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PREFACE

The Fngineering Design Handbook Series of the Army Materiel Command
is a coordinated series of handbooks containing basic information and
fundamental data useful in the design and development of Army materiel
and systems. The handbooks are authoritative reference books of practical
information and quantitative facts helpful in the design and development of
Army materiel so that it will meet the tactical and the technical needs of the
Armed Forces.

The purpose of this handbook is to compile meaningful engineering
analysis information pertaining to sabots. Emphasis is on numerical
techniques for practical stress analysis and methods for determining material
strength properties under realistic gun-launch conditions. An exhaustive
abstract and reference bibliography is included as Appendix D.

Acknowledgment is offered for the services of Utah Research and
Development Corporation, to Mr. Dalton Cantey of Lockheed Propulsion
Company, and to Mr. E. L. Bannister, Ballistic Research Laboratories,
Aberdeen Proving Ground, Maryland, for the Sabot Technology Engineering
Handbook, Second Edition, 29 August 1969, which is the document upon
which this handbook is based.

The Engineering Design Handbooks fall into two basic categories, those
approved for release and sale, and those classified for security reasons. The
Army Materiel Command policy is to release these Engineering Design
Handbooks to other DOD activities and their contractors and other
Government agencies in accordance with current Army Regulation 70-31,
dated 9 September 1966. It will be noted that the majority of these
Handbooks can be obtained from the National Technical Information
Service (NTIS). Procedures for acquiring these Handbooks follow:

a. Activities within AMC, DOD agencies, and Government agencies other
than DOD having need for the Handbooks should direct their request on an
official form io:

Commanding Officer

Letterkenny Army Depot

ATTN: AMXLE-ATD
Chainbersburg, Pennsylvania 17201

b. Contractors and universities must forward their requests to:
National Technical Information Service

Department of Commerce
Springfield, Virginia 22151
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(Requests for classified documents must be sent, with appropriate “Need to
Know” justification, to Letterkenny Army Depot.)

Commonts and suggestions on this Handbook are welcome and should be
addressed to:

U.S. Army Materiel Command
ATTN: AMCRD-TV
Washington, D. C. 20315
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CHAPTER 1 |
INTRODUCTION o
L )
L , 1.0 LIST OF SYMBOLS 1-1 BACKGROUND ;g
= a = longitudinal acceleration Sabots are used as supports for projectiles Qg
h . during gun tube travei. When high velocity is . :
: Ap = cross-scctional area of gun bore the desired characteristic of the supported 4
] projectile, the lightest weight sabot feasible is
d = diameter of projectile desired. Gencerally, engincering steps taken to i
e minimize sabot weight increase the stress and
] D = diameter of bore deformation requirements imposed upon the
E ‘ sabot during its travel through the bore of the
= force gur. This handbook presents eagincering de-
} sign procedures for sabets. It takes into 2 1
i - KE = Kinetic energy consideration the conflicting criteria associ- % !
L ated with maximum performance and maxi- *
E"""“ e L = length mum reliability. -‘——"
' m = mass The steps and decisions which must be
} made in the process of producing an engineer-
- : ing design arc summarized in Fig. 1-1. It will
My predicted sabot mass be noted that the design process contains the

i ¥ imcl*d 0.
m, = sabot mass design objective following six different types of activities :

m, = mass of projectile (1) To recognize need for the product
(Block 1 in Fig. 1-1)

P, = pressure of propellant gases acting on

. base of sabot projectile (2) To cstablish criteria for evaluating al-

ternatives (Blocks 2 and 3)

Py = probability of failure
(3) To generate one or more tentutive

R, = structural reliability designs or prototypes (Blocks 4 and 9)
vy = velocity or muzzle velocity (4) To analyze each alternative (Blocks §,
7,and 10)

W = weight or weighting factors

*Referenors are located at the end of each chapter
p. s = subscripts referring to projectile and unless specific reference & made to the abstract

sabot, respectively bibliogrephy of Appendix D.

1-1
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{5) To compare alternatives with previ-
ously established criteria or require-
ments (Step 2) and, if necessary, modi-
fy the design and repeat the preceding
step (Blocks 6, 6A, 8, 8A, 11, and
11A). This is the optimization phase of
the design process

6) To implement the best alternative
(Block 12).

Assume that the need for a sabot has been
established; the next step in its design (Block
3) is establishment of the sabot design cri-
teria. A sabot is a component of a weapon
system designed for an ultimate goal to
deliver a specified projectile to a target at a
prescribed range and terminal velocity. The
projectile should have an acceptable impact
velocity and should reach the target within an
acceptable dispersion. Qualitatively the sabot
must accomplish the following:

(1) Position and structurally support the
projectile during its launch

(2) Seal or obturate the powder gases
within the launch tube

(3) Minimize balloting of the projectile,
i.e., undesired lateral or yawing motion
produced by bore and/or projectile
asymmetries, variations in bore fric-
tion, and powder burning phenomena

(4) Impart rotation to spin-stabilized pro-
jectiles

(5) After discharge from the launch tube,
separate from projectile without dis-
turbing the flight of the projectile and
without creating a hazard to personnel
in the immediate area.

The quantitative requirements for a specific
sabot application can be established from a
knowledge of weapon system performance
goals,* using the techniques of external®™

and terminal ballistics.!®™*2 The loads im--

posed upon the sabot can be predicted using

AMCP 706-445

the analytical methods of interior ballis-
tics.! 2718 The output from this stage of the
sabot design process (Block 3) should be (1) a
definition of the projectile, i.e., mass, dia-
meter, length, and other dimensional consid-
erations; (2) gun configuration and perfor-
mance requirements, i.e., bore diameter, muz-
zle velocity, etc.; (3) the sabot load environ-
ment, i.e., base pressure, acceleration, bore
friction, etc.; and (4) permissible :.1omalies in
launch conditions, primarily maximum allow-
able lateral displacement, lateral velocity, yaw
angle, and yaw rate.

