PROBLEMY MECHATRONIKI
UZBROJENIE, LOTNICTWO, INZYNIERIA BEZPIECZENSTWA

ISSN 2081-5891 8,3(29), 2017, 9-22

PROBLEMS OF MECHATRONICS
ARMAMENT, AVIATION, SAFETY ENGINEERING

The Initial Velocities of Metal Plates Explosive-Driven
from Asymmetric Sandwich

Edward WLODARCZYK, Marcin SARZYNSKI"

Military University of Technology, Faculty of Mechatronics and Aerospace,
2 gen. S. Kaliskiego Street, 00-908 Warsaw, Poland
Corresponding author’s e-mail address: marcin.sarzynski@wat.edu.pl

Received by the editorial staff on 13 June 2016.
The reviewed and verified version was received on 7 March 2017.

DOI 10.5604/01.3001.0010.4105

Abstract. This paper presents modified Gurney formulas determining velocities of the
explosive-driven metal plates which are parts of a flat asymmetric sandwich (AS). The
modification takes into account a linear profile of the detonation products velocity in the
Eulerian coordinates and a change of their density in terms of expansion time. Such
variations of the parameters of the detonation products as the above are compatible with
a conventional dynamic gas theory, and describes the dynamics of the detonation
products behaviour during launching the plates from AS.
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1. INTRODUCTION

The problem of launching the solids by the detonation products (DPs) is of
an essential importance for estimating, among other, the initial velocity of
fragments of different kinds of ammunition (bombs, projectiles, grenades), as
well as for estimating the velocity of the driven plates of the reactive cassettes,
after detonation of high explosive (HE) inside these cassettes [1-3].
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This problem also occurs in the shaped charges. The interaction of the
detonation products and the casing and a liner shaped charge determines the
velocity of the liner elements and, as a result, the characteristics of a jet [4-7].

The problem of launching different solids by the DPs of the highly
explosive materials was investigated by many researchers. The extensive
literature connected with this problem is given in the fourth chapter of Walters
and Zukas monograph [4].

One of the methods for estimation of velocity of the ammunition casings’
fragments is the R. W. Gurney method [8-13].

Gurney considered, among other, the configuration of a so-called
asymmetric sandwich (AS) (Fig. 1). It consists of a slab of explosive confined
by two metal plates, one of them is a tamper. For this flat plate configuration, C,
M and N are the explosive, metal plate, and tamper plate masses per unit area,
respectively. Such kind of a configuration is often used in experiments to obtain
constitutive properties of materials or when it is necessary to impact into a large
surface of the target.

//// N (Tamper plate)

C (Explosive slab)

M (Metal plate)

Fig. 1. Fragment of an asymmetric sandwich

The so-called Gurney approximation is based on the conservation of
momentum and energy. By means of these balances have been defined the
initial velocities of the explosive driven metal plates from asymmetric sandwich
as:
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where the quantity v2E has the unit of the velocity and is termed the Gurney
characteristic velocity for a given explosive.

The range of applicability of the Gurney formulas is restricted due to the
simplifying assumptions in the derivation of these formulas, namely:

o distribution of the particle velocity of the expanding detonation
products is linear function of the Lagrangian coordinate and persists this
form for all time;

e gas products of detonation are assumed to expand uniformly with
constant-density and it is equal to explosive density.

It can be observed, that the Gurney assumption of a linear velocity profile
of constant density of the DPs considerably deviates from a conventional gas
dynamics theory. Therefore, formulas (1.1) give inaccurate results.

Papers [14] and [15] prove that the particle velocity of the DPs expanding
from the AS is a linear function in the Eulerian coordinate. On the contrary, this
velocity is a non-linear function in the Lagrangian coordinate. Bearing in mind
the above fact, an attempt to modify the Gurney formulas (1.1) is made. The
modification is based on a linear profile of the DPs velocity in Eulerian
coordinate and on the variable of the average value of the DPs density in terms
of the time of their expansion. These modifications are conformable with
a conventional gas dynamics theory. Accordingly, it improves an approximation
of the true expansion of the DPs from the AS and, therefore, determines the
velocities of the explosive-driven metal plates which are part of the AS.

