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ABSTRACT

4 new technique has been developed to examine projectile motion on

impact with thin aluminium plates.

A brief review of the field of pemnetration is given to show where the
~need for the present research arises. This is followed by an examination
of alternative methods which could be used to determine penetration

behaviour of projectiles and a discussionvof their respective merits.

Any impact phenomenop of elastic bodies is accompanied by inherent
vibrations. = Because of the greater sensitivity of the method used by the
author over previous methods, vibratipn§ set up in the projectile% Sensing
mechanism played a very significant role in the penetration process. To
take account of the vibration phenomenon, recourse was made to Masket's
((1) 1949) work which enables the motion of the centre of méss of the
projectile to be determined from a knowledge of fhe motion of any point

on the projectile.

The new technique has many‘advantages over previoﬁs methods,; the
main one being the simultaneous production of deceleration-time data as
the projectile penetrates the targef material. Although the data must
still be prbcessed~to remove superimposed vibrations, it does not have to
undérgo the drastic smoothing process of double differentiation used in
previous ﬁethods. Because of this, the overall characteristic shape of

the deceleration-time plot is preserved.
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CHAPTER T

1.1 General Review On the Field of Penetration

Penetration may be defined as the entrance of a projectile into a
farget without completing its passage through the target, whereas perfof—
ation implies the complete piercing of the target by the projectile.

The penetration of projectiles into metallic and non-metallic targets has
long been of interest to ordnance engineers, however, because of its
military connection, little published méterial is available on this topic.
More recently, interest in this field has arisen due to the need for

information concerning:

(i) The dynamic properties of materials at high strain rates Wingrove, (2,
1972) % |

(ii) The containment of fragments resulting from the failure of high

speed rotating machinery; e.g. turbine blades Brown (3,1964);

(iii) The micro-meteoroidal damage of space vehicles Huth (&, 1956);

The earliest examination of penctration was probably carried out by
the German scientist Euler (5. 1745), who provided experimentally deter-
mined values of the (assumed constant) resistiﬁg force of elm wood and

earthy i.e.

F=K PP 1 I
Poncelet (6,1829) subsequently included a further term proporticnal
to the square of the velocity, arguing that the constant term represents
" the force required to overcome the cohesion of the target material,
whilst the second term represents the force fequired to move the material
from the path of the projectile. - Thus two coefficients were required to
be determined experimentally, the coefficients varying with the target

matefial, projectile shape and angle of impact.

F=K+KVWV t et ecesasestrtsencnsesanenneneeseass (1.2)
1 2 0 .

Work carried out on a wide variety of target materials and analysed

on this basis, was discussed by Bashforth (7,1873)

Limited information concerning the resistance of armour plate to
penetration by a high speed projectile was published in 1937 in the
Encyclopaedia Britannica, where the following unreferenced expression

‘relating the kinetic energy,bullet radius and plate thickness was

# (Reference Noj Date of Publication.)
provided/2..cceeen



provided:

Y
where - < n < 2

3

It will be noticed that for a given targef plate and projectile,
expression 1.3 gives the energy required for the condition of containment.
This has been the trend in analytical studies on penetration as their
pﬁrpose has been to select shielding materials to stop a certain size of

projectile.

Bethe (8, 1941) developed a theoretical model for the penetration of
'armdur plate by a high speed projectile, in which the progressive expansibn
of a hole in a plate was considered. It was assumed that the final radius
of the hole, i.e. the projectile radius, was large compared with the plate
thickness, and that the plate was of infinite lateral extent with progres-
sive thickening occurring at the edge of the hole. The stress perpend-
iculaf to the plate was assumed zero while in the plane of the plate a stress
distribution such that Oe

together with elastic equilibrium conditions, Bethe was able to determine

- or = Y was assumed. Using the above

the total energy expended in expanding the hole to rsdius R, i.e.:

...... B GRS

"
)
]
b
3
=

g .
From the above it can be seen that the refinement of Bethe's analysis
has brought about the inclusion of Y, the target material yield strength,
into the energy relationship. An extension of Bethe's work was carried
out by Taylor (9, 1948) who realised that the mass of the target material
offered inertial resiétance to a penetrating projectile. His expression

was of the form
" where Y = KpVi

At about the same time as Bethe and Taylor were deriving purely.
theoretical relationships, the technéldgy of high speed photography had
reached the stage where a projectile's motion could be photographed as
the latter penetrated a target. To obtain displacement-time data a
framing rate of 1 frames/second or equivalent streak record is required.

This was first achieved by Masket(1l, 1948), who,using a streak photograph-
ic method was able to derive the shape of the force-time curve for a
projectile penetration as well as detect vibrations in the tail of the
.projectile, relative to its centre of mass.

Masket's/z........
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Masket's data was the first to show the shape of the impulse and he

attempted to describe the shape of the latter with the following expression:

F=kt2ePY e, e eeeeieia .o (1.6)
where the constants $ and K were
adjusted to fit the experimental data.
Bluhm (10, 1956) following on from Masket's work tried to determine
penetration forces using a different approach. He mounted his projectile
rigidly; strain gaugedit, and fired targets at it. Although there is some
doubt as to the applicability of his results to the normal penetration
process, he demonstrated clearly how the nose énd tail of the projectile
vibrated around its centre of mass, and that the vibrating mode of the
projectile could play a considerable role in the penetration process,
especially with regard to tensile failure in projectiles after penetration.
Bluhm used the same analytical appfoach as Masket solving the plane wave
equations for strain rather than stress. He also used an equation of ‘the
form of 1.6 to desﬁribe his result, but neither he, nor Masket, attempted

to use their data to develop a theory of penetration.

Thompson (11, 1955) made a quasi dynamic analysis of the penetraticn
process, considering the projectile energy to be dissipated in plastic
deformation of the target, and obtained expressions relating the energy of
containment to the projectile length, radius, impact velocity, and the
target plate's density, thickness and yield stress. The analysis was.

done for conical and ogival projectiles.

E = nR®I{Y/2 + pS(VOR/L)2] Ceteeanene [ . (1.7(conical))
E = nRT[Y/2 + pS(VoR/L)z(BT?/lé)'Jf.... ........ ceeees (1.8(ogival))

Brown (3, 1964) developed a model similar to Thompson's for determin-
ing the minimum'plate thickness necessary to contain a high speed
projectile based on the assumption that the projectile% kinetic energy is
distributed betweeﬁ the plastic deformation of the plate, the shearing of
a disc from the plate, and the kinetic energy of the.deformed area of the
disc and the plate. In the following equation the term.Vi is an assumed
constant velocity of penetration - an unrealistic but simplifying

assumption:



E = [nTYR3/2)/[1 - 207R% /(Y A )P(1 - (R /1)P] ....(1.9)

In the energy bélance analyses of Brown (3), Thompson (11J,
Taylor (9) and Bethe (8), no allowance was.made for the effects of wave
propagation, crack formaticn, friction, adiabatic heating and strain rate.
Zaid and Paul (12, 1957) considering that the penetration effects pro-
pagate at a finite rate, proposed a zone of action within which the
significant effects are confined. By using the principle of conservstion
of momentum, the instantaneous velocity of the projectile was described in
terms of a2 quantity known as the effective mass of the target plate, thus
enabling the determination of acceleration, penetration and fesisting
force. The analysis initially for conical projectiies was subsequently
extended to cover truncated conical and ogival heads. The expression
they developed was for the extreme case of perforation when the impinging
"projectile suffers only a slight loss of velocity. In expression 1.10,

AV is the velocity loss and a is the half cone angle of the projectile:

npSTREV;sin vl

AV = e aae

m
and F= 2mpTVlx tarf o Sin @ eveveveneinenneaneonsoeess (1.11)

- Using stress wave mechanics and assuming a constant average dynamic
shear strength for the target material Recht and Ipson (1%, 1963) obtained

a rather more compiex expression for the minimum velocity to perforate.

