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ABSTRACT 

Studies have been made of deceleration of cone-headed projectiles 
in the entry phase of penetration at velocities of 6oO to 4400 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 velues for the velocity term 
and the term dependent on strain rate are discussed and illustrated. 
It is shown that the more_1eliable data obtained, ranging from 
2 x 104 to 24 x 104 (sec) straining speed, are well represented by 
a formula for deformation pressure which consists of three additive 
terms: (1) a velocity independent "constant pressure11 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 . 

1 i th improved measurement techniques the procedures described 
in this report should give good quantitive measure:ments of strain 
rate and velocity effects in a rapid penetration process simplified 
enough for g£neral use of the results. 

-b-
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AUTHORIZATION M.1D INTRODUCTION 

1. The study of penetration dym:mics was authorized by BuOrd. Project 

Order No. E-4840. 

2. The influence of physical properties of materials upon their resis-

t.lnce to dynru:1ic penetre.tion has been considered in the past only under 

circumste.nces v:here the complexities of the defo!"lllation process mede a 

semi-empirical approach necessary. Substantial progress in the under­

standing of the many complexities of penetration dynamics can not be made 

until careful examination and analysis have been carried out under other 

simplified conditions of impact. 

3 . When the penetration is of the class in which material displaced 

by the penetrator is principally pushed aside rather than projected as 

a punching, the exp_ecte.tions are that (a) there ,;:ill be a rough correla­

tion betneen indentation he.rdness and cverall penetre.tion resistance, and 

(b) the resisting force components uhich depend on velocity and strain 

rate are (et velocities belm; 2800 ft/sec) generally small compared to 

those ·1,;ihich depend only on shape e.nd on physical properties for slow speed 

defor□ation. To this cl~ss of penetrations belong the cone indents dis­

cussed in this report. 

4. The use of conical penetrators as discussed in this report ~ro-

vides sufficient simplicity in the pattern of material dcfor:nation so that 

hypotheses regarding velocity and strain rate effects can be investigated 

r.ith a minimum of e.mbiguity. During the penetration of a cone, there 

exists approximate similitude of the geometry of deformation of the pene­

trated material; that is, for successive positions of the cone the ratio 

of the dimeLsions of the indente.tions to one another remains constaht. 

--- - 1 -
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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 

penetrations are as follo~s: 

a. The cone :indcntntions can be interpreted as similar to certain 

phases of penetration by more complex ogival shapes thus 

leading to the development of an improved theory of pro­

jectile penetration. 

b. An understanding of the tendencies toward brittle fracture 

will be aided by an investigation of strain rate effects upon 

resistance and, particularly, if sufficient precision can be 

obtained, of differences between material5 in a range of 

very short relaxation times. 

6. This report is intended primarily ~s a description of an experi-

mental method with enough interpretation of results to illustrate the 

application to penetration theory. Since the collection of data presented 

in this report, certain nodifications of apparatus permitting greater pre­

cision have been □ade, ~nd others arc being developed. Tho theoretical 

considerations likcr-ise ccmnot be presented in more than a preliminary 

for□ at the present tine. 

7. Included in this study v.oro e:i{J)eriments on lubrication effects. 

Earlier studies (reference 1) had sho,m marked lubrication effects in 

dynar.ic indentations in plastics. Information about recent lubricants 

used for bearings noving et high speeds under heavy loads led to prelininary 

trials of molybdenUD. sulfide and stearic acid. Stearic acid proved to 

be the better lubricant, 2nd comparisons were made betv1een the poorest 

- 2 -
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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 previo~sly 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. 

9. 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. Conside r the impact as occurring at the origin of 

a rectangular coordinate system with the axis of the 

cone along the ; -axis and the face of the plate in the J- =- o plane. 

Let be the displacement of the point of the cone. Let 

du-' be any small volume element of moving plate material and 

CL-µ_ be its translational displacement in time d-~ Then 

the element d--o.J has energy of 
2 

(~£) or 

translation equal to 
2. 2 . 

I _1 ( cL u. \ ( cf-4.,, ) 
-·2 f o-uJ da-j \ cl :r 

Thus the total energy of translation of plate material, ~ E. . , is the 

integral 

-3-
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TE;. . . 

where F 
niaterial. 

is the density of tho plate 

i:ri ting ,.-v- for (:f J:=) 
and using the symbol JL for total 

volume of plate material displaced by the 

p£netrator we have 

T. F . :::: 

(l} 

(2) 

It is clear from the similitude considerations discussed above that the 

above integral is very approximately independent of velocity and depth 

of ind er.ta tion. 

(3) 

. . .. - -4-
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then 

T. E. (4) 

where n-~ is the mass and E the kinetic energy of the penetrator. 

The contribution of this effect to force per unit area on the penetra-

tor is 

of.. (TE.) 
- d.n. (5) 

The first term is the familiar Poncelet type velocity effect te:rm. 

The second term is properly s~all or absent in the deep, head embedded 

type of penetration but must be retained in the analysis of results 

for the cone entry studios of this report . The calculation of o< 

from theoretical considerations ahile not included in this report has 

at l c..::.st bctn grc-.tly simplified over pctctrr.tions :·it::. ~gi w.l hc.d 

( ~~\;?. shape. It is clear that 0---.,,.,..../ decreases rapidly as 

distance from the surface of the penetrator increases and can in no 

cnse exceed unity. The integral of 
2 

cLw 
fL 

over those por-

tions ~hich have sign~ficant (j~) values would be a 

quantity of the order of unity. On may conclude that o( is of the 

order of, but substantially less tbnn, unity and that d. ,,ill 

-5-
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va-ry 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, , r esolved into translation, rotation, and certain 

shears. The contribution of rotational motion to velocity dependent 

resistance "ill be, like translation, proportional to 

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

lation of cl.: and does not require separate discussion here. 

Consider the work done within ol. cu in an increase of a certain shear 

from G to If it 

the torque r esisting this shear as the product 

then the small element of ~ork done is 

is permissable to represent 

[a.o + f (~)l t (e) 

It v-ill be seen that if all such contributions arc su.mrr.cd up throughout 

the dcfor~in6 plate material there will be in the result a strain rate 

independcn.., portion as follows: 

p ol .'1. {7) 

p , because of the approximate similitude of the flow 

pattern at each instant, is independent of .n. c..F , and 

DECLASSIFIED 
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11. Various hypotheses might be made as to the proper functional form 

for as used above. A review of the literature, al-

though disclosing interesting possibilities for organizing studies of 

strain ratG effects under the relaxation times viev•'Point, does not at 

present furnish any preferred choice. The hYPothesis might be made for 

tentative consideration and trial tJiat the term is 

m£rcly directly proportional to some power of tho strain rate, that is 

(8) 

i.hcrc is a constant. The summing up of strain rate dependent 

contributions to ~ark done throughout the deforming plate material then 

becomes 

The quantity 4 
and (j1) 

like P 

The term 

(9) 

is independent of FL '?f 

?{ · viill be called the 11 straining 

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

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

of flow of the pla tc ma tori al. The case , r = I , is of some special 

interest because this may be considGrcd tho first term in a 

-7-
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po~cr series expansion of fr ( j:;._ ~ . V.:e mny note that if all 
I \ 

terms of a power series for ff(-~~ ) were included the 

rcsul t v,ould be 

f? ~!) .. f (e) . f1- <j_~) ~Ji cLJl 

=-: d fL f -t-y- (~),,_ = r (z) d.It 

There each coefficient ~.,.._ depends in a different vm.y upon the 

geometry of flow in the deforming pl~te material . 

