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The large-distance penetration capability of an annular-shaped charge under multipoint synchronous initiation was experi-
mentally investigated. For different annular charge structures and different multipoint initiation settings, incident angle, collision
type of detonation waves, and overpressure on the shaped charge’s liner at adjacent initiation points were analyzed using the
detonation wave propagation theory. Furthermore, the shaped charge’s penetration capability at a standoff distance of 1-15m
from a 20 mm thick 45# steel plate (the target) was determined through penetration experiments. It was found that the annular
cutter formed by the 500 mm diameter annular shaped charge (charge width: 100 mm) completely penetrated the target for a large
distance, namely a distance of 150 times the charge width. The ratio of the width of the ring gap penetrated by the annular cutter to
the liner’s initial radial width was about 1.07; this indicated that the annular cutter’s width was equivalent to the liner’s radial width
for the above flight distance, which in turn implied that the annular cutter had superior circular degree. The annular cutter formed
in the case of Mach reflection had better circular degree, integrity, and penetration capability than that formed by regular

reflection.

1. Introduction

An annular-shaped charge is a typical example in engi-
neering applications of explosion mechanics which is
achieved through the controllable formation of the liner.
Compared with a single jet or projectile, it can penetrate
a larger area and cause more damage to a target at a long
distance [1]. Currently, the typical cross-section of the liner
commonly used on an annular-shaped charge is V-shaped.
After detonation, the instantaneous detonation pressure
causes the V-shaped liner to form a high-speed jet cutter [2].
An annular-shaped charge is widely used for rock cutting,
underwater cutting, and concrete cutting, apart from being
used in many processes [3]. When its underside comes in
contact with a target or is at a standoff distance of five times
the charge width from the target, the penetration capability
of the target by the charge after initiation is apparent [2, 3].
However, when the standoff distance from the target is
increased to 10 times the charge width, the annular cutter

formed by the liner breaks before reaching the target,
resulting in a reduced penetration depth. The main reasons
for the breaking are improper initiation and inappropriate
design of the structures of the charge and liner. There have
been few studies on the penetration capability of an annular
cutter at a large distance, and studies on the forming process
and integrity of an annular-shaped charge are also sparse.
Experimental studies on the penetration capability of an
annular-shaped charge at a large distance are rare since they
are difficult and challenging to perform, which is mainly
manifested in the following two points. According to the
current research, the maximum flight distance of an annular
cutter is about 50 times the diameter or width of the charge
[4]. Beyond this distance, the annular cutter easily breaks
into several pieces and no longer maintains the original
annular shape. In other words, beyond this distance, its
penetration capability is reduced. Second, the circular radius
of the cutter gradually increases with an increase in the flight
distance. After reaching the target, the annular cutter’s
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radius is larger than its initial radius, resulting in a larger
circumferential velocity gradient on the annular cutter and
a smaller cross-sectional area of the annular cutter. Con-
sequently, the effective mass of the cutter’s section is re-
duced, which reduces the cutter’s penetration capability. It is
known that the performance of the annular cutter in en-
gineering applications worsens at a larger standoff distance
from the target. In summary, if the annular-shaped charge is
to have high penetration capability at a large distance, it
should have a satisfactory and consistent circumferential
velocity, an appropriate circular degree, and a sufficiently
symmetric radial structure. To examine ways to overcome
the drawbacks of the annular cutter, this study chose an
annular-shaped charge with a diameter (d) of 500 mm ( with
an inner diameter of 400 mm and a charge width of 100 mm)
and a height (h) of 50 mm as the research object. The shaped
charge is shown in Figure 1.

In this study, by setting multipoint synchronous initi-
ation and using the detonation wave propagation theory, we
obtained the overpressure on the surface of the liner for two
types of reflections of detonation waves that have undergone
collision in the shaped charge, namely regular reflection and
Mach reflection. Furthermore, the penetration capability of
the annular cutter was examined by performing experiments
that involved standoff distances of 10-150 times the charge
width. This study successfully improved the penetration
capability of the annular shaped charge and provides sig-
nificant experimental support for engineering applications
of the annular-shaped charge involving large standoft
distances.