X
2

1 ... (1.12)

VoS KWOT2%n/La[1 + (I+QT)/AQT 1 + d/hpsTn¢2'

Much work has been done in the field of thin plate penetration and
perforation by Goldsmith (et al) (14, 15, 1971). In experimental work
with Calder and Finnegan strain gauges bonded to both sides of the target
plate beyond the permanently deformed regioh were used to provide reccrds
of the'stress waves propagated during the penetration process, thus enabling
“an assessment of the relative magnitu@e of dishing and punching in the

deformation pattern. It was found that dishing observed in thin targets
at low/5..-
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at low velocities disappeared at higher velocities as the perforation
mechanism changes from bending to punching. Goidsmith's work in the field
of penetration has been merely to test present theories experimentally. No

new theories have been presented.

Some of the most recent experimental studies have been done by
Wingrove (2, 1972), where intereét in the field of penetration came about
through work on dynamic stress-strain determination. Using an electrical
method to measure displacement~time histories of projectiles, he was
probably the first to use an alternative method to the classiéal photographic

one.

~ Nishiwaki (16, 1951) developed a theoretical analysis to enable an
evaluation of the drop in velocity a projectile suffers when penetrating
an aluminium plate. His anszliysis was based on Stutterlin's (26) method
of determining'frictional resistance of a projectile in the bore of a gun.
Using the static punching force.Po to represent the material aspect of
penetration and the term'prvSirFa for inertia effects, the primary expres-

gion for a penetration becomes:

F = ]‘[Po + pVZ Sirfa] 8in 0 40 euevenrnniieiineenens (1.13)
g

Where do is the incremental contact area between plate and projectile.
Expression 1.13 can be integrated numerically to obtain an expression of
force-time, which is similar in form to Masket's (.16) empirical relation-

ship.

Projectile impact studies cover a very large range of impact velocities
from 10 m/s to 10° m/s. The foregoing literature survey considered
impact velocities in the range from 100 m/s to 1 000 m/s as these are the
velocities with which the present study is concerned. The higher range of
velocity from 102 m/s to 10° m/s, known as the-hypervelocity range, has
bécome of interest recently in the study of micro-meteorite .impact with
space vehicles. Fig (1.1.) shows where the various authors have contrib-

uted to the field.

Fig 1.1/60cevecnnn...
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Whereas the important pérameterS'in a penetratidn at ballistic‘speeds
are target density and mechanical strength, (see equations 1.1 tc 1.13),
the importént parameters at hypervelocities are the fluid properties of
molten target material, latent heats of fusion and evaporation as well as
those of the projectile itself. Thus it can be seen that research in
both areas is almost completely unrelated, the ballistic one being an
almost pure mechanical problem whereas the hypervelocity problem is one
of fluid dynamics and heat flow. This being the case and since the
present study is concerned solely with ballistic penetration and perfor-
ation, no more will be said about hypervelocity impact. Comprehensive
studies have been done by Chou (22) Bashian (23) Thompson (24) and Huth (4)
in this field.

1.2 Implications of Penetration Theories

The present study was carried out in the lower ballistic range of
- impact velocities as shown in Fig. 1.1. The relevant theories are also

indicated and the following assumptions are common to these theories:

(i) The projectile radiuis >> T the plate thickness.
(ii) The projectile suffers no permanent deformation.

(iii)/?.....{ .......
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(iii) Energy associated with cracking of target material is
negligibly small. '

(iv) Acoustic and heat energy during the impact is negligibly small.

(v) All the projectiles kinetic energy is absorbed by mechanical

deformation of the target.

The equations 1.1 to 1.13 have been-dgvelopéd using these assumptions.
Although they were derived with different objectives in mind, i.e. to
determine the drop in velocity due to a high speed perforation (1.10)
or the energy absorbed in a penetration (1.7 and 1.9) it is desirable to

judge the expressionsusing a common criterion.

To do this the deceleration-time predictions of an impact for the various
theories are presented in Fig. 1l.2. This criterion was chosen since, being
avsecond derivative of the displacement-time history, it provides a very
sensitive parameter to bompare the various theories.: It is also a very
relevant parameter since important phenomena such as strain rate and

inertia effects are directly related to it.

Nishiwaki
A . Masket
~Bluhm  |exptl

Author

FIG 12 IMPULSE SHAPES PREDICTED BY VARIOUS THEORIES

On impact/8........ .
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On impact, the deceleration of a projectile must start from zero, reach
a pezk and then return to zero once the projectile has been arrested.
This bell-shaped pulse is predicted by eéuations 1.6 and 1.13 and has been
found experimentally by Bluhm, Masket and Wingrove. The present study

also provides experimental confirmation of this shape of pulse.

The experimentally derived deceleration-time trace presented by
Goldsmith, Liu and Chulay is also shown. The rapid rise in deceleration
during the initial stages of the impact cannct be detected with Goldsmith's

photographic technique.

The momentum theory of Zaid and Paul predictsa linear increase in
deceleration with time, for the duration of the impact. The theories of
Brown and Thompson use the concept of an impact occurring at constant

velocity, hence the square pulse shape shown.

Figure 1.2 shows clearly the approximate nature of penetration theories
to date. Although each has found a degree of success in limited applicat-
ions, none has been genéral enough to predict accurately, penetraticn

behaviour over the whole ballistic range.
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Measurement Techrigues

2.1 Generszl

The present research into penetration and perforation of aluminium
plates has been carried out in the velocity range from 50 m/s to 100 m/s.
In general there are seven basic mechanisms which absorb the kinetic

energy of an impinging projectile. They are:

(1) Mechanical strength of the target material.

(2) Density of the target material creating inertial resistance.
(3)  Friction between projectile and target.

(4) Crack formation in the target.

(5) Energy dissipaled in acoustic waves.

(6) Energy absorbed in a change of state and fluid flow of
molten target material.

(7) Energy abscrbed by deformaticn, etc., of the projectile.

Mechanisms 6 and 7 only come into effect at hypervelocities or in
the upper ballistic range when the thicknese of the target is of the same
order as the projectile diameter (4,11).In the present study therefore,

these can be neglected.

