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performance, of sabot-projectiles for cannon.    Its contents were col- 
lected during conduct of .theoretical and experimental investigations 
at the University of New Mexico in 19U2 and '\9h3» under the aforemen- 
tioned OSRD contract with the University of New Mexico. 

An attempt has been made to give credit to other investigators 
working in the same field, but it is certain that not all of their 
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SABOT-PROJECTILES FOR CANNON 

( Abstract 
» 

! This report is concerned with the attainnent and use of 
5 high velocity by means of sabot-projectiles. The first four 
j chapters include descriptive and design material. The fol- 
! lowing three chapters deal with the performance of subcaliber 
I projectiles and with comparisons of their performance with 
j that of conventional projectiles of full caliber. Chapter VIII 
| presents performance data on three selected designs of sabot- 
> projectiles. 

I. INTRODUCTION 

1. Definition of sabot 

5 For the purposes of this discussion a sabot-projectile is considered • 
» to be a projectile that separates into two or more parts after leaving 

j the muzzle of the gun.    One or more parts, comprising the sabot, are dis- 

» • •-                          carded, while the projectile proper proceeds along its trajectory. 

! According to this definition the projectile proper may be either the full 

|          , "v"*                          caliber of the gun, or it may be subcaliber, though the subcaliber pro- 

; jectile is of more practical interest.    The definition excludes projec- 

\ ..                            tiles of the type ordinarily used in tapered-bore guns, where nothing is 

J discarded after leaving the muzzle, and it" also excludes the "arrowhead" 

I type of projectile. 

I 2.    History of sabot-projectiles 
i 
| It has not been possible, with limited time and resources, to con- 

| duct an adequate research into the history of sabot-projectiles, but it 
f 
; is known that the sabot-projectile is not a new weapon.    Explosive shell 

j appeared in general use about the middle of the sixteenth century, and 

| cast-iron spherical cannon shell were in use.up to 1871•    "When fired 

* from cannon (as distinguished from mortars) they were fitted with a 

I * wooden disk sabot, attached by a copper rivet, intended to keep the fuze 

\ central when loading and to reduce the rebounding tendency of the shell 

] » as it traveled along the bore on discharge  [Fig.   1(a)],    A modification 
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I - l 
j of this"type of shell -was filled with lead bullets either mixed with or 

| separated by a sheet steel diaphragm from a bursting charge.-' The 

| " Dreyse needle gun, introduced in the Prussian army in 181|8, had a wooden 

» block sabot that supported the bullet in the bore but fell off soon 

I after leaving the muzzle. During the American Civil War and the Prussian- 

s Austrian War of the 1860's, sabot-projectiles were in use. These appar- 

! ently were intended to make possible the use in rifled guns of ball or 
I - 2/ | other shot designed for smoothbore cannon. Bannerman's catalog-' for 

| January 1933 advertises a"l2-pdr. smoothbore cannon shell fitted to sabot 

; [Fig. 1(b)], a 6-in. Civil War parrot solid shot with large copper disk „ 

! sabot [Fig. 1(c)] and a 6-pdr. shell with wood sabot. 
I ~ 
\ During the first World War the French attempted the use of a 37-mm 

j shell in their 75-mm gun, but with little success. The lack of success 

j is not surprising, since the combination is essentially unstable. This 
* 
« projectile involved a cup-type sabot and depended upon centrifugal force 

j ' '           for separation [Fig. 1(d)]. Kent reported unfavorably on the subcaliber 

J projectile in 19lj2, basing his conclusions on the French 75-37 mm com- 

\ V"           bination.-' It appears that the French continued experimentation with 

j the subcaliber projectile, as an article in the Wehrtechnische Monatshefte 

\ ..            for March 19h2 describes a 75-58 mm combination: "After leaving the 

5 muzzle the supporting cage spreads apart because of centrifugal force, 

j thus releasing the shell, and then is left behind with the sabot because 

j of high wind resistance." 

• h/  •                      • • { S.  J. Zaroodny in avrecent report-'   discusses experjmerits with ä 

j subcaliber projectile that depends oh centrifugal force and wind 

I 1/   See "Ammunition," Encyclopedia Britannica, ed.  11. 1 — ———————_—_——— 
j 2/   Francis Bannerman Sons, 501 Broadway, New York, N.Y. 

j 3/   R.  H. Kent, "The performance of subcaliber projectiles compared 
' with that of conventional types," Aberdeen Proving Ground Ballistic Res. 
j . Lab. Rept. No.  265, Jan.  9, 19h2 (confidential). 
1 h/   S.  J. Zaroodny, "Experimental subcaliber AP projectile for the 
j • 37-mm Aircraft Gun,Ml4," Aberdeen Proving Ground Ballistic Res. Lab. 
j * Rept.  No.  323,  Jan.  8, 19ii3  (secret). 
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i resistance for separation.    In this report he lists a number of patents   . •                  •' - \ 

;' on subcaliber projectiles.    In looking over patents on this subject one { 

i cannot help but be impressed by the bizarre designs.    Although detailed I 
j « 
1 specifications are in general lacking, the illustrations show a complete "i . 

\ disregard for the principles of interior and exterior ballistics.    In                                     . i 

j Patent No.  1 368 05>7, two projectiles using cup-type sabots are shown. [ 

• The projectiles have such a large length-to-diameter ratio that they j 

"appear to be unstable.    In one modification the release is effected by | 

f wind pressure [Fig.   1(e)].    In the other, it is aided by a time fuze, « 

! •                            po-wder chain and explosive designed to shatter the sabot.    Patent No. f 

22I47 £63 covers a teardrop   projectile with a cup-type sabot in the 

form of a web [Fig.   1(f)].    One would anticipate failure in the gun. 

by the strength of the gun barrel as the projectile moves along the 

CONFIDENTIAL 

t i It is not surprising that many of these designs have aroused scepticism. g 
« i 
5 It is hoped that the present report will demonstrate that sabot-projec- 5 

i tiles can be designed which have real and important tactical advantages. i-. 

1 
j 3«    Purpose of sabot-projectiles . •                    • t 

i                                               The purpose of the modern säbot-projectile, as well as of the £ 
* \ r 

i arrowhead and tapered-bore types just mentioned, is through reduction *' i                       } 
I          • 1 
i of projectile mass to attain higher useful muzzle velocities than are \ 
I i 

\ attainable with conventional projectiles fired from conventional guns. -                       f 

1 The niere attainment of high velocity is not particularly difficult, [ 

j „      but high velocity alone is of no practical value. It is necessary s 

: that the projectile also have such useful characteristics as a high \ 

\ ballistic coefficient, satisfactory armor penetration, satisfactory • 
I i 
\ stability, and ease of manufacture. In the attainment of these fea- '- 

| tures is found the principal interest and importance of the problem. J 

t U. Relation between projectile mass and attainable velocity 1 
 . .„,...,,,.,...wi . _— j 

) i 
'                                           Figure 2 is a .typical ballistic drawing in which the ordinates [ 
j are pressures and the abscissas are distances of the projectile from r 
1 J 
i the starting point, measured along the bore of the gun.    The ordi- *                          jj 

] nates of line A represent theoretical limiting pressures determined , - ^                     f 
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bore. The ordinates of curve B represent pressures produced in the 

burning of an actual powder charge as the projectile moves along the 

bore. For the purpose of this analysis these pressures are considered 

to be measured by a series of pressure gages distributed along the 

barrel, each gage being read just an instant after the projectile has 

passed it. The ratio of an ordinate of A to the corresponding Ordi- 

nate of B is the factor of safety. Let the equation P-P(x) express 

the pressure P as a function of the displacement x of the projectile 

from the starting point in curve B. If a bore of uniform cross sec- 

tion Hcis assumed, we have for the muzzle energy E, 

E =nH. / P(x) dx, (1) 
C  JO 

where L is the distance traveled by the projectile base from the rest 

position to the muzzle, and n is a factor introduced to take care of 

the loss of energy in friction.    The propulsive effect of the muzzle 

blast, after the projectile has emerged from the muzzle, is ignored. 

Equation (1) is, of course, a statement of the fact that the 

muzzle energy is equal to H0 times the area under curve B. 

Now, the muzzle energy E must appear as kinetic energy of the 

projectile.    If MQ is the mass of projectile,  or, in the case of a 

sabot-projectile, the mass of projectile plus sabot, and vQ is the 

muzzle velocity and if we neglect the small kinetic energy of spin, 

we have, 

i . 

E * hinT%,    or v_ - \/2E/SÄ o • (2) 

If we wish to preserve the factors of safety in a given gun the 

function P(x) will be kept unchanged.    Then, if we assume that n is 

a constant, Eq.   (2) tells us that the muzzle velocity will be in- 

versely proportional to the square root of the mass M0 of the projec- 

tile.    The factor n is, of course, not strictly constant since the 

rotating band and the rotating band support are likely to be varied 

from one sabot design to another, but the variations are not likely 

to result in more than a few percent variation in muzzle velocity. 

CONFIDENTIAL 
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I t We are assuming, too, that propellants are available that -will 

{ provide the same function P(x) with various projectile masses.    In 

| general, this is possible to a fair degree of approximation.    In any 

! event, Eq.   (2) describes an upper limit of velocities attainable with 

] various projectile masses and a given gun. 

I The line AA in Fig. 3 is the graph of Eq.   (2) for a $7-mm gun, 

I tlk VII, with both velocity and mass plotted to logarithmic scales, using 

| the muzzle energy obtained with the standard charge.    The points plotted 

; represent velocities experimentally observed for a wide range of projec- 

I tile masses in this gun.    Experimental points that fall below the line AA 

i indicate powder charges that were not quite adjusted to give the stand- 

I ard muzzle energy.    The few points that fall above line AA indicate pow- 

j der charges that gave muzzle energies exceeding the standard, probably 

: with some reduction of the safety factor in the gun barrel. 
* 
'• Applying Eq.   (2), expressed in the form, 
i 

j v0 = K/vt; , (3) 

• ' / to the illustrative case of the 73>-mm gun which normally gives a 1iu 9-lb 

s projectile a muzzle velocity of 2000 ft/sec, we have listed in Table I 

: the velocities for various projectile masses. 

l Table I.    Projectile velocities attainable in the 75>-mm gun for 
j projectiles of various masses. 

j M0  (lb) 

5                                                  vQ (ft/sec) 
<r   

1U.9 10 8.5 7 5 2 1 

2000        2Uh0        2650        2920        3h£0        5h60        7720 

I 5»    Comparison of sabot-projectile with other types J 

f It appears from Table I that with a given gun we may attain muzzle [ 

{ velocities of almost any magnitude by constructing a projectile of the f 

j . proper mass and choosing the proper powder to go with it.    In some of t 

i the early experimental work,  intended to check Eq.   (3)> ring or "bis- * 

| . cuit cutter" projectiles were used, as shown in Fig. U.      According j 
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to our definition, they are sabot-projectiles: because of differential 
air resistance the base B falls behind the ring A soon after leaving 

the muzzle.    Their only merit lies in the small total mass and the 

high stability of the ring.    In other experiments, reduction of mass 

was effected simply by shortening the projectile, which resulted in 

a fair stability but a low ballistic coefficient. 

Projectiles of these two types are of no practical value, of 

course, but the same considerations have led to the design of the so- 

called "arrowhead11 projectiles in which the over-all proportions of 

the projectile are more or less conventional, but the mass is reduced 

by removing metal from various portions,  sometimes replacing it by 

materials of smaller density. 

If a high muzzle velocity for firing at very short range were the 

only desideratum the arrowhead type would probably be chosen as being 
simpler in construction than the sabot type.    However, the ballistic 

coefficient of the arrowhead projectile is inevitably unfavorable, 

particularly if the mass is made much smaller than that of the conven- 

tional projectile of the same caliber.    In the sabot-projectile the 

ballistic coefficient of the projectile proper may be made as high as 

in any projectile of the same mass. 

It might be argued that the arrowhead projectile has an advantage 

in that no mass is discarded at the muzzle, and so the projectile con- 

tinues to carry full muzzle energy.    However, it will be found that 

for anything above the shortest ranges the sabot-projectile will still 

arrive at the target with greater kinetic energy than will the com- 

parable arrowhead projectile, owing to the low ballistic coefficient 

of the latter.    Even at short ranges the higher energy of the arrow- 

head projectile does not necessarily make it more effective, because 

of difficulties met in making all of its mass effective in armor pene- 

tration. 

* S 

I 

I 
! 

i . 

In comparison with the arrowhead projectile it seems evident that 

the sabot-projectile should be given careful consideration for prac- 

tically all applications. 
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Stability considerations place limitations upon the proportions of 

sabot-projectiles, and Chapter II will be devoted to this matter.    Final 

choice between the arrowhead and sabot-projectile will depend on a. num- 

ber of factor? — mass of projectile, rifling pitch, desired penetration, 

desired ballistic coefficient, tactical use of projectile, and so.forth. 

Detailed discussion of these various matters will be given later. 

Comparisons will now be made with the tapered-bore method of attain- 

ing high velocity.    Both sabot and arrowhead projectiles attain high 

velocities without the use of a special gun.    If there is a tactical ad- 

vantage in being able to fire several types of projectile from the same 

gun, the sabot or arrowhead projectile is to be preferred. 

The tapered-bore projectile does not discard any of its mass or 

kinetic energy at the muzzle, and with its good ballistic coefficient 

may thus have some advantage over the sabot-projectile.    However, with 

the tapered-bore projectile, as with the arrowhead, there is difficulty 

in making all of the mass effective in armor penetration. 

Since the area of a tapered -bore varies with the distance x along 

the bore> the factor H0 in Eq.   (1) is no longer a constant, but is a 

function of x, that is, 

H = H(x),    where    H(o) = HQ. 

Equation (1) then becomes 

(U) 

E = *t      H(x) P(x)dx. 
JO 

(*) 

Since H(x) diminishes with x, and P(x) is the same as in Eq.   (1), the 

muzzle energy in the tapered-bore case of Eq.   (£) is less than in the 

uniform-bore case of Eq.   (1).    Of course, if the tapering is confined 

to a relatively short length near the muzzle the difference may not be 

very large, a fact recognized by the designers of tapered-bore guns. 

In general, however, it may be said that the attainment of a given high 

velocity with given projectile mass, bore length and breech diameter, 

will require a somewhat higher pressure in the tapered-bore gun than 
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in the uniform-bore gun, and consequently will require ä somewhat 

stronger gun. 

It may well happen that the factor of gun erosion must be ulti- 
mately taken into consideration in choosing between the tapered-bore 

and the uniform-bore gun with sub-weight projectiles.    It is under- 

stood that in early tapered-bore guns erosion was a serious problem. 

It seems probable that it is not so serious in guns of the Little John 

type. 

In the case of sub-weight projectiles it seems that erosion in 

a given gun may be less than when the standard projectile is used, at 

least for a given type of propellant.    This results from the fact that 

the hot gases are in contact with the bore for a shorter length of 

time with the sub-weight projectile.    It lias been informally reported 

that this is borne out in British experience with sabot-projectiles. 

6.    Classification of sabot-projectiles 

Sabot-projectiles fall into two general classes: 

ber types, and (ii)  subcaliber types. 

(i) full-cali- 

The full-caliber types seem at the moment to be principally of 

academic or historical interest.    The "biscuit cutter"  (Fig. k) is an 

example.    In some of the early types, mentioned in Sec. 2, the pro- 

jectile was of full caliber and the primary function of the sabot seems 

to have been either to impart spin to the projectile or to effect a gas 

seal. 

•.> 

The subcaliber types fall into two main groups, which are each 

subdivided into a number of types as shown in the following outline. 

I. Cup-type sabot-projectiles. 

a. Deep-cup types: 
1. Full cup [see Figs.  5(a), 5(b) and 7(a)3; 
2. Ventilated cup [see Fig. 5(cJ], 

b. Shallow-cup, or disk, types: 

1. Solid disk [see Figs. 6 and 7(b)J; 
2. Ventilated disk  [see Figs.  6 and 7(c)]. 
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II.   Ring-type sabot-projectiles. 

a. Cantilever type (see Figs. 8 and 9)i 

b. 'Thread-or groove-anchored type (see Figs.  11, 12, 13 
and 1li). 

Each of the subcaliber types may be further classified (with the . 

exception of the deep-cup sabots) into two subtypes depending on whether 

a separate ring bourrelet or a sleeve bourrelet is used. The deep-cup 

type, in general, acts as its own bourrelet. Figure 9 shows several 

cantilever types, both ring and sleeve bourrelets being represented. 

i 
i 
t 
i 

7.    Design requirements 

In the chapters that follow, various considerations relating to 

the practical design of sabot-projectiles will be discussed.    A success- 

ful design must meet four requirements if it is to emerge from the gun 

with the desired high velocity and begin its flight without excessive 
yaw.    They are: 

(i)    Neither sabot nor projectile may fail under the stresses 
encountered in the gun. 

(ii)    Full spin must be transmitted from the sabot to the projec- 
tile-, unless stability is to be provided by means other 
than spin. 