12. Ir. the preceding paragre.pbs it has been shov;n that the cone 

(10) 

headed penetrator experiences resisting forces which are such that 

the changes, - d £. , in energy of motion of tho penetrator may be 

represented as follo~s: 

(11) 

Al-:ALYTICAL PROCECURE 

13 . E c;.ua tion ( 11) mc.y be v:ri t ten as: 

(12) 

but for a cone, 

(13) 

-8-
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,·here P- is thE- force resisting penetration r-.nd A- is the pro­

jected area of the indentation. Thus, 

(15) 

By plotting ..E. 
A 

against for a number of impacts, and choosing 

values ~ta conste.nt valu6 of ~ , one can plot L 
A 

against corresponding vnlucs of J¾. ~ - -4-f) . If the plot 

can be represented by a strcight iinc, the slope of that line is Cl, 

Having evaluated <Y-.. , one can examine the function 

by plotting ~ - ~ 

~ - ~ -(E- 4[) 
r:ri t c cqu.:.. tion ( 11) c.s: 

For a cone of cnglo Y 

af a.inst 

be~ lin0ar function of 

c,l Jl :, 

d.Jl 
cl.A-

2. ..,.L. - ,._ y 
- ITA~ z 

DECLASSIFIED 
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Thus 

and 

- cl.[ 

?r d.. ..n_ 
4 

14. Integration gives 

(18) 

The term -A f,..f ...:1.. d--A- can be graphically integrated. 

E:n_ E against #/-v-.,d, d...__.d_ , one can select By plotting 

Eo- E 
.n values at the 

f. - F 
Plotting of these '--:P"'"-=-==­

Il. 

same value of -A,/-v-.,a d .. a... , nnd 

values against corresponding velues of 

1~ should give a straight line, the slope of which would 

be Cl-. • \'ith cVc:luc.tion of d- , one can plot E.;- E - ~ E. [l. ~ 

c.gc.inst -~ /-v- ,4_ d,,,d_ • The slope of a linear plot is 

~ , ~nd the intercept is P 
15. I ith evalua tion of d-, .-Ir , and P , one can calculate resistance 

values from values of ,., r- and -4- date by use of equation (14) 

as follows: 

L 
A 

F 
A 

DECLASSIFIED 
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and the force cquetion is 

F 

EXFERI:'FNTAL r .T"THors 

16. Use ~as mode of the NRL apparatus for getting date to determine 

insw.ntan6ous velocity values . t ·i th use of the app&ratus a shadow­

greph is obtained of the tail of a bullet, ~hich, in effect, passes 

before an illuminated slit and casts a shader: on a photographic film, 

v:hich rotates at a known speed behind th€. slit. The apperatus has 

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

of the c.pparatus is shorn in Plate 1. The mojor changes in the apperatus 

since the date of reference 3 have been the rno7enent of the optical slit 

from near the trrjectory to c position near the photographic film, 

,;,:ith c. seperction of only about 0.003 in. , end the changing of the. colli­

mnting lenses by substituting n cylindrical lens of a larger cperture 

and un cchrornatic sphcrieel lens. The resulting finer end brightE.r 

light bccm gcvc a shcrper trace . The method of measuring the film and 

the dat~ ar.r..lysis to determine the velocity of the nose of the bullet 

and the force resisting its penetration have been described in reference 

17. Plate 2 shov,s e.n enlargement of a shado,i-grnph of a partial ptmc­

tration of a conical projectile. Shado~- graphs Tierc made of impacts 

of conical ended Cal. 30 projectiles on STS armor p+ate . The included 

angle, of thE: conicel ends v:as 45°. The steel projectiles uere hardened 

-11-
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to about 65 Rockwell C, and each weighed about 120 grains . The STS 

specimens r,ere of uniform hardness, 256 Brinell1 measured 3 x 3 x 3/4 

inches, and weighed cbout 1.8 pounds. 

18. Since gun powder was used to propel the projectiles, a black 

residue of thG exploded gun powder ~as deposited on the projectiles. 

Such a deposit made the degree of lubrication uncertain, but neverthe­

less effects of lubricaticn were observed. Three different conditions 

of lubrication were ·tried. In one the cones were bathed in benzene and 

allov,ed to r~ry before shootinf. In another they were cleaned with 

benzene, dipped in a saturated solution of stearic acid in benzene, 

and allc\?ed to stand until the benzene had evaporeted. Also they were 

used as they came from the shop filmed VJith oil. Those cones 

V.'hich i':erc Pa shod and dried before shooting will be ref erred to as the 

11dry11 cones, but the reader should bear in mind that the dry cones bore 

a coating of residue of exploded gun powder. 

19. The steel projectiles bearing an oil film ,;ere shot with veloci­

ties ranging from 665 ft/sec to 2500 ft/sec. Those dry and those coated 

v:ith stcaric t.cid ranged in velocity from 300 £t/scc to 750 ft/sec. 1"ith 

higher vGlocitics the proj€ctilcs penetrated beyond the bourrclet so 

that onl;y that part of the penetration of a depth equal to the height 

of the con€ was useful. 

20. For comparisons with dynamic indentations, static indentations were 

made on a Brincll machine nith a ccniccl steel indenter of a 45° in__cluded 

angle, lubricated with stcaric acid in one case and clean in the other. 

The clean case ~as achieved by previous ~~shing in zylol. In each case 

indentations v;crc me.de by applying the load in the usuc:l manner. The 

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

-12-
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noting the position of the indenter at cont~ct ~ith the pl&te and its 

position et the end of the penctrc.tion. 

RESULTS 

21. In the course of trying various me thods of cnalysis of the dutn 

collected for this report, discoveries were medc cf possibilities of 

grcuter precision in cix:pcrimental techniques r:hich nould have improved 

the accuracy of the cnelyscs. ifost discrepancies occurring in the 

experimental results ccn be c.ccounted for by these inaccuracies. Those 

date, i:·ore chosen -r:hich best illustrcte the experimental intorprotetions. 