Having at least tentatively established the
design criteria, the next step (Block 4) is to
select a basic sapot configuration, materials,
dimensions, and manufacturing processes con-
sidered capable of satisfying the design cri-
teria. This step normally is performed in one
or a combination of three different ap-
proaches to design — intuitively, empirically,
or rationally?. The intuitive approach defies
description because it depends upon the
designer’s “feel” for the problem and his
individual creativity. The empirical approach
is the scaling to new requirements of proved
designs and experimental results. The rational
approach to design is the systematic applica-

.tion of established scientific laws, principles,

and rules of logic to a properly defined
problem. If it werc possible to establish a
general design; analvze it for all combinations
of conditions; and produce a closed-form
solution that could be solved for the various
dimensions of the design in terms of material
properties, performance requirements, loading
conditions, etc.; complete rational design
could be performed. Furthermore, there
would be no need for succeeding steps
(Blocks 5, 6, and 6A). In practice this is rarely
possible, however, and the rational approach
to design normally consists of establishing
critical design parameters using complete solu-
tions of idealized problems with limited but,
hopefully, the significant loading or perfor-
mance condition. Despite its shortcomings,
the rational design approach permits the

_designer to establish without bias the “base”

design required as an input to the subsequent
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prediction, evaluation, and optimization
phases. The rational approach may be thought
of as providing precise solutions to approxi-
mate problems. Solutions of this type appro-
priate (0 sabot design are presented in a
subsequent chapter of this handbook.

The ‘“‘base” design established in Block 4 is
a necessary input to the analysis or prediction
stage of the design process (Biock §5). This
step consists of taking the specific design
configuration, dimensions, detailed material
properties, loading conditions, etc., and pre-
dicting the system’s behavior. For example, in
the case of a structural design problem, one
would predict the stresses and strains induced
in the body by the mechanical and thermal
loads imposed upon it. Electronic computers
have been a particularly useful asset in this
phase of design. Their widespread availability
and ability to perform computations at high
speed makes it possible to achieve approxi-
mate solutions to “exact” problems which are
more accurate than the exact solutions to
“exact” problems which are more accurate
than the exact solutions of approximate
problems referred to above.!”> 1?5 2! Digital
computer algorithms could be used for hand
calculations but they are so lengthy that
manual solution is neither economically feas-
ible nor reliable, and would take too long to
provide answers for design decisions on a
timely basis.

The next step (Block 6) in the design
process is to compare the predicted perfor-
mance to the desired performance, i.e., the
design criteria. In the traditional “go — no
g0” concept of structural design, the predic-
ted stresses and/or strains are compared to the
stresses and/or strains that the material is
capable of withstanding to determine if a
desired safety factor is achieved. If the desired
safety factor is not achieved, design changes
are made (Block 6A); whereas if an adequate
safety factor is obtained, the design progresses
to the system periormnance evaluation phase
(Block 7).

Alternately, statistical techniques can be
employed to combine the uncertainties in the

AP WSS

predicted stresses or strains with the random
variations in the ultimate properties of the
material to establish the probability of failare
or the structural reliability. To employ this
latter technique, a design criterion or figure of
merit that uses both the structural reliability
and an appropriate performance parameter
should be used. For example, one might
maximize the figure of merit formed by a
linear combination of the structural reliability
and the ratio of the desired sabot mass to the
predicted sabot mass, each multiplied by a
weightiang fector, i.e.,

Figure of Merit=Fof M =W, R, + W, (”%)

(-

where
R, = 1 - Py=structural reliability
Py = probability of failure
m, = predicted sabot mass

m, = desired sabot mass (design objec-
tive)

W,, W; = subjectively established weighting
factors designed to give more or
less emphasis on either the struc-
tural reliability or the sabot mass.

Optimization techniques can then be e:in-
ployed (Block 6A) to determine and imple-
ment those changes that improve the figure of
merit. This technique is repeated until the
figure of merit reaches an extreme value.
Observe that the figure of merit is used for
comparison purposes only and does not neces-
sarily have a physical significance.

To avoid the problem of suboptimization,
i.e., achieving an “optimum” component de-
sign that does not result in optimum system
performance, it is important that the design
procedure include prediction (Block 7), evalu-
ation (Block 8), and optimization phases
(Block 9) for the entire system. In the sabot
design problem, the cystem evaluation phase
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would consist of predicting th¢f time-depend-
ent motion, velocity, acce&i{ ion, chamber
pressure, etc., for a given projectile-sabot
design, charge configuration, gun barrel
length, etc.!371 7> !9 The figure of merit for
system optimization must employ a system
performance parameter such as muzzle velo-
city. In an expanded performance evaluation
p-ogram, the figure of merit wouid be ex-
randed to include obturation and/or seal
dynamics considerations.

Once the optimal, or at least an acceptable,
design has been achieved analytically, it gener-
ally becomes necessary to demonstrate the
capability of the design. For this purpose, one
or more prototypes are manufactured, tested,
and the results are evaluated. The purpose of
this phase of the design is to (1) verify the
analysis, (2) determine the effect of phenom-
ena not included in the analytical design, and
(3) confirm that the design meets the design
objectives. The similarity between the analyti-
cal and prototype sequences will be noted.
Instead of developing an analytical model, a
prototype is fabricated (Block 9). Instead of
predicting the response of the component or
system, the response is measured (Block 10).
The evaluation and optimization phases also
are similar to the analytical cycle. The pri-

; mary difference is that measured data are

used in lieu of theoretical predictions. Suc-
cessful completion of all performance and
qualification tests resulted in a completed

design.

