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Abstract

The main factors controlling the formation of the stern
of explosively formed projectiles are investigated using
numerical calculations in a three-dimensional formu-
lation of a problem. To form folds in the stern, it is
proposed to use thin-walled spherical segments with a
peripheral thickness deviation in terms of decreasing
or increasing with respect to the thickness in the cen-
tral part. The configurations of explosively formed
projectiles with inclined folds in the stern are shown,
and it is proposed to describe the fold inclination by
two angles of its position. The effect of folds in the
stern on the change in aerodynamic coefficients for a
wide range of angle of attack is numerically studied.
The angular velocity of the axial rotation of explosively
formed projectiles with inclined folds in the stern is
estimated based on the Newton method and consider-
ing the angles of its position. The results obtained are
of interest to specialists working in the field of physics
of explosion and high-speed impact, as well as those
dealing with aerodynamics of aircrafts, mainly of ax-
isymmetric shape
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Introduction. Explosive throwing of a thin-walled spherical segment (liner) is
widely used in various fields of technology to form an explosively formed
projectile (EFP), capable of retaining kinetic energy and shape when it moves in
air over long distances. The physics of the EFP formation is described in
fundamental works [1, 2]. However, the effectiveness of their use is reduced by
the disturbing effect of technological factors, which results in a change in the
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interaction angles of the EFP with the obstacle [3]. Moreover, the EFP trajectory
become curved due to angular impact of aerodynamic forces.

EFP flight stability can be enhanced by designing a developed conical stern
[3-5]. However, the techniques to control the geometry of the EFP stern are
poorly studied. At the same time, the developed stern causes intense braking in
the air and the loss of kinetic energy.

In some studies, an increase in flight stability was provided by the creation
of a folded stern. Such an EFP stern can be formed due to the multipoint
initiation or corrugation of the peripheral part of the spherical segment [5-8].

However, the EFP asymmetry leads to its radial drift. Axial rotation is used
to counter this phenomenon [2]. Within the problem of increasing the stability
of EFP flight, axial rotation can be ensured by the creation of inclined folds, but
the formation of them requires special study, since the folds should not be in the
shadow zone of the midsection and protrude too far beyond the EFP head.
In [4], inclined folds were proposed to be formed by cover plates. However, the
cover plate is an additional source of technological disturbances; therefore, it
seems rational to form folds in the EFP stern by changes in the geometric
parameters of the liner.

The purpose of this paper is to study the factors controlling the formation of
the EFP stern and the impact of these factors on the EFP braking in the air.

Numerical analysis of the formation process of a developed folded stern.
The study of the EFP formation process during explosive throwing of the liner
was carried out by the finite element method in a three-dimensional Lagrange
formulation in the LS-DYNA software package [6-10]. The system of resolving
equations considering the laws of conservation of mass, momentum and energy
was taken in the classical form [8, 10]. The material state equations that close
this system and also mesh elements in numerical calculations for the LS-DYNA
software package were taken in accordance with the recommendations in the
works [9, 11-17].

The performed calculations showed that the shape of the EFP stern
significantly depends on the geometry of the forming liner thrown by the
explosion. It was determined that using liner of variable curvature at the base
forms an EFP with a developed stern (Fig. 1), but at that the EFP length
decreases [17].

The formation of folds in the EFP stern was studied on liners of variable
curvature (Fig. 2). The body of the laboratory charge for explosive throwing and
liners are made of plastic steels, and the composition TG-40/60 was taken as an
explosive. The initiation point was located on the axis of the charge [9].
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Fig. 1. Configuration of the EFP formed as a result of the explosive throwing:

a is liners of constant curvature; b is liners of variable curvature

Fig. 2. Liner configuration variants with thickness deviations repeated
in the circumferential direction in the form of symmetrical and asymmetric triangular
sectors on the inner (g, c) and outer (b, d) surfaces; with a negative thickness deviation
at D; = 3dy/4 (a, b) and a positive thickness deviation at D; = do/2 (c, d); a = do/8 (b),
do/4 (d); r are fillet radius; do, Ro, & are geometric parameters of the liner

The liners had a diameter do = 65 mm, a radius of curvature Ro = 50 mm and
a nominal thickness = 2.2 mm. In the peripheral part of the liner, a thickness
deviation AS = 0.1 mm was created in terms of decreasing or increasing with
respect to the thickness of the central part. Thickness deviation was created in
triangular sectors located on the periphery of the liner. In accordance with [9],
their number is taken equal to n = 6. Triangular sectors had a symmetric
(Fig. 2, a, ¢) and asymmetric (Fig. 2, b, d) shape on the surface of the liner.

