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Abstract. In order to provide a theoretical basis for studying the shock wave propagation and
evolution generated by cylindrical charge of near-field underwater explosion, the
characteristics of initial shock waves generated by cylindrical charge are studied. First, a new
theoretical model for initial shock waves is proposed by the polar curve method. Based on the
theoretical model and the simulated results, the influences of incident angle, length-to-diameter
ratio and type of charge on the initial shock waves are analysed. Then the experiments of
underwater explosion load tests are carried out to verify the theoretical and simulation results.
Finally some instructive conclusions are drawn: i) The two-dimensional theoretical model can
calculate the initial underwater shock wave pressure and its direction of cylindrical charge
through detonation velocity, detonation pressure, explosive density and incident angle, which
is provides a theoretical basic for studying the shock wave propagation and evolution studies.
By comparing the theoretical results with the numerical results verified by experiments, the
maximum error is not more than 9.93%. ii) Increasing the incident angle ao will reduce the
initial shock wave pressure of cylindrical charge and make its direction deflect towards the
material interface. When the incident angle aois in the range of 0 - 10< increasing the incident
angle makes the initial shock wave pressure decrease rapidly as a power function. With the
increasing of the incident angle, the attenuation rate of the initial shock wave firstly decreases
and then increases when the incident angle ao is in the range of 10 - 72< This phenomenon
explains the reason that the axial and radial initial shock wave pressures are much higher than
those in other directions after the central initiation of cylindrical charge. iii) According to the
geometric relationship, the length-to-diameter ratio of the charge will limit the range of the
incident angle. The length-to-diameter ratio will affect the initial shock wave pressure at the
same initiation time. The pressure decreases with the increase of the length-to-diameter ratio
when the initial shock wave is formed on the cylindrical surface of the charge.

1. Introduction

Underwater explosion is a basic subject on the design of underwater weapons and protective structures
[1-4]. Compared with the load in air, the load formed by underwater explosion not only has high-
frequency shock wave load, but also contains the unique low-frequency bubble load caused by
explosion bubble expansion and contraction. Due to the different formation mechanism and damage
effects of the shock waves and bubble loads, they are often studied separately when discussing the
load characteristics [5-7]. Among them, there are many factors affect the characteristics of shock wave,
such as the blast distance [8], type of explosive, charge shape and initiation model [9], etc. As we all
know, shock wave is formed by underwater detonation of explosives. At the end of the detonation
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phase, the detonation wave enters the water medium and the initial shock wave is formed. When the
shape of explosive is spherical, the shock wave field formed by its explosion is also spherical [10]. At
this time, the one-dimensional hypothesis is applicable to the formation process of the initial shock
wave [11]. Therefore, the initial shock wave pressure is an important index to measure the underwater
explosion power of explosives. And the research on the characteristics of the initial shock wave can
provide a basis for the subsequent analysis of the shock wave propagation and evolution in the water
[12]. However, when the explosive is cylindrical, the shock wave field formed by its explosion is
ellipsoid. At this time, the pressure of the initial shock wave is changes with the direction angle, and
the one-dimensional hypothesis is no longer applicable to the formation process of the initial shock
wave. As one of the commonly used charge structures, there are few studies on the initial shock wave
pressure characteristics of cylindrical charge. It may be because that the range of the sensor limits the
underwater explosion load test, and it is difficult to directly obtain the accurate initial shock wave
pressure [13]. Therefore, in order to more comprehensively describe the underwater explosion power
of cylindrical explosives, it is meaningful to establish a two-dimensional axisymmetric theoretical
model for the initial shock wave. And it can provide a theoretical basis for the subsequent analysis of
the shock wave propagation and evolution.