Using.a split Hovkinson bar, Krafft (17, 1955) investigated the
frictional effect between target and projectile. . A spinning projectile
on striking the Hopkinson bar transmitted in addition to an axial pulse,

a torsional pulse which was directly proportional to the frictional force
between the impacting bodies. His studies were performed in the upper
lballistic range and the results were éurpriéing and contradicted theoretic-
al predictions. Only when the target‘and pfojectile were very carefully -
cleaned, permitting welding conditions tb exist between the impacting '
surfaces,could any.significaht frictional behaviour be detected. Any
impurity present was seen to behave as a lubricant between the bodies and

reduce the frictional component to a negligibly small force.

Studies performed by Goldsmith and Chulay (18, l965),using strain
gauges mounted on the target,have shown the vibration component of energy

to be negligibie.

Since the energy associated with crack formation is related to the
area of the new surface created by the crack, this component is negligibly
"small for thin ductile plates which are being used as targets in the

present/10........



10,
present study. The two remaining parameters are therefore 1 and 2.

To get a clearer understanding of what is involved in the present
study, a closer look must be taken at the implications of mechanical

" strength and inertia effects dﬁe to target material. - To penetrate or
perforate a target, a projectile must push:aside'the target material.

- In the case of duasi static punching, the only resistance met by the
projectile will be due to the mechanical strengthof the material. When a
projectile penetrates at speed however, the plate in addition to resisting
mechanically, also places considerable mass in the projectile's path, |

which gives rise to inertial resistance.

To éompletely describe the interaction of the target and projectile;
a complete knowledge of the DISPLACEMENT OF EVERY PARTICLE INVOLVED IN
THE COLLISION AS A FUNCTION OF TIME is needed. ‘

2.2 History of Measurement Technigues

The classical approach to the problenm has been through high speed
photography. Although several photographic studies were carried out in
the early 1900's, the method only became of any value after Masket's work
in 1946. His experimental iaYout is shown in Fig 2.1.

-objective lens source

| e
mirrors / ' / projectile

=

rotating film

FIG24 MASKETS APPARATUS

The apparatus consisted of a 300 mm long piece of film which was
rotated in a drum at a peripheral speed of 200 m/s. By means of an

optical arrangement, a shadow of the tail of the projectile was made to
' fall on/1l «eese
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fall on the film, recording displacement - time information of the tail.
The camera had an equivalent framing rate of 5 x 107 frames/second, an
incredibly high speed, even by modern standards. The main limitation
of the method was that imposed by the film itself, i.e. resolution limit-

ations due to grain size.

¥ollowing on from Masket's work, Bluhm in 1955 tried a completely
different approach to the problem of determining stresses in a projectile
on impact. To circumvent the problem of trying to collect data from a
projectile travelling at high speeéd, he fixed the latter to a test bench,
strain gauged it, and fired targets at it! It is difficult to say just
how comparable these results are to the normal penetration process since

the projectile was no longer a free body, i.e.. 1its boundary conditions

had been changed.

fixed projectile —
strain gauged

37MM  GUN
' ,/"<:)

target holder

FiG21. BLUHMS APPARATUS

In 1660 Goldsmith started a research programme into the penetration
of tiin aluminium plates by projectiles of various shapes. His work with
Calder (1970) Finnegan (1971) Lui and Chulay (1965) and Layman (1962) has
not produced many changes in the photographic  method of Masket. The main
improvement over Masket's mgthod has been in the availability of better

high speed cameras (Beckman and Witley WB-2 and Bowen RC-4).  These
© cameras/l2..ceen...
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cameras have a maximum framing rate of 10° frames/second which, although
an order slower than Masket's, provide a full field photograph, giviﬁg
displacemént"time‘information of the plate as well as that of the project-
ile. Unfortunately, the use of discrete frames as opposed to the
continuous streak photograph of Masket, has caused the displacement-tims
data of Goldsmith ( et al) to be far less reliable than Masket's. This
is brought out in Fig. 1l.2. In Goldsmiths research, the stress has beern
placed on target response rather than projectile behaviour, although the
latter is equelly as important, as it is a boundary condition for the

penetration process. Fig. 2.3 shows his experimental layout.

—

target holder

window through which pla’ie
profile is photoqraphed

FIG 23 GOLDSMITH AND CALDERS APPARATUS

The most recentvpublished experimental_study'(1972) has used an
entirely different approach to the problem of determining displacement-
time data of é projectile on impact. The method,due to Wingrove,is an
electrical one and is shown in Fig. 2.4. The penetration of the project-
ile into the target was measured from the movement of the tail end of the
projectile through.a co-axial capacitor. As the front end of the project-
ile entered the target, the decrease in capacitance of the co-axial

capacitor was recorded as a voltage-time trace on an oscilloscope.

Basically there is no difference between the oscilloscope record
obtained by Wingrove and the streak.photograph of Masket. The main
advantage in Wingrove's method lies in its simplicity and lack of compli=-
- cated apparatus. It is doubtful though, whether his resolution on a

100 nrm oscilloséope storage screen was as goocd as Masket's record on 300 mm
- of fine grain film. ' |
' Fig 2.b/130eceinannanns
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bridée network

coaxial capacitor

N

\y

projectile

w_rc@t\

-

AN

recording osciloscope

FIG 2.4 WINGROVES APPARATUS

2.3 Alternative Measurement Technigques

The following six methods were considered as alternative ways of
determining the displacement-time history of an impacting projectile or

the first or second derivatives thereof.

2.3.1 Opto~electric Method

By the use of an array of light beams which would be successively
uncovered by the tail of the projectile as its head penetrated a target,

displacement~time information could be recorded.

The recent advances in fibre optics and in sub-miniature light emitting
diodes (L.E.D's) and photo-transistors,makes this method possible. A
typical layout is shown in Fig. 2.4.  "Motorola Opto-Electronics'

- manufacture an encapsulated array of L.E.D's and corresponding array
of photo-transistors. . The centre to centre spacing of the active

elements/1k. .
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elements is only C,125 mm and the space between elements only 0,0125 mm.
Thig would enable approximately 200 data points to be recorded for an

aversge ilmpact. The output from such. a device would be a digital record

"~ of the projectile's displacement-time history.

projectile

LED light source

array phototransistor array

processing electronics

recording oscilloscope | [Z‘J J »

QI

F1G 25 OPTO-ELECTRIC METHOD

2.%3.2 Inductive or Capacitive Method

This method is the same in principle to Wingrove's method, but was
conceived independently. The method was described in section 2.2 and

will not be repeated here.

The inductive variation of the method would use a2 coil of wire to
replace the co-axial capacitor. The projectile would thus act as a

variable core.

2.3.3. Differential Transformer Method

This method uses the concept of a differential transformer to
measure displacement, except that the projectile itself is used as the

core of the transformer.

