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ABSTRACT

Studies have been made of deceleration of cone-headed projectiles
in the entry phase of penetration at velocities of 600 to 2400 ft/sec.
The theoretical considerations underlying this method for studying
velocity effects in penetration resistance are discussed. Methods of
handling the data to obtain numerical values for the velocity temm
and the term dependent on strain rate are discussed and illustrated.
It is shown that tze more Ieliable data obtained, ranging from
2 x 104 to 24 x 10* (sec)™™  straining speed, are well represented by
a formula for deformation pressure which consists of three additive
terms: (1) a velocity independent "constant pressure" term, (2) a
term proportional to straining speed (velocity to depth ratio), (3)

a term proportional to the product of displaced volume times energy of
motion of the penetrator.

It is also shown that lubrication effects must be considered
in studies of this nature.

Tith improved measurement techniques the procedures described
in this report should give good quantitive measurements of strain

rate and velocity effects in a rapid penetration process simplified
enough for general use of the results.
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AUTHORIZATION AND INTEOPUCTION

;o The study of penetration dymemies was authorized by BuOrd. Project
Order No. E-4E40,

2. The influence of physical properties of materiels upon their resis-
tance to dynemic penetration has been considered in the past only under
circumstences where the complexities of the deformation process made a
semi-empirical approach necessary. Substantial progress in the under-
standing of the meny complexities of penctration dynamics can not be mede
until careful examination and znalysis have been carried out under other

simplified conditions of impact.

3. When the penetration is of the class in which materizl displaced
by the penetrator is principzlly pushed aside rather than projected as
a punching, the expectations are that (a) there will be & rough correla-
tion between indentation herdness and cverall penetration resistance, and
(b) the resisting force components which depend on velocity and strain
rete are (et velocities below 2800 ft/sec) generslly small compared to
those which depend only on shepe and on physical properties for slow speed
deformetion. To this class of penctrations belong the cone indents dis-
cussed in this report.
Lo The use of conical penetrators as discussed in this report nro-
vides sufficient simplicity in the pattern of material deformation so that
hypotheses regarding velocity and strein rate cffects can be investigated
with 2 minimum of ambiguity. During the penetration of & cone, there
exists approximate similitude of the geometry of deformetion of the pene-
trated meterial; that is, for successive positions of the cone the ratio

of the dimersions of the indentations to one another remains constant.

e i
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Because of similitude, indentations of various depths may be compared
as long as the cone angles are the same,

5. Two important justifications for an investigation of conical
penctrations are as follows:

a. The cone indentations can be interpreted as similar to certain
phases of penetration by more complex ogivael shapes thus
leading to the development of an improved theory of pro-
jectile penetration.

b. An understanding of the tendencies towerd brittle fracture
will be aided by an investigation of strain rate effects upon
resistance and, particularly, if sufficient precision can be
obteined, of differences between materials in a range of
very short relaxation times.

6. This report is intended primarily as a description of an experi-
mentel method with enough interpretation of results to illustrate the
application to penetration theory. &ince the collection of data presented
in this report, certein modifications of apparatus permitting greater pre=
cision have been made, cnd others are being developed. The theoretical
considerations likerise cannot be presentcd in more than & preliminary
form at the present tine.

7. . Included in this study were experiments on lubrication effects.
Earlier studies (reference 1) had shovm marked lubrication effects in
dynamic indentations in plastics. Information about recent lubricants
used for bearings moving at high speeds under heavy loads led to preliminary
trials of molybdenum sulfide and stearic acid. Stearic acid proved to

be the better lubricant, and comparisons were made between the poorest
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condition of lubrication that could be achieved and that of stearic acid
coated cones and that of oil coated cones.

THEORETICAL BACKGROUND

8. There is a class of penetration phenomena in which the penetrator,
like a torpedo moving along steadily under water or a projectile piercing
a very thick metal plate, is continuously activating similar patterns
of flow in a previously undisturbed portion of the penetrated medium
without increase in deformation resistance as the path length increases.
On the other hand in cone penetrations, until the rim of the cone head
bears against plate material, the penetration is always in the entry
phase. If the plate is thick and cavitation effects may be neglected,
then, approximately, the flow pattern at any instant is a larger size
model of the flow pattern at any preceding instant.
9e With respect to energy of translation of moving plate material
it is clear that the volume-elements for similar sections of flow pattern
are in proportion to the total displaced volume of plate material at the
instant in question. Consider the impact as occurring at the origin of
a rectangular ﬁL,E ,;} coordinate system with the axis of the
cone along the I;-;—axis and the face of the plate in the 2' = o plane.
Let = be the 8 displacement of the point of the cone. Let
dco  be any small volume element of moving plate material and

Arze be its translational displacement in time <£Z .  Then

the element <£€/ has energy of translation equal to

R > 2.
S , felee) e e [ )

e

Thus the total energy of translation of plate material, ©LE. , is the

integral

S -3-
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where (9 is the density of the plate
a i Triti _.Q_{:A%
material. TVriting -2~ for (;égf, )
and using the symbol L for total féj%?___;b
S
volume of plate material displaced by the
penetrator we have
h
[ oty
B S = ol =BT C{Cﬂ{r\l‘ C(;C.{_} )
.= s e dny ol (?)

It is clear from the similitude considerations discussed above that the
above integral is very approximately independent of velocity and depth
of indertation.

If we put

o /Gézu-\ A ) (3)
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then

S : TR
TE.-.Z-dfovﬂ_ faﬂ (4)

where >+ is the mass end £  the kinetic energy of the penetrator.
The contribution of this effect to force per unit arez on the penetra-

tor is

&

&

M

i
a
(

M
9
0

P
%

™

(5)

The first term is the familiar Poncelet type velocity effect term.

The second term is properly small or absent in the deep, head embedded
type of penetrstion but must be retained in the analysis of results
for the cone entry studies of this report. The calculation of A
from theoretical considerations while not included in this report has

at lczst been greztly simplificd over pcketrsticons -ith cgivel hecd

z
shape. It is clear that iéiiﬂ decreases rapidly as
distance from the surface of the penetrator increases and can in no
case exceed unity. The integral of %%fél— over those por-
2
tions which have significant . (fi%ii) values would be a

quantity of the order of unity. On may conclude that S is of the

order of, but substantially less than, unity and that = will

GEEE Y 5
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vary with cone angle.