In this paper, Firstly, based on two-dimensional plane hypothesis and ideal detonation hypothesis,
the axisymmetric initiation model of cylindrical charge underwater explosion is established. The
propagation process of detonation wave in explosive and the transmission and reflection process of
detonation wave at the interface between explosive and water are analysed. The pressure and direction
of initial shock wave at the interface between explosive and water are solved by polar curve method.
Then, the underwater explosion load test and numerical simulation of cylindrical charge are carried
out. Finally, according to the theoretical model and the simulated results, the influences of incident
angle, length-to-diameter ratio and type of charge on the initial shock waves are analysed.

2. Theory analysis of initial shock wave in underwater explosion generated by cylindrical charge
In underwater explosion, the shock wave goes through the detonation process, the propagation process
of detonation wave in the explosive, the transmission and reflection process of the interface between
detonation wave and water, and the propagation process in water, and finally reaches any position in
space. The detonation wave is transmitted and reflected on the interface between explosive and water,
and finally the initial shock wave is formed. Therefore, when calculating the initial shock wave
pressure, it is necessary to analyse the detonation phenomenon of explosive detonation and the
transmission and reflection process of wave on the interface between explosive and water.

2.1 Analysis of detonation wave propagation process in explosive

It is assumed that the detonation process of explosives is an ideal detonation and the detonation
wave propagation process is an isentropic process. When the C-J surface formed by detonation wave
reaches the boundary of cylindrical explosive, the relevant parameters on the continuous interface can
be expressed as Eqgn. (1) - (4) [14].

Py =g p0 D &
P kLJrlpO )
U= ©)
C = @)

where pj. pj~ Uj~ Cjare the C-J pressure, density, particle velocity and sound velocity of detonation
wave, respectively. D is the detonation velocity. po is the initial density of the charge. k is the
isentropic index.
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Figure 1. Calculation model of initial shock wave pressure of cylindrical explosive

When the explosive is detonated, the detonation wave propagates inside the explosive. The
detonation wave reaching the interface between explosive and water is shown in Figure 1. Where,
point S is the initiation point. R is the radius of cylindrical explosive. L is the height of cylindrical
explosive. The angle between the propagation direction of detonation wave and the cylindrical surface
of explosive is fo. The angle between the incident wave front and the cylindrical surface is ao. The
direction angle of the transmitted wave is #s. Similarly, when the detonation wave reaches the end of
cylindrical explosive, the angle between the propagation direction and the end face is S0, the angle
between the incident wave front and the end face is ao', the direction angle of the transmitted wave is
ps'.

According to the geometric relationship on the interface of the cylindrical charge, the relevant
angle between the incident wave front and the explosive boundary can be expressed by Egn. (5) and
Eqn. (6).

Q)

sin g, =sin(r —a,) =

g

sin B, =sin(z —a,) =

(6)

W)

-t
where t is the propagation time of detonation wave inside the charge.

2.2 Analysis of transmission and reflection process of detonation wave

When the detonation wave reaches the interface between the explosive and water, the transmission and
reflection process of detonation wave are shown in Figure 2. Where, the OF is the interface between
explosive and water medium. The detonation shock wave front is Ol. The reflected shock wave front
is OR, and the transmitted shock wave front is OT. The undisturbed interface OF will turn into OF"
after the action of detonation wave. Since the wave impedance of explosive is greater than that of
water, the reflected wave is a sparse wave. If the inhomogeneity of the reflected rarefaction wave is
neglected, the interface in figure 2 and wave front of water and explosive divide the water field into
five regions. Zone (0) is the undisturbed region in the explosive. Zone (0" is the undisturbed region in
water. Zone (1) is the post wave region of the incident wave Ol and also the wavefront region of the
reflected wave OR. Zone (2) is the post rarefaction wave region in the explosive. Zone (3) is the post
transmission wave region in water. The disturbed interface OF" distinguishes the zone (2) and zone (3).

R

(2) —

05
(B)F. 03 0)

T
Figure 2. Diagram of incident wave front reaching cylindrical explosive interface
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The flow velocity in the laboratory coordinate and moving coordinate system is expressed as u
and g, respectively. The point O in the laboratory coordinate system is opposite to that of the vector qo,
then from the vector and geometric relationship in Figure 2, we can obtain Eqn. (7-10).

