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PREFACE

The Engineering 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 to:

Commanding Officer
Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, Pennsylvania 17201

b. Contractors and universities must forward their requests to:

National Technical Information Service
Department of Commerce
Springfield, Virginia 22151



(Requests for classified documents must be sent, with appropriate "Need to
Know" justification, to Letterkenny Army Depot.)

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

u.s. Army Materiel Command
ATTN: AMCRD-TV
Washington, D. C. 20315

AMCP 706-445
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1-0 LIST OF SYMBOLS
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CHAPTER 1

INTRODUCTION

1-1 BACKGROUND

a longitudinal acceleration

As cross-sectional area of gun bore

d diameter of projectile

D diameter of bore

F force

KE kinetic energy

L length

m mass

ms predicted sabot mass

rna sabot mass design objective

rnp = mass of projectile

pressure of propellant gases acting on
base of sabot projectile

Pf = probability of failure

Rs = structural reliability

v = velocity or muzzle velocity

W == weight or weighting factors

p,S subscripts referring to projectile and
sabot, respectively

Sabots are used as supports for projectiles
during gun tube travel. When high velocity is
the desired characteristic of the supported
projectile, the lightest weight sabot feasible is
desired. Generally, engineering steps taken to
minimize sabot weight increase the stress and
deformation requirements imposed upon the
sabot during its travel through the bore of the
gun. This handbook presents engineering de­
sign procedures for sabots. It takes into
consideration the conflicting criteria associ­
ated with maximum performance and maxi­
mum relia bility.

The steps and decisions which must be
made in the process of producing an engineer­
ing design are summarized in Fig. I-I. It will
be noted that the design process contains the
following six different types of activities I -3 *:

(I) To recognize need for the product
(Block 1 in Fig. 1-1)

(2) To establish criteria for evaluating al­
ternatives (Blocks 2 and 3)

(3) To generate one or more tentative
designs or prototypes (Blocks 4 and 9)

(4) To analyze each alternative (Blocks 5,
7, and 10)

*References are located at the end of each chapter
unless specific reference is made to the abstract
bibliography of Appendix D.

I-I
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I.

2.

3.

4.

6A.

RECOGNI ZE NEED

ES T ABLISH CRI TERI A

FOR EVALUATING

AL TERNATE DESIGNS

ESTABLISH REQUIREMENTS

FOR SUBSYSTEMS

AND COMPONENTS

GENERATE

SYSTEM CONFIGURATION.

SELECT MATERIALS.

AND ESTABLISH

DIMENSIONS

MODIFY COMPONENT

AND OR SUBSYSTEM

DESIGNS

S.

NO

7.

PREDICT PERFORMANCE

OF COMPONENTS

AND OR SUBSYSTEMS

PREDICT SYSTEM

PER FORM ANCE

SA.
MODIFY SYSTEM

DESIGN. I.E., SUBSYSTEM

AND COMPONENT

REQUIREME TS

ItA.
MODIFY

DESIGN

•

1-2

Figure 1-1. The Design Process



(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, II, and
II A). 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:

(I) 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,4 using the techniques of external S - 9

and terminal ballistics.! o-! 2 The loads im-

posed upon the sabot can be predicted using

AMCP70&445

the analytical methods of interior ballis­
tics.! 2-! 8 The output from this stage of the
sabot design process (Block 3) should be (l) 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 sa bot load environ­
ment, i.e., base pressure, acceleration, bore
friction, etc.; and (4) permissible anomalies 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 sabot 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 rationally2. 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 were possible to establish a
general design; analyze it for all combinations
of conditions; and produce a closed-fonn
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

1-3
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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 to sabot de ign are presented in a
subsequent chapter of this handbook.

The "base" design established in Block 4 is
a necessary inpu t to the analysis or prediction
stage of the design process (Block 5). This
step consists of taking the specific design
configuration, dimensions, detailed rna terial
properti s, 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 thennal
loads imposed upon it. Electronic computers
have been a particularly useful asset in this
phase of design. Their widespread availability
and ability to perfonn computations at high
speed makes it possible to achieve approxi­
mate solutions to " xact" problems which are
more accurate than the exact solutions to
"exact" problems which are more accurate
than the exact solutions of approximate
problem r ferred to above. 17, 19, 2 I 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
proviqe answers for design decisions on a
timely basis.

The next step (Block 6) in the design
process is to compare the predi ted perfor­
mance to the desired performance, i.e., the
design criteria. In the traditional "go - no
go" 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 performance evaluation phase
(Block 7).

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

1-4

predicted stresses or strains with the random
variations in the ultimate properties of the
material to establish the probability of failure
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
weighting factor, i.e.,

Figure of Merit == F of M == WI Rs+ W2 ( rna)
ms

(I-1)
where

I - Pf = structural reliability

probability of failure

predicted sabot mass

desired sabot mass (design objec­
tive)

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 em­
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 (B,lock 8),. and optimization phases
(Block 9) for the entire system. In the sabot
design problem, the system evaluation phase



would consist of predicting the time-depend­
ent motion, velocity, acceleration, chamber
pressure, etc., for a given projectile-sabot
design, charge configuration, gun barrel
length, etc. 1 3 -17, 19 The figure of merit for
system optimization must employ a system
performance parameter such as muzzle velo­
city. In an expanded performance evaluation
program, the figure of merit would be ex­
panded 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 (I) 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 dynamic
phenomena excited during launch. This

AMCP 706-445

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 used 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.

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 sabats separate from the projectile
after exit from the gun, leaving the projectile
to fly to its target unaccompanied. In addi­
tion to being a projectile carrier, a sa bot also
may be designed to reinforce structurally or
to protect the projectile under the high
pressure, temperature, and acceleration en­
vironment in the gun bore. To satisfy its main
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.

1-5



AMCP 706-445

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 Pc' accelerating
the system to the right (as shown in the
figure). The accelerating force F is given by

F=Pc As =Pc (1r~2) (1-2)

where Pc is the pressure* acting upon the shot
base area As = 1rD2/4, As also equals the
bore cross-sectional area. This force causes an
accelera tion a of the shot

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
tural design advantages for relatively low-den­
sity gun-launched structures. Projectile sup­
port during launch acceleration provided by
the buoyancy and pressure distribution effect
of the t1uid 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.

(1-3)

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.

Sa bot 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 stabilized* 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.

1-2.2 CLASSIFICATION

A second group of sabot projectiles is
characterized by medium- and low-density
projectiles that may be gun-launched for
many uses. Applications for this group in­
clude aero ballistic testing of a wide variety of
aerodynamic models using ligh t 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.

where mp is the mass of the projectile and ms
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, over-simplified by com­
parison to reality, are a mixture of shears and
normal stresses generated by force F and the
differ~ntial 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 Pc'
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Figure 1-2. Example of Group " Type 1Sabots
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Figure 1-3. Examples of Group 1, Type 2 Sabots
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(A) MODIFIED CLIP SABOT FOR LAUNCHING THIN WALLED AERODYNAMIC MODELS

I
~----+--

(B) CUP SABOT FOR
LAUNCHING SPHERICAL
BODIES

(C) RING SABOT FOR
LAUNCHING SPHERICAL
BODI ES

SHEATH PROPELLANT
PAYLOAD

FLU 10

(D) FLUID SUPPORT SABOT FOWLAUNCHING
ROCKET-ASSISTED PROJECTILES OR PROBES

Figure 1-5. Examples of Group 2 Sabots
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the projectile and sabot, as well as by the
confinem nt of th barrel. The r suIt of the
action is to cause frictional shear gripping of
the cylindrical surface of the projectile by the
sabot and a push normal to its back (left) end.

hus, 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 xceeded in
the material of the sabot or the projectile,
causing failure of the parts. The bjective of
structural analysis of sabots is to deduce,
formally, how the load F is di tributed
through th sabot and projectile, particularly
near the contact urfac s b twe n 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. Alt rnatively, the capability f r
adequate stress and strength analysis is sy n­
onymous with the capability for design
optimization bec use the stress-strength anal­
ysis capability permit' p rmuting design de­
tails to arrive at design optima.

The design depicted schematically in Fig.
1-6, while simple, is representative of ap­
proach s to many sabot applications. The
complications arising in the d tails of an
analysis by geometric variations in the sabot
in no. way alter the generic approach iIlus­
tr"dted.

1-2.4 HISTORY OF SABOT USE

Sabot is the French word for wooden shoes
worn y peasant in France, Belgium, and
neighboring countries. Recently, however, the
word ha been appli d 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 potentialities of sabot-launched
projectiles. The success they achieved by
1949 in the development of an APDS (armor­
piercing, discarding-sabot) shot for a 20--Ib
cannon encouraged the United States to
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launch into the devel pment of a 76 mm
HVAPDS (hypervelocity, armor-piercing, dis­
carding-sabot) shot in camp titian with the
T66 rigid shot previously under development.
The experimental version of this 76 mm
HVAPDS shot was designated the T145. It
su bsequently was redesignated as the M331
wh n accepted for use by the U. S. Army.

Until 1953, sabots were made of metal,
primarily aluminum and magnesium alloys
b cause of their high strength-to-weight
ratios. Sabot discard was achieved by design­
ing the sabot 0 that when it was in the
launch tube the centrifugal forces associated
with pinning 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 th radial r straint caused the
sabot to disintegrate under th centrifugal
loading.

In 1953, the advantag s of plastic sabots
were r cognized and the develo ment of a
plastic version of the T 145 sabot projectile,
designated T89, was begun. This sabot projec­
tile was highly successful and later became
part of the M88 cartridge. Advantage of
plastic sabot 22 include:

(l) Their strength is adequate for many
applications.

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

(3) They do not require ritical ma terials.

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

(5) They reak into less lethal piece.

The first plastic sabot were made of
glass-fib r filled diallylphthalatc sheathed in
nylon and they included metal reinforcements
whenever it was felt necessary to redi tribute
the stresses. The nylon sheath was necessi­
tated by the abrasive nature of glass-filled



materials. Nylon also is used for rotating
bands on projectiles and on metal sabots.
Other plastics used for the structural portions
of sabots include polypropylenes, polycarbon­
ates, celluloses epoxies, and phenolics. Poly­
ethylene, neoprene, and silicone rubb rs are
used for seals and obturators.

The United States began dev lopment of a
series of high LID (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
ries24 ,2s Because of the high LID ratio, the
traditional cup or push sabot wa 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 proje tile, a
series of buttress-shaped, annular grooves are
made on both the projectile body and mating
sabot surface. These groove interlock when
the sabot and projectile are assembled. Be­
cause this type of projectile usually is fired
from 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 sa bot
and the projectile that he latter will not develop
significant spin.
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able. Aircraft Armaments, Inc. (AAl) ha
develope a friction-typ, ring sabot and
demo nstrated its u e in both small (cal .2 )
and large ( I 52 mm) caliber weapons. 2

6, 27

Two serious disadvantages exist with the
fin-stabilized, "arrow" projectile and ring
sabot combination: (l) both the launch tube­
sabot and the sabot-projectil interfaces must
be sealed 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 overcom these
difficulties, a series of delta-finned projectiles
was developed that can be launched from a
modified cup sabot. 2

8 The modified cup
sabot can i ts of a base plate upon which the
weight of the projectile rests and four to six
circumferentially spaced radial supports to
position the projectile in the launch tube.

The possibility of employing gun-launched
rock ts and space vehicles as a means of
obtaining improved performance at reduced
cost ha not gone unnoticed. The SPRl T
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 vehicles 14 ft in diameter usint:> a
mass-restrained atomic-powered cannon. 2 9

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 diameter3 0-3 5 . In
a typical high-performance rocket motor,
axiaJ accelerations of order only 10 or 102 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 ~ 104 graviti s acceleration in 3- to
5-in. bore sizes. The support technique used
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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
unie 7 -39.

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

1-3 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 conn ct d reaction chamber in
which the chemical energy of a propellant is
rapidly converted into heat and the hot gases
produced expand to expel the projectile at a
high veloci ty.

1-3.2 CLASSIFICATION

For convenience of di cussion, guns are
classified according to their salient features,
functions, modes of operation, etc. 4

0 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 include guns
(specific), howitzers, and mortars. Guns (spe­
cific) include those firing usually 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

"'Patent Numbers 3,369,455 and 3,369,485
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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 sabot 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
and/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 a 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
percenl 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 0 der for the projectile to acquire the
designated muzzle velocity, and that the
pressures developed to accomplish this not
damage the weapon, all tubes are designed in
accordance witl a desirable pressure-travel
curve for the proposed weapon41 .

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 ro s­
sectional area, by the expanding gases.

If the areas under Curves A and B are
equal, then the work performed in each of
tI ese cases will be equal, and the muzzle
velocitie produced by each of thes propel­
lants will be the same, since

the gun. As a result, the v locity pr scribed
for a particular gun always is somewhat below
the maximum possible to obtain. The propel­
lant grain most suitable for produ ing his
result is one giving the prescribed velocity
uniformly from round to round without
exceeding th permissible pressure at any
point in the bore.

For these, among other reason, it is
desirable to obtain high proj ctile velocitie
by sabot-support of a projectile light in
weight a opposed to con truction of a heavy,
uneconomical gun capable of firing the unsup­
ported projectile without a sabot.
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CHAPTER 2

SABOT SYSTEM ANALYSIS

2-0 LIST OF SYMBOLS

B = bulk compressibility

d = projectile diameter

D = gun bore diameter

d = projectile diameter

F = force

g = acceleration

k = gun tube length in bore diameters

L = length

m = mass

p = hydrostatic pressure

P = pressure

s = surface area element

<I> = a pressure function ofE
p

Subscripts:

B = bore

c = chamber

f = fluid

g = gravitational

G = grain

o = nominal

p = projectile or propellant

s = sabot

t = total

Bar (-) over symbol indicates vector or tensor
quantity

s stress tensor
2-' GEOMETRIC CLASSIFICATION OF

SABOTS

t time

v = volume or acceleration potential

v = velocity

x = distance

p = density

For current purposes, the various sabot
designs are divided into two main classes: (l)
the cup type (Fig. 2-1), including both the
spin-stabilized and nonspin-stabilized projec­
tiles, and (2) the ring type (Fig. 2-2). Al­
though 12 variations of the basic cup design
and seven modifications of the basic ring
design are identified and shown in the accom­
panying .figures, the simple dual geometric

2-1
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SABOT LAUNCH TUBE

PROJECTILE

Figure 2-1. Basic Cup Design

PROJECTILE

SABOT LAUNCH TUBE

Figure 2-2. Basic Ring Design

2-2

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

2-1.1 GENERIC TYPES 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 sh ar
strength material to adapt the cup design
which is primarily suited to low LID projec-

tiles of almost full caliber diameter to high
LID projectiles of relatively small diameter. A
thin layer of plastic sometimes is used to
mitigate the dynamic forces imposed on the
projectile. 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 launch d1 * while the design
shown in Fig. 2-15 uses a fluid to accomplish
the same task. The patented design shown in
Fig. 2-15 aJso is unique because it is primarily
used to launch full-caliber projectiles. The

··References are located at the end of each chapter.



LAUNCH TUBE OR GUN
BARREL

Figure 2-3. Basic Cup Design

ROTATING BAND
ENGAGES RIFLINGS
OF BARREL

ECCENTRICALLY LOCATED PIN
FOR TRANSFERRING SPIN LOADS
TO PROJECTILE

Figure 2-4. Cup With Rotating Band (imparts spin to projectile)

OBTURATOR

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

11.·:·:....... ~. -
. .

...... ::

Figure 2-6. Cup With Forward Bevel (augments aerodynamic separation
of sabot and projectile)
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2-4

Figure 21. Cup With Internal Taper (thrust and spin transmitted to
the projectile through the tapered surface)

Figure 2-8. Cup With External Undercut (weight reduction)

Figure 2-9. Cup With Internal Undercut (weight reduction)

Figure 2-10. Cup With Rider

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)

vE::';V~
FRACTURABLE ::::.:;3-
PLASTIC DISC \

Figure 2-13. Cup With Shear Plate Restraint

SUPPORT STING

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

ROCKET MOTOR

FLUID

PAYLOAD

Figure 2-15. Cup With Fluid Support (for fragile projectiles such as rocket-assisted
projectiles) (Potent Numbers 3,369,455 and 3,369,485)
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objective of this sabot is to reduce the 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.

SA80T

2-2 SABOT DESIGN CONSTRAINTS

The fundamental objective of a large 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 mp and diameter d which achieves a
muzzle velocity v 1 from a nominal gun of
diameter d, it is desired to attain a higher
muzzle velocity v2 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

PROJ ECTILE CG

PROJECTILE'

Figure 2-16. Basic Ring Design

Figure 2-17. Ring With Obturator (seals launch tube)

!
:,:,:,:_:.:.:.:.:.:,:,:,:.:.:.:-:~::::

-----.?=-
--~-~~-===S>------ :Ii:!>

Figure 2-18. Ring With Forward Bevel (augments aerodynamic separation of
sabot and projectile)
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Figure 2-19. Ring With Unsupported Forward Undercut (aero-augmented
separation and weight savings)

SEGMENTED TO
FACILITATE SEPARATION

Figure 2-20. Ring With Longitudinal/y-supported Forward Undercut

Figure 2-21. Ring With Circumferential/y-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 performance. Alternatively the de­
signer may be given a specific gun of diameter
D, capable of launching a nominal mass mo at
an initial velocity vI, and be required La
determine the reduced projectile mass mp and
sabot configuration which will permit attain­
ment of the d sired higher velocity V2' The
purpose of this paragraph is to illustrate the
general constraints imposed upon the s at
design by these system performanc require­
ments.

Consider first the problem of velocity
incr ase for a given projectile mas by gun ize
increase anel the use of a sabot. N gl 'cting
bore fri tion and gas compression ahead of
the projectile, the only force acting on the
sabot projectil is th propellant gas pressure
assumed to be uniformly distributed over the
shot base. The kinetic energy delivered to the
projectile of mass mp by expansion of gas in
the gun of diameter d is given by

or equivalent peak pres ure and piezo­
metric efficiency - i.e .• ratio of p ak to avera'e
pres ure, in the gun system - til in tegrals 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, yield an expr ssion for the sabot
mass Ins and gun size D requireL! to achieve
the desired velocity "2 as follows:

(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 r suit can be obtained
as follows The kinetic energy delivered to a
nominal projectile mass 1110 by the gun of
diameter D and caliber length k is given by

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

(2-4)
I "pdx = - m v·2 p 1

(2-1 ) Tf 2 {kD I
4 D J

o
pdx= 2 mol'~

For constant energy delivered by the gun, an
increased muzzle velocity 112 can be achieved
by reducing the sum of the projectile and
sabot mass as given by Eg. ~-2. Combining
Eqs. 2-2 and 2-4 result in

f
kd

pdx
o

is the integral of he hot ba e-pres ur travel
curve for the gun. The velocity v2 achieved by
the same projectile mass mp when fired from
a gun of diameter D with the same caliber
length k peak pressure, and pi zometric effi·
ciency is given by

I

!no T

mp
(2-5)

112--
I',

(:) +

Assuming constant projectile shape and en­
sity (as its mass is reduced to achieve the
velocity increase) re ults in the following
proportionality:

(2-2) (2-6)

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

2-8

Substituting this result into Eg. 2-5 and
rearranging yields the result previously ob­
tained lIlto Eq. 2-3.



I t 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

as a parameter (Fig. 2-24). Lines of equal
velociy-increase for the ideal gun performance
assumed are shown in the figure. 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 perfor­
mance level is dictated by such other system
constraints as tllbe 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 706-445

cal calculations for the designs located at the
left side of the shaded region (low projectile­
to-bore diameter ratio) 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
aerodynamic flight stabilization and terminal
ballistic requirements. Thus, the left part of
the shaded region should be shifted to the
right relative to the 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
rns/rnp plotted versus the projectile-to­
nominal shot mass ratio rnp/rna 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 rna 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 rna
equal to 96 Ib for a 155 mm gun (an artillery
weapon). Values of rna 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 ach.ieve velocity increase
for constant gun performance. GeneralJy, the
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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.