10. The contribution to resisting forces of strain rate effects is
more complex. Consider the movement of any volume element of plate
material, dJdw , resolved into translation, rotation, and certain
shears. The contribution of rotational motion to velocity dependent
resistance will be, like translation, proportional to —d‘fﬁa)

The contribution of rotation is a small term in the theoretical calcu-

lation of (=4 and does not require separate discussion here.
Consider the work done within dolcu in an increase of a certain shear
from & to (e + 9) . If it is permisseble to represent

the torque resisting this shesr as the product [a. s ?( )-‘ ¢( e)

then the small element of work done is

/ =
%a, s 2 {%J@—)-l¢(w}d8 ol cw

(L) +® <22 = 4 @

I
oot
o

It vill be secn that if all such contributions arc summed up throughout
the deforming plate material there will be in the result a strain rate

indepcndent portion as follows:

cbes _ _
o ‘fﬂ/‘i’ da,) g8 = P (7
where F , because of the approximate similitude of the flow
pattern at each instant, is independent of L s 7 , and
24z
e
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11. Various hypothescs might be made as to the proper functional form
for :7~—4 as used above. 4 review of the literaturec, al-
though disclosing interesting possibilities for organizing studies of
strain ratc e¢ffects under the relaxation times viewpoint, does not at
prescnt furnish any preferred choice. The hypothesis might be made for
tentative consideration and trial that the term (&CEW is

merely directly proportional to some power of the strain rate, that is

i

/By /ey R
Flaz) = (ZZ) = &) k2 ) (8)

vhere (=208 is a constant. The summing up of strain ratc dependent

contributions to work done throughout the deforming plate matcrial then

becomes
2 (29) b) 28] 2 «n
el en [40) 2]
i <%~ (2£} e (9)
The quantity 4%- like P is independent of 5 B
and (ﬁgﬁ?} . The term Eg "will be called the "straining

speed" hereafter. Note that straining speed is not the same thing as

strain rate, but that it is a function of the strain rate and the geometry

of flow of the platc material. The case, Y = / , is of some special
interest because this may be considercd the first term in a Gg?g%)

TR kIR i i3
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power series expansion of j— (—‘éé‘—\ . Ve may note that if all

s
AN s g8
\af;éf power series for ?(aﬁif)

result would be

terms of a

were included the

5\

\ w
/;w%_,%'-ﬁ(@)- o e

co e
= #edg e (%) =of r\l?{) oedt (10)

There each coefficient '47_ depends in a differcnt way upon the
geometry of flow in the deforming plate material.

12, Irn the preceding parzgrazphs it has been shown that the cone
headed penetrator cxperiences resisting forces which are such that
the changes, —£ £ in energy of motion of the penctrator may be

represented as follows:

“eE=Pdn + FlEda + 228 p

e = T (11)
ANALYTICAIL, PROCELURE
13. Fcuation (11) may be vritten as:
G 7 () L o olELE)
T = P4 0 58 R i
but for a cone,
. =k — maraty o . gy >
L L Ao ot o g A A (13)
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vhere [ is the forcc resisting penctration and A, is the pro-

jected area of the indentation. Thus,

5\ ,—-.F_
TEP+AE S BRE S W
P+ fE + P - ) (15)

By plotting _,;_' against % for & mumber of impacts, and choosing

-!;T velues &t a constent value of T~ ', onec can plet (—%),'J e
z =

against corresponding values of )& (E s Aé_F‘} . If the plot

can be rcprescnted by a strzight line, the slope of that line is CA

Having evaluated cA , one can excmine the fuhction f (%)

by plotting _;_T _ gpo ( 43,['1/ against 2L . Should
F . e
-K — ( 'BE } be & lincar function of =, one can

writc cquation (11) es:

~dE= Pda ¢+ 4% s« G240 B g
For a cone of angle e

di _ gL = AL (17)

ol < s
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Thus

% AN = # v.ada (18)
and
-~ dFE = Pdn + 4+ v,dlaﬁ4+°;(,€d(flﬁ) (19)

14i. Integration gives

7
E-E=Pn+ €LnE + 44/’2&40{4 (20)

- i .

EcE _py dpr+ 4 fvada (21)
The term _‘;é—i / ~ada can be graphically integrated.

By plotting —E%TL—Q ageinst "‘:" ‘r4 d.4a , one can select
-Ej—{-E; values at the same value of a /Z/'A .3 y and
plotting of these L}:—t values against corresponding velves of

=

%LE should give a straight line, the slope of which would

be S . Vith eveluetion of X , one can plot %‘i& — 2L B
ageinst ﬁ’é /1r 2 da . The slope of a linear plot is

4._;— , end the intercept is P
15. Tith cwvaluation of X, < , and P , one can calculate resistance

velues from valucs of ~7 and .&  data by usc of cquation (14)

as follows:
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and the force equation is

F = szl 42+ e

=

EYPERIFFNTAL LETHOTS

16. Use was made of the NRL apperatus for getting data to determine
instantaneous velocity velues. Vith use of the apperatus z shadow-

greph is obtained of the teil of = bullet, which, in éffect, passes
before an illuminated slit and casts a shadow on a photographic film,
vhich rotates at a known speed behind the slit. The spperatus has

been described in detail in references 2 and 3. A schematic drawing

of the epparatus is shown in Plate 1. The major changes in the apparatus
since the date of reference 3 have been the movement of the optiecal slit
from near the tre jectory to o position near the photogrephic film,

with & separation of only about 0.003 in., and the chenging of the colli-
mating lenses by substituting a cylindrical lens of a larger sperture

and an achromatic sphericsl lens. The resulting finer and brighter

light beam geve a sherper trace. The method of measuring the film and
the datz anslysis to determine the velocity of the nose of the bullet
and the force resisting its peretration have been described in reference
3.

17. Plate 2 shows an enlargement of a shedow-graph of a partizl penc-
tration of a conical projectile. Shadow-graphs were made of impacts

of conical ended Cal.30 projectiles on STS armor plate. The included

angle of the conicel ends was 45°. The steel projectiles were hardened

L]

WA S =
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to about 65 Rockwell C, end cach weighed about 120 grains. The STS
specimens were of uniform hardnecss, 256 Brinell, measured 3 x 3 x 3/4
inches, and weighed zbout 1.8 pounds.

