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References: (a) Buord ltr. NP9/A9 (Re3) dated
9 January, 1943.

(b) NPG Report No. 1-43.

Enclosure: (A) Twenty-five (25', Copies of
(S.C.) Subject Report.

1. By Enclosure (A), twenty-five (25)
copies of Naval Proving Ground Report No. 3-44 are
submitted under NPG Research Project AML-2 authorized
in reference (a).

2. The subject report is a continuation F
of reference (b) and covers several special phenomena
occurring in penetratiois of homogeneous plate by un-
capped projectiles at 0Q obliquity, Analyses are
given of the following:

(1) Effect of velocity on impact dimensions.

(2) Energy expended in projectile deformation.

(3) Energy consumed in overcoming friction.

(4) The hardness distribution surrounding
partial and complete impacts.
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PREFA CE

AUTHOR I;ATIO M

This study is part of the program authorized in
Bureau of Ordnance letter NF9/A9(Re3) dated 9 January,
1943, as Naaval Proving Ground Res-zarch Proj3ct APL -2.

OBJECT

To extend the scope of Naval Proving Ground Report
1-43 on the mechanisms of armor penetration.

Page it
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SMSIARY

The penetration of homogeneous plate by uncapped
projectiles at 0* obliruity was discussed in Navel Prcv-
ing Gr,.und Report No. 1-43. The present report supplements
Report Yo. 1-43 viith comments on four secondary features of
penet-.,etions of the same classification.. They are:

1. The effect of ve)ocity on impact dimensions, -
an analysis of the ene.-gy absorption by the
armor material as shown by the enlargement
of the hole z)roduced by completely penetrating
projectiles of various velocities.

20 .ý measurement of the energy extended in deform-
ing projectiles obtained by observntiou of' the
rise in temperc-,ture of the projectile.

3. iin analysis of' the energy consumed in overcoming
friction beti,.,een the orojectile and plate by
observation of the retai-dation in rotation as
well as velocity.

4. survey of the hardness distribution in sliced
sections of armor surrounding partial. and com-
plete penetrations.

Page iii
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I IMTRODUCTI0N

In reference (1) H. A,, Bethe introduced a ra-
markably fruitful concept into the study of penetration
mechanisms, name;.y., that piovided the projectile is
pointed the energy expanded in making a :ole in a plate
is independent of thD precise -details of the process;
and depends only upon the thicki~ess of the plate and the
size of the hose. 7n referance (2) it was shown that
by a proper consi dration cf end -effects - mainly the
formation of petals on the back of a homogeneous plate -
the theory of reference (h, could be broughc into reason-
ably good agreement with observation, it was also pointed
out that blunt project'.ies may be expected to penetrate
a homogeneous pl;7te by a puriching mechanism, which is
distinct in nature from the PILe ring.type of penetration
required for the exoanding-.hole mechanisms of reference(1).

The method of Bethe has its limitations, and
leaves out of consideration several important details,
namely, the effect of striking velocity on the size of
the hole in the plet3.ý and on the consequent energy ab-
sorption, the energy used in deformation of the pro-
jectile, ami the effect of friction upon the energy of
penetration. The present report diqcusses the available
Proving Ground data bearing upon these points, and in
addition presents data on etchings and hardness patterns
made on sections through corapl<ite and incomplete pene-
trations of a heavy homogeneous plate. These etchings
and hardness patterns were mentioned in reference (2)
(p.-S): but were not ready for publication at the time
that report was prepared.

II 'E FECT Or T7LOCIT'Y O.T IY'PRCT DIt1=NSIONS.

Disregarding frictional effects, the expanding
hole theory and its modifications predict essentially
the same size hole and the same energy absorption in the
complete Penetration of a plste, re~ordless of the vel-
ocity of penetration - i.e., the same result would be
obtained if a projectile is rushed statically through a
plate as when Jt is fired through.

A consideration of the details of the penetra-
tion process throws doubt on the correctness of this con-
clusion. In a dynamic penetration, as the point of the
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projectile advances throigh the plate it must not only
overcome the cotiesion of the steel, but must set it in
motion vwith a sufficient velocity so that it will move
out cf the way nf the projectile. The point of the pro-
jectij.e numt c1wxv the necessary accel..atin. force,
and so wil ,':•w ... a.. grerter pressure than that re-
quired to o,,rcoe tnc static resistance, The dynamic
term n.- t!"e10psn,.re w~i. be of the order of magni.tude
of ' /2 / ~rc.:n.the @rn-ity of the arior plate,
and v ;s the s eed of the m'•i. . if

v 3500 ft./sec•C 0,284 lb,/in-,
"C i tQ' l)"b 2
(1/2) v = 1,2 x/

The static yield.-stress of hoevy .... a-, B p•:te of the
usual hardness is around 1o5 ib.!'iA.2 snd the static
term in the pressure will be of zhis order of magnitude.
It is thus seen th•.t even at moderate velocities the
dynamic term in the exnression for the pre,;sure near
the point of a projectile may easily be equal to or
larger than the pressure recuired for a stEttic penetra-
tion.