One-piece cup sabot
(Figs. 2-3 through
2-9)

Cup sa bot wi th
bearing plate (Figs.
2-1 I or 2-12)

2-3 THE COMPARISON BETWEEN CUP
AND RING SABOTS

d- ~ 0 40D .
Ring sa bot (Figs.
2-16 through 2-23)

The first decision which the sabot designer
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 2 :

The performance capability of a cup and
ring sabot both designed to the same set of
conditions using the same rna terial are given
in Fig. 2-26. It may be observed that although
the ring sa bot consisten tly gives bet ter perfor­
mance than the cup sabot, the amount of

320 r-------r------,----------r--------r---------,
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-r ---
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Figure 2-26. Comparison of Cup and Ring Sabots (6-in diameter bore, projectile
LID = 10, effective density of projectile = 0.260 Ibm/in?, maximum

gas pressure = 50,000 psi, density of sabot = 0.040 Ibm/in.3 , and shear
strength = 10,000 psi) (Ibm =pounds mass)

2-12



improvewent at relatively large projectile dia­
meters (l" > 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 force developed
between the sabot and the projectile is aeries
of annular grooves shaped like a buttre s
thread. To ensure an effective tran fer of
these shear forces, the grooves on the projec­
tile body must fit carefully into the groov sin
the sabot. The manufacturing co ts for pro­
ducing a ring sabot, therefore, can be much
higher than for an equivalent cup sabot.

In adllition, the ring sabot has one mor
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 tillS
joint has been blamed for the failure of ring
sabots to function properly. Th exposure of
the aft end of the projectile associated with
ring sabots also is considered a problem area
that must be considered. It is concluded that
the BRL rule-of-thumb is a reasonable criter­
ion for preliminary design of sabots but tha t a
more detailed parametric study may be war­
ranted for a specific et of performance
riteria.

2-4 FLUID BUOYANCY SUPPORT OF
GUN-LAUNCHED STRUCTURES

The fluid buoyancy sabot i a sp cial
development of the Lockheed Propulsion
Company'" and has application to the generic
structure that is typically weak in longitudinal
buckling, but which can be gun-laun hed to
achieve orne system advantage. One such
structure is a rocket-assisted projectile
- where the projectile may be conSIdered to
be in the range between an artillery bombard­
ment proj ctile and an earth orbit satellite.
System performance in all case appears to be
maximized by gun launch of a flight vehicle

*Patent Numbers 3,369,455 and 3,369.485.
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incorporating a high mass fraction (ratio of
propellant and total weight) propulsion unit.

It is desirable that the rocket propulsion
unit be designed for its intrinsic operating
parameters only. When this is accomplished,
the resulting unsupported propulsion unit is
too fragile for gun launch (except in the
trivial case of a "blow gun"). Fluid immersion
makes the rocket unit (and/or payload) rug­
ged, rendering it virtually insensitiv to gun
bore loads. This paragraph presents a theoreti­
cal analysis of the fluid buoyancy, sabot
system.

A schematic diagram of the fluid buoyancy
support projectile and gun launch system is
presented in Fig. 2-27. he thin-walled aft­
section of the motor chamber is encased in a
close fitting polymeric cup containing a fluid
that fill the motor chamber cavity and nozzle
a 'sem bly. The purpose of this fluid is to
transmit pressure, re ulting from gun propel­
lant gas expansion and lllertial reaction of the
projectile, throughout the interior of the
booster rocket, thereby counteracting forces
tending to destroy the m tor chamber and
grain.

The ballistic trajectory can be divided into
the following three regions for d' cussion
purposes:

(1) Gun tube acceleration

(2) Transition from gun tube to exterior

(3) Exterior ballistic flight.

Relative to an inertial frame of reference
traveling with the projectile, the projectile can
be consid red to be at rest in a time-varying
inertial acceleration field with equipotential
plan s oriented normal to the gun bore axis
(neglecting spin effects for th moment).
After transition of the projectile from the gun
tube to the exterior, the acceleration field
drops abruptly as the driving gun gas dissi­
pate. For the case of exterior balIj tic flight
in an atmosphere, aerodynamic drag effects
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will cause the acceleration field to drop below
zero, resulting in projectile deceleration. The
orientation of the deceleration field with
respect to the projectile is determined by
projectile pitch and yaw. From the standpoint
of projectile structural integrity, the primary
effect of interest is the physical response of
the projectile to this transient inertial acceler­
ation field resulting from the gun launch and
exterior ballistic flight.

[n general, the equations of motion for a
deformable body are obtained by equating
the material density p times the convective
derivative of velocity with respect to time, to
the forces acting on unit volume 3. The forces
acting on any elemental volume are due partly
to body forces, e.g., gravitational and inertial
forces, and partly to the resultant of the
surface tractions acting because of the state of
stress of the body. Thus, using vector nota­
tion, the equation of motion can be written
as:

from conservation of rna tter and is known as
the equation of continuity, i.e.,

It should be emphasized that the indicated
density derivative with respect to time is a
so-called "convected derivative" defined as:

(2-9)

(2-8)
dp + P div II = 0
dt

dp . _
(jf=P+v'Vp

The rna terial under consideration is said to
be "incompressible" if changes in the material
density with time are negligible for the
physical process in question. In this approxi­
mation dp/dt = 0, and, therefore, the velocity
field must satisfy the condition div v= O.

where p is the ordinary variation with time of
the material density at a fixed point in space.
The second term accounts for the additional
material density variation resulting from the
motion of the observer traveling with the
velocity field during unit time.

(2-7)
dV- -

p -= p g + div S
dt

Bars (-) over the symbols denote vector or
tensor quantities. Symbols used are defined as
follows:

p = average mass per unit volume (den­
sity)

V velocity field

g body force per unit mass (acceleration
field)

S = stress tensor

t = time

Before these relations can be applied to the
specific problems involving real materials, a
supplementary set of "material characteriza­
tion" relationships is required expressing the
stress S in terms of the deformation, the rate
of deformation or the history of the deforma­
tion, depending upon the complexity of the
material. That is, a rheological equation of
state must be obtained for each important
material. Before discussing the required spe­
cific material characterization, it would be well
to consider the projectile in the gun launch
environment in greater detail to establish a
qualitative understanding of the relative im­
portance of the various effects.

This basic equation is applicable to solids,
liquids, and to materials that display charac­
teristics of both limit conditions. The distinc­
tion among these various forms of matter is
embodied in the nature of the internal stresses
given by the stress tensor. An additional
differential relationship, which must be satis­
fied by the density and velocity fields, results

Refer again to the projectile gun launch
schematic, Fig. 2-27, and consider the instan­
taneous state of the projectile when it is near

4

maximum acceleration in the gun barrel.
Forces on the projectile under these condi­
tions are primarily body forces resulting from
inertial reaction of the various projectile
elements to the very large acceleration field
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(104-IOSg). It is clear that gravity loading

effects can be neglected under these condi­
tions as contributing a negligible amount to
the total body forces on the projectile. In
addition to the body forces resulting from the
linear acceleration field, another source of
body forces is the angular acceleration result­
ing from the bore rifling in spin-stabilized
projectiles. For the current discussion, body
forces will be assumed to result only from the
linear acceleration. Finally, surface tractions
are in troduced during the gun tu be travel by
frictional forces at the gun tube walls.

and motor propellant as pressure increases

means that the extra volume IllU t be filled
with tluid {lowing into the chamber through
the nozzle from an external reservoir. To scale
the effect, con ider the case of the rocket
motor shown in Fig. 2-27 wh 're the propel­
lant volume Vp occupies 50 percent of the
total chamber volume VI with the remainder
filled with fluid Vi A sume that bulk com­
pressibilities of the fluid Bfand propellant B p
are 3 X 10-6 and 0.9 X 10-6 pi-I, respe tive­
ly, and that the average maximum fluid pres­
sure /:).p is 15,000 psi. For equilibrium condi­
tions, the total volume change, ~ VI V, is:

Now, in general, the hydro tatic pre 'sure p
is a function of the density p. If the fluid

Furthermore, if it can be assumed that the
fluid is sufficiently perfe t. i.e., that it can
support no shearing stresses, then the stress
distribution within it will be isotropic and

Returning now to the math matical formu­
lation and assuming that stress transmission is
sufficiently rapid to permit the assumption
that the fluid system is qua i-static, i.e., close
to equilibrium conditions at all times, Eq. 2-7
becomes

(2-10)

(2-11 )

(2- 12)

pg + div S = °

di S = - grad p

pg= grad p

Under these conditions

Thus, for this example a volume of flui I at
15,000 psi equal to 2.9 percent of the total
internal chamber volume must !low through
the nozzle from the reservoir qui kly enough
to prevent deformation of the motor chamber
because of gun gas pre ·Sure. In addition, it is
evident that the compressibility of the obtura­
tion cup walls should be as low as possible to
limit motor chamber expansion.

Considering the dynamics of the gun tube
acceleration process now, it is clear that for
the limit case of incompressible behavior for
all materials, adequate protection of the
thin-walled motor chamb r during the gun
tube travel requires only that the velocity of
transmission of the pressure wave through the
fluid be at least as large as the propagation
velocity of a deformation wave in the obtura­
tor cup walls or the velocity of gun gas s
around the outsides of the cup walls. The
situation is complicated, however, by the
compressible nature of real materials. Because
adequate protection of the motor chamber
and nozzle assembly requires that the internal
volume remain reasonably constant, it is
evident that bulk compression of the fluid

The general effect of the linear acceleration
on the rocket motor portion of the projectile
is intuitively clear. Pressure will be developed
in the pressure transmitting fluid resulting
from inertial reaction of the payload mass and
body forces in the fluid. At the ba e of the
projectile, pressure in the elastomeric obtura­
tion cup will precisely balance the gun propel­
lant chamber pressure. Moving toward the
forward end of the projectile along the axis of
symmetry, the fluid pressure will decrease to
a value determined by the payload mass as the
fluid "surface" (located at the fluid-payload
interface) is approached. The fluid motor
chamber, and obturation cup walls are con­
strained by the gun barrel walls in exactly the
same way that water in a stand pipe tank is
constrained by the pipe walls.

2-16



AMCP 706-445

(2-13)

density changes, for example, because of
compressibility, temperature field, impurity
content, etc., then it is clear that the pressure
distribution will be affected. In general, lines
of constant density mayor may not coincide
with lines of constant pressure. If the former
can be assumed, an auxiliary pressure func­
tion can be defined

P
cI>(p) =J p-l dp

which, combined with Eq. 2-12, results in

racy of this result is, of course, dependent on
the validity of the various simplifying assump­
tions made during the derivation.

In addition to the previous effects, buoy­
ancy phenomena are certain to play a major
role in development of high acceleration
systems of the type discussed here. Consider
the propellant grain shown schematically in
Fig. 2-27, immersed in the pressure transmit­
ting fluid and case-bonded to the chamber
wall. The total force Ff acting on the grain by
the fluid is

where V is the inertial acceleration field
potential. Eqs. 2-14 and 2-15 result in

Now, for the inertial acceleration field g,
under consideration here, the following may
be written:

where ds is a vector surface area element of
the grain directed outward from the grain.
Now, in general, for a scalar field such as p:

where Ve is the volume of the propellant
grain. Again, assuming the fluid stress distri­
bution to be isotropic, Eq. 2-12 can be used
to show that

(2-21)

(2-20)

II pds =fff grad pdVe

Ff = - II pdf

(2-16)

( 2-15)

(2-14)

V + cI> = constant

g = - grad V

"if = grad cI>

(2-22)

Comparison of this result with Eq. 2-20
shows that the total force acting on the grain
by the fluid is equal and opposite to the total
weigh t of the displaced fluid given by the
right hand side of Eq. 2-22. Observe that only
the gradient portion of the total hydrostatic
pressure of Eq. 2-19 results in a buoyancy
effect on the submerged grain. The relation­
ship expressed by Eq. 2-22 is called Archi­
medes' principle. The total body force acting
on the grain and resulting from the inertial
acceleration field g is given by

(2-19)

(2-18)

(2-17)

p = p gx + Po

cI> =gx + constant

and for the limit of incompressible behavior

cI> =.E. = gx + Po
P P

so

Because the inertial acceleration field V of
the projectile can be considered to be
spatially uniform, V = - gx may be written
where g is the magnitude of the acceleration
field, and x is the distance from the fluid-pay­
load i.nterface back toward the aft end of the
projectile. Thus,

Thus, the total resultant grain force Fe' is

Because the inertial accelera tion field is
uniform and the fluid and propellant densities

This relation expresses, mathematically, the
fact previously mentioned, that the total
pressure in the fluid is equal to the sum of a
constant value Po resulting from the inertial
reaction of the payload mass plus a compo­
nent increasing lineariJy with depth due to

inertial reaction of the fluid itself. The accu-

(2-23)
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are assumed to be uniform, i.e., independent
of position, Eq. 2-24 simplifies to

(2-25)

A positive resultant force corresponds to a
negative buoyancy, i.e., corresponds to a
"sinking" tendency. Observe that even though
the density difference between the grain and
tluid is relatively small, the resultant buoy­
ancy force can be large because of the
magnitude of g. In the current case, this force
results in a shear deformation of the circular
port grain.

Up to now, consideration was given only to
conditions during travel of the projectile
through the gun barrel. Just as the projectile
emerges from the muzzle, it is clear that a
po ten tiaIJy catastrophic si tua tion is produced.
Specifically, the projectile is still being accel­
erated by the gun gases bearing against the aft
of the projectile but the lateral pressure
constraint of the gun barrel is removed from
the forward portions of the projectile.
Clearly, the internal fluid pressure either must
be contained by the rocket chamber, relieved
by expansion and possible rupture of the
chamber, or the acceleration and resultant
pressure must be reduced by flow of fluid
from the reservoir around the outside of the
chamber to the atmosphere. The results of
experiments4 ,s indicate that these muzzle
transition effects can be accommodated in
high-performance gun-boosted rocket designs
launched at practical gun energy levels. Flow
properties of the fluid during launch acceler­
ation are clearly of great importance to the
success of the rocket launch projection sys­
tem.

2-5 OBTURATION AND SABOT SEAL
DYNAMICS

2-5.1 GENERAL

The combined requiremen ts of efficient
gun gas obturation during bore acceleration
and of rapid and smooth sabot separation
after muzzle exit provide challenging design
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problems for sabot projectiles. Poor gun gas
obturation leads to augmented gun wear, and
degradation of projectile performance because
of erosion damage. Solution of the obturation
problem often results in sabot separation
difficulties with attendant poor ballistic per­
formance. The use of elastomeric seals for
obturation of high-performance sabot projec­
tile rounds has become common. These low­
modulus materials flow readily under pressure
to provide good obturation and excellent
sabot discard characteristics.

The genera: methods used for obturation of
sabot projectiles are described qualitatively in
this paragraph with reference to the widely
diversified applications literature for specific
techniques and results. Sabot projectile obtur­
ation design principles are not sufficiently
well defined or understood at this time to
permit a classical "handbook" treatment.
Research investigations directed specifically at
the detailed motion of practical obturator
designs during gun launch are relatively new
and few in number.

2-5.2 OBTURATION METHODS

Historically, the sealing of gun gases has
been accomplished by forcing a projectile
with a rotating band through the gun tube
rifling. In small caliber ammunition, the entire
cylindrical length of the projectile, which is
made from or sheathed in soft metal, is
engraved to provide a gun gas seal. Larger
caliber ammunition generally utilizes one or
more discrete rotating bands that are engraved
by the ritling under the action of the acceler­
ating propellant gases. In addition to provid­
ing the necessary sliding gas seal, rotating
bands generally are required to transmit tor­
que from the rifling to the projectile, there by
providing the spin necessary for gyroscopic
stability. Requirements of the obturating de­
vice for spin-stabilized sabot projectiles are
much the same with the additional complica­
tion that the sabot and obturating device be
capable of smooth discard at the gun muzzle.
Both metal and fiber materials have been used
in spin-stabilized sabot projectile develop-



ments (s e, for example, Fig. 1-2). As high r
projectile velocities are obtained by reducing
the projectile mass and diameter, the mass of
the sabot becomes a critical performance
design constraint as described in par. 2-2.
Under these conditions, the use of a relatively
dense metal such as copper for the gun gas
obturator becomes prohibitive and low-den­
sity materials such as plastics and elast mers
have become important as sabot obturating
devic s (s e for example, Figs. 1-3 and 1-4).

Many applications of sabot proj ctiles fir d
from rifled and smoothbore gun exist, and
the use of plastic or elastomeric seals located
at the periphery of the sabot is common (see
the abstract bibliography, Appendix 0). For
deformable sabot materials such as plastics,
the obturation mans often is incorporated
into th sabot tru ture by making the aft end
larger than the gun bore as describ d in Ref.
2. This procedure also provides an inHial
resistance to motion resulting in a fixed value
of hot start pressure which has certain
advantag s from an interi r ballistic tand­
point. In many cases, however, particularly
those in which th abot must be inserted
initially forward f the entrance to th gun
bore, th use of oversize _abots is not prac­
tica I and a self-seali ng action by the obturator
is reqldred. Peripheral undercuts of' flaps" on
the base of the abot oft n are used to
accomplish this elf-sealing action y reducing
the stiffn ss of the abot mater.ial at the end
of the flap, wltich allows it t deform ea ily
under the action of low initial gas pressures.
Examples of this procedure are illustrated 111

the sabot de ign shown in Figs. 1- and 1-4.
An investigation of the literature indicates
that design of the e ompol',ents is accom­
plished largely on an empirical basis for each
. pecific application. Par. 0-13 of the ibliog­
raphy (Appendix 0) ontains a list of ref­
eren es on the subject on static and dynamic
seals in general.

2-5.3 SABOT SEAL DYNAMICS

The general motion of the sabot compo­
n nt relative to the projectile during gun
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launch acceleration i r ferred to here as ab t
seal dynamics. Control of this motion is a
central design problem in many sabot projec­
tile appli ations.

High-per ormance kinetic energy penetra­
t r sabot projectiles u ually :Ire aerodynamic­
ally stabilized and therefore, it is de irable
that the proj ctile pin remain far below the
rat that would be achieved if the projectile
",ere directly coupled to the gun ritling. The

use of conventional, rifled tube guns for
launch of these projectiles often is dictated by
the necessity for firing conventional spin-
tabilized projectil s from the sam weapon.
hus, it is necessary to decouple he projectil

from the ritling through a sliding element
in orporated in th sabot ob urator. In many
cases of in t rest, the general practice of
forcing the obturator in 0 the gun rifling to
achieve a tight fit for gas scaling purpose
cannot be u ed; the obturator d vice mu t
expand under action of th gun accelerating
gases to fill the rifling gr aves and provide the
necessary gas seal with minimum gas leakage.

To accon plish these requirem nts in hi h­
performance, ring sabot applications, relative­
ly complex sabot configurations have been
developed employing sliding plastic obtura­
tion rings as indicated in Fig. 2-28 6 . The
motion of this ring or combination of ring
rela tive to the a at projectile body during
the Jaun h accelerati n cycle i' critical to the
succe of the round. Analytical and experi­
mental procedures have been developed6 that
can be used in the design and development of
liding plastic 0 bturator rings. S tatie and

dynamic fri !ion b tween the ring and gun
bore and b tween th ring and sabot projec­
tile, combined with a knowledge of the
obturating ring n cchanical propertie, are
critical input in to the analysis d lI1ing the
resulting motion and sealing effects.