18. Since gun powder was used to propel the projectiles, a2 black
residue of the exploded gun powder was deposited on the projectiles.
Such & deposit made the degree of lubrication uncertain, but neverthe-
less effects of lubricaticn were observed. Three differcnt conditions
of lubrication were tricd. In one the concs were bathed in benzene and
allowed to dry before shooting. In another they werc clesned with
benzenc, dipped in a saturated sclution of stearic acid in benzene,

and allewed to stand until the benzene had evaporsted. Also they were
used as they came from the shop filmed with o0il . Thosc cones

vhich were vwashed and dried before shooting will be rcferred to as the
"dry" cones, but the reader should bear in mind that the dry concs bore
a coating of residue of exploded gun powder.

19. The steel projectiles becaring an oil film were shot with veloei-
tics ranging from 665 ft/sec to 2500 ft/scc. Those dry and those coated
with stearic zcid renged in velocity from 300 ft/scc to 750 fi/sec. Vith
higher vclocities the projectiles penctrated beyond the bourrclet so
that only that part of the penetration of a depth equal to the height
of the cone was useful.

'20. For comparisons with dynamic indentations, static indentations were
made on a Brinell machine with 2 coniczl steel indenter of a 450 included
angle, lubricated with stearic acid in onc case and clean in the other.
The clean casec wes achiecved by previous washing in zylol. In each case
indertations werc mede by applying the load in the usucl manner. The

depth of penetration was measurcd by use of a traveling microscope and

ST i
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noting the position of the indenter at contzct with the plste and its
position et the end of the penetrztion,

RESULTS

21. In the course of trying various mecthods of snslysis of the date
collected for this report, discoveries were mede of possibilities of
greater preeision in cmperimental techniques which would have improved
the accuracy of the anclyses. Most discrepancics occurring in the
experimental results can be accounted for by these inaccuracies. Those
deta werc chosen vhich best illustrate the experimental interpretetions.
22.  The date of the oil Inbricated concs vhich ranged in velocity from
665 ft/sec to 3500 fi/sec werc useful in showing up the terms involving
the straining speed and (=74 and for thc cvaluction of e

In Tebles 1 through 6 arc rccorded the datc snd celculations of six of
the impacts. The forec velues cppecring in thesc tables are graphicelly
cmoothed velucs cbtained by plotting the expcrimental determined force
velues against the squarcs of the corresponding depths. These grophs
cppear in Flate 3. The velocity and depth measurcments reccrded in

the tables sre these corrected for plate motion znd bullct vibration.

23. FPlete 4 is 2 greph showing plots of resistance valucs, -f%—
ageinst = for the si impacts. Shown in Plate 5 cre plots
of -;m- cgeinst | — 4%55; . From the —g& versus

‘f'-‘.‘ —

e graphs werc chosen ‘%T values at a s

-5 o T
value of 1.14 x X0 ~ (sec) 1, and from the -EE versus
E — f%;E: greph werc found the corresponding E _ zﬂﬁfi

velues. Plots of these values appear in Plete 6. The slope of the

linear avercge gove an oL value of 0.7.
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f— \
24. Plate 7 shows plots for exemination of -E - %‘% \E = '—%—EJ
as a function of % . Though the plots for the six impacts do
not lie on the same curve fhey eére no longer seperated in the order
of increszsing velocities as they ere in Plate 4. Pert of their separa=

tion can be zttributed to errors in depth mezsurements due to uncertezin

bluntness of the cones. Also there is a cumulative error in the opera=

tions to determine % . Though the exact function of the resis-
tance with respect to 2 may not be determined from this

i

plot, it is clear thet thec resistance may be ccnsidered a function of

2
d_. -
25. That a linear variation of —F; with %= 1is a good approxi-
maztion is demonstreted by plotting —F;:-‘%;:i-: - %l;ﬁ'—ﬁ against
2 firid oo g (see paragraph 14)
$i
for three of the six inpacts used in the study of -;i; « This
A

greph is shovn in Plete 8. The impact velocitiez were 814 ft/sec, 1226
ft/scc, and 2521 ft/sec. Other pertinent data are given in Tebles 7, 8
and 9. Tata for the dry concs can also be represcricd by a linear

approximation. Tebles 10, 11, and 12 contain the data of three impacts

with dry concs. Their impact velocities were 350 ft/sec, 525 ft/sec,
b E

and 768 ftf/scc. Plate 9 shows a plot of = - 9:;;{‘- E
against '—,.éa_- vada for the dry cones. Though

nct all of the plots follow the same curve, two nearly do, and all of

the plots are cpproxirately linear and heve about the same slope. The
- 5 2 g | ] 4_

line drawn hes 2 slope of 1.6 1b sec/in , Using this velue for

0.7 for o¢ , and 435 x 10° 1b/in® for P, force welues were

czleulated by use of equetion (24) and substitution of the data of impect

A -
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£184, ‘'which hed an initial velocity of 768 ft/sec. The results of the
calculations are recorded in Table 13. In Table 14 are recorded the
experimentally determined force walues and the corresponding depths.
In Plate 10 is shown a comparison of the experimentally determined force
values and the calculated force values. The agreement is very close.
26. In Teble 13 is also shown the contributions of the velocity and
strain rate dependent forces to the total force resisting penetration.
Their contributions are greatest near the beginning of the penectration,
decreesing with depth., Near the midcle of the penetration about 15%
of the force resisting penctration is dependent upon strain rate, -
term, end about 3% dependent upon welocity, <L  term.

27. The data is well represented by a linear variation of resistance

5 to 0.2 x 10° (sec)_l.

with straining speeds in a range of 2.6 x 10
The higher straining speed is the greetest that occurred at a depth of
0.1 inch. At depths less then 0.1 inch uncertainties of geometry of the
point greatly influence the calculstions of resistznce values. Below
straining speeds of 0.2 x 105 (sec)-l the penetration resisting forces
that arc dependent on strain rates are so small &s to be negligible.