Qi =U; +q (7
D
Qo == (8)
sina,
0, = (G, — U, Sinay)? +u/ cos® (9)
tand, = M (10)
q, — U, Sina,

where 6 is the angle between vector go and qz.

2.2.1 Reflection process analysis of detonation wave

It is assumed that the detonation wave is not affected by the reflected rarefaction wave. Therefore, the
incident wave velocity in zone (1) in Figure 2 is equal to the detonation velocity D. The velocity,
pressure and density of the fluid pellet in zone (1) are ui, p: and pi, respectively. When rotating
counterclockwise from o to qi, the angle is positive. Therefore, according to the pole curve
relationship of shock wave and the Hugoniut relationship, we can obtain Eqn. (11-12).

d&__—Mz_l (11)

dpz szzz

£=£_pzd_p (12)
2 2 Py p

It is assumed that the explosive is a polytropic gas and the reflection process is isentropic.
Therefore, the relationship between the pressure, density and sound velocity on the reflected wave
front can be expressed as Eqn. (13, 14) [14].

& _ (kl +1) P, + (kl _1) P (13)

p (k+)p +(k-Dp,

¢ =k T2 (14)
P2

where the density and pressure of the charge in zone (2) are expressed as p. and P-, respectively. 6 is
the angle between vector g: and g. The isentropic index ki of polytropic gas is 1.4.

2.2.2 Transmission process analysis of detonation wave

The wave impedance of water is less than that of explosive, so the transmitted wave is compression
wave. The hydrostatic pressure, density and velocity of the fluid pellet in zone (0" is po', po', and uo',
respectively. The velocity in the moving coordinate system is qo', then:

Go = 0o + Ug (15)
The polar curve of the transmitted wave in zone (3) can be expressed as Eqgn. (16).

1 1 A
\//1(-—-) —(T-)Z
tan, = Po  P3 Polo

N (16)
Qo =
Po%

A= Ps— Py
When water is in under compression state, the polynomial equation of state can be used to describe the
relationship between pressure and density in the zone (3). Then:

Py = A+ A® + Ay’ + (By + Bud) po By (17)
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ps=(u+1)p, (18)
Where, ps is the transmitted wave pressure in zone (3); s is the angle between the explosive interface
OF and OF'. u is the compression ratio of water. po' is the density of water without disturbance.

2.2.3 Calculation process

As shown in Figure 2, the reflected wave disturbance zone (2) in explosive and the transmitted wave
disturbance zone (3) in water medium are separated by the interface OF'. According to the interface
continuity conditions and the geometric relationship in Figure 2, the relationship of the parameters in
interface OF' can be expressed as Eqn. (19) - (21).

G2/ Qs // OF (19)
P, = Ps (20)
n==03—(h+62)=0 (21)

Since the reflection and the transmission interface meet the continuity assumption and
momentum conservation conditions, the reflected wave polar curve must pass though point (61, p1),,
the transmitted wave polar curve must pass through point (0, po'). According to sections 1.2.1 and
1.2.2, the initial shock wave pressure is the intersection of reflection and transmission polar curves,
represented by Eqn. (10), (11) and (16). And Eqn. (22) is obtained by Egn. (10), (11) and (16).

Jz(l L)Ly e
Y A ' ' 2 2_
arctan( Po Ps  Poo ) — (arctan( Y, COS % )—j M . 1dp2):;7
A Oo —U; SINa, 2 (22)
Qo T 61
Po%
Ps € (Pyr P1)

The direction of the initial shock wave g5 is expressed by the angle between interface OT and OF,
which can be obtained by Egn. (23).

By=m— arctan(i.
Qo

(23)

3. Experiments
This section describes the underwater explosion load test. Some test results will be used to verify the
theoretical model and numerical simulation results.