Farther back along, the o~cive the pressure will
be less, and in fact may fall below that which would
exist in a static penetration. The situation is analog-
ous to that which exists in the motion of a streamlined
body through a resisting medium, and has been discussed
by Zener and Peterson in reference (c). In a q.ualita-
tive way one cen see how the pressure must fall along
the surface of the projectile nose frora point to bourrelet.

The -material set in motion by the point of the
projectile will tend, because of its inertia, to continue
to exoand, and less pre sure by the ot;ive will be neces-
sary to continue the expansion than in a static penetra-
tion.

An observation supporting tihis theory is that
when an uncapped projectile is recovered after a complete
penetration, the nose nezar the point is found to be wiped
smooth and worked, whil3 the last third of the nose near
the bourrelet still has the tool marks and even some paint
on it. This observation has been made on all orojectiles
emerging from the plate with a low velocity, or which
tumbled after penetration (as in oblique impacts) so as
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not to be scoured smooth in the sand of the butt, and
has also been made on many projectiles rejected by the
plate, although they had penetrated far enough to embed
the bourrelet.

It seems possible that at high enough veloci-
ties and for at least -art of the depth of the penetra-
tion-bole the inertial effect may cause the hole to
continue to expand after passage of the bourrelet of
the nrojectile. If this is thb case, one would
expect to find that

(1) The hole in the plate will taper, being
largest at the entrance and smallest at
the exit end.

(2) If several rounds are fired through a
plate at different striking velocities,
tne holes i ill be largest for tnose
rounds having the highu.st vulocities.

(3) The energy atsorbud by the plate should
increase with increisod striking velocity
and consecuert erenter hole size, accord-
ing to the law for the ]i.Lait energy, which
is of the form

2
EL = id (e - kd) . . . . . . (1)

(see reference (2), Sec. II). Th• vwlue of the hole-
diameter d to b,- used in this equation will be the me, an
value aver'ged through the thickness s of the plt-ite. The
appropriate numerical vwlues of thi:. constants j' ,nd k in
Eq. (1) must be determined 6xnurimenttilly for the pTate-
hardness and the proj-ctiljs used; typicol data, given
in Fig. 1 of raference (2), are

A = 2.49 x 104 ft. lbs./In. 3 , k 0.132 . . . . (2)

for the 3" P M-79 projectill vs. homogeneous plitc of
tensile strenfth from 110,000 to 130,000 p.sAi.

It is aite cnvuni'ent to m,•.surk impact holes
made by 3" projectilis by use of a stiir gaue used for
gauging 3" runs. Fig. 1 of this rtport shows thd results
obtainu;d on thr•,w holes iaide by 3' :P M-79 projictiles
in a 4" Cla s L plýAut of P:irdnees RC 19, thc striking
velocities being resnctively 1944, 2219 tnd 2482 ft./seo.
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From the measured hole diameters, the corres-
ponding energy value, EL, has been calculated using
equations (1) and (2). The value cf A found for this
plate is 2.56 x 104 ft. lb./in 3 . The-energy absorbed
by the plate is found from the residual energy plot-
see Fig. 3 of reference (2), which was obtained by fir--
ing at the particular plate in question. The residual -
energy graph has the equation

ER - 0.93 (ES - EL), • '.. .. .(3)

from which the energy absorbed is found to be

ZIE = ES - ER = 0.93 EL + 0.07 ES ... . . . .(4)

Fig.2 of this report shows a plot of tho energy absorp-
tion, for the three rounds gauged in Fig 1. vs. energy
required to make the hole, as calcul tud from Eq. (1),
It will be observed that there is a good correlation.
Thus; predictions (i), (2) and (3) given on p. 3 are
correct.

Unfortunately the situation is not quite so
simple; when the projectiles were recovered and calipered,
it was found that they had swelled from their original max
imum diameter of 2.99 in., as shown in the following table:

Striking velocity, f.s. 1944 2219 2482
Projectile dia., max., in. 3.007 3.02M 3.088

Fig. 3 is a graph of hole-diameter less projectile-diameter
aeainst the depth of the hole, mJasured from the original
plane of the face of the plate. It will ba observed that
when thu holes were gauged, they were smaller than the
projectile through most of their depth, presumably due to
elastic contraction of the plate aftur passage of the
projectile, the difference in diameters being around 0"03,

The reader will doubtless have noticed the
curious maxima and minima of diametar, the holes being
larger in the middle of the plate than near either the
front or back surfaces. No satisfactory explanation hap
been found for these maxima and minima, nor for the syste-
matic variation in their amplitude and position with the
velocity of the projectiles. An obvious first thought
was that the fluctuations "aight be associated with the
hasting of the plata due to plastic working during impact,
and subsequent cooling of different parts of the plate at
different rates. The magnitude of the thermal oxpansions

'' -UNCLASSIFIED



UNCLASSIFIED

which can ba expected i.s much too small, however, as the
following calculation shows:

The diameter of the worked volume is about
9 in., nnd the p1ate thickness is 4 in., so the worked
volume is

22

Fd 2e/4 -- (9)2 (4)/4 254 in. 3

Taking tha density of steel as 490 lb./ft.3, the weight
of metal plastically worked is thus

(254 in. 3 )(490 lb./ftg 3 )/(1728 In.3/ft ) = 72 lb.