Fige 2.6/15¢ceuececnn.



projectile

differential coils

processing

electronics

recording oscilloscope E

FIG 2.6 DIFF’ TRANSFORMER METHOD

2.3.4 Induction By Permanent Magnet

If a permanent magnet were imbedded in a projectile and the latter
made to pass through a coil of wire at the instant the projectile struck
its target, it would be possible to obtain a velccity-time history of the

projectile's penetration, since from Lenz's Law we have:-

and if L is the,effective length of the coil of wire, B the magnetic
field strength of the magnetic field ‘and V the instantaneous velocity of

the projectile, then equation 2.I becomes:-~
P | (2.2)

The e.m.f. generated in the coil would therefore be in direct

proportion to the projectile’s instantaneous velocity.
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FIG 2.7 PERMANENT MAGNET INDUCTIVE METHOD

The four méthods 2.3.1 to 2.3.4 have one characteristic in common and
this is that the link between the moving projectile and the stationary
detecting equipmént is made by means of magnetic or electric fields and
light beams. The remaining two methods differ in this respect, requiring
a physical electrical contact to be made between the projectile and

detecting circuiting.

_2.3.5 Accelerometer Method

In this method an accelerometer (stréin gauge, or piezoelectric) is
directly attached to the projectile. The accelerometer is wired to two
‘insulated commutators which run axially along the sides of the projectile.
Just before the projectile impacts the target, the commutators make
_contadt with two brushes, so that when impact occurs the accelerometer is

connected into suitable detecting circuitry.

Fig. 2.8/17¢eeeiennan
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2.3.6 Velocity Transducer Method

In principle this method is the same as that used in 2.3.4. It
differs in that the magnetic field is stationary and the generéting coil
or conductor is embedded in the projectile., The e.m.f. developed in the
conductor is transmitted to the detecting circuitry by means of the

commutating arrangement used for method 2.3.5. (see Fig. 2.9).

Fig. 2.9/18..cicuunn
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2.4 Choice of Method

Experimenters to date have been concerned with the recording of
displacement-time data, either photographically (1k, 15, 18) or electric-
ally (2), since impact generates such effects as inertial resistance and
produces high strain rates,. the higher derivatives of the displacement-
time data play a more significant role in the penetration process. These
higher derivatives were obtained in previous studies by numerically diffef—
entiating the displacement-time data. This process is very sensitive and
unstable and can lead to_sﬁch erroneous resuits as those prodeuced by Gold-

~smith (18) (see Fig 1.2)

Ideally the highest derivative of the displacement-time history
should be obtained as primary data and the lower derivatives derived by

integration - a process which is both stable and reliable.
gra’ 1Y

Displacement/19........
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As method 2.%.2 uses an accelerometer, the primary signal it generates
is proportional to the deceleration of the projectile on impact. Unfort-
unately however, the technical difficulties encountered with this method
make it impractical. The use of brushes to connect the transducer to the
detecting circuitry would not be feasible for either transducer. A
piezoelectric transducer requires very good connection to a charge amplifier
and in the case of a strain gauge transducer,fluctuations in the contact ‘

resistance might swamp the change in resistance of the strain gauge.

Apart from the methcds 2.3.4 and 2.3.6, the remaining methods record
dispiacement~time data and have only marginal advantages over previous
methods used. The opto electric method for example could record 200 bits
of information (as opposed to Goldsmith's 80) in the form of accurate

digital signals.

The final .choice.of method is .therefore between the two velocity
transducer methods 2.3.4 and 2.3.6. Inherent problems with method 2.3.4
such as loss of magnetism experienced by the permanent magnet on impact
and doubtful linearity over the desired range, makes the final choice

method 2.3.6.

2.5 Velocity Transducer Method

The velocity transducer conSists 6f_an electromagnet to create a
uniferm magnetic field, a slotted and insulated section of the gun ~
barrel through which the projectile is guided as it cuts the maghetic field,
a pair of brushes or "Scratch Pickups" to transmit the generated e.m.f.
and a specially constructed projectiie which carries the e.m.f. generating
conductor and the commutator strips. The separaté-componenté are described

in detail in Chapter III.

As can be séen from Fig 2.9 a conductor embedded in the projectile is
arranged to pass through the uniform magnetic field as the head of the
projectile is impacting the target. The e.m.f. generated in the comductor
is in direct proportion to its instantaneous velocity and is transmitted
" to the conditioning circuitry and storage oscilloscope by means of twe

commutator strips which rﬁn’axially down the sides of the projectile.

These commutator strips make contact with the two "Scratch Pickups"

JUst/ /200 snn.
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just before impact cccurs and the latter forge grooves in the strips
during penetration and thus maintain electrical contact. The generated
signal which is_proportioﬂéi to the conductors instantaneous velocity ié
. connected via the scratch picikups to the conditioning circuitry which
électronically differentiates and integrates the signal.  The resulting
three signals representing displacement, velocity and deceleration of the
conductor as a function of time, are fed to a Tektronix storage

oscilloscope, where they are recorded-simultaneously.

As no material is perfectly rigid, a sensor>placed at one location oﬁ
a projectile can only reveal the motion of that particular location. To
determine the overall motion of the projectile,a solution to the Plane
Wave Equation must be found and this is carried out in Appendix C and

discussed in Chapter 5.

CHAPTER III/2l.......
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CHAPTER III

The Apparatus

To conduct a study into impact phenomena the following are required:-
(1) A device to launch the projectile at reproducible
velocities.

(2) An instrument to measure the muzzle velocities of
the launcher.

(3) A means by which the target can be rigidly clamped.

(4)  An instrument to measure the desired parameters on
impact. '

(5) A device to absorb the energy of projectiles perforating
the target plate. )

In this section oniy the more relevant aspects of the velocity
transducer and associated eguipment will be discussed. Purther details

concerning the Gas Gun and electronic circuitry can be found in Appendix A.

The general layout of the fixed part of the velocity transducer is
shown in Fig._}.l and Photo 3.1 and 3.2. It consists of a field magnet
which produces a uniform magnetic field in the pickup section. The latter
also serves to support the commutating brushes or "Scratch Pickups" and

the photo-triggering device.

Fig 3.1/220cue....
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3.1 Field Magnet And Mounting

An electromagnet of 2 800 turns of 0,1 mm diameter copber wire is.
used to genérate the magnetic field. The latter is conducted via a
soft iron core and pole pieces, to produce a uniform field in the pickup
section. Using a‘variable d.c. voltage supply, the magnetic field

strength in the air gap can be varied from zero to 1 Wb/m®.

The electromagnet is mounted using brass and austenitic stainless
steelAfittings to prevent magnetic leakage to the steel bed of the gun.
The clamping arrangement has 3 degrees of freedom to facilitate the

alignment of the pickup section and the pole pieces,with the gun barrel.

Photo 3.1/23.........
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amplitude of measured impulses is limited to about 10 kN. The projectileg
natural pericd is of the order of 150 us and to obtain reliable impulse
curve shape, at least five perieds should be included in the penetration
period. Photo 6.1 is a good example of this. The apparatus is therefore
ideally suited to impacts lasting about 750 ps and amplitudes not exceeding
10 kN.

The scratch pickups have been tested to velocities of up to 150 m/s
with no change in their commutating efficiency. It is only in the upper

ballistic range that scratch pickups may prove to be a limitation.