22. The datl'. of the oil lubriceted cones ,:hich ranged in velocity from 

665 ft/sec to 3500 ft/sec v:crc useful in shov:ing up the terms involving 

the strair.ing speed and end for the cvc.luc.tion of d-. 

In Tcblcs 1 throubh 6 arc recorded the de.tr end calculations of six of 

the impacts. The force vclues ::.ppcaring in these tc.blcs are graphicc.lly 

c.moothed values obtcined by plotting the c.xpcrimcntal determined force 

vc.lue s ag&inst the squares of the corresponding dc.pths. These gr0.phs 

::.ppear in flctc 3. The velocity end depth measurements reccrdod in 

the tcblcs nro these corrected for plr.te notion :::.nd bullet vibration • 

23. Flct.c 4 is c. grrph shoning plots of rcsistr.ncc v.:luos, ...L 
A 

Qgc.inst -,,r-
for the si inpc.cts. Shn:n in Plate 5 ::re plots 2,_-

of 
c:--

cgc.inst C:- A, f From the F versus _.___ 
L__ ·::i A ......, 

vo.luc of 

grcphs ,-;ere chosen 

-5 1 
1.14_ x 10 (sec)- , 

£.. ve.luos at a p., 
,rnd from the 

--y-
...<1.. 

versus 

E grcph ,:ere found the corresponding 

Vc;.luos . Plots of these values appear in Plate 6. The slope of the 

linear nvercgc gc.vc an c,i... value of 0.7. 

DECLASSIFIED 

-13-



24- Plate 7 sho.;s plots for exrunine.tion of L _ ~ (F _· 4-Ej' 
A >?-1:.. - · -3 

as~ function of Though tho plots for the six impacts do 

not lie on the sarne curve they ere no longer seperat€d in the order 

of increcsing velocities as they ere in Plate 4. Part of their sepera­

tion can be cttributed to errors in depth □easurements due to uncertain 

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

tions to determine 

tance r.ith respect to 

F 
A Though the exad fur.c:ion of the resis-

may ~ot be dcte:-mined fro!li this 

plot, it is clear that the resistance may be ccnsidcred a function of 

25, That a linear variation of 

mcti on is dcmonstretrd by plotting 

L 
A 

v;ith is a good approxi-

against 

(see paragraph U) 

for three of the E'ix ir~pnc ts used in the study of 

greph is shc,:n in Plc.te 8. The impact veloci tie ? ·-:rorc 

_£_ This 
A 

814 ft/sec, 1226 

ft/sec, and 2521 ft/sec. Other pertinent dnta c.rc 6i7-:n in Tebles 7, 8 

and 9 . ro.ta for the dry ccncs can also be reprcso.~cd ry a linear 

approxir.iation. Tr:bl,:;::., 10, 111 end 12 contc.in the c'.n·i·.n cf three impacts 

\: i th dry cones. Their impc.ct vcloci ties v:erc 350 ft/ sc-c, 5.25 ft/ sec, 

and 768 ft/sec. Plate 9 sho~s a plot of 

ago.inst ~ ju Al d..,,.a, for the dry cones. Though 

net all of the plots follow the sar.ii: curve, tuo nec.rly do, end all of 

the plots ere approxicetely linear and heve about the same slope. The 
. 2 

line drcr:n hes a slope of 1.6 lb sec/in • Using this vclue for .,{, 

0.7 for and 435 x 103 lb/in2 for p , force v-"1.ues ,:ere 

cc.lculated by use of equction (24) and substitution of the data of i.Iapect 
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/'184, ·r,hich had an initial velocity of 768 ft/sec. The results of the 

calculetions are recorded in Table 13, In Table 14 are rEcorded the 

experimentally determined force values end the corresponding depths. 

In Plate 10 is shown a comparison of the ~:xpcrimentally determined force 

values and the calculated force values. The agreement is very close. 

26. In Table 13 is also sho~n the contributions of th€ velocity and 

strain rate dependent forces to the total force resisting penetration. 

Their contributions arc greatest near the beginning of the penetration, 

decreesing ,:ith depth. ~ear the midc!le of the penetration about 15JS 

of the force resisting penetration is dependent upon strain rate,--? 

ttrm, and about 3% cependent upon velocity, d-- term. 

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

5 5 -1 ;.ith straining speeds in a range of 2.6 x 10 to 0.2 x 10 (sec) • 

Tho higher straining speed is the gra.test 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 calculetions of resistance values. Below 

straining speeds of 0.2 x 105 (sec)-l the penetration resisting forces 

th.et arc dependent on strein r~tes arc so small as to be negligible. 

28. In a ccnparisoL of the results of one impe.ct with another, an 

important source of error is the lack of correction for bluntness. The 

bluntness of the cones was not noted before shooting them, and they ~ere 

very likely blunted, for not a great deal of care uas taken to pcrserve 

a very sharp point. In future studies of a simil£r nature to that of 

this report, care r.iill be taken to note the amount of bluntness. Pro­

bable errors in force determinations hnve been discussed in the appendix 

of this report. Another variable influencing the results arc differences 

-15-
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in lubrication. 

29. Compe.rison of lubricc.tion ei'fccts can best be made by comparing 

the total energy loss per unit volume for the various impacts. In T~ble 

15 are recorded the calculations of total energy loss E total 

volume of material displaced, Il 
T 

, and for impacts 

of the "dry" condition, and for coatings of stearic acid, and of oil. 

Plate 11 shor.s plots of against _f"\_T • It is clear that 

lubrication docs reduce resistance to penetration, but the stcaric acid 

appears no better than the oil, there being considerable variation in 

the results. Bluntness ce.n not account for all of this variation. 

Probably the so.me conditions of lubrication were not repeated eech time, 

due t c variations in effects of the exploded gun ponder. Lubrication 

effects were also found in an exani nation of the indentation in the 

plc.te. 

JO. In the case of the impacts made P-ith cones previously cleaned 

~ith benzene, there occurr ed much roughing of the surfaces of the cones 

and of the indents. The roughening extended from the vertex dong the 

surface for a distance less thrn the sl ant height. We judged this 

rouehcning .. as cc.used by fusion of the plate and cone octerials . In 

the ccse of the stccric acid coated cones fusicn occurred only very near 

the tip of the cone. In Table 16 ar~ recorded some measurements t o show 

the difference in extent of fusion in the cases of the steEric acid 

coated and dry cones . The diameter at the bass of the roughened sur­

faces cf the inccntations were measured. On an average the area of 

fusion in the dry case was twelve times as greet as that of tbc stearic 

acid ca.so. 

-16-
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31. The static penetrations '<:ercs greatly influenced by lubrication. 