The limit velocity of this plate for a 15-lb. projectile
is 1885 ft./sec., so the energy absorbed by the plate is
about (/2)mV = (1/2)(15/32 2)(j8E5)2= 827,000 ft.lb.

or 1064 B. T .U.

Taking the 5uocific heat of steel as about 0.115 B.T.U/lb.OF., this could rAise the tumperature of the plastically-
worked mctel an average of 1281F. or 71'C. h.s the co-
efficient of thermal jxnansion of steel is about 0.114 x
10-' par I C., this would correspond to an expansion of
about 0.0024 in. for a 3 inch hole. Actually the situation
is more complicated due to non-unilorm heisting and cooling
of the worked material and interferenco of the unheated
part of the olato with the expansion of the worked portion,
but it is clear that an expansion of not more than the
order of 2.4 mils cannot account for anomalous vwriations
in hole diameter of from 6 to 18 mils.

The fact that both the projectile and the hole
which it makes enlarge as Lhe• striking vwlocity increases
obscures the details of the mechanism of hole enlargement.
The taper of the hole, extending to a depth of more than
an inch below the plane of the original surface of the
plate, indicat~s that inertial effects must be able to
expand the hole so that the expansion continues even
after prssrigc of the projectile. It will be noted in
Fig. 3 that the enlnrgement of the hole in the tapered
portion is systematically greater with greater striking
velocity. These considerations sur.gest that dynamic
effects directly on the plote ord the. primary cause of
hole enlargement with increas.,d v..ocity, and that the
swelling of the projectile - doubtless produced by the
increased forces experionced at higher striking. veloci-
ties - is an incidental accompaniment. The correctness
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of' this v" w is supportad by UNCLASS [tn iontbat tha priussuro on th.i a~fter port-ion of the.poetl
nose i~s omenl1 l . that tha swellad poritionu of the
pr~ojectile exerts litvtlej force on tho plate.

On the otheýr hand, alt,_rrAtiv.- explanations
must be admitted as possible. On, Ma~r argue. that the
proje3ctile swells on first striking the plate, and that
the unlarged proJ-.,ctil_, tnan has to makce m are hole
to &.et through theý plato. Another possibility is that
th"e. d(form[ýtion of tho projuctil.ý incr,.ases the cc~-
efficient of (1/2) Q v2 in the dyna-mic term in the pres-
sure, exaggarating t-a_ ;~nlnrgom~ont of the hole, by inertial
effects.

To decide umcng the-se diverse possibilities it
is desirable to repeat th,: exnerimer.t on hole enilarge-
ment with ' roj,3ctil-es of vfrious,: hnrdnessas, including
soýme3 veýry hvard projectiles havin.Cp rn ogivnl contour re-
sembling that oft' n ordinary projec-tile. aftEr the latter
has beeý,n deformeid by striking a hiavyr plnte.

III EIRGY 717'. :T"T]-1D p(Y , O'~TL T PIFORTý,,T

The omount of' einrgy in a projectila available
for mnkinpg a hole. in a plcite is r~t most the diffe:rencu
betiween its striking6 energy Fnd thej work done in deform-
ing the proj,3ctilo. It is clear thereýforo that, even if
the chango in nrojectilo conformation did not re_ýsult in
increaPsed resistrnce by thu plat,,, a deforming projectile
would re-uiro gr,;r-tr striking eýnergy to penet;iat1-e a
given plito under Eiven conditions than a non-deform-Ing
projectile of the' spme. origJrinal diraensions.

It would b,ý highly desirabli to know the, anmount
o.f' energy exixmded in deforming a projectilei in nny
specifiod way. 'Except possibly Fit normaýl impact, it is
doubtful whether the, ene~rgy of projoctil,_ý de-formation
ca-.n be cclcul, ted by p~rcctict.able, math,.m-Aico!1prcdes
lHowevcer, til-e deformation encrgy preswumbly appears as heat
in the projectile, and it theý proectLe can be recovered
quickly enough a~fter impact it should be possible to
measuzru the energy of deformction calorimetrically. Pre-
limingry measuremients have been :aade on several projectiles
fired Fat a 4" Class B pl'toA et 7výrious obliquities. .,s
shown below, the projuctiles being the 3" ý,? M-79 solid
shot, weighing 15-lb.