This handbook is organized in accordance
with the previous discussion. Sabot design
considerations covered include (1) structural
considerations, (2) obturation, and (3) seal
dynamics. Elementary, closed-form equations
for preliminary design of sabots are presented
as well as sophisticated computer programs
for detailed analysis. More material is in-
cluded under structural design considerations
(Chapter 3) than for either obturation or seal
dynamics. This is due to the fact that struc-
tural design is further advanced than either
obturator design or the evaluation of d<z:z:aic
phenomena excited during launch. This

AMCP

should not be construed to mean that struc-
tural considerations are more important. It
merely points out the need for additional
work in the latter areas.

Chapter 2 is a preliminary chapter because
it establishes the basic types of sabots, their
classification, and the nomenclature us~d in
this handbook. References are listed at the
end of each chapter and a comprehensive
bibliography is included as Appendix D.

The remainder of Chapter 1 is devoted to
generalized background information pertinent
to guns and sabots.

s
’
’

1-2 SABOTS
'/
1-2.1 DEFINITION

The term *“‘sabot” in this handbook is a
derivative of a term referring to a wooden
shoe. A military use of sabot is inherited from
its description as *a piece of soft metal
formerly attached to a projectile, to take the
grooves of the rifling”. In modern terms, a
sabot is a device conforming on one surface to
a gun bore and on the other surface to a
projectile. It carries the projectile down the
gun bore, under action of propellant gases.
Nearly all sabots separate from the projectile
after ¢xit from the gun, leaving the projectile
to tly to its target unaccompanied. In addi-
tion to being a projectile carrier, a sabot also
may be designed to reinforce structurally or
to protect the projectile under the high
pressure, temperature, and &cceleration en-
vironment in the gun bore. To satisfy its mair
function as a projectile carrier, the sabot not
only must remain intact during bore travel,
but also must serve as a gas seal. Even minute
leakage of gun gas around or through a sabot
structure is inimical because of the intense
erosive power of the gas flow.

Generally, a sabot projectile is subcaliber
with respect to the gun, i.e., a projectile with
a diameter less than the bore diameter of the
launch tube, and which uses the sabot as an
adapter or carrier to support it during launch.
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Because the sabot usually is separated or
discarded from the projectile after it emerges
from the launch tube, it also is referred to as
“a discarding sabot projectile”. When the
basic objective to be achieved is the highest
possible muzzle velocity (or projectile acceler-
ation) for a given projectile weight, a perfor-
mance improvement will be achieved only if
the average cross-sectional density of the
sabot is less than that for the projectile alone.

1-2.2 CLASSIFICATION

Sabot projectile applications can be
grouped into two categories based upon the
configuration and, function of the projectile.
The first group is characterized by high
density, high ballistic coefficient projectiles
designed for maximum impact kinetic energy,
and terminal ballistic effects. Of outstanding
importance in this group are kinetic energy
penetrator rounds designed for defeat of
medium and heavy armor. Literature review
and initial analysis indicate that these configu-
rations have been developed to a relatively
high degree of sophistication on the basis of
qualitative design procedures and an extensive
background of experimental evaluation test-
ing. Within this, group, there are basically
three different types of sabot projectiles: (1)
spin-stabilized projectile with.a cup sabot, (2)
aerodynamically stabiazed® projectile with a
cup sabot, and (3) aerodynamically stabi-
lized* projectile with ring sabot. Typical
designs for these three types are depicted in
Figs. 1-2 through 1-4.

A second group of sabot projectiles is
characterized by medium- and low-density
projectiles that may be gun-lwunched fer
many uses. Applications for s group in-
clude aeroballistic testing of a wide variety of
aerodynamic models using light gas-gun tech-
niques, weapon systems employing high ex-
plosive and shaped charge warhead configura-
tion, gun-boosted rockets, and a variety of
tactical and research projectiles including
flares, chaff, probes, electronic packages, and

*Fins or flared aft sections,
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liquid payloads. Typical sabot designs of the
second group are shown in Fig. 1-5. Research
studies show that fluid sabot buoyancy sup-
port techniques can provide significant struc-
tura! design advantages for relatively low-den-
sity gun-launched structures. Projectile sup-
port during launch acceleration provided by
the buoyanzy and pressure distribution effect
of the fluid can result in significant reductions
in strength and weight requirements. Such
projectiles, without fluid support, would be
exposed to destructive acceleration loads dur-
ing gun launch. Functional and design limita-
tions imposed on buoyancy-supported projec-
tiles are controlled primarily by configura-
tional requirements, density, fluid compress-
ibility, and hydrodynamic effects.