£.6.2 Analyticél Description of Impulse Curve Shape.

Correlation between the analytical expression 6.3 and the experiment-
ally derived impulse curves is generally poor, the only curve to show
slight correlation bheing that for the 90O projectile. From the table in
figure 6.2 it can be seen that 'n', the power to which t is raised,
varies from 2,04 to 4,32, Even with this greater flexibility over Masket's

equation (equation 6.2) the fit of the experimental data is poor.

The use of such analytical expressions is clearly demonstrated,in
work done by Goldsmith and Calder ( 14). To circumvent the problem of
doubly differentiating photographic displacement-time data to derive
deceleration-time data, an analytical expression such as equation 6.2 is
-assumed to describe the projectile deceleration. This expression is
analytically differentiated twice and the experimental data fitted to the
reeulting displacement-time expression, This yields the necessary

constants for the analytical deceleration expression.

The strength of the method lies entirely in the assumed deceleration-~
time expression. The present study has indicated that a wide range of
impulse curve shapes are generated depending on the projectile cone angle
and that it is unlikely that one simple analytical expression could be used

to describe them all.

6.6.3 Bilaminar Targets

Several researchers have investigated the effect ef laminating
targets (10). Zaid (22) found that bilaminar targets required more
energy to effect penetration than did their monolaminar equivalents.
His study however was mainly qualitative and only energy differences

were presented.
The bilaminar impulses in Graph 6.1 differ from their monolaminar
equivalents in that the bilaminar penetration is shorter in duration and

has a faster rise time and greater amplitude. The projectile in the

bilaminar/ 57 ceeees
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bilaminzr case, behaves as though'the cone angle of the head were more
obtuse than it is ind reality. This is to be expected since after
penetrating the first lamina, the petalé of that layer are forced
through the second lamina to effect total penetration. It is for this
reason that the largest impulse occurs for the 120° projectile in the
monolaminar case and for the 90O projectile in the bilaminar case. The
trends in the graphs 6.5 and 6.6 can be seen to be the same for monolaminar

and bilsminar penetration.

6.6.4 Post-Penetration Friction.

Amongst other researchers,Goldsmith and = Zaid (14) have speculated
about post—penetration friction and Zaid attributed the spfead'in
containment energies to this factor. The table of results in Fig 6.4
indicates that post-penetration friction is of the order of 150 N in the
present study, and independent of projectile cone angle. Thislbeing the -
case, the energy absorbed per mm of post peretration displacement is
0,15 J/mm or on the average about 4%/mm of the total containment energy.
These results confirm 'Zaid!s’ assumption that post-penetration friction

can account for a significant part of the containment energy.

6.6.5 Derived Parasmeters.

Derived parameters are useful to enable the penetration process to
be described in a number of different ways, each one highlighting a v

different aspect of the penetration.

Whereas the area under an impulse can be related to the drop in
momentum experienced by a projectile, the area under the force-displacement
curve is a measure of the energy absdrbed by the.penetration process.

This instantaneous energy is plotfed in the graph 6.3 and against .
projectile displacement and gives an idez of how thelprojectiléb energy

is absorbed and distributed throughout the penetration process.

The series of power-displacemert curves represent the rate at which
the target material is absorbing the‘projectiles energy. This parameter
which has not éppeared in published work to date, could be important in
the formulation of a theory of penetration since strain rate .effects and

material flow are related to the rate of energy absorbtion.

The Graphs 6.5 and 6.6 show the effect of projectile cone angle on
the containment energy and maximum power absorbtion. The curves have a
pronounced maxima around 1200. The reason for this is not self-evident,
but a studyvof the target plates indicate that there are two distinct
'.processes of plate failure and the transition occurs arcund this angle.
. For the/58 .eveunn.. |
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For the more pointed preiectiles (307, 60°, 90°) the plate failure
is by a petalling process. The targét material in the impact zone, splits
into a number of petaIS'(between‘B and G) and the projectile pushes- these
aside to effect penetratibn, As the pro; 1e's cone becomes more obtuse
(120°) the petalling process becomes more difficult to initiate and
penetration is accompanied by severe plastic deformation around the central

impact zone.

Yor cone angles zbove 120° the penetration is accomplished'not be pet-
alling,buf by a punching process which shears out a disc of target material.
This process requires less energy than the extreme petalling dne and explains
the downward trend in the parameters of graphs 6.5 and 6. 6 above cone

angles of 120°

6.7 Conclusions and Potential Uses of the Transducer.

The apparatus developed for the project operates reliably, economic-
ally and with a high degree of accuracy. In its present form the velocity
transducer is limited fo moderate impacts in the lower ballistic range,
where impact durations are longer than 750 us  and amplitudes less than
10 kN. This is by no means an intrinsic }imitation to the method as a

differently designed projectile could monitor much more severe impacts.

There are several applications for which the velocity transducer is

ideally suited.

- In the empirical design of laminated armour plate, impulse modific—
ations due to various laminate configurations can be studied. The impulse
shape can be adjusted, depending on the criterion of the armour plate
design, to give maximum energy absorbtion or momentum absorbtion. The
simultaneous production of the projectiles_decelération—time trace wifh'me

impact, makes the method quick and simple.

To develop a theory of penetration the present sfudy ﬁas indicated
that a knowledge of projectile motion is insufficient in itself. As can
be seen from Fig. 6.5 the target can be divided into two zones, the central
impact zone and the outer plastic zone. By monitoring the motion of the
boundary of the damage done (x ) with a tubular velocity transducer mounted
on the target itself, as well as the overall motion: (x) with the projectile
ve1001ty transducer, an 1n51ghF could be gained into the separate dishing

and petalling processes which occur during penetration.

Fig 6.5 /59
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APPENDIX A

Gas Gun Design and Performance

7.1 The Gas Gun

_ The general layout of the gas gun and mounting is shown in Figure Al.
- To give a rigid and massive foundation, the gun is mounted on a

300 mm x 100 mm rolled steel joist which itself stands on legs of 50 mm
square steel tubing. The upper flahge'of the rolled steel joist is
covered with a 100 mm x & mm thick bright mild steel strip and provides

a test bed, facilitating the alignment of the field magnet, target holder

and projectile catcher with the gun barrel.

A éonsole at the breech end of the gun is used to house the pressure
- regulating valves, the monostable circuit for the sonenoid valve and the
.Schmitt triggers for the approach velocity measuring apparatus. The gas
bottle lies conveniently under the test bed and its weight helps to
stabilise the rig. The general layout can be seen from the frontispiece

and Fig. A.1l.

7.2 Principle of Gas Gun Valve

The gas gun was designed specifically to launch the specizl projectile
.described in sedtion % to 4. To penétrate 3 mm thick aluminium sheet,
a projectile velocity of around 100 m/s is required although the gun is

capable of delivering velocities of up to 200 m/s.