Fig. 3 shows a 3D schematic of the test arrangement. The test is carried outina2 m x2m x2.3
m water tank, with a water depth of 2 m and an observation window of 0.6 m % 0.6 m. Heavy objects
are suspended at the bottom of the three free-field water pressure sensors so that the sensors and
explosives are located at a depth of 1 m. The sensors are arranged circularly with directions of 0
(axial), 45< and 90°(radial). The pressure sensor used in the test is W138A05 provided by the PCB
company. The voltage of the sensor is 5V, which is used to measure the impact pressure, and the
maximum range is 34.475 MPa. In the test, the sensors in three directions are 0.5 m away from the
centre of the explosive. According to Eqn. (2), it is estimated that the peak pressure of 10 g spherical
explosive TNT at 0.5 m is approximately 20.2 MPa, which is within the range of the pressure sensor
and meets the test requirements [15].

ﬂ)us
R

P, =52.4x(
: (24)
Where, Pn is the peak pressure of the shock wave. w is the mass of explosive. R is the distance from
the measuring point to the centre of mass of the explosive sphere, which is 12—240 times the radius of
the explosive.
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Fig. 4(a) shows the explosive used in the test. The size of the explosive is shown in Table 1. Fig.
4(b) shows the test pressure data-acquisition system. The system consists of a signal conditioner, data
collector, and computer used for data processing. During the test, a signal conditioner and pressure
sensor are connected to ensure the stability of the test voltage signal. Simultaneously, a data collector
with 2 MHz sampling frequency is used to prevent "peak leakage" during measurement. Finally, the
pressure-time history data for the three directions are obtained.

Table 1. Dimensions of cylindrical explosive for underwater explosion test
Weight w /g Density p /(kg/m?®) Diameter D /mm Length L /mm
10 1550 20 20

Voltage signal

Signal conditioner

Data collector

(a). Explosive (b). Data acquisition system
Figure 4. Pictures of underwater explosion load test

4. Numerical model

Due to the range limitation in the test, only limited shock wave data can be obtained. Therefore, in
order to verify the effectiveness of the theoretical calculation method, the initial shock wave pressure
on the interface between explosive and water are obtained through numerical simulation.
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y» L >l Observation points

i )
R Cylindrical charge % /
A

Figure 5. The enlarge view of axisymmetric FEA model nearby the cylindrical charge

4.1 FEA model and discretization

The axisymmetric FEA model is shown in Figure 5. The size of the water area is 3 m % 1.5 m. The
dimensions of the explosives are listed in Table 2. 2D multi-ma Euler algorithm is used for numerical
calculation. Euler grid is used for explosive and water area. The numerical domain is discretized by a
transitional finite element mesh with an increasing refinement nearby the cylindrical explosive. The
minimum element size is 0.1 mm > 0.1 mm nearby the charge and the maximum size is 2cm %2 cm
on the outer boundary of the water [16-18]. Non-reflecting boundary conditions are set around the
water domains. The initiation point is set in the center of the cylindrical explosive at coordinates (0, 0).
As shown in Figure 5, some observation points are set at the interface between explosive and water.

Table 2. Dimensions of cylindrical explosive for numerical simulation

L/D(Length-to-diameter ratio)) Weightw/g  Length L /mm Diameter D /mm

11 10 20 20
2:1 10 32 16
31 10 42 14
5:1 10 59 11.8

4.2 Constitutive model
The equation of state for water can be described by the Mie-Gruneisen equation, defining the pressure
in the compressed state as Eqgn. (25) and the pressure in the expanded state as Egn. (26):

a
poCZu[1+(l—y2°Ju—2u2}

P= . - -+ (7, +au)E
1—(S, -1 u-5, 4 s _H
{ B 3(’”1)2} (25)
P= pOC2,u+ (Vo +a,u)E , (26)

where the speed of shock waves in water medium is expressed as C. The degree of compression is
expressed as u. yo is the Mie—Gruneisen coefficient. a is the volume correction coefficient. Si, S, and
Ss are the experimental fitting coefficients. E is the specific internal energy per unit volume [19]. The
parameters of the equations of state for water are listed in Table 3.