•Another application in which motion of
the sabot materials relative to the projectil is
critical is th general area f fluid buoyancy
support of gun-launched tructures di 'cussed

in par. 2-4 (see also Fig. 1-5). In this case, a
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Figure 2-28. Schematic Diagram of Gun Tupe, Ring, and Sabot Projecti/e6
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component of the "sabot is a pure fluid that
distributes the launch acceleration loads uni­
formly, thereby protecting fragile structures,
e.g., rocket motors, from the otherwise de­
structive effects of the launch acceleration.
Flow effects in the fluid relative to the
supported structure and the containing device
are of critical importance to the utility of this
method of structural support for fragile gun­
launched structures. Analyses of these effects
for specific applications are still being de­
veloped at the time of this writing.
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CHAPTER 3

STRUCTURAL DESIGN CONSIDERATIONS

3-0 LIST OF SYMBOLS K bulk modulus

a

A

d

accelerati n

ar a

diameter

Q

L

m

length

length

mass; or, r ciprocal of Poisson's
ralio

D diameter or, reep ompliance
n = twi t rate, turns per caliber

e

E

c effi ien t of bas thickness sin
function

= Young's modulus of elasticity

effective modulus

glassy modulus

N

p

P

twist rate, turns per unit length

buttress groove pitch

pressure

= base pressure
f frequency

F force; friction force

G shear modulus

h rider width

H thermal pres ure

Pc chamber pressure

R = radius

t time; or base plate thickness

T torque; or, temp raturc

m m nt of inertia of projectile
about longitudinal axis

U, r, W displacements in X-, Y-, z-directions,
respectively

moment of inertia of projectile
cross ectiOl1 about its central axis

]) velocity

= di tortional energy per unit volume

k (L-t)jQ =sabot length, base plate
thicknes jprojectile length

w weight

x di tance from commencem nt f
rifling

3-1



mean shear or deviatoric stress

_I normal stress, i = j ) . ._
- I, J - x, y, z

shear stress, i *- j

AMCP 706-445

x,y, z

E

e

v

p

a

I
a

T

w

3-2

Cartesian coordinates

thermal expansion coefficient

Lw/Rp = length of sabot wall/radius
of projectile

t/R p = baseplate thickness/radius of
projectile

percentage of sabot not undercut

Kronecker delta

strain

1
normal strain, i = j) .. _

I, J -x, y, z
shear strain, i *- j

angle

Rp/Rs = radius of projectile/radius
of gun barrel

coefficient of friction

Poisson's ratio

material density

stress

critical stress

shear stress

working stress

shear stress or shear strength cap­
ability of materials

angular velocity

~;= angular acceleration

Subscripts:

B gun bore

c compressive

cr critical

f friction; forward

1 inertial

K key

max maximum

N normal

oct octahedral

p projectile

r radial

R ring; required

sc strength of core

ss strength of sabot

s sabot; shoulder

str strength

S stud

tangential

T torque

w wall

e tangential

J1 friction

3-1 STRUCTURAL DESIGN FUNDAMEN­
TALS

The verification of the structural integrity
of a design consists of two phases: (1) a
prediction of the stress and strain states
induced in the body by various loading
conditions and/or combinations of loading
conditions, and (2) application of failure
criteria to determine if failure will occur, the
margin of safety, or the probability of fail­
ure l *. Input data required for the stress-strain
prediction phase include (1) characterization

*References are located at the end of each chapter.



of the rna terial stress-strain behavior which
also is known as the constitutive equation for
the material, and (2) the loading conditions to
which the body is expected to be subjected or
to which the design must be qualified. Inputs
to the failure assessment phase include (I)
appropriate failure criteria, i.e., a quantitative
description of the conditions under which the
material will fracture or deform into an
unacceptable shape, and (2) a criterion for
acceptable behavior for the specific applica­
tion under consideration. The latter may take
the form of an acceptable margin of safety
also known as a safety factor, or a permissible
probability of failure. The margin of safety is
a subjective measure of acceptable structural
performance that should account for (1)
uncertainties in load predictions, (2) possible
errors in structural analysis techniques, (3)
sta tis tical variations in rna terial properties, (4)
the inability to identify and correct potential
failure conditions before catastrophic failure,
and (5) the consequences of experiencing a
failure.

With the improvement of load prediction
and structural techniques, and the develop­
ment of statisitical means for predicting the
uncertainties in predicted quantities, it has
been possible to predict the effects of Items 1
through 3 relative to margin of safety. The
result is a statistical prediction of the prob­
ability of failure. The advantage of the statis­
tical approach is that it reduces the level of
reliance upon judgment, which may be biased,
to a lower level than the margin of safety
approach.

The remainder of this chapter is devoted to
a gen ral discussion 0 f rna terial characteriza­
tion, stmctural analysis, and failure cri tria
followed by specific analyses pertinent to
structural design of sabots, and the presenta­
tion of a computerized, finit -element ap­
proa h to th solution of structural int grity
problems with complicated geometry.

3-2 MATERIAL CHARACTERIZATION

Before performing the structural analysis of
a sabot or sabot-projectile system. it first is
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necessary as well as expedient to establish
assumptions of material beha ior under which
the analysi will be conducted. otwithstand­
ing glaring deficienci that will be discussed
subsequen tly, particularly in connection with
failure theory, it is propos d to consider the
medium as isotropic, homogeneous and con­
tinuous. The practical objections to these
assumptions ar based upon the fact that if
one examines the material on a sufficiently
small scale, it can be shown that neith r
homogeneous, nor perhaps isotropic, media
exist. One must only assume that there does
exist, on the average macroscale, an equiva­
lent medium of this type. For many analyses,
this approxima tion will be 'atisfactory, cer­
tainly at the current stage, although the
assumption can be seriously in error on the
microscale, e pecially at the origin of failure
where fracture or t ar'ng begins. Next, the
assumption of continuity is not al ays ful­
filled because it implie that there is always a
bond b tween the compon nts of multipha e
materials, e.g., Fiberglas. Actually, this as­
sumption may not be correct under excessive
tensile stress. On the other hand, the bond
still will exist between those surfaces in
compr ssion, ther fore leading to (noncon­
tinuum) load-induc d i otropy. everth Ie s,
to conduct present analy es, it is customary,
and at least temporarily appropriate, to as­
sume an isotropic, homog neou continuum.

The second assumption is that the strains
will be sufficiently small so that infinitesimal
deforma tions can be assumed. Actually, for
the loads and geom tries u ed in current
designs, strains of 30 p rcent frequently ar
computed from infinitesimal theory, c rtainly
pushing the limit of alidity for this assump­
tion. On the other hand finite strain analysis
is complex. Considering the widespread know­
ledge of infinitesimal deformation theory and
its relative a e of application, it is considered
appropriate, pending some later qualifica-•tions, to begin at this point.

Third, the rna terial stress- train behavior
must be considered. Gen r lIy, only tllr
types of stress-strain behavior will be con-
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In fact, given the assumption of linear clastic
b havior and any two m' terial constants, e.g ..
E and /), the other mal 'rial con tants - C, K,
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sidered: (I) linear elastic, (2) rigid-plastic, or
(3) elastic-pIa 'tic (Fig. 3-1). Th first is
customary an appropriate for most materi­
al . It merely impli s that the deformation or
recovery of the material from def rmation
under applied loading will be instantan us
and complete upon application or I' .moval of
th load, with no d lay or viscoelastic re­
spon ·e. On the oth I' hand, some components
wiu be so highly, and intentionally, loaded
that the material will yield or perman ntly
deform. Actual behavior usually is somewhere
b tween th e two limit, but exp rien
shows that for th majority of situation
analyzed herein, a careful a sessment of the
behavior of the two limits will uffice.

3-2.1 LINEAR ELASTIC BEHAVIOR

The ma t rial prop rti s required to per­
form 3. tre s-strain analy is assuming lin ar
elastic behavior are:

G = E }2(1 + v)

K= E
3( 1 - 2v

STRAIN
(A) LINEAR ELASTIC BEHAVIOR

(3-1)

i

(I) Materi 1 den.ity p usually glV n 111

units of Ibm/in 3

(2) Modulus f elasticity E usually given in
unit f psi

(3) Pois on's ratio IJ which is dim nsionless

(4 Coefficient of th rmal e pansion ex
usually given in units of in.lin.-oF

Density p is he m asure of the m ss of a unit
volume of the a teria!' The modulus of
la ticity E and Pois on's ratio are material

constan ts that de eri be the stress-strain be­
havior of the material. The cocftlci nt f
thermal expansion de 'cribes how the ilimen­
sions of the material change WIth changes in
temperature. A compilation of the room
temperatur properti s for the material com­
monly u d for 'abuts is given in A 'pendix B.

V')
V)

LJ..J
0:::
t­
V)

V)
V')

LJ..J
0:::
t­
V')

i -
1

-
STRAIN

(B) RIGID·PLASTIC BEHAVIOR

I

It will be noted that it i also possible to
define a shear modlilu G and bulk l-noulilu K
for the material. In the ca e of a lin ar elastic
mat rial, however, the' properties can b'
shown to be simple functIOns of E and /) (Ref.
2):
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(Cl ELASTIC·PLASTIC BEHAVIOR

Figure 3-1. Illustration of Possible
Stress-strain Behavior
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or any other property one might want to
define - may be calculated. Furthermore,
given the material constants and either the
stresses a or the strains e, the other quantities
(strains or stresses) may be calculated using
the stress-strain relationships. For a linear,
th rmomechanically coupled elastic solid, in
general, three-dimensional artesian coordi­
nates, the stress-strain relationships 2 are

thermal pressure and does appear to be a
material constant. Furthermore, it appears to
be the same constant for polymers in general
- approximately 75 psi;oF'hysically, this is
the pressure that would develop in the poly­
mer for each degree of temperature change if
the polymer were heated under absolute
confinement.

3-2.2 THE FITZGERALD MODIFICATION
OF HOOKE'S LAW FOR INCOM­
PRESSIBLE MEDIA

These equations are also known as Hooke's
law. The yield strength usually determined in
a uniaxial tensile test describes the limit of
elastic behavior.

The deformation characteristics of rubbers
and some polymers are found to approach
incompressible behavior, i.e., v ---+ Y2 and
K ---+ 00. Due to the occurrence of a (l - 2v)
term in the denominators of certain stress
analysis formulas, however, the assumption of
incompressible behavior can create serious
computational difficulties and may result in
oscillations in computer solutions for stresses
and strains. One approach to avoiding this
difficulty is to assume nearly-incompressible
behavior, i.e., v = 0.498, 0.499, or 0.4999.
Unfortunately, this is not satisfactory because
calculated stresses are sensitive to the value of
v, which is assumed.

An alternate approach growing out of the
Gruneisen relationships of polymer physics
and because of Fitzgerald*, is the postulate
that the quantity 3aK is a constant. This
quantity, denoted by H, is known as the

(
I + v) V

€ .. = -- a.· - - ak k 8. + a TO ..
II E II E - II II

(3-4)

(3-3)

8 = {l,i=j
ij 0, i *- j

and

The second of these equations is identically
the stress-strain law previously given. For
convenience, however, the stresses have been
divided into an equivalent system of a pure
hydrostatic pressure (P = -au = -axx - ayy

- azz) component and pure shear compo­
nents (i *- j), and tensor notation has been
employed to avoid having to explicitly write
down all six relationships implied by the
tensor expression. The deformations associ­
ated with the hydrostatic pressure and shear
components of stress are known as the unit
dilation (or volume expansion) and the distor­
tional or shear deformations, respectively.

where the indices i and j take on the values of
I, 2, and 3 (denoting the three Cartesian
coordinates x, y, z), repeated subscripts indi­
cate summation, and 0.. is the Kronecker

II
delta defined as

To illustrate the effect that this hypothesis
will have upon the stress-strain law, it is
convenient to begin with the Duhamel­
Neuman form 3 of the stress-strain relation­
ships for thermomechanically coupled, linear
elastic systems. Using tensor notation, these
expressions are

vE
aij =(l + v)(l _ 2v) f kk Dij + 2 Ge ij

_ ( cx.-""j ) D
I - 2v ij

(3-2)

ex x - aT = l ra - v (a + a )1E[xX yy zzJ

eyy - aT =l ra - v (a + a )JE L yy zz yy

e - aT =l ra - v (a + a )Jzz E L zz xx yy

a xy ayz a xz
exy G' eyz =G' €xz G

*Professor of Civil Engineering, University of Utah,
Salt Lake City, Utah.

Inserting the assumption that 3aK = con­
stant =H and rewriting yields the result

3-5
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where 'E;j 0= 2 CEij' K 0= K/(2C), and IJ 0= 0.5

and E 0= 3K (I - 21J) from Eq. 3-1.

The first term on the right-hand side
represents shear or distortion. The second
term represents pressure loadings or volume
change, and the third term represents temper­
ature stress or temperature volume change.

It will be observed that this transformation
has replaced the E, IJ, and a appearing in the
usual stress-strain law for a linear elastic
material with the shear modulus C; a relative
bulk stiffness K = K/(2C), which is always
fini te; and the thermal pr ssure H, a general
material constant almost the same for all
polymers.

The important result is that the (l - 2v)
factor causing the singularities or oscillations
in stress calculations has di appeared from the
equations. The choice thi gives the structural
analyst is that he may continue to use the
strictly continuum approach and obtain un­
believable answers (or play with solutions
varying greatly as IJ go from 0.499 to 0.498)
or accept the fundamental physical reasoning
and experimental verification which suggest
that 3aK is indeed a constant and employ the
Fitzgerald modification of th linear elastic
stress-strain laws for incompr ssible or nearly
incompressible media. Experience has shown
that the latter gives physically acceptable
answers while the former gives highly erratic
results.

3-2.3 LOADING RATE EFFECTS

At the loading rates normally encountered
in engineering practice, the behavior of metals
and metallic alloys is adequately des ribed by
the linear-elastic material model. Plastics and
rubbers generally exhibit vi coelastic be­
havior, i.e., the mechanical state (stress or
strain) depend not only upon the magnitude

3-6

of the load but also upon its rate of applica­
tion and to a lesser degree upon the history of
the loading. Under these conditions, the
linear-elastic material mod 1, wI ich as urn s
material properti s that at the most may
depend upon temperature of the material, is
not adequate.

3-2.3.1 LINEAR VISCOELASTICITY

Linear viscoela -tic models", which intro­
duce time-dependency to material behavior in
a special fashion, can be used to d scribe at
least the small deformation charaet risties of
rna terials whose mechanical response is time
dependent 3 ,4. The moduli used to describe
the behavior of viscoelastic materials are also
dependent upon the rat at which the mat r­
ial is loaded. The following loading modes
were found useful in structural analy is of
viscoelastic bodies:

(l) The rei xation modulu E( t) or C( c),

defined as the time-dependent stress
r sulting .from a sudd nly (ideally in­
stan taneously) appli d strain divided
by the magnitude of the strain st p.

(2) The creep compliance Dr t} defined as
the time-dependent strain resulting
from a suddenly (ideally ins tan tane­
ously) applied stress divided by the
magnitude of the stress step.

(3) The dynamic modulus, E*(w) or
G*(w), or compliance D*(w) which is
the amplitude of the steady-state stre s
or strain resulting from a inusoidally
applied strain or stress divided b the
amplitude of the appli d strain or
stress. The d namic properties are a
function of the frequency f of the
applied load and can be divid d into an

*The assumption of linearity is similar to that in
linear elasticity in that stresses are proportional to
strains but it must be stated that the "time­
dependent stress s" are proportional to the "time­
dependent strains".



in-phase or real component, E'(w) or
D'(w) and an out-oF-phase or loss
component, E"(w) or D"(w), i.e.,

E*(w) =E'(w) + iE"(w)
where

i = y'=T.

The relaxation modulus or reep compli­
ance is used in problems with slowly or
monotonically varying loads and the dynamic
propertie arc u d for oscillatory loadings.
Fig. 3-2 show the typical plots of these
moduli of a viscoelastic ma terial plotted on
log-log scales. It will be 0 bserved at very short
times or high frequencies that the material
behaves like an clastic material while at very
long tim or I w frequ ncies it also behaves
like an elastic mat rial but with a modulus
sever 1 orders f magnitude (p wers of ten)
smaller than the short time modulus value.

he short- and long-time relaxation modulus
are known as the glassy and rubbery or
equilibrium moduli, respectively.

Because of the assumption of linear be­
havior, the solution of stress problems involv­
ing visco lastic materials i at least philosophi­
cally po sible. The labor involved, however, is
several orders of ma nitude greater han an
equivalent elastic problems ,6 and essentially
consists of the following:

(l) Tran forma tion of material properties,
boundary conditions, etc., from time­
space into Laplace-transform space

(2) The solution of a linear ela tic problem
in transform spa e for every time
period of inter st

(3) Transformation of answ r in transform
space back into time space.

*The assumption of linearity is similar to that in
linear elasticity in that stresses are proportional to
strains but it must be stated that the "time­
dependent stresses" are proportional to the "time­
dependent strains".
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A significant decrease in computational
detail would be achieved if the as umption of
elastic behavior could be justified. If the
loading rate were sufficier..tly high, the modu­
lus of a viscoelastic material would approach
the glassy modulus and the material behavior
would be elastic. Fortunately, however, even
though the sabot strain rates are not high
enough to cause the effective modulus to
approach the glassy modulus E , the range of

. I' $stram rates and oadmg rates m most sabot
application is within narrow limits. This
makes the assumption of elastic behavior and
the resulting simplifications reasonable. For
example, consider a cup sabot made of
"Lexan", a polycarbonate plastic material.
Assuming that the time to maximum local
strain of 25 percent is approximately 2 msec,
the strain rate then would b J25 in./ in./sec.
Under th se conditions, Ref. 7 indicates that
the effective modulus would be Ee = 300,000
psi. The maximum modulus ~'or "Lexan" is
approximately 320,000 psi and corresponds
to strain rates of 700 in./in./sec and above.
For all rates below about 0.01 in./in./sec, the
effective modulus is approximately 200,000
psi_

The finite element approach to the solution
of structural problems discussed in par. 3-5
and the finite elemen t compu ter program
given in Appendix C are capable of handling
the bilinear behavior. For example, for the
"Lexan" being described in this paragraph,
one merely need insert the yield stress (the
stress at the bilinear break in the stress-strain
curve) of a = 18,500 psi and the modulus
ratio which for "Lexan" is 6700/320,000 =

0.02, and the computer will automatically
carry out the calculations through the end of
the bilinear segment. To determine failure for
curves of this sort, assume that the maximum
strain of 38 percent governs. Thus, extending
the second portion of the bilinear curve out
to 38 perc"nt will imply a failure stress of
24,000 psi. The error involved will be ap­
proxima tely the ratio of the neglected area
betw en the bilinear extension and the actual
tri-Iin ar section of the stress-strain curve to
the total area. In the case of "L an", this
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LOG E(t)

LOG D(t)

LOG TIME

(A) RELAXATION MODULUS

LOG TIME

(8) CREEP COMPLIANCE D(t) = dt)

LOG E

E' (w)

E" (w)
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LOG FREQU ENCY

(C) DYNAMIC MODULUS E* =E' + iE"

Figure 3-2. Response Characteristics of a Viscoelastic Material



error ratio is approximatel 7 p re nt and on
the conservative side.

Thu" it has been shown that the availabil­
ity of high 'train rate data establishing the
asymptotic value of the modulus p rmits
one, within acceptable accLlIacy, to ignore
viscoelastic effects in the analysis provided
the appr priate modulus is us d for the
"ela tic" anal sis.

3-2.3.2 BEHAVIOR OF MATERIALS AT
HIGH LOADING RATES

At high loading rates uch a' th se en­
coun tered in guns, the behavior of even those
materials previously considered elastic be­
come rate dependent. Although in reasing the
strain rate for vis oelastic material increases
the modulus of the material, the effect of
train rate upon most • elastic" materials is to

increase the yield str ss and decrea c the
toughnes. The dynamic trength ha been
found to be 30- to 50-percent high r than the
static trength8

. Available data on dynamic
behavior of sabot materials ar summarized in
the remarks column of the propertie tables
given in Appendix B. Th fact that the
dynamic strength of materials is appropriate
for the gun launch environment has been
adequately demonstrated using gun-launched
aerody.namic models9 ,J o. Lockheed Propul-
ion Company (LPC), using a technique for

determining material strength in a gun launch
environment, confirms that hi h rate mat rial
properties are appropriate for the tructural
design of projectiles, models, and abots. The
re ults of the LPC study are described in
Chapter 4 and summarized in Table 3-1.
Alth ugh the "go-no-go" nature and the
limited number of the LPe tests only pennit
on to establi h limits on the strength parame­
ters, the limits are consistent with those
predicted from other high rate t sts.

In examining the behavior of materials at
high strain rate it is fLlIther not d that the
largest increase in strength oc urs at the low
strain rates and ther appears to be a strain
rate above which the material's strength does

AMCP 706-445

not inerea e. Fig. 3-3 presents dynamic str ss­
strain curv s fa "Lexan"'. It will be ,ob­
served that a 32.5 percent increa e in strength
accompanies the ten-fold incr ase in train
rate from 0.0125 to 0.125 in./in./sec whereas
th further increase in strain rate f approxi­
mately one-hundr d thou and fold (0.0125 to
1,000 in./in./sec) only increases th stren th
88.5 percent, and that there is essentially no
change in the material strength for strain rates
above 1,000 in./in./sec. A similari y thus is
noted between the strength of es entially
elastic solids and the moduli f viscoelastic
materials.

3-2.3.3 OTHER OBSERVATIONS

xamination of Fig. 3-3 shows that the
dynamic stress-strain curv s have a definite
bilinear form, i.. , the plot points can be
approximated by two straight line. The first
line has a relatively high slope or modulus (as
much as 320.000 psi) and applie up to
6-p rcent strain and is followed by a low
modulus (6700 psi) portion which holds to
28-percent strain Actually, there is a third
high modulu portion which hold up to the
br aking strain of 38 percent but thi is
usually ignor d because available computa­
tional te hniques are limited to bilinear or
• elastic-strain hardening pIa tic" behavior.