1-2.3 ACTION INSIDE THE GUN TUBE

Consider the simple sabot-projectile system
shown in Fig. 1-6 as the system is acted upon
by the propellant gas pressure P,, accelerating
the system to the right (as shown in the
figure). The accelerating force Fis given by

Dl
F=P Ay =P, (”4 ) (1-2)

where P, is the pressure* acting upon the shot
base area Ag = wD?%/4, Ap also equals the
bore cross-sectional area. This force causes an
acceleration a of the shot

P, Ag aD? P,
(mp, + m,) 4(m, +my)

(1-3)

where m, is the mass of the projectile and m,
is the mass of the sabot. :

The acceleration gives rise to coupling
stresses at the contact interfaces as indicated
by the arrows in Fig. 1-6(B). The coupling
stresses as indicated, oversimplified by com-
parison to reality, are a mixture of shears and
normal stresses generated by force F and the
differential inertial resistance to motion of

*The “back pressure” at the forward end of the
projectile (usually atmospheric condition) is neg-
lected in comparison to the higher magnitude of P,
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the projectile and sabot, as well as by the
confinemunt of the barrel. The result of the
action is to cause frictional shear gripping of
the cylindrical surface of the projcctile by the
sabot and a push normal to its back (left) end.
Thus, the acceleration force F is transmitted
from the sabot through the interfaces as
indicated to cause its acceleration along with
the sabot. This scheme is operative until an
allowable stress or deformation is exceeded in
the material of the sabot or the projectile,
causing failure of the parts. The objective ~f
structural analysis of sabots is to deduce,
formally, how the load F is distributed
through the sabot and projectile, particularly
near the contact surfaces between which
failure is likely to be initiated. The stress
analysis prediction then can be compared to
the strengths of the materials and the design
evaluated. Alternatively, the capability for
adequate stress and strength analysis is syn-
onymous with the capability Yor design
optimization because the stress-strength anal-
ysis capability permits permuting design de-
tails to arrive at design optina.

The design depicted schematically in Fig.
1-6, while simple, is representative of ap-
proaches to many sabot applications. The
complications arising in the details of an
analysis by geometric variations in the sabot

in no way alter the generic approach illus-
trated.

1:2.4 AISTORY OF SABOT USE

Sabot is the Franch word for wooden shoes
worn by peasants in France, Belgium, and
neighboring countries. Recently, however, the
word has been applied to the “‘shoe” carrier
used to launch various aerodynamic shapes
and subcaliber projectiles, at hypervelocity
speeds.

The Canadians were among the first to
apply the potertialities of sabot-launched
projectiles. The success they achieved by
1949 in the development of an APDS (armor-
piercing, discarding-sabot) shot for a 20-b
cannon encoursged the United States to

launch into the development of a 76 mm
HVAPDS (hypervelocity, armor-piercing, dis-
carding-sabot) shot in zompetition with the
T66 rigid shot previously under development.
The experimental version of this 76 mm
dAVAPDS shot was designated tha T145. It
subsequently was redesignated as the M331
when accepted for use by the U.S. Army.

Until 1953, sabots were made of metal,
primarily aluminum and magnesium alloys
because of their high strength-to-weight
ratios. Sabot discard was achieved by design-
ing the subot so that when it was in the
launch tube the centrifugal forces associated
with spinning the sabot and projectile would
expand the sabot out against the launch tube
but would not fracture it. When the sabot and
projectile emerged from the launch tube,
removal of the radial restraint caused the
sabot to disintegrate under the centrifugal
loading.

In 1953, the advantages of plastic sabots
were recognized and the development of a
plastic version of the T145 sabot projectile,
designated T89, was begun. This sabot projec-
tile was highly successful and later became
part of the M88 cartridge. Advantages of
plastic sabots?? include:

(1) Their strength is adequate for many
applications.

(2) They cost less because they are easier
to manufacture.

(3) They do not require critical materials.

(4) They do not create as much wear on
the launch tube.

(5) They brcak into less lethal pieces.

The first plastic sabots were made of
glass-fiber filled diallylphthalate sheathed in
nylon and they included metal reinforcements
whenever it was felt necessary to redistribute
the stresses. The nylon sheath was necessi-
tated by the abrasive nature of glass-filled
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materials. Nylon also is used for rotating
ban: on projectiles and on metal sabots.
Other plastics used for the strustural portions
of sabots include polypropylenes, polycarbon-
ates, celluloses, epoxies, and phenolics. Poly-
ethylene, ncoprene, and silicone rubbers are
used for seals and obturators.

The United States began development of a
series of high L/D (length-to-diameter) fin-
stabilized, high-density, kinetic-energy pene-
trators in 1951. This type projectile some-
times is called an “‘arrow" projectile and is
typified by the T320 and T208 shot se-
ries.2*:23 Because of the high L/D ratio, the
traditional cup or push sabot was inadequate
and ring or push-pull sabots were developed.
This type of sabot wraps around the central
or forward section of the projectile, and
partially pulls, partially pushes the projectile
through the launch tube. To transfer accelera-
tion forces from the sabot to the projectile, a
series of butiress-shaped, annular grooves are
made on both the projectile body and mating
sabot surface. These grooves interlock when
the sabot and projectile are assembled. Be-
cause this type of projectile usually is fired
fromn smoothbore guns*, centrifugal forces
cannot be relied upon for separation. Ring
sabots, therefore, are usually made in several
segments and incorporate air scoops or bevels
on the forward end of each segment so that
aerodynamic forces and stored strain energy
tend to peel or petal the sabot segments away
from the projectile.

The aft end of both ring and cup sabots
also are scooped out, permitting the high gas
pressures generated by the burning powder to
assist in sealing against gas leakage.

It also should be observed that the annular
grooves on the projectile body increase its
drag coefficient and, therefore, are objection-

*Rifled barrels have been used but it is anticipated
that there is sufficient slippage between the sabot
and the projectile that the latter will not develop

significant spin.