Table 3. Parameters of water polynomial equation of state

Material ~ po/(kg/m®)  C/(m/s) Yo a St Sz S3 E /(MPa)
Water 1025 1480 0.35 0 1.921 -0.096 0 0.2895

The JWL(Jones-Wilkins-Lee) equation of state is usually used to describe TNT explosives. It
defines shock wave pressure as a function of the internal energy E and relative volume V [20]:

P AQ--2)e ™ + B——2 e + 2E
RV RV v 27

where @, A, B, Ry, and R, are constants that characterise the explosive characteristics, and the
parameters of JWL equation of state for TNT explosives are listed in Table 4.
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Table 4. Parameters of TNT JWL equation of state

Material AlGpa B/Gpa R: R> ® E/(Gpa)
TNT 371.2 3.231 0.28 396.79 0.3 7

5. Theoretical model and numerical simulation verification

It is difficult to directly obtain the initial shock wave pressure through the underwater explosion load

test. Therefore, the effectiveness of the numerical simulation is verified by the load test. Then the

accuracy of the theoretical model is further verified by comparing the numerical and theoretical results.
Figure 6 shows the pressure-time curves obtained by simulations and experiments. The result

shows that the numerical results are in good agreement with the experimental results, and the error is

less than 0.9%. Therefore, the simulated results are accord well with the test results.

20
12l Experimental results
R B Simulated results
16 =
= 4r | .
o r ! 1
é 12 i " Peek pressure ]
E 10 Experimental Simulated -1
= L Distance/m Error
7] R i result / Mpa result / Mpa a
8 0.5 20.15 19.97 0.9%
=
A 6
4k
[
2F
[
0k-r 1 I 1 1 =

00 01 02 03 04 05 06 07
time (ms)
Figure 6. The simulated and experimental results of underwater explosion load test

In order to verify the effectiveness of the theoretical model, the simulated and theoretical results
of the initial shock wave pressure generated by a cylindrical charge with a length diameter ratio of 3:1
are shown in Figure 7 and Table 5. With the propagation of detonation wave, the initial shock wave
will be formed on the cylindrical and end boundary of the charge. The results show that the maximum

error of initial pressure on the cylindrical surfaces is 9.17 %, and that of initial pressure on the
endsurface is 1.8 %.

16+ a,=arctan(4/7) T 16 -1 a,=arctan(2/21)
| ‘\A\ :
14 - = = og=arctan(8/7) . 14 | — — a=arctan(4/21)
A\A 0
5] \ . : - - - o =arctan(12/7) e \ .. a0=arclan(6/21)‘ 1
§ : l — - —aq =arctan(16/7) _— 1 =
_ : = - Numerical results
é 104 || : E —a— Theoretical results |- 8_ 10 - ;? 15.84 —e— Theoretical results B
— 2 o E
g 81 |1' ] § 8 3 156 ]
@ v o 2 o -
5 67 . 1& 6f E = ’
~ 1 S & % 154
4 {1 4 z 1
2 -1 9 5 52 4
arctan(2/21) arctan(4/21) arctan(6/21)
i (%)
0 . | . | . : 2 T = - ] 0 s Il 1 L 1 1 fl
0 1 2 3 4 5 2 4 6 8 10 12 14
time (ms) o)
(a) cylindrical surface (b) end surface

Figure 7. The simulated and theoretical results of initial shock wave pressure
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Table 5. Comparison of theoretical models and simulated results

Cylindrical surface End surface
Incident  Theoretical Simulated E Incident  Theoretical ~ Simulated
o rror ' o Error
angle ao / results results /% angleaqo' / results results 1 %
/Gpa /Gpa /Gpa /Gpa
arctan(4/7) 15.14 14.7 2.9% | arctan(2/21) 15.53 15.81 1.8%
arctan(8/7) 14.65 13.42 8.4% | arctan(4/21) 15.38 15.57 1.2%
arctan(12/7) 14.06 12.77 9.17% | arctan(6/21) 15.31 15.25 0.4%
arctan(16/7) 13.5 12.56 6.96% /