2. Interaction Analysis of Detonation Waves in
Annular-Shaped Charge

2.1. Analysis of Interaction of Detonation Waves. In Figure 2,
the xoy plane is the symmetry plane at the centerline between
the inside and outside diameters of the unit charge. The
initiation points are distributed along the x-axis, and the
circle on which the initiation points are distributed is the
aforementioned centerline. The circumference (L) of the
circle is given by L=dn. The arc length between adjacent
initiation points corresponds to a central angle («) of 10°.
The distance between adjacent initiation points is de-
termined from the following chord length equation:

c= dsin(%). (1)

The coordinates of the two initiation points are
((d/2)sin(a/2), 0, 0) and (—(d/2)sin(a/2), 0, 0), and the
height of the charge is denoted by h. The distance between
the two initiation points is the chord length c. In the xoy
plane, when the two initiation points are detonated si-
multaneously, the hemispherical detonation waves gener-
ated propagate independently at the same speed. With an
increase in the incident angle, the two detonation waves
collide and undergo regular reflection and Mach reflection
in sequence.
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O Initiation point

FIGURE 2: Schematic of detonation wave propagation in the unit
charge.

The two detonation waves come into contact at the
coordinate origin O, and undergo normal collision. Sub-
sequently, the collision point moves in the positive y-axis
direction, and the normal collision changes into a regular
reflection. The incident angle ¢, formed between the tangent
line of the wave front and the y-axis in Figure 2 is calculated.
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FiGure 3: Plots of the incident angle against the charge height.

From the geometric relation, the following expression can be
obtained:

2
¢, = arctanTy; [0<y<h]. (2)

This equation describes the change in the incident angle
in the xoy plane with the charge height, and curves obtained
using this equation are shown in Figure 3. Figure 3 contains
different numbers of initiation points. For example, the
incident angle ranges corresponding to 36 and 18 initiation
points are 0°-52° and 0°-33°, respectively, and they are in-
dependent of each other.

A schematic of the collision process of detonation waves in
the unit charge is shown in Figure 4. The wave system includes
the common conventional regular reflection and Mach re-
flection, and it comprises the incident wave I, reflected wave R,
and Mach stem [5-8]. The actual collision point O, lies on the
axis of symmetry and moves in the positive y-axis direction,
and the detonation velocity of the CJ wave front is denoted by
Dgj. O of the wave system is fixed, and the flow field is divided
into three regions. The incident angle of the detonation wave is
denoted by ¢, the deflection angles of incoming flow passing
through the incident wave and reflected wave are denoted by 6,
and 0,, respectively, and the angle (reflection angle) between
the reflected wave and the wall surface is denoted by ¢,. The
deflection angle of the incoming flow after passing through the
Mach stem is 6;-0, [9-13]. According to the Ray-
leigh-Hugoniot relationship, the incident angle ¢; and de-
flection angle 6, from regions (0) to (1) have the following
relationship:

tan
tan 0, = 1

ytan2<p1 +y+1 ’ (3

where y is the polytropic exponent that can be calculated
from the following formula:

y=—"—-1, (4)

here, pg and Pcy are the initial density of explosives and the
CJ pressure, respectively.

In the wave system, the incoming flow first passes
through the incident wave and then the reflected wave, and it
then becomes parallel to the collision line. Hence, the two
deflections are equal, as shown in the following equation:

6, = 0,. (5)

According to the Rayleigh-Hugoniot relationship, for
regular reflection, the incident angle ¢; and deflection angle
6, in the wave system have the following relationship:

—1)[M, sin (g, + 6,)]" +2
(y )[ 1 (gDZ 1)] > tan(§02 + 91) (6)

(y + D [M, sin (g, + 6,)]
Similarly, for Mach reflection, ¢, and 0, in the wave

system have the following relationship in the flow field from
regions (0) to (3):

tan g, =

(y - 1)[M;sin(g, + 0; — 62)]2 +2
(y+1)[M, sin(g, + 0, - 92)]2

tan (¢, + 6, — 0,),

(7)

where M, is the Mach number of zone (1) and is given by

tang, =

(8)

The charge is B explosive, with a density (po) of 1.65g/
cm®. The polytropic exponent is 1.69, the detonation velocity
is 7452 m/s, and the critical angle (¢.) for transition from
regular reflection to Mach reflection is 50.71°, which is
comparable to the incident angle range in Figure 3.