The depth of pcn£tration was increQscd from 0.1293 inches for a cone 

previously clc2ncd with zylol to 0.1687 inches for a stearic acid coated 

cone. This represented a change in hardness number from 734 x 103 

to 431 x 10
3 

lb/in
2

• In the clean case the indenter point stuck in the 

plate, and was found broken near 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 

nas found the.t only the very tip of e. finely pointed cone stuck in the 

plate. Bluntness of the indenter affects the depth of penetration to a 

marked degree. A stoaric acid coated cone, whose height lacked 0.006 

inches of being the height calculated from measurement of its diameter 

at its base, penetrated to a depth of only 0.1542 inches. Correction 

for bluntness by eddition 0.006 inches to the depth of penetration 

gave 0.1619 inches for the height of the conical incentation, abcut 

0.007 inches short of the height of the indentation made '7ith a very 

she.rp con€. 

C0NCLl!SIQll.S 

32. The resistance to penetration of a cone into a solid medium can 

be expressed as a function of straining speed anc the kinetic energy 

of plate material set in motion about the penetrating cone. For the 

range of straining speeds, 0.2 x 105 (sec)-l to 2.6 x 105 (sec)-l 

occurring in these experiments, the results may be approximately repre­

sented in equation form as: 

£.. 
A 
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For studies of snall energy losses in the dynamics of armor penetration 

lubricaticn effects are important. 

33. A more careful analysis could have been made had attention been 

paid to bluntness conditions prior to shooting the projectiles. 

34. Using the ioproved procedures indicated by this preliminary work 

future studies can give determinations of ct , .,£_ and p which 

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

speeds. 

-18-
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APPENDIX 

a 

Probable Frrors in Force Determinations 

In view of the improvements made in the appc:.ratus and methods 

for obtaining force data on the penetration of armor by projectiles it 

has bocom6 desirable to reconsider th€ errors nhich occur and their 

effect on the computed force. This v·ill bring up to date the investi­

gation mace in connection with r efE:rence 2, e. description of \Jbich is 

contained in Appendix B of that report. 

The errors Tiill be discussed individually a s to extent. Any 

prol ablc error cf one-quarter of one percent (0.25% or 0.0025) is con-

sidercc. to be insignificant. The sources of error a re: 

(1) Measurement of the turbine velocity 

(2) reasureraent of' filn length 

(3) 

(4) 

(5) 

( 6) 

{?) 

Feasurement of the Reduction Fcctor 

reasurernent of the projectile length 

1.'iensurcment of the projectile nc.ss 

Projectile yaw 

Determinati on of the position of impact 

(8) Alignment of film in comparator 

(9) Crosshair settings for displacements 

(10) Accuracy of comparator 

(11) ~etermim!tion of bullet period 

(12) Slope measurement 

(13) Film distortion 
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The probable error (P. E. ) was determined in each case from a series 

of no less than twenty- five actual measurements . In some cases these 

were repeated bye second observer. The P. E. was computed by the 

formula: 

P. E. 0.6745 
2 

+ x~ + 
-n.. 

where arc the devietions of the actual 

rr.ceeurements from the arithmetical mean of these measurements and 

n., tho number of measureoents . Combinations of probc.ble errors 

were determined by the follm,ing formulas: 

Sum and difference: P.E. of fa., ~ 4 a.) :t. (-tr+ D.~) = 

~a, or 6.-0-, ,.hichcver is larger 

Product: P. f ·(a.t) 
a,,& 

\ 
i p =-@,) + l ~ r 
\ a_ 

~Pia)) 
n ,2- /pF r 
\P.t_ ·'' + Quotient: p [.fa..\ 

a., \ . -.:'~) 

\"1;. j z l/ / \ ~ I 

In conputing the projectile velocity fro~ the datu obtained by 

reading the film, the velocity, and consequentl y the force , is propor­

tioncl to the linear velocity of the drum. The rotcti onal velocity of 

the turbine is indicated op e scale \,hich can be read accurately to 

.± 0. 2 cycle/sec. Pt speeds of 450 rps this rmuld be a maxir.mm er ror 

of ± 0 . 04 %. In reading the scclc of the oscillator there is a correc­

tion to be me.do as set forth in the cali bration data chart supplied r:ith 
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the instrument. This is interpolated over the range cf frequencies 

used ~nd is figtl!'ed only to the nearest tenth of a cycle per second. 

This rosul ts in an ac~di tionc.l possible error of ±. 0 . 05 rps v;hich at 

speeds of L~50 rps woul d be e. mc-..xir.1UJ11 error of "!:: 0 . 01~. In the case 

of th£ rot~tional velocity of the turbine it is icpossiblc to duplicate 

conditions v,ith sufficfont accuracy tc tru:c the number of repeated 

rcrdings necessary for determining the P . E . by the usue.l method. So 

it v;es decided arbitrari ly to tc..ke the mr:ximUL1 errors, r:hich here ere 

very sraell, ~s the P . E. The f i nnl P. F. v1i1J. be ""!:. 0 . 2 rps or ±:. 0. 04% 

o.t an averc.gc speEd, which is negligible. The linear velocity of the 

drum is c.lso propcrti onal to the film length. Two series of mcasure­

misnts of the interne.l diaineter o.f the drum r:erc made, one with a vernier 

c.:-lipcr and the other 1:i th a::1 internal micrometer. In both cases the 

P . E. ,ms ±0.013% v.·hich is negligibl e . 

[,Jcasurement of t ho recuction fo.ctor (R. r . ), the r&tio betv:ecn the 

imag0 on the film e.nd the object, introduces a P. E. of :±o.11, ,,hich is 

negligible. 

A nccsurE:1::0nt of the length of the projectile is usec: only to 

dctcrcinc the pcint of ir.ipc:;ct en the film ;:;nd docs not enter intc ca.lcu­

l~tion 0f the forces . A seri es of measurements was taken and the P.E. 

of en evcrc&c projectile of the type used Fcs computed to be + _ 0.00004 

i nch or ~ 0.001% . Since this is so small it nay be neglected. 

The projectile mass is used in computing the forces . The P.E. in 

the, measurement of this quantity i·;a.s founc. to be "±: 0 . 0045 grein or 

"!:. 0 . 004%. This is considered negligi ble in its effect on the force. 

- 22-
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Yaw gives rise to errors in tho position ct inpact end in the 

force . A desirable c(.ndition for the present series of shots was 

normal inpact. Ho,:,ever, since this is difficult to obtain under the 

, experimcnt~l c0nditions, it ~as dcci doc to include in the study those 

having slight ye.w. 0 Jl.11 ,.i th more then 3 yaw were rejected and most 

of those retained had much less . In computing the P.E. due to ym, it 

~ill be based on the uaxi~um of 3°. 

The effect of yaw on forces is not completely understood. In 

general, the direct effect is an increase in the f orces but it is not 

knovm through which quantity used in computing the forces this effect 

acts. If the Constant Pressure Theory is applied as a first approxima­

tion, it is seen that in order to keep the pressure censt&nt as the pro­

jected area increases ~ith the tilting cf the bullet, the forces must 

increc:se in prcportion to increase in crea. Fer the ccne portion the 

increase in crca nay be co~puted by a more ccmplicatcc process tc be 

0. 3% resulting in an error ir. forces of that amount. For the cylindri­

cal portion of the projectil e, ho1,;·ever, it is easily seen that the 

incre:ase in arcn is proportional to the scc[':nt of the angle of yaw. 