The theoretical model can also calculate the direction of the initial shock wave. To verify its
accuracy, Figure 8 shows the pressure contour at 1.5 us and 2 ps. The dash-dot line MI represents the
material interface. The dash line TSWF represents the transmitted shock wave front. Att = 1.5 s, the
detonation wave propagates to 7.7cm in the explosive. The numerical result of the direction angle is
34 ° the theoretical result is 37.56 ° And the error between the numerical simulation and the
theoretical results of the direction angle is no more than 9.47 %. At = 2 s, the detonation wave
propagates to 12cm of the position inside the explosive. The numerical result of the direction angle is
40 ° the theoretical result is 44.41 ° And the error between the numerical simulation and the theoretical
results of the direction angle is no more than 9.93 %. Part of the reason for the error is that there is a
systematic error in measuring the direction of the initial shock wave from the pressure contour.

Therefore, the theoretical simulation results agree well with the numerical results.

pressure(Mpa) pressure(Mpa)
1.641e+04 1.646e+04
1.477e+04 1.481e+04
1.313e+04 1.317e+04
1.149e+04 1.152e+04
9.847¢+03 9.876e+03
8.206e+03 8.230e+03
6.565e+03 6.584e+03 A 3 = I
4.924e+03 4.938e+03 3 9 - A
3.282¢+03 3.292e+03 B 7
1.641e+03 1.646e+03 :
0.000e+00 0.000e+00 :
(a). t=1.5us (b). t=2us

Figure 8. Initial shock wave pressure contours
6. Analysis and discussion

6.1 Influence of incident angle and type of charge on initial shock wave
The formation process of initial shock wave generated by cylindrical charge can be equivalent to the
process that the detonation wave is obliquely incident on the free surface. Therefore, the incident angle

ao has a great influence on the initial shock wave pressure and direction.
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Figure 9. The ao-P and ag-a3 curves are obtained by the theoretical model
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As the shown in Figure 9, the ao-ps and ao-a3 curves are obtained by the theoretical model. With
the incident angle ao increases from 0 to 72, the initial shock wave pressure decreases gradually and
the angle a; increases. When the incident angle ao is in the range of 0 - 10 , increasing the incident
angle makes the initial shock wave pressure decrease rapidly as a power function. When the incident
angle ao is in the range of 10 - 72 , the attenuation rate of the initial shock wave firstly decreases and
then increases with the increasing of the incident angle. This phenomenon explains the reason that the
axial and radial initial shock wave pressures are much higher than those in other directions after the
central initiation of cylindrical charge. And with the propagation of the detonation wave, the direction
of the initial shock wave will gradually deflect towards the material interface.

When the shape of the charge is spherical, the type of explosive determines the initial shock wave
pressure. When the charge shape is cylindrical, the type of explosive also has a great influence on the
initial shock wave pressure and its direction. It can be seen from the Figure 9, there are the similar
variance tendency between the ao-ps and ao-as curves generated by TNT and RDX charge. When the
incident angle ao is the same, the initial shock wave pressure has the liner relationship between the
TNT and RDX charge. Therefore, the type of explosive does not affect the relationship between the
incident angle and the initial shock wave. The initial shock wave of cylindrical charge is still jointly
determined by the density of charge po, detonation pressure p; and velocity D.