UNCLASSIFIED
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APL Butt Obl. VS E Energy of Deform.
Impact No. Derees fto/sec, ft.b B,T.U. ft. lb.

1516 00 2000 9.31 x 10 33 26x

1517 0° 1959 8.95 x l0g 36 28 x 10
1518 200 2013 9.45 x 10" 69 54 x 103

The results ere necessarily approximate. The average
elapsed tim,3 from impact until immersion of the projec-
tiles in the bucket used as calorimeter wes about two
minutes. The temperature rise was from about 0.7 to 4
TX., depending on the amount of water used and the extent
of the projectile deformetion. Fig. 4 is a photograph of
the projectiles in question; th3 butt impact numbers are
painted on the nrojectile bodies. Round 1518 shows the
greatest deform:-tion observad in this type of projectile
without the occurrence of rupture. From the data one can
calculate the moin temperature rise in the projectile,
which is from aboet 100 C. to 250 C.; of course, the
temperaturi distribution in the projýctila is far from
uniform, being greatest in the nose where the projectile
experiences the most working.

There are sjrious prncticil limitations upon
calorimetric work. The projectilo must not penetrate
into the sand of the butt so deeply that it cannot be
recovered quickly, end tha send must be dry. An unknown
amount of heat will be generated in the projoctile by the
scouring it raceivJs in the sand before coming to rest.

IV FRTC"TO0" IN flPtOJTCTIIE ,I°PCT.

It has been assum--d in discussions of projec-
tile i:.pect that the friction b~twoen the plate-material
end the nose of the projectile is small. Zoner end Peter-
son (reference (3)) have discussed friction from a theo-

retical point of viow; they conclude that the high temper-
ature generated Pt the plnte-projoctil• bcindary by plastic
working of tha pl-te :,terial will cause the friction to
fall to e very low value. This section presents, some
exparimentrl d&tn from which the order of magnitude of the
frictionýl effects con be estimated.

'!bhen a projectile passes through a plate,
scratches usually ,ppear upon the body an• upon the bend,
if the letter i3 still present. It is found that these
scratches rako 9 greitor angle with the projectile axis
than do the engravings made upon the bend by the rifling.

-7- UNCLASSIFIED
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Thus, if 4 SP V~ represent striking angular and linear
velocities of the projectile, respectively, Pnd "'01j
VR the corresponding residual angular and linear'ovc itie s
nfter paosage throligh the, plate the scrat,'ches, left on body
and band aftdr passo a thro~ugh the pl'P',ta showv that

Wa/VR>~~v

~Yaasurcinant of the pitch of the, scratchas medu by the
plate on the ba~nd enablasone to ast~.t CR/V I fromL
which to con be calculrated if VR is known, ýhich is
usuelly ýheý canse in rounds fired qt ho.io~aneous plate,
As Vc, and tW3 nar known from the firing rcord and from
the pitch of tho ritfling, information is availeble for
theý calculation of the porcc.'-ntage losses in rotational
nnd tronslational. kinetic energy, EThtiol.tion of the pitch
of theý riflin,,, from tho engrraving on the bind and compari-
son with the pitch ns known from tn-- design of the gun
gives a chejck on tha, accurcey of the method. The accuracy
is not vary groet, involving irrors of around 20% in esti-
mtating th nitch of the- rifling, which implie-s errors of
5 - 10"t in estimation of&'j / VR where thj pitch is much
grc.-ter. FortunAt~y no Oeatt eccuratcy is nuccussary to
show thej orde~r of 'i-argnitude of thej frictional1 iffects, as
will appear in the course of the subsequejnt ctalculations.

YAs hos been pointed out in Pnrt II of this
report thkere is good evidence that the3 pressureý on the
proje.ctile, nose is not uniform, b.eing greatest At the
point 'nnd. 1l-,,ast near th.e bourrj--et. To covar this situn-'
tion, two celculations will bte' npdad - on-- bnasd on P, uni-
form pre- sureý ."va-r thij ocive,, aýnd thez -other with the
pressura a rn-ximum fat the point of teprojectile -Aid
z.,ro at thj bourrelet. 2. pralirnin:ery cF~culation will be
mrnde- in i,:hich it is essumAd thtat( wR/VR ='OII and this
calculation will iteir be,, modifiejd to ngree with tha experi-
mont~lly estnblished ineauarlity (5),

In the2 simple: criseý of n solid cylindricnl
proj-ctile the r.mom,.nt of inl-rtia- about thi proj-ctile .axis
is

where r is tneý r.-dius of the proj.jctil,ý. For pointed
solid sRot, 10 will be some)whvt. less t:.Jan indic-itud in
equation (6) ; for pointed sholl it should bj &bout the
spme. if the projjctilj ma-kes one turn in 25 cr'liberxs
n typical rifli1.ng - the angular velocity and linear
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w127-1 V/50-ro7

so thAt

() IT .2/625I.)r 2  8

Thu, rotntion-1 kine3tic m:Jrgy (1/2) I0 (A)2 is thereofore

or (l/2)(mr0
2 )(_,p 2/625 r,2)V2

To (l/2)mV2(-Tf.Z/12.50) .. ... (9)

As mr2/1250o 0.00789, it is clenr thct the rotati onql
kinetic 2norgy is some3whnt la:ss than 1%/ of the trans-
laýtionfal kinatic anergy, which laDtter yiv-ntity is sym-
balized by 12x:

Tý= 0.00789 Tx *** . **.(10)

If acs suppos;.d in -,,.is prelimainaryr c-lcu1:-tion g, remnins
8 con3tont frnction of Tx (i.e.,lt/V =const.), bne may
also wvrite

dT.'/aTx =0.00789 . . . . . . . .()

Supposce R proj-ctile, with en opiveal nose2 of
radius R, thj radius of thej proj,,ctile) at the, bourrelat
boing ro. The ogiveý is &3nar-itud b- rairolving an ,arc of
a circle about its chord, and the circleý may be described
in terms of an cngulcr paramutar 9:

y Ik(cosg - cos+)

____ x -R sin 0 )(12)

=1 / arc cos (l-r0 /R)

_~s tho projectileý noso is
* /symmatrical nbout the X-exis,

thil elamoent of area may be
taken as

&9 UNCLASSIFIED
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dA - 2 -Ty ds -2-rrR( cos G - cos4) R? dQ .* .(13)

where the el-itent of are ds is R dG.

Suppose the normal prassure on the, ogive to
be ,n d thj. coafficient of friction to be )r., k i~s

pr t bl vfunction of u, the instaintaneous tTcngun3'tia1
Vulocity of plate narterirl alnteogvlsr'-e hc
will vary from point to bourrelet, but these vrrictions
will be, disregard(ud, so thb.-t the valuei~ of k calculiated
will. be a sort of Ptvernie ov~jr the surfcce. For thu pro-
sant it is rassumed thotir- is consta~nt ovor thu. surfoce-.
The force of friction on an elem,ýiit of vre3a d"' willithen be

directe3d tangentiral to theý surfrice, and thie torque due to
tha friction on dA will bo

y beinS give3n by equations (12) :and di'. by equ.ation (13).
Th,. total torquo on the ogivi due to friction is obtsined
by integr'-ting equration (15) oveýr tho ogive;

M = kpy dA, = 2TrR,3kp \(cos 9 - o . 2dO

or

M =1TR 3 kp',Y\ (it 2 ces2* )-3 sinký 0054ýJ .c (16)

In rcvolving through nn r'ngl~e do thj work done by the
frictionr 1 torq'ue will be 10 dý , so th-'4 the change in
rotntionpl kinetAic energy is

dTV = M d$ . 0 0 . 0 (17)

with YL givejn by equnt-ien (16).

Thu f orce, of friction ornan element of aren
d..ý being kp di,', and trange-ntill to t surfe~ac the comn-
pondnt of this frictional force pairalle.l to the projtectile
axis is kp d.,' cos 9 . the total r-esistaince, due, to friction
on the ogivi) is thus

t 2F = kp'.12 T R (os G cosA,-)d@ cos 9

=2 71 R2kp~j' (cos 2 Q cos 9 cos4.) dO
or

-10 -- UNCLASSIFIED
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F = -RR2 1cp ( -siri'j cos4-) + . (18)

and is of course opposite to the direction of' motion.
For a unif'orm pressure the rusistinf, force. duo to the
normal preszure, resolved clong tiae projectile axis, i~s

P -r 0 p 7T .o 2 . .. . 19)

nlso opposite to tha diroction of motion. Tha totol.
loss in energy- Of tranalation dtie to thi resisting
forces wahon the projoctilQ move.s n distn-nca dx is

dT.X - (P + F) dx, 4 ,. . (20)

or

-Jx'Lrr,-p +1VR kp('..sn+co4! dx.

Facto~ring, ono obtnins

dT~ 1! 2r-r si+cs 2 .(21)

The; ratio of dT~ to dTx is givý.ýn by oqua:tion (11), on the
Passumption th-t ";/V is Xconst?.nt, and ý.$/dx = rr/25' 0for 1:25 rifl~in5: Thus ecuwatiori (17) is to be divided
by upuption (21):

dTý ROkpli' (1+2 coos 2 ..,)- 3, s;iri1, co s Yj d

dTx ro2 p 1 + k(R/r0 )2  s sin,, c os a)x

substitution for do/dx and perforiaonce: of indicatad can-
cellctiýris yitelds

arnO ki-i "4 k '(I + 2 cos2 +~) -3sini cos*'(

dT~ 2ýr 3 11+ kRr)2 s i c o s

. . a (22)

Numerical results m'-y now be introduced. For a pro-
je.ctile of the 3" M--79 nose shr-pe, R/r 0 13.Thu
va-lue of dTý/dTx may be t,7.kenr.s .01. 1's'j-= Pnrc cos
(1 - ro/R), f'= arc cos (0.7) =45 .5 or 0.794 rýýdia.ns.
1, sufficient ripproximrtion mny teý obtaiined by taking

-,-,-4, so thfit sin - cosy4 0.707,

UNCLASSIFIED
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Substitution in equation (22) yields UNCLASSIF/EU

-rr 10O0 k(T'/2 - 3/2) * . . .(22a)
0.01 ..

25- 27F1 + k (100/9)( -T/4 - 1/2)1

or

0.01 = 0.33 k/(l + 3-17k)

whence k - 0.033 . . . . .*. . . . . (23)

From equations (20) and (21) it can be seen that the
ratio of týe frictional force to the pressure force
is k(R/ro) (- - sin+cos') or 3,17 k. Using the
vlue of k from e- uetion (23) it app&ars that

F/P = 3.17k 0.105 . . . . . (24)

i.e., the frictional force is noproxim.tely 10% of the
totnl forca Fcting, on the projectile.,

This cnlculrtion was made using three special
assumptions, namely:

(!) The raoment of inertia of the projectile is
thet of n solid cylinder of the same moss
and radius.

(2) The pitch of the rifling is 1:25 -- n fnirly
steep pitch for modern high velocity guns.

(3) During penetration the engular -nd linear
velocities decransu nt the samo rnte, propor-
tionnl to their initial vdlues.

j.s pointed out before, assumption (1) will
lead to too high values of i0 for solid shot. Assump-

tion (2) must be ndjust;d in -,ny cactual case to account
for the acturl pitch of the rifling. -. ssumption (3) is
definitely wrong for •ctual cvses, is it is known that
,JWR/V ,-ý/- . It is clear therefore that equation (24)
pl,,ceb PSreson:1blj- upper linit on týo effect of friction
for the case of uniform pressure, and that from ai practi-
cal point of view the frictionr.l effect is negligible.
However, the mof.surements of one <ctu.l censu will be intro-
duced to show thu uffect of0 corrections to ossumptions
(1) to (3); thQ casc is that of a 3" AP M-79 solid shot
fired through a 4" Class B plnto ut 0 Obliquity, as
follows:

12 -UNCLASSIFIED
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Gun: 311/50 Cal., rifling 1 turn in 32 celibers
Striking Velocity, 1959 ft./sec.
Residual Vel,-citY, 509 ft-/sec.

Bnnd and body scratches showed that after 3,merging fro,.-
the bnck of the platet the proje-ctile- was turning ct a
rate of 2.50 radians per foot of ridvrance, or one turn
in 10 cnlibe3rs. Thus, during p.3netretion dý /dx vriries
between -i132 ,nd iTr/l0; leaving the vnlue at 7T<25 will
correct somtewhpt for the chvnge in "pit ch" in passing
through tho plr-te, yet fivor F. la-rgo vclue of k -- i.e.,
tha vclue of k will be -an upper limit.

The mo:,an volua of dTý / dTx a ocluae
from the3 avAiltble: d~atn c's folos

Let T ~,S and Tý, R be raspoctivl.Av theý striking
And residual kin"¶ ic anergie;,s of rotea,-on nnd T, n

TxRthe corrispondI~ng kineýtic anerp~l- of trnsiq-tnd

Thian

Tý $S - TýR (Io /2)( ý,`2 _ i.ý2 )**. (25)

nnd

T)s- TrXR,R= (m/2)(V3 
2 _ VR 2 ) . . . . . (26)

Using 10 Mro 2/2Y ' T (l732ro )VS3 , nd

"L~R =V/l0r 0 )VR t one finds thnt

TýS- T/6, R T '(`Vs/32)2 _ (VR/10)2 ;. *(27)

Tx,S - x$R 2 R~
and this is th,- m--"n v! lua of dT~ /dTx durint>. pe3netration.
U~s,,ng VS3  1959, VR 509 in ?qii~ticn (27) it is thus
found thfat

dTý/dTx =0.00160 .** ** (28)

When this v-1uj is us,.d in tht-! 1--ft mei-,b,-r of uquation
(22z-), it is found th-t

k 0.0049 . .(29)

p nd

F/P 0.0156. . . . . . . (30)
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J r 1 calculaýtions m,)de so ftr hpve been based upon

the assumption of e constant pressure over the ogive,
whereas there is good renson to suppose that the
pressure is greatest at the, point of the projeactila and.
decr-.nses towprds the hourrelet, the e-xa-ct mode of vnr-
iation being howe.,ver unknown. Thu goneral effe-ct of a
non-uniform preý,ssure ca-n be, exhibited c-.nvenicntly by
choosing 7,mode of variction -vhich will give a mnaximu~m
pressure' on tho projectile axis (i3,,?. tne point) anda
zero nre,,saroe at the greýate3st diameterý (i.e., tho bourrelet),
,A suitrbleý D~reasure distribution is

P= Po (sin G/ sinyp'), ....... (31)

distribution wihich ha!s the edditioný.l advaintage of
simplifying the nucessa~ry integr-!ls,. The3 pressure force
re3solved pa~llto the proje-ctile.- axis is

P =P dl'. s in 9

jP. (sin 9/ siny" )-271 yR,2 (cos g - costý )aG -sin 9

(2ThR2 p 0/sin* ) (sin3 G)/3 - (cos ~4-)(E) - sin 9 cosQl/2

or

P (2rR2 po/sin{'~ (sin~i/ -cos, 9s i n, c o s%)/12-
.. 0(32) J

Tho friction force, cacl~o os in ,equ-tion (18) , is

F -pc d.'. cos Q

(2 ItR2 P 0k/sin ý ) isin 9(cos P - cosý))cos 9 d9

(2-. R2 Pok/sin~4' ) i is2 ;)12 -. cos 3 Q/3,

or F (2 - Rl27,k/rin1 )coA 6 -c os)</2 + 1./ 31
4 (33)

The tor',:'ue due to friction is

M rpk d-

(Poýk sin G/sin,~) 2iUp2 (cOaQ cosý')dg Rleos G-cos'I",

(2 "1 p3kpo/sin) j Cos G cos, )2 sin 9 d

-14 - INCLASSIF,ro
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whence UNCLASSIFIELD
M -(2 TriR3kP0 /3 sin %P(1 - 0cos4,, 3 . . (34)

From. this point th6. cnlcu1F~tion proceeds ns in tha3 pre-

vious uniforln-TnxessurQ) cas-, uqir1L th,:. bcsic acuntion

dT~x (P + F) dx

By oornn'rison of ~ocutions (32), (33), cind (34) it is
8a.htfl that tho fqctor (2*'ý-R 2p /sin+)cr-ncils fromn numorator
aind denominitor of oqtv~tion ?35). Substitution from
oquations (32), (33), tind (34) in (35) ttxcrafora yields

dTý k(l -cos +) 3

- 7 T .R. .0.(6)

dT x25 ro 3 AV~)+ k B(4)

wti ore

i, (sini 3 /3 -cos '(* -sin'.t'cos'4' /2

arnd

B (4)=1/3 -cos k4i 1 - cos 2 It /13) /2

~s bJfor~,ý 1,3t '# "/4 rrnidirns, sin,4-= C03~ 0.707s
qnd R/ro = 10/3. In th,? , 'ctuwJ c-,:s. prvously us~d us
en tjxrmplo, dtý/dTx mrýy bo t: kn :s 0.03160, giving

0.30160 7 rr 10 0,0251 k ,. .(37)

75 3 0.0169 + 0.0387 kc

whence

k 0.007851 (38)

end

F/P = 3.87 k/1.69 - 0.018. ..... (39)

Thus, th.3 frictiorvil forco is rFtlher 16ss than

25 of thci totril forc'Q- cting.

-15 -UNCLASSIFIED
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NPG Photo No. 919(APL.) 11MLASS! L:

ISOSOLERIC LINES ON A CROSS SECTION OF APL IMPACT NO. 1080
C.I. Plate No. DD36* vs. 3" M79-00 Obliquity

Rockwell C Hardness Indicated
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NPG Photo No. 920 (APL)

ISOSCLERIC LINES ON A GROSS SECTION OF APL IMPACT NO. 765
G.I. Plolie No.DD37 vs. 3"M 79-0O' Obliquity

Rockwell C Hardness Indicated
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NPO Gphoto No. 686

ROCKWELL C HARDNESS DISTRIBUTION

ON A CROSS SECTION THROUGH APL IMPACT NO.765
CARNEGIE ILLINOIS PLATE NO.DD37
VERSUS 3" M 79 AT 00 OBLIQUITY
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NPG Photo No. 687 (APL)

ROCKWELL C HARDNESS DISTRIBUTION
ON A CROSS SECTION THROUGH APL IMPACT NO. 1080

Carnegie Illinois Plate No.D036 Versus
3"M 79 at 00 Obliquity

4 j ' -1 5 ,

J f 1.7i! -7 iY(A tt

{-P t of Pr j c i__ ___

V49 13 ' R~.r 1tf Ai 71,- 1 -7 ~ -4- !r 1

211 21 0 f f

.2/_ J/ 74 I

22. ~ ~ ~ ~ t -I~ 2______

lzA, yr'o,

Scaea~



I- L

At t

zQ

o'~

z 0p

4 o

S0~ SA

0 w co

o )t o~

o l

to A- 40 _4

V*
"t-A r,

3-



Iii- --- U--- -i -A -A W 1

bb
UA'-4K

-K

bi
* .

ID1 - z

Lt. 4. *1 ~*

- I.4

94 f - - . .

x, ~ 1- '44 a *.a

S ~ -*4. ¶t4s~'

4. -*.-. -A p

9L_

I.-o

I~.0

.. . . . .. . . . .. . . . ... . . .. . . .



"4 I a . - I -

W 2

.k -I, - t___ _

-.z' , 4
00.- -

I- <

w _

0 
0~ in 

-.

44 7--

CL gv~

*oE



w~w."I ~ .ti

U.- ~I V

N U.

0 .

a. *4N
0 ~ P 5 V

.0 a 'a, % ' 4 4 'a

I'IS
ClR

-~-o~+7



UNCLASSIFIED

On the assumption of uniform pressure, over
the ogivo it wýý,s found thaqt F/P =.0156 (equation (30);
assuming the pressure a manximum at the point of the pro-
Jý3cttla nnd zero at the bourralet, it- appears that F/P
0.018. It is cleer thqt the more the pressure is con-
centrnted towocrds the point of the projectile, the greater
will be the calcul-..ted effect of friction for a particularA
observod dTj/dT.. The prarticuler case chosen as an example
maýy be rjga. rded as typical of tho usual. values of dTIO/dTx,
It seems safe to nssume, therefore, that friction contri-
buties ra.thur luss tha-,n 2% to the total resisting force on :L
thi projectile, the figure of 2% being rigardad as -:n
uppar bound, the probarbl, value being loweýr. In the pre-
sent stste of our novrledge of panatr~tion machanisms
sufficient raccur-cy is, obtained in cclculation if the
effect of friction is disrega)rded.

V. MILMPDNE23 DIS7TBJ~TOT .'JPC"UND m-P..; CTS,

In reference (2) it wr-s r:)mr.rked that hnrd-
noss surveys -2nd etchings of scotions of impu,.ots give
considernble sup..port to tha 9-ýpiicnbility of' Bothe's
thin-plate theory to plcites up to nn 3/d va~lue of 1.36$
insofar as thte effect of uctnllin2; is ignored. Figures
5 to ).O stow hardness pa,,tt:ýrns for o soriýJs of incompleto
a~nd complete penetr~t ions in 4" Cla)ss B pla'tes. Figures
11 to 16 show the lincs of equni hanrdness (isoscieric
lini7s) '-cro.-s thaea !se-cti .ns, which presunvibly detormine
isoscieric surfacz2s in tha pl'-tu symmetricalelout the
proje;ctila sxis. Figure~s 15 to 20 show etchings of the
sections. Figure 21 is a rmshowinE, the hardness gra9d--
ient rcross r, t3Tpj-r' s.ýctlon through a compliete pene-
trnt ion.

A. study of these figures revials curtain im-
portarnt facts, n-mArnl:

Cl)Plate, ~nnrtLrirA is s' ujezud out lnt.drally Find
out of the f'-ce of the pl,'Ca, a-.s jnvisaiokA
by Betho's theory. ,,"nuutral pl!noe" is
appnrent somawhat nearer thd f::,cp of the
pin-to th'nn the, br.ck.

(2) In tha etched vi,ýws, it is npp-ieont th-t while
Batho's mucornisms is -ipplicobld to the body
of the p1' te, theý,r.- is ,. n:errow, zonoe djacent
to the hole wheore, tho pl.-ti ~tra is drtng-
ged forw'2:.d by thv projectile0 Th-, width of
this zone increýas~,s throu~h theý plate, merging
into the potelling Zone? :ý the back.
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(3) In the incomplo:e penetrmttions, the isoscleric

surfaces parlleal the surf:.ce of the hole,
justifying tho view thit adjacent to the pro-
jectile, the principle displ, cement is nor-
mel to the surface of the projectile nose.

(4) The diameter of the work-hrtrdened region is
approximately three culibers.

(5) In the complete penetrations, the generol
peralllism of the isoscleric lines to the
projectile Rxis is in accord with Bethe's
theory.

(6) In the incomplete penetr3tions, note the
small amount of work hardening directly
nhend of the projectile nose.

I
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1, Frrnnkford Arsoaril Reporto,23M p191
" ,-ttjmptOraThpOry of '.rrior Puna3trf::t-ion",
by H. -a. Ba~the,

2. N-wil1 Proving Ground Ranort 1-43: Punetra-
tioi Mech!i'nism~ 1. The penetr-t ion of Hlomo-
g*.3neous k'rmor by Unceoped Proj;coti1ds at Q0

Obliquity.

3. Wr;-ctrt~mn lrm.,mol Thoport 710/492. Yieli!nism
of Yrn -Pnctr.-tion - gocond lP~rtir~l RThý,port,
by C. Zenor -nd h. ,,. Pettirson.