The desirable characteristics of avgas gun are ease of loading and
firing and economy in the usage of compressed air. A comprehensive
literature survey was carried out on the subject but no suitable designs
were found. The following design by the author and Mr. A.W. Miles was
finally used (20). '

The gas gun incorporates a snap action pneumatic valve the function
of which is to provide rapid admission of compressed air from the driver
chamber to the barrel for propulsion of the pfojectile and a rapiﬁ
closure to prevent excessive loss of pressure in the driver, once the
projectiie has been expelled from the varrel. A schematic of thé valve
assembly is shown in Fig. A2. The valve is actuated by compressed air
from a secondary pressufe reéervoin the pressure of which acts on the
valve actuatingCiisten in opposition to. the driver chamber pressure to
ensure valve closure. A three-way solenoid valve coupled into the valve
pressurizing line is used fo_either admit pressure to the valve chamber

' ’ Fig.Al. /8l
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for valve closure of to vent the pressure in the valve chamber to effect
rapid opening of the piston«valve. The solenoid valve is operated by a
monostable circuit which de-energises.the.solenoid valve; to pressurise the
. valve chamber, after a pfe~selected delay. The delay of the monostable
éan be selected to coincide with the time of passage of the projectile
through the barrel, thereby reducing the pressure loss in the driver

chamber and mirimising the make-up pressure required to restore the

chamber pressure.
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The valve head, stem and actuating piston are made from aluminium to reduce
the mass of the working parts of the valve and so minimise the inertia
effects on the valve opening and closing times. To ensure rapid venting
and pressurising of the valve chamber, the chamber volume is small and the
length of the pressurising line between the chamber and the solenoid valve
is as short as possible. ‘2 solenoid valve with a large orifice size is
used to ensure that rapid venting and pressurising can be achieved even
when the solenoid valve is only partially open. The valve seat 1is made

from "Teflon" and can easily be replaced.

Both thé driver chamber and secondary pressure reservoir are connected
via pressure regulating valves to a compressed air bottle so that manual

pressure make up adjustments between shots are obviated.

7.3 Target Clamp.

To permit cross checking of results with other experimenters in the
field, a standard method of clamping is adopted. The present design is
similar to that used by Goldsmith ( 14, 15, 18).

The arrangement consists of two steel rings 190‘mm in diameter
(internally) between which the target is clamped by means of eight & mm
Allen screws. One of the rings is threaded to enabie the arrangement to
be screwed onto the holder which slides along the test bed. This layout

is very rigid and setting. up of the target and removal is rapid.

Fig. A3./64 . .....
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7.4 Projectile Catcher

For free flight shots when no target is placed in the projectile's
path, and when perforations are being studied; it is necessary to absorb
the projectile’'s residual energy. The pneumatic projectile catcher shcwn
in Fig. A4 is used for this purpose. Air trapped behind the piston is
.ailowed to bleed to atmosphere through an adjustable Vent. This adjustment
allows the resistance of the catcher to be varied. The leather pads serve
to soften the impact with the catcher piston and to hold the projectile

and thus prevent rebound.

75 Monostable Circuit -

" The Monostable provides a pulse for a pre~determined length of time.
This pulse 1is fed to the gate of a triac which controls the A.C. supply
to the solenoid valve. In its normal state the high pressure air supply
is directed via the solenoid valve to effect the closure of the gun valve.
Cn depressing the trigger switch the pulse from the monostable switches
the solenoid valve to vent the valve closing pressure to atmosphere.
After the predetermined timg the monostable reverts to its initial state,
the solenoid is switched off and the high pressure air re-admitted to
effect closure of the gun valve. An additional switch sw2 is placed in
the solenoid circuit as a Safety measurelto'isolate the latter as a

precaution’ against random triggering due to electrical noise.

—0

o LTK-
— ' /'éC’OQ output to

y_iac gate
8KS2

109

\4{_ trigger—sp.dt switch
~+9V

FIGAS5 MONOSTABLE CIRCUIT
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7.6 Gun Performance

For a gun barrel length of L metres and a constant driver pressure of
P Pascals, the velocity Vo attained by a projectile of mass M kg, cross
sectional area A mg,von leaving the barrel can be calculated from energy

considerations; viz:

PAL = = v 2

2 o

or V = VZPAL
° M

For an actual gun however there will be deviations from this ideal
behaviour due méihly to friction and windage losses.experienced by the
projectile and the fact that the driver pressure P is not constant but
falls as the projectile moves down the barrel. Since the valvé has a
finite opening and closing time, the assumed square pulse shape of the
pressure pulse will also be ideal - the actual shape having a finite rise
and fall fime. These .deviations all act in a way to reduce the ideal
muzzle velocity. This is exactly the trend that was found in practice.

The results are shown in Graph A6.

Graph A6/67......
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APPENDIX B

Processing Electronics

The processing electrorics can be summarised as follows:-

(1) Differentiator.
(2) Integrator.

(3) Triggering and Co-ordinating Circuitry.

8.1 Differentiator.

An ideal electronic differentiator should sense the slope of an input

signal (which is varying in time) and produce an output voltage proportion-

2l to it. The circuit shown in Fig.Bl which uses a high speed operation-

‘al amplifier (LM 318H) will approximate this.

czf1oopF
.  —
R2 -
B
A |
R c1 {umseH

R3IS3I3K

318H open loop

/freq. response

FIG. B1 DIFFERENTIATOR

B0 5K S0K  05M
frequency (logscale)

In practice, a perfect differentiator is undesirable since any input

will contain a degree of noise and the differentiator will sense the sharp

_slope of thé noise and produce a corresponding output which will distort

the main signal or even swamp it. The circuit shown in Fig Bl has a

built-in break point so that for input signals above f, = 20 kHz the

h

operational amplifier will in conjunction with C , act as an integrator
5 .

and thereby filter out the effects of noise.

F

h

was chosen as a compro-

. mise between the actual requirements and the frequency limitations of the

special high-speed operational amplifier.

differentiator is. presented in Graph B 5.

The actual response of the

8.2 Integrator/70.......
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8.2 Integrator _

The function of an electronic integrator is to sum an input voltage
Ein in the time domain over a given period of time, and provide an output
voltage Eout proportional to the instantaneouslvalue_of the sum. By its
very nature, the integrator is a more stable device than a differentiator
and if noise is present in the input signal, it is automatically filtered

by the integrating process..

The main problem encountered with integrators is the fact that definite
limits must be set to the integrating process. In the present system,
limits LT 1 and LT 2 (see Fig. 3.11) are set by means of the adjustable
time delays T2 and T3. The output from T% is a 9 V pulse of T3 seconds
duration corresponding to the period over which the integration wiil be

carried out.

The inverting and switching circuit (see Fig B2) is controlled by the
" pulse from T3. The output from thejinverter is normally at +9 V potential
and for the duration df the pulse T3, the output falls to -9 V. = This out-
put is connected to the gate of the field effect transistors (F.E.T's) in
the feedback loop of the integrator. These F.E.T.'s are used as switching
devices to either ground the output of the integrator, or allew it to

operate.