2. FORMULATION OF THE SUBSTITUTE PROBLEM AND
ASSUMPTIONS

In order to determine the initial velocities of the metal plates explosive-
driven from AS, first of all the following substitute problem should be solved
and analysed, namely: an HE charge between two rigid pistons is placed in the
non-deformable infinite pipe with a unit of the cross-section area. The length
and mass of the charge are represented by | and C, respectively. The pistons
masses are denoted by M and N. At the moment t = O, the HE charge is
instantaneously detonated. The compressed gas products of detonation expand
and launch the rigid pistons. The friction forces between the pipe wall and the
pistons and DPs, as well as the resistance of air in the front of the pistons are
neglected. The thermodynamics properties of the DPs are described by the ideal
gas model. The problem formulated in such a way is adequate to the model of
the AS. This problem has been solved at the following assumptions:

1) The hypothesis of instantaneous detonation [7, 9, 16] is used. In this

context, the initial density of the DPs is equal to density of the HE.

2) Larger fraction (about 70 percent) energy of the explosive charge

before detonation is converted directly to the kinetic energy of the
driven rigid pistons and the expanding DPs after detonation.
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The internal energy of the detonation products is neglected in the
balance of energy.

3) The velocity of the DPs is linear function of the Eulerian coordinate, to
be compatible with a convention gas dynamics theory.

4) The wave motion of the DPs during decompression is neglected. The
DPs expand adiabatically. Distribution of the DPs density is uniform at
the given moment.

3. SOLUTION OF THE PROBLEM

The graphic scheme of the under consideration problem is depicted in Fig. 2.
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Fig. 2. Model of the problem under investigation

The symbols listed in Fig. 2 denote:
M, ON — velocities of the piston M (AS metal plates) and the piston N
(AS tamper plate);
01(2), v2(2) linear distribution of the velocities of the backward DPs
versus the Eulerian coordinate in the Region | and Region Il
(Fig. 2) respectively;

Cy, C, — masses per unit area of the backward DPs in the Region I and
Region 11, respectively;
M, N — masses of the piston M (AS metal plate) and the piston N (AS

tamper plate) per unit area respectively;
z,(1t), z,(t) Eulerian coordinates of the piston N (AS tamper plate),
and the piston M (AS metal plate).
After the instantaneously detonation of the HE charge, the compressed DPs
backward expand and displace the rigid piston in the opposite directions.
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The average value of the density of the DPs in the space between the
movable pistons can be expressed by the formula:

_G+C, C
Zl+22 Zl+22

y C1+CZ :C (31)

From the momentum conservation in the system considered, the following
equations is obtained:

C,v C,l
where the following relationships was applied:
Zy
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The kinetic energy of the DPs is determined by the expression:
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In turn, the principle of the energy conversion into the under investigation
configuration yields:
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where Q"=0.7Q — about 70% of total chemical energy realised during detonation
of most explosives is converted directly into kinetic energy of the metal plates
and into expansion of the explosive products [13].
According to the hypothesis of the instantaneous detonation and
a hydrodynamics detonation theory [14, 16,17],
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where the symbols c., p., pg, D, Q and y denote: the initial speed of sound into
DPs, the density of the HE, the Chapman-Joguet pressure, the velocity of
detonation of the HE, the heat change of HE, and isentropic exponent of the
DPs, respectively.

From Egs. (3.1), (3.2) and (3.3) it follows that:

_E C+2M
1" 2C+N+M

_E C+2N
27 2C+N+M

In turn, the solutions of the Egs. (3.3),, (3.5) and (3.7), give:
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A=C(C+M+N)C+2MY,

A, =C(C+M +N)C+2N),

B=(C+2N)[C(C+2N)+6M(C+M +N)),
+(C+2M)[C(C+2M)+6N(C+M +N)]

(3.7)

where:

(3.9)

It follows from expressions (3.8) and (3.9) that:
1
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As it is observed, the final velocity of the flight plates depends on M/C and

N/C as well as on constant 0.84D,/6/iy2 “1) that characterizes a given
explosive by means of the readily available parameters D and .
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If y=(N/C)=0 (a tamper vanishes), then from the expressions (3.10-3.12)
there are obtained the formulas for open-faced sandwich, namely:

1

3 )2 1+X 2
vpm =0.84D ( J 3.13
72 —1) \4x3+9x% +6x+1 (3.13)

1 1
3 )2( 4x3 +8x% +5x+1 |2
72 —1) | 4x3+9x% +6x+1

UN =0 = O.84D( (3.14)

where vy denotes the velocity of the particles of the DPs that are on the free
surface.
Inturn, if x =y, i.e. (M/C) = (N/C), then we obtain simple formula for the
symmetric sandwich as:
1 1

3 12( 1 )2
UM:UN:O.84DL/2_1] (1+6xj , (3.15)

The velocities of the explosive-driven plates from every flat sandwich have
been determined in this way.

4. EXAMPLE

In order to compare the results obtained by means of Gurney formulas
(1.1) and of the expressions (3.10-3.12), there have been performed calculations
with application of the TNT and HMX explosives. These explosives are
characterized by the following parameters [4,17] and [19]:

TNT: P = 21 GPa, p. = 1630 kg/m®, y=3, D = 6930 m/s,
J2E =3000m/s, c, - /g D = 4240m/s
HMX: Py = 42 GPa, p, = 1891 kg/m®, =3, D = 9110 mis,

V2E =3370m/s, ¢, - /SD ~5580m/s -

The obtained results are presented in Figures 3, 4 and 5 in the form of
graphs.
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Fig. 3. v, dme, on and ong Versus M/C for asymmetric sandwich with HMX for two
cases of tampers: (N/C)=1 and (N/C)=10
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Fig. 4. vy, ome, vo and vy versus M/C for an open-faced sandwich (N/C=0)
with explosive — TNT

The velocities om, vme, vn and vyg are plotted as a function of variable M/C
in Figure 3. These graphs are drawn for an asymmetric sandwich with a selected
value of the parameter: (N/C)=1 and (N/C)=10, and with the explosive HMX.
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The solid lines present the results obtained by expressions (3.10) — (3.12),
on the contrary, the broken lines depicted the results calculated by means of
Gurney formulas (1.1).

As it can be seen, the velocities vy and vyg intensively decrease along with
an increase in M/C, particularly within the scope of a small value of M/C. This
phenomenon is caused by string inequality N/C >> M/C that occurs in the
considered case. On the contrary, at this relation between M/C and N/C,
velocities vy and ong insignificantly increase along with an increase in M/C.

The results obtained by means of Gurney method for AS are more
satisfying on the average about 25%.

Figure 4 plots the metal plate velocities vy and vyg as a function of M/C for
an open-faced sandwich (N/C=0). This figure shows also the free surface
velocities vy and vy as a function of M/C for this sandwich. The above
mentioned velocities have been calculated by means of expressions (3.13) and
(3.14) and by Gurney formulas (1.1) for (N/C)=0. In these calculations, the
explosive TNT has been applied. The results obtained by means of Gurney
method are considerably more satisfying in excess of 50%.

Similar graphs are presented in Fig. 5 for a symmetric sandwich
(M/C=N/C). In this case, the velocities vyg are higher by about 45% than oy.
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Fig. 5. v and vpg versus M/C for symmetric sandwich (M/C=N/C)
with explosive — TNT
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5. CONCLUSIONS

To conclude, some of the above mentioned results of calculations have
been compared with motion parameters of the plate launched by detonation
products, recently published in [18]. In this paper, a boundary value problem of
the explosion-driven plate which is part of an open — faced sandwich (N=0) has
been resolved by means of a wave method. The expansion of the detonation
products has been considered using propagation rarefaction waves. Figure
6 shows the variations of the relative displacement, @ = U/l, and the relative
velocity, & = vic,, of the metal plate in terms of the relative time , n = ct/l, in the
initial period of launching for selected values of x =M/C. The horizontal lines
mark the values of the relative velocities calculated by means of formulas (1.1) -
dwe and (3.10) - oy for N=0. As it can be seen, the relative velocity oy more
precisely approximates the initial average value of the true velocity of the
launched plate, than og, as it should have been expected.
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Fig. 6. Variation of the relative displacement and velocity of metal plate versus the
relative time #, for selected values of x, high explosive — HMX

In the all considered cases, there occur essential differences between the
results obtained by Gurney formulas (1.1) and by means of expressions (3.10) —
(3.12), derived in this paper. Representing Gurney theory results are more
satisfying about several dozen per cent (from 20% to 60%).

These differences are caused by the Gurney assumption of a linear velocity
profile in the Lagrangian coordinates of constant density of detonation gases
products, the results significantly deviate from a conventional gas dynamic
theory.
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This assumption introduces the largest error in configurations involving
a free explosive surface such as the open-faced sandwich for which the Gurney
method may overestimates the metal plate velocity.

REFERENCES

[1] Persson A. 1983. A theoretical analysis of the mechanics of tandem shaped
charges and their interaction with different targets. In Proceedings of the
7" International Symposium of Ballistics. Hague.

[2] Held Manfred, Wolfgang Shwartz. 1994. “The importance of jet tip
velocity for the performance of shaped charges against explosive reactive
armour”. Propellants, Explosives, Pyrotechnics 19.

[3] Wisniewski Adam. 1996. “Armour protection, against shaped charges” (in
Polish). Problemy Techniki Uzbrojenia | Radiolokacji 58.

[4] Walters William, Jonas Zukas. 1989. Fundamentals of shaped charges.
New York — Chichester — Brisbane — Toronto — Singapore: John Wiley and
Sons.

[5] Baum F.A., L.P. Orlenko, K.P. Stanyukovich, W.J. Chelyshev, B..
Shekhter. 1975. Explosion physics (in Russian). Moscow: Nauka.

[6] Wtodarczyk Edward. 1994. “On hydrodynamic stationary theory of jet
formation”. J. Tech Phys. 35 (3).

[7] Wtodarczyk Edward. 1994. “The impact of direction and velocity of the
detonation wave and the liner apex angle on parameters of a shaped charge
jet and slug as well as an explosively formed penetrator”. J. Tech Phys. 35
(4).

[8] Gurney Ronald Wilfred. 1943. The initial velocities of fragments from
bombs, shell and grenades. BRL Report 405, Aberdeen Providing Ground.

[9] Gurney Ronald Wilfred. 1947. Fragmentation of bombs, shell and
grenades. BRL Report 635.

[10] Henry J.G. 1967. The Gurney formula and related approximation for the
high-explosive deployment of fragments. Hughes Aircraft Company,
Culver City, CA, Report No. PUB-189, (AD 813389).

[11] Hirsch E. 1986. “Improved Gurney formulas for exploding cylinders and
spheres wusing hard core approximation”. Propellants, Explosives,
Pyrotechnics 11 (1).

[12] Jones G.E., James Kennedy, L.D. Berthof. 1980. “Ballistics calculations of
R.W. Gurney”. Am. J. Phys. 48 (4).

[13] Kennedy James. 1970. Gurney Energy of explosives: estimation of the
velocity and impulse imparted to driven metal. Sandia National
Laboratories, SC — RR — 70-790.

[14] Wtodarczyk Edward. 2000. “The backward launching of solids by products
of detonation”. J. Tech Phys. 41 (2).



The Initial Velocities of Metal Plates Explosive-Driven from Asymmetric Sandwich 21

[15]

[16]
[17]

(18]

[19]

Wrtodarczyk Edward. 2001. “The closed form solution of the Darboux
boundary value problem for backward driving of solids by the high
explosive”. J. Tech Phys. 42 (1).

Cheret Roger. 1993. Detonation of condensed explosives. New York:
Springer-Verlag.

Wiodarczyk Edward. 1994. Fundamentals of the explosion mechanics (in
Polish). Warsaw: Edited by PWN.

Wiodarczyk Edward, Bartosz Fikus. 2016. “The initial velocity of a metal
plate explosively-launched from an Open-Faced Sandwich (OFS)”.
Engineering Transactions 64(3) : 287-300.

De Carli Paul, Marc Andre Meyers. 1981. Design of uniaxial strain shock
recovery experiments, in Shock waves and high-strain-rate phenomena in
metals, concepts and applications. M.A. Meyers and L.E. Murr (eds.),
Plenum press, New York and London, 341-373.