28. In a ccmparison of the results of one impect with another, an
important source of error is the lack of correction for bluntness. The
bluntness of the cones was not ncted before shooting them, and they were
very likely blunted, for not a great deal of care was tazken to perserve
2 very sherp point, In future studies of a similer nature tc that of
this report, care will be taken to nocte the amount of bluntness. Pro-

beble errors in force determinations have been discussed in the apprendix

of this report. Another variable influcneing the results are differences

W -15-
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in lubrication.
29. Compariscn of lubrication effects can best be made by comparing
the total cnergy loss per unit volume for the various impacts. In Tcble

15 are recorded the calculations of totsl cnergy loss FE , total

volume of materiel displeced, _flT , and f%%f for impects

of the "dry" condition, and for coatings of stearic acid, and of oil.
Plate 11 shows plots of e against Ny . It is clear that
lubrication does reduce resistance to penetration, but the stearic acid
appears no better than the oil, there being ccnsiderable variation in
the results. Bluntness can not sccount for all of this variztion.
Probably the semec conditions of lubricaticn were not repeated each time,
due to varistions in efiects of the cxploded gun powder. Lubrication
effects were also found in an examination of the indentetion in the
plate.

30, In the case of the impacts made with cones previously cleaned
with benzene, there cccurred much roughing of the surfaces of the cones
end of the indents. The roughening extendcd from the vertex zlong the
surfacc for a distance less then the slant height. We judged this
roughening was caused by fusion of the plate and cone meterials. In

the ccse of the stearic acid coated cones fusicn occurred only very near
the tip of the cone. In Table 16 are recorded some measurcments to show
the differcnce in extent of fusion in the cases of the steeric acid
coated and dry cones. The diameter at the base of the roughened sur-
faces of the indentations were measurcd. On an average the area of

fusion in the dry casc was twelve times as grezt as that of thc stearic

ecid casc,

e “26-
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31. The static penetrations were greatly influcnced by lubrication.
The depth of penetration wes increased from 0.1293 inches for a cone
previously cleened with zylol to 0.1687 inches for a stearic acid coated
cone. This represented a chenge in hardness rumber from 734 x 10°

to 431 x 103 lb/in?. In the clean case the indenter point stuck in the
plate, and was found broken necar the level of the plate surface on re-
lease of the load. In several repeated trials of the clean case the
points stuck in the plate and broke off. In the lubricated case it

was found thaet only the very tip of & finely pointed cone stuck in the
plate. EBluntness of the indenter affects the depth of penetraticn to a
merked degree. A stearic acid coated cone, whose height lacked 0.006
inches of being the height calculated from measurement of its diameter
at its base, penctrated to a depth of only 0,1542 inches. Correction
for bluntress by addition 0.006 inches to the depth of penetration
gave 0.1619 inches for the height of the conical incdentation, about
0.007 inches short of the height of the indentetiorn made with a very
sharp ccne,

CONCLUSIOLS

32. The resistance to penetraetion of a cone into a solid medium can
be expressed as a functioﬁ of straining speed and the kinetic energy

of plate material set in motion about the penetrating cone. For the
range of straining speeds, 0.2 x 10° (sec)_l to 2.6 x 10S (s-:ec)-1
occurring-in these experiments, the results mey be approximately repre-

sented in equation form as:

_E:_JE — l hJ & g7 45 oL J{_-‘]
A dNl - [+ S LP ’(’4 T ;E‘*—j

Sininnet e
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For studies of smell energy losses in the dynamics of armor penetration
Iubricaticn effects are important.

33. A more careful analysis could have been made had attention been
paid tc bluntness conditions prior to shooting the projectiles.

34. Using the improved procedures indicated by this preliminary work
future studies can give determinations of < , 4 end P  which

are more precise and cover a wider range of velocities end straining

specds,

WmEs 18-
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APPENCIX

Probable Frrors in Force Determinations

In view of the improvements mede in the appsratus and methods
for obtaining force data on the penetration of armor by projectiles it
hes become cesirable to reconsider the errors which oceur and their
effect on the computed force. This will bring up to date the investi-
gation mace in connection with reference 2, a description of which is
contained in Appendix B of that report.

The errors will be discussed individuelly as to extent. Any
protable error cf one-quarter cf one percent (0.25% or 0.0025) is con-
sidered tc be insignificent. The scurces of error are:

(1) Measurement of the turbine velocity

(2) Neasurement of film length

(3) leasurement of the Reduction Fector

(4) Teasurement of the projectile length

(5) Yeasurcment of the projectile mess

(6) Projectile yaw

(7) Determination of the position of impact

(8) Alignment of film in comparator

(9) Crosshair settings for displacements

(10) Accuracy of comparator

(11) Petermination of bullet period

(12) Slope mezasurement

(13) Film distortion

i 18
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The probable error (P,F.) was determined in each case from a series
of nc less than twenty-five actual measurements. In some cases these

were repeeted by a second observer. The P, E. was computed by the

formla:
= & 2 =
PE =0é6745 _IX, # Xe * - - - - + Xn
e
where -x: > Xz T R are the deviations of the zctual

measurements from the arithmetical mean of these measurements and
7T , the number of measurements. Combinations of probable errors

were determined by the following formulas:

Sum and difference: P.E.of (&t da)d (45" < = Aé') =

Ad or &‘(r, whichever is larger

/ o e 5\2
Product: PF’(G.(-) = at ‘\/‘\Ef%@')) * (RJ-‘&/

IPEwl . [PEa)
Quotient: F E jay = b 4 [%RE@) + ('T-—--é))

\Z:,i —V N % /

In computing the projectile velocity from the datz obtained by
reading the film, the velocity, and consequently the force, is propor-
tional to the linear velocity of the drum. The rotational velocity of
the turbine is indicated cop & scale which can be read accurately to

Tt 0.2 cycle/scc. It speeds of 450 rps this would be & maximum error
of ¥ 0.04 $. In reading the scale of the oscillator there is a correc-

tion to be made as set forth in the calibretion data chart supplied with
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the instrument. This is interpclated over the range of frequencies
used ond is figured only to the nearest tenth of a cycle per sccond,
This results in an additionzl possible error of £ 0.05 rps which at
speeds of 450 rps would be & maximum error of ¥0.01%. In the case

of the rotationzl velocity of the turbine it is impossible to duplicate
concitions with sufficient accurecy to take the number of repeated
reedings necessary for determining the P.E. by the usual method. So

it was decided erbitrarily to teke the meximum errors, vhich here zre
very small, s the P. . The final P.F. will be £0.2 rps or *0.04%
at an averecge speed, which is negligible. The linear velocity of the
drum is alsc proportional to the film length. ?wc series of measure-
ments of the internzl diameter of the drum were made, one with a vernier
celiper and the other with an internal micrometer. In both cases the
P.E. was £0.013% which is negligible.