(iii)    The sabot must release quickly and without materially dis- 
turbing the flight of the projectile. 

(iv)    The sabot must provide a satisfactory gas seal while in- the 
gun. 

In addition to these conditions, if the projectile proper is to 

perform a useful function it must have the following characteristics: 

(v)    Stability in flight. 

(vi)    Satisfactory ballistic coefficient. 
(vii)    Capability of penetrating armor or inflicting other damage 

at the end of its- flight. 

Chapters II and III will be concerned with conditions  (i) to (iv) 

while Chapters IV, V and VI will deal with conditions  (v) to  (vii). 

In addition to the foregoing fundamental requirements various prac- 

tical requirements will arise, such as: 
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(i) The parts must be firmly held together to vrithstand rough 
handling. 

(ii) Means must be provided for mounting in the powder case, if 
fixed ammunition is required. 

(iii) Materials used must be mechanically stable under antici- 
pated variations of temperature and humidity. 

«_ 

II.    DESIGN CONSIDERATIONS:  STRESS ANALYSES 

This chapter is concerned mainly -with the design of sabots and 

projectiles of sufficient strength to stand up under the forces en- 

countered in the bore of the gun.    It Twill be necessary also to con- 

sider the stress aspects of release mechanisms, the transmission of 

spin, and the maintenance of the gas seal. 

Since the stress analysis is essentially the same for many varia- 

tions of certain types of sabot, it -will be sufficient to consider in 

detail the analysis for five generalized sabot types. 

8.    The deep-cup sabot 

This type is considered first because of its simplicity and his- 

torical interest.    The general type is shown in Fig. J? and Fig.  7(a) 

is a photograph of a model designed for the 20,-^nm Hispano-Suiza cannon. 

Let Ms be the mass of the sabot in pounds; M  . "the mass of the subcali- 

ber projectile in pounds; D , the diameter .of the subcaliber projectile 

in inches; D , the diameter of the sabot (or caliber of the gun) in 

inches; \, the total length of the sabot in inches; Lg, the length of 

the sabot to the rear of the projectile in inches;, and P, the maximum 

powder pressure encountered in the gun barrel, in pounds per square 

inch. 

The total maximum force acting on the base of the sabot is ?ffPD| lb. 

The acceleration of the projectile plus sabot,  expressed in terms of g, 

the acceleration due to gravity, will be given by a= |rrPD|/(Ms+Mp).    The 

force F   that must act on the subcaliber projectile to give it an accel- 

eration a is given by F   = aM    lb, where a is expressed in terms of g. 
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This force must be supplied by the sabot pushing against the base of 

the projectile. Hence the average ccmpressive stress SQ over the 

contact area in both the sabot and projectile is given by 

F„ 
S - _£- = P -I 

Di  Mv 

^ ^p **S+Mp 
lb/in? 

This figure for the ccmpressive stress is probably lower than the 

stress that actually exists around the edge of the projectile base, 

because of the stress concentration around the re-entrant corner of 

the sabot.    Hence, a reasonable safety factor must be allowed.    Ex- 

perience has shown that a safety factor of 2 is adequate. 

The force tending to shear out the base of the sabot is given 

by 

4TTD|P 
Mv 

+ M. 
- ITTI^P = JTTP 

M. 

Ms + Mp g        P 
lb. 

_   s     -p_ 

Hence the shearing stress Sg acting on the sabot around the edge of 

the projectile is given by 
r   Mr 

P 
Ss " 

HgJ-Mp Ej-1^ 

^  p s 
— lb/in? 

Here again an adequate safety factor should be allowed, say 1.5.    If 

Y_ is the ccmpressive yield point of the weaker of the materials used 

in the sabot and projectile, and if, Ys is the yield point in shear 

of the sabot material, then adequate strength in this type sabot re- 

quires that 

Y   £2P-* 2__ (6) 

and 
1.5P 

Ys^ 

Mv 

Ms + g     p 

UDpLs 
(7) 

Let us now consider the transmission of spin from the sabot to 

the projectile. Although in a cup-type sabot it is always possible 

to key the sabot to the projectile,- and.thus to. insure adequate-torque 
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transmission, we shall consider the possibility of the torque being 

transmitted solely by friction between the sabot and projectile.    If 

rg (in.) is the radius of the bore of the gun, n is the rifling, pitch 

in calibers per turn, Ft  (lb) is the tangential force required to spin 

the projectile -when applied at a distance r2  (in.) from the axis,  '    "'' 

A (lb in?) is the moment of inertia of the projectile, and a is the 

longitudinal acceleration of the projectile in units of £, then it fol- 

' lows that 

F.J. • aAn/nrgr. a* 

This force must be supplied by the friction between the sabot and pro- 

jectile, which enables us to specify a minimum allowable value for the 

coefficient of friction between these surfaces. Since the total normal 

force between the sabot and projectile is given by Fp-|T»D^Mp/(Ms 
+Mp), 

the tangential force that this will produce is given by F£= fFp, where 

f is the coefficient of friction between the sabot and projectile. If 

the projectile is to spin, we must have F£ > Ft, whence 

aAw. TfA fcirEPP     M_ + M_ 
f £- 

nr gr2Fp 
nrgr2 Ms +Mp i*J£ Hip 

I 
I 
t 
*. 

t 
• r 

i 
i 
i 
« 

or 

f £ TtA/nrgTg Mp. (8) 

If we assume uniform stress over the base of the projectile, r2 

can .be taken as Dp/3 for the cup-type sabot. If we further take 

A«WIpD?, Eq. (8) becomes 

3 x 2trkM 1^    6rrk   LV 
f S      „ ^f P = —• |f • (8a) 

*p n     Dg nDgDpMj 

Taking, for example, Dp/Dg«0.76 (57~mm in 75-mnr), n- Z$ and k- 0.1U 

(given by Hayes-' as applying to the average projectile), we obtain 

from Eq.  (8a), f S 0.08.    If, for the materials concerned, f £ 0.08, 

friction alone will suffice for torque transmission. 

£/   Hayes, Elements of ordnance  (Wiley,  1938). 
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For most materials and most practicable ratios of L /L , the 

metal-to-metal friction is sufficient.    In those cases -where it is 

not, the coefficient of friction can be- increased to the required 

value by knurling the base of the projectile.    Note that the expres- 
sion for f is not a function of the acceleration a, or of the powder 

pressure P(x).    This means that if the friötion is sufficient to spin 

the projectile at any point, along the travel in the gun, then for 

uniform pitch of rifling it is sufficient at every point. 

The release of cup-type sabots is axial — owing to the greater 

air retardation of the sabot than of the projectile.    Although quan- 

titative estimates of the forces developed in this process are at 

present impossible because of our lack of knowledge of the pressure 

distribution over the front of projectiles, experience has shown that 

this type of sabot is usually completely separated from the projec- 

tile at 90 ft from the muzzle. 

Unfortunately, it seems that this type of sabot can not be made 

to release without seriously disturbing the flight of the projectile. 

Every sabot of this type that we have tried has tumbled in flight. 

Other investigators have had the same experience, as far as has come 

to our attention.    The precise reason for this is not clear, and we 

make no attempt at explanation. 

If the seat of the projectile in the deep-cup sabot is tapered, 

this disturbance at release may be avoided.    This modification is 
shown in Fig. 5(b).    Models built along these lines have proved suc- 

cessful.    It is essential in this type of sabot that clearance be 

provided so that the bearing surface will be on the base of the pro- 

jectile and not on the conical surface.    This is required in order to 

avoid wedging the sabot and projectile firmly together during set- 

back.    The stress analysis for this type of sabot is exactly the 

same as that previously given for the cup-type sabot. 

In both these types, as v/ell as in all other types, it is de- 

sirable that the length L^. of the sabot be at least 1.3>Dg   to in- 

sure against excessive ballotment, with possibility of bourrelet 
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•failure in the gun, or excessive initial yaw.    However, many success- 

ful designs have been made in which L^ is as small as 0,°D , so the' 

point is not stressed. 

An important modification of the cup-type sabot is the ventilated 

cup type, illustrated schematically in Fig. 5>(c).   This allows part of 

the powder pressure to act directly on the base of the projectile. 

The sabot is generally lightened by this process, which is desirable, 

and the stress calculations are changed as follows. 

The force on the projectile required to produce an acceleration a 

is again F  =Mpa.    However, in this case, the powder pressure acting 

through the hole of diameter D0 contributes a force ^-trlJ^P, so that the 

net force that must be supplied by the sabot is given by 

F F M a - |nD^P - \T[V 
s     -p 

The ccmpressive stress S   is then given by 

M„ + M_    g        o 

Sc = hat - «) 
D3 M, D* 

(D3 - D3)    M    + M        Da - D2, K p        o>      s        p        p        o. 

The shearing stress Ss as before is given by 

MT 

'p+»8 
'DJ-!? S       ^Ph 

Using the appropriate safety factors as before, we have that the ccm- 

pressive and shearing yield points of the materials used must be 

YC>2P 
D3 TZ 

(»p - %)   Mp +MS      D3 -1% 

and 

1.5P 
. Y    >   S=SltDpLs 

Mv 

Mp +MS 
B|-Dp 

(?) 

(7) 

In this design, YQ is somewhat higher than before, Ys is the same, 

and the sabot has been materially lightened. 

t 
1 

i 
1 

The matter of torque transmission is approached as before, using 

the formula f £ aATr/nr~r2Fp , except that the net force F is used 
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instead of F_, and using r2 
S?(D0+ Dp) as a conservative value, 

result is 
The 

f >8irAD-/n(D0 + Dn)[MnD* - & P g MP)I§3. (9a) 

The sabot is released by the same mechanism as before, and as 

before it appears that only a tapered cup is capable of releasing the 

projectile without disturbing its flight. 

9. The, disk sabot 

The solid disk type, shown in Figs. 6 and 7(b) and (c) is dis- 

tinguished „from the cup type in that the bourrelet is a separate 

structure and may be weakened by two or more radial slots cut part 

way through the bourrelet.    The base plate is a solid disk, and may 

or may not be ventilated to allow the powder gases to act on the base 
of the projectile.    The release of the bourrelet is centrifugal, that 

is, the bourrelet bursts owing to the centrifugal stresses set up in 

rotation.    The base plate is lost since the retardation of the base 

plate is greater than that of the projectile.    It is usually de- 

sirable, to center the projectile with respect to the base plate by 

"recessing it slightly, say 0.1 in., into the base plate.    Of in- 

terest is the fact that though the base plate constitutes a shallow- 
cup, the sabot release characteristics now seem to be quite satis- 
factory. 

The stress calculations are the same as in the case of the cup- 

type sabots.    Equation (6) or Eq.   (9) holds for the compressive 

stresses, and Eq.   (7) holds for the shearing stresses.    However, in 

this case it may also be desirable to consider the tensile stresses 

occurring in the base plate owing to its bending.    This was not con- 

sidered in the case of the cup-type sabot since it is a somewhat 

more rigid structure than the flat plate.    Actually, the exact cal- 

culation of the beam stresses in a thick circular plate are beyond 

the scope of this paper, and the formulas given are fairly accurate 

only when the thickness is not greater than about \ of the least 
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transverse dimension.    As derived frcm formulas given by Roark,,—'  the 

maximum tensile stress S^. due to the bending of a solid circular plate 

loaded as in the gun is given by 

3Fr 

1      2nmL| 
(10) 

D /       Ir\ 
(m + Dloge5§ + i(mr 1)^1 -jf ) 

where Fp (lb) is the force with which the sabot presses on the base of 

the projectile, m is the reciprocal of Poisson's ratio and Lg, D and 

Dp are dimensions as indicated in Fig. 6. 

For the case of the ventilated base plate, the maximum tensile 

stress S^, as derived frcm Roark's—   formulas is, 
3P :• = 

*   «IfiClf-1?) 
D2 D      I^D3    D3 D2 

f (m+l)loge5S+-g3+T| (m-l)-^f (m + 3) (11) 

6/   Roark, Formulas for stresses and strains, (McGraw-Hill), Eq.11, 
P.  173. 

7/   Reference 6, Relation 16, p.   V?5>« 

Fig.   7.    Cup and disk sabots. 

(a) A deep-cup sabot by the side of its projectile.    This 
model xs designed for the 20-mm Hispano-Suiza cannon,  but as with 
all deep-cup sabots tested, does not prove successful in tests. 
After release the projectile seems always to tumble. 

(b) A disk sabot Model 2f?-7f?A.    In the center is a f?7-mm 
APC projectile, M86 as it would appear in flight.    On the right 
are all the parts in process of assembly.    The projectile is rest- 
ing on the disk: the plastic sleeve bourrelet is to be pressed 
down and attached to the disk by selfrrtapping screws.    On the left 
is the disk alone, recovered after being fired, showing the screws 
and the flaring of the base skirt, that, apparently results from 
the. impact of the muzzle blast.    The skirt is1 a means of mounting" 
the assembly in the 7f>-mm powder case as fixed ammunition.    This 
model performed fairly satisfactorily, 

(c) A top view of two disk sabots; the one on the left-be- 
fore firing, the one on the right after firing.    The projectile 
base is knurled to insure torque transmission and the right disk 
shows how this knurling is imprinted on the sabot.    The bending 
of the screws is interesting as indicating the direction of de- 
parture of the bourrelet segments at release. 
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where P(lb/in?) is the maximum powder pressure acting on the base pDsfce, 

m is the reciprocal of Poisson's ratio, and DQ, D_, Lg, are as indi- 

cated in Fig.  6. 

Actually, Eqs.   (10) and (11) give upper bounds on the stress in 

the plate due to bending, since they are derived with the outer edge 

assumed not restrained.    The gun barrel through friction undoubtedly 

offers some support to this edge, although the edge cannot be regard- 

ed as fixed.    Also, Eq.   (11) is derived on the assumption that the 

projectile reaction F    occurs along an edge of diameter D0, v/hereas 

actually it occurs over the area included between DQ and D , and this 

area is supported below somewhat by the powder pressure P.    The error 

may be large if D   is much larger than D0.    In such case, however, a 

solid disk is likely to be used. 

For a given material, the thicknesses Lg required to satisfy 

Eqs.   (10) and (11) are usually somewhat greater than those required 

to satisfy the shearing stress condition given by Eq.   (7) so that in 

this type of sabot the bending stresses rather than the shearing 

stresses ordinarily fix the thickness Ls. 

The condition for adequate torque transmission from the base 

plate to the projectile is given, as before, by Eq.   (8) or Eq.   (9a). 

Since in this model the release of the forward portion,  or 

bourrelet, is by failure of the material under centrifugal force, we 

must study the mechanism involved and provide an ample margin of cer- 

tainty for the release.    In general, it is necessary to weaken the 

bourrelet to insure its bursting, so let us suppose the bourrelet to 

be slotted radially with two or more slots, from the inside to with- 

in a distance d of the outside diameter.    If the length of the 

bourrelet is Lg (in.), the mass of the bourrelet is Mß(lb), the cen- 

trifugal acceleration at 1 in. from the axis is G (with acceleration 

of gravity as the unit, and the center of gravity of one half the 

bourrelet is R(in.) from the axis, then the force tending to burst 

the bourrelet is given by F  = jjfMgRG lb, which results in a tensile 
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stress in the bourrelet of S^ • 2dL~ ^^"^  This stress St must ex- 
8 

ceed the ultimate tensile strength -of the bourrelet material if the 

bourrelet is to burst. These relations can be expressed in terms of 

the muzzle velocity and in calibers per turn of the rifling as follows. 

Let the muzzle velocity be vQ (ft/sec), and let the calibers per 

turn of rifling be n. Then the muzzle spin S (rev/sec) will be given 

by S = vQ —i~, D- being in inches. The centrifugal acceleration per 

inch from the axis of the projectile is given by 

Un2   HJVof 
386.1* \nDg/ 

The distance R to the center of gravity of one half the bourrelet of 

radii r   and rg is given by 

R = 
r; 

3rrlr|-r| 

Expressed in terms of the diameters, this is 

2 
R - — 

'D§ " D| 
3ir   D2 - D? i  g       P, 

and the tensile stress in the bourrelet will be given by 

1      3tr \D| - D|/2dLB   VnDg/ 

As we noted before, this stress should exceed the ultimate tensile 

strength of the bourrelet material if the bourrelet is to burst. 

Some evidence has been recently obtained, however, which suggests 

that the bursting of the bourrelet may be less simple than implied in 

the foregoing analysis.    A number of samples in the 7^-57 nun combina- 

tion have' been fired with no weakening slots whatever in the plastic 
bourrelet.    Despite the fact that the tensile stress as computed from 

Eq.  (12) is only 1700 lb/in? the bourrelets have burst in very satis- 

factory fashion.    For the plastics used, the tensile strength should 

be of the order of $000 to 12 000 lb/in? in large samples.    There prob- 

ably are small regions within which the strength is considerably less 

than this. 

i 
t 
I 
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Various theories have been advanced to account for these results, 
but until further data are obtained they must be regarded as unex- 

plained, in general.    Factors that may possibly be involved are: local 

weakening of the plastic by inhcmogeneities of filler, and the likej 

local weakening at the rear of the bourrelet caused by the ccmpressive' 

stress carried during maximum acceleration; an increase of the periph- 

eral tensile stress resulting from the presence of longitudinal ccm- 

pressive stress while the projectile is very close to the muzzlej and 

inertial or vibration effects following emergence from the muzzle. 