AMCP 700-448

able. Aircraft Armaments, Inc. (AAI) has
developed a friction-type, ring sabot and
demonstrated its use in doth small (cal .22)
and lazge (152 mm) caliber weapons.?®+?7

Two serious disadvantages exist with the
finstabilized, “arrow” projectile and ring

.sabot combination: (1) both the launch tube-

sabot and the sabot-projectile interfaces must
be secaled against gas leakage and the destruc-
tive erosion associated with gas leakage, and
(2) the fins of the projectile are exposed to
high temperature gases during both the launch
and flight portions of operation. The latter
results in extreme fin ablation which is
extremely undesirable. To overcome these
difficulties, a series of delta-finned projectiles
was developed that can be launched from a
modified cup sabot.?® The modified cup
sabot consists of a base plate upon which the
weight of the projectile rests aad four to six
circumferentially spaced radial supports to
position the projectile in the launch tube.

The possibility of employing gun-launched
rockets and space vehicles as a means of
obtaining improved performance at reduced
cost has not gone unnoticed. The SPRINT
high-speed intercepter missile is a typical
example of a high-performance ejection-
launched rocket. It uses a modified cup sabot.
Studies also indicate the feasibility of launch-
ing space vehiclss 14 ft in diameter using a
mass-restrained atomic-powered ce' non.?°®

In 1964, in connection with Project HARP
(Joint United States-Canadian High Altitude
Research Program), interest was expressed in
launches of high-performance rockets from
guns of up to 16-in. in bore diameter®®™3 %, In
a typical high-performance rocket motor,
axia! acceleratians of order only 10 or 10? g
can be tolerated before axial buckling causes
catastrophic failure. In 1964, Lockheed Pro-
pulsion Company and Ballistic Research Lab-
oratories (BRL) cooperated to demonstrate
survivability of high-performance rocket vehi-
cles at ~ 10* gravities acceleration in 3- to
S-in. bore sizes. The support technique used

1-13
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has been termed “fluid buoyancy support’*
and consists, in essence, of neutral flotation
of the structure in a gun tube, from which the
rocket-containing fluid slug is expelled as a
unitd 73%,

A summary of sabots, sabot-projectiles, and
their characteristics is included in Appendix
A,

13 GUNS

1:3.1 DEFINITION

The term ‘‘gun” in this handbook, unless
otherwise indicated, may be taken in its
general sense — i.e., a projectile-throwing de-
vice consisting essentially of a projectile-guid-
ing tube, with connected reaction chamber in
which the chemical energy of a propellant is
rapidly converted into heat and the hot gases
produced expand to cxpel the projectile at ¢
high velocity.

1-3.2 CLASSIFICATION

For convenience of discussion, guns are
classified according to their salient features,
functions, modes of operation, etc.*® The
boundaries of these classifications are not
always clearly defined, and the classifications
and nomenclature are often traditional. The
classifications are useful, however, and are in
common use. The principal one is based
roughly on size and portability and classifies
“gun’ as small arms and artillery. Small arms
are in general less than 30 mm in caliber.
Artillery consists of the larger weapons usu-
ally mounted on carriages and moved by
other than human power. Small arms are
more variable in design and function. They
include such weapons as rifles, machine guns,
pistols, etc. Artillery weapons inciude guns
(specific), howitzers, and mortars. Guns (spe-
cific) include those firing dsually at lower
elevation and higher velocity. Howitzers in-
clude those generally operating in a lower
velocity range. The latter can be fired at high
angles and use zoned charges, i.e., charges

1-14

*Patent Numbers 3,369,455 and 3,369,485

loaded in separate increments and ones that
can be varied within limits by the gunner.
Mortars operate at high angles similar to
howitzers. Mortars possess lower velocities
and generally are loaded from the muzzle.
They are not complex in design and may be
taken apart and transported by foot soldiers.

Pistols, mortars, howitzers, and guns that
produce medium or low velocities under
ordinary circumstances are not ordinarily
considered for use as projectors for high-veloc-
ity sabo! projectiles. When sabot-support of
subcaliber projectiles for attainment of muz-
zle velocities in excess of 4,000 fps is a design
objective, the guns most suitable for use as
launchers are typically long in caliber length
und/or designed for high pressure operation(~
75,000 psi).

1-3.3 ACTION INSIDE THE GUN

Essentially, a gun is a heat engine. Its
action resembles the power stroke of an
automobile engine with the expansion of hot
gases driving the projectile instead of a piston
(Fig. 1-7). When the charge is ignited, gases
are evolved from the surface of each propel-
lant grain, and the pressure in the chamber
increases rapidly. Resistance to initial motion
of the projectile is great, and relatively high
chamber pressures are attained before much
motion of the projectile takes place. The
chamber volume is increased by the move-
ment of the projectile. This has the effect of
decreasing the pressure. However, the rate of
burning of the charge increases. The effect is a
rapid increase in the propellant pressure until
the point of maximum pressure is reached.
This occurs at & relatively short distance from
the origin of rifling. Beyond that point,
pressure drops and, at the muzzle, reaches a
value considerably less than maximum pres-
sure, probably on the order of 10 to 30
percen¢ thereof, depending upon the weapon
design and the propellant. This muzzle pres-
sure continues to act on the projectile for a
short distance beyond the muzzle. Thus, the
projectile continues to accelerate beyond the
muzzle.
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1-3.4 PRESSURE-TRAVEL CURVES

In order for the projectile to acquire the
designuted muzzle velocity, and that the
presurs developed to accomplish this not
damage the weapon, all tubes are designed in
accordance with a desirable pressure-travel
curve for the proposed weapon*! .

The pressure-travel curves (Fig. 1-8) indi-
cate the pressure (or force if pressure is
multiplied by the cross-sectional area of the
bore) existing at the base of the projectile at
any point of its motion. Hence, the area
under any of the curves represents the work
accomplished on the projectile per unit cross-
sectional area, by the expanding gases.