Measurement of the reduction fzctor (R.F.), the ratio between the
imege on the film end the cbject, imtroduces a P.E. of 1 0.1% which is
negligible.

A peasurement of the length of the projectile is used only to
determinc the pcint of impesct on the film and does not enter intc calcu-
leticn of the forces. A series of measurements was takep and the P.E.
of en everage projectile of the type used wes computed to be * 0.00004
inch or ¥ 0.001%. Since this is so small it mey be neglected,

The projectile mass is used in computing the forces. The P.E. in
the measurement of this cuantity was found to be £ 0.0045 grain or

1 0.004%. This is considered negligible in its effect on the force.

M =22~
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Yaw gives rise to errors in the position at impact and in the
force. A desirable ccndition for the present scrics of shots wes
normel impact. However, sincc this is difficult to obtain under the
experimentel ccnditions, it was decided to include in the study those
having slight yew. A1l with more than 3° yaw were rejected and most
of those retained had much less. In computing the P.E. due to yaw it
will be based on the maximum of 30.

The effect of yew on forces is not completely understood. In
generel, the direct effect is an increase in the forces but it is not
knowﬁ through which quantity used in computing the forces this effect
acts. If the Constant Fressure Theory is applied as a first approxima-
tion, it is scen that in order to keep the pressure constznt as the pro-
Jected aree increcscs with the tilting of the bullet, the forces must
increzse in precportion to increase in area. For the cone portion the
incresse in area may be computed by a more ccmplicated process to be
0.3% resulting in an error i forces of thet amount. For the eylindri-
cal pertion of the projectile, however, it is easily seen that the
increase in areaz is proportional to the seccant of the angle of yaw.

This is the cifference betveen the area of 2 circular cross-section znd
an ellipticel 2rez heving cne semi-zxis equal to the radius of the circle
and the other zxis greater by & factor eguel to the secent of the engle,
The measured forces resisting penctrestion by a yawed projectile cre,
therefore, larger by a factor equal to the secant of the angle of yaw
than the forces resisting & normal projectile under the szme conditions.
If the bullet is yawed by cs much as 30, the mexirum imposed, the corres-
ponding forces of a2 nermzl projectile would be less then those computed

by only 0.14%. This amount lies well within the limit of experimental

x oo
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in the alignment so ecasily detected that it is believed to be practically
impossible tc effect an appreciable change in the forces beczuse of mise-
2lignment. Likewise, it can be shown geometrically that errors in dis-
placement, position of impact and time due to & slight rotation ere in-
significant and can be neglected.

In addition to the possible error in displecement due to rotation
of the film, therec may be an error incurred in plecing the crosshair
on the trece. A minimum error is completely <dependent upon the ebility
of the reedcr te place the cross heir consistently at the same relative
positicn in the fringe at the edge of the trace. The positions are read
te four decimal pleces on 2 centimeter scale. From experience an obser-
ver can say that rcpecated readings ncver vary by as much as 0.001 cm,

or abcut 0.0004 inch. For the average total displacement this is

fa

negligible errcr, but for the individuzl reading it mey represent an
error of as high as 7% in the lower velocity ranges. However, the error
cennot be cumulative but is subjecet to statistiecal fluctustions. If

the velocities are ccmputed from the displacements they will show the
same fluctuations but the trend can be determined by & smoothing precess.
This error has nc effect on the forces when the velocities are computed
from slope mcasurements.

The accuracy of the comparator'uéed for meking the ﬁe&suraments
was checked by a series of measurements of thc distance between two
parellcl lines one mil apart, made over the range of the vertical and
horizontal scales used. The average deviation from the mean for the
horizontal mction was 0.0002 mm and for the verticel 0.0003 mm. The
error is negligible as far as displacements are concerned since they

ere not read tc this plcce, and has no effect upon the velocities and

W -25-
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forces.

The period of vibreticn of the projectile during penetration is
perhaps the most uncertain quantity dealt with ir this method of deter-
nmining the forces resisting penetration. Because of this and the fact
that its usc in computing the forces cannot be directly expressed
mathematically it is difficult tc determine accurately the extent
of errcr due to this quentity. Fron cne film showing clearly the vibra-
ticns of the projectile as it rebounded the period of the bullet in
flight ves measured to be nine mieroseconds. The period during pene-
tration is & difficult thing to mezsure since the vibraticns ore a
moculation of & chenging function which is influenced by unknown errors.
In actual czleculations from data on force-tine curves an everage of the
time between successive dips was the same as that for a projectile in
frec flight. A probable error determined from the deviations from this
mean was 1 16.8%, Although the bullet period zppears in the denomina~-
tor of the expression used in computing forces an error of this size
cdoes not result in a similer error in the forece, The numerator contains
a factor which is the difference of two instantaneous velocities, the
time between them being determined by the periecd of the projectile. Thus
the errcr enters intc this quantity in some indirect way which cannot
be definitely expressed and the resultant errcr in the forece is not
known. In order tec tell more definitely the effect of an errcr in the
period on the forcés over a complete penetration the root mean square
errcr was ccnsidered. The forces were computed from one set of data
with nine microseconds as the bullet period. The same data were used
to compute forces on the basis of seven and eleven microsecond periods

which would be equivelent to 224 error in the period. Using the devia-

Uy =
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tions frem the forces based on a nine microsecond period taken at regular

intervals clong the curve the rcot mesn square error was found to be
f,2.04% for a period of seven microseconds end 1 1.64% for a period

of eleven micrcseconds. The forces for periods of eight, and nine end

eight-tenths, microseconds were also computed but nct the roct nesn

square errcrs. However, when these zre plotted with the other thrce

foree curves as shown in Plate 12 it is secn that they do not as a whole

devicte from the mean zs much as the seven microsecend curve. It is

believed,then, for ne period within the ccmputed P.E. will the error

in thc force zmourt to nere than 2%.