Tests on a particular molded plastic from vtfiich bourrelets were mach- 

ined showed that the bourrelets had two planes of weakness 180° apart 

where the tensile strength was only about one third that given for 

this particular material. 

In Chap.  Ill will be found further discussion of the action in 

this kind of centrifugal release. 

The disk sabot has, in general,  given quite satisfactory results. 

Release has been attained without disturbance of the flight of the 

projectile, and the dispersion has been practically-the same as that 

obtained with standard ammunition. 

10.    The cantilever sabot 

This type of sabot is shown in Figs.  8 and 9.    Here the release 

is entirely centrifugal.    The bourrelet is slotted, as in the previous 

type, with two or more slots to within a distance d of the outside 

diameter.    Here we shall use the term "sabot proper" to designate the 

principal stress-carrying structure as distinguished from the bour- 

relet, which carries minor stresses and serves only to center the pro- 

jectile in the barrel.    The sabot proper is segmented into four or 

more sections, inserted into a deep groove in the projectile, and held 

together by the rotating band, which is shrunk over the sabot.    The 

stresses due to centrifugal force at the muzzle are sufficient to 

burst both bourrelet and rotating band, and the.projectile continues 

in flight alone.    The stress calculations follow for this type of 

projectile. 
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As always, the maximum acceleration a in the barrel is 

4TtPD|/(Ms + M ), -with the acceleration of gravity as the unit,    The 

force due to the powder pressure acting directly on the base of the 

projectile is given by Itrl&P lb, while the force required to give the 
P 

projectile of mass Mp an acceleration a is ^TrD_PM0/(Mg + M ) lb. 

Therefore the force with which the sabot must press on the projectile 

is given by 

M 
F = iirP 
p  * K«, + M m - T& lb. (13) 

This force is borne in compression by the annulus of radii §E0 and 

äDp, which has an area of ^(D? - E®),    Hence the average compressive 

stress on this shoulder due to the propulsive force is given by 

p        o 

M 

M    + M us      "lp 
g        P 

lb/in? 

In addition to the compressive stress just considered, the powder 

pressure acting on the exposed portion of each sabot segment will 

result in an overturning moment which must be resisted by the front 

and back faces of the groove, and by the pressure of the rotating band 

against the gun barrel.    If we assume no radial support from the gun 

barrel through the rotating band, we find that in many cases no rea- 

sonable dimensions will give permissible stresses at the faces of the 

groove.    In such cases we must therefore depend upon the assistance of 

radial forces from the barrel, and the section of the segment must be 

geometrically such that this support is effective^ 

Figure 10 is a cross section of an idealized cantilever segment 

in which the curvature of the cantilever anchorage is neglected,    If w 

is the number of segments in the design used, the load on the beam may 

be taken as F /w, applied at c.g., the center of gravity of the ex- 

posed area.    The overturning couple is Fp/c/w, where iG is determined 

in a manner to be discussed later.    Here we must then have fa - fb =FD/w. 

The overturning couple is balanced by the sum of two couples fr£a and 

fb^b-.    The precise points at which fr, fa and fb, may be considered to 

act depend upon the geometry of the segment and the clearances origin- 

ally present, but for simplification it is assumed that l^ e 2Lg/3. 
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Let us assume that the metal in the groove faces is stressed 

past the yield point, so that fb may be regarded as equal to Yc times 

the area effective in supplying fb  (which we will call X), and simi- 

larly far fa.    If A is the total area of one face of the groove, then 

fa     F_/w + fb     A - X     A - fb/Yc 

X ^K 
or. 

This gives 

wYcA - wfb = Fp + wfb. 

*h =4(YCA-F /w), (1W 

This analysis is somewhat conservative in most of its steps. 

The frictional forces at all points of contact are in such a direc- 

tion as to oppose the overturning, and the curvature of the groove 

serves to "make the cantilever anchorage stronger than assumed.    As a 

matter of fact, final approval of such a design must rest upon the 

results of actual tests, and the computations based upon the fore- 

going analysis are valuable principally as preliminary guides. 

Fig,  9.    Cantilever sabot-projectiles designed for the old 
Navy 6-pdr. deck gun, Mk VII.    All three performed quite satis- 
factorily. 

(a) A projectile with a segmented cantilever sabot assem- 
bled on it, the sleeve bourrelet being shown separately.    The 
bourrelet shows the radial saw cuts which weaken it to insure 
its bursting for release.    This particular sabot is of oak wood. 

(b) A cantilever sabot-projectile Model U8-!?7Aj assembled 
ready to fire.    The sleeve bourrelet in this case is of lami- 
nated phenolic plastic. 

(c) A variation using the same cantilever sabot but having 
a steel segmented ring bourrelet mounted in a groove on the 
forward part of the projectile.    The ring is held together by a 
shrunk-on copper band which breaks for centrifugal release.  The 
left view shows the projectile as it would appear in flight 
while the right view shows the complete assembly ready for fir- 
ing. 
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Fig. 9(a) 

Fig. 9(b) Fig. 9(c) 
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In actual designs, where there may be four or fewer segments, it 

is possible that the center of gravity (e.g. in Fig. 10), as computed 

from 

R = —-1 =1 =& ) sin - 
w 

3n\D|-rf w 

may actually be found inside the periphery of the projectile, where- 

upon, at first glance, the overturning moment will disappear. However, 

the depth Lc (Fig. 10) is rarely great enough to furnish sufficient 
s 

lateral stiffness to permit the full benefit of this effect. 

In the case of segments of large angle it should also be pointed 

out that the bearing stress will not be distributed uniformly in the 

peripheral direction along the rotating band, but will tend to be 

higher in the center of the segment than at its ends. 

Suppose that l±  is the distance from the base of the slot to the 

midpoint of the area X; then l± is given approximately by 

wA    F„ 

?i ~ UTTDC Wk' (15) 

If i. is the distance from the outside of the slot to the midpoint of 
J 

the area A-X, then  L is given by 

(A - Fb/Yc)w 

h- 2trL\. 
(16) 

We have also, ^b= H± + ty 

If the number of segments w is large, the position of the center 

of gravity of the exposed portion of each segment is given approxi- 

mately by 

3 VD| - DJ, 
(The approximation involved is that of substituting half the angle 

subtended by the segment for the sine of half the angle.) 

Knowing the position of this center of gravity, we can write an 

expression for |?c, namely, 
1 /D| -D*\  D 
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The equation for equilibrium is seen to be 

Fr> 2 

r"s (18) 
w    "     3 

since -we have assumed that /a=2Ls/3. We can solve this for fr, all 

the other quantities being known. 

The bearing stress on the rotating band due to fr must depend on 

the area of the rotating band that is effective in resisting the over- 

turning moment of the segment. This is unknown, but a value of the 

right order of magnitude may be obtained by assuming uniform pressure 

over half the length of the band, in which case the bearing' stress is 

Sb -2TT£/ITD V (19) 

As to the bearing stress S^ that may be permitted upon the rotat- 

ing band, we must be guided by experience.    For example, the cantilever 

sabot shown in Fig.  9(a) gives a bearing pressure of about 28f?00 lb/in? 

as computed from Eq.   (19).    Under this pressure there is appreciable 

erosion of the rear portion of the rotating band; but, nevertheless, 

the design has-been very satisfactory in performance. 

The powder pressure on the projectile base must be transmitted 

through the necked-in portion at the groove level.    With poy/der pres- 

sure P, and the mass of the part of the projectile back of the necked- 

in portion equal to Mn(lb), we have for the canpressive stress Sc    in 

the necked-in portion, 

c2 •afc-1! 
M n 

rs + Mp 

hwf^ 
(20) 

fb being taken frcm the analysis just given.    Equation (20) indicates 

a possibility that Sc   may be negative, representing a tension in the 

necked-in portion.    It is rather unlikely that such a condition will 

be met in practice, however. 

The average vertical shearing stress is borne over an area of 

TfLgD   so that the vertical shearing stress in this type of sabot is 
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given by 

Ss • 

2/ 

(_5L_ j£ . jf) lb/in? 
\M0 + If      g        7 ^  s p v s       p 

(21) 

According to Boyd,—'  the maximum shearing stress in a rectangular 

beam occurs along the neutral axis, and is li times the average ver- 

tical shearing stress.    Thus, if Is is the yield point in shear of 

the sabot material, we must have 

TrfjHh-D* - 3) lb/±n? <22> ^SE s"p MD    S   •    P/ 

It is now necessary to examine the bending stresses in the seg- 

ment, regarding it- as a radial beam.    The segment acts principally 

as a cantilever beam, though there is some support at the outer end 

due to friction against the gun barrel.    The maximum bending moment 

will be found at the edge of the groove and will have the value, 

If 
w 

1 

13 

D| - DP3 D, 
- f„ 

ll 
lb in. (23) 

where fr is determined by Eq.   (18) and the choice of the moment arm 

as -g-Lg is based on the assumption that the beam tends to turn about 

an axis |jLs from the bottom and that fr is applied -jLg from the bot- 

tom. '   The second term of Eq.   (23) is thus not known with much pre- 

cision, but- fortunately, it is usually small in comparison with the 

first term.    Then, if i(inr)   is the moment of inertia of the cross 

section of the beam with respect to its neutral axis and _c(in.) is 

the distance from the neutral axis to the outside edge, the maximum 

tensile stress in the beam is given by 

St - Mc/l lb/in? (21*) 

For a rectangular cantilever beam uniformly loaded, c^^-Lg; and, to 

a good approximation, I is given by 1= TT(DD+ Dg)Ls/2lfw. The maxi- 

mum tensile stress S|. that exists in the beam is then given by 

8/   Boyd, Strength of materials, p. 211. 
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substitution in Eq. (2I4) of these values for I and c, and of M frcm 

Eq'. (23). The stress S^ must be held below the tensile yield point 

of the material. 

Thus far 'we have considered the stresses as acting independently; 

in other words, we have tacitly assumed that if Ss is the shearing 

stress due to one set of forces at some point in the material, and   if 

S^ is the tensile stress at this point due to another set of forces 

independently considered, then the presence of Sg in no way affects 

the value of S^, and vice versa.    Actually, this is not the case. 

According to 3oyd-   if Sg is the maximun shearing stress, and S£ is 

the maximum tensile stress, resulting from the simultaneous applica- 

tion of Ss and S^, then 

- S; = 7SS
2 + (JSt)

2 and   S\ - |st + v^f + (|St)? 

In most beams Sg is a maximum when S^ = 0, and S^ is a maximum -when 

Ss»0. Hence Eqs. (21) and (2lj) will usually suffice also for s£ and 

Sg. An exception to be noted is the case when S^> 2Sg. In this case 

S^ is not zero when Ss is a maximum, hence Sg> Sg. 

The condition for torque transmission is in this case approximately 

that exhibited in Eq. (9a). Actually, the torque -will be transmitted 

with a value of f somewhat lower than that given by Eq. (9a), because 

of the wedging action in the groove, produced by the overturning moment. 

The release of the bourrelet and sabot is, as stated before, cen- 

trifugal. The discussion of the bursting of the bourrelet is exactly 

as given for the flat disk type sabot discussed just previously; that 

is, the ultimate tensile strength of the bourrelet material must be 

less than the tensile stress S^, where S^ is given by Eq. (12). 

The discussion of the release of the sabot is quite similar, and 

differs only because of the variation in density of the sabot and ro- 

tating band material» If the mass of the rotating band is Nt (lb), the 

t 
f 

9/   Reference 8, pp. 29^-298. 
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4:i6tance frcm the axis of the projectile to the center of gravity of 

on» half the rotating band is R^ (in.), and the centrifugal accelera- 

tion per inch fron the projectile axis is G (in units of acceleration 

of gravity), then the bursting force due to the rotating band alone 

is §M^BtG,     If the semi-^nnulus considered is thin, R^ is given by 

h £3i 
tr  2 

X 
The bursting force due to the segmented sabot under the rotating band 

is obtained by exactly the same analysis as -was used in obtaining 

Bq. (12). Hence the total force tending to burst the rotating band 

is given by 

II D (Dg - 2t)3- D3, 
[lb, 

3   L(Dg.-2t)2-D»Jj 

•where t (in.) is the thickness of the rotating band and MJJ is the mass 

of the segmented steel under the rotating band.    Thus the tensile 

stress in the rotating band will be given by 

(Dg - 2t)3~D( 

(Dg-2t)2-D* 1! lb/in?        (2$) 
,    ;    i   •• "   t:» <        fit      —,   v -t- i *-  —   i r- i i 

S "*-g# 

The ultimate tensile, strength of the material of the rotating 

band must be less than or equal to this S,. if the sabot is to burst. 

Quite often it happens at high velocities (of the order of I4OOO to 

5000 ft/sec) that the rotating band bursts of its own weight, so 

that it is not necessary to calculate the additional stress due to 

the weight of the sabot. 

It should be pointed out that, while in both Figs.  8 and 10 

and in the foregoing analysis it is assumed that the rotating band 

covers the entire length of the sabot, this may not always be the 

case and appropriate changes must be made in the formulas when this 

occurs. 

This type of sabot has been found to be very successful. The 

sabot gives practically no disturbance to the projectile as it re- 

leases, and the subsequent flight of the projectile is not disturbed. 
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11.    Threaded-base sabot 

The threaded-base type is shown schematically in Fig.  11(a), and 

photographs of two models are given in Figs.  12 and 13.    The princi- 

pal change from the cantilever sabot is that the sabot is now held to 

the projectile by threads, thus eliminating the deep groove in the 

projectile.    The sabot may be completely segmented radially into two 

or more segments held together by the rotating band, or it may be only 

partially segmented and held together by the uncut portion and the ro- 

tating band.    The bourrelet, as before, is slotted with two or more 

radial slots carried to a distance d from the outside diameter.    The 

release of both the sabot and bourrelet is centrifugal. 

The stress calculations for this type of projectile are as fol- 

lows. 

By exactly the same analysis as for the cantilever-type sabot 

(Sec. 10) the force with which the sabot must press on the projectile 

is given by 

Fp = inP 
M   + M„   e     P. 

lb. 
P        s 

If the projectile has T threads per inch, of thread depth h (in.), the 

ccmpressive stress on the thread faces is 

S° = ^LsDph 

M, 

JIp + Ms 

n2 - n2 
lb/in? 

If the weaker of the materials of the sabot and projectile has a 

ccmpressive yield point of Yc, we must have 

?c> liTLsDph 

Mr 

Mp + Ms 

n2 - D2 
Dg - Up lb/in? (26) 

If the yield point in shear of the sabot material is Ys, we must 

have  (remembering that the maximum shear is 1.5 times the average 

vertical shear), 

 E  D2 - D2 

P Is ^DJ^LM«, +Mn    § •Ws 
lb/in? (27) 
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A 3   1 

a-^S9l 

(a) 

€ 

(a) The assembled pro- 
jectile with sabot, ready to 
fire. 

(b) The projectile 
proper as received from the 
factory. 

(c) The projectile 
proper~with base threaded, as 
it would appear in flight. 

• 4.-fig*„lf* Threaded-base sabot Kodel 23-7<D for the 57-• Avr 
jectile, M86 in the 7^m  gun. A very successful LTJ7• A?° pro- 
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This neglects any flats at the crest or base of the thread, and assumes 

the entire length Lg to be threaded.    If only a portion of Ls" is 

threaded, the length of the threaded portion should be used instead of 

Lg in Eqs.   (26) and (27).    Appropriate safety factors in steel have 

been found to be 1.5 for both compression and shear. 

Equations (26) and (27) represent the conditions for a fully 

meshed thread.    If, however, for some reason the threads become par- 

tially disengaged, as in Fig.  11(b), the situation is as follows. 

Suppose the threads are meshed for a fraction k^ of their depth, 

so that the depth effective to take canpressive stresses is hk^ in- 

stead of h.    Then Eq,   (26) becomes 

p      rjk 
\> Jf - D2 

UTLgDphktLMs +Mp    6        P. 
lb/in? (28) 

Also, the thickness per thread effective for shear stresses is k-^/T 

instead of 1/T.    Hence Eq.   (27) becomes 

1.5P 
*s> UDpLgkfc L«8   + MP 

Di ^p lb/: irn (29) 

Each thread is also loaded as a cantilever beam, and stresses 

due to the bending must be considered.    To a good approximation, the 

load on the cantilever beam thus formed is a point load at a distance 

h- ghk^ from the base.    The maximum tensile stress due to the bending 

is given by S^ = Mc/l, -where these symbols have been defined in Sec.  10, 

the discussion of the cantilever sabot.    Here c=l/2T (in.), 

Mr, 
irrP 

Ms - Mp 

D3 - D8 

g        P 
[h - |hk+j, 

and I, the moment of inertia of the section at the base of the thread,. 