6.2 Influence of the Length-to- diameter ratio on initial shock wave

According to the geometric relationship, the length-to-diameter ratio of the charge will limit the range
of the incident angle. Figure 10 shows the contours of initial shock wave generated by equal mass
cylindrical charge with L/D = 2:1, 3:1 and 4:1, respectively. At t = 2us, the shock wave propagates to
14 mm of the position inside the explosive. When the length-to-diameter ratio increases from 2:1 to
5:1, the incident angle aoincreases from 55.15 to 65.08 , and the direction of the initial shock wave
Bs increases from 38 — 41 . Comparing the data in Table 6, according to the numerical simulation
calculation, the initial shock wave pressure decreased from 13.83 to 12.97 MPa. According to
theoretical calculation, the initial shock wave pressure drops from 14.28 to 13.58 MPa. The numerical
simulation and theoretical results show that the length-to-diameter ratio will affect the initial shock
wave pressure at the same initiation time. The pressure decreases with the increase of the length-to-
diameter ratio when the initial shock wave is formed on the cylindrical surface of the charge.

pressure(Mpa) pressure(Mpa) -
1.677e¢+04 1.646e+04
1.509¢+04 ! I 1.481e+04 i
1.342¢+04 1.317e+04
[ 1.174e+04 £ []1.152e+04 =
1.006e+04 E [ 9876e+03 l4mm = E
8.385e+03 — 8.230e+03 —
6.708e+03 6.584e+03
5.031e+03 1 I 4.938e+03 !
3.354e+03 3.292e+03
1.677e+03 1.646e+03
0.000e+00 32mm , 0.000e+00 | 42mm o
(a). L/ID = 2:1 (b). L/D = 3:1
pressure(Mpa) = -
m 1.642¢+04
1.478e+04
| 1.313¢+04 }
| 1.149¢+04 E
9.851e+03 |
8.209¢+03 —
6.567¢+03 ;
4.926e+03 =
3.284e+03
1.642e+03
0.000e+00 < -

(c). LID=5:1
Figure 10. The contours of initial shock wave at 2 us with different length-to- diameter ratio

10



2022 International Conference on Defence Technology (2022 ICDT) IOP Publishing
Journal of Physics: Conference Series 2478 (2023) 072026  doi:10.1088/1742-6596/2478/7/072026

Table 6. Influence of length-to-diameter on the parameters of initial shock wave at 2us time

_ Direction of initial shock wave S5/° Initial shock wave pressure / MPa
Incident  Theoretical Simulated Theoretical Simulated
L/D o Error Error
angle/ results results [ o results results | %
IGPa IGPa ° IGPa IGPa 0
2:1 55.15 41.96 38 9.4 14.28 13.83 3
31 60 44.42 41 7.6 13.98 13.16 5.9
5:1 65.08 46.45 42 9.5 13.58 12.97 45

7. Conclusions

In this manuscript, a theoretical model for initial shock waves is proposed by the polar curve method.

Based on the theoretical model and the simulated results, the influences of incident angle, length-to-

diameter ratio and type of charge on the initial shock waves are analyzed. Then the experiments of

underwater explosion load tests are carried out to verify the theoretical and simulation results. Some
instructive conclusions can be drawn from the current study:

(1) The two-dimensional theoretical model can calculate the initial underwater shock wave pressure
and its direction of cylindrical charge through detonation velocity, detonation pressure, explosive
density and incident angle, which is provides a theoretical basic for studying the shock wave
propagation and evolution studies. By comparing the theoretical results with the numerical results
verified by experiments, the maximum error is not more than 9.93%.

(2) Increasing the incident angle ao will reduce the initial shock wave pressure of cylindrical charge
and make its direction deflect towards the material interface. When the incident angle aois in the
range of 0 — 10 °, increasing the incident angle makes the initial shock wave pressure decrease
rapidly as a power function. With the increasing of the incident angle, the attenuation rate of the
initial shock wave firstly decreases and then increases when the incident angle «o is in the range
of 10-72°

(3) According to the geometric relationship, the length-to-diameter ratio of the charge will limit the
range of the incident angle. The length-to-diameter ratio will affect the initial shock wave
pressure at the same initiation time. The pressure decreases with the increase of the length-to-
diameter ratio when the initial shock wave is formed on the cylindrical surface of the charge.
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