In studying the error of the slope measurements the character of
the film must be tcken into consideratioﬁ. Films varying in density,
ccntrast, sharpness of trace and amount of curvature were selected for
the investigation. Readings were made by twc observers at several
points on each film and at different relative positicns in the band
in which the density changes from a meximum to 2 minimum. At nc point
was there an error of more than 1%. Curvature was computed for some
points but there seemed to be no relation between that and error in
slope reacing. It is ccncluded that the most predominent influence
on the error is the charccter of the photogrzph itself, although the
plecing of the crosshair seems to have some effect.

The total error affecting the forces as & result of all indivicdual
measurcble errors, including those described as negligible but excluding
these due to yaw and error in bullct period, was computed tc be 1.006%.
The totzl of this ond the errors vhich do not enter directly into the

formila for ccmputing forces, namely those due to yaw and bullet period
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measurement, was taken as the square root of the squares of the quantities
and was evaluated to be 2.26%. There may be additionel errors duc to
Judgment, fatigue and thcse inherent in the system itself. An effort
was mede to investigate the lest of thesc. The foregoing treatment of
slope error pertained only to & measure of the accvracy with which
reacings can be rcperted and does not attempt to show the precision with
which setual slope values may be measured. The letter wes investigated
by comparing the old and accurate method of computing forces directly
fron dispicecments and the new method of ccmputing forces from slopes.
The Zirst step consisted in measuring angles, of which the magni-
tude ccuid alsc be cemputed from known measurements, tc see how accurately
cne can cstimete the slope &t points slong 2 curve. The image of a
circle was useC for this. The measured angles agreed with the computed
velues tc within ten minutes. This is the cquivalent of three of the
smallest divisions on the scale resd end coes not represent a serious
error for unsmoothed primary date. The slope mcthod was then checked
against the displacement method by integreting the slope values and
comparing them with the displacements. This was done both for the circle
recdings and some actuzl shots. Most of the results showed a cumula-
tive effcet of the crror in the slope. No explenstion could be found
for this other than that the crrors must not have a normsl distribution.
The error gencrzlly totelled a few thousandths of & centimeter and is
not considered serious. The fzct that in some cascs the error tended
tc become constant after the slopc had decreascd to 450, and the fact
that there seems to be a velocity effect, with the crrors for high
velocity shots being greater, lead us to believe thet the crror could

be partizlly elimincted if the slopes are kept low encugh. This
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could be donc through increzsed drum speed.

There existed the possibility that thc present optical system
causcd distortion of the image preduced con the film., It was determined
from a serics of measurements compering the size of intervals on a finely
gradusted secle and cn o shedowgraph of the scale that this distortion
is negligible.

The preceding cdiscussion of errors applies only te cdetermination
of ferece. Vhen the results arc used in a theoretical framewcrlk such
s that illustrated irn this report, estimetes of the precision of the
quantities cderived indircctly from the forece data require additional
ccnsideraticns vhich are nct trezted in deteil in this appendix. For
cxample, cduc to small engles of yaw at impact resisting forces will
begin before the time predicted by the length of the projectile. Also,
due tc lack of sherpness of the come point, an errcr occurs in the cal-
culetion of velues of force per unit areac. In both cases the errcors
reduce rapidly as thec embedded volume of the penetrator increases.
Thesc crrors arc important in furnishing an upper limit on the high

streining speeds for which the results can be used with confidence.
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TABLE 1

Impact #115 Vg = 7979 in/sec. (Striking Veloecity) g
E = 2.242 x 1077 v2 © = 0,283 1b/in’ m = 121.12 gr. £ % 154 ({;3)
X =5 P - 55 S - 8
g * 10 » A x %oz rx 1023 3 b %F x 1073 (g _ sFy x 103 LE(E - %FJ 303 E- e (5 - %FJ x 10~3
(sec™t) (1b) (in“) (1b/in”) (in 1b)  (in 1b) (in 1b) (1b/in?) (1b/in?)
1.59 700 .135 519 1,415 .012 1.403 15.99 503,01
1.30 1000 201 498 1,406 ,020 1.386 15,80 482,20
1.08 1470 .287 512 1.390 .036 1. 354 15.44 496,56
e 8 1670 . 328 509 1.381 043 1.338 15.25 £493.75
- 865 2150 437 492 1.359 . 066 1.293 1474 477.26
7163 R650 . 550 482 1.332 .091 1,241 14.15 467.85
609 3700 . 814 455 1.260 156 1,104 12.59 442,41
.520 4610 1.056 437 1.186 221 .965 11,00 426 .00
. 356 7300 1.768 413 930 42 488 5.56 L0744
.298 8650 2,134 405 787 <570 . =) by 2447 402,53
w233 10,390 2,609 98 . 592 752 -.160 ~1,82 399.82
+ 307 12,280 3.132 392 . 361 .982 -.621 -7.08 399.08
.128 13,200 34396 389 w230 s -.886 -10.10 399.10
.087 14,080 3,644 386 114 1.287 <1.143 -13.03 399,03
.058 14,380 3.730 386 052 1.312 ~1.260 ~14.36 4,00, 36
S

(1)
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B=2,23 x 10~ v2

TABLE 2

Impact #108

V, = 9767 in/sec.

= 0,283 1b/in3

m = 120.94 gr.

v x 105 - sF x 10-3 (B - sFy x 102  E - g0 (B - 8F) 4 103
ae p o aaEt REE > Bx103 3 (&= %EJX s 3 Ao 3 =3
(95750 {1p) (in?)  (1b/inR)  (in 1b)  (4n 1b) (in 1b) (1b/in?) (1b/in)
1.91 900 140 643 2.118 ,015 2.103 24,18 618,82
1.9 1320 .228 579 2,100 .029 2,071 23.82 555,18
1,20 1870 « 345 542 2,078 .050 2,028 23,32 518,68
1.02 2470 476 519 2,049 077 1.972 22,68 496,32
.88 3150 +629 501 2,011 113 1.898 21.83 479,19
17 3960 . 802 94 1.964 .161 1.803 20.73 473:27
.68 4800 997 481 1,903 .218 1.685 19.38 461.62
.60 5700 1.213 470 1.832 . 285 1.547 17.79 452,21
54 6720 1.450 463 Lo 751 . 367 1.384 15.92 447,08
o49 7660 1.689 453 1.655 452 1,203 13.83 439.17
+40 9710 2,199 441 1.437 654 .783 9.00 432.00
«36 10760 2.468 439 1.317 .768 + 549 6.31 432,69
«32 11750 2.729 430 1.187 . 881 . 306 3.52 426,48
«29 12820 3,002 427 1.057 1.009 .048 +55 426445
26 13800 3,262 423 QSR 308 - .205 - 2,36 425,36
il 15660 3.757 416 667 1.378 - 4711 - 8,18 424418
.18 16500 3.988 417 «540 1.496 - ,956 ~10.99 427.99
s 17270 4,196 11 423 1.606 ~1.183 ~13.60 424,60
.13 18020 4,409 409 318 1.718 ~1.400 -16,10 425,10
i B 18480 4.233 408 222 1.786 ~1.564 ~17.99 425,99
.08 18950 4659 407 «137 1.8?h?2) 1,720 -19.78 426,78
: R Y
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TABLE 3