Consequently we may write, 

3TP 

is TfDpLs/l2T2 

2L
=Dr, s p Ms + 

D| - E{ [h - ihkt] lb/in? (30) 

The yield point in tension of the sabot material must be greater 

than or equal to St as given by Eq.   (30).    In practice, kt usually 
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exceeds 3/U> and a "value of k^ = 2 probably gives an adequate safety \ 
factor. It should be kept in mind that near the muzzle the centraf- \ 
ugal force may spread the sabot closing up any clearance between the J 

lands and sabot and partially disengaging the threads. When this -[ 

occurs, P is small of course. A more serious effect lies in the ) 

tendency of the completely segmented sabot of this type to overturn s 

under powder pressure. Here the rear portion of the thread becomes | 

partially disengaged at a time when P is large. The design should j 

be such that this effect is geometrically limited, and a proper j 

safety factor should be provided in accord with Eqs. (28), (29) and «_ 

(30). The type with an unsegmented rear section is free from this J 

overturning pendency if the unsegmented section is of sufficient * 

strength. t 
p 

Tflhile the foregoing discussion of thread strengths probably t 

approximated the truth, we have found that experimental testing of \ 

the various threads is the surest and quickest way to determine _,                  | 

their strength.    Thus it has been found (at least in seme materials) ' * 

that the number of threads per inch has an important effect on the - .                  \ 

strength of the thread, although according to our simple theory ( 

this should not enter.     [In Eq.   (26) the product of T and h is a j 

constant equal to 0.6U95 for U.S.  standard threads.] 5 
r 

The condition for torque transmission is given as previously \ 

by f > aTfA/nrargFp,   where now ra * i^p, and Fp is given by r 

and as before a= ^TfPD2/(Ms + M_).    Making these substitutions the j 

condition becomes '. 

f > UnADg/nDp [MpD| - (Ms + Mp) V% . 

This analysis holds exactly for buttress-type threads.    If the 

threads are of V form, the wedging action of the inclined surfaces 

tends to increase the force normal to the thread face, which allows ' $ 

even a smaller value for the coefficient of friction.    Another ! 

s 
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factor that has not been considered and one which pemits a smaller 

value of f is the fact that for a right-hand thread on the projectile' 

the sabot screws against a shoulder equal to the depth of the thread. 
In general, this type of sabot is quite free fron difficulty with 

torque transmission. 

The overturning tendency of the segments, particularly in the 
case of complete segmentation, must be resisted by bearing pressure 

on the rotating band as in the cantilever sabot.    The overturning 

moment becomes smaller as the number of segments decreases, since the 
center of pressure on each segment then moves farther in toward the 

axis of the projectile.    Indeed, for most usable ratios of projectile 
to gun diameter, if the number of segments is two, the  center of 

pressure is inside the edge,of the projectile and the segment cannot 
overturm    In many cases, however, the center of pressure will be out- 

side the edge of the projectile and ah overturning moment iti.il exist. 

If such is the case, it has been found in practice that if LS^D -D  , 

and the rotating bahd is weli back on the sabot, there is little 

likelihood of trouble. 

The release of the bourrelet is exactly the same in this case as 
in the two cases previously discussed, and Eq. (12) still applies for 

the tensile stress in the bourrelet. 

The bursting of the rotating band which holds the sabot together 

needs to be discussed for two cases.    These are when (i) the rotating 

band is centered over the center of gravity of the sabot, and (ii) 

the center of gravity of the rotating band is displaced forward or 

backward from the center of gravity of the sabot by a distance bxCin.). 

Consider first case (i).    Here the stresses are exactly the same as in 

the cantilever-type sabot, and Eq.   (2£) gives the bursting stress in 

the band. 

In case  (ii), the sabot will act as a lever and the bursting 

stress in the band vdll be larger than in case (i).    The stress in 

the band due to its own mass, [given by the first term in Eq.   (2$)] is 
111.71  /v„ \s .   „ 

ijTrtL^ VnD. 
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til - D2 

This produces a force Fg on the rotating band, given by 

-,3       ~3 , -, 
1U.71    /vn   \aT '•MeLD /D"-D"\] 

/   ° .)    MtDg +  JLS  (-i E) ib/in?    (32) 
/ 3(iL «-bjViJS-Dg/J 

st f- 
UTrtLtb\nDg. 

CONFIDENTIAL 

?                                  . The stress in the band due to the steel sabot is given by the ordi-                                                    » 

j nary relation for forces in a lever.    Thus the moment of a sabot-                                                       I 
i \ 
| segment about its base  (using a two-segment sabot for simplicity)                                                        { 
.» .      .       ,                                                                                                                                         i j is given by                                                                                                                                                                 ; 

| 1h.71Mg /v0 X
2p| - D* 

I 3tr      \nD 

Ls 5 
- lb in.     (31) 
2 j 

Fs =Mr/(*Ls-b1) j 

and the stress due to the steel sabot is S£• Fg/2L,,t lb/in? Thus % 

the total stress tending to burst the rotating band is' given by • 

The ultimate tensile strength of the rotating band S^ must be { 

less than S^. as given by Eq. (32). The foregoing analysis applies \ 
satisfactorily to the completely segmented type of sabot. It is • \ 

sometimes convenient, however, to segment the sabot only partially. V        { 

This not only serves to resist the tendency of the segments to I 

overturn, but also the unsegmented portion can be made to extend X 
3 

all the way across the rear face of the sabot to serve as a gas \ 

seal, eliminating the necessity of making closely fitted segments, r 

which is necessary in the completely segmented type. ; 
» 
V 

If the sabot is only partially segmented, the bursting tensile i 

stress is calculated as before, except that now the sabot must, in 5 

addition to furnishing the necessary moment to burst the rotating ; 

band,- also supply the moment necessary to break the uncut portion \ 

of the sabot. If the ultimate tensile strength of the sabot mate- \ 

rial is Sn,  then M f 5u^/°  is the moment required to break this un- f 

cut portion. Here 1 and c are as defined previously. Suppose, for [ 

example, the uncut portion of the sabot to be of thickness tc and | 

of rectangular cross section as shown in Fig. 11(c). Then, for ,              "        \ 

I 
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this particular case,.substituting the appropriate values for I and c, 

we have, 

Mu =Su(Dg " V*c/I21b in* 

The moment furnished by the sabot mass is Mr in Eq.   (31).    We must 

now have Mr> 2MU + 2My, My being the portion of the moment required to 

break the rotating band, and being given by 

^b^b* " 
111. 71 o 

nD„ *tDg [fLg-bJ lb in., 

where Stb is the ultimate tensile strength of the rotating band mate- 

rial, and the other quantities are as previously defined. 

T/Hhile the foregoing analysis has been carried out for a two-segment 

sabot, it will be found that exactly the same equations apply to a sabot 

of any number of segments. 

This type of sabot has given good results.    The sabot releases with 

very little disturbance of the projectile, and dispersions of from 1 to 

2 minutes of arc have been obtained <xi a target at 1000 yd. 

12•    The all-plastic sabot 

The all-plastic type is pictured in Fig.  lit and shown schematically 

in Fig.  1£.    It is essentially the same as the threaded-base sabot, ex- 

cept that the grooves (or threads)usually run a considerable distance 

along the projectile.    The release is centrifugal.    The sabot and bour- 

relet are of the same material (plastic) so that it is unnecessary to 

distinguish between them.    The rotating band is grooved (or threaded) 

on the lathe and is then molded (or screwed) onto the sabot.    The sabot 

itself is molded (or screwed) onto the projectile. 

The all-plastic type offers many advantages to the sabot designer. 

If the sabot is molded onto the projectile, the manufacturing problems 

are less difficult than for a machined "type.    The mass of the sabot can 

be made quite small thus allowing the attainment of higher velocities 

for a given projectile mass than with any other type of sabot.    Since 
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the sabot fragments are lighter, the range of these fragments is less 
than for corresponding steel fragments, and the danger from these 
fragments is correspondingly reduced.    On the debit side of the pic- 

ture appears the fact that the projectile must be altered (threaded 

or grooved) for a considerable portion of its length, -with perhaps 
unfavorable effects on its piercing characteristics and ballistic co- 
efficient.    Also,  (at least at the present state of development) occa- 

sional unexplained failures  (of the order of .l£ percent) of this sabot 

type occur in the gun, even for a design that ordinarily gives quite 
good results.    For want of a better explanation, these failures have 
been attributed to lack of uniformity in the plastic. 

Fig.  13.    Threaded-base sabot designed for the Navy 6-pdr. 
gun.    On the right is the assembled projectile, on the left is 
the assembly without the sleeve bourrelet, while the plastic 
bourrelet is shown in the center.    This design was not too suc- 
cessful in tests, probably due to low stability of the projectile 
proper.    It is to be pointed out that the sabot — completely 
segmented in this case — is not particularly well guarded geo- 
metrically against overturning.    However, through the conical rear 
portion, the powder pressure provides a moment resisting the over- 
turning, if there is no leakage of the powder gases into the 
threads.    This assumption is perhaps not too well justified. 

Fig.   Ik.    An all-plastic sabot designed for the Navy 6-pdr. 
and made by molding the plastic around the projectile,  ohe rotat- 
ing band being an insert in the mold.    Weakening of the bourrelet 
is obtained by   preformed plastic inserts secured before molding 
by staking in the longitudinal slots shown in the projectile. 
These projectiles, together with numerous other designs, have been 
fairly successful though it has so far been impossible to elimi- 
nate occasional failures  (see Sec,   12). 

(a) Left to right, the completed assembly, the projectile 
proper-before molding, a projectile recovered after firing, an in- 
side view of a segment of the plastic sabot removed from an un- 
used projectile,  one of the plastic fin inserts, and an inside 
view of a plastic segment recovered after firing. 

(b) Left to right, a base view of the complete assembly 
showing the plastic fins, a rotating band before molding, and an 
outside view of a segment recovered after firing. 
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Fig. 13 

Fig. llj(a) 

Fig. lU(b) 
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! 

The stress analysis for this type of sabot is essentially the same 

j as for the threaded-base, sabot.    It usually is not necessary to give » 
r 5 

\ •              attention to such matters aa-the overturning of the sabot segments in i 

: the gun, since these are much longer than the segments for the threaded- -I 

j base sabot. Another essential difference is due to the small modulus ) 

\ of elasticity of plastics (E is of the order of 10°- lb/in? for plastics, j 

| as compared to 30* 10° lb/in? for steel). This means that the strain I 

for a given stress is about 30 times as large for plastics as for steel. * 

j Hence the stress in the threads holding the sabot to the projectile is i 

f concentrated in the threads toward the base of the projectile, rather ! 
} r 
J than distributed over the entire length of the threads. The amount of | 

} this stress concentration is difficult to predict, but the use of a. \ 

safety factor of about 2 has resulted in successful designs of this type. J. 
! f 
f Since the plastic is exposed to the powder gases, the ccmpressive t 
! 3 

i strength of the plastic should be greater than P, the maximum powder ( 

' pressure, in order to avoid crushing at the rear of the  sabot.    For -' 
' S ! modern phenolic formaldehyde plastics, the ccmpressive strength is                                                      ' \ 

\ about I4OOOO lb/4n? while most modern guns have maximum pressures that \ 

\ are somewhat less than this.     (The pressures usually run from 30000 to j 

: 38OOO lb /in? although for the 20-mm Hispano-Suiza, for example, the f. 

maximum pressure is I48OOO lb/in? and for the 37-mm A.T.  gun it is • 

^0000 lb/in?). V 

i 
Attention also should be directed to the fact that most plastics \ 

(particularly the laminated type) are not isotropic. This must be con- j 

sidered in the sabot design, so that the high stresses are applied in \ 

the direction of maximum strength of the plastic. J 
I 

The condition for adequate torque transmission from the sabot to i 

the projectile is again given by Eq. (8), where r2 is equal to sB . | 
f 

In practical designs of all plastic sabots it has been found neces- * 
r 

sary to fill the longitudinal slots,  either by inserting plastic or 1 

metal slips,, or by closely fitting the segments and holding them to- 5 

gether with an over-all sleeve.    Otherwise, there is a tendency toward j 

relative motion between the segments during transmission of torque ? 

i 
1 
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which may result in failure in the gun.    Filling of the slots, at least 

for part of the length, is necessary, also, to effect the gas seal. 

The release of the sabot is centrifugal, and the stress analysis 

relevant to this matter is the same as that given for the threaded-base 

type (Sec.  11).    That is, the centrifugal force developed by the plas- 

tic sabot must be sufficient to burst the uncut portion of the sabot, 

and the sabot must also supply the extra force needed to burst'the,. > 

rotating band if it does not burst under its own weight. 

It should be mentioned that recently successful all-plastic sabots 

have been built without the weakening slots, even though the bursting 

tensile stress as calculated from Eq.   (12) is much below the supposed 

strength of the plastic.    The explanation of this ultimately will be 

found to be similar to that of the same effect encountered in the bour- 

relets described in Sec.   9 and cannot as yet be given. 

Except for the occasional unexplained failures previously noted 

(which are structural failures and occur in the gun) this type of sabot 

behaves very well.    The sabot segments are released with very little 

disturbance^ of the projectile, and the subsequent flight characteristics 

of the projectile are good. 

13-    Concluding remarks 

A simple analysis relating to the length of a column of a given 

material that can be fired at an acceleration a (.vith the acceleration 

of gravity as the unit) may be useful to the sabot designer.    Thus if 

the material considered is a cylinder of diameter D (in,), length L(in.), 

density ß(lb/in?) and if it has a ccmpressive yield point Yc (lb/in?) 

then we must have 

••U1    <Yc»    or   L/>a<V ^TTD
3 

if the base of the column is not to flow.    Frcm this relation we see 

that a column of length L can be given an acceleration a without flow- 

ing, where 

L < rc//oa. (33) 
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This is a limiting condition that is useful in projectile and sabot 

design, 

, Attention should be drawn to some unsuccessful attempts to use 

dural for sabots. This material naturally recommends itself to the 

sabot designer by its high strength-weight ratio. However, this high 

ratio is not maintained at elevated temperatures. Tests made at the . 

University of New Mexico show that (at least in sections up to the • 

order Of 0.12f> in. thickness) the shearing strength of dural exposed 

to the powder gases is only one-fourth the shearing strength it ex- 

hibits under static.loading at rocm temperature. The effect is pos- 

sibly due to two things: (i) ordinary heat conduction into the dural 

from the hot powder gases, and (ii) a thermitic type of'reaction be- 

tween the dural and the powder gases that apparently liberates large 

quantities of heat at the surface of the dural. If the dural is in- 

sulated from the powder gases, neither effect occurs, and successful 

insulated sabots of this type have been made. Also, if the dural is 

in massive sections it is probable that neither of these effects will 

materially weaken the sabot. 

In this connection it is only fair to point out that other de- 

signers, notably C. L. Critchfield,—'  have used dural with seme suc- 

cess even when it is exposed directly to the powder gases. 

No such anomalous results have been found for steel:'the strengths 

obtained in ordinary static tests seem to be quite applicable to sabot 

design. 

For plastics the situation is not so clear. Thread strengths in 

the gun seem to be at least as great as observed in static tests, and 

may be even slightly greater. The cempressive strengths given by the 

plastic manufacturers seem to be quite applicable to sabot design, but, 

as mentioned before, there is some doubt about the tensile strengths. 

The subject needs further investigation» 

10/ At the Geophysical Laboratory, C.I.W. See C. L. Critchfield 
and J. McG. Millar, Development of subcaliber projectiles for the 
Hispano-Suiza gun, NDRC Report A*-233 (OSRD No. 206?). 
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1U.    Summary 

While we have given examples of methods of stress calculation 

that apply to a number of sabot types, we have not attempted to cover 

the modifications necessary as design variations are met. It is in- 

tended, however, that the examples call attention to the types of 

stress calculation needed and that these serve more or less as pro- 

totypes. 

In view of the nature of the problem, it should be emphasized 

that no amount of theoretical work will give complete insurance that a 

particular sabot design will be successful. A considerable number of 

models should be built and gun-tested — with proper provision for 

safety of personnel and equipment. A considerable number of unexpected 

results — some favorable and some unfavorable — have occurred during 

the past'work on-the problem, and probably others mil occur in the 

future. 

III. DESIGN CONSIDERATIONS: THE CENTRIFUGAL RELEASE 

15. The ideal case 

In all the successful sabot types that we have described, part or 

all of the sabot is a sleeve around the cylindrical part of the pro- 

jectile. This is released and escapes from the projectile as a result 

of centrifugal force, tensile failure being produced in the sleeve 

material. In actual practice this centrifugal release may not be 

quite so simple as in the ideal case first to be considered, but it 

will be of interest to examine it, nevertheless. 