3-2.4 FAILURE CRITERIA

Calculation of the str sses and strain- in­
duced in a body by the loads imposed upon it
is but an initial tep in the tru tural analysis.
To complete the analysis, one must apply
criteria to ascertain if the body ha failed.
Failures fall into two general ca tegories: de­
formation failures and fractures. In a defor­
mation failure failure occurs whenever the
body d form to the point that it cannot
perform its function. In sabots, a d forma­
tion-type failure would occur if during launch
the sabot permitted the projectile it carries
either to translate or pitch to the point that
there would be excessive dispersion at the
target. Another possibiJjty is the excessive
deformation of sabot parts that result in

3-9
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TABLE 3-1

RESULTS OF LOCKHEED PROPULSION COMPANY (LPC) TESTS FOR MATERIAL
STRENGTH UNDER GUN LAUNCH CONDITIONS

Predicted
Dynamic Dynamic Strength Limits - LPC

Measured Static Strength(a), Gun Environment Tests(b),
Material Strength, 103 psi 103 psi 103 psi

I. Maraging steel, 269 (yield) 304 yield> 242
Grade 300, 18% Ni 277 (ultimate) 313 ultimate < 376

2. Type 4340 steel, 191 (yield) 206 yield> IB5
Rc 39-41 192 (ultimate) 219 ultimate> 213 (1.54% elongation)

3. Type 7075-T6 83 (yield) 116 yield> 117
Aluminum alloy 92 (ultimate) 127 ultimate < ]36

4. Polycarbo nate 9.2 - 9.3 (yield)(C) 15.7-159 yield> 14.0
plastic
(GE "Lexan") 13.5 - 20.0 (ultimate)(c) 25.5 - 37.7 ultimate> 26 (9.2% elongation)

(a) Based on data reported in the literature

(b) Go/No-go Tests performed in 1.53-in. diameter, smoothbore gun
See par. 4-2 for experimental procedure

(c) 0.05 in./in.-min (Yield strength at 0.5 in./in.-min was 9.5 ksi and ultimate strength was 25.3 ksi.)

~
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separations between the parts and, therefore,

gas leakage.

Fracture failure is the condi tion where the
material is incapable of withstanding the
stresses or strains imposed upon it and physi­
cally yields or separates, crea ting one or more
cracks or fissures. There have been numerous
criteria established to predict this type of
failure. Five of the criteria commonly used
are4 ,I I .

(1) Maximum principal stress theory

(2) Maximum principal strain theory

(3) Maximum shear stress theory

(4) Maximum strain energy theory

(5) Maximum distortional strain energy or
maximum octahedral shear stress
theory.

Each criterion defines a particular functional
of the stress or strain field so that if a critical
value of the functional is exceeded, the
associated yield, rupture, or fracture takes
place. The critical value of the functional
must be empirically determined for each
material of interest. The test most commonly
used is the uniaxial tensile test. The limiting
value of the functional then may be expressed
in terms of the yield or ultimate strength as
determined in a simple tensile test.

Criteria (I) and (2) utilize the fact that the
maximum stress (strain) at any point in the
rna terial is the largest of the three principal
stresses (strains), OJ, ° 2 ,°3 (E l , E2 , E 3 ) at
this point. Failure is assumed to occur when
the principal stresses (strains) in the body
reach the yield or ultima te stress value deter­
mined in a uniaxial test.

Criterion (3), also known as the maximum
principal stress difference theory, stems from
the observation that many materials - partic­
ularly those that evidence ductile fracture ­
do so along a pair of planes or a cone lying in

3-12

the direction of greatest shear. The maximum

shear stress has the val ue (0 I - 0 3 )/2 and is
obtained on a plane inclined 45 deg to the
direction of the principal normal stresses.

Alternately, Criterion (5) may be used. It is
based upon a mean value ot' the principal
stress differences or the strain energy associ­
ated with shear deformations, i.e., distortions.
The proposed von Mises form is

hOo=Jot 02)2+(0 2 0 3 )2+(0 3 0 1 )2

and 0 0 is termed the mean shear or deviatoric
stress. For both simple uniaxial tension and
biaxial tension, 0

0
is identical with the yield

or fracture tress. For pure shear, the yield
stress turns out to be °0 / yIT

An alternate form of the above is that due
to I[uber and II ncky. They observe that wd '

the distortional energ per unit volume, is

This mean deviatoric stress is also 3/~times
a quantity known as the octahedral shear
stress. The rc 'ults obtained from the latter
two theories usually are similar.

The total strain energy theory was pro­
posed by Baltrami and Haigh. It does not
prove satisfactory because there is no correla­
tion between behavior in pure shear and in
pure hydrostatic compression.

The important point to observe is that no
universal fracture criterion has been estab­
lished, and that the success of a given fracture
hypothesis depends in large measure upon the
material with which it is associated.

3-3 ELEMENTARY DESIGN CONSIDERA­
TIONS FOR CUP SABOTS

3-3.1 STANDARD CUP SABOT

The elementary cup sabot and its principal
dimensions are shown as follows:
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(3-9)

(3-7)

I _!!...p (am ax)
4 s T

str

1rd
2 (P )1--- max

4 m a
p maxwhere <l> =

where P = gas pressure
7 = shear stress

mp = mass of the projectile
a = acceleration

Ps = density of sabot material

which can be solved for the shear stress

7 =f m
p +(Trd)p ] a -(~)p1rtd 4 s 41

and the expression for the sabot mass be­
comes

Substituting the equation for the maximum
shear stress and solving for the thickness of
the sa bot base yields

which will be maximum whenever the acceler­
ation is maximum (pressure will also be
maximum). The maximum shear stress

(3-8)

[
mp (1rd)] t1rd)7 = ~+ - a - -- p

max 1rtd 4 Ps max 4t max

and if the sabot is to be structurally sound the
maximum shear stress must be less than the
shear strength of the material, i.e.,

f""'------m a
p

......
T

p

A free body diagram for this piece of the
sabot is given as follows:

Let it now be assumed that the basic failure
mode for the cup sabot will be a shearing out
of a piece of the sabot bottom the same
diameter as the projectile.

The quantities d, D, and Qare inputs to the
sabot design as well as the mass of the
projectile and a target mass for the sabot and
sabot loads. The sabot design problem is to
establish the sabot material and the dimen­
sions t and L. For present purposes it may be
assumed that the amount of the projectile
length which is supported, i.e., L - t, is
established by launch dynamic considerations
and probably lies somewhere between 0.5 to
1.0 of the projectile length. Therefore, let

k =L - t (3-6)
Q

where O.S'-;;;;k'-;;;;I.O

A summation of the forces yields
But L - 1 = kQ therefore

( 1rd2
) (1rd 2

)LF =P - T (1rld) - m a - p - fa
x 4 p s 4

3-13
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or substituting for the thickness and rearrang­
ing terms gives

ms >.!(Ps Damax)[_I_J + rrk(D
2 Ps Q)

mp 4 Tsrr (d/D 4 \- m
p

(I - ~: )

where a/-l

FIJ

FIJ.

contact area

friction force = jJ.FN

normal force acting on sabot

or

3-3.1.1 BENDING OF BASE PLATE

jJ. coefficient of friction

The analysis leading to Eq. 3-13 considers
the effect of (1) inertial load because of the
projectile, (2) inertial load because of the
abot wall, (3) inertial load becau e of the

bas plate, (4) base pres,lITe load, and (5)
frictional load between sabot and launch tube
walls. Aerodynamic loads such as drag forces
arising from compressing air in the barrel in
front of the projectile are not onsider d
becau e they are in the opposite sense of the
inertial loads and will subtract from the net
loads on the sabot. The exclusion of this I ad
will make the analysis are conservative.
Observe that the dep ndence of the maximum
bending stre ses on the chamber pressure has
been eliminated in favor of expressing the
stresses as a function of the acceleration and
thlckn ss of the base plate.

(3-11 )

These equations are adequate for preliminary
sizing of cup sabots. Having tentatively estab­
Ii hed the dimen ions of the sabot, it now is
possible to consider more complicated load­
ing .

where Pp is an ffective density of the
projectile defined by

_ 4mp
Pp - rrd 2 Q (3-12)

Because (1) the str sses impo e on the top
of the sabot base plate by the set back of the
sabot walls and the projectile will not be
qual and (2) frictional forces will be applied

ar und the outer edge of the s bot base plat ,
bending stresses will be induced into this
plate. The bending stresses wi11 be a maximum
at the center of the ba e plate. In addition,
the radial and tangential stresses will be equal
and are giv n by the equation

3
(ar) = fat) ?

max \ max 8 (t/d)- (dID)

1(3+:)[kt:H~~o"
+ :~/;) [: Ps k Q(~y -~~j

[0 -v) [1 -(~ 1J- 4(1 +v)

IOgt~)]} (3-13)

The octahedral shear stress is given by

00er = [(0,)2 - Or O(i +(O(ir] += Or

thus applying the octalledral shear stress
theory of failure the design will be adequate if

(3-14)

where 0y is the uniaxial tensile yield strength
of the sabot material.

Based on the maximum shear stress theory,
yielding will occur whenever or = 0y.

3-3.1.2 CRUSHING OF THE BASE PLATE

Although proba Iy not of erious concern,
a check on the compres ive stresses induced
by inertial force should be made

3-14



3-3.1.3 BUCKLING OF THE SABOT WALL

The calculated compressive stress can be
compared with the material capabilities or the
stress can be set equal to the working stress
and an alternate calculation of the thickness
can be made.

4(mp +ms)amax

rrD 2
(3-15)
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where

R
=----E'O<i\<OR' - -

B

=length of sabot wall
=(3R p (O~{3~oo)

= base plate thickness
='YRp (O~'Y~oo)

Because for the standard cup sabot there is
no room for lateral displacement of the sabot,
wall buckling of the sabot is of no concern.

3-3.2 CUP SABOT WITH EXTERNAL UN­
DERCUT

The previous expressions may be used for
calculating stresses with a slight modification
of the expression for the frictional stress F
and for the mass of the sabot. Il

now

F = a rrD oL
Il Il

where a II. is the friction force per unit contact
area and 0 is the percentage of sabot length
that is not undercut, i.e., percentage in
contact with gun barrel. The bending stresses
are thus

Rp = projectile radius

R B =gun bore radius

mw =sabot wall mass

mp = projectile mass

There is the possibility of a shear failure along
plate A-A due to frictional forces. However,
this is not an expected failure mode. It is
more likely that this forward ring will deform
plastically. An analysis of friction surfaces is
presented in Appendix B of Ref. 12.

With the addition of an undercut, the
possibility of lateral displacement is intro­
duced and buckling of the sabot wall becomes
a possibility. An approximation for the criti­
cal compressive stress is

(3-17)

The approximation is valid whenever the
length of the undercu t is several times greater

than 1.72 DJ~) I - (~} The latter is the

length of a half wave of buckling.

It will be observed that because the com­
pressive load is primarily due to inertial
loading, the check should be made at the
bottom of ihe undercut.

3-3.3 CUP SABOT WITH INTERNAL UN·
DERCUTS

The expressions used for calculating
stresses in the cup sabot with external under-

3- 15
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F = 2 'Tr R
B

a h
IJ. IJ.

cut (see Fig. 2-9) also apply in this case. In
addition, if the cavity is not filled with a
hydrostatic liquid, compressive stresses on the
sabot waJls could cause them to collapse and
allow blow-by of the gas.

3-3.4 CUP SABOT WITH RIDER

(1)

+

The solu tion to ( I) is

(a,)'
max

where F1 = inertial reaction force.

( 2)

With the modifications, the expressions gener­
ated in pars. 3-3.1.1 and 3-3.1.2 m~y also be
used in obtaining stresses in a cup sabot with
a forward rider. Buckling need not be con­
sidered. Shearing of the forward ring from the
projectile and radial tension failure between
the leading edge of the forward ring and the
projectile will be considered.

.-:::::....-..-"""'-- FIJ. = 2 'Tr RB aIJ. h---
"

(3-18)

--L..-_--'_

_ 2R B aIJ. + (R~ - R~) PR a
az - 2R

p

_ 2aIJ. RB +PR a(R~ -R~)

2R p

2a + PR aRB (1 - iI.2
)

T = IJ.
2i1.

(3-19)

[
- 2 (m + I) log iI. + (m - 1) - iI. 2 (m - I)J

(m + 1) + iI. 2 (m - I)

~ ~2(1 +v)logil.+(I-v)-il.2 (I-V)]
L (I + V) + iI. 2 (I - V)

The problem of radial tension failure due
to bending is given as the sum of solutions for
the following two problems:

where

I . I f P' , .m =- = reclproca 0 Olsson s ratIo
V
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[-2(1 + v) log II. + (1 - v)(1 - II. 2)J
L (1 + v) + 11. 2 (1 - V)

The solu tion to (2) is

(a,)" = 3 PR a
max 4h

_ 3 PR a
4h

[
-4 (I +m) log II. - (m+3) + 11.4 (m-l) + 411.2JR 2

(I+m) +11.2 (m-l) B

[
-4(V+l)IOgll.-(3V+l)+II.4 (I-v) +411.2 vl R 2

(v+l)+II.2(1-v)J B

AMCP 706-445

where PR is the density of the ring rna terial.
Note that from this expression it again is
possible to calculate the actual stresses Of,
given a working stress, calculate the required

thickness h of the ring.

3-3.5 CUP SABOT WITH BASE PLATE

This design basically provides for an auxili­
ary base plate or bearing surface multiplier Ll,
and its analysis pertains to the configurations
shown in Figs. 2-1 1 and 2-12.

R < LlR <RB ; I < Ll < I III.p p

Rp
where II. =­

RB

radius of auxiliary base plate
Ll =----------

radius of projectile base (R p)

The same expressions used in par. 3-3.2 in
calculating stresses apply, but with LlR sub-

. ~ p
stItuted lor R . Thus, for example

p

The combined stress is thus

(a,) I = a~ + a;
max r=R

p

=3RB a/l
h

[ -2 (I tV) log II. + (I-V)(I-II.2)J
L (I+v) +11.2 (I-v)

(a,)
max

= 3 (3+v)(~+y)a/l

41'2 II. (Ll)

3
+

8 1T (1-11.2 Ll 2 )f'2 Ll 2 R 2

p (3-21)
[m w 11.2(.1)2 - (1-11.2 .(2) mpJ .

[O-V)O-II.2 .(2) - 4(1 tv) log (II.A)J

3 PR a R~
+---­

4h

1~-4(1 tv) log II. - (I +3v) + 11.4 (I-v) + 411.2 v]

L (I+V)+A2 (I-v)

and

(3-22)
mp a [

a,z = ----=---- I - (m w + mp ) 1T R1' J
21T g ARpt

where a,z is the shear stress (see Eq. 3-27).

3-17
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Buckling need not be considered for this case
since the configuration does not lend itself
readily to buckling.

3-3.6 CUP SABOT WITH SHEAR PLATE
RESTRAINT

The expressions for the stresses in this case
are similar to those used above in Eqs. 3-13
through 3-22. The fracturable plastic disc is
included for fragmentation of the sabot once
in free night.

Metal stud attached

=r~f=_- ----.----:3
Fracturable
plastic disc

Ds = 2Rs = diameter of stud

The bearing area of the projectile is now
changed from

A = rrR 2
p p

3-3.1 SPECIAL CONSIDERATIONS FOR
SPIN-STABILIZED APPLICATIONS

In addition to the analysis of set-back
forces given previously in par. 3-3, if the
projectile is to be spin stabilized, a means for
transmitting torque between the sabot and
the projectile must be provided. Two such
means are (I) the use of an eccen trically
located pin, and (2) a key located on the aft
end of the projectile.

3-3.7.1 ECCENTRICALLY LOCATED PIN

The geometry is assumed to be as follows:

R =distance <L pin to <L projectile

r = radius of pin
to

The shear force, due to torque, is given by

Contact pressure on the sabot base due to
torque transmitted through N torque pins:

The shear stress due to torque transmission is

TT = ;p (2'~pt)~ h~~t (324)
This stress is added to the shear stress

calculated under conditions of axial acceler­
ation only to give the combined maximum
shear stress.

and the maximum tangential stress at r = Rs
is given by

3o)l (p+-y) {
o = 0 (R). _ R 2 )
, e 2-y2i\(R1 _ R~)2 B S

[(3+V) R1 - (I-v) R~J

-4 O+v) R1 R~ log (RB/R s )}

+ 4rrg~ R~ {(R1~R~)2 [(R1 - R~)J
~3+V)R1-0-V)R}J

-4 (I+v) R~ R~ log (RB/R s )]

+2m
p

[(I+V)- Y4 0-i\2) (3-23)

[O-V) - (l+3v) R~/R~] J}

3-18

T =F Rpins

Force Transmitted per Pin

and the contact pressure is

T
=-

NR
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3-3.7.2 TORQUE KEY

The geometry of the key is shown below.

Thus, we will assume that the shear stress
acting over the cross section of the key at
maximum load is given by Eq. 3-27. The
torque that can be transmitted is then

TK = ffr r(r) d A

__ 41rr/2~ ErO rT - rdrde
o 0E S R

re

Os ~ellRT = 4- r3 dr de
K ROO

(rr /2 {Ero J+ Je
l

J 0 r 3 dr de (3-28)

From the geometry,

unreasonable to assume a distribution of shear
stress that is similar to that found with the
solid section. The torsional capacity of the
split section will, of course, be less than that
of the solid, and will be given by the integral
of the circular shear distribution over the area
of the key or over the area of the shoulder,
whichever is less.

(3-25)T
rr NR rQ

where T = torque
Q = length of pin
N =; turns per unit length
R = distance center line of pin to cen­

ter line of projectile
r = radius of pin

4 Ts [reI R
4 de + (rr /2 h

4 de ]
R Jo 4 Je 4 sin4 e

I

h rr
E e =-- fore l <e <-

r sin e 2

In a complete circular section, the applica­
tion of a torque T will result in a shear stress
distribution given by

(3-26)

where or/e) is the shear stress at radius r.

If T is increased to the maximum allowable
value, r(R) becomes Ts' the shear strength of
the material, and

or

Now

(rrI2 --.!!!..- =

Je sin4 e
I

(3-29)

[
1 cos e 2 ] rr12

- --- +-cote
3 sin 3 e 3 e1

If the cross section is changed, the stress
distribution will change, and distortion of the
planes normal to the longitudinal axis will
occur. Distortion will also occur in the case
shown in the figure in this paragraph where
the circular cross section is made up of the
key and the mating shoulders, because of the
discontinuity in the shear stress. However, in
the presence of a high axial compression
which keeps the plane sections plane, it is not

cos eI
JR 2

- h 2

R
"

sin el

h
-
R (3-31 )

cot () 1 = JR 2
- h 2

h

de
° (e)=T f.!-)rz s \R (3-27) or

{rr/2

J he sin4 e
I

Now

1 2
(3-30)

cos eI
+ - cot eI

3 sin 3 e1 3

3-19
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If we write

Sin-I ~ +~ } -(;r + ~;: )- ~;r

= <p(; )

Then the torque tha t can be carried by the
shoulders is given by:

1T R3 TsTs = - T
K2

(3-34)

(3-35)T = T R 3 <p(,!!-)
K S R

then

In order to evaluate the torsional capacity
of a given key-sabot combination, we (jrst
obtain the optimum value of h/R from Eq.
3-34 or Fig. 3-5, and then the corresponding
value of <P from Fig. 3-4. The torque capacity
is then simply

It should be noted that for a given shear
strength and core size, the variation of T K

with key width is the same as that shown
for <p (hIR).

The function <1>(h/R) is shown in Fig. 3-4, and
Eq. 3-34 is shown in Fig. 3-5 as T /T versus
h/R. se ss

key or rider width
radius to axis of eccentrically
located pin
key torque capacity

= torque capacity of shoulder
shear strength of shoulder

or

TK = " R' ( Sin-' ~ + 3i } -m'
+ :~: ;. uC)' I (3-32)

or

where h
R

Nomenclature

If the core and sabot have shear strengths
Tse and TsS' respectively, and we wish to make
the torque capacities TK and Ts equal, then

x distance from commencement of
rifling

N(x) = twist rate, turns per unit length
n(x) = twist rate, turns per caliber (2 RN)
v(x) = speed of projectile at x

cdx) = angular velocity at x d ( )
w(x) =angular acceleration at x = ~/

TR = required torque
Ie = moment of inertia of core about its

longitudinal axis
PB = base pressure

A B = area of bore, cross-sectional

mp = mass of projectile
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or

Torsional requirement data are presented in
Figs. 3-4 and 3-5.

(3-40)

(T R'\ must be less than the torque
~m ax

capacity of the mechanism required to spin
the core in order to prevent slip.

Now
d 2x

(PS)max Asm --=
p dt 2

Then

d 2x (PS)max As
---
dt 2 mp

and
27TIeN(Ps) As

(TR ) max

max
=

mp

Ie is a constant therefore

or

[
dN(X) (dX)2 d

2xJTR (x) =27TIc -- - +N(x) -2 (3-38)
dx dt dt

[
dN(X) (dX)2 d

2xJw(x) = 27T -- - + N(x)- (3-37)
dx dt dt 2

Equation of rotary motion for the core,

d [Ie w(x)]
TR(x) = dt

i.e.,

At any point x in the bore, the angular
velocity of the projectile will be w(x) =

N(x)v(x) turns per second, or

dx
w(x) = 2 7T N(x)-, rad/sec (3-36)

dt

and I.dN(x) dx d 2x]
w(x) = 2 7TL~ dt + N(x) =dt2

TR (x) is then the torque capacity of the
mechanism required to spin the core. The
maximum value of TR(x) can be found easily
by differentiating Eq. 3-38 with respect to x
and equating the result to zero. However, to
do this it is required that the velocity and
pressure profiles along the barrel be known or
better still, the displacement-time profile.