If the areas under Curves A and B are
equal, then the work performed in cach of
these cases will be equal, and the muzzle
velocities produced by each of these propel-
lants will be the same, since

WORK = KE = mv?/2 (1-4)

The fact that Curve A exceeds the permis-
sible pressure curve cannot be tolerated.

Should it be desired to increase the muzzle
velocity of a projectile, the work performed,
or the area under some new curve, must be
greater than the area under a curve giving a
lower muzzle velocity. Such an increase in
velocity is indicated by Curve C whose maxi-
mum pressure is equal to that of Curve B, but
whose area is greater than that undor Curve B.
It appears that the ideal pressure-travel curve
would be one coinciding with the curve of
permissible pressure. However, if it were
possible to design a propellant capable of
producing such a result, many objectionable
occurrences would take place. In addition to
producing excessive erosion (a factor which
would materially decrease the accuracy life of
the gun), brilliant flashes and nonuniform
velocities because of high muzzle pressure
would result. Moreover, the chamber would
have to be materially increased and this would
affect the weight, and hence the mobility, of

the gun. As a result, the velocity prescrided
for a perticular gun slways is somewhat below
the maximum posible to obtain. The propel-
lunt grain most suitable for producing this
result is one giving the prescribed velocity
uniformly from round to round without
oxceeding the permissible pressurc at any
point in the bore.

For these, among other reasons, it is
desirable to obtain high projectile velocities
by sabotsupport of a projectile light in
weight as opposed to construction of a heavy,
uneconomical gun capable of firing the unsup-
ported projectile without a sabot.
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CHAPTER 2
SABOT SYSTEM ANALYSIS

PPUTIREES = & %) 2 Sy .
L e, At

2-0 LIST OF SYMBOLS

¢ = a pressure function of % -
B = bulk compressibility Subscripts: E
d = projectile diameter B = bore ; ¥
D = gun bore diameter ¢ = chamber
d = projectile diameter f = fluid
. = gravitational
F = force £
. G = grain §
g = acceleration i
_ ) .
k = gun tube length in bore diameters © = nominal
L = length p = projectile or propellant
m = mass : s = sabot
p = hydrostatic pressure t = total :
P = pressure Bar (—.) over symbol indicates vector or tensor
quantity
s = surface area element
2-1 GEOMETRIC CLASSIFICATION OF
§ = stress tensor SABOTS
t = time For current purposes, the various sabot
‘ designs are divided into two main classes: (1)
¥ = volume or acceleration potential the cup type (Fig. 2-1), including both the
spin-stabilized and nonspin-stabilized projec-
v = velocity tiles, and (2) the ring type (Fig. 2-2). Al-
though 12 variat.ons of the basic cup design
x = distance and seven modifications of the basic ring
design are identified and shown in the accom-
p = density panying figures, the simple dual geometric
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Figure 2-1. Basic Cup Design
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Figure 2-2. Basic Ring Design

classification with generic modifications has
been adopted as a basis for the ensuing
discussion.

2-1.1 GENERIC TYVES OF CUP SABOTS

The basic cup sabot and generic modifica-
tions are illustrated in Figs. 2-3 through 2-15.
The simplest modifications of the basic cup
include the addition of a rotating band to
impart spin to the projectile; the addition of a
separate obturator; and the additions of
bevels, slots, and undercuts to reduce weight
and/or improve discard characteristics. The
designs illustrated in Figs. 2-11 and 2-12
incorporate truncated cones of a high shear
strength material to adapt the cup design
which is primarily suited to low L/D projec-

tiles of almost full caliber diameter to high
L/D projectiles of relatively small diameter. A
thin layer of plastic sometimes is used to
mitigate the dynamic forces imposed on the
p-ojectile. The designs shown in Figs. 2-14
and 2-15 are unique because they are used to
launch fragile objects. The design in Fig. 2-14
utilizes a rigid, internal sting to redistribute
launch loads to less critical sections of the
object being launched!* while the design
shown in Fig. 2-15 uses a fluid to accomplish
the same task. The patented design shown in
Fig. 2-15 also is unique because it is primarily
used to launch full-caliber projectiles. The

*References are jocated at the end of each chapter.
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LAUNCH TUBE OR GUN
SABOT BARREL
5 { PROJECTIL [d

L—— L' —

s L1’ g

Figure 2-3. Bssic Cup Design

ROTATING BAND
ENGAGES RIFLINGS
OF BARREL

ECCENTRICALLY LOCATED PIN
FOR TRANSFERRING SPIN LOADS
TO PROJECTILE

Figure 24. Cup With Rotating Band (imparts spin to projectile)

OBTURATOR

Figure 2-5. Cup With Obturator (seesls launch tube)

Figure 2-6. Cup With Forward Beve! (augments serodynamic separation
of sabot and projectile)
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Figure 2-7. Cup With Internal Taper (thrust and spin transmitted to ;

the projectile through the tapered surface) £
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Figure 2-8. Cup With External Undercut (weight reduction)

5
f |

Figure 2-10. Cup With Rider

METAL BASE PLATE

Figure 2-11. Cup With Base Plate (bearing surface multiplier)
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BASE PLATE

PLASTIC DISC
Figure 2-12. Cup With Base Plate and Shock Absorber (for highly brittle projectiles)

FRACTURABL.E
PLASTIC DISC

Figure 2-13. Cup With Shear Plate Resiraint

SUPPORT STING L
/-1
7 |

ure 2-14. Cup With Support Sting (for thin-walled models)

ROCKE. MOTOR PAYLOAD

FLUID

Figure 2-15. Cup With Fluid Support (for fragile projectites such as rocket-assisted
projectiles) (Patent Numbers 3,969,455 and 3,369,485)
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objective of this sabot is to reduce (he launch
weight of the projectile instead of increasing
the muzzle velocity.