We are interested in the relative motion of projectile and re- 

leased sabot part. Figure 16(a) is a cross section of a projectile 

and one U5° sabot (or bourrelet) segment 5 the whole is to be imagined 

as initially spinning clockwise. The diameter ratio shown, Dp/Dg=0.76, 

corresponds to the 75-57 mm combination. The segment is imagined to 

be suddenly freed of all restraint at its position a. The segment 
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then moves through a sequence of positions labeled b, c, and so forth, 

these positions being determined by a simple graphical construction 
based upon movement of the center of gravity of the segment at a con- 

stant velocity along the tangent at the release position, and upon 
maintenance of a constant angular velocity of the segment about an 
axis through its center of gravity perpendicular to the paper. 

It is seen in this case that the segment loses contact with the 

projectile body immediately after release, and is not in contact with 
it at any later time.    This condition applies to all segment -widths up 

to 120° (for the ratio Dp/Dg« O.76), the 120° case being shown in 
Fig.   16(b). 

In Fig.  16(c) we have the same construction for the case of the 

180    segment.    In this drawing the motion shown is that which would 

occur if the projectile body were not present.    If the projectile is 

present this motion will be modified, of course, and the inside right- 

hand corner of the segment will press against the projectile for a 

short period with considerable force.    This is found to have occurred 

in threaded-base sabots of the type shown in Fig,  12(a), when the sabot 

has been partially segmented by only two saw cuts spaced 180° apart. 

The inside corner of recovered segments shows rounding and abrasion, 
the abrasion resulting frcm the relative angular motion between pro- 

jectile and segment which, as can be seen frcm Fig.  16(c), is quite 

likely to exist. 

To be sure, this lateral force on the projectile does not neces- 
sarily result in its deflection.    If the other segment is pressing 

symmetrically on the projectile, there will be no disturbance.    How- 

ever, because of the possible nonsimultaneity of breaking of the re- 

straints, this perfect symmetry may often be lacking, and it seems 

that the danger of disturbance will be greater for the 180° segments 

than for segments of U5° or 90? 

i 
i 

I 
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16. Practical considerations 

The preceding considerations, while academically interesting, 

are complicated in practice by possible nonsimultaneity of breaking 

at the weakened sections, by overturning effects due to the muzzle 

blast or lever action on uncut portions, by centrifugal distortion 

of the segment itself after release, by elastic rebounds, and so 

forth. 

Nonsimultaneity of release, for the Dp/Dg ratio just discussed, 

is not likely to result in flight disturbance as long as no unbroken 

segment persists appreciably whose angle is more than 120? 

In the case of, say, an eight-segment sabot, three or four seg- 

ments may tend to hang together for a short interval and they then 

may conceivably exert a lateral push on the projectile. However, 

owing to the spin of the unbroken section about its own center of 

gravity, there is a strong centrifugal force tending to straighten 

out such a string of segments and thus draw the interfering corner 

away from the projectile. 

In the case of the two-segment sabot, nonsimultaneity might be 

more serious. If the sabot breaks at only one point there probably 

will be a rather energetic lateral push. 

The nonsimultaneity difficulty can be minimized in any case by 

allowing in the design a considerable margin between the tensile 

strength and the breaking strength resulting from the centrifugal 

force. 

In the case of a 180° segment of steel, the centrifugal force 

due to its rotation about its own center of gravity after release, 

tends to straighten it out. In the l5~$7 mm case mentioned, .the ends 

of recovered segments are found to have opened out 1/8 in. or more. 

This effect probably tends to reduce the deflecting force on the 

projectile, but, from the markings on the segments, does not eliminate 

it entirely. 

1 
J 
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{ ." I 
i                       In the case of plastic bourrelets -without weakening slots, not ' 

}                    enough is known of the detailed sequence of events to permit adequate J 

;    •               discussion. The character of the breaks in recovered fragments of      ' -J 

i 

S=A¥/1)B^. (36) 

11/   Hayes, Elements of ordnance (Wiley, 1938), p.  hi 7- 

CONFIDENTIAL 

j the 7ü>-!?7 mm projectiles strongly suggests that, in some cases at 

least, the initial tensile failure gives two segments of approximately j 

180° each. Subsequently the centrifugal force breaks each of these f 

into three parts by a combination of bending and shearing stress. - j 

Whether or not there is a deflecting force on the projectile depends } 

on the time lapse between the original failure and the final subdivi- ? 

sion into six segments. The excellent performance attained suggests • 

that this time lapse is very small, or that excellent symmetry is \ 
} 

maintained. J. 
I 
t 
t 
i 
¥ 
r 

IV.    DESIGN CONSIDERATIONS! STABILITY I 
I 

17.    The stability factor * I 

11/ ' The fundamental condition for stability of a spinning body isi-1/ ( 
i 
» 

A2N2AB/«> 1, (3U) f 
J 
1 

where A is the moment of inertia with respect to the spin axis, B is s 

the moment of inertia with respect to a transverse axis through the } 
s 

center of gravity, N is the spin speed in radians per second, and £ : 
"" i 

is a proportionality factor such that the overturning moment M is j 

given by the equation, | 

M - /tsinS, (35) I 

where S is the angle of yaw.    The left-hand side of Eq.   (3l|) is called - ' 
- f 

the stability factor S, or j 
t 
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The quantities A and B are> of course,  constants for a given pro- 

jectile; while ju. depends upon velocity, air density and viscosity, as 

well as upon the'dimensions and mass distribution of the projectile 

and upon h in Eq.   (35) except possibly when h is very small.    A gen- 

eral theoretical approach to the stability problem is seen to be of 

considerable difficulty.    However, it is possible to determine S ex- 

perimentally by observation of the period of yaw, and after S is 

known for a given projectile with given velocity and spin, Eq.   (36) 

can be used to obtain S for any other spin at the same velocity. 

18.    Stability of subcaliber projectiles 

In general, sabot-projectiles are fired with lower spin than are 

similar projectiles fired frcm guns of their own caliber.    This makes 

the stability question one of critical importance, and places practi- 

cal limits upon the sabot-projectiles that can be fired from a parti- 

cular gun.    For example, most !?7-mm projectiles can be used with sabot 

in a 75-mm gun with satisfactory stability, but some 37-mm projectiles 

apparently cannot.    It is theoretically possible, of course to make a 

projectile of the mass of the 37-mm projectile that will be stable 

when fired from the 7f?-mm gun, but in most cases it will be at the ex- 

pense of the ballistic coefficient and penetration. 

We may gain a little more insight into the stability problem by 

the usual substitution in Eq.. (36) of N« 2l|Trv0/nDg and of the rela- 

tionli/ 

where v0(ft/sec) is the muzzle velocity, n is the number of calibers 

per turn of rifling of the gun, D   (in.) is the diameter of the pro- 

jectile, D   (in.) is the diameter of the gun bore, /»(lb/in?) is the 

density of air and 1^ is the moment coefficient.    We then have 

S - lUUir»AVBKm/>»BD|D3, (37) 

12/   Reference 11, p.  M2. 
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where S is the stability factor at the muzzle for a given projectile 

fired from any gun.    Since, in general, the stability increases along 

the trajectory, this equation is sufficient for a discussion of the 

stability problem.    Suppose we now set Kp* 1 kk TraAa/BpDp , which is 

constant for a given projectile in given air.    Then Eq.   (37) becomes 

1 5>. (38) 
«m    (nDg)a 

This, at first glance, indicates that S is independent of the veloc- 

ity.    However, it must be remembered that the moment coefficient 1^ 

varies with velocity, and in a different manner for different pro- 

jectiles.    Not much information appears to be available regarding K„j 

at the higher velocities, but judging from the trend for muzzle veloc- 

ities from 1100 to 2^00 ft/sec there is a tendency for 1^ to decrease 

with increasing velocity.    This means that we probably are on the con- 

servative side if we assume KL to be constant and use the value ob- 

tained for ordinary velocities. 

From Eq.   (38) we see, then, that the stability factor of a pro- 

jectile fired from different guns varies inversely as (nDg)3, nD 

being the length of one turn of the rifling (at the muzzle, in case 

of variable pitch). 

Let us take as an example the 57-mm APC    projectile, M86.    In 

its own gun with n=30 it has an estimated S of 1.68.    This projec- 

tile has been fitted with a sabot and fired from a 7^-mra gun, with 

n=2£.6.    From Eq.  (38) we may compute the new stability factor as 

SSl-68(2T?o^rfersl-33. 

Measurements carried out for this combination at the New Mexico Proving 

Ground & gave a stability factor of about. 1.31 at standard conditions, 

13/ "Stability of the 57-mm, M86 projectile saboted in the 7?-mm 
tank gun, M3.(t      Special Report under Contract OMsr-668, Oct.  26, 
19lj3, available in the files of Division 1, NDRC. 

CONFIDENTIAL 



CONFIDENTIAL -6k- 

which should be considered good agreement.    The ratio 1.33/1.68 is in 

this case a good approximation because the muzzle velocity in the 

£7-mm gun is about 27OO ft/sec as compared with 2800 ft/sec in the 

75-mm gun.    Accordingly, 1^ is very nearly the same in the two cases. 

Let us take as a second example the 37-mmAPC projectile, Mf>1 

for,-which, when fired from its own gun, the stability factor is given 

as 3.1, with n= 25.    Suppose we fit this projectile with a sabot in 

the same 75-mm gun.    We then have the new stability factor, 

25 x 37 \2 _ 
S = 3.1 |    =0.72. 

K2$. 6 x 75/ 

It appears that in this combination the- projectile is probably un- 

stable.    There is the possibility of a compensating change in 1^ in 

this case, however.    If the Mf>1 projectile  (weighing 1.9 lb) is used 

in a sabot giving a total mass of 2.7 lb, a velocity of 1J700 ft/sec 

is attainable, as compared to 2900 ft/sec in its own gun.    If 1^ at 

li700 ft/sec is less than 0.72 times its value at 2900 ft/sec, then 

we may have S> 1 and, the projectile vail be stable.    With present in- 

formation it is impossible to predict whether this, may be the case, 

and the conclusion must depend upon actual tests. 

Experience has indicated that values of S too near to 1 are not 

desirable for sabot-projectiles because of small unavoidable dis- 

turbance of the flight during the release of the sabot.    However, 

S'= 1.3 seems to be a fairly safe value. 

The result for the 37-mm projectile, M£1  does not necessarily 

mean,that no 37-mm .projectile can be used with sabot in the 75-mm 

gun.    In fact, the projectile need be modified only to the extent 

of giving it a value of S= $.\\ in its own gun for it to have a value 

of S«= 1.3 in the 75-mm gun.    A itO-mm projectile has been success- 

fully fired with sabot in the 7£-mm gun, though this was a solid 

shot of 3.2 calibers length that inherently has considerably higher 

stability than the 37-mm APG projectile, 'M51. 

For another discussion of the stability of subcaliber projec- 

tiles, together witn other matters,  the reader is    referred to a 
• 11 / 

report by (Jritchfield.—' 
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1°.    Nonspin stabilization 

It should here be brought out that sabot projectiles offer an 
excellent opportunity to make use of means other than pure spin for 
attainment of stability.    As far as is known, little advantage has 

yet been taken of this opportunity. 

I/hen fin stabilization is combined -with spin stabilization the 
fins should not be axial but should be placed on the projectile body 

at an angle corresponding to the angle of rifling in the gun.    In- 

terference of the fins with the spin should then be negligible,' at 

least in the early part of the flight.    There will be some inter- 

ference after the velocity has decreased, but there should be by then 

no difficulty in maintaining stability. 

It has been proposed also that stability be increased by use of 
a hollow tail extending to the rear of the projectile.    Critchfield—' 

has discussed this device and has concluded that little improvement 

in stability is to be expected.    However, the conclusion was based 

upon experimental results of H. P.  Hitchcock which indicated that for 

conventional projectile proportions the position of the center of 

, pressure is practically fixed with respect to the projectile head, 

and thus is independent of the length of the body.    However, it seems 

somewhat unlikely that this result can apply to a very great range of 

projectile lengths and further investigation seems indicated before 

the device is finally abandoned. 

These considerations suggest the ultimate possibility of attain- 

ing high velocity with a smoothbore gun, using sabot-projectiles. 

The design of sabots obviously will be much easier for such a gun 

than for a rifled gun, not to mention advantages inherent in the 

smoothbore gun itself. 

Also to be mentioned is the possibility that departure from con- 
ventional projeotile proportions-.nay lead to improvement in ballistic.'' 

Ik/   C. L.  Critchfield, Stability of subcaliber projectiles, 
NDRC Report A-88  (OSRD No.  87OJ, Sept.  191(2. 
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coefficient as well as improvement in stability.    A large fisld for 

research is open here, and it is hoped that facilities may be offered 

for its exploration. 

V.    EXTERIOR BALLISTICS OF SUBCALIBER PROJECTILES 

After the subcaliber projectile has discarded its sabot, its 

trajectory may be calculated by the usual methods, provided valid 

resistance data are available.    The present resistance tables have 

an experimental basis at velocities below hOOO ft/sec, but the entries 

above this velocity have been obtained by extrapolation.    Until the 

validity of such hypervelocity entries has been established by test 

firings,  seme uncertainty must always exist in regard to conclusions 

based on the use of the upper registers of the various resistance 

tables: and this fact must be borne in mind in appraising the value 
® 15/ of the discussion given in the present chapter.—'    However, on 

theoretical grounds there seems to be no reason to anticipate such 

anomalous behavior in the hypervelocity region as occurs in the neigh- 

borhood of the velocity of sound; and it therefore appears unlikely 

that errors of any considerable amount will result from use of the 

hypervelocity portions of the standard resistance tables. 

In some cases subcaliber projectiles will happen to have bal- 

listic coefficients somewhat lower than those of conventional pro- 

jectiles of the same over-all proportions, owing to the presence of 

threads or grooves incidental to the attachment of the sabots.    This 

effect should be slight, in general. 

20.    Simplifying assumptions 

In order to discuss subcaliber exterior ballistics with a minimum 

of complication, we shall nakc the following simplifying assumptions: 

1_5/   It has recently been learned that some experimental re- 
tardation data exist in the UUO0 to 5000 ft/sec range (O.B. Proc. 
No.  11388.    E.B.D. Report No.   11).    These data have not been re- 
ceived in time for consideration in this report, 
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(i)   Attention shall be restricted to ranges so short that the 
effect of the gravitational field on the motion of the sabot-projec- 
tile is negligible.     (In the discussion that follows approximate val- 
ues will be obtained for the ranges in which the vertical component 

of the motion of various sabot-shells, is negligible.) 

(ii)    If M(lb) is the weight of a projectile and D(in.) is its 
diameter, it is assumed that M= X« D?     (Such a relation with A * 0.6 
holds to a fair degree of approximation for a considerable range of 

AP projectiles.) 

(iii).   Let M   be the mass of a subcaliber projectile and M0 the 

mass of this projectile plus its sabot.    Then if D   is the diameter 
of the subcaliber projectile and D   is the diameter of the gun fron 
which it is fired, it is assumed that 

? 
i 
i 
t 

Mp/l.09(Dp/Dg) 0.93Mp(Dg/Dp). (39) 

This relation is an empirical* one that applies with a fair degree of 

approximation to a large number of sabot-projectiles designed at the 
-University of New Mexico. 

(iv) Let the subcaliber muzzle velocity be vp (ft/sec) and the 

standard full-caliber velocity be v (ft/sec). Then for all values 

of A we have  • 

vp - 1.0ilvg(Dg/Dp). (39a) 

This relation is Implied by our assumptions (ii) and (iii) and the 

constant muzzle energy condition expressed in Eq. (2) of Chapter I. 

(v) Attention is confined to the velocity range 13002vp^6000. 

21. Ballistic coefficient 

The ballistic coefficient C is defined by the relation 

C =M/iD3 (k0) 
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where i is the form factor, M(lb) is the weight and D(in.) is the diam- 

eter of the projectile.    In view of assumption (ii), Eq.   (I4O) implies 

C = *D/i. On) 

Hence, the ballistic coefficients Gx and C2 of two projectiles having 

the same form factors, i1=i2, and having diameters Bx and D2, respec- 

tively, satisfy the relation. 

Ci/C» a Di/Pa (U2) 

Subject to our assumptions then, the ballistic coefficient Cx of a sub- 

caliber projectile fired from a cannon of caliber D3 is always Dx/D^ 
times less than the ballistic coefficient C2  of a full-caliber shell 

with the same- form factor.    Since stability considerations prevent 
lengthening the subcaliber projectile in order to obtain a more favor- 

able   (that is, a smaller) form factor ix and may require a shortening 

and subsequent increase in ii, it follpws that C^ will always be less 

than C2 by a factor at most equal to the ratio Dx/Bj. 