3-3.7.3 TOROUE KEY FOR CONSTANT
TWIST

If the twist is constant along the length of
the barrel, then Eq. 3-38 is simplified and the
maximum torque requirement only requires a
knowledge of the maximum base pressure,
i.e.,

dN(x) = 0
dx

and

(3-39)

3-3.8 SPECIAL CUP SABOTS

Several special cup sabot designs have been
developed for special purposes such as launch­
ing free flight aerodynamic models. One of
particular interest is a cup sabot with a
hemispherical base [see Figure I-S(A)]. Equa­
tions for the design of this type sabot are not
included in this handbook because of the
limited applications for which it may be used.
Complete and detailed analyses are available
in Ref. 13.

3-4 ELEMENTARY CONSIDERATIONS
FOR RING SABOTS

The basic configuration and principal di­
mensions of a ring sabot are given as follows:
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In addition to having to size the sabot
(dimension L), it now becomes necessary to
decide where on the projectile the sabot shall
be located (dimension £f)' It is highly likely
that launch dynamic considerations also may
play an important role in locating the sabot
on the projectile.

The basic failure mode for a ring sabot is
shear along the sabot-projectile interface. To
ensure a good transfer of shear along this
interface, it is conventional to employ a series
of buttress-shaped grooves or detents. A
typical buttress groove geometry is

or

(3-44)

and

ms I (DP»(d)-1 [ (d)2]
m

p
> 4k T

srr
D I - D amax (3-45)

3-4.1 BUCKLING OF THE FORWARD
PORTION OF THE PROJECTILE

In locating a ring sabot on a projectile, it is
important to note the possibility of (1) a
buckling of the forward portion of the pro­
jectile due to column action, and (2) tensile
failure of the aft section of the projectile
which is pulled along by the sabot.

Because of the acceleration of the sabot
projectile, a body force is generated, part of
which serves as a compressive force on the
portion of the projectile extending forward of
the sabot. The effective weight of this for­
ward section is approximately

f-- p ------1

where p is the pitch.

The shear str ss is determined by summing
forces on the projectile in the axial direction,
i.e. :

T -
rr

W = p - el2 QA]
f p 4 ]

(3-46)

- > The cri tical load* for buckling of a fixed-- - - --- free-ended column under load distributed
T rr kLd =m a m a

p p uniformly along its length is

or
rr2 E 1Em p a

(3-42) (w/) er =T=--
(1.122£/)2rrkLd (3-47)

where k is a constant less than one that
converts the projected shear area into the
effective shear area. If it is noted that the
maximum shear stress which must be less than
the shear strength of either the sabot or
projectile materials corresponds to the maxi­
mum acceleration, the following can be writ­
ten:

where

JE = moment of inertia of projectile cross
section taken about its central axis

Because the maximurrl load corresponds to
the maximum acceleration condition

3-24

rrkLd (3-43)

*S. Timoshenko, Theory of Elastic Stability, Engi­
neering Societies Monograph, McGraw-Hill Book
Company, Inc., New York, 1936.
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end of this chapter are particularly lucid,
thorough treatises on the subject.

or 3-5.1 BACKGROUND

3-4.2 TENSILE FAILURE IN PROJECTILE
AFT SECTION

The forces acting on the aft section of the
projectile are (1) the inertial forces, (2)
pressure forces, and (3) tensile stresses. Sum­
ming these forces requires that

Analysis is generally restricted to two­
dimensional problems; i.e., plane strain
(stress), and axisymmetric problems. This is a
limitation imposed by current computers. The
accurate representation of a body requires a
fine subdivision of the body, which genera tes
considerable information to be stored, more
than can be economically handled. However,
three-dimensional problems have been
studied. 1 5 , 16 This is one of the areas in
which one may expect future developments.

For current purposes, the finite element
method is a technique for the stress analysis
of solid bodies*. Various geometries, loadings,
and types of materials are admissible ­
depending upon the particular formulation.
Limitations are imposed for various reasons.
Par. 3-5 discusses generally what can and what
cannot be done.

3-5.1.1 GEOMETRY

(3-49)

(3-48)

11' 11'
(P + a) - d 2 =- P d 2 (Q - L - Qr)a

4 4 p

or impJifying and noting that am ax (a =
a max ) must be less than Oy (maximum
principal stress theory of failure), requires
that

If < [l-L-C;:::"y)]

11'2 E 1£ 11'
> - d 2 P Q a

(l. 122Qr)2 4 p r max

and

Q 3 < 411' E 1£
r 0.122)2 d 2 p a

p max

3-5.1.2 MATERIALS

3-5 THE FINITE ELEMENT TECHNIQUE

This paragraph is an introduction to the
finite element method of structural analysis.
Because of the lengthy and repetitive nature
of the calculations involved in the finite
element technique, it is most efficiently uti­
liz d when programmed for solution on a
digital computer. The mphasis of this discus­
sion is on the use of a fmite element program,
such as the one given in Appendix C, instead
of upon the theory of he technique or the
mechanics of computer programs. This para­
graph thus reflects the attitude of the user
instead of the producer. Those persons
desiring to pursue the theory in greater detail
than pres nted herein are referred to the
many text books and survey articles written
on this subject. Refs. 14 and I 5 listed at the

Great freedom in material properties is
allowed. Materials can be anisotropic, as well
as isotropic. Perhaps the most impressive
feature concerning materials is the fact that
bodies of several materials can be analyzed. In
the process of formulating the problem, the
type of material in any given portion of the
body is specified, and the analysis proceeds
without difficulty.

One problem arises with certain materials
for which the Poisson ratio approaches 0.5
(~0.5), indicating incompressibility in the
infinitesimal deformation theory. The
difficulty is the fact that the equations
become increasingly ill-behaved, due to the

*Actually,. the finite element me thad can be applied
far more generally, as will become clear subse­
quently.
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appearance of the term 1-2v in denominators
of the governing equations. This problem has,
however, been resolved by use of the so-called
"reformulated" approach) 7 or by the Fitz­
gerald modification of Hooke's law (par.
3-2.2). With the reformulated approach, there
still is a tendency for stresses to oscilla te in
problems with high restraint and Poisson's
ratio near 0.5.

Finite element analysis generally treats
linear elastic rna terials. Viscoelastic materials
have been studied 18 , however. Large deforma­
tions and plasticity also have been studied.
Both these areas require further study to put
them on a dependable level. Nonlinear be­
havior can be handled quite easily, and
programs (including the one in Appendix C)
are equipped to handle bilinear behavior such
as that displayed by "Lexan" (see par.
3-2.3.1 ).

3-5.1.3 BOUNDARY CONDITIONS

Firtite element solutions allow for the
boundary conditions which are most com­
mon. Typically the analyst can prescribe
either concentrated forces or displacements in
either of the coordinate directions at bound­
ary points of the structure. Provision is
generally made for application of shears or
pressure loads on the boundary by specifica­
tion of the distributed magnitude, the pro­
gram internally converting these to concentra­
ted forces as required. Provision is also made,
in gen ral, for internal generation of body
forces such as centrifugal force or accelera­
ti ns.

3-5.1.4 DYNAMIC PROBLEM

The majority of finite element work has
been devoted to solution of quasi-static prob­
lems, i.e., problems in which loads are applied
slowly enough that stress waves are not
created in the body. The technique has,
however, been used to study dynamic phe­
nomena in both elasticity and viscoelasticity
media.) 9, 20
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3-5.1.5 MISCELLANEOUS APPLICATIONS

It is worth noting that transient heat
conduction problems have been studied by
finite element techniques 8 .

Also to be pointed out is the fact that
finite element analysis has been applied to
plates and shells, which, although they are
solid, are of a special geometry. Programs for
analysis of specific bodies such as rocket
motors frequen tly include shell elements to
represent the motor case2 2.

3-5.1.6 RELIABILITY AND ACCURACY

As with all approximate techniques, the
results obtained are subject to some un­
certainty. The reasons for this will become
clear in the paragraphs which follow. The
reader is cautioned at this point that the finite
element method is accurate and reliable in
direct proportion to the intelligent use of the
method and interpretation of the results. In
particular, the user must be careful in the
posing of the problem to be solved, and in the
modeling of the problem for computer analy­
sis. Properly used and interpreted, the finite
element method is as satisfactory an analysis
tool as any other and offers a versatility
which is recompense for care in use.

3-5.1.7 SUMMARY

Generally, it can be said that the finite
element technique is presently in common use
f or two-dimensional, quasi-static, elastic
analysis of solid bodies. However, extension
to other type problems, some of which are
mentioned previously, is possible.

3-5.2 THEORY OF THE FINITE ELEMENT
METHOD

This paragraph outlines the theory upon
which the finite element method is based. For
a particularly lucid discussion of this theory,
the reader is referred to Ref. 14, and for a
detailed treatise to Ref. 22. The current
development will be limited to the compres­
sible, elastic stress problem for axisymmetric



solids. This will give an idea of the theory
without unnecessary complexity.

3-5.2.1 VARIATIONAL PRINCIPLES

Finite element solutions normally begin
with the statement of a variational principle.
A functional is defined which has as its
arguments the relevant physical variables of
the problem. It is then shown that the
particular functions (among c rtain admissible
types) which minimize the functional are in
fact the ones that satisfy the governing
differential equations of the problem. For
example, the Theorem of Minimum Potential
Energy23 states that the potential energy
assumes an absolute minimum for those dis­
placements satisfying the equilibrium equa­
tion, provided that classes of admissible func­
tions are limited to those satisfying the
boundary conditions.

It is obvious, then, that we could (1) guess
an approximate solution to a problem, (2)
calculate the potential energy, and (3) com­
pare with another approximate solution. Of
the two, we choose the one with the mini­
mum energy as the better. We then search for
another approximation to compare. By such a
process, we eventually will reach the solution,
if it is possible to reach a solution. A more
systematic process, akin to the Rayleigh-Ritz
method*, is to assume an approximate solu­
tion with unknown parameters. We then
determine the unknown parameters in such a
manner as to minimize the functional. Then,
we know that the solution we have is the best
of the type with which we started. The finite
element method is essentially such a process.

3-5.2.2 FINITE ELEMENTS

The origin of the name of the "finite
element" arises from the fact that to perform
the process of minimization previously dis­
cussed, the body being analyzed is divided
into small subregions, over which expressions

*For this reason the finite element method is
sometimes called the "extended Ritz method".
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for the displacement are assumed. For ex­
ample, suppose we wish to analyze the body
shown in Fig. 3-6. This body hich is
axisymmetric, is subjected to axisymmetric
loads, e.g., axial acceleration.

We could suppo e that this body may b
represented by a collection of rings of tri­
angular cross section as in Fig. 3-7.

This is, in fact, the type element used for
such problems. However, the triangles usually
are combined into quadrilaterals within the
program, and we need only concern ourselves
with the quadrilateral. Thus, we might break
up the body into the subregions such as
shown for simplicity only in Fig. 3-8. The
right h<lnd section of the body is shown
subdivided.

In the axisymmetric case, these elements
are each actually rings. If this were a plane
problem, they would be prisms with axis
perpendicular to the plane of the paper.

The displacement field is now assumed in
some form for each element. This introduces
several unknown parameters. These param­
eters can be solved for in terms of the
displacements at particular points in th
elements, usually the corners which are
known as the nodal points. Hence, we have a
set of subregions, for each of which we have
an assumed displacement shape depending
upon the unknown nodal point displace­
ments. The functional for each region now
can be calculated and minimized with respect
to the unknown displacements. This leads to a
system of algebraic equations in the nodal
point displacements. Solution of these equa­
tions yields the displacement field which
minimizes the functional and from which the
stresses can be calculated.

In act¥! practice, this procedure is not
carried out as easily as it is described. The
handling of the large amount of data and
solution of the resulting system of equations
are problems which must be solved in an
efficient manner. However, this capability has
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Figure 3-6. Representative Axisymmetric Solid

\ ~ \ "\
ll._L_~\

\
\

I \
I \
I \

\

/ J' \I \
'- )-- ./-- ---

Figure 3-7. Typical Idealization of Axisymmetric Solid

,­
I
I
I
I
I
I
I
I
L __

Figure 3-8. Quadrilateral Idealization of Solid



been built into the computer program and as
such is not the user's problem.

One point which is significant to a user is
the form of the displacement assumption. If
the function is linear in each element, then
the displacements along the edges of each
element will coincide. This appears desirable,
and is frequently used. Higher order assump­
tions will lead to different results. The linear
assumption also lends itself to approximation
of arbitrary fields as the elements become
smaller. The point to be noted is that in areas
of bodies where the actual displacement field
is linear, a linear approximation is adequate
with large elements. In areas where the
displacement is more complex, smaller ele­
ments will be required to approximate the
actual displacements. In addition, errors in
the displacement approximation produce even
larger errors in stress calculations because
stress is related to the derivatives of displace­
ments.

3-5.2.3 SUMMARY

The finite element method requires the
approximation of a body by subregions.
Displacements are approximated in each ele­
ment by a form introducing the nodal point
displacements as unknown factors. A func­
tional is minimized over each element using
these approximations, which yields algebraic
equations for the nodal point displacements.
The solution of these equations is the dis­
placement field, and stresses are derived
therefrom. In areas where displacements are
progressively more nonlinear, the elements
must be progressively smaller.

3-5.3 APPLICATION' OF THE FINITE ELE­
MENT METHOD

This paragraph and par. 3-5.4 will show in
detail the steps involved in using a finite
element program and will include some
numerical examples. This is undoubtedly the
simplest way to discuss the practical use of
the finite element method. Because the actual
use of a program is dependent on the pro-
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gram, one must sacrifice some generality by
reference to a particular program. However,
we shall assume the available program similar
to the one given in Appendix C. Specific
details may change from program to program
but the general ideas remain the same.

3-5.3.1 INPUT DATA

Broadly speaking, the data that must be
input to a computer program can be separated
out into several categories: control informa­
tion, nodal point data, element data, material
properties, and load data. These categories are
not unique, and some programs may combine
one or more into a single category. FaT
example, it is quite natural to lump the last
three together because for any element we
must associate the material of which it con­
sists and the loads to which it is subjected. We
shall discuss the type of data in each category
as though they were separate, and indicate the
conventions wherever possible.

(1) Control information:

(a) Title: usually the first item of in­
formation required is the title, etc.,
or any identification the user
desires

(b) Number of nodal points

(c) Number of rows of nodal points

(d) Number of materials

(e) Axisymmetric or plane problem

(f) Number of cards of same type to be
read.

Data of this type refer to the problem in
general and/or to the process of input to the
computer. Load information that is relevant
to the whole problem also may be input to
this category. In this case, either Item (I) (b)
or (I) (c) ,information will be required, not
both - the program details determine which.
Also, Item (I) (e) will not be needed for a
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program tha t is specifically either plane or
axisymmetric.

(2) Nodal point data·

(a) Nodal point number - either a sin­
gle number or two (I, J) coordinates
if the nodal point array is associated
with a matrix

(b) Coordinates of the nodal point

(c) Indication of whether forces or dis­
placements, or neither, are specified
in each coordinate direction

(d) Specified forces and/or displace­
ment, if any

(e) Any other relevant information,
e.g., temperature, if it is associated
with nodal points, or special types
of control information.

(3) Element data.·

(a) Element number

(b) Nodal points to which element IS

connected

(c) Material identification.

All this information may be absorbed into
other areas. The element number may be
associated with a particular nodal point to
which the element is connected; this elimi­
nates Item (3)(a) and Item (3)(b); Item (3)(c)
can be handled by a request to read the data
while reading nodal point information.

(4) Material properties:

(a) Mechanical properties - modulus,
etc.

(b) Thermal properties - expansion co­
efficient

(c) Physical properties - density, etc.

3-30

(d) Identification.

(5) Load data:

(a) Element to which load is applied

(b) Magnitude of load - pressure, tem­
perature change, etc.

These data and material properties may be
associated with element data, and hence to
specific nodal points under some sort of nodal
point-element correspondence. It is not neces­
sary to do so, however.

(6) Final comments on the input data.

In general, it is necessary to define the
position of every nodal point, the elements
connected to that nodal point, the material
properties for each element, as well as nodal
point and element loads. Because a given
problem might involve close to 1000 nodal
points, with somewhat fewer elements, the
amount of data would be prohibitive if each
nodal point and element were treated sepa­
rately. This is not done, of course. A program
will incorporate some sort of self-generating
feature. For example, if two nodal points are
separated by several for which no data are
specified, the program might generate the
required intermediate points along a straight
line joining the given points, with uniform
spacing. Similarly, the elements omitted
would be generated.

By this self-generating process, the number
of input data are considerably reduced. The
only nodal points and elements that require
specification are those along the boundary of
the object, as well as interior points for which
changes from previous data occur. For ex­
ample, when two different materials are adja­
cent, the transition from the first to the
second must be specified.

3-5.3.2 OUTPUT DATA

At the conclusion of an analysis, a great
deal of information has been created -



stresses, displacements, strains, etc. All this
information is output. At this point, there is
no convenient way to reduce the volume
unless the analyst knows that only certain
results are needed. In general, the analysis will
yield hundreds of pages of results. Provision
can be made, however, to write the results on
a tape and then to have this information
presented graphically in terms of stress and
strain contours, etc.

The user must be cautioned against placing
total confidence in the results of the analysis.
The finite element method is a useful tool,
but still is not a panacea for the analyst.
Results will be dependent on the ability of
the analyst to capture the essential features of
the problem by proper layout of the nodal
points and elements describing the object of
concern. There is no substitute for intelligent
engineering consideration of the problem.

3-5.3.3 SUMMARY

Par. 3-5.3 discussed the general type of
input to a finite element program and the
resulting output. While each specific program
incorporates the information differently, the
same items are needed in any case. One must,
however, exercise a degree of judgment in the
use of the results.

3-5.4 EXAMPLE PROBLEMS

This paragraph makes more specific the
comments of par. 3-5.3 by presenting a group
of examples of finite element analyses, includ­
ing the whole process of solving the problem.
For additional examples, the reader is referred
to Refs. 14, 18, 21, 22, and 24.

The program used to solve the examples is
the Rohm and Haas AMG032A, suitably
modified for use on a UNIVAC 1108 com­
puter. The program in Appendix C is due to
Wilson and is similar in operation to the
Rohm and Haas program used for these
examples.
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3-5.4.1 UNIAXIAL COMPRESSION OF A
RIGHT CIRCULAR CYLINDER

The first example is the simplest problem
that one can formulate - uniaxial compres­
sion of a circular cylindrical sample. The
setup of the problem is shown in Fig. 3-9. Fig.
3-9(A) shows the physical problem with the
necessary defining quantities. As shown in
Fig. 3-9(B), it is possible to reduce the
problem to one of smaller proportions by
taking into account symmetry. This is in a
form that can be analyzed by an axisym­
metric program, i.e., a body of revolution
loaded by axisymmetric forces. We note that
points on the axis of the body can only
deform in the z-direction, while points on the
r-axis can only move in the r-direction, this
from the symmetry of the problem. Thus, we
have established displacement boundary con­
ditions along the z- and r-axes. On the top
surface, the pressure is known, while the side
is free. The grid is added and nodal points
defined in Fig. 3-9(C). The grid is the simple,
obvious one - an array of squares 0.5 in. X
0.5 in. covering the section of the cylinder, a
total of 50 elements and 66 nodal points. The
nodal points now have (I,J) coordinates asso­
ciated with them as shown*. The displace­
ment conditions are indicated by rollers. The
nodal points on the two axes can roll along
those axes, except that the (1, 1) nodal point
cannot move at all.

This figure defines the problem in enough
detail to generate the input data, which is
shown in Fig. 3-10. For convenience in
discussing the 9ata, we have numbered the
columns in groups of 10, 1-9 and blank.

The flIst line of data is simply a title in the
required format.

The second line of data gives the number of
nodal poPnt cards to be read (34), and number
of rows (11).

*Note that J = column number, ] = row number.
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The next 34 cards are nodal point cards,
followed by 12 cards giving element proper­
ties and loads, and finally a card ending the
data.