2-1.2 GENERIC TYPES OF RING SABOTS

The basic configuration for the ring sabot
and its generic variations is shown in Figs.
2-16 through 2-23. The simple modifications
of adding obturators, bevels, slots, etc., to
improve sealing characteristics and reduce
sabot weight are illustrated. Figs. 2-22 and
2-23 incorporate the high shear-strength
characteristics of a metal with the low density
properties of plastics to achieve higher perfor-
mance.

SABOT\

2-2 SABOT DESIGN CONSTRAINTS

The fundamental objective of a lurge class
of sabot-projectiles is to achieve higher projec-
tile muzzle velocity from guns which operate
at some nominal efficiency level. The general
design problem can be viewed from two
alternate positions. Given a specific projectile
of mass m, and diameter d which achieves a
muzzle velocity v, from a nominal gun of
diameter d, it is desired to attain a higher
muzzle velocity v, by using a larger gun
(diameter D) and a sabot to fit the given
projectile into the larger diameter tube. The
problem is to determine the gun size and
sabot configuration capable of achieving the

PROJECTILE CG

/ .
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g -
*_

edin

H—L‘—-q

Figure 2-16. Bssic Ring Design

-
~ PROJECTILFE
__i'
-t p—

Figure 2-18. Ring With Forward Bevel (sugments serodynamic separation of
sabot and projectile)
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Figure 2-19. Ring With Unsupported Forward Undercut (aero-sugmented
separation and weight savings)

SEGMENTED TO
FACILITATE SEPARATION

-

Figure 2:20. Ring With Longitudinally-supported Forward Undercut

e
O

Figure 2.21. Ring With Circumferentially-supported Forward Undercut

METAL

- - - ———

PLASTIC

Figure 2-22. Two-piece Ring

:

PLASTIC METAL

Figure 2-23. Two-piece Self-sealing Ring
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desired peiformance. Alternatively, the de-
signer may be given a specific gun of diameter
D, capable of launching a nominal mass m, at
an initial velocity v,, and be required to
determine the reduced piojectile mass m, and
sabot configuration which will permit attain-
ment of the desired higher velocity v,. The
purpose of this paragraph is to illustrate the
general constraints imposed upon the subot
design by these system performance require-
ments,

Consider first the problem of velocity
increase for a given projectile mass by gun size
increase and the use of a sabot. Neglecting
bore friction and gas compression ahead of
the projectile, the only force acting on the
sabot prajectile is the propellant gas pressure
assumed to be uniformly distributed over the
shot base. The kinetic energy delivered to the
projectile of mass mj, by expansion of gas in
the gun of diameter d is given by

kd 9
" ] 2-DH
Id’j; pdx =5 mp vi

where k is the length of the launch tube in
bore diameter or caliber lengths, v, is the
muzzle velocity, and

kd
f pdx
0

is the integral of the shot base-pressure travel
curvgsfor the gun. The velocity v achicved by
the same projectile mass m, when fired from
a gun of diameter D with the same caliber
iength k peak pressure, and piczometric effi-

ciency is given by

N kD 1 2
3D’ A pdx = i(mp +m,)v;

where m, is the mass of the sabot required to
support and transmit the additional kinetic
energy to the projectile.

For equivalent peak pressure and piezo-
metric efficiency -- i.e., ratio of peak to average
pressute, in the gun system - the integrals in
Eqs. 2-1 and 2-2 are proportional to the bore
diameters, d and D, respectively. Using this
result, dividing Eq. 2-2 by Eq. 2-1 and
rearranging, yields an expression for the sabot
mass m, and gun size D required to achieve
the desired velocity v, as follows:

m, 1 (2-3)

From the alternate point of view, in which
the gun size is fixed and the projectile is
reduced in size with a sabot to achieve higher
velocity, an equivalent result can be obtained
as follows: The kinetic energy delivered to a
nominal projectile mass m,, by the gun of

- diameter D and caliber length & ds given by

L kD (2-4)
;{D’f pdx -—;-m,,v}
0

For constant ¢nergy delivered by the gun, an
increased muzzle veloecity »#; can be achicved
by reducing the sum of the projectile and
sahot mass as given by Eq. 2-2. Combining
Egs. 2-2 and 2-4 results in

1 ('ﬂ) +1
m, \

Assuming constant projectile shape and den-
sity (as its mass is reduced to achieve "the
velocity increase) results in the following
proportionality:

m.@y
my, d

(2-6)

Substituting this result into Eq. 2-5 and
rearranging yields the result previously ob-
tained into Eq. 2-3.
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It may be observed that Eq. 2-3 involves
three 'dimensionless ratios. This permits the
ratio of the sabot mass to the projectile mass
to be plotted as a function of the ratio of the
projectile diameter to the bore diameter, with
the ideal velocity increment

-A—! V2=V
4! 4!

as a parameter (Fig. 2-24). Lines of equal
velocity-increase for the ideal gun performance
ussumed are shown in the flgure. One must
remain on the left side of the zero velocity
increment curve if there is to be any increase
in the muzzle velocity due to the use of a
sabot unless the gun is operated at an in-
creased peak pressure or piezometric effi-
ciency.