22.    Distance-velocity relationships 

The Gavre table gives -Cdv/dt as a function of v, where v (ft/sec) 

is the velocity and t (sec) is the time.    Let -Cdv/dt* F(v)j then 

-Cdv/ds* F(v)/v, s(ft) being the displacement along the assumed recti- 

linear trajectory.    Let G(v) = F(v)/v; then G(v) is obtainable from the 

Gavre table—' by dividing each value of F(v) by the corresponding 

value of v.    Hence, it is possible to plot G(v) against vj and then to 

obtain by curver-fitting an approximate analytic expression for G(v) 

as a function of v.    Proceeding in this manner it is found that for 

v > 1300 ft/sec, 

G(v) - Av + B, (1*3) 

16/ Herrmann, Exterior ballistics,  1931?« U.Si Naval Inst.; 
Table I, p.  76. 
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where A =0.00009 and B=0.06.    Since the procedure  just outlined can be I 

! applied in the  case of resistance tables other than the classical Gavre * 
i j 
; table, we shall carry through the analysis that follows in terms of t 

general literal coefficients A, Bj and substitute the specific numerical 

values just mentioned only when we perform calculations based on the 

ted points  [G(v), V] determined by use of the Gavre table. 

v = v(s)  = 1 [G(6000).e-As/° - B], (Mia) 

from which s as a function of v is obtained in the form 

! Gavre table.    The straight-line graph corresponding to Eq.   (I4.3) with J 

I A =0.00009 and B=0.06 is exhibited in Fig.  17, together with the plot- | 

1 

Solution of the first-order, linear differential equation, Eq.   (1*3), « 

for v as a function of s gives j. 

v=-f + Ke-WC. m \ 

To evaluate the integration parameter K we assume that when s = 0, E 
t 

v = 6000. Whence K = 6000 + B/A and v as a function of s is given by 5 

-    /   s  _ C , GtöOOC, ,,,, N » = s(v)  -_ioge-5^r*-. .-— (UUb) j 

Our choice of initial conditions insures that the quantity s_ given I 
l 

by Eq.   (UUb) is the distance that a projectile with ballistic coeffi- f 

cient C, discharged from a hypothetical gun with muzzle velocity j 

6000 ft/sec, travels along a rectilinear trajectory T in the interval \ 

during which its velocity is reduced from 6000 ft/sec to a value v ; 

such that 1300 |vS 6000.    We shall refer to the point on T attained I 

by such a projectile as the point P(s).    Evidently if a projectile with j 

ballistic coefficient C is fired along T, in the direction of increas- • 

ing s and with an initial velocity v, from an actual gun situated at 
i 

the point P(s) on Tj then the actual trajectory followed by the pro- { 
— t 

jectile is identical with the subarc öf T beginning at the point P(s). '* 

Consequently to find the range As along the actual trajectory of the 5 
i 

projectile out to the point where its velocity has been reduced to a i 

t 
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value v+ Av<v, we need only substitute v+ Av for v in Eq.   (l^b) and 

then subtract s from the value s+ As supplied by this equation. 

23.    Dj.stance-time relationships 

Equation (Uja) also can be .employed to express t as a function 

of s,  for if we replace v in Eq,   (kha) by its value ds/dt, the result- 

ing differential equation ir s and t can be solved to give 

t + H --| s -|logev(s) 

where v(s) is the function defined in Eq.   (Ijlja).    To evaluate the in- 

tegration parameter H, we assume that when s = 0, t = 0j whence 

*-*«"§** f$-B- (1.5) 

Thus our choice of initial conditions is seen to imply that the time t 

given by Eq. (k$)  is the time required by a projectile with ballistic 

coefficient C, discharged from a hypothetical gun with a muzzle veloc- 

ity of 6000 ft/sec to attain a point on its rectilinear trajectory T, 

distant s_ feet from the gun muzzle. Since the fundamental equation, 

Eq. (Ijija), is valid only for velocities in the range 1300 to 6000 ft/sec, 

the derived relation, Eq. ihS) >  holds good only for values of s such 

that 1300 ^ v = 6000. If, now, a+ As> s is a value of s satisfying the 

condition just specified, then Eq. (k$)  gives 

t • At - t(s+ As) = § loge ^jj)- I (s • As). 

Hence, if a projectile with ballistic coefficient C is fired with an 

initial velocity v*v(s) — where 1300 5 v(s) 2 6000 — from an actual 

gun, the time required by the projectile to attain a point on its tra- 

jectory distant As feet from the gun muzzle is given by 

A+ « c 1 v(s)    A . 
At  B l0Se v.(s + As) - B As* (I16) 

At the range As, the velocity of the projectile will have dropped from 

v = v(s) to v = v(s+ As) ft/sec. 

j 
I 
i 
1 

i 
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Equation (J46) gives a convenient method of comparing flight times 

for short actual ranges, As, say up to 2000 yd in length, for projec- 

tiles with various muzzle velocities and various ballistic coefficients? 

always subject to the restriction that throughout the flight the veloc- 

ity does not fall below 1300 ft/sec. 

As a check on the accuracy with which .the formulas derived up to 

this point represent the various elements of a trajectory, we shall em- 

ploy these formulas to compute the times of flight and the terminal 

velocities for two typical trajectories: 

Case 1;    0*1, initial -velocity v* lj200 ft/sec.     (This case cor- 

responds to that of the sabot-projectile W3-57A designed at the Uni- 

versity of New Mexico.) 

Employing the Gavre table and numerical integration we find after 

considerable calculation that at the end of 2 sec, an interval in which 

the departure of the trajectory from a straight line amounts to 52 ft, 

the projectile has attained a range As of 6001 ft and has a terminal 

x-velocity of 2175 ft/sec. 

From Eq.   (hUb) with v=li200 ft/sec we find s = s (v) « 3^97 ft. 

Hence s+ As= 3U97 + 6001 = 9^98 ft.    From Eq.   (Uja) with s« s+ As we find 

v(s+ As)? 2169 ft/sec."  This result differs from the terminal velocity 

217^ ft/sep found by a tedious numerical integration by less than 

0.3 percent.    From Eq.   (1(6) with v(s) = J4200 ft/sec, v(s+ As) = 2169 ft/sec 

and As = 600.1 £%, we find At =2.0114 sec.    This result differs from that 

found by numerical integration by less than 0.7 percent. 

Case 2:    C*2, initial velocity v= 2800 ft/sec.     (This case cor- 

responds to that of the sabot-projectile 28-75D designed at the Uni- 

versity of New Mexico.) 

By use of the Gavre tables we find that at the "end of time 

At* 2.5 sec, an interval in which the departure from a rectilinear 

trajectory amounts to 89.9 ft, the projectile has attained a range 

As of 5876 ft and has a teminal velocity of 1975 ft/sec.    For the 
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same range As, our Eqs.   (Ijljb),  (14^) and (k6) give a terminal velocity 

of "\99k ft/sec (error less than 1.0 percent) and a time of flight 

At of 2.502 sec (error less than 0.1 percent). 

For certain ranges of v there will occasionally be errors somewhat 

larger than in the examples given, but for applications such as those 

that follow they will always be negligible. 

2k-   Application to subcaliber projectiles 

In order to apply our results to comparison of times of flight over 

an admissible range As of standard and subcaliber projectiles, we first 

note that 

Av = v(s + As) - v(s) - 2M [e-AAs/° - 1]. 

Consequently, Eq.   (1|6) may be rewritten as follows: 

A+    - A    Ao C    1«rr       V(S)    +   ÄV At - - n As - g logg   

(hl) 

A    A C   1 
~ B As " B loge 

^s7 
G(v)e-AAs/C-B 

Av 

Hence, for a standard full-caliber projectile with ballistic coeffi- 

cient C fired with velocity vg from its own gun, the time of flight 

over an admissible range As is given by 

A C f0(O e-AAs/Qg - B] .,     . 
At- - - - As - -S logQ     §  . (l»7a) 

6 B B      &e Av, 
g 

Similarly, for a subcaliber projectile with ballistic coefficient Cp 

fired wit 

given by 

fired with velocity vp, the time of flight over the same range is 

At.  As & log. 
G(vp)e"AAs/CP - B 

Av. 
(U7b) 

Thus, 

1 
At„- Atr, = -ilog 

'g JP B 

G(vp) e-AAs^- B 

Av_ 

-•Or 

- log- 
off) e-AAs/Cg-B P 

Av„ 
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Therefore, the time of flight of the subcaliber projectile is less 

than that of the standard projectile if and only if 

Q(Vp)e^W0p.B 

Av,. 

Or 
G( )e-AAs/Cg_B 

B——     ,, 

Av, g 

JZ 

(U8a) 

Furthermore, from Eqs.   (U7a) and (klb) we can infer that the ratio of 

the times of flight of a subcaliber and a full-caliber projectile 

over the same admissible range As is given by 

AtT 

log. 
G(vp) - BeAAs/GP\ 

Avr 

<g ^       /0(vJ - BeAAs/Cg\ 
(U8b) 

Av, g 

In case As is so small that the square and higher powers of the 

quantity AAs/C are.negligible, a good approximation to the difference 

(l-e~AAs//C) in Eq. (I47) is given by AAs/C. In this case the ratio 

of the times of flight is given by 

Atr 

Atc 

Cp lo8e(e"=/
CP ,. 1 

1 
g   g 

a formula which does not depend on the value of B. 

AsG(v^1\ 

As gvgT\ ' 
~Vvg  J/ 

(U8c) 

Equation (U8b) — with Eq.   (U8c) as a control — has been used 

to compute the ratio of the times of flight over various ranges As 

of a £7-mm subcaliber projectile S , and a 7^-mm full-caliber pro- 

jectile Sg, under the assumption that Cp=2, Cg«2.6 and vg=2050 

ft/sec.    The muzzle velocity of Sp is then determined by Eq.   (39a) 

as Vp^SO!? ft/sec.    The values chosen for Cg and Cp are based on 

trajectories computed for 75>-mm and £7-mm projectiles by use of a 

tracer photography technique developed at the New Mexico Proving 

Ground.    The reader will observe that the ratio of Cg to Cp is very 

nearly equal to the ratio of Dg to Dp.     [Compare Eq.   (1,2).] 
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A graph of the ratio Atp/Atg versus As is exhibited in Fig.  18. 

It -will be seen fron Fig.   18 that for all ranges As not exceeding 

0.850 
00 
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10.    Graph of Atp/Ate versus As for the case of Ce = 2.6. 

vg -2050 ft/sec; C    = 2, vp *=fa2805 ft/sec. & 
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t 
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i 
i 
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6000 ft, the time of flight of Sp is only about three-fourths of the 

time of flight of Sg.    The importance of any device permitting such a 

reduction in flight-time will be emphasized in a later chapter on 

tactical considerations. 

VI.    ARMOR PENETRATION OF SABOT-PROJECTILES 

In this chapter is derived a relationship whereby the effective- 

ness of a sabot-projectile against armor can be compared with the 

effectiveness of the standard projectile from the same gun.    Armor 

penetration, in general, depends on the projectile energy and projec- 

tile diameter.    The sabot-projectile at first glance suffers in com- 

parison with a standard projectile because of the loss of energy in 

discarding the sabot.    It will be shown, however, that in many cases 

this is more than offset by the decrease in projectile diameter. 

25. Theoretical basis 

Various formulas exist that attempt to give a functional form 

connecting the variables relating to armor penetration. Two of the 

most widely used are the De Marre and Thompson formulas. The De Marre 
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formula which will be used in this analysis, is 

e0'7 =M2V/1022KD^A. ()49) P '     P 

Here e(in.) is the maximum plate thickness perforated, Mp (lb) is the 

weight of the projectile, V (ft/sec) is the striking velocity, D_ (in.) 

is the diameter of the projectile, and K is the "De Marre Coefficient." 

This formula predicts fairly well the performance of projectiles 

against plate over limited ranges of V, e and Dp, if K is properly 

adjusted. The Ballistic Research Group, Princeton University, has 
-- - 4 n I 

shown—-!-   that K may vary as much as 18 percent when e/D   varies from — y 

1  to h»    These results were obtained by using the cores of cali- 

ber .30 AP projectiles against homogeneous armor of Brinell hardness 

2f?8 to 2°!;.    Presumably they would also apply to large caliber un- 

capped projectiles against homogeneous plate. 

26.    Application to sabot-projectiles 

To make an estimate of the advantage of a sabot-projectile over 

the standard projectile, both fired from the same gun, it is well 

first to compare the penetrations of the standard projectile and the 

full-caliber, subweight projectile.    Next, the penetration of the 

sabot-projectile is compared with that of the full-caliber, sub- 

weight projectile of the same total mass. 

As is shown in Chap. I, it is possible to maintain constant 

muzzle energy in any gun for various masses of projectile by properly 

choosing the powder so as to keep a constant area under the curve of 

powder pressure versus projectile travel.    If this is done, the 

numerator of Eq.   (U°) is a constant, since it is proportional to the 

square root of the muzzle energy.    Hence, the penetration at the 

appropriate muzzle velocity of any full-caliber projectile is the 

same, regardless of weight.    In particular, the muzzle penetration 

of the standard projectile is the same as the muzzle penetration of 

any full-caliber projectile of mass M_-M  +M. 

17/   The Ballistic Research Group, Princeton University, The 
ballistic-properties of mild steel, NDRC Report A-111   (OSRD No.1027), 
Nov.  19U2. 
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Now let us compare the penetration of a subcaliber projectile of 

fired with a sabot of mass M  . with that of a full-caliber mass Rip, -„„„  ,....„.. _  ._   -   .-s, 

projectile of mass Mg = Mp + Ms.    The muzzle velocity will be the same 

for the two cases.    If ep and eg are, respectively, the penetrations 

of the sub- and full-caliber projectiles, while D   and D   are their 

respective diameters, we have 

e0'7 

0.7 
A$£ 

(Mp * M3>* D3A 

which reduces to 

fE- 
e, 

ML 

M    + M p        s' 

?/7/D  \1*M 
(50) 

-g      v-p     -s/        x p' 

In order for there to be any advantage as far as armor penetration 

goes in using the sabot-projectile, ep/eg must exceed 1.    The curves of 

Fig. 19 show ep/eg as a function of Dg/Dp for various mass ratios 

Mp/(Mp + Ms),  from Eq.   (£0).     It is seen that for values of 1L,/(1L+MS)-0.6, 

and diameter ratio D /D  * 1.8, both of which values are readily ob- 

tainable in most guns, an improvement at the muzzle of about 30 percent 

in armor penetration could be expected.    Since it has already been shown 

that the penetration of the full-caliber, subweight projectile of mass 

Ms + Mp is the same as that of the standard projectile, it follows that 

this sabot-projectile would have a 30 percent advantage over the stand- 

ard projectile in armor penetration if their ballistic coefficients 
1 fl/ 

were the same.—' 

It should be emphasized that the values of ep/eg obtained from 

Eq.   {$0) are values at the muzzle.    Subcaliber projectiles have lower 

18/ "C,. W.. Curtis in a personal communication states, llA more ex- 
act analytical expression than the De Harre formula is now known.    Un- 
fortunately it is not simple and does not give e explicitly in terms 
of the other variables.    The De Marre formula..7 is conservative in 
that it underrates the penetrating power of nondeforming sabot-projec- 
tiles.    For the example chosen, the sabot-projectile should have nearer 
k$ percent than 30 percent advantage." 
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University—'  and in various British reports.—-' 

19/ See reference 1U. 

20/ Information obtained in personal conferences: probably to 
appear in a forthcoming report. 

21/ (a 
~~ (b 

(c 
(d 
(e 
(f 
(g 
(h 
(i 

and others, no doubt, which have not come to our attention. 
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!        -: , I 
{ ballistic coefficients than full-caliber projectiles  (assuming the same • 

; density and form factor), and therefore the advantage in armor penetra- j 

| tion becomes smaller as the range is increased.    Even so, according to J 
r ; 
] this analysis, significant improvement in the armor-piercing character- ~$ 

| istics of a given gun may be expected over tactically useful ranges \ 

| when properly designed subcaliber projectiles are employed. \ 
j ,| 
f If a similar analysis is carried through on the basis of the j 

• Thompson formula,  similar conclusions are drawn, and the advantage of \ 

I the subcaliber is found to be somewhat greater than that shown by the j 

| De Marre formula. . 

