed camera footage at 3.6 ms shows, Figure 6,
that this second peak overpressure is due to the shock
wave that passes the gauge at an angle.

As the shock wave crosses the gauge at an
angle, a reflected rather than side-on peak pressure
will be measured. As a result the measured pressure
will be greater than the actual side-on pressure.

With distance the peak overpressure of the
primary shock wave decreases as it expands out to
cover a larger volume and looses energy to the
atmosphere. In contrast the secondary peak
overpressure increases between 1.98 and 2.98 m.
This is because it takes time for the the secondary
shock wave to expand out and cross the centreline in
the axial direction.

As a reflected wave the secondary shock is at
a higher pressure than the primary shock wave and
hence from Eqn. (7) travels faster than the primary
shock wave. By using the time of arrival at
consecutive gauges it can be shown that the average
velocity of the secondary shock wave between 1.98 m
and 2.98 m is 487 ms™' compares to 388 ms™' for the
primary shock wave. Hence further out the second
pressure wave begins to catch up to the first wave. By
5.43 m, for two of the 0.459 kg firings, there is only a
small time interval between the two overpressure
peaks as in Figure 7. In the third firing, the two
pressure waves were found to have already
coalesced.

P=

3.1.2 Impulse
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To study the impulse, the total impulse was
defined as the impulse for both shock waves, that is
the impulse until the overpressure drops below
ambient after the passing of the second shock wave.
At no time did the pressure drop below ambient before
the arrival of the second shock wave. As with the peak
overpressure, the pressure gauge is measuring a
partially reflected wave. As a result it measure a
higher impulse than for a side — on shock wave.

It was assumed that the impulse from the first
pressure wave could be determined by assuming that
the first pressure wave decayed as a Freidlander curve
[34] until the over pressure drops below ambient
pressure. Considering the 0.459 kg charge in Figure
7, then at 1.98 m the impulse from the primary shock
wave is 70 % of the total impulse, Table 2. At 2.98 m
the impulse from the primary shock wave is 35 % of
the total impulse. By 3.98 m the primary shock wave
accounts for just 20 % of the total impulse. Studying
all the firings showed that for Z > 3.86 mkg'® the
impulse of the secondary shock wave exceeded that of
the primary shock wave. Hence prediction of the
secondary shock waves is essential to predict the
maximum pressure and the impulse from the axial end
of a cylindrical charge of explosive.

Table 2. Impulse for 0.459 kg charge

Distance Total Impulse primary  Impulse primary

(m) impulse  shock wave shock wave
(kPams) (kPams) (% of total)

1.98 49.7 34.6 70%

2.98 44.3 15.9 35 %

3.98 34.5 7.1 20 %

In conclusion the high speed camera footage
shows that the second peak pressure seen in the axial
direction of a cylindrical charge is due to the formation
of a secondary pressure wave travelling outwards from
the charge at an angle to the axial direction. For a
scaled distance of Z > 3.9 m kg '® this secondary
shock wave has an impulse and peak overpressure
greater than the primary shock wave.

4 Shock wave prediction

To be able to use the results in this paper for
predictions on explosive effects and safety cases, it is
necessary to develop equations to predict the blast for
all masses of explosive. Using all of the pressure data
collected for all charge sizes, this section develops
equations to predict the peak pressure and impulse in
the axial direction of a cylindrical charge.

4.1 Peak overpressure predictions

As a constant length to diameter ratio was used in the
experiments it is not possible to determine the length
to diameter dependency of the blast waves. Hence
Eqgn. (1) is used, as this was developed to predict the
peak over pressure for the curved surface from
cylindrical charges with L/D = 2/1.
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Figure 8. Peak over pressure of the first shock wave in
the axial direction plotted against M/R3 .
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The results of using Eqn (1) to predict the peak
over pressure of the primary shock wave in the axial
direction are shown in Figure 8. They show that there
is a dependency of the peak overpressure on mass
and the distance cubed, given by P = K'p M/R3. Using
a least squares method to fit a straight line to the data
gives a correlation coefficient of 0.95. In the radial
direction K'p = 2565 kPa m3 kg for PE4 [26]. In the
axial direction it is 2480 kPa m3 kg'. So for cylinders
the peak overpressure is higher in the radial direction
than in the axial direction. This is as expected as the
presented area is larger in the radial direction.

Whilst Figure 8 demonstates a good
correlation between peak over pressure and mass
divided by the distance cubed, it can be seen from the
plot that at small masses, or far from the charge, the
data does not fit this straight line. The same was
found in the radial direction [26], namely that Eqn (1)
broke down far out from the explosion. This is where
the complex shock wave profile from the cylinder
“heals™ into that of a sphere. Instead, in the radial
direction, the more complex Eqgn (2) was found to give
a better fit [26].