In the system used in the program here, the
number of an element is associated with the
nodal point of smallest (/,1) connected to it.
As nodal points are input, we then specify
whether an element is to be associated or not,
and what to do about the element properties.
This is pro ba bly most easily seen by reference
to the data. As the computer reads the nodal
point cards, the following data is found: I, J,
element type, four boundary condition codes,
r-coordinate, z-coordinate, four loads and/or
displacements. For example, Card 1 reads as
follows:

Column Data Meaning

5 I I = I
10 I J=l
15 1 read element data
16 I ur specified
17 I liz specified
18 0 no moment or rotation

specified
19 0 no slope specified

21-30 0.0 r-coordina te
31-40 0.0 z-coordinate
41-50 0.0 ur
51-60 0.0 Uz
61-70 0.0 moment/rotation
71-80 0.0 slope

If the number in Column 15 were 0, the
program assumes the same data as for the
previous element; if it were 5, no element is
associated with this point; 2, 3, and 4 also
have specific meanings. If the number in
Columns 16-18 is zero, no data is specified; if
1, displacement/rotation data; if 2, force/
moment data. Column 19 has a 1 if displace­
ment is along a slope, 0 otherwise. Column 20
is blank. The remaining columns, by 10's,
contain r, z, ur . uz, moment of rotation, and
displacement slope. If the data in a given field
are zero, it may be left blank.
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Thus, the first six cards refer to nodal
points (1,1) to (6, I), for aU of which th
z-displacement is zero, the r-displacem nt
specified (as zero) for only (l, I). Each nodal
point has an element associated with it,
except (6, I). The element data is read for (l,
1), and the same for the re t. No slope or
moment is specified. Coordinates are given
and applied forces or displacements are zero.
Note that all the nodal points in Row I are
specified since it is part of the boundary.

For nodal point (l, I), element data is to
be read, and the same data hold until nodal
point (1, 10) because only I in Column 15
requests data. The first element card is 27, on
which is read, by 10's, the following: E; v;
thermal load, fcxdT; radial body force; axial
body force; pressure; shear; and a number to
indicate where the pressure and/or shear acts.
Card 28 is also read, and indicates what
information is new by a I in the appropriate
column. For all the elements up to (I, 10),

E = 30 X 106 psi, v = 1/3.

Note that all the boundary nodal points are
entered as data; and on the left, an element is
entered with each nodal point.

Starting with (I, 10), the lower left corner
of the left element, we must indicate the
pressure load on the top of this element.
Thus, we request element data to be read as
Cards 29 and 30, where p = 1000.0 psi and a
3 indicates the pressure and face on which it
acts (according to a standard scheme). Since
we don't change E or v, these values carry on.
For element (2, 10) we again read the
pressure, since the program does not carry on
the pressure from lement to element. This
process continues to nod I (6, 10), with
which no element is associated.

Nodal points (l, II) through (6, II) finish
the boundary of the regions. No element is
associated with these, and only (I, 11) has a
specified force or displacement (ur = 0).

While the previous description is somewhat
tedious, it gives a detailed illustration of data
requirements, both in kind and arrangement.



Output for this problem is shown 10 Fig.
3-11.

Not aU the output is shown; it is too
voluminous. It consists of the following:

(1) Boundary condition information for
verifying the boundary conditions

(2) Coordinates of all nodal points - in­
cludes all the interior points for which
no coordinates were specified

(3) Displacements of all nodal points

(4) Stresses and strains in each ele­
ment - radial, hoop, axial, and shear
stress and strain; and maximum and
minimum stresses and strains

Only data for elements (1, 1) through (4, 4)
are shown. There is no need to show more, as
the values are the same for each row, changing
only in r-a phenomenon we hould have
anticipated, due to symmetry. (We could have
saved considerable labor by only using one
row of elements). Notice that 0z = -1000 psi,
or -"'" 0, 0a ~ 0, as i correct. Also f z = 0z/E =
1/3 X 10-4 ; f r =fa = -VEz = 0.111 X 10-4

, as
is correct. In this very simple problem, the
displacement field is linear, with consequent
good results.

3-5.4.2 THERMAL EXPANSION OF A
RIGHT CIRCULAR CYLINDER

This example uses the same shape as
Example I, a circular cylinder, but the load­
ing and boundary conditions are different. In
this example we subject the cylinder to a
temperature rise of 100°F so that JetdT = 6.5
X 10-4

, and restrain the expansion which
would nomlally occur. Tilis requires removal
of the input cards specifying the applied
pressure, and addition of a I to Column 17 of
each card for RQw 11 to indicate that /.Iz =0
for these points. Note that both he nodal
point cards for the interior nodes of Row 10
and the material cards corresponding to those
nodal points are removed. On the first mate-
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rial card the thermal load is then added. Th
input is shown in Fig. 3-12. The results are
shown in Fig. 3-13 in the form of the output
for elements (l, I) - (4, 4). Again the
displacement field is linear, and the resulting
stresses are exactly correct.

3-5.4.3 CENTRIFUGAL LOADING OF A
RIGHT CIRCULAR CYLINDER

Example 3 uses the same data as Example
2, except that the thermal load is replaced by
a radial body force, rw 2 = 1000. This gives
the stresses s t up by rotation with angular
velocity w. The results for this case are
summarized in Fig. 3-14. The stresses or> 0e
0z, and displacement uy are shown. The exact
solutions are given as solid lines and the
results from the finite element program as
points. Again, the agreement is excellent.

3-5.4.4 INTERNAL PRESSURIZATION
AND ROTATION OF A HOLLOW
CYLINDER

In the next two examples the geometry is
changed to a hollow ylinder. The inner
radius is 0.5 in. and the outer radius 3.0 in. so
that the wall thickness is 2.5 in., a was the
radius of the original cylinder. In both ex­
amples, the longitudinal deformation is re­
strained, cr ating a problem in plane strain.
For Example 4, an internal pressure of 1000
psi is applied; and for Example 5, radial body
force is applied, with ru:/ = 1000. The results
of the analyses are shown in Figs. 3-15 and
3-16.

3-5.4.5 INTERNAL PRESSURIZATION OF
A COMPOSITE CYLINDER

To illusrrate the ability of the program to
handle problems with multiple materials, con­
sider the problem of a composite cylinder
subject d to internal pressure. Th loading is
again an int~rna1 pressure a 1000 psi magni­
tude. The cylinder is now compos d of two
m erials: an inner portion (r = 0.5 in. Lo r ;::
1.5 in.) of copper, and an outer portion (r =
1.5 in. to y = 3.0 in.) of steel. The result of
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W ROHM AND HAAS PROGHAM- INCOMPRESSIALE DATE 17076e PAGE 10 s:
0\ (")

"'C
1 JI COI.lHDINATES 5 T RES S E 5 I S T R A INS ....
,o\NGLE R Z RADIAL R HOOP THET,o\ AXIAL Z SHEAR R-Z IoI,o\XlIoIUM IoIINr MUM MAX SHEAR 0

Cfl
1 .250 .250 7."297-05 7.Q297-05 -1.0000+03 6,2995-06 6.9065-05 -1.0000+03 5.0000+02 ,J>.

,J>.
.UO 1.1111-05 1,1111-05 -3.3333-05 5,5996-13 1.1111-05 -3.3333-05 4.4444-05 U1

2 1 ,750 .249 5.8633-05 8.4412-05 -1.0000+03 3,2093-05 4.8601-05 -1.0000+03 5.UOOU+02
.00 1.1111-05 1,1111-05 -3.3333-05 2,6527-1 2 1.1111-05 -3.3333-05 4 ..... 4 .. -U5

3 I 1.250 .249 3.3253-05 7.1623-05 -1.0000+03 :5,3352-05 2.8137-05 -1.000U+03 5.0000+02
.00 1.1111-05 1.1111-05 -3.:'\:53:5-05 2,96"6-12 1.1111-05 -3.3333-05 4 .........-05

4 1 1.750 ,249 -5.11')9-06 8.6970-05 -1.0000+03 3,8959-05 -1.2790-05 -1.000U+03 5.UOOO+U2
.00 1.1111-05 1.1111-05 "3.3333-05 3,"630-12 1.1111-05 -3.3333-05 4.44 .. 4-U5

5 1 2.250 .2"9 -2.8137-05 2.0464-05 -1.0000+03 3,6304-05 -3.3253-05 -1.0000+03 5.uOoo+02
.00 1.1111-05 1.1111-05 -3.3333-05 3.2271-12 1.1111-05 -3.3333-05 4 ..... 4 ..-05

2 .250 .750 1.0743-0 .. 9."6"4-05 -1.0000+03 1,9691-05 9.9760-05 -1.0000+03 5.0000+02
.00 1.1111-05 1.1111-05 -3.3333-05 1,1503-12 1,1111-05 -3.3333-05 4 ....... 4-05

2 2 .750 .7"9 7.9297-05 6.9526-05 -1.0000+03 7,4894-05 7.41BI-05 -1,0000+03 5.000U+02
.00 1.1111-05 1.1111-05 -3.3333-05 6,6572-12 1.1111-05 -3.3333-05 ... 4 ...... -05

3 2 1.2e>0 ,749 1.2790-05 6.9065-05 -1.0000+03 1,0160-0" 2.5560-06 -1.0000+03 5,0000+02
.00 1.1111-05 1, 1111-05 -3.3333-05 9,0468-12 1.1111-05 -3.3333-05 4.4444-05

4 2 1.749 .748 -1.5346-05 7.1623-05 -1.0000+03 6,3951-05 -2.8137-05 -1.0000+03 5.UOOO+02
.00 1.1111-05 1,1111-05 -3.3~33-05 7.4624-12 1.1111-05 -3.3333-05 ... 44 .. 4-05

5 2 2.249 .749 -3.3253-05 -5.1159-06 -1.0000+03 ",0564-05 -4.0927-05 -1, OOOU+ 03 5.UOOO+02
.00 1.1111-05 1.1111-05 -3.3333-05 3.6057-12 1.1111-05 -3.3333-05 4.44 .... -U5

3 .250 1.250 8.9528-05 8.4412-05 -1.0000+03 2,8354-05 8.1855-05 -1.0000+03 5.0000+02
.00 1.1111-05 1,1111-05 -3.3333-05 2,5203-12 1.1111-05 -3.3333-05 4.4444-05

2 3 .750 1.249 0,.3717-0" 7.1623-05 -1.0000+03 1.0725-04 ... 8601-05 -1, 0000+03 5.UOOO+02
.00 1.1111-05 l.1l11-05 -3.3333-05 9,5332-12 1.1111-05 -3.3333-05 4.4 .... 4-05

3 3 1.249 1.248 -5.1159-06 7.6739-05 -1.0000+03 1.1516-04 -1.2790-05 -1.0000+03 5.0000+02
.00 1.1111-05 1,1111-05 -3.3333-05 1,5570-11 l.1111-05 -3.3333-05 4,4""4-05

4 :3 1.74g 1.246 -7.6739-06 7.1623-05 -1.0000+03 1.0758-04 -1.7906-05 -1.000U+03 5.UOOO+02
.00 1.1111-05 1.1111-05 -3.3333-05 g.5627-12 1.1111-05 -3.3333-05 4.44"4-U5

5 :5 2.250 1.249 3.';611-05 7.1623-05 -1.0000+03 4,2679-05 2.8137-05 -1.0000+03 5.0000+02
.00 1.1111-05 1.1111-05 -3.3333-05 3.7937-12 1.1111-05 -3.~33-'-05 4.444"-05

4 .250 1.750 8.6970-05 7,9297-05 -1,0000+03 5,5196-05 8.1855-05 -1.0000+03 5.0000+U2
.UO 1.1111-05 1,1111-05 -3.3333-05 4,9063-12 1.1111-05 -3.333-'-05 4.444"-U5

2 4 .750 1.749 2.0464-05 5.8833-05 -1.0000+03 1,6026-04 1.0232-05 -1.0000+03 5.UOOO+02
,DO 1.1111-05 1.1111-05 -3.3333-05 1,42"6-11 1.1111-05 -3.333-'-05 4 ... 444-u5

3 4 1. 249 1.748 -5.6275-05 1.7906-05 -1,0000+03 2,5679-04 -6.9065-05 -l,OOOU+03 5,uOOU+02
.00 1,1111-05 1.1111-05 -3.3333-05 2,2826-1 1 1.1111-05 -3.3333-05 4.4 ...... -05

4 4 1.749 1.748 -2.0'<64-05 6.9065-05 -1.0000+03 1.0389-04 -3.0695-05 -1, 000U+03 5,UOOO+U2

Figure 3-11. Output for Simple Compression Problem
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W ROHM ANP HAAS PROGRAM- INCOMPRESSIBLE DATE 170768 PAGE 19 ~
00 ('")

I J/ COOIlDHIATES S T RES S E ., / S T R A INS ."

ANGLE R l RADIAL HOOP THETA AXIAL SHEAR R-l MAXIMUM MINIMU,", loiAX SHEAR .....
R l 0

c;>
1 .2~0 .250 -1.~0(17-0:3 -1.6:311-0:3 -1.9500+04 :3,5384-04 -1.47:34-0~ -1.'l500+04 'l.75UO+03 ~

~
.00 1\.6667-04 8.6667-04 -1.0674-10 :3,145~-11 8.6667-04 -9.8225-11 1\.6667-U4 C11

2 1 .7~0 .25U -2.619:3-0:3 -2.78:31-0:3 -1.9500+04 ~,:3481-04 -2.78:31-03 -1.950U+04 9.750U+U3
.00 8.6667-04 8.6667-04 -1.5507-10 4,7539-11 8,6667-04 -1.14916-10 8.6667-014

3 1 1.250 .250 -2.78:31-0:3 -4.4201-03 -1.9500+04 3,8674-04 -2.9468-0~ -1.950U+04 9.750U+U3
.00 1\.6667-04 8.6667-04 -1.8230-10 3,4377-11 8.6667-04 -1.71\26-10 8.661>7-UI4

4 1 1.750 .250 -2.91461\-03 -4.0927-0:3 -1.9500+04 1,6628-04 -3.1105-03 -1.9500+04 9.7!50U+03
.00 8.61>67-04 8.6667-n4 -1.6224-10 1.1l780-11 8.6667-04 -1.5f>143-10 8.6667-UI4

5 1 2.250 .250 -1.8008-03 -~.1105-03 -1,9500+04 1,3724-03 -1.9645-03 -1.9500+04 9.750U+03
.00 8.6667-04 8.6667-04 -8.3680-11 1,2199-10 8.6667-04 -7.6398-11 8.6667-U4

1 2 .250 .750 1.6371-04 -1.6371-04 -1,9500+04 -3.2961-0 4 0.0000 -1,950U+04 9.75UU+U3
-.UO 8.6667-04 8.6667-04 -1.39~0-10 -2,9299-1 1 8.6667-04 -1.3461-10 8.1>667-014

2 2 .1~0 .750 -2.1282-03 -1.3097-03 -1.9500+04 -8,4509-04 -2.2919-03 -1.950U+04 9.7!50U+03
-.00 8.6667-04 8.6667-04 -9.9746-11 -7,5119-11 8.6667-04 -9.0949-11 8.6667-014

3 2 1.2S0 .150 -:3.2142-03 -4.0927-03 -1.9500+04 -4,0884-04 -3.4379-03 -1.9500+04 9.750U+U3
-.00 8.6667-04 8.661>7-04 -7.6725-11 -3,1>~141-11 8.6667-04 -6.9122-11 8.6667-014

4 2 1.750 .750 -4'.4201-03 -4.2564-03 -1."500+04 -1,0157-03 -4.5839-03 -1.9500+04 9.750U+03
-.00 8.6667-04 8.6667-04 -5.421\2-11 -9,028:3-11 8.6667-04 -4.7294-11 8.6667-U4

5 2 2.2~0 .750 -2.7831-03 -4.9113-03 -1."500+04 -1,2311-03 -2.9468-03 -1.950U+04 9.750U+03
-.00 8.6667-04 8.6667-04 -3.3:305-11 -1,0997-10 8.&667-04 -2.5466-11 8.6667-04

1 :3 .250 1.250 -4.911:3-04 -8.1855-04 -1.9500+04 -3,6250-0 4 -6.5484-04 -1.950U+04 9.7500+03
-.00 1'.6667-04 8.6667-04 -4.4774-11 -:3,2222-11 8.6667-04 -4.0018-11 8.6667-U4

2 :3 .7S0 1.250 -2.4556-0:3 -2.1282-0:3 -1.9500+04 -9,5028-0 4 -2.6193-03 -1.9500+04 9.750U+03
-.00 8.6667-04 8.6667-04 -:3.475:3-11 -8,4469-11 8.6667-04 -2.5466-11 8.6667-U4

~ 3 1.2~0 1.250 -:3.6016-0:3 -4.58:39-0:3 -1.9500+04 -8.6841-04 -3.765:3-03 -1.9500+04 9.750U+0:3
-.00 8.6667-04 8.6667-04 -2.01>6:3-11 -7,7192-11 8.1>667-04 -1.091'1-11 8.661>7-0'1

4 :3 1.7:'0 1.250 -4.7476-0:3 -4.4201-0:3 -1,9500+0'1 2,5420-0 4 -4.911:3-03 -1.950U+04 9.750U+03
.00 8.6667-04 8.1>667-04 -1.47:34-11 2,2595-11 8.6667-04 -1.09114-11 8.1>667-04

5 ~ 2.2:'0 1.250 -:3.4:379-0:3 -5.402 4-0:3 -1.9500+04 8,0371-04 -3.4:379-0:3 -1,9500+04 9.7500+0~

.00 1\.6667-04 8.6667-04 -3.2465-11 7,1441-11 8.6667-04 -2.9104-11 8.61>67-04

1 4 .2:'0 1.750 -1.6:371-0:3 -1,9645-0:3 -1.9500+04 -1,3184-04 -1, 8008-03 -1.9500+04 9,750U+0;'
-.00 8.6667-04 8.6667-04 I. ~895-1l -1,1719-11 8.6667-04 1.0914-11 8.6667-UII

2 4 .750 1.750 -3.4;'79-0:3 -~. 11 05-0:3 -1.9500+04 -1.96~9-04 -:3.1>016-0:3 -1.9500+04 9.750U+03
-.OU /1.6667-04 8.6667-04 2.2268-11 -1,7457-11 8.6667-04 2.5461>-11 8,6667-04

3 4 1.2:'0 1.750 -4.4201-0:3 -5.4024-0~ -1.9500+04 -2,21414-04 -'I.58:39-0~ -1.9500+04 9.750U+03
-.OU 1\.6667-04 8.6667-04 2.:3:319-11 -1,9923-11 8.6667-04 2.541>1>-11 11,1>667-011

4 4 1.7~0 1.750 -5.4024-0:3 -5.4024-0;' -1.9500+04 -2.61>45-04 -5.51>1>1-03 -1.9500+0'1 9.750U+03

Figure 3-13. Output for Restrained Thermal Expansion Problem
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the finite element analysi and xact solution
are shown in Fig. 3-17. ate th t discon­
tinuitie exist in the displacement gradient
and gradient of or' as well as in 00 and oz. In
this particular example an analysis with a
mesh of one-half the original size (0.25 in.
compared to 0.5 in.) was performed. The
solid points f r 00 are from the s cond
analysis to demonstrate the accuracy with
which the discontinuity is captured.

3-5.4.6 CUP SABOT WITH METAL BASE
PLATE

To conclude this discussion of the finite
element approach to structural problems,
consider the sabot h wn in Fi . 3-18. This
problem was selected at random to illustrate
the application of the finite element tech­
nique to more reali. tic problems. The dimen­
sions, materials, tc., ar chosen arbitrarily
and thus do not repr sent a problem of any
real situation. It is merely a demonstration of
the finite element technique applied to multi­
material problems with p culiar shapes. Be-
ause this is an idealized problem, only one

loading is considered, a unit a celeration,
which generates body forces proportional to
the densities of the materia s.

The sabot-projectile combination is some­
what more than 8 in. long, the projectile
diameter is 2 in., and the sabot diameter i 4
in. The projectile is steel. The sabot i, plastic
and the shock attenua tor is a secon plastic.
Thus, the combination is fairly realistic.

The element layout for the problem is
shown in Fig. 3-19. The solid points show
prescribed nodes, and the open points the
no s th n gen rated. Observe that the mesh
g nerating routine tends to yield a uniform
grid. The points of the grid joining two
materi ls are prescribed, of course. The
boundary conditions are indicated, i.e., no
radial motion on the centerline or at the gun
bore. Observe that the lower left node is fully
fixed to remove the possibility of rigid-body
motion. As is apparent, no effort has been
made to provide a really fine mesh, only to
provide one that is realistic.

3-42

The input data are given in Fig. 3-20.
Observe that the boundaries between mate­
rials are given, and that corresponding mate­
rial properties cards are included.