\ ' 
I In connection with this discussion of armor' penetration it will » 
; 19/ j 
j be of interest to read Critchfield1 s treatment of the subject.—' j 

E 
i ' 
i 27.    The '»shatter1« effect 5 I   ; 
I s 

The validity of the preceding analysis is veryx seriously marred \ 

by the fact that very little is known of the validity of the De Marre                                      •'    < \ 

or Thompson formulas at the high velocities which sabot-projectiles ) 

make possible.    The little that is known seems to show that the analysis j 

is not valid, mainly due to the  onset of the phenomenon of "shatter,(l « 

which has been described by the Ballistics Research Group, Princeton i 

0.-B. Proc. No. 1363U, Aug.  2$, 19U1; » 
O.B. Proc.  No. 13965, Sept.  15,  19li1   (OSRD No. WA-56-6); t 
OSRD No. W-92-31, a fragment otherwise unidentified; J 
O.B. Proc.  No. 15U76, Dec.   19,  19Ul   (OSRD No. W-112-7)5 j 
O.B. Proc. No. IS876, Jan.  19, "19U2  (OSRD No. W-1U3-32); ( 
O.B. Proc. No. 16607, Mar.  11, 19U2  (OSRD No. W-168-13); | 
O.B. Proc. No. 17179, April 22,  1-91*2j r 
O.B. Proc.  No. 18^32, July 15, 19h2j J 
O.B. Proc. No. 1907h, Aug.  21,  19U2  (OSRD No. W-172-8)j ' 
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A typical occurrence of the shatter- effect-may be described as 

follows. With a given armor plate and given projectile, we start 

with iow velocities and gradually increase the velocity until perfora- 

tions of the plate are obtained. If the velocity is further' increased, 

perforations are still obtained until a critical velocity is reached 

where the projectile shatters on the plate, and does not perforate. A 

further increase of velocity to a sufficiently high value will again 

produce perforations of the plate. However, the holes are now of quite 

a.different character from the normal perforations. Normally, the per- 

forations . are smooth, round holes of approximately-projectile diameter, 

possibly with petalling at the front and back >of the plate. They look 

as if they might have been drilled and polished. The projectile body 

•does not break up or deform appreciably, and in seme cases (for an un- 

capped projectile) the projectile looks almost as if it had never been 

fired. Shatter penetrations are quite different. The holes are larger 

than the projectile and are quite ragged. The projectile body is badly 

deformed or broken, and the part that reaches the other side of the 

plate generally consists of .small fragments. 

The foregoing description of the process gives rise to four pos- 

sible results — namely, normal failure, normal perforations, shatter 

failure and shatter perforations,.in-the order,of increasing projec- 

tile" velocity. Sometimes one or more of these;four results'may not be 

found. 

In Fig. 20 we have a schematic graphical representation due to 

Milne—' of these-facts for a given projectile (a solid shot without 

AP cap) fired at -varying velocities v against homogeneous armor of 

varying thicknesses e. For this projectile we plot velocity versus 

maximum penetration thickness from the De Marre formula and label the 

curve, "De Marre perforation." There also is shown a curve labeled 

"Shatter limit" above which the projectile shatters, and another curve 

22/ E. A. Milne, "The performance of shot against plate," 
British E.B.D. Report No. 20(A.C. 1I[21) Nov. 2lj,19lj1j Reviewed in O.B. 
Froc. 1U981. 
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labeled "Shatter perforation" above which there is perforation in 

spite of shatter.    In the hatched area B and D labeled "Perforations" 

the projectile perforates the plate.    In the unhatched area, the pro- 

jectile is defeated by the plate.    The Be Marre formula holds fairly- 

well for perforations up to the shatter line, where it fails, and a 

higher velocity is needed to perforate the plate than is predicted 

by the De Marre formula.    The velocity traverse labeled I includes 

the region A (normal failures), the region B (normal perforations), 

the region C  (shatter failures) and the region D (shatter perfora- 

tions).    On the other hand, velocity traverse II does not include 

the region of normal perforations at all, and velocity traverse III 

does not include shatter failures. 

The preceding discussion results from the research of the Ballis- 

tics Research Group, Princeton University, using uncapped projectiles 

against homogeneous armor.—'    Experimental results available seem to 

show definitely that capped projectiles show less tendency to shatter 
p) / 

than uncapped projectiles.— 

The velocities at which shatter sets in depend on a number of 

variables, some of which-are the ratio e/Dp, the type of armor attacked 

(homogeneous or face-hardened), the type of projectile attacking 

(capped or uncapped), the shape of the head of the attacking pro- 

jectile and the heat treatment which the projectile and armor has 

received.    Thus the British have had trouble with shatter in the 

2-pdr. gun (the equivalent of the American 37-mm gun) at velocities 

as low as 2f?00 ft/sec, while subsequent improvement in the heat 

treatment of its projectile and in the shape of the nose has raised 

this limiting velocity by about 5>00 ft/sec.—' 

These remarks concerning shatter apply to steel AP shot or AP 

shell.    A somewhat better situation exists if tungsten carbide 

23/   Reference 17, and a forthcoming report. 

2k/   O.B.  Proc.  No.  1396£. 

2$/   O.B. Proc. No.  1907k. 
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projectiles, or projectiles with tungsten carbide cores, are consider- 
ed.    Here two advantages are obtained.    The first is that, with a 

given mass, the tungsten carbide core may have a smaller diameter than 
a steel core, owing to its higher density.    At a given velocity, then, 

according to the De Marre formula, the tungsten carbide core should 

have the greater perforating ability.    The second advantage is that 

the tungsten carbide core is less subject to shatter than is the steel 

core.    C. W. Curtis in a personal communication states, "At small obli- 

quities the nose of the tungsten carbide bullet tends to stay intact 
while the back end breaks, and the perforating power is changed but 

little.    Just the opposite is true of a steel bullet.    As pointed out 

by Leeder the advantage of tungsten carbide may be lost at high obli- 

quities where it breaks up badly throughout." 

Unfortunately there are objections to the use of this type of 

projectile.    The first is that tungsten is quite scarce, and facilities 

are limited (at present) for making what tungsten is available into 

tungsten carbide.    The second is that the tungsten carbide bullet is 

not particularly effective against spaced armor, since one or both of 

the spaced plates must be attacked at high obliquity.    The third is 

that the tungsten carbide projectile cannot be made to carry a charge 
of high explosive. 

i 
t 
I 
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VII.    TACTICAL CONSIDERATIONS 

The tactical advantages of high-velocity sabot-projectiles may be 

conveniently grouped under six heads' 

(i) Decreased time of flight to the target, 

(ii) Flatter trajectory, 

(iii) Increased range, 

(iv) Higher terminal velocity. 

(v) Reduction of gun recoil, 

(vi) Versatility of gun performance. 

i t 
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The first four of these advantages are common, of course, to all 

high-velocity projectiles, but the fifth is limited to light- 

weight projectiles, and the sixth, as associated with high-velocity 

performance, is to a considerable extent peculiar to the sabot- 

projectile .    Any one design may not realize all the advantages to 

the fullest extent, but it is nevertheless believed that very real 

gains may be attained by•employment of sabot-projectiles for high- 
velocity work. 

28.    Decreased time of flight 

Since, during its time of travel from the' gun to the target, a 
projectile is subjected to the exterior influences of gravity, wind 

and earth motion, a shortening of the time of flight vail decrease 

the total effect of these disturbing influences. The reduction in 

effect of wind and earth motion may be relatively unimportant. The 
decrease in gravitational effect, however, results in flatter tra- 
jectories with the advantages to be discussed in Sec.  29. 

A decrease in time of flight to the target has the immediate ad- 

vantage that, in the case of movable targets, the dodge area is de- 

creased.    The total dodge area in the case of ground targets is 

approximately proportional to the square of the time of flight, but 

the effective hitting probability is more nearly inversely propor- 

tional to the first power of the time of flight, at least for moder- 

ate ranges.    In antiaircraft fire the dodge volume is proportional 

to the cube of the time of flight and the hitting probability varies 

about as the inverse square.     (In case of very severe dodging the 
26/ probability, according to Weaver,—' may vary inversely as a higher 

power — as high as 6,)    In the use of tracer fire the shorter time 

between firing and arrival at the target permits the gunner to cor- 

rect his aim more readily, and should considerably increase the 

effectiveness of his fire. 

26/   W. Weaver, l,The way muzzle velocity affects the proba- 
bility of hitting aircraft by AA fire," Section D-2  (Fire Control) 
NDRC, Apr.  1,  19^2. 
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The important tactical advantage is evident: more hits per round, 

expended means an increase in effective fire power and a decrease in 

supply problems. 

29.    Flatter trajectory 

The flat trajectory of high-velocity weapons is a consequence of 

the shorter tiraeof flight.    The angle of descent at the target is less 
than with a low-velocity projectile, and therefore the hitting space 

(the distance along the trajectory within which the ordinate is less 

than the height of the target) is greater.    The range, therefore, 
need be estimated less accurately, and changes in range caused by 

movement of the target are less effective in producing misses.    In 

tank battles, particularly, there is with high velocity greater prob- 

ability that the engagement maybe fought within the "danger range,'1 

the range within which the height of the target is greater than the 

maximum ordinate of the trajectory.    With the target in the danger 

zone, the range setting need not be changed to produce hits as the 
range closes and the training will be limited to azimuthal changes 

and lead.    Firing will be more nearly that of open sights and will 

produce a larger percentage of hits. 

30.    Increased range 

The sabot-projectile is ordinarily considered as a possible means 

of obtaining higher velocity over a short range.    If the possibility 

of using sabot-projectiles in guns of large caliber is considered, we 

find that there is a possibility of increasing the total range of the 

gun.    This would be of importance in naval and coast defense weapons. 

An examination of one such application has been carried out in 
27/ the New Mexico Laboratory.—'     The combination considered was the 

27/   L.  LaPaz and H. F. Dunlap, "Application of the sabot prin- 
ciple to large caliber guns," Memorandum  (June 19ii3)> available in 
the files of Division 1,  NDRC. 
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USoo 1*900 
30 30 

9 9 

12397 13970 
1866 1951 
1519 1567 

50.76 51.7 
60900 67623 

95.9 101.8 

1.0-iru projectile Mk. IV weighing 510 lb mounted in a sabot for the 

16-in. gun, M1919.    The normal muzzle velocity of the 16-in. gun is 

27OO ft/sec with a 23ljO-lb projectile.    Two sets of calculations 

were made, with sabots weighing 307 and 200 lb.    The anticipated 

muzzle velocities (based on constant muzzle energy) were 1*500 and 

1*900 ft/sec, respectively.    The elements of the trajectories for the 

two sabot-projectiles were: 

Muzzle velocity (ft/sec) 
Angle of departure (deg.) 
Ballistic coefficient 

Summital height (yd) 
Summital velocity (ft/sec) 
Terminal velocity (ft/sec) 
Angle of descent (deg.) 
Total range (yd) 
Time of flight(sec) 

According to Hayes,—' the maximum range of the 16-in. projectile, 

Mk II at optimum elevation is li9ll|0yd. If the 16-in. projectile, 

Mk V is assumed to have a similar range, the sabot-projectile con- 

sidered would outrange the 16-in. by 12000 to 18000 yd even at 30° 

elevation. 

The advantage of permitting one fleet to shell an opposing 

fleet while still completely out of enemy range is obvious.    Simi- 

lar situations will hold in.encounters between fleets and land- 

based defense guns or with siege artillery and fixed defenses on 

land.    There is the further(,possibility of extending the covering 

p'ower of naval vessels engaged in supporting landing forces. 

31.    Higher terminal velocity 

As is shown in greater detail in Chap. VI, the effectiveness 

of an armor-piercing shall is determined by its velocity, with due 

regard to the limitation imposed by the shatter phenomenon.    Under 

28/   T.  J.  Hayes, Elements of ordnance (Wiley, 1938), p.  286. 

3 
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short range conditions, maximum effectiveness results if the muzzle 
velocity is in the neighborhood of the shatter limit.    For longer 

ranges, still higher muzzle velocities are desirable in order that 

the most effective terminal velopities may be attained.    While the 

smaller subcaliber projectiles are usually fired at such short ranges 

that hypervelocities may persist up to the target and result in the 

shatter effect even in projectiles that have been given special heat 

treatment designed to raise the shatter limit, it should be noted that 

in the case of large caliber sabot-projectiles fired over such ranges 

as those considered in the numerical examples of Sec, 30 the impacts 

against the target occur at velocities too low for the shatter phenom- 

enon to develop even in projectile material which has not been sub- 

jected to this special heat treatment. 

32.    Reduction of gun recoil 

With constant muzzle energy, if the inertia of the powder gas 
is neglected, the ratio of the recoil momentum of a gun after firing 

a sub-weight projectile of weight Mx to its recoil momentum after 

firing its standard projectile of weight M2 is ($.xMz)^'      This fact 
is of some importance in that it may permit greater accuracy of fire, 

particularly in the case of a light gun and mount.    This is illus- 

trated in the case of the 105-mm howitzer, M3, for which sabot-projec- 
tiles are now being developed at the New-Mexico Froving Ground.    Recoil, 

rather than barrel strength, seems to be the limiting factor in this 

gun, and the Charge 3, giving a 33-lb shell a velocity of 78O ft/sec, 
seems to be the largest usable. 

A S>7-mm sabot-projectile with a total weight of 10. f> lb has been 

fired from this gun at the New Mexico Proving Ground.    If powder gas 

inertia is neglected, this projectile gives the Charge 3 recoil when 

fired at 2lj60 ft/sec.    The projectile energy for the case of the sabot- 

projectile (taking the projectile as weighing 7-2 lb) is about 2.2 

times that of the standard projectile with Charge 3«    In fact, it is 

1.2 times that of the standard projectile with Charge 5>.    In practice, 
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this advantage in recoil is not fully realized, since the sabot- 

projectile uses a heavier powder charge than the standard Charge 3> 

and the powder-gas inertia therefore contributes morevto the recoil. 

Nevertheless, use of the sabot-projectile in this gun should make it 

a powerful armor-piercing weapon, while retaining the accuracy of 

fire possible with the lighter standard charges. 

33-    Versatility of gun performance 

The use of sabot-projectiles in a gun does not preclude the use 

of the gun's standard ammunition as well.    Many successful sabot de- 

signs are possible that require no alteration in- the gun or powder 

chamber. 

In howitzer and mortar fire the use of variable charges is the 

rule.    In naval gun fire the charge is often varied.   Most guns are 

also capable of firing either high explosive, armor-piercing or chem- 

ical shell, or shrapnel.    The sabot-projectile adds another type of 

projectile with its own uses.    In this case, the feature of the pro- 

jectile is a high muzzle velocity, and a new factor is added of ob- 

vious tactical and strategical advantage.    Problems of ordnance manu- 

facture and ammunition supply would be greatly aggravated by the 

necessity, if it existed, of supplying different guns to fire high 

explosive, smoke and armor-piercing shell.    The säbot-projectile may 

constitute another step in the problem of reducing the complications 

of supply. 

To cite ä particular example, the authors have developed a 

7?-^7 •? combination designed solely to provide the  75-mm tank gun 

with a high-velocity shell capable of duplicating the known perform- 

ance of the British 6-pdr., or the American 3>7-mm gun.    The 75>-mm 

tank gun normally fires a llj.0-lb projectile with a velocity of about 

2000 ft/sec.    The f>7-mm projectile, M86   weighing 7 lb, may be fired 

from the 75-mm gun at 2800 ft/sec, which exceeds slightly the muzzle 

velocity of the f?7-mm gun.    The 75-mm is then able to assume the 

antitank role of the towed 6-pdr. while retaining its high explosive 

i 
i 
i 
I 
I 
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shell for counterbattery and antipersonnel work.    Photographs of such 

75-57 mm' combinations are shown in Figs.   7(b), 7(c) and 12, while 

drawings and performance data are given in Chap. VIII. 

Similarly,  calculations for the 105-mm howitzer, M3    used as an 

infantry support weapon and in tanksdestroyers, show that both the 

57-wm and the 75-mm projectiles can be fired from this gun with re- 

sultant muzzle velocities of 2800 and 2100 ft/sec.    Thus the 105-mm 

gun can assume the roles of either the 57-mm or the  75>-mm guns and 

still retain use of its standard projectiles for its former roles. 

Preliminary work on the development of 10£-mm sabots for these pro- 

jectiles bears out these predictions,    In fact, the 5>7-mm projectile, 

M86, has been fired from the 105-mm howitzer at more than 2700 ft/sec, 

and the 3-in. projectile, Mij2Al at more than 2100 ft/sec. 

3U-    Hypervelocity use 

One matter, not mentioned in the tactical advantages listed at 

the first of this chapter should be given some discussion",    that is, 

the use of the sabot in the "hypervelocity1' field. 
0 

The hypervelocity range currently is considered to start at about 

3^00 ft/sec.    Unfortunately, this range of velocities is relatively 

unexplored.    The nature of the drag coefficient, the overturning 

moment and the terminal ballistics are all scantily known.    Thus 

the advantages of the hypervelocity weapon are still in doubt.    Never- 

theless, sufficient interest has been shown in the research on the 

tapered-bore gun to indicate that there are possibilities in this 

field.    The sabot-projectile presents an immediate method for ex- 

ploring the hypervelocity region with relatively little expense and 

research. 

It is our opinion that the sabot-projectile offers a much simpler 

method of attaining hypervelocities than any other proposed weapon* 

There is little doubt that the performance of the famed German long- 

range gun that shelled Paris in the 191U-1918 war could have been 

much more easily attained by using a sabot-projectile in a 16-in. 
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railway gun with a steeper pitch of, rifling.    The performance of the 

tapered-bore gun can certainly be duplicated in several existing 

service vreapons without any change whatever in the gun. 