Figure 9. Peak over pressure of the first shock wave in
the axial direction plotted against M'3/R. Data for
radial direction from [26].
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Using Egn (2) in the axial direction, Figure 9,
gave a slight, but not statistically significant increase in
the correlation coefficent, from 0.95 for Eqn (1) to 0.97
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for Egn (2). However Egn. (2) gives a better fit to the
experimental data further from the charge.

Compares to the predicted overpressure in the
radial direction [26] the pressure in the axial direction
is lower at all distances, Figure 9. However as the
distance increases, the values begin to converge, as
the shock waves “heal’ to a single spherical shock
wave.

To determine if it was possible to predict the
peak overpressure of the second shock wave the
magnitude of the peak overpressure (above the
residue overpressure of the primary shock wave) was
plotted against M"/R™. Values tested for m and n were
n=0,+1,+2 +30orxt4andm=0,+1,+2, +3o0orz
4. No correlation was found for any value of m or n.
The results for peak over pressure plotted against
M/R3 are given in Figure 10. Close into the explosion
(when M/R3 is large) there is no statistically significant
relationship between peak over pressure and M/R3.
This is the region where the secondary shock waves
are forming and moving towards the axial direction.
Part of this region is also within the fireball, which can
affect the pressure gauge measurements [30]. Further
away from the explosion, when the distance is such
that M/R® > 0.01 kg m3, Figure 10 shows that there is
a correlation between peak over presure for the
secondary shock wave and M/R3. This is the region
where the secondary peak overpressure is greater
than the primary peak overpressure. As the distance
increases the secondary shock wave expands
outwards and loses energy to the atmosphere and the
peak overpressure drops. Fitting a straight line to the
region M/R3 < 0.01 kg m, gave P = 4044 M/R® + 19
kPa, with a correlation coefficient of 0.8.

Figure 10. Peak over pressure of the second shock
wave in the axial direction plotted against M/R3 .
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4.2 Impulse predictions

Prior work has shown that the impulse from the curved
surface of a cylinder can be predicted using Egns. (5)
or (6) [26]. Currently there is not enough data to
determine which is the better fit. This section looks at
whether it is possible to use these equations to predict
the impulse in the axial direction.
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The total impulse is defined as the impulse for
both peak overpressures until the overpressure drops
below ambient. Using Egn. (5) and plotting the
impulse against M?3/R gives Figure (11).

Figure 11. Total impulse in the axial direction plotted
against M?3/R.
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Close in to the charge, for M?3/R 2 0.3 kg3 m-1,
approximately, the impulse decreases rapidly with
distance. Looking at the individual overpressure —
time plots for the different experiments shows that the
second shock wave is generally not seen on the
centreline in the axial direction closer in than M23/R =
0.28 kg®® m'. This is because it takes time for the
secondary shock wave to travel to the centreline of the
axial direction. Hence the total impulse when M23/R 2
0.28 kg?® m'' is actually the impulse for the primary
shock wave.

From the pressure time plots for individual
gauges the secondary shock wave becomes the
dominant shock wave at M?3/R = 0.2 kg®m! and the
only shock wave for M?3/R < 0.09 kg®®m-'. Hence in
Figure 12 the impulse between approximately 0.2 <
M23/R < 0.3 where the impulse decreases much more
slowly with distance from the charge, is the area where
the total impulse is the combination of both primary
and secondary shock waves. The area of the curve
where the pressure again drops rapidly with distance,
M23/R < 0.2 kg?® m, is when the impulse is
dominated by the secondary shock wave.

Using the least squares method to fit a straight
line to the data gives a correlation coefficient of 0.82.
Fitting a cubic equation to the data gives a correlation
coefficient of 0.95. The data fit is worse at the larger
masses, close into the charge where the experimental
results vary most. However this equation does give a
method to predict the total impulse in the axial
direction, namely.

=K, Y’ +K, Y*+K .Y Eqn.(7)

where Kii, Kz and Kiz are explosive dependent
coefficients and Y = M?3/R. Note that the secondary
shock wave is crossing the gauges at an angle and so
this equation is not predicting side-on impulse, but a
reflected impulse.

C. Author, B. Coauthor

Trying Eqn. (4) for predicting the impulse gave
the same correlation coefficents as for Eqn (5) with the
graph showing similar zones as in Figure 11. Asin the
radial direction it is not possible to determine from the
data available which equation gives the appropriate
result.