—— integrator off

‘ | _ +9V -
- R3 I
—E_T,. 100K

M . -9V— — integrator on
\\ output pulse to ‘

R1 ! kfsw't‘&g switching et
100K e aE ‘

i
Cl=1nF
LM30A >

: - Eour

R2 S100K

~ input pulse
from T3

FIG.BZ INTEGRATOR AND SWITCHING CIRCUIT
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8.3 Triggering And Co-ordinating Circuitry.

To cq—ordinate the integrator and the recording oscilloscope with the

impact of the projectile, the following circuitry is necessary.

8.%.1 Photo-Trigger. The circuit for this device is shown in Fig B3,

A light beam situated in the pickup section next to the scratch pickups
falls onto the base of a photo-transistor and effectively holds the output
terminal at ground potential.®hen the projectile breaks the light beam,

an output pulse of about 18 V is generated. This pulse marks the

‘projectile's motion in time and space.

BV

LTKS -
10K %

10K. | ! : ‘ -

. dutput pul se

01 UF
3 : q 293903
TILE3
AN AMA _]..
L 47K 5K o

phato transistor

FIGB3 PHOTO PULSE GENERATOR

8.3:2. Sequencing Circuitry With an initial pulse to give a reference

point, co~-ordination of the electronics with the impact is accomplished
by a series of delay circuits which are started by the initial pulse.

The pulsing sequence is explained in Fig. 3.11.

The delay circuits T1l, T2, T3 are all built around the signetic SE 555
integrated circuit. The desired time delay is set by means of the

capacitor C and resistance R. (See Fig B4) according to the relationship:

T = RC . where T is the delay time in seconds.

All the delays are adjustable by means of a variable resistance. To

give an even greater range of delays,Tl also has a selection of capacitors

Fig.B 4./72¢00ee.
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1T 00 pF I ,001uF 1
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to' oscilloscope of T3secs qura:-
l f N lrigger ion_holds inte-
tp:: s¢ from phote- after T1secs delay,  |after T2secs delay ~ 9rator on
_ pulse triggers T2 pulse triggers T3

FIG.B4 DELAY CIRCUITRY
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to vary.

The delay times used are:

T1 fromSus to 5 000 us

T2 from 100 us to 300 ps
T2 from 200 us to 1 500 us

8.4.1. Calibration of Differentiator. The ideal differentiating process

can be represented asi-

e, = E. f(t) _ ( differentiating function j o ‘Kagtgi"

A

transfer constant K, J

In practice an electronic differentiator will have a transfer function
‘K2 which depends on the components used (see Fig Bl). This can be calculated

from
K = RC
2

Instead of relying on an absolute determination of K from a knowledge
2 .
of the exact values of the resistance and capacitance used, the censtant

was determined experimentally.

Using a sine wave generator as the input signal, the differentiator

was tested over a range of frequencies.

If the input to the differentiator is:

e, =K. &8in wt
ain in
Then ideally, e =w E, Cos wt
. out in
. : de.p
Since in practice e = K —==

out 2 dt

We get/ Thoveeeann.
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We get %a = 5%%£ = 3 .45 x 1074 for the differentiator used.
in

Thus for each input freguency,K can be calculated from a knowlédge
of the amplitudes Ein and Eoutvand ihé circular frequency w. Ideally the
phase shift between the input and output signals should be 9000 In
practice this is approximated only, the approximation deteriorating towards
-the designed breskpoint of the circuit when the phase shift apprecaches
180°. The results of the calibration are presented graphically in

Graph B.5.

8.4.2. Calibration of Integrator. The same procedure  was adopted

for the integrator as was used for the differentiator.

In this case we have:

e = E f(t) ( integrating function
. “\N IN P
L transfer constant K,

\ e e’
[t

Theoretically K = éé ( see Fig. B2.). - A calibration was carried
3
out using the sine wave generator as the input signal, and using the

same reasoning as for the differentiator we get:

K u)Eout

a E

= 8,18 x 10° for the integrator used.
in - -

The results are presented graphically in Graph B.5.

Graph B.5./ 75..cece..
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APPENDIX C

ot oo

Analvsis ¢of Proijectile Vibration
9.1. General .

Due to the projectile's élastic_nature, acoustic waves are initiated
by the impact and travel up and down the length of the projectile during
the penetration process. This gives rise to relative motion within the
projectile itself and in order that Newton's seqond law of motion can be

applied to the projectile as a whole, i.e.

P: Ma

the average motion of the whole of the projectile rust be found before a

resisting force P can be calculated.

To analyse the motion of the particles in the projectile which are
-subject to an acoustic wave travelling to and fro,requires a solution to

the plane wave equation:

Qz_li +Y - .2 bzu(i t) \
>L2 (X,v) = C ——E;?Jh—-.,.................... (9.1)

- This is a partial differential equation in two variables, x - the
position from the projectile tail and t - time. In Masket's solution the
point of interest on the projectile was the tail surface, i.e. at x = 0.

In the present study the point at which measurements are made is a diStanbe_
d mm from this surféce. Because of this,a separate analysis was carried

out and gives a generalised form of Masket's equation.

9.2 Masket's Solution.

For small strains and damping the equation to be solved is:i=-

2 2
%;%(x,t):cz.—b—%}({%lg s, cereenee. (9.1)

and u = u(x,t) is the displacement
of position x at time t, relative

to laboratory co-ordinates.

The solution to 9.1 will be subject to the following boundary
conditions:- '
at time/ "7 . i.iii,



at time t = O, u::Oand%%‘ - v
' ' t=0 :
at position x = O, %H‘ =0
x X=0
. ' F
at position x = £, %%\ = _ﬁ%l
. .y

. Taking the Laplace Transform U = £(u) of equaticn 9.1 we get:-

2 ' LD, _ 2 a%
12?0 - AU(x,0) btl = c” 37E.
X,0
v
2 2 :
%;% = %; U - Eg Where A is a complex variable
Ceeeerec it ceeees (9.2)

The standard solution- for 9.2 is:-
3 ’ 3\ v
U=a Cosh(gx) + b Sinh(zx) + fg' ceeeneccsanee (9.3)

Differentiating W.R.T. x, 9.3 yields:-

du

A8 oAl . Ab A
dx = c Slnh(cx) + ¢ CO’Sh\ZX ¢resesvssssvace (9'1‘")

- The boundary conditions at the tail are :-

au o du
dx =9Z(bx‘ ) =0
X=0 =0

. b g'O

The boundary conditions at the nose are:-

an- . ) nere T\ ;o[_(F(t)
X

AF J e')‘tF(t)dt

Sinh(‘u-)
- [

Ora=/78-to..on



78.

e F(L)
°r & = A~ Sinh{(ni/c)

Substituting the values of a anid b back into 9.2 yields:-

v | oy
_ < Cosh(Ax/c) 0
V=35 - " 500y R

Taking the inverse transform gives:-

2ni X A Sinh{}Z/c) dx ...(9,5510)

Y+ie v _
' ' = Cosh .
u(x,t) = - E e)‘t[ =2+ Af:_E F() =25 Ox/c) ]
" Y-iw - —~
- At the base of the projectile which is the point of interest, i.e.