Impact #270 Vg = 14,706 in/sec. »
E = 2,267 x 105 v2 @ = .283 1b/in3 m = 122.5 gr. 2=16.2 (1,
: fes 3
in
v x 10-5 2 sF x 10-3 -3 |
X o 3 sF (E - sF) x 10 ' ) -3
? { (F) Ax:; {_xloz & gl (.E—%E)xm-—Bof' 2 r %P(E %g)xlo,
sec= 1b . - - !
(in®) (1b/in*) (in 1b)  (in 1b) (in 1b) (1b/4nR) (1b/in2)
Uk 3,000 5% 557 4787 .100 4687 52,96 504,04
138 by 440 .803 553 4,707 .181 4526 51.14 501.86
+99 5,940 1,100 539 4,590 .283 44307 48,67 490,33
.85 7,700 1,466 525 b, 646 <424, 4,022 45445 479,55
o 9,520  1.865 510 4260 . 590 3,679 41,57 468.43
.65 11,420 2307 494, 4,055 .788 34267 36.92 457.08
.57 13,530 2,776 487 3,808  1.024 2.784 31.46 455,54
.51 15, 520 3,261 476 3,526 1,293 2,253 25.46 450,54
A 17,620 3,784 466 3,223 1.556 1.667 18.84 447,16
.40 19,730 4,317 457 2,899 1.861 1,038 11.73 445,27

35 21,650  4.851 446 2.557  2.165 . 392 bol3 141,57

*
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TABLE 4

-

Impact #271 . Vg = 18,333 in/sec.
E = 2.264 x 107 v2 @ = 0.283 1b/in3 m = 122,33 gr. £= 164 ¢ 1
0 in3
Y x 1075 F x 10~ P =2 ]
ol g dxwE FERY o e e G- Prewr? TEE - w0 E_%E(E—%EJKIOHB
el 2 N 4
{1b) (in*) (1b/1in*) (in 1b) (4n 1b) (in 1b) (1b/in?) (1b/in?)
1.85 3,200 . 518 618 7480 105 Te 315 83. 34 534.66
144 5,170 843 614, 7.363 215 7.148 80.77 533.23
1.29 6,300  1.041 606 7.283 292 6,991 79.00 527,00
1.06 8,730  1.495 588 7.087 483 6.604 .63 513.37
L98 10,030 1.727 581 6.965 .598 6. 367 71.95 509.05
.83 13,050 2.288 570 6.666 . 896 5,770 65,20 504. 80
Lo 14,620 24585 566 6.492 1.067 5425 61.30 504,70
&0 T 17,750 3.209 553 6.086 1.444 b 642 52445 500, 55
.59 20,980  3.900 538 5,613 1.881 3.732 4837 495.83
51 23,780  4.596 517 5,101 2,315 2.786 31.48 485.52
A8 26,1300  5.345 489 44563 2.4 1.819 20.55 468 .45

(4)
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TABLE 5

Impact #277 Vg = 25,758 in/sec.
E = 2.256 x 1075 v2 £ = 0.283 1b/in’ m =12 .88 gr. w 16,3 . %
ﬁ (=3
in
NS 10-5 2 = : e
s gy | REe %"103 gx10d Ex103 - F) x107 ‘;—‘F(E'%ﬁxlo-B E—%F’(E"%EJXWB
el 2 :
(sec™) (1b) (in~) (1b/in?) (in 1b)  (in 1b) (in 1b) (1b/in%) (1b/1n?)
2,207 5,000 + 725 690 14.78 193 14.59 166,33 523,67
1,882 6,730 .990 680 14.67 « 304 14.37 163.82 516.18
1.639 8,600 1.291 666 14.52 A 14.08 160.51 505.49
1.448 10,700 1.632 656 14432 621 13.70 156,18 499,82
1.295 13,020 2,008 648 14409 .838 13,28 151.05 496,95
1,169 15,470 2.418 640 139.82 1,092 1293 145.12 494,88
1,064 18,100 2,859 633 13.54 1.389 12,15 138,51 494,49
.8916 23,630 3.840 615 12,78 2,102 10.68 121.75 493.25
8213 26,300 4.369 602 12,34 2.496 9.84 112,18 489.82
7585 28,770  4.926 582, 11.86 2.899 6,96 102,14 481,86
7024 30,600 5,499 556 11,36 3.258 8.10 92.34 463.66

(5)
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TABLE 6

Impact #275 V, = 30,246 in/set.
E = 2.262 x 1079 v2 P =0.283 1b/in? m = 122.23 gr. @ = 16.2(:1 )
: " in3
¥ x 105 F x 10-3 . sF x 1073 ~ & =
" po Ax10? i E x 10-3 '53" : (E SB—F) % 300 f‘ﬁle(E * E_F) x 10-3 E_dﬁ?(E - %E) x 10~3
(sec™) (1B)  (in?) 10/in? in 1b - .
2,59 5,800  .725 800 20.38 22 20.16 227,81 572,19
2.15 8,050 1,043 772 20,21 373 19.84 224419 547,81
1.83 10,430 1.48 764, 19.99 . 586 19.40 219.22 544478
1.60 13,750 1.845 745 19.71 248 18,86 213,12 531,88
Yol 10950 2,332 92 19,36 1,175 18.18 205443 521,587
1.26 20,230 2,851 711 18.96 1.555 17.40 196.62 514. 38
1.13 23,650 3.426 690 18,49 1.987 16.50 186,45 503. 55
T.0% 27,050 4.047 668 17.96 2,471 15.49 175.04 492 .96
B4 90,200 4716 640 17.36 2,978 14.38 162.49 477,51