3?.    Disadvantages 

Balanced against the advantages of high velocity and gun ver- 

satility -we have the obvious disadvantage that the sabot-projectile 

offers a hazard to friendly personnel in the region ahead of the gun. 

The sabot and bourrelet fragments are dispersed in a cone whose apex 

angle is roughly twice the rifling angle of the gun — about 1U° for 

na 2$ calibers per turn.    The range of the fragments is small, of 

course, though no extensive investigation has been made of the matter. 

The fragments ricochet from the ground, and there is some danger at 

angles considerably greater than the angle of the primary dispersion 

cone.    It may be remarked that these fragments likewise constitute a 

hazard to any enemy personnel who may happen to be in the space ahead 

of the gun. 

An objection may arise, in the case of separately loaded gun's, 

because of the necessity for using powder charges of different kinds 

and sizes.    In the case of howitzers this is probably not too serious, 

as the crews are accustomed to using a variety of charges.    The dif- 

ficulty does not arise with fixed ammunition. 

The sabot-projectile necessarily is not capable of carrying as 

large a bursting charge as the full-caliber projectile from a given 

gun. Where this consideration is primary, the full-caliber projec- 

tile is naturally to be chosen. The sabot-projectile offers a means 

of attaining higher than standard muzzle velocity with a given gun, 

with all the advantages attendant on high muzzle velocity. 

VIII.    EXAMPLES OF PERFORMANCE DATA 

Work at the University of New Mexico has included design and 

testing of a large number of sabot-projectiles — approximately 230 

projectiles for the 20-mm Hispano-Suiza; 690 for the 6-pdr. Navy gun, 
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Mk VIIj 330 forftH^ 75-mm tank gun, M3j and to date (Nov. 26, 19Ü3) 

approximately 80 for the 105-mm howitzer, M3 — some 1J00 rounds in 

all.    Some lijO distinct designs were involved, several of which went 

through a number of minor modifications. 

A series of progress reports made to Division 1  contained a com- 

plete record of these designs and tests, including a large number 

that for one reason or another were unsatisfactory, and it is felt 

that this report would be unduly burdened if they were all included 

here.    Accordingly, three examples have been chosen, and an assembly 

drawing and performance data are presented for each. 

36.    Description of tests 

The pressure measurements, where shown, were made with a copper 

crusher gage using 5/32-in.  copper balls.    Considerable difficulty 

was experienced with them and a large number of readings are much too 

low.    The highest pressures shown for a given projectile and powder 

charge are probably the" true crusher gage pressures within a few per- 

cent. •       ' " ' '   

Velocity measurements~TmH?e-made with a simple resistance-capaci- 

tance circuit and two wire grids.    The first grid was 60 ft from the 

muzzle and the second was Ii5> ft beyond the first.    Breaking of the 

first grid by Vie projectile disconnected a battery from the R-C 

.circuit? the condenser then discharged through the resistance until 

the R-C circuit was broken by the breaking of the second grid.    The 

charge that remained in the condenser was then measured by a ballis- 

tic galvanometer.    The instrument was calibrated with falling weights. 

The principal source of error was in reading the swing of the rather 

short-period ballistic galvanometer.    The accuracy of the velocities 

shown is of the order of +2 percent. 

Flight characteristics were determined by a series of eight or 

nine yaw cards distributed along the first 1300 ft of the trajectory. 

These were of red rosin building paper and exerted practically 
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negligible farces upon the projectile.    The flights described as "V. 

Good" exhibited yaws of less than 1°;  "Good," between 2° and £°; 

"Fair," between 6° and 10°j "Poor," greater than 10? 

The accuracy testa were made against plywood target boards at 

1000-yd range.    Velocity or yaw observations were ordinarily not made 

in the accuracy tests. 

The powder charge used in each case was based upon calculations 

made by J. 0.  Hirschfelder and his associates of the Geophysical Lab- 

oratory. 

37-    Results with design U8-57A 

This is a cantilever design for the 6-pdr. gun, Mk VII. A photo- 

graph of the projectile appears in Fig;. 9(b), and an assembly drawing 

appears in Fig.  21.    Table II gives the results of tests. 

No significant accuracy tests were possible with the gun avail- 

able,  owing to excessive play of the barrel in the mount.    Such tests 

as were attempted gave the impression that the accuracy with the 

UB-^JA was at least as good as with the standard shot, 6-pdr. Mk III, 

Mod lu 

38.    Results with design 2g-7£A 

This projectile is a 75>-!?7 mm disk-sabot combination, using the 

5>7-mm APC shell, M86.    It is shown in the photographs of Figs.   7(b) 

and 7(c), and in the assembly drawing of Fig.  22.    The tests were all 

made with the  75>-mm tank gun, M3    in a 76-mm elevating mount.    This 

assembly vas set in a structural steel frame, which was in turn 

mounted on a massive concrete base, with a pivot provided for hori- 

zontal traverse. 

Velocity and flight results are shown in Table III, while the 

result of an accuracy test is shown in Table IV.    The projectiles of 

Table  IV are designated as 25>-75 A', which indicates that the attach- 

ment of the windshields and AP caps vas reinforced by brazing.    This 
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Table II I.    Velocity and flight determinati ons,i" for design 25-75A. 

Se- 
rial 

No. 

Date 
Fired 
(19U3) 

Proj. 
Weight 

(lb) 

Total 
Weight 

(lb) 

Velocity 
(ft/sec) 

Pressure 
(lb/in?) Flight Remarks 

$9 5-10 7.00 8.31 27UO 32 000 Poor 
61 5-11 7.00 8.31 278O 31000 Good 
62 5-11 7.00 8.25 2820 31500 — 
60 5-12 6.81 8.13 2870 30000 — No -windshield 
72 5-13 7.00 • 8.37 .2870 32 500 Good Brazed Caps 25-75A' 
81* 5-18 7.00 8.25 2820 32 500 Tumbled Brazed Caps 25-75A' 
83 5-18 7.00 8.25 — -.- Good Brazed Caps 25-75A1 

287 7- 7 7.00 8.09 •""" •""" Poor Non-slotted bour- 
relet 

289 7-9 7.00 8.22 ' 
~ 

Good 8 slots inbourrelet 
from outside in 

"^Powder charge in all tests,  930 grams of FNH, Lot 1*251* for 37-mm 
gun, M2  (Hercules). 

Table IV.    Accuracy test of design 25-75A' at 1000 yd on June 3, 

Powder FNH, Lot 1*251* for 37-mm gun, 
M2  (Hercules) 

Charge 930 gm 
Muzzle velocity   2820 ft/sec 
Range to ground    1100 yd 
Powder temp. 60° to 65°F 

19U3. 
Gun 75-mm, M3 

Mount 76-mm, M3I1AI 

Cases M18131(steel) 

Primers M3U2 

Point of ümpact, Measured Disp arsion Serial 
No., 

Quadrant Angle 
Round from Center of Target(in.) (in.) of Departure 

Horiz. Vertical Horiz. Vertical (mils) 
3 1*5-0 -k.o 22.5 -3.8 11*8 8.5 
k 1*5.0 '-11.0 22.5 -10.8 11*7 8.5 
5 3U.0 -3.5 11.5 -3.3 11*6 8.5 
6 114.5 1.5 -8.0 1.7 11*5 8.5 
7 31.5 l*-5 9.0 U.7 11*1* 8.5 
8 18.5 10.5 -l*.o 10.7 11*3 8.5 
9 11.0 9.^ -11.5 9.7 11*2 8.1* 

10 32.5, -13.5 10.0 -13.3 11*1 8.3 
11 ^ -9.0 -17'.0 -8.8 11*0 8.1* 
12 -12.5 • 13.5 -35.0 .13-7 139 8.1* 

Total 225.0 - 1.5 151.0 81.5 
Mean 22.5 - 0.2 15; 1 . 8.2 

True mean (in.) 15.9 Ö.6 • 
(min) 1.50 0.82 

Probable error (in.) 13.5 7.3 
50-percent zone  (in.) 27.0 1li.6 

(min) 2.53 1.1*0 

^Corrected to take into account the number of shots on which the 
determination is based.    See, for example, E. E.  Herrmann, Exterior 
ballistics, 1935, U.S.  Naval Inst. 
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was done because some early samples of the M86 shell gave trouble be- 

cause of insecure caps.    All of the 2£-7£A tests were made with a 

flat base plug in the shell.    The high-explosive cavity was loaded 

with lead and sand.    Sabots were made of Crescent tool steel, and 

bourrelets of Dilecto C laminated phenolic tubing or Celeron macera- 

ted fabric phenolic. 

Tables VIII and IX give for comparison the results of accuracy 

tests with the 75>-mm gun, using the standard 7^-mm APC shell, M61. 

The accuracy with the 25-75>A' is slightly less than with the standard 

projectile, but the difference is hardly large enough to be significant. 

39.    Results with design 28-7l£> 

This is a threaded-base design for firing the ü>7-mm APC shell, 

M86 in the 75>-mm gun.    Photographs appear in Fig.  12(a) to 12(f), and 

an assembly dravdng appears in Fig.  23.    The tests of Tables V and VI 

were made at the New Mexico Proving Ground with the gun described in 

Sec.  38.    The tests of Tables VII and VIII were made at Aberdeen 

Proving Ground.^' 

As is noted in the '-'Remarks" column of Table V, a considerable 

number of variations of bourrelet material and design were tried, vdth 

practically uniform success.    These materials included laminated pheno- 

lic    tubing-, grades C and XX, Celeron macerated fabric phenolic, and 

bourrelets molded from several phenolic molding powders by Arthur D» 

Little, Inc.    All the projectiles used in the accuracy tests of 

Tables VI and VII had bourrelets of Dilecto C. 

Some of the projectiles of these tests, as is indicated under 

"Remarks," were fired with a dummy base fuze.    The projectile weight 

is slightly larger in these cases than with the flat base plug. 

The results of the accuracy tests of Tables VI and VII are to be 

compared with the results of Tables VIII and IX for the standard round 

with the 75-mm shell, M61. 

29/   The results of the firings at Aberdeen are given in Firing 
Records M2U862 and M25U96 on Ordnance Program No.   5962. 
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Table VI.    Accuracy test of design 28-75D at 1000 yd on vertical 
target; May 26,  191*3» 

Gun 75-mm, M3 
Mount 76-mm, M3UA1 
Gases M18B1   (steel) 
Primers    .M3U2 
Powder       FNH, Lot lj.25U, for 37-mm 

gun, M2 (Hercules) 

Charge 930 gm  (5 gm 
lead foil) 

Muzzle velocity       2820 ft/sec 
Angle of Departure 8.5 mils 
Range to ground        1100 yd 
Powder temperature 60° to 70°F 

Round 

Coordinates of Point of Impact, 
Measured from Center of Target 

(in.) 

Dispersion 
(in,) 

Horizontal Vertical Horizontal Vertical 

5 7.0 Mi...O 0 2.5 
6 13.0 16.0 6.0 U.5 
7 36.0 20.0 29.0 8.5 
8 13.5 2U.5 6.5 13.0 

9 -llj.O 10.0 -21.0 -1.5 
10 8.5 20.0 ,   1.5 0.5 

11 5.0 12.5 -2.0 1.0 

12 10.5 -2.0 3-5 -13.5 

13 18.0 21.0 11.0 9.$ 

1U -li.5 15.5 -11.5 ii.O 

15 16.0 9.0 9.0 -2.5 

16 1.5 -U.5 -$.$ -16.0 

17 13.0 3.0 6.0 -8.5 

18 96 -U.5 2.5 -I6.O 

19 -13,5 11.5 -20.5 0 

20 -32.0 iiO.O -39.0 28.5 

21 10.5 li.5 3.5 -7.0 

22 28.0 -3.0 21.0 -1I1.5 

Total 126.0 207.5 199.0 159.5 

Mean 7.0 11.5, 11.1 8.9 

True mean (in.) 
(min) 

11. k 
1.08 

9.2 
0.90 

Probable error  (in.) 9.6 7.8 
50-percent zone (in.) 

(min) 
19.2 
1.80 

15.6 
1.18 
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Table VII.    Accuracy test of design 28-75D at 800 yd on vertical 
target; Aberdeen Proving Ground? July 15. 19143. 

Gun 75-mm, M3 

Mount      75-mm tank mount in 155-mm 
howitzer carriage, M1918 

Cases     M18 

Primer    Perc. M31A2 

Charge 32,50 oz. 

Muzzle 
Velocity   2800 ft/sec (average 

for only 3 rounds) 

Pro- 
Powder   FNH, Lot 1|251| for 37-mm gun, -    jectile     M86 with brazed caps 

M3, M5, M6 (Hercules) 

Coordinates of Point of Impact, 
Measured from Center of Target (in.) Dispersion (in.) 

Horizontal Vertical Horizontal Vertical 

-13.5 

-9.5 

7.1» 

-8.6 

0.0 

-I». 2 

0 

5.3 

7.5 

9.9 

-2.2 

9.9 

5.5 

-1.1* 

12.8 

-10.0 

-10.5 

-3.5 

-6.2 

0 

• 11.5 

• 7.5 

5.14 

6.6 

2.0       ' 

2.2 

2.0 

7-3 

9.9 

11.9 

1.6 

10.5 

7-1 

0.8 

3-1* 

9.h 

9.9 

2.9 

5.6 

0 

Total   -20.5 

Mean        -2.0 

-5.6 

-0.6 

5$.9 

5.6 

61.2 

6.1 

True mean (in.) 

(min) 

5.9 
0.71    • 

6.1. 

O.76 

#- 
These data were obtained by measurement of a photograph of the 

target for rounds No. 1933 to 19l»2.  (Aberdeen Proving Ground Photo- 
graph No. 88216 with Firing Record No. M2i|862 on Ordnance Program 
No. 5962.) 
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Accuracy test of 75-m 

. C 0 N F IDENTIAL 

Table VIII. m projectiles i M61,.ät 800 yd 
on a vertical target; Aberdeen Proving Ground^ July 15", T9li3, 

Gun 75-mm, M3 

Mount 75-mm tank mount in 
H1918 

l55-mm howitzer carriage, 

Cases M18 

Primer Perc. M1B1A1 

Powder Not specified fCornplete round ammunition    • 

Charge Not specified!   Lot KOP 6951-8? 

Muzzle velocity 2059 ft/sec (average) 

Projectile- M61  (weight, 1U.9 lb) 

Coordinates of Point of Impact 
Measured from Center of Target  (in.) Dispersion (in.) 

Horizontal Vertical Horizontal Vertical 

-23.8    ' 

-8.3 

-U.7 

' -5.1 

-2.U 

2.5 

U.3 

6.1 

6.9 

23.2 

-2.U 

6.2 

3.3 

1.6 

0 

-0.8 

-5.3 

7-7 

-23.9 

0 

23.U 

7.9 

U.3 

U.7 
2.0 

2.9 

U.7 

6.^ 

7.3 

23.6 

1.0 

7.6 

U.7 

3.0 

1.U 

0.6 

3.9 

9.1 

22.5 

1.U 

Total     . -3.8 

Mean         -O.U 

-13.6 

-1.U 

87.3 

8.7 

55.2 

5.5 

True mean (in.) 

(min) 

9.2 

1.10 

5.8 
0.69 

• r 
> 
i 
5 
» 
« 

These data were obtained by measurement of a photograph of the 
target for rounds No. 1922 to 1931.     (Aberdeen Proving Ground Photo- 
graph No.  88216 with Firing Record No. M2U862 on Ordnance Program 
No.  5962.) 
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Table IX.    Accuracy test of 75-mm projectiles, M61 at 1000 yd 
on vertical target,  June U> 19H3T 

Gun 75-mm, M3 

Mount 76-mnb M3I4AI 

Projectile    75-mm, M61 

Charge Standard fixed round 

Muzzle 
velocity     2050 ft/sec 

Powder Temp. 60° to 70°F 

Round 
Coordinates of Point of Impact, 
Measured from Center of Target 

(in.) 
Dispersion 

(in.) 

Horizontal Verti cal Horizontal Vertical 

3 

U 

5 

6 

7 

8 

9 

10 

11 

12 

U.0 

2.5 

5.0 

8.5 

16.0 

18.0 

2h.O 

22.5 

18.5 

8.5 

-32.5 

-Wl.O 

-U3.0 

-39.0 

-38.5 

-3h.5 

-U2.0 

-31.0 

-29.O 

-31.5 

8.75 

10.25 

7-75 

U.25 

-3.25 

-5.25 

-11.25 

^9.75 

-5.75 

h.25 

-U.0 

7.5 

6.5 

2.5 

2.0 

-2.0 

5.5 

-7.5 

-5.0 

Total 

Mean 

127.5 

12.75 

-365.0 

-36.5 

70.50 

7-05 

U8.0 

U.B 

True mean (in.) 

(min) 

50-percent zone (in.) 

(min) 

l.h 
0.70 

12.5 

1.7U 

5.1 
o.5o 

8.6 

0.85 
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