Th results of this analysis again consist of
displacements for all the nodal points, and for
each element the radial, tangential, axial, and
shear stresses and strains, as well as principal
stresses and strains. While all th se data might
be meaningful in a real problem, it certainly is
not pertinent here, because the whole prob­
lem is so idealized and the mesh so crude.

For this reason the only r suIt presented
are those (see Fig. 3-21) for the lements
around the junction of he projectile, attenua­
tor, and sabot. Referring to Fig. 3-19, these
elements are seen to be those with nodes in
Rows 4 through 7. The nodes actually on the
line between materials are in Column 4. Thus,
the elements of interest (shown shaded in Fig.
3-19 are (3, 4), (4, 4), (3,5), (4,5), (3,6),
and (4, 6). Again, it mu t be emphasized that
no inferenc s ar to be drawn from such a
crude illustration.

3-5.5 CONCLUSIONS

The purpose of par. 3-5 has been to give a
beginner some idea of the finite element
technique in stress analysis. To that end a
very sketchy description of the basic ideas of
fmite element analysis has been given, and a
more detailed discussion of the mechanics of
use of computer programs using finite ele­
ment methods. Problems have been presented
to demonstrate the accuracy of which the
method is capable, and a final example was
given showing more of the versatility achie­
vable. This by no means can be considered a
full treatment of any phase of the topic, nor
is it intended as such. If the reader is now
aware of the tool at his disposal, however, and
has a reasonable idea of how the tool works,
the purpose has been fulfilled.
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Figure 3-19. Element Layout for Sabot
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CHAPTER 4

EXPERIMENTAL METHODS FOR SABOT
DEVELOPMENT

4-0 LIST OF SYMBOLS

A gun bore cross-sectional area
As sample cross-sectional area
a axial acceleration
F force
f projectile-gun bore surface frictional

force
M structural test vehicle mass
Ms specimen mass
Pb = gun shot base pressure
a = maximum tensile strength

4-1 INTRODUCTION

The objective of this chapter is to d scribe
specialized techniques for obtaining experi­
mental data on sabots and sabot materials.

In general, the methodology associated
with evaluation of sabot projectile perform­
ance by gun firing tests is similar to that used
in evaluation and development of convention­
al gun ammunition. Experimental techniques
employed in this field have been extensively
documented in various publications available
in the literature, and the reader is referred to
the reference list at the eno of this chapter
and the bibliography contained in Appendix
D for detailed discussions.

Experimental m thods used for measure­
ment of gun and projectile performance dur­
ing travel of the projectile through the gun
tube are described in detail in Ref. 1*,
Interior Ballistics of Guns. Experimental
topics in this handbook work include:

"'References are located at the end of each chapter.

( I) Pressure Measurements

(2) Measurement of Muzzle Velocity

(3) Travel-time Measurements

(4) In-bore Velocity and Acceleration
Measurements

(5) Measurement of Base Pressure

(6) Measurement of Bore Friction

(7) Measurement of Barrel Erosion

(8) Barrel Temperature Measurements

(9) Motion of the Propellant During Burn­
ing.

All of these areas are of importance in the
development of sabot projectiles.

A unique feature of most sabot projectile
systems is the requirement for uniform and
reliable discard of the sabot carrier after
transition from the muzzle of the gun. Sabot
separation and discard usually are achieved by
muzzle blast effects, elastic rebound of the
sabot, and aerodynamic forces. During the
early critical stages of this discard process, the
sabot projectile is enveloped in a cloud of
high-velocity propellant gas which for a short
time out-runs the projectile after muzzle
transit.ion. The gas cloud and blast effectively
obscure the sabot and projectile from view
during the critical sabot discard period,
rendering optical photographic techniques of
limited use. Flash X-ray photography is useful

4-1
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for detailed study of the sabot discard process
during this period. High resolution shadow­
graphs result from this technique, which
effectively penetrates the muzzle blast cloud.
Sequential and orthogonal exposures are pos­
sible, yielding the precise relative motion of
projectile and sabot parts during the initial
free night period.

Because of the complex nature of the
phenomena associated with high velocity
launch of sabot projectiles and the relative
difficulty of obtaining detailed experimental
informa tion during the gun ballistic cycle, the
experimentalist usually is faced with the
necessity for conducting a large number of
tests to study the detailed effect of design on
sabot structural and launch dynamic phenom­
ena. Particularly during the early stages of
research and development applications, the
use of subscale testing and dynamic similarity
analysis 2, 3, 4 is of significant importance. 1n
many cases, use of subscale modeling tech­
niques permits the acquisition of considerably
more information for a given amount of
expended effort than could be obtained if the
initial experimental research were carried out
in full caliber size.

4-2 DYNAMIC FAI LURE CHARACTERI­
ZATION OF MATERIALS UNDER GUN
LOADING CONDITIONS

Analytical methods for structural design of
sabot projectile configurations are described
in detail in Chapter 3. It is clear from this
treatment that failure characterization of the
materials involved is as critical as the accurate
determination of loading conditions for the
prediction of useful design criteria and limits.
The high loading levels and extreme confine­
ment experienced by most practical sabot
designs, coupled with the high loading rates
involved in gun ballistics, contribute to the
questions concerning applicability of conven­
tional static or dynamic material failure prop­
erty data in sabot design.

A survey of conventional dynamic material
property testing methods shows that the

4-2

various combined loading ffe ts experienced
in guns cannot be duplicated accurately by
existing dynamic testing machines. High-rate
testing machines can duplicate gun loading
rates in direct strClin or load application but
cannot induce the body fore s and resulting
stress distributions induced by high accelera­
tion gun launch. Conventional shock testing
machines produce the correct type of loading
but the ace leration pulse magnitudes and
durations experienced by gun projectiles can­
not be duplicated readily.

To rectify thes deficiencies in material
failure property characterization methods for
gun projectiles, the experimental technique
described in the following paragraphs was
developed for dynamic failure characteriza­
tion of materials by actual gun launch testing.

4-2.1 STRUCTURAL TEST VEHICLE

The sabot projectile designer usually is
charged with the responsibility of producing
the bghtest weight sabot that will function
properly and survive the gun launch cnv"ron­
ment reliably. To utilize the structural engi­
neering design principles described in this
handbook, and to avoid the excessive effort
required by the purely empirical design and
proof testing approach, the sabot and projec­
tile material failure characteristics must b
known for the loading conditions to which
they will be subjected in the actual design. In
general, the yield and failure strength limits
must be determined under a variety of known
multiaxial stress conditions with inertial load­
ing applied in the rapid pulse form associated
with gun projectile acceleration.

The approach utilized here to achieve these
results involves high acceleration gun launch
of a material sample carrier within which the
rna terial under study is subjected to the
launch acceleration condition. The Structural
Test Vehicle STY) carrier serves to isolate
the material sample from all launch effects
except the axial acceleration induced in the
STV by the propellant gas expansion. Aero­
dynamic drag is utilized to decelerate the STV
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For the tensile test specimen configuration
illustrated in Fig. 4-2, Ms includes all of the
specimen mass aft of the section marked A-A.
Maximum stress a in the tensile test specimen
occurs at Section A-A and is given by

(4-4)

(4-3)

(4-2)

M s (PbA - f)
a=-

M As

F
a =-

As

where As is the sample cross-sectional area at
Section A-A. Combining Eqs. 4-1, 4-2, and
4-3 yields the final result for the maximum
material stress as a function of experimentally
determined q uan tities:

Peak stress induced in the sample material
during the ballistic cycle occurs when (PbA ­
j) is a maximum. In general, the shot base
pressure Pb and bore friction f are not
directly measured quantities unless sophisti­
cated interior ballistic methods are used 1 . In
most cases, gun chamber pressure P is directly
measured and the shot base pressure Pb is
determined by theoretical or experimental
means to be some fraction of the measured
chamb r pressure. Similarly, bore friction f is
either neglected or an approximate value is
used unless very accurate experimental results
are required.

A typical STY utilized in this experimental
method, designed for launch from a 37 mm
gun, smoothbored to 1.530-in. diameter is
shown in Fig. 4-1. Interior design details are
presented in Fig. 4-2 for uniaxial tensile
testing of the test specimen material. The
same basic design can be used for a variety of
specimen loading conditions by modification
of the specimen holder and restraining de­
vices.

Structural loading of the tensile test sample
shown in Fig. 4-2 is induced by the inertial
reaction of the sample mass to the gun
acceleration environment. Maximum stress is
induced at the forward end of the narrow
cylindrical section by setback acceleration of
the mass at the base of the test section and
the mass of the aft portion of the test section.
Reductions in the diamet r of the test section
are made until the launch acceleration pro­
duces yielding or failure.

after muzzle transition to nsure that stresses
induced in the sample by impact deceleration
are sufficiently small (compared to the gun
launch-induced loads) to prevent masking of
the launch-induced material response. Sys­
tematic variations in geometry of the test
samples are made, coupled with multiple gun
tests under similar interior ballistic condi­
tions, to determine yield and failure limits for
the test material under realistic gun loading
conditions.

4-2.2 LOADING ANALYSIS
4-2.3 EXPERIMENTAL PROCEDURES

The axial acceleration a induced in the
structural test vehicle (STV) mass 1'1,1 by the
gun shot base pressure Pb is given by

PbA - f
a = (4-1)

M

where A is the gun bore cross-sectional area
and f is the projectile-gun bore surface fric­
tion force. The setback force F on the test
sample loading mass M s produced by the
launch acceleration is given by

A modified 37 mm smoothbore gun system
was used for feasibility study of the structural
test vehicle, dynamic failure characterization
method. The gun was adjusted to fIre the
STY's at near zero elevation angle. Final
impact point of the aerodynamically unstable
projectile is spotted by direct observation for
rerovery purposes. Smoke-tracer mixes have
been used to assist in projectile recovery, if
necessary, because of terrain requirements.

Typjcal flight range of the STY's before
initial ground impact was approximately 500
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yd. No indication of damage to the structural
test samples due to impact deceleration was
observed during the firing series. Approxi­
mately 80 percent of the projectiles launched
in this manner were recovered for xamina­
tion. Impact deceleration damage to the
sample holder assembly was confined to the
replaceable end caps and obturation compo­
nents. Refurbishment and retest of the STY's
with new test samples was found to be
practical and economical.

The gun was instrumented with quartz
piezoelectric pressure gages for measurement
of pressure-versus-time in the propellant com­
bustion chamber. An additional pressure gage
was located near the gun muzzle to determine
travel time and pressure conditions near the
gun muzzle. Typical oscilloscope records ob­
tained from firings made during the STY
evaluation series are shown in Fig. 4-3. The
following are gun loading conditions for the
typical upper photo of Fig. 4-3:

Figure 4-1. Structural Test Vehicle
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1 CAP SCREW, STEEL
2 WASHER, STEEL
3 OBTURATOR, POLYETHYLENE
4 BORE RIDER, ALUMINUM
5 CHAMBER, STEEL

6 TENSILE TEST SPECIMEN
7 SPECIMEN RETAINER, STEEL
8 HEAD CAP, STEEL
9 SOCKET SET SCREW, STEEL

10 IMPACT SHIELD, POLYCARBONATE
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Figure 4-3. Typical Chamber and Muzzle Pressure-time Response



4-2.4 RESULTS OF FEASIBILITY STUDY

The small oscillations superimposed on the
chamber pres ure traces were relatively con­
stant from test to test and were not con­
sidered objectionable for these research eval­
uations of material response to gun accelera­
tion conditions. Peak gun chamber pressure
values used for computation of projectile
peak acceleration were obtained from these
photographs and similar high speed oscillo­
gra ph recordings.

Shot weight
Gun charge weight
Propellant type

0.7131b
0.5401b
M2, single perforated

AMCP 706-445

The results of this experimental study
showed that the gun-launched STY technique
described can be used to determine the
rna terial failure characteristics needed for
detailed engineering design of sabot projec­
tiles. Repetitive testing of specific materials
can be expected to produce the dynamic
strength values needed to the accuracy re­
quired, including determination of statistical
variations and lot-to-lot changes in properties.
Of significant importance is the fact that the
effects of complex geometry, inertial loading,
and multiaxial stress fields on failure behavior
for specific developmental problems can be
directly determined by use of this technique.

Feasibility of the STY procedure for deter­
mination of material dynamic fracture prop­
erties under actual gun acceleration con­
ditions was confirmed by conducting a
limited series of tests on representative projec­
tile struct ral materials, primarily in the
uniaxial tension test mode.

A summary of selected test results is
presented in Table 4-1. Static mechanical
properties obtained on conventional testing
machines are includ d for comparative pur­
poses. The static test samples were fabricated
of the same bar of material used for fabrica­
tion of the gun launch test samples. Typical
examples of metal and plastic tensile test
samples after gun-launch testing are shown in
Figs. 4-4 and 4-5, respectively.
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Appendix B

SUMMARY OF STRUCTURAL PROPERTIES
FOR MATERIALS USED IN SABOTS
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Materia1
Density.

lbm/cu.in.

Modulus of
Elasticity
E, 1()6 psi

PoIsson's
~tio

"

Tensile
Shear Yield

Hodulus Strtngth.
G, 106 psi 10" psi

Ultiute
Tensile

Stren9th •
103 psi

:longa- R~uction
tion. of area.
S S

Coefficient of
Shear l1near Thel"llllll

Strength, ~pansion 0
1~ psi 10- in./in.- F Remarks

Al.....uum. and
AlL..,,.,,,,..,, Atloys

Pure Al

A356-T6

2000 serIes

6061-T6

6062-T6

7039-T6

7075-T6

7079-T6

7178-T6

0.096-0.104

0.100

9.9-11.4

10.3-10.9

9.7-10.3

10.4

0.32-0.34 3.7-3.85

4.0

5.0

30.2-36.7

42.0-70.0

43.5-44.5

40.0

25.6-50.1

56.0-78.0

51. 7-63.0

78

13.0

40.9-41.6

47-75.0

45.0-47.4

45.0

46.0-60.8

68.0-87.4

66.7-83.0

88

40.0
.1-8.8 6-10

.0-14.6 31.0

11.0

17.0

.6-15.0

.6-16.0

.8-13.8 10.7-23.9

10

25.5-30.0

35.0-41.0

26.7

52.5

11.1-13.4

12.3

Specific Heat· 0.214 Btu!lbrl-oF.

Str at 2660in./in.,sec; is 2.1 static stren th

Notched str • 1.26-1.70 unnotched str

Compo str ; 43-50 ksi. Specific Heat· 023 Btu/HIll OF. Thermal Conductivity - 90 Btu/(hr) (ft2) (oF/ft).

Str at 10,800 in/in.sec • 1.28 static str Hotched str : 1.05 unnotched str.

Notched str • 0.96-0.97 unnotched str.

Str at 1.0in./in.-seC· 1.06 stiltic str. tr at 6600 in/in.sec ·1.70 static str. Notched str : 1.30-1.47 unnotched str.
Kic = 27.0-37.7 ksi I1n."

Copper and
Copp r Alloys

Pure Cu 0.323-0.324

Cartrldge Brass 0.302-0.307

Beryll i,," Copper

32.0-45.0 .0-45.0

48.0-100.0 .0-55.0

70.0-200.0 .0-4.5

2.5 50.0wad

Hafl"""ium Anoys

Cast

Extruded

Forged

Hg-9y-0.5 31'

Hg-14l1-0.35i

Hg-14l i-O. 9Si

0.385-0.406

0.0635-0.066

17 .0-lB.0

14.5-15.9

17 .0-lB.0

2.0

6.5

6.5

0.33-0.36

0.33-0.36

5.8-6.7

5.3-6.0

6.9-7.1

10.0-40.0

30.0-75.0

1.9

20.0-22.0

27.0-38.0

19.0-25.0

46.0-52.0

9.5

13.3

30.0-33.0

40.0-50.0

33.0-41.0

59.0-61.0

15.0

18.2

.0-3.0

.0-16.0

.0-9.0

.0-8.0

10-35

6.0

100.0

20.0-22.0

16.0-21.0

9.2-9.4

11.0-11.6

14.4-16.0

14.0

Str at: > l00inJin~sec = 1.23-1.33 stiltC str.

Compo str • 128-206 ksi

Specific Heat: 0.031-0.032 Btu/lbm·oF. henna 1 conductivity· 16-19 ~t~/(hr) (ft2) (Of/ft).

Str at > 1001nJin;se~ • 1.17-1.44 staticstr.

Compo str' 48.0-52.0 ksi. Notched str =0.40-0.47 unnotched str.

Nick6l Alloy ?lB 0.296 30.7-31.0 89.9-165.9 174-275 .0-30.0 23.0-48.0 9.3 Thennal conductivity. 11.2 Btu/(hr) (ft' (oF/f ).

34.0-130.0 36.0-188 Specific Heat = 0.107 Btu/1bm.oF.

Str at 1.0In./in~sec= 1.04 static str.

Charpy V-notch energy absorptIon. 14.0 f·lbf & 32°F. Str at> 100injin.·sec: 1.06-1.13 statIc str.
Str at 21n./ln;sec = 1.14 static str. 'i = 62.7 ksl I1ri':"
Std Charpy energy absorption: 16-20 f -1 (.

Knc : 25-25.3 ks i Iiii'.

Charpy V-notch energy absorption. 53-113 Ft-lbf II RT.

Charpy V-notch energy absorption. 5.5-12 I ft-lbf e -40°F.

Compo str = 188-201 ksi. eharpy V-notch ,Iergy absorption. 35-60 ft·lbf II OOF. Notched str = 1.05-1.08 unnotched str.

Str at 10In./ln;sec· 1.13 static str. Clrpy V-notch enhrgy absorption: 2B-99 ft-lbf 1130oF.

128.0 6.2-6.4

75-180

90.0-150.0

41.0-120 5.5-7.1

78.2

56-68

4-14.5 19-39

5-15 52

5.4 12.0

9-18.5 40.0-68.0

.0-18.0 51.0-72.0

225-305

204-215

185-295

150-300

283-300

339-346

190-250

17B-183

175-250

110-290

174-290

233-335

58.0-88.0 91.0-113 '.0-27.042.0-62.0

52.0-158.0 81.0-167.0 .0-28.054.0-56.0

100.0-177.0134.0-195.0 .0-25.0

225.1 230.0-264.4 10.3 43.0

178-185 194-200 .1-13.229.6-36.4

98-210 105-230 .0-25.0

89.6 109 26.1

131-149 140-182 16-22

12.0

12.0

0.26-0.29 11.0-11.9

30.0

30.0

27.3-27.8

2B.0-32 .0

Hiu'aging steel

18Ni, 250 9rade

18Ni, 350 grade

Stede

Carbon and low 0.279-0.284
Alloy

AISI 1040

AISI 4130

AISI 4140

AISI 4340

Gun Steel

SAE 6145

HY-BO

HY 130/150
(5NI-Cr-Ho-V)

H-ll

1f-l9 (Tool Steel)

9 1-4Co-0.25C 0.2B

Sto",Z64S Steal

18str, 8SHi

AISI 301

AISI 321

0.276-0.286

0.285-0.29

28.0-30.0

25.3-26.8

0.30 10.6·12.0 35-175

143-233

33.6-36.6

90-215 5-60

200-253 .0-5.4

B5. 1-B5.3 )5-40

60-150 B.3-9.4

8.5

Specific Heat ~ 0.115 Btu/lbm-oF. Thenna'conductivity = 8 Btu/(hr) (ft2) (OF/ t). 5tr at> 100ln./ln;sec • 1.19 statIc str.
Str at 1.0,n./in;sec = 1.15 static str. tched Stren9th = 0.94-1.05 unnotched str.

Specific Heat ~ 0.12 Btu/lbm..oF. Thennal onductivity = B.75 Btu/(hr' (ft2) (oF/ft).

B3/B4



n.

Modulus of
E1ast~city
E, 10 psi

Poisson's
Ratio

v

Shear
Modu~uS

G, 10 psi

Tensile
Yield

Str~ngth ,
lOps i

Ultimate
Tensile
Str~ngth•
10 psi

Elonga­
tion.
%

Reduction
of area,

%

Shear
Strength.
103 psi

Coefficient of
Li near Therma 1

Expansion,
10-6 in./in.2 F Remarks

30.0

0.30-1.0
043 0.35-0.50

0.16-0.28
.0475 0.32-0.37

0.014-0.055

1.0346 0.025-0.090

'5 0.17
1.0386 0.40-0.60

0.20-0.60

049 0.00011-0.00060 0.50 0.00004-
0.00020

0.0002-0.0020

0.00015-0.0060

.047 0.0004-0.0026

1.5-2.4 400-700 2.35 83-167

2.5-5.5 100-300 3.10 83-167

5.0 7220 3.4
5.5-8.0 1.0-3.0 33-45
6.0-9.0 5.0-25 28-33

0.525-0.6C -- 36-11 0

0.80-2.5 50-850 105-172

0.8-4.5 80-510 117

> 5.0 40-750 55-11 a

15.4-16.6
16.2-T6.5
15.5-15.9
16.5-16.7

53.9-54.7

0.34 6.0

0.286-0.288 20.9-21.2

92.0-154
100-105
106-141.2
146-195

190-215

8.0-11.0

123-197 5.0-15.0
110-122.5 15-24.8
115-156 8.0-16.2
150-202 3.6-13.6

(41~o~F)
75.g

(3800 F)

(3~~OgF)
190-216 0

2.0-12.0 2.0-6.0
10.0

12.0 50-300
8.2-16.4 60-110

10.0-43.0
40.6-43.2

3.8-36.0
3.8-44.7

86.1
4.9

16.7-50.0
50.0

27-29
39-61. 2

Charpy V-notch energy absorption = 17-28.5 ft-1bf @32oF. Str at ; = 1.0in./"
Biaxial str = 1.15-1.53 uniaxial str.