This is the c:iffercncc bet,·;ce:n the ar ea of 2 circular cross- section and 

an ellipticel ~re~ having one S€r.d-c~is equal to t he radius of the circle 

and the other axis greater by a factor equal to the secant of the angle. 

The measured forces resisting penetration by a yai,;ed projectile ere, 

therefore, larger by a factor equal to the secant of the angle of yaw 

than the forces resisting a normnl projectile under the same concitions. 

If the bullet is y::v:ccl by e.s nuch as 3°, the mwd.nuo inposed, the corres­

ponding forces of a nornal projectile VJOuld be less than those computed 

by only 0.14%. This ru'.J.ount lies Well within the limit of experimental 
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in the alignment so easily detected that it is believed to be practically 

impossible to effect an appreciable change in the forces because of mis• 

alignment. Likewise, it can be shown geometrically thD.t errors in Qis­

placement, position of ir.Jpact and time due to a slight rotation arc in­

significant and can be ~eglocted. 

In addition to the possible error in displacement due to rotation 

of tho film, there may be an error incurred in placing the crosshair 

on the trace. A minimum error is completely dependent upon the ability 

of the rc~der to place the cross hair consistently at the same relative 

position in tho fringe at the edge of tho trace. The positions are read 

t o four decimal pl~cos one centimeter scale. From experience an obser­

ver can say that repeated readings never vary by as much as 0.001 cm, 

or e.bcut 0.0004 inch. For the average total displaccmsnt this is a 

negligible error, but for the i~dividual reading it may represent an 

error of as high as 7% in thE. lov-:E.r velocity ranges. However, the error 

c&nnot be cumulative but is subject to statistical fluctuctions. If 

the velocities arc cc□puted from the displ acements they will show the 

srunc fluctuations but the trend can be dctcrr:1ined by a smoothing precess . 

This error has no effect on the forces when the velocities arc computed 

from slope measurements. 

The accuracy of the comparator ·usod for m&king the measurE.ments 

vms checked by a series of measurements of tho distance between two 

par~llcl lines one mil apart, made over the range of the vertical and 

horizontal scales used. The average deviation from the mean for the 

horizontal motion was 0.0002 mm nnd for the vertical 0.0003 mm. The 

error is negligible as frrr as displacements are concerned since they 

are not read to this plc.ce, r,nd hes no effect upon the velocities and 

-25-
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forces. 

The period of vibration of the projectile during penetration is 

perhaps the most uncertain quc.ntity c~oalt r:ith u. this method of c:.eter­

mining the forces resisting penetration. B~cause of this enc the fact 

thct its use in computing the forces cr-nnot be directly expressed 

mathematically it is cifficult tc cctcrninc accurately the extent 

of error due to this quc.nti ty. Fron one filn shor:ing clco.rly the vibra­

ticns of the projectil e as it rebouncec the period of the bullet in 

flight ,.-r .. s r..cusurec. to be nine micro3econde. The perioc during pene­

tretion is a c.ifficult thing to l:leesure since the vibrations are a 

nodulation of a cht:.nging fUI'-ction r.-hich is influenced by unknown errors . 

In actual c~lculations frc~ data on f orcc-ticc curves an average of the 

tine beti·;ecn successive dips ,,:as the sane as thc.t for a projectile in 

free flight. A probc.ble error cetermined fron the ceviations fron this 

mean was +16.8%. .Although the bullet period appears in the denomina­

tor of the expression used in computing f orces an error of this size 

does not result in a similar error in the force. The numerator contains 

a factor which is the difference of two instantaneous velocities, the 

t ime betr:een them being determined by the period of the projectile. Thus 

the errcr enters into this quantity in som( indirect way which cannot 

be definitely expressed and the resultant errcr in the force is not 

known. In order to tell more definitely the effect of e.n errcr in the 

period on the forces over a compl~t e penetration the r oot mean square 

error was cc~sidered. The forces ncr e computed fron one set of dnta 

with nine microseconds as the bullet pcrioc. The sane data TTere used 

to compute forces on the basis of seven and eleven microsecond periods 

r.hich ~ould be equivalent to 22% error in the period. Using the devia-

-26-
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tions frcm the forces based on a nine nicrosecond period taken at regular 

intervals along the curve the rcot □ccn square error was found to be 

± 2.04% for a period of seven microseconds and ± 1. 64% for a period 

of eleven Dicrcscconds. Th(., forces for perioc:s of eight, e.nc: nine end 

eight-tenths, ~icroseconc.s were also co□puted but net the root nean 

square errcrs. However, r;hen these: are plotted with the other three 

force curves as shown in Ple.te 12 it is seen that they co not as av.hole 

Qevicte frGn the □can cs much us the seven nicrcseccnd curve. It is 

believed, then, f er no perioc. v:ithin the ccnputed P .E. will the error 

in the force o.mour:t to narc than 2%. 

In studying tho error of the slope mccsur€ments the character of 

the filn nust be tcken intc consicere.tion. Filns Vtlrying in density, 

contrast, sharpness of trace anc aoount of curvature were selected for 

the investigation. Reacings T-erc made by twc observers at several 

points on each film and at different rcla.tive positicns in the band 

in which the density changes from n m1lXimum to a minimum. At no point 

was there on error of more than 1%. Cur~ture was computed for some 

points but there se0rned to be no relation between that and error in 

s1opc reacing. It is ccncluccd that the nost predominent influence 

on tho err~r is the churQctcr of the photogrcph its6lf, although the 

plccing of the crosshair seer.is to have some effect. 

The total error nffccting the forces as a result of all indiviGual 

Ec2surc:.blc errors, including those described as negligible but excluding 

these due to ye~ anc error in bullet period, u&s cooputed tc be 1&006%. 

The totQl of this 2nc. the errors r.hich do not enter directly into the 

fcrr.mla for cc-r;puting forces, nru:icly those c!ue to yev. 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 adc.itional errors due to 

judgment, fatigue and these inherent in the systcn itself. An effort 

uas nede to investigate the last of these. Tho foregoing treatment of 

slope error rcrtained only to a r.icasure of the ncc1.,racy 1,--:-i th uhich 

rccc:ings can be rc.pec-ted enc. does not o. ttcmpt to shorc the precision with 

Tihich ~ctual slope values nc.y be neasurcd. The latter was investigated 

by coflp~ring the old enc. accurctc ncthod cf computing forces directly 

fro□ c!is~lc.ccnents enc:. the new rxthoc:1. of ccriputing forces frcn sl0pes. 