The diameter of the circle D; inscribed in the contour of the sectors and the
smaller side of the triangle a (for asymmetric sectors) was chosen as the
geometric parameters of the triangular sectors.
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Calculations showed that using such liners in explosive throwing causes the
formation of the EFP with a developed folded stern that protrudes beyond the
cross section of the element head (Fig. 3). From the symmetrical triangular
sectors, the stern is formed with straight folds (Fig. 3, a, b, e, f), and from the
asymmetric sectors — with inclined folds (Fig. 3, ¢, d, g, h). Thickness deviations
in the peripheral part of the liner significantly affects the formation of folds in
the stern: narrow folds and wide cavities between them are formed in triangular
sectors from liners with positive thickness deviations, and vice versa, wide folds
and narrow cavities — from liners with negative thickness deviations. This
conclusion is universal and applies to liners with a thickness deviation in the
region of symmetric and asymmetric sectors [9]. According to the stern
diameter and length of the EFP with folds, they occupy an intermediate position
between the EFP without folds from the liners of constant and variable
curvature (Fig. 2, 3).

Effective Plastic Strain
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Fig. 3. The distribution of plastic deformation on the surface of the EFP formed
from the liner with thickness deviations on the inner surface for a time t = 135 ps
from the moment of initiation (A8 = 0.1): with symmetric (a, b, e, f)
and asymmetric (c, d, g, h, with a = do/4) triangular sectors and negative (a, b, ¢, d)
and positive (e, f, g h) thickness deviations; view from the toe (a, ¢, e, g)
and from the cavities side (b, d, f, h)

The calculations also showed that with a negative thickness deviation in the
peripheral region, a decrease in the diameter of the inscribed circle D; leads to an
increase in the plastic strain rate €,, which can cause early fracture of the EFP

in the axial direction, and also lead to a decrease in its length and an increase in
the height of folds in the stern [9, 13, 14]. With a positive thickness deviation in
the peripheral region, the opposite tendency is observed. The twisting of the EFP
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head relative to the stern with inclined folds leads to an additional increase in
plastic deformations €,, which can also negatively affect its integrity (Fig. 3). In

addition, a difference in the axial initial velocities of the EFP movement is
observed: the EFPs formed from the liners with a negative thickness deviation
have a higher velocity than the analogous EFPs formed from the liners with a
positive thickness deviation. When creating a thickness difference on the inner
surface of the liner, higher folds are obtained [9].

The calculations showed that the use of asymmetric triangular sectors
provides the appearance of the fold inclination angle o relative to the EFP
symmetry axis and the fold inclination angle {3, relative to the contour of the
EFP cross section (Fig. 4, a). With increasing side a in liners with a negative
thickness deviation in asymmetric triangular sectors, the angle o increases,
and the angle 3, takes a minimum value. In liners with a positive thickness

deviation, the reverse trends in the change of the angles a.c and 3, are noted.

Y1

dF

~ S

Fig. 4. EFP configuration (a) and its analytical model (b):

d, is stern diameter; d, is head diameter; py is free air stream density; /. is fold length;
h is fold height; dF is elementary force acting on a fold

It should also be noted that the sign of the fold inclination angle o in the
stern changes with the transition from negative thickness deviations of the liner
to positive ones (Fig. 3, ¢, g).

Analysis of the EFP interaction with the free air stream. The aerodynamic
forces that occur during the airflow around the EFP with folds in the stern,
reduce the EFP oscillation in pitch and yaw, as well as reduce radial drift.
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During research, the geometrical shapes of EFP obtained in the LS-DYNA
software package were exported to the SolidWorks Flow Simulation software
environment. Airflow around the EFP was described by a system including the
continuity equation, the Navier — Stokes equations in the classical form of the
three-dimensional Euler formulation (the gravitational acceleration value was
neglected) [18]. To solve the system of equations, the finite volume method was
used.