X = o we have the following three expressions for displacement velocity

and deceleration:-

Y+im VvV = |
. ) 1 Aty o ¢ FOO ‘

Displacement: u(o,t) = Zni‘[ e [F *IE X Sinh()\e/c)] axn .. (9.5)

Y-iw .
' - Y+iow v : _
L dulo,t) 1 At o . ¢ F(OL) s _

Velocity: | ot = 503 J‘ e [)\ + AF ——_———Sinh()\e/c)] dx .... (9.6)

Y-im ‘ c '

C
dt< 2mi AR  Sinh(AZ/c)

Y-im

Y+ie _
Decelergtion: ¥ (0,t) = l. J' é)\t [Vo + AEQL) ]d)\ eees (9.7)

These solutions were used by Masket to prove his four theorems stated

in Section 5. They are also used in the following general analysis:-

9.% Generalised Solution

Generalised Theorem: The displacement, velocity and deceleration of the

centre of mass at any instant t may be coumputed from the average of the
- displacement, velocity and deceleration respectively, of a point on the

- projectile a distance d from the base, by the equation:-

t+(L-d) /6 |
%J‘ X(d,t)at = X (£) + X_ (¢ - gc-@ Cevreereniens (928)
t-(¢+d)/c

Where X = displacement, velocity or .deceleration.

The proof/ 79 ceeee...



79.

The proof of 9.8 is as follows:-

t‘+ L/c
- .
Let U= ¢/l u(a,t)at
t’-2/c
Now the solution for u(x,t) was found in 9.5a. Substituting this
-solution into the above relationship and setting x = d =
Y+ io t’+ £/c
j At o c

e"vat| =% + —= F(\) Cosh (nda/c)
A AB A Sinh(A\¢/c)

A ¢
2ni £
Y-i® t’-¢/c

dx

évaluating the inner integral =>

Y+im Ty _
A N )\t,(e)\ﬂ/c_e—)\Z/c) Ve . S F()) Cosh (ad/c) a
“omi ¢ X © ) 2 AR A Sinn(rf/c)
Y-iw as
: Y+im : -
L - AL’ A At 2 -
1 c e s (A e c? = 2Cosh(nd/c)
= U= 5= J' [ﬂz c5E -2 Slnh(vc) Voo+ g FOO. Y j‘”‘.
) T Y-imw
L ] { _}
A B

Now A can be simplified by Cauchy's 2nd Integral Formula

Y+im ,
1 et AL
since 3T Jl S Sinh( o ) Vo dx{: Vot ¢/c

Y-im

B can be rewritten as follows, by expanding Cosh Ad/c

Y+im ’ , ,,
5. 1 2 ) ek(t +d/c)+ e)\(t a/c) o
= 2mi M A=
Y-iw .
2
[ 1
Where AEZ = M

By writing T = t + d/c the exponential part of the integral can be
rewritten as:i- ‘ ’ T '

f /89 ....... .
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T T . 1-2dfc T
I j Matar + |
yJ .
-® -® -® . -®

4 .
Recombining U = A + B =

T T Y+iem '
*— J 1 . l.__'/ AL )
U vt s oy J j j w FO)e M anatar
' -® -~® Y-im

(T-2d/c) (T)  (Y+ia) 4
E%Z I J [ % F (\)eanatar
(~@) (@ (-iw)

T T T-2d/c T
_or v o2V tl+ L [ F(t)3taT + L I jF(t)dth Ve
-®» -~® - T =@
L i L e Y
C D

ceee (9.9)

To put C and D into recognisable form we resort to the impulse

momentum law, viz:-~

F(t) = Ma (%)
cm

T T
Voo
. . { - v ol - -
e Jagplerat = v - v ) = [ RGe)at
- ) . -
~ 1
ang V(1) = V_ + fF(t)dt s e e
' -
integrating 9.10 =>
T T T T
Sam 1p n
J v__(T)aT = .I V,aT + g | j F(t)dtaT
-CD - - =

.. (2.10)

evaluating the integral gives the displacement relationship =

em M

u () =V &+ L j j F(t)dth R ERRRITPPE

5.11/ 8., . iuunn



9.11 gives an‘expressioﬁ for term C in expression 9.9. Also from 9.10 =>

1 B bucm(T)
= VA4 e e VY
v IF(t/dL = — v
-@
T-2d/c T T-2d/c su (T)at T-2d/c -
. 1 i . cm.

T I [ F(t)dtdT = d[' - - [' v,

- -® -® -®
Which gives for term D in 9.9 =

o

ﬁc':m(T-2d/c) - VO(T-Zd/c) - M

Rewriting 9.9 using the above substitutions giveé:-

v ZVO(T-d/c) + [ucm(T)-VO(T)]+[{zcm( T~-2d/c) -V (T-2d/c)]

*
simplifying = U = ucm(T) + ucm(T-Zd/c)

v T+(4-d)/c
* " 2d
As defined, U = c/ﬂj u(d,t)dt = u_(T) + u_ (7-5)
(£+3) .o em ¢
T
C
Q.E.D.

The above can be verified for velocity and deceleration.

9.4 Data Processing

Expression 9.8 is used to derive the motion of the centre of mass,
knowing the motion of the velocity senser placed a.distance d from the
projectile tail. Two simplifying assumptions were used in the actual
data reduction. Firstiy, the limits of the integration were initially
calculated as shown in Fig. Cl for an equivalent uniform projectile made

of 'hylatron". After studying several traces, however, it was discover-
ed that the frequency of the projectile vibration was not constant and
changed throughout the penetration. Computed values of the natural
period agree with the experimentaily found value to within 10% and a mean

value of the experimental value was used in subsequent data reduction.

The second/B2......



82,

The second simplifying assumption made was to assume the term
Xcm(t - 2d/c) ~ Xcm(t)° This is a fair assumption since d is small.

The resulting relation becomes:-

t+(£-a)/c
Yy - S -
X (8) = 55 f XCA,6)GE soenevenennenananannnn cereenys (9.12)
t-(£+d)/c
steel head [ _ nylatron body
< L -

i
L - ¢~ - +— ACTUAL

Caud
-
]]
nll
jm R

Y

- — - —- EQUIVALEN T

e

4
—+
»
1
o+
(a5

FIG. C1
’_“—'f‘ Note

{ = p+ £s(cp/cs)

The mechanism of equation 9.12 is clearly shown in Fig.C2. To compute
the ordinate Xcm(t)‘at a time t, the area A under the deceleration-time
trace is computed between the limits t + (£-d)/c and t-(f+d)/c. This
value is then divided by the mean period time of the projectile's natural

vibration (c¢/2f) to give the mean ordinate Xcm(t).

Fig c2/ 83......



experimental trace

analytical curve for
motion of CM.

TIME" ——

FIG C2 MECHANISIM OF ANALYSIS

About 60 data points measured from a 35 mm photographic negative of
the deceleration~time trace was used as input data for a computor

programme. The flow chart fdr the latter is shown in Fig. C3.

Fige C3./ 84 cecuns
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