T.:-::: :'i:i:-st stop consisted in neo.suring angles, of i'Jhich the nngni­

tudc collie: also be ccnputcc: from knov.n mEasurc.ments, t c see hor; accurately 

enc cc.n cstiu;c.te the slope c.t points along o. curve. The image of a 

circle v,c?.s usec. for this. The neasurec. angles agreed ,·.:i th the ccmputed 

vclucs tc ,ti.thin ten minutes. This is the equivalent of three of the 

smallest divisions on the see.le rec-d c:-.nd c:ocs not reprEsE:nt a serious 

error for unsmoothc-d primary data . The slope method ~as then checked 

against the displacement method by integre.ting the slope wlues and 

comparing them with the ~isplaccracnts. This was done both for the circle 

rcrdings e.nd some actual shots. Most of the results showed a cumula-

tive offoct of the error in the slope. Ne cxpl£n~tion could be found 

for this othor than that tho errors must not have a normal distribution. 

The error gcnn·e.lly totalled a fep thousandths of a centimeter end is 

not considcrcc serious . The feet that in some cases the error tended 

0 to become constunt e.fter the slope had decreased to 45, and the fact 

that there scens to be a velocity effect, ,,ith the errors fer high 

velocity shots being greater, lead us to celieve that the error could 

be partially clir:;inc-.tec. if the slopes :;,.re kept lor; enough. This 
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coult be done through incrcasec drum speed. 

There cxistec the possibility thQt the present optical systcn 

caused distortion cf the ir!agc prcc1..ucec1 c-n thc filn. It ,:e.s dc,tcrained 

fron a series of ~ec.surcncnts conp~ring the, size of intcrve.ls en a finely 

grecuctcc sc~lc anc en r. shccc~groph of the scale that this distortion 

is negligible. 

The prececing ciscussi0n of errors applies only to cctcrrination 

of fcrce. V.'hen the rcsul ts arc used in a theoretical franev:crk such 

rs that illustratcG in this report, csti.Jatcs of the precision of the 

quantities ceri vcc1. inc:ircctly frcl'!'{ the force cata require ac.c1 i tional 

ccnsiccrnthns v.hich ere not tree.tee~ in cctc.il in this e.ppcndix. For 

cxc.nplc, c:uc L sru:11 e.n6lcs of ya,~· o.t inpact resisting forces will 

begin before the tiLo predicted by the length cf the projectile. Also, 

duf.. tc lack of sharpness of the ccnc point, an error occurs in the ccl­

culation of values of force per unit arec.. In both casEs the errors 

reduce rapidly as the cmbeddcc volume of the penetrator increases. 

These errors arc important in furnishing an upper limjt on the high 

strr.ininf, speeds fer r:hich the results can be used with confidence . 

-29-
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TABLE 1 

Impact #115 V5 = ?979 in/sec . (Striking Velocity) 
1 

E = 2.242 x 10-5 v2, f = 0.283 lb/in3 m = 121.12 gr . & = 16.4 (:;-:)) 
m in 

~ X 10-_5 
AX 102 F -3 

EX 10-3 sF x 10-3 (E - sF) x 10-3 ··~(E - sF ) x 10-3 t - :1 (E - sF) x 10-3 s - X lO F A . 3 rr{ 3 A 3 
(sec-1 ) (lb) (in2) (lb/in2) (in lb) (in lb) (/n lb) (lb/in2) (lb/in2 ) 

1.59 ?00 .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 l. 354 15,44 496. 56 
1.01 1670 • 328 509 1.381 .043 ,1. 338 15.25 493. 75 

• 865 2150 , 437 492 1.359 .066 1.293 14,74 477. 26 
.763 2650 , 550 482 1.332 .091 1.241 14.15 467. 85 
• 6CR 3700 . 814 455 1.260 .156 1.104 12. 59 44~ . 41 
. 520 4610 1.056 437 1.186 .221 . 965 11.00 426.00 
, 430 5910 1.396 423 1.072 • 322 • 750 8. 55 414.45 
,356 7300 1.768 413 ,930 ,442 ,488 5.56 407,44 
.298 8650 2,134 405 .787 • 570 .217 2.47 402 . 53 
. 233 10, 390 2.609 J:)8 . 592 ,752 - .160 -1.82 399.82 
.167 12, 280 3,132 392 .361 .982 - . 621 -7 .08 399 . 08 
. 128 13,200 3,396 389 . 231 1.117 - . 886 -10.10 399.10 
.087 14,080 3,644 386 .114 1,257 -1.143 -13. 03 399.03 
,058 14, 380 3,730 386 • 05?. 1.312 -1.260 -14,36 400. 36 

(1) 
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E = 2, 239 x 10-5 v2 

Y. X 10-5 
s AX 102 

F 
( se'c-1 ) (lb ) (in2) 

1.91 900 .140 
1.49 1320 .228 
1.20 1870 . 345 
1.02 2470 ,476 

.88 3150 .629 
,77 3960 .802 
. 68 4800 .997 
. 60 5700 1.213 
, 54 6720 1 ,450 
.49 7660 l.689 
.44 8700u 1.946 
,40 9710 2,199 
I 36 10760 2. 468 
,.32 11750 2, 729 
.. 29 12820 3,002 
.26 13800 3,262 
,23 14720 3,505 
.21 15660 3,?5? 
~18 16500 3,988 
.16 17270 4,196 
.13 18020 4,409 
.11 18480 4, 533 
,08 18950 4, 659 

TABLE 2 

Impact #108 Ve = 976? in/sec . 
u 

f = 0 . 283 lb/in3 

f X 10-3 EX 10-J 
sF x 10-J 
3 (E - sF) 

X 10-3 A 3 
(lb/in2 ) (in lb) (in lb) ( in l b) 

643 2.118 .015 2.103 
579 2,100 ,029 2, 071 
542 2, 078 , 050 2, 028 
519 2.049 . 077 1.972 
501 2,011 ,113 1.898 
494 1. 964 .161 1.803 
481 1.903 .218 1.685 
470 1.832 , 285 1.547 
463 1,751 ,36? 1.384 
453 1.655 , 452 1.203 
446 1.549 , 551 ,998 
441 1,437 .654 .783 
439 1. 317 . 768 . 549 
430 1.187 .881 • 306 
427 1.057 1.009 .048 
423 .927 . 1.132 - .205 
419 .799 1 .251 - ,452 
416 .667 1.378 - .711 
417 • 540 1.496 - .956 
411 ,423 1.606 -1.183 
409 , 318 1.718 -1.400 
408 . 222 1 ,786 -1. 564 
407 .13? l,857~ ~ 

(2) 

DECLASSIFIED 

m = 120. 94 gr . 