The origin of coordinates was located in the EFP tip, the system of equations
was solved using the k—¢ turbulence model, the free air stream velocity was taken
to be v = 6 M, and the turbulence intensity was taken to be 1-2 % [19]. The
standard air parameters loaded into the SolidWorks Flow Simulation software
package were used. The selected software environment proved itself to be good
for estimation of the aerodynamic characteristics of bodies with stream
velocities v > 4 M, which is indicated by satisfactory agreement of the results of
numerical calculations and experiments [19-21].

The aerodynamic coefficients were estimated for EFPs from liners with a

negative thickness deviation in the region of triangular sectors with D; = do /2

and a = do/4. Aerodynamic coefficients in accordance with [19-21] were
determined as follows:

F m
c, = Fx o Y s m, = — Mz ;CP:——Z, (1)

= ; €y = ;
qOOSmid qOoSmid qOoSmidLref Cy

where ¢y is axial force coefficient; ¢y is normal force coefficient; m; is pitching

moment coefficient; CP is relative coordinate of the pressure center; Fy, Fy are
projection of elementary force due to excess normal pressure and acting on the
EFP surface; g, is impact air pressure; Smid is EFP midsection area (the largest
cross-sectional area of the body formed by a plane perpendicular to the
reference axis of the body); Lrf is EFP reference length.

In numerical calculations, the position of the coordinate plane with respect
to the EFP folds varied: in one variant, the position of the coordinate plane
coincided with the fold, and in the other one — with the cavity. Aerodynamic
coefficients were calculated as arithmetic mean values of these variants.
The pitching moment coefficient in accordance with [20] was assumed to be
negative, i.e., m; < 0.

Figure 5 shows the calculated values of the aerodynamic coefficients for the
EFP formed from the liner of variable (curves 2-4) and constant curvature
(curve 1).
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Fig. 5. Dependency graphs of aerodynamic coefficients on the EFP angle of attack:

I and 2 are axisymmetric EFP formed from the liner of constant curvature
and with a developed conical stern formed from the liner of variable curvature;
3 and 4 are EFP with inclined and straight folded stern formed from the liner of variable
curvature with a negative thickness deviation in symmetric and asymmetric triangular sectors

All aerodynamic forces and force moments have the maximum values for
the EFP formed from the liner of variable curvature. The minimum values of the
aerodynamic forces and moments are characteristic of the EFP formed from a
liner of constant curvature. However, the obtained values of the axial, normal
force and pitching moment coefficients have a seemingly contradictory
tendency for an angle of attack of more than 30° (curves 1, 2, Fig. 5, b, c). This
phenomenon is related to the difference in the areas of the midsection of the
considered EFP: it is much larger for EFPs formed from liners of variable
curvature.

Folds forming is accompanied by a decrease in the area of EFP midsection.
Therefore, in the range of angles of attack of 45-60°, the axial aerodynamic force
of the EFP with folds turns out to be lower (curves 3, 4, Fig. 5, a) than the force
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of the EFP formed from the liner of constant curvature (curve 1). At the same
time, the surface area of the folds provides larger values of the normal force and
pitching moment, and therefore, lower values of the aerodynamic coefficients of
the EFP formed from the liner of constant curvature (curves 3, 4, Fig. 5, b, c).
This phenomenon is also due to intense compression of the folded EFP stern (a
decrease in the midsection area). Therefore, to increase the normal aerodynamic
force and pitching moment, it is reasonable to increase the midsection area by
increasing the height or width of the fold.

An important stage of the study is the analysis of the free stream interaction
with the inclined folds of the EFP using the Newton method. As the main
hypothesis, it was assumed that the medium flowing around the body consists of
particles located at equal distances and not interacting with each other. When
they collide with an element of the body surface, the particles change the normal
to the element component of their momentum (Fig. 4, b), as a result of which
the flow pressure force on the body arises. This approach made it possible to
obtain the dependence of pressure at a surface point on the angle of the flow
interaction with the streamlined surface [19-21].

The moment of force acting on the inclined folds in the stern and rotating
the EFP around the OX axis is determined in accordance with the model shown
in Fig. 4, b, as follows:

le
M, (t) = [ By(t) 1 (1) cos ct cos ( 20 cosp, +d72)dx1, @
0

where Py(t) = pov?(t)sin’a..cos B. is pressure acting on the fold of the stern;

y1(x1) is function describing the fold edge.