Notched str = 1.135 unnotched str. Biaxial str = 1.37 uniaxial str.
KIC = 104-106 ksi ~ Charpy V-notch energy absorption = 15-30 ft @RT. No1

KIC = 32-95 ksi ~

Bulk modulus = 42.3-42.6 x 106 psi.

Specific Heat = 0.33 Btu/1bm.-«'F. Str @ 1200in./in;sec = 2.12 static str.

Compo str = 11.0-11.8 ksi. Specific Heat = 0.30 Btu/1bm-oF. Thennal conduct
Izod V-notched energy absorption = 10-16 ft-1bf. Str @700 in/in/sec = 31.

Specific Heat = 0.55 Btu/lbm-oF.

Unnotched izod energy absorption = 32 ft-1bf. Notched izod energy absorption

Compo str = 11.5-13.5 ksi. Specific Heat = 0.33 Btu/lbm-oF. Izod energy abs

Compo str = )2.0 ksi.

Specific Heat = 0.42 Btu/1bm-oF.
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Appendix C

A FI ITE ELEMENT PROGRAM FOR DETERMINING
THE STRESSES AND STRAINS IN

AXISYMMETRIC, ELASTIC BODIES
-Part A: Program Listing (UNIVAC 1108, FORTRAN IV)

Part B: Input Data

Part C: Additional Remarks and Output Data
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PART A - PROGRAM LISTING (UNIVAC 1108, FORTRAN IV)

lilN F0R 1;,rl~Ot'-l

C APRITqARY AXISYMWFTRTC SOL res
(O~MOt~ ~JUMNP, ~U~'EL , Nuw'A T , tIU'~PC , A( IOL <:' ~~IG~IO' RAND, TEMP, "ITYPE , Q, NP,

1 HED ( 121 , E (8,13, 12) , RO , 12) , ): XN~J( 12) , P I 90 (II ,7' gOO I , UR (900) , UZ (900 I ,
2 (OOF '9001 ,T(QIjO). IP(?OO) .J~lC(?O() ,nPf20'l) ,ANr,LEl41
(0M~AOtJ I AqGI pRR ( .,) ,1"7 (5) • S lin, 1n ) • ..., l 10) , TT (41 , LM (41 , [10 ( :3,:3) ,

1 HH ( 6 • 10 ) , QR ( 4 ) , ZZ I 4 I , C ( 4 • 4 ) , H ( h , 1aI .0 , 6 , IS ) , F ( 6 , 1 0 1 , TP ( 6) , XI ( 10 1
2 ,EE(7)rIX(80n'5),rpS(~nOI

(OW~('N IBANARGI "~RM10,~HJMRI.K.A(10l'\)•.\(108,54)
(OMMON IPLANEI NPP

C READ AtJ[) PRINT OF COrJTPOL INFORI-:ATtO', flt.ID VATEQIAL PROPERTIES
'i" READ (5,11)00) 14ff),f.!;JWJP."UMEL,NU....'~AT,r'U...,r>('.A(ELZ,AtJGF(.),t1,NP,NPP

WP ITf: (6,2000 I f-IfD, 11U'''/'.'P, t~lI'4t::l ,NU~WAT, 'JUMP" ACELZ, .ANGFa,Q,NP
IF (tIOP) 54,56,54

54 wnITF: l6,2008)
56 DO 5 Q V,=l,NUM~AT

RfAQ (5,10011 MTYOF,IJIWIC.PO(MTYP!':l,XX"N('ATYPE)
WPITf l6,20111 MTyoE,I\H'MTC.PO(I-'TVP,,") ,)(vNt!(I.ITYPE)
R""AD l<;,1005) (lEl!,J,~·TYrf),J=l,.<l),I=I.NU"'TC)

WRITE (6,2010) llF.(I,J./.ITYPE).J=l,<\),I=l,NIJMTCI
DO SP. I= NU~TC,6

DO -58 J=l, 8
5~ EII,J,~TYPE)=""(~U~TC,J,""TYPE)

~" CONTI~'JUE

C READ HID PRH;T OF I:ODAL PoINT OAT/I
WnIT: (6,20041
L=O

bC' READI5rl002) '),CODElt·/) .RUI) ,Z(~1l ,UR(~~l ,lJZ(~') ,T(N)
NL =L +1
ZX=N-I_
DR=IPlf.!)-P(ll )/ZY
DZ=(Z(N)-lILl)/ZX
DT=lT(N)-TIl) )/ZX

7r- L=L+l
IFIN-ll 100,90,1'1(\

81" CODElU=O.O
R(ll=P(L-ll+DP
ZeLl=7IL-ll+DZ
URCLl=O.O
UZ(Ll=O.O
TCLI=T(L-I)+JT
GC TO 70

Q!" wp ITE (6,2002 I (KI' , C()l"~ (~t< ) , q (KK ) , Z (K K ) , 'JR (K I': ) ,UZ (K K) , T (KK ) , KK=NL, N)
IFlNUMNP-NI 100,110,6~

Ion WRITE (6,2009) ~I

CALL EXIT
111'1 Cr;fHP1UE

C rEA'") AND PR nn OF ELf~I~'IT pQOPEPTl,::S
WRIT"" l6,2001)
N=O

1.30 READ (5rl00.31 Io1rlIX(MoI),y=l,')
11411 tJ=tJ+ 1

IF (~'-~!l 170rt 7 0rl'i0
1')~ IX(N,' )=IXCN-l,l)+l

I X( N, 2 1=I X(N-1 ,2 ) + I
I Xe ~lr "'\) =I X(N-l , :3 1 + 1
IX(N,41=IXIN-],4)+1
I X( ~I , 5) =I x(N-1 • ~ )
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PART A - PROGRAM ISTING (Continued)

17'1 "'~ITF (1),2003) N.l!XC'J,I)oT=l.'»
I~ lM-N) 1AO.IRO.l~0

180 IF lNII~'El-N) 19001 0 001:-'0
190 CONT H:UE

C R[AO t'ID PRINT OF PREC;SURf t:lOU~IOAnV C()"['\!T~ONS

I ~ 1/iljMPC l 2CJO. 31 0 •?90
2Q~ WRITF (1).2005)

DC 300 l=l. U~PC

READ 15,100~) I~CIL),J~CIL),PP(L)

30" WFUTf 16,2007) IHCILl.Jf\C(ll,PPlll
31!1 CONTINUE

C DETEP~INE BAN" WInT~

J=O
DO 340 N=l,NU~EL

DO 340 1=1.4
00 325 l=1.4
KK=IIIPC;(IXIN.I)-J)(U'.L»
IF (KK-J) 325.325'~20

321'1 J=KK
325 CONTIIIJUE
340 CONTINUE

MRANO=2·J+2
C SOLVE rION-LINEAR STrtUr:TURE 8'1' SUCCr:.:SSI"E "pPpOXIMATIONS

DC' 35(1 ~J=l, NU"1EL
35" EPSlr:l=o.n

DO 500 NNN=l.NP
C FORM STIFFNESS MATRIX

CAll STIFF
C SOLVE FOR OISPlACF~ENTS

CALL RANSOL
WRITE (1).200b) (N,e,12+"-1) ,B(2.N).N=1.'IU'""rjP)

C COMPUTf STRESSES
CALL STRESS

SOn CONTINUE
GO TC' 50

100~ FORMAT (12A6/4I5,~F10.Z.2I5l

1001 FORMAT (215.2F10.01
100~ FORMAT IIS.F5.0.5FIO.")
1003 FeRMAT (615)
1004 FORMAT (2IS.F10.0)
100~ FORMAT (8F10.0)
2000 FORM~T (lHl12A61

1 30HC nUMBER nF NODAL PO I ~ lT5------ I3 I
2 30HO IIJUMBER OF ElEME~TS---------- 13 I
:3 30HO NUMRER OF DIFF. ~ATERIAlS--- 13 I
4 30HO NUMBER OF PRESSUPE CAROS---- 13 I
5 30HO AXIAL ACCELEPATION---------- E\2.41
n 30HC ANGULAR VELOCITy------------ E12.41
7 30HC REFERENCE TEMPEPATUPE------- E12,41
q 30HO IIJUMRER OF APPRO~IMATIONS---- I~)

2001 FOP~AT 14qH1ELEMENT NO. I J K l MATERIAL
2002 FORMAT (I12.F12.2.2Fl?3.2E24.7.F12.3)
2003 FOR~ftT (1113.416.1112)
2004 FORMAT (108HINOOAl POINT TYPE ~-OP~INATE Z-ORDINATE R lO

lAC OP DISPLACEMENT Z lOAO on DISPlACE~ENT TF~PERATURE )
200~ FOR~AT (2~HOPRESSUP.E ROUNrARY CON"ITtONSI 24H I J PRESS

lURE )
200f. FOR~AT (12HIN.P. Nll~BfR l!'X 2HUR 113)( 2HUZ 1 11112.2E20.7))
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PART A - PROGRAM LISTING (Continued)

200"7 COP V lll (216.FI2.:)
2001\ F('\RMlll (23HOPLMJF: <;TRC"C,C, C;TPIJCTLJRr )
200'1 FORII.1J\T (26HO~JOD/lL !'ourT C/lP[' [hPOP ~;= T")

201n FOPt-'/lT (ISHO T~\\PCRATl'Pf lOY "HErpz) oX f,I-jNUIRZ) 11X uHEIT)
I !.ox c;14\JU(T) 6X ol-j~dl'''''l\(P71 7V !?H/lLP,l/\IT) !S.... YI€LD STRESS I
~ (FI~.2.7rl',"»

201' Fr-p .....l\T I 17.... 0 ..·l\TFPIAL '!I.'·l:lfP= 13, ~'l .... , ',U~'pr-R OF" TEMPER/lTURE CARDS=
1 D, 15H. ~AS<; nF~lqTY= E12.u o16H,/o' rHILUs RATIO= e:12.4 )

C
EtiD

~N F"p' STIFF
SlI8R0'·ITINE 51 IFF
CC'r.Ho/(\·) "JU;I.1NP, 'IUwC:L.· IU' . r. T , "ll ..~DC , AC".:L ~'.~ tIGFr" ~l\ND, TE\1P, \1TYPE ,Q, NP,

I \-.JED < 12} ,E(R. '1.121 .oOl I?) .XXW,J( 12) .R(Qr"O) ,!(QOO) ,IJR(900) ,L1Z(900),
2 COOF(QOOI,T('1001,TrC(?onl,JnC(20r"" nP I20n',ANGLE(4)

COM'-'(\'I I ARGI qRf; (S) '? 77 (~) ,51 I (l, 1(1) , t' ( Ill) , TT (4) , LM I4) 'DD 1:3,:3) ,
I H.... (f. 10) , RR (U ) ,1 Z ( u I , C (4.4 I • Ii I 6, I ") , n (n, f.) , F (6, 10) ,TP (6) ,x I (10)
;> .FE(7) ,rXIRO[1,C;) ,EPC,I"Il(1}

C"t-''-'UI 1911,NARGI "l'\/I:;')":LJt"~LK,9(10Q) '.~ (IOS,~4)

CQt\".,(,:~J IPLANE I t'PP
C I~ITIIILIZATTOI\J

PEwIt;n II
NR=:?7
N~'=2*'!O

rJ~2=?*"rJ

STOP=O.a
rJU~'f1LK=0
[)() SO \J=I.ND2
8 (t l ) =[1.1)
[)~ Sf) ~~=l ,NO

5~ APldJ)=O.O
C FCR'" STIFFNE<;S MATRIX I~ ~LnCK<;

6("1 NU""RLi<=rJUt'-'BLK+l
tJH=t~p* ("JUMRLK + 1 )
N'J,=tJf-'-'J8
tiL =rJ~' -~ l~.l

KSH1FT=2- JL-2
DO 210 N=I.NU~EL

1;0 (1'1 ( 'I. ') » ;> 1 0 • ~ '. ,1 • f-,"

6') D~ 8(1 1=1,4
I" (IX(Ndl-r.Ll "'n.711."'(1

7 r 1;:- (T'I ( r~ d ) -~I'}' Q (1 • t:; C • p n
8" CC'!TI ~I'JE

GO Tn 210
90 CALL ~~AD(N.V0L)

IF(VOLl 142,lu2.144
14? woITF (F;.2003l '!

SToc=l.O
1 uIj I C" ( I X( !: , 3 l - I X( N • " l) 1u '. , ! ~. ~ • I !< 5
IU~ DC 150 11=1,9

CC=S(II.I())/S(1('l,10)
P(II,=P(II)-CC·P(IO)
DC' 1"'O JJ=I.9

15~ S(II.JJ)=SIII,JJ)-CC*S(lO,JJ)
1)0 161) n=l,f.
CC=5(IT,91/5(Q,Q)
PIII)=PIIIl-C(·P(gj
00 16(1 JJ=I.fj
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26'"

PART A - PROGRAM LISTiNG (Continued)

16~ SfII.JJI=SIII.JJI-CC*Sf9.JJ)
C
C ADO ELEMENT STIFFNESS TO TOT~L STTFFNFSS

16~ DO 1~6 I=1.~

16~ L~II)=~*IXlN.r)-2

0(\ 200 1=1 ...
Di! 200 K=1.2
II=L~ltl+K-K5HIFT

KK=2-I-2+K
BfIr)=~III)+PlK~1

on 2CO J=1.4
00 2ro L=1.2
JJ=LY(JI+L-II+1-KSHIFT
LL=2*J-2+L
IFlJJI 200.200'175
IFlN~-.JJI 180.195.195
I,PITF 16.2004) N
STOf"':.:] .0
GO H' ~10

AlII.JJ)=A<II,JJ).SI~K,LL)

CONTINUE
Cor·!T I NI IE
ADD Cf)'JCENTRA TED Fr·ncrs \t/ITHPI BL')(K
00 2"0 ~J=NL. ~JM

K=2*r,o-v.SHIFT
8(KI=AlK)+UlINI
RlK-] )=9IK-1l+URl~;)

BOUNrARY CONDtTIONS
1. Pf1ESSURE B.(.

IF I t'UMPC) 26r}.:3] O. ;>60
DO 300 L=1,NU~Pr

I=HICIl)
J=JAC III
PP=PPll)/6.
OZ=(ZfII-ZfJ»)-PP
or=(R(~)-PfI))*Pp
RX=2.0*RfII+"fJ)
lX=R1II+2.0*RIJ)
IF f~PP) 262.264.262

262 RX=3.0
Z>=3.0

26u II=2.I-KS~IFT

JJ=2-J-KSHIFT
IF fII> 280,2eO,26')

26<; IF fII-~JD) 270,270.28r}
271l SINA=O.O

C0SA=1.0
IF ('Or)ElII) 271.;>72.?7;:>

27 1 SINA=SINlCOD~II)1

COSA=COS<COOElI)1
27, 8f!I-1l=BllI-l)+pr~fcnSA*n7+SINA.~R)

B f I I l =~ ( ! I ) -R){. (S I ~:A -nl-coSA -DR I
28(1 IF fJJ) 300.300.2..,'".
2P.'i IF (JJ-No) 291).290.30'1
290 SINA=O.O

C05A=1.0
IF f(oJDE(J) 2CJ1.2Cl2,'9?

291 SINA=SIN(COOFfJ»)
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,PART A - PROGRAM LISTING (Continued)'

(OSA=(OS(r.ODE(J) )
ZQ? 8(JJ-l)=R(JJ-I)tZX*((0SI*rZtSINA*np)

h (JJ) =8 (JJ) -7 X* ('; Hill .')7-( ('SA *')P )
3U('l com TNU<::

c 2. I!!SPLA(f"DIT I"'.c.
31" no 4'10 ,A=NL.t\iH

I r (M-NUW'JP) 315.315,4 C' I)
31<; U=LJR('-')

N=2*"-1-1-KSHIFT
IF ((!JUE(M» 3QO.400d16

31(, IF ((()rE(~)-I.) 317,37C.317
317 IF ((ODE(M)-2.) 31R.30r,31~

31~ IF ((OrE(rv')-3.) 3Q"03SC.390
37" CALL "ODIFY(A.H.~J02.WlI\Nr.~I.LJJ

GC T0 I~OO

3BO CALL "'()oIFY(A,B,N02,"-1~prKl.~I,U)

30'" U=UZ (,.')
N=~Jt\

CALL '-'00 I FY (A. f\. ~!(12. MIlAtJO ,r·I. U)
400 C0~JT TtJI)E

C .'IR ITE RLOCK OF FOliO Fit'S O~I TAPE MID S\.l1FT UP LOWER BLOCK
WRITE (11 J (R (N) • (A (N.'·). r--=I. ~1F~AN(,J .~I=l. .NO,
DO 4;>" N=I.Nr.
K=Nt~'n

R (N) =[1< K)

R(K)=I).O
DC 420 r.'=I.NO
A( N• ~I ) =A ( K • M)

4Z"I I\(K.~')=O.O

C CHECV. FOR LAST PLorK
IF (t;"-NUMNP) 6(l.4QC.4~0

4H" CI)~JT TNlJE
om FILE 11
IF(STOP) 490.~01).4QO

491) CALL FX IT
50·' RETlJPrj

ZOO, FQRI~IIT (26HO~,EGATI\lE ~OfA FLICVlFNT "0. 14)
2004 FORI>'AT (29HOPAfJO wroTH EXCfEI)S ALLI1WIIBlE 14)

EIIo
roN F/"Iq OUAn

SURPOUT1NE QUIOIN,V0ll
C0"''''0~1 NU"NP, NU"'EL. r'U~IFA T, NU\1f'C. Ar.El7 .~NGF"'./ol~ANo.TEMP. MTYPE. Q. NP.

I \-jED ( 1;» .E((loil.l e ) .r~0( 12) ,XXN~I( 121.R(9f1(') .l(900) .UP(900) .UZ(900).
2 (OOE(OOO).T(QOO) .In(f?nO).JB((ZOn).PP(?00).ANGLE(4)

CQMMNI I ARGI pRR ('i) • 77Z (5) .5110.1 n) • p ( 10) • TT (4) , LM I 4) • DO I 3.3) •
1 HH(A.101 .RR(4) .Zl(4).C (4.4) .H(6. to) .DI6.f:1 ,F(6rlO).TPlf) ,XI(lO)
:> ,EE(7) ,rX(9(')(l.") .fPSU,OO)

C0MMmi IAAtJArGI ~m.rl'·~nlK.R(ln8).A(10P.54)

CCM'-'O~I IPLMIE 1 NPP
gil I=IX (Nol)

J=IXIN.21
K= I x (~J, :5)
l=IXCr.J,4)
MTYPF=IXIN.5)
I" (r~, 5) =- I X(N. 5)

( FOR.., STRFSS-~TRI\H! R(lATIO~SH1P

TEMP=(TI1I+T(J)+T(K)tT(LI )/4.(')
DO In3 M=2.8
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PART A - PROGRAM LISTING (Continued)

IF (E(~.l.~TY~~)-T~~r) lO~.104'104

10~ (flNTINIJE
1011 Rt.TI"=n.o

DfN=~(M.l.~TYPE)-f(M-l.1.vTYP~)

U' (['U) 70.71. 7n
7n Rj\Trr'=(TEv,P-E(~-l.l.VTypr»/f)Er·

7, OC I r~. KK=1 .7
10~ Er(Kr)=Et"-1.KK+I.vTYPEl+R~TIO*(EIY.KK+1,~TYPEI-EIM-1,~K+1,MTYPEII

TEMP=TOIP-Q
EPSR=EfI71/EE(1)
IF (rDSR-[PSt~Jll 1"t.o1rl'l,}llf\

10'" RAT 1(\= ( EE (7) 1 (EPS 1~JJ .. I'"r:: I 1) 1 l * ( 1 • 0-)1)(1 ir·l 1MTyoE I ) +X)(