~(E - ~) x 10-3 

3 

(lb/in2) 

24.18 
23. 82 
23. 32 
22 . 68 
21.83 
20. 73 
19,38 
17.79 
15.92 
13.83 
11.48 
9,00 
6. 31 
3, 52 

• 55 
- 2.36 
- 5.20 
- 8.18 
-10.99 
-lJ , 60 
-16.10 
-17,99 
-19,?8 

~ = 16.4 cl) 
in3 

E. - .:;.p (E - sF ) 10-J 
A iiT 3 X 

(lb/in2 ) 

618. 82 
555.18 
518,68 
496,32 
479 .17 
473. 2? 
461.62 
452 .21 
447.08 
439.17 
434, 52 
432,00 
432. 69 
426,48 
426.45 
425.36 
424,20 
424,18 
427,99 
424.60 
425.10 
425,99 
426.78 



TABLE 3 

Impact 1/270 Vs= 14,706 in/sec. 

E = 2.267 x 10-5 v2 f = • 283 lb/in3 m = 122.5 gr. F- = 16. 2 (l) 
m , in3 

y_ X l0-5 
Ax 102 F x 10-3 sF x 10-3 ir(E - sF) x 10-3 E - ~ (E - sF) x 10-3 s F r EX 10-3 J ( · E - f ) x 10-3 3 

( sec-1) (lb) (i n2) (lb/in2) (in lb) 
A m 3 

(in lb) (in lb) (lb/in2) (lb/in2) 

1.45 3,000 .539 557 4-787 . .100 4.'687 52 .96 504.04 
1.18 4,440 .803 553 4. 707 .181 4. 526 51.14 501.86 

.99 5,940 1.100 539 4.590 . 283 4,307 48.6? 490.33 

. 85 7,700 1.466 525 4 .. 446 .l.;2L~ 4.022 45.45 479.55 

. 74 9,520 1.865 510 4.2tR • 590 3. 679 41.57 468.43 

.65 11,420 2 •. 307 494 4.055 .788 J.267 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 1.273 2.253 25.46 450.54 
,45 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 4.43 441,57 
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TABLE 4 

Impact #271 V
5 

= 18,333 in/sec. 

E = 2.264 x 10-5 v2 f = 0.283 lb/in3 m = 122.33 gr. f!.= 16.4 cl) 
m in3 

y_ X 10-5 Ax 102 Ex 10-3 sF x 10-J (E - ~) x 10-3 exp E - el£! (E - sF) x 10-3 s F A E x 10-3 3 rrf{E - ;F) x 10-3 J A rrr 3 
,) (sec-1) {lb) (in2) (lb/in2 ) (in lb) (in lb) (in lb) (lb/in2) (lb/in2) 

1.85 3,200 . 518 618 7.480 .105 7. 375 83.34 534.66 
1.44 5,170 .843 614 ?.363 .215 7.14.8 80.?? 533.23 
1.29 6~300 1,041 606 7,283 .292 6,991 79,00 527.00 
1.06 8,730 1.435 588 7.087 .483 6.604 74 . 63 513. 37 

~98 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 
.?7 14,620 2. 585 566 6.492 1.067 5.1+25 61.JO 504.70 
.6? 17,750 3.209 553 6.086 1.444 4.642 52,45 500.55 
• 59 20,980 3.900 538 5.613 1.881 3, 732 42.17 495.83 
.51 23,780 4,596 517 5.101 2,315 2,786 31,48 485.52 
.45 26,130 5,348 489 4. 563 2.?44 1.819 20.55 468.45 

(4) 
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TABLE 5 

Impact #277 V5 = 25,758 in/sec. 

E = 2.256 x 10-5 v2 f = O. 283 lb/in3 m = lZl . R8 gr . f = 16. 3 (~) 
in3 

' y X lQ-5 
I Ax 102 F x 10-J 5J x 10-3 (E - sF) X io-3 <1j(E - J) x 10-3 E_ -~ (E ~ SF) x 10-J s F EX 10-3 A 3 A m 3 
) ( sec-1 ) (lb) (in2) (lb/in2) ( in lb) (in lb) (in lb) (lb/in2 ) (lb/in2) 

2.207 5,000 .725 690 14.78 .193 14.59 166.JJ 523.67 
1.882 6,730 .990 680 14.67 . 304 14. 37 16).82 516.18 
1.639 8,600 1.291 666 14. 52 .444 14,08 160.51 505.49 
l.448 10,700 1.632 656 14.32 .621 13.70 156.18 499.-82 
1.295 13,020 2.008 648 14.09 . 838 13.25 151.05 496.95 
1.169 15,470 2.418 640 13.82 1.092 12.73 145.12 494.88 
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,JOO 4,369 602 12.34 2.49.6 9.84 112.18 489 .82 
,7585 23,?70 4.926 584 11.86 2. 899 8.96 102.14 481.86 
.?024 30,600 5,499 556 11.36 3.258 8.10 92.34 463.66 

(5) 

OECLASSIFIED 



TABLE 6 

Impact #275 V
8 

= 30,246 in/se~ . 

E = 2. 262 x 10-5 v2 F = O. 283 lb/in3 
~ 

m = 122.23 gr. f- = 16.2(.:l....) 
m in3 

I Y. X 10-5 
F Ax 102 [ X lQ-3 sF x 10-3 (E - sF) x 10-3 Gt(E - sF) X 10- J E. -olP(E - SF) x 10-3 s A E X 10-3 3 3 

(sec-1 ) 
3 A rrf J 

c) (lb) ( in2 ) (1b/in2) (in lb) (in lb) (in lb) (lb/in2) (lb/in2) 

2, 59 5, 800 . 725 800 20.38 .224 20.16 227.81 572.19 
2.15 8,050 1.043 772 20. 21 .37'.3 19. 84 224,19 547,81 
1.83 10,830 1,418 764 19,99 , 586 19.1.,,0 219. 22 544,78 
1.60 13, ?'50 1.845 745 19, 71 , 848 18.86 213.12 531. 88 
1.41 16,950 2.332 727 19.36 1.175 18.18 205 . 43 521. 57 
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 
l.OJ 27,050 4 .047 668 17. 96 2,471 15,49 175, 04 492 . 96 

.94 30,200 4,716 640 17.36 2.978 14, 38 162. 49 477,51 

.86 33,000 5. 416 609 16.72 3,487 13. 23 149. 50 459 . 50 

(6) 
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TABLE 7 

Impact #108 V
5 

= 9767 in/sec. 