From this analysis it is possible to predict the
the first peak overpressure, P, and total impulse, |, in
the axial direction of a cylindrical charge with a

constant length to diameter ratio, by using the
following equations.
P= K'PM3 close in only
MY 3 MY 2 MY )
P=C, +C, +C,| —— all distances
R R R

23\ 23\2 3
1=746| M| 08| M| 1306 [M_| forall RM™.
R R R

5 Discussion

New experiments were carried out, detonating bare,
cylindrical charges of PE4. The high speed video
showed a hemispherical shock wave radiating out from
the end of the cylinder. Close into the charge, the
results from the pressure gauges showed that the
primary peak overpressure varied with one upon the
distance cubed.

Lindoerg and Firth [35] used a self-similar
method to develop analytical solutions to predict the
blast wave from spherical, cylindrical and planar
charges. They assumed an ideal gas, an
instantaneous energy release, infinitely long cylinder
and plane and neglected the atmospheric pressure.

They found that the peak overpressure
dependence on distance, R, varied as 1/R, 1/R2 and
1/R3 for planar, cylindrical and spherical charges
respectively. Hence for the flat end of a cylinder
Lindberg and Firth predict a dependency of peak
overpressure on distance of 1/R. However the high
speed video showed a hemispherical shock wave and
this is confirmed by the 1/R3 dependency of the
pressure on distance.

One assumption in Lindberg and Firth’s work
is that the energy release is the same across the entire
plane [35. Pg 81]. This is not the case for the flat end
of a cylinder. At the corner the gas and energy spread
out in the radial and axial direction. Hence there is
more energy and available at the centre than the
corners and so a curved shock wave is formed.

The results in this paper show that for M/R3 >
0.35 kg m3, when P > 770 kPa, the peak overpressure
depends on 1/R3. Further out at lower pressures the
peak pressure depended on Eqn (2). This is the same
as the results of Brode [36]. Brode used computer
models to demonstrate that spheres have a
dependency of peak overpressure on 1/R3 for strong
shocks. In Brode’s work a strong shock is defined by a
peak overpressure of greater than 1000 KPa (10
atmospheres). For weaker shocks, that is in the
medium and far field, Brode obtained a dependency of

8
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peak overpressure on distance as given by Eqn (2) in
this paper.

Stoner and Bleakney [9] also used the same
equation, Eqn.(2). They found that by altering the
coefficients the same equation could be used to
predict the peak overpressure from spheres,
rectangular charges and the curved surface of
cylindrical charges. Further data and analysis is
required to compare the different geometries and
determine if there is a simple method of determing the
coefficients for a single explosive for different
geometries, given the coefficients for one geometry.

6 Conclusions

The aim of the work in this paper was to develop a
method to predict the shockwaves from the flat end of
a cylindrical charge of explosive. This has been
acheived through a combination of new experimental
work and the development of emperical equations
fitted to the data.

Experiments were carried out using bare,
cylindrical charges of the explosive PE4 to study the
shock waves produced in the axial direction of an
explosive charge. The length to diameter ratio of the
charge was 4/1. Using a high speed camera and
pressure gauges it was possible to observe the
formation of side and end shock waves. The
interaction between the waves resulted in the
formation of i) Mach stems, also known as bridging
waves, and ii) reflected, secondary waves as the two
shock waves reflect of each other. The secondary
shock wave in the axial direction is formed at an angle
to the axial direction. This means that the pressure
gauges used measured the overpressure of a reflected
wave rather than side-on shock wave. Hence the
pressure gauges recorded an overpressure higher
than that of the side-on overpressure of the secondary
shock wave.

The secondary shock wave was found to
contribute significantly to the impulse in the axial
direction. For a scaled distance of Z > 3.9 m kg -'® the
secondary shock wave accounts for over 50 % of the
total measured impulse and has a peak overpressure
greater than that of the primary shock wave.

By using a least squares fit to the data it was
possible to develop emperical equations to predict
both the peak pressure and total impulse in the axial
direction for a cylinder. The equations are for total
impulse, noting that the secondary shock wave is
moving at an angle to the gauges and so they are
measuring a partially reflected pressure,

1=K, (M*/R) +K,, (M*/R) +K,,(M*/R)

For the primary peak overpressure at all
distances

P=C,(2)°+C,(Z)*+C,(2)"

where Z = R/M'3 and close in to the charge

M

P=K, 5

C. Author, B. Coauthor

From the data collected it was not possible to
predict the secondary peak overpressure.

As the length to diameter ratio increases, the
peak overpressure from the curved surface increases
as the presented area from the curved surface
increases [24]. In the axial direction as the length to
diameter ratio increases the presented surface area in
the axial direction decreases. Hence it would be
expected that the peak overpressure in the axial
direction would decrease as the length to diameter
ratio increases. As the experimental work in this paper
was for a single L/D ratio (L/D = 4/1), it is not possible
to determine the L/D dependency of the peak over
pressure. So data from other L/D ratios, including
discs when L/D < 1 would be needed to determine the
L/D dependency.
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