In general, choice of the gun system pcrfor-
mance level is dictated by such other system
constraints as tube material strength, erosion
resistance requirements, system weight and
length limits, interior ballistic effects, muzzle
blast, and flash limitation requirements, etc.,
which will not be considered here. One
important effect not included in the simple
analysis discussed here is the decrease in
piezometric efficiency that results as muzzle
velocities are increased. This performance
degradation is caused by the work necessary
to accelerate the propellant gases themselves
to high velocity. In the limit as shot weight
approaches zero, the shot velocity approaches
a fixed upper limit determined by the expan-
sion properties of the gun propellant combus-
tion products. Light gas guns are able to
exceed the velocity limit imposed on powder
gas guns by the use of low molecular weight
gases in the expansion process.

The shaded area of Fig. 2-24 shows the
region occupied by existing sabot-projectile
designs as listed in Appendix A. Observe that
this region was determined by plotting the
sabot-projectile mass ratio versus the projec-
tile-gun bore diameter ratio for representative
designs. In general, the large ideal velocity
increment increases indicated by the theoreti-

AMCP 700448

cal calculations for the designs located at the
left side of the shaded region (low projectile-
to-bore diameter ratios) are not achieved for
two reasons. First, the analysis resulting in
Eq. 2-3 implicitly assumes constant projectile
shape and composite density as the gun size is
increased or the projectile size is decreased to
achieve higher velocities. This assumption
becomes increasingly poor as the projectile-to-
bore diameter ratio decreases. In general, the
projectile length-to-diameter ratio and com-
posite density tends to increase because of
acrodynamic flight stabilization and terminal
ballistic requirements. Thus, the left part of
the shaded region should be shifted to the
right relative to tie lines of constant velocity
increase, Second, the gun efficiency problem
at high velocity previously described causes
severe degradation in velocity performance
for the very light shotweight designs.

Another instructive way to consider the
performance limits and capabilities of sabot-
projectile designs is illustrated in Fig. 2-25,
which shows the sabot-to-projectile mass ratio
m,/m, plotted versus the projectile-to-
nominal shot mass ratio m,/m, of Eq. 2-5.
Plotted in this fashion, the effects of projec-
tile shape and density are excluded from the
analysis and the actual achieved velocity
increases are closer to ideal values. Choice of
the nominal projectile mass m, is arbitrary
and is associated with the efficiency level
assumed for the gun systems. The existing
sabot-projectile design data shown in Fig.
2-25 were obtained from the performance
summary data of Appendix A, assuming m,
equal to 96 Ib for a 155 mm gun (an artillery
weapon). Values of m, for other gun sizes
were obtained by scaling 96 Ib as the cube of
the gun bore diameter which approximates
equivalent gun peak pressure and piezometric
efficiency.

These elementary system analysis consider-
ations illustrate the general design require-
ments for velocity increase by the use of
sabot-subcaliber projectiles. Projectile mass
must be reduced to achieve velocity increase
for constant gun performance. Generally, the

29
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projectile mass is the useful end product of
the system and, therefore, there are system
requirements to maximize the projectile mass.
Additional velocity increase can be achieved
for a fixed projectile mass by decreasing the
weight of the sabot as illustrated in Fig. 2-25.
This latter design goal is of primary impor-
tance in sabot-projectile technology.

23 THE COMPARISON BETWEEN CUP
AND RING SABOTS

The first decision which the sabot designar
must make is whether or not to employ a ring
or a cup sabot configuration. Based upon
empirical evidence, investigators at BRL es-
tablished the following criteria?:

320

One-piece cup sabot
(Figs. 2-3 through

-I_..> .4 ~b

' d

Cup sabot with

d > 0.40 f’.ﬂ> 10 bearing plate (Figs.

D ' d 2-11 or 2-12)
£<0.40 Ring sabot (Figs.
D 2-16 through 2-23)

The performance capability of a cup and
ring sabot both designed to the same set of
conditions using the same material are given
in Fig. 2-26. It may be observed that although
the ring sabot consistently gives better perfor-
mance than the cup sabot, the amount of

AN
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Figure 2-26. Comparison of Cup and Ring Sabots (6-in diameter bors, projectile
L/D = 10, effective density of projectile = 0.260 lbm/in3, maximum
gas pressure = 50,000 psi, density of sabot = 0.040 Ibm/in?, and shear
strength = 10,000 psi) (Ibm = pounds mass)
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improvement at relatively large projectile dia-
meters (3§ > 0.40) is significantly less than at
smaller diameters. This is sufficiently less so
that one must consider other quantifiable

criteria, i.e, cost of manufacture, reliability,

etc.

In ring sabots the means normally em-
ployed to transfer the shear forces developed
between the sabot and the projectile is a series
of annular grooves shaped like a butiress
thread. To ensure an effective transfer of
these shear forcus, the grooves on the projec-
tile body must fit carefully into the grooves in
the sabot, The manufacturing costs for pro-
ducing a ring sabot, therefore, can be much
Righer than for an equivalent cup sabot.

In addition, the ring sabot has one more
joint to seal than does the cup sabot, i.e., the
joint between the sabot and the projectile.
Failure to achieve an effective seal on this
joint has been blamed for the failure of ring
sabots to function properly. The exposure of
the aft end of the projectile associated with
ring sabots also is considered a problem arca
that must be considercd. It is concluded that
the BRL rule-of-thumb is a reasonable criter-
ion for preliminary design of sabots but that a
more detailed parametric study may be war-
ranted for a specific set of performance
criteria,

24 FLUID BUOYANCY SUPPORT OF
GUN-LAUNCHED STRUCTURES

The fluid buoyancy sabot is a special
development of the Lockheed Propulsion
Company* and has application to the generic
structure that is typicall