E
0 

= 2.136 x 103 in lb. ''t = 11. 5 (-.!_) 
in3 

k = O. 539 

Eo - E - c-10 Ex10-3 
( kfvsds 

X 10-6 
EX 10-3 3 E - E 3 q_e E X 10-3 vs kJvsds .!l 

V E0 - EX 10- O x 10- m' fl rrf 
J L 

(lb/in2) (lb/in2) (in2/sec) (in3/sec) (sec-1) (in/sec) (in lb) (in lb) (lb/in2) 

9725 2.118 .018 756 24.4 712 496 6.79 .285 
9686 2.100 .036 730 24.2 706 630 11.05 .224 
9633 .2.078 .058 630 23.9 606 771 16.7 .182 
9567 .2.049 .087 583 23.6 559 899 23.0 .154 
9475 .2.011 .125 552 23.1 529 1023 30.3 .134 
9363 1.964 .172 527 22.6 504 1142 . 38 .5 .118 
9221 1.903 

, 
.233 516 21.9 494 1254 47.5 .105 

9046 1.832 .304 501 21.1 480 1357 57.3 .0945 
8841 1.751 .385 486 20.1 466 1450 68.0 .0858 
8597 1.655 .481 483 19.0 464 1522 78.4 .0787 
8320 1. 549 • 587 476 17.8 458 1581 89.3 .0?25 
8011 1.437 .699 472 16.5 455 16H! 99.7 .0673 
7670 1. 317 .819 465 15.l 450 1641 110.2 .0628 
7282 1.187 ,949 464 13.7 450 1638 119.9 .0586 
68?2 1.05'7 1.0?9 457 12.2 435 1622 129.6 .0549 
6436 .92'7 1.209 452 10.? 441 1583 138.0 .0516 
5971 .?~ 1.337 449 9.2 440 1523 145.5 .0488 
5461 .667 1.469 444 ?.7 436 1442 152.? .0462 
4910 .540 1.596 441 6.2 435 1336 158.7 .0439 
4348 ' .423 1.713 439 4.8 434 1213 163.5 .0419 
3767 • 318 1.818 433 3.7 429 1077 167.8 .0399 
3150 .222 1.914 437 2.6 434 914 170.l .0388 
2476 .13? 1.999 438 1.6 436 728 171,7 .0376 

(7) 
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TADLE 8 

Impact #270 V~ = 14.706 in/sec. 
v 

;2 E0 = 4.903 x 103 in lb. 
c&9 = 11. 3 ( 13 ) 

rrl in 
k = 0. 5.39 .n.. "' . 17967 s3 (i n3 ) 

V EX 10-3 E0 - Exl0-3 Eo - E X 10-3 d'iir Ex 10-3 Eo - E - d. o E x 10-3 k Jvsds ~· k {vsds 
X 10-6 

..i"'L .n. m VS Jl 
(in/sec ) (in lb) ( in lb) (lb/in2 ) (lb/in2 ) (lb/in2 ) (in2/sec) (in3/sec) (sec-1 ) 

14,531 4.787 .116 645 . 5 54. 1 591 1453 39 . 2 . 218 
14,L~09 4.707 . 196 600.7 53.2 548 1758 58. J .179 
14,230 4.590 • 313 595. 7 51.9 544 2035 79.7 . 152 
14,005 4. 446 . 457 566. 2 50. 2 516 2311 105. 5 .131 
13, 723 4. 269 .634 548.3 48. 2 500 2552 133.0 . 115 
13,375 4.055 . 848 532 .1 45. 8 486 2769 16J. l . 102 
12,96'> 3.808 1.095 521.0 43. 0 478 2942 193. 9 . 092 
12, 472 J . 526 1.377 514.8 39.8 475 3068 224. 7 . 084 
11,923 3. 223 1 . 680 502 . 5 J6.4 466 3160 256. 6 . 077 
11,308 2. 899 2.004 492.1 32. 8 459 3200 287 . 4 . 071 
10,621 2 . 557 2.346 483. 6 28 .9 455 3186 316. 7 .065 

(8) 
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TABLE 13 

I Impact #184 vs= 9217 in/sec 

~ s 
2 f1. "' 0.17967 SJ ex .. 0.7 u~ .. 11? b-= 1.6 Pc 435 x 103 lb/in2 

m· • 
-

! ; X 105 A 
Ab v/s A ,::J.pE/m AP 
1 + d.fm/fl 1 +~>pm/n. 1 + o. pm! .rt 1 + Cl.Oil l + •~\'1.. F % F 

(in3) 
iif .1 m 

(lb) (lb) (lb) cJ.. term (lb) b term 

7 12.1 1.0014 .OOLJ.6 686 87 1810 2583 27 3.4 
;3 30.1 L,0035 .00760 89? 149 3306 4352 21 3.4 
2 52. 5 1.0061 .01095 1029 198 4763 5990 l? J.J 
5 82.3 1.0096 .01471 1133 ~38 6319 7770 15 3.1' 
5 119.2 1.0131 .01879 1183 26.3 8174 9620 12 2.7 
z 161.8 1.0189 .0229 1191 2.36 9962 11389 10 2 .1 
8 20?. 5 1. 0243 .0269 1130 245 11702 13077 9 1.9 
~ 276.5 1.0324 .0324 972 1?5 14094 15241 6 1.1 
:> 349.4 1~0409 .0.375 563 135 16313 17011 3 . 8 

(13) 
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TABLE 14 

Impact #184 

s F s F 
(in) (lb) (in) (lb) 

.0429 .1932 9919 

.0493 899 .1983 103?0 

.0557 1070 .2032 10890 

.0621 1310 .2080 11200 

.0685 1660 .212? 11580 
-0748 2040 .21?3 11990 
.0812 2320 .2218 12440 
.08?5 2660 .2261 12820 
.0938 3040 .2302 132?0 
.1001 3390 .2342 13720 
.1063 3800 .2381 14100 
.1125 4150 .2418 14650 
.1186 4458 .2452 14900 
.1248 4838 .2485 15480 
.1308 5322 .2517 15620 
.1369 5?37 .2546 15930 
.1429 6324 .2575 16450 
.1488 67'31 .2602 16830 
.1546 ?188 . 2626 170?0 
.1604 7741 .2648 17280 
.1661 8156 .2669 17450 
.1717 8502 .2688 17800 
.1772 8813 .2705 17970 
.182? 9193 .2719 18140 
.1880 9573 

(14) 
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TABLE 15 . 
DRY OIL STEARIC ACID 

E Eo X 10-3 E
0 

X 10-3 Eo X 10-3 10-3 nT x 10-5 _2_x 10-3 E
0 

x 10-3 DT X 10-5 J1T x 10...:5 
.nT nT r . 

Impact Impact ... ·1r 

lb) (in)3 (lb/in2) No, (in lb) (in)3 (lb/in2 ) No. (in lb) (in)3 (lb/in2) 
' 

145 77.81 494 115 1.427 342.0 JJ.7 221 • 3621 69.53 521 
~3 193.9 500 109 1.681 377.8 445 22? .9?95 196. 6 498 
,3 386.0 483 108 2.136 504.8 423 . 216 1.508 353. 6 426 

152 1. 096 212 .9 515 219 . ?631 171.2 445 
218 l. SJ) 420. 3 438 

(15) 
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