(6)
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TABLE 7

Impact #108 Vg = 9767 in/sec.
E, = 2,136 x 103 in 1b. -§#4= 11.5 (Eig) k = 0.539
B B i k jfvsds 6
v Bx10% p,-Ex103 Zo-F, .43 SRRz SG—-GREx107 I8 Vg T
(in/sec) (in 1b) (in 1b) (1b/in?) (lb/inz) (1b/in?) (inz/sec) (in3/sec) (sec™t)
9725 2,118 .018 756 4.4 712 496 6.79 .285
9686 2.100 .036 730 o ) 706 630 11.05 28k
9633 2.078 .058 630 23.9 606 771 16,7 .182
9567 2,049 ,087 583 23.6 . 559 899 230 + 154
9475 2.011 125 552 23 529 1023 30,3 134
9363 1.964 +172 527 22,6 504, 1142 3845 .118
9221 1.903 ° 233 516 21.9 494 1254 47.5 «105
9046 1.832 . 304 501 0 0 480 1357 bla3 0945
8841 1.751 s 305 486 2001 466 1450 68.0 0858
8597 1.655 481 483 19.0 464, 1522 8.4 0787
8320 1. 549 « 587 476 17.8 458 1581 89.3 .0725
8011 1.437 .699 472 16.5 455 1618 99.7 0673
7670 1,319 .819 465 15.1 450 1641 110.2 0628
7282 Al 949 464 LA 450 1638 }19.9 .0586
6872 1.057 1.079 457 12.2 435 1622 129.6 0549
64,36 927 1.209 452 10.7 441 1583 138.0 ; 0516
5971 799 1337 449 9.2 440 1523 145.5 0488
5461 667 1.469 bbd, Pel 436 1442 152.7 0462
4910 .540 1.596 441 6.2 435 1336 158:% 0439
4348 % 5423 1.713 439 48 434 3¢13 163.5 .0419
3767 . 318 1.818 433 3.7 429 1077 167.8 .0399
3150 .22 1.914 437 2,6 434 914 170.1 ,0388
2476 w137 1.999 438 (7 1.6 —436 728 1707 .0376
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TABLE 8

Impact #270 Vg, = 14.706 in/sec.
E, = 4.903 x 103 in 1b.
o) 903 x 1 nl Dr_:léﬂ 11.3 (_1._3_) k = 0.5% o= 17967 83 (in3)
in
L o B o kjvads © kﬂrsda
v Ex 103 B, - Ex10°3 o -E x 103 dﬁfiEow _-____On "‘?‘g-f-’EX]'OB vs Yol x 106
(in/sec) (in 1b) (in 1b) (1b/in?) (1b/in?) (1b/in?) (in?/sec) (in3/sec) (secl)
14,531 4787 116 64545 5441 591 1453 39.2 218
14,230 4e 590 «313 5957 51.9 544 2035 T9.7 «152
14,005  4a44b 457 566.2 502 516 2711 105.5 13
13,123 4269 634 548,.3 4B.2 500 2552 133,0 «115
13,375 4,055 848 532,1 45.8 486 2769 163.1 «102
12,960 3.808 1.095 521.0 43.0 : 478 2942 193.9 .092
12,472 3. 526 IS ki 514.8 0.8 _ 475 3068 2247 084
11,923 Fel23 1.680 502.5 36.4 L66 3160 256,.6 077
11,308 2.8%9 2,004 492,1 32.8 4,59 3200 287.4 ol
10,621 24557 2.346 483.6 28,9 455 3186 316.7 .065
(8)
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TABLE 13

Tmpact #184 vy = 9217 in/sec
P & M = 017967 s> A = 0,7 0= 117 b= 1.6 P = 435 x 107 1b/in®
2 . Ab v/s A & ©E/m AP
£i o 10 Sy L i 'J'\ o b=
. as%a TgET AU dsmmn Lv S T, g ¥
(in”) (1b) (1b) (1b) (1b) b term Ch term
7 i 1.0014 .00416 686 87 1810 2583 27 34
3 30.1 1,0035 .00760 897 149 3306 4352 21 3.4
2 52,5  1.0061  .01095 1029 198 4763 5990 17 3.3
5 82,3  1.0096 01471 1133 238 6399 7770 15 1"
5 119.2  1.019 01879 1183 263 2174 9620 12 2.7
) 161.8  1.0189 .0229 1191 236 9962 11389 10 2.3
3 207.5  1.0243  .0269 1130 R45 11702 13077 9 .
2 276,85 1.0324 0324 972 175 14094, 15241 6 1.1
b} 349.4  1.0409  .0375 563 135 16313 17011 3 .8
e s e
(13)
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(in)

L0429
.0493
.0557
.0621
.0685
0748
.0812
.0875
.0938
.1001
.1063
.1125
.1186
1248
.1308
.1369
.1429
1546
1604
L1661
1907
1772
.1827
.1880

(1b)

899
1070
1310
1660
2040
2320
2660
3040
3390
3800
4150
44,58
4838
5322
5737

6739
7188
7741
8156
8502
8813
9153
9573

TABLE 14

Impact #184

(14)

DECLASSIFIED

S
(in)

1932
.1983
.2032
.2080
s 2127
.2218
.2261
»2302

«2381
.2418
2452
2485
<2517
<2575
+ 2602
.2626
.2648
.2688
+2705
«2719

(1b)

9919
10370
10890
11200
11580
11990
12440
12820
13270
13720
14100
14650
14900
15480
15620
15930
16450
16830
17070
17280
17450
17800
17970
18140



TABLE 15

DRY OTL STEARIC ACID
B - E A . B i
1003 Qg x 10 A-x10 # E, x 107 g % 19 2 x 107 By 207 fl, x 3075 7=-%10 ¢
3 B 5 Impact 3 T 5 Impact - 5
1b) (in) (1b/4n”) No.  (in 1b) (in) (1b/in?) No. (in 1b) (in)?  (1b/in?)
45 77.81 494 135 48 3420 417 221 . 3621 69.53 521
93 193.9 500 100 1.681 377.8 445 227 .9795 196.6 498
3 3860 483 108 2,136 504.8 423 216 1,508 353.6 426
152 1,096 212,9 515 219 7631 171.2 445
218 1.8 420.3 438

(15)
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