According to the works of Sternberg et al. [13-16], the
ratio between the pressure in regions (1) and (2) is given by

&z 2y[M, sin(g, +91)]2_Y_1
P l+y p+1

(9)

The following equation can be used to calculate the
detonation pressure of the Mach stem corresponding to ¢;:

P3=< sin 8 )2+ sin 8 0.8< sin B )2—0.8 (10)

PC] sin ¢, sin ¢, sin ¢,

here, f3 is the angle between the Mach stem and the collision
line. In this study, the Mach stem was assumed to be per-
pendicular to the collision line, and hence, § was 90°. The CJ
detonation pressure Pc; can be calculated from equation (4).
The pressure intensity in the Mach reflection region and
regular reflection region was calculated from equations (9)
and (10), and it is shown in Figure 5.

In Figure 5, the incident angle range for 36 initiation
points is in the Mach reflection region, while that for 18
initiation points is in the regular reflection region. The
calculation results in the figure show that the overpressure
ratio for Mach reflection is about 15% higher than that for
regular reflection, which indicates a high circular degree,



Shock and Vibration

FIGURre 4: Typical types of detonation wave collisions. (a) Regular reflection. (b) Mach reflection.
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FIGURE 5: Pressure intensity in the regular reflection and Mach
reflection regions.

high integrity, and high penetration capability of the annular
cutter. Penetration experiments (described in the next
section) were conducted to ascertain the difference between
regular reflection and Mach reflection and the penetration
capability of the annular cutter.

3. Experiments on the Penetration Capability of
an Annular-Shaped Charge

3.1. Description of the Schematic Diagram of the Penetration
Experiment. Using a synchronous disk-shaped multipoint
initiation device, we performed penetration experiments to
determine the penetration capability of an annular-shaped
charge. The formation, circular degree, and penetration
capability of the shaped charge were analyzed in depth in
a static experiment. B explosive was used in the annular-
shaped charge, and the material of the liner was T2 copper.
The shell of the explosive was made of aluminum alloy and
was 2 mm thick. A 45# steel plate with a thickness of 20 mm
and dimensions of 1.5m x 1.5m was chosen as the target.
Both the target and annular shaped charge were supported
by wooden frames, and the horizontal distance Ls between

them was set to be 1, 5, 10, and 15m. Eight sets of exper-
iments were sequentially performed: four sets with 36-point
synchronous initiation, one set with 8-point synchronous
initiation, one set with 16-point synchronous initiation, and
two sets with 32-point synchronous initiation. A thin alu-
minum foil device was positioned between the target and
shaped charge for speed measurement, and a synchronous
device was used to maintain the initiation synchronicity
error below 1 ys to minimize the effect of initiation deviation
[16, 17]. A schematic of the setup of the above experiments is
shown in Figure 6.

3.2. Analysis of Penetration Experiment Results. The results of
the penetration experiments, shown in Table 1, were
compared and analyzed. At horizontal distances of 1, 5, and
10 m, the average diameters of the perforated holes were 450,
455, and 453 mm, respectively. The annular cutter com-
pletely penetrated the 45# steel target, and the inner surfaces
of the circular perforated holes were smooth. The holes
formed by the penetration had a high circular degree, which
indicated that the cutter could maintain its annular shape
over a large distance without breaking. This also showed that
the annular cutter had an effective penetration at a standoff
distance of 100 times the charge width. The average velocity
Vyof the annular cutter was measured to be about 1600 m/s.
At a horizontal distance of 15 m, the cutter could penetrate
the 45# steel target, and the outline of the hole on the target
after penetration was L-shaped, indicating the fracture and
rotation of the annular cutter during flight. For the distance
of 15m, an annular cutter could also penetrate the 45# steel
target, and the resulting perforation was L-shaped, in-
dicating the fracture and rotation of the circular cutter
during the flight process. The scattered materials of the
cutter were partially dispersed, and some of them were
embedded close to the center of the inner circle, leading to
columnar formation after the explosion.

The results of the penetration experiments, shown in
Figure 7, were compared under different numbers of ini-
tiation points at horizontal distances of 10m. For the
conditions of 8 initiation points and 16 initiation points, no
obvious holes were formed on the target under penetration
of the annular cutter. Therefore, the penetration effect in
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FIGURE 6: Schematic of the setup of the penetration experiments involving an annular-shaped charge.

TaBLE 1: Results of a penetration experiment involving an annular shaped charge at different standoff distances (36 initiation points).

Sites Annular shaped charge
Traces
190 mm
¢e 450 mm 455mm 453 mm “L”: 245 mm x 205 mm
Vi 1604.9 m/s 1600 m/s
Ly 1m 5m 10m 15m

these two sets of experiments was less effective. The annular-
shaped charge with 32 detonation points penetrated the
target plate and formed a hole. The average diameter of the
perforated holes was 410 mm. Although the inner edges of
the circular perforated holes were irregular, it also indicated
that the more detonation points there are, the better the
integrity of the annular cutter and the better the penetration
effect.

A quarter of the annular-shaped charge was chosen, and
four equidistant initiation points were set on this part. A
penetration experiment with these initiation points was
conducted with uneven synchronous initiation, as shown in
Figure 8. A distribution of detonation points on the quarter
of the charge was equivalent to 18 initiation points uni-
formly distributed on the charge. In Figure 9, it is apparent
that after the 32 initiation points of the annular shaped
charge detonated synchronously, the detonation waves
generated by one quarter of the annular shaped charge and
the other three quarters collided with each other. On the
basis of the variation range of the calculated incident angles

in Figure 3, the type of collision in the case of the detonation
waves generated by one quarter of the annular-shaped
charge was regular reflection, and the type of collision in
the case of detonation waves generated by the other three
quarters was Mach reflection. Both types of collisions and
reflections occurred on the surface of the liner. Therefore,
the type of detonation wave collision in the charge was
determined by the distribution of the initiation points, and
the type of detonation wave collision indirectly affected the
formation of the annular cutter. A ring gap was observed in
the experiment involving uneven synchronous initiation
points, and the average width w,, of the ring gap after the
annular cutter penetrated the target from a distance of 10 m
was about 60.07 mm. Since the initial width w, of the liner in
the charge was 56.1 mm, the width ratio between the two was
about 1.07. From this ratio, it was inferred that the width of
the ring gap was roughly equal to the initial width of the liner
at a standoff distance of 100 times the charge width. Apart
from two small holes in the penetration area of the target
corresponding to one quarter of the annular-shaped charge,
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FIGURE 8: Schematic of uneven synchronous initiation points.

FIGURE 9: Ring gap extending along the uneven synchronous initiation points.

there were long strips of penetration traces that were not  penetrated. It was also evident that the effect of the Mach
penetrated. By contrast, the penetration area corresponding  reflection of the detonation wave was better than that of the
to the other three quarters of the charge was completely  regular reflection.
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Figure 10: Circumferential cross-section of the target and the distribution of the residual oxide.

4. Analysis of the Circumferential Cross-
Section of the Target

Figure 10 shows experimental observations after the pene-
tration of the target by the annular cutter. The oxide color on
the circumferential section of the target showed that the
temperature rise of the liner material and the target was
considerably lower than the melting points of T2 pure
copper and 45# steel. The surface of the penetrated target was
divided into twelve equal parts and labeled with numbers
from 1 to 12.

These twelve parts showed the morphology of the cir-
cumferential section of the target and the distribution of the
remaining copper oxide. The residual copper oxidation
products were CuO (the main product) and small amounts
of pure copper and Cu,O [18]. The color of the residual
oxide in region 2 was brass-colored or gold-colored, in-
dicating that the temperature range of the residual oxide
during the oxidation reaction was between 140°C and 240°C.
The color of the residual oxide in regions 4 and 5 was mainly
dark yellow; thus, the temperature range of the residual

oxide during the oxidation reaction was mainly between
140°C and 200°C. The color distribution of the residual oxide
in region 9 was uneven, and there were brown and black
spots. This indicated that the temperature range of the re-
sidual oxide during the oxidation reaction was about 300°C
to 500°C. The color of the residue in regions 11 and 12 was
mainly black and magenta, indicating a temperature range of
220°C to 500°C for the residue during the oxidation reaction.
Thus, it was verified that the annular cutter formed at the
instant of the charge explosion was not molten copper [19]
and that the liner transformed into a fluid after being
subjected to extremely high pressure.

5. Conclusion

For multipoint synchronous initiation and appropriate
design of the structures of the charge and liner, the large
penetration capability of the annular cutter in the case of
Mach reflection occurring during the detonation wave
collision was more effective and apparent than that in the
case of regular reflection as the former enhanced the



integrity and circular degree of the cutter in the circum-
ferential direction. The average width of the ring gap formed
by the annular cutter as it penetrated the target was roughly
equal to the initial width of the liner in the case of Mach
reflection, which indicated that the distribution of the ini-
tiation points indirectly affected the formation of the an-
nular cutter. The temperature range of the residual oxide on
the circular section of the penetrated target during the
oxidation process was between one-third and one-half of the
temperature of copper’s melting point and was unevenly
distributed.
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