When constructing dependence (2), the fold thickness was not taken into
account (Fig. 4, b). The time interval from the moment of the charge initiation
to the formation of the steady-state EFP configuration was not taken into
account.

The acting moment of aerodynamic forces causes the rotation of the EFP
about its longitudinal axis with an angular velocity:

te
o) = [ M0 g (3)
0 0

where f, is end time, J is axial moment of inertia.
Substituting (2) into (3) and assuming that the fold has a triangular shape,
we finally obtain the expression for estimating the angular velocity:

ISSN 0236-3941. Bectanx MI'TY um. H.9. baymana. Cep. MammHoctpoenue. 2020. Ne 2 83



M.A. Baburin, V.D. Baskakov, S.V. Eliseev, K.A. Karnaukhov
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Figure 6 shows the results of calculating the angular velocity under the
assumption that the free stream velocity varies in time in a linear fashion and

decreases from vo=7 M to ve = 6 M:
v(t)=vy—(vo—ve)t/t,, (5)

where f, =1750d,/vy is adopted instant of time corresponding to the

completion of the EFP flight; M is Mach number.

o(f), rad/s
5000 - Fig. 6. Dependence of the angular
; velocity ® on time f of the EFP
4000 with inclined folds in the stern, formed
3000 from the liner with asymmetric
2000 - 2\/// triangular sectors with negative
T (curve 1, o = n/15; B = ©/30)

1000 |- " and positive (curve 2, o, = 7/24;

-7 B. = m/12) thickness deviations

An analysis of the results showed that the EFP formed from liners with a
negative value of thickness deviation in asymmetric triangular sectors is more
strongly twisted by the free air stream than the EFP formed from liners with a
positive value of thickness deviation. The difference in rotation speeds is due to
the difference in the inclination angles o and B¢ of the folds formed from
different liners. With an increase in the angle o, the angular velocity of EFP

rotation about the longitudinal axis increases, and an increase in the angle .
leads to a decrease in the angular velocity. This is due to the fact that an increase
in the angle o, leads to an increase in the free air stream pressure on the surface

of the inclined fold, and a change in the angle 3. causes a reverse effect.

The obtained estimated values of the angular velocity of the axial rotation
o () do not contradict previous studies and indicate the possibility of additional
stabilization of the EFP during flight, which ultimately reduces the effects of the
disturbing action of technological factors [4].

Conclusions. 1. The EFP with a developed stern, protruding beyond its
head, is formed from the liner of variable curvature during explosive throwing.
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2. The EFPs with straight and inclined folds in the stern are formed from the
liner of variable curvature and thickness deviation in triangular symmetric or
asymmetric sectors of the peripheral part.

3. The thickness of the folds in the EFP stern and the width between them
can vary widely due to the configuration of the areas in the peripheral part of the
liner with a deviation of its thickness from the nominal value.

4. An increase in the area of regions with a negative thickness deviation
from the nominal value leads to an increase in the plastic deformation g7 of the
EFP head, which can lead to its destruction in the axial direction. For a positive
thickness deviation from the nominal value, the opposite tendency is observed.

5. The twisting of the EFP head relative to its stern during the formation of
inclined folds leads to an additional increase in plastic deformation €7 in the
circumferential direction, which may cause its early fracture in the axial
direction.

6. The inclined folds of the EFP stern are characterized by two angles —
the fold inclination angle a. relative to the EFP symmetry axis and the fold

inclination angle . to the contour of the EFP cross section.

7. The axial force coefficient cy of the EFP with a folded stern is 1.5-2 times
less than that of an axisymmetric EFP with a developed conical stern, which
reduces the loss of kinetic energy during the flight along the trajectory.

8. For the EFP with straight and inclined folds in the EFP stern, the normal
force and pitching moment coefficients, as well as the coordinate of the pressure
center, take close values in a wide range of the angle of attack variation.

9. An increase in the fold angle o and a decrease in the angle 3. leads to an
increase in the EFP rotation speed about the longitudinal axis.

10. The folded stern provides the axial rotation of the EFP with velocities
that allow to further stabilize their flight parameters.

Translated by A.E. Kurnosenko
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