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Abstract; When a wave shaper is embedded in a liner, Mach wave will emerge above the liner, which affects the
head shape of an explosively formed projectile. Mach wave parameters, including radius and pressure need to be
determined to effectively match Mach wave with the liner, so that a good head shape can be obtained. An analytical
calculation model for Mach wave parameter is presented based on three-shock theory, and the theoretical values
agree well with the experimental ones. The analysis shows that when the radius of the wave shaper is constant, the
radius of the Mach wave increases. whereas the pressure decreases while increasing the distance between the liner

and the wave shaper. When the distance between the liner and the wave shaper is constant, the radius of the Mach
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wave increases, whereas the pressure decreases when decreasing the radius of the wave shaper.
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1 Introduction

Explosively formed projectile (EFP) is used
in numerous modern ammunition systems for its
many advantages, including effective stand-off
and high secondary effects after penetration. De-
signers are often confronted by a problem that the
wave shaper should be embedded in charge pas-
sively, for example, sensing elements have to be
embedded in charge to decrease the length of the
warhead in many smart ammunition systems.
Thus, the wave shaper has to be embedded in
charge to clothe these sensing elements'. In ad-
dition, the wave shaper can be embedded in
charge actively, such that the velocity of the pen-
etrator can be increased because of detonation
wave shaping by using the wave shaper®®. How-
ever, the Mach wave may emerge above the liner
as a wave shaper is embedded in charge, which
affects the head shape of EFP. If the radius of a
wave shaper is large, the pressure behind the
Mach wave is twice to thrice the pressure behind

the detonation wave, thus resulting in a poor
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head shape of EFP because of the unreasonable
matching relation between the Mach wave and the
liner. The poor head shape decreases the penetra-
tion performance of EFPM™,

The pressure behind the Mach wave decrea-
ses from 4 times the CJ pressure to normal CJ
pressure with an increasing incident anglet®.
Since the pressure behind the Mach wave is relat-
ed to the incident angle of the detonation wave,
the pressure and the radius can be controlled by
changing the wave shaper diameter and the dis-
tance between the wave shaper and the liner
which determine the incident angle at the top of
liner.

Mach wave parameters, such as radius and
pressure, need to be calculated to control the re-
lation between the Mach wave and the liner. A
good head shape can then be obtained. An analyt-
ical caculation model for Mach wave parameters is
presented based on three-shock theory to calculate
the growth angle, the radius, the velocity along

the plane of symmetry, and the pressure.
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2 Analytical Calculation Model for
Mach Wave Parameters

When two detonation waves collide, regular
reflection is first observed. If the incident angle
¢r is larger than the critical angle ¢ s Mach re-
flection will occur. Fig. 1 represents the geometry
of the classical Mach reflection analysis. The
symmetry plane of the colliding detonation waves
is represented as a perfectly rigid wall. The most
basic analysis is to estimate the flow as the inter-
section of two plane waves that are tangent to the

detonation fronts.

Fig.1 Flow setup of Mach reflection

As Fig. 1 shows, OI is the wave front of the
incident detonation, OR the wave front of the re-
flected shock, O the triple point, and T the colli-
sion point, uys ;s u;» and u; are the particle ve-
locity in zone (0), (1), (2), and (3), respective-
ly. The image can be separated into four regions
by the detonation and shock waves: zone (0) is
unreacted explosive; zone (1) is the region behind
the detonation wave; zone (2) is the region be-
hind the reflection wave; and zone (3) is the re-

[8-9]

gion behind the Mach wave The parameters

of each zone are shown with the corresponding

subscript. Based on the descriptions of detonation

[10]

reflection in explosion"'”, the parameters of each

region are described as follows:
Mach number Ma, and the deflection angle

in region (1) are defined by""
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where y is the exponent in the polytropic equation
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of state for the explosion.
In region (2), based on equations of mass,
momentum, and energy conservation, the follow-

ing equation is obtained""!
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where P¢ and p., are the CJ detonation pressure
and the density of the explosive, respectively;
and ¢ the deflection angle.

In region (3), based on the equations of
mass, momentum, and energy conservation, the

following equation is derived™"”
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where Dy and D¢ are the velocity of the Mach

tana =

wave and detonation wave, respectively, p, is the
initial density of the explosion, S the angle of the
tangent line at the Mach wave to the symmetry
axis, 7 the ratio of the specific chemical energy
release of the explosive material that passes
through the Mach wave to that of the material go-
ing through CJ detonation front, and « the deflec-
tion angle.

The medium in regions (2) and (3) can meet
the conditions that the flow velocity is parallel
and the pressures are equal, that is™"
P, =P,
eta=0

We can obtain the parameters of P;, 8, and «

4)

near the triple point by solving Eqs. (1—3). The
growth angle of the Mach wave y can be ob-
[11]

tained"'"’ as follows

=5 —B (5



690 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 31

According to Lambourn™® and Hull"*, the
values of y obtained from Eq. (5) are significantly
greater than the experimental values because the
straight Mach wave assumption is used. Based on

the experimental values reported by Lam-

[12]

bourn'*', the theoretical value y can be modified

as

X

XM= 0009 9¢7 +1.295¢; — 38.347 1 )

where y,,» y and ¢; are the degree values.

An analytical calculation model for Mach
wave radius can be proposed when the growth an-
gle of the Mach wave y,, is obtained.
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Fig. 2 Calculation schematic of Mach wave radius

As shown schematically in Fig. 2, OI is the
incident detonation front, O the triple point, T
the collision point, P the edge of the wave shap-
er, Rys the radius of the wave shaper, S the dis-
tance between the liner and wave shaper. ¢;, Ry
ym+ and L represent the incident angle of detona-
tion wave, the radius of the Mach wave, the
growth angle of the Mach wave, and the distance
from starting point of the Mach wave to the liner,
respectively. The starting point of the Mach wave
is generally at the place where the incident angle
of detonation wave is 41°7*1, such that L can be
calculated geometrically.

According to the mathematical description in
Fig. 2, Ry can be calculated as

S
Rws —Ru @)

RM :Ltan(XM)
The velocity of the Mach wave along the

‘[ancp, =

plane of symmetry Dy and pressure P; of the

Mach wave can be calculated using Eq. (3).

3 Comparison Between Theory and

Experiment

t"%) obtained the change

Lambourn and Wrigh
curve of ¥ and Dy along with ¢; in the Composi-
tion B charge. The experimental values of y are
plotted against ¢; in Fig. 3 along with the theoret-
ical and modified values. Moreover, the values
Dy /D¢ derived from the experimental results are

plotted against ¢; in Fig. 4 along with the theoret-

ical values.
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Fig.3 Growth angle of Mach wave v. s. incident angle

1.20
—a— Theoretical value
—e— Experimental value
1.15}
S 1o}
S5
1.05}
1 .00 1 1 1 1 1 ]
55 60 65 70 75 80 85

v,/ (%)

Fig. 4 Velocity of Mach wave v. s. incident angle

As shown in Fig. 3, the three shock theoreti-
cal values are significantly greater than the exper-
imental values because the three-shock theory ig-
nores the influence of the rarefaction wave behind
the Mach wave. The modified theoretical values
seem to agree well with experimental ones. A
comparison between the theoretical and the ex-
perimental values in Fig. 4 indicates that the theo-

retical Dy /D¢ are highly accurate and the errors
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do not exceed 2%.

Hull™ studied the Mach reflection of spheri-
cal detonation waves and measured the radiuses of
the Mach wave of PBX 9501 and PBX 9502 as
well as the pressure behind the Mach wave of
PBX 9501. Fig. 5 shows a radius comparison be-
tween the theory and the one measured from the
experiments, both for PBX 9501 and PBX 9502.
Fig. 6 shows a comparison between the pressure
behind the Mach wave calculated by the theory
and measured for PBX 9501.
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Fig. 5 Radius v.s. displacement of the Mach wave
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Fig. 6 Pressure behind the Mach wave v. s. incident

angle

As shown in Fig. 5, the theoretical Ry fails to
replicate the experimental values accurately for
PBX 9501 and PBX 9502. The inconsistency is
caused by two reasons. One is that explosive

L) and the value

properties, such as reaction zone
of 77[8] , can affect the growth angle of the Mach
wave. However, the analytical model does not in-
clude these explosive properties. Therefore, the

theoretical values of Ry are approximately the

same with those of PBX 9501 and PBX 9502, but
the experimental values of Ry are significantly
different. The other is that errors exist in the ex-
perimental values. The critical angles of the
Mach reflection calculated from experimental val-
ues in PBX 9501 and PBX 9502 are 56° and 63°,
respectively, which are evidently overestima-
ted*""*, because the configuration of the Mach
wave is highly complex, which makes the accu-
rate determination of the triple point difficult,
thereby leading to reading errors. A comparison
between the theoretical and experimental values
from Fig. 6 indicates that the theoretical pressure
behind the Mach wave is accurate, and the errors
at two experimental points are 1. 7% and 8. 6%.
As Fig. 5 shows, when the radius of the
wave shaper Rys is constant, the radius of the
Mach wave Ry, increases with increasing displace-
ment from the Mach wave front to initiation. As
shown in Fig. 6, the pressure behind the Mach
wave P, decreases with the increasing incident an-
gle of the detonation wave ¢;. As Fig. 2 indi-
cates, when the radius of the wave shaper Rys is
constant, both L and ¢, increase with increasing
distance between the liner and wave shaper S.
When S is constant, both L and ¢; increase with

increasing radius of the wave shaper Rys.

4 Conclusions

Based on the preceding analysis, two conclu-
sions can be drawn: (1) When the radius of the
wave shaper Ryg is constant, we can increase the
radius of the Mach wave and decrease the pres-
sure behind the Mach wave by increasing the dis-
tance between the liner and wave shaper S; and
(2) when the distance between the liner and wave
shaper S is constant, we can increase the radius
of the Mach wave and decrease the pressure be-
hind the Mach wave by decreasing the radius of

the wave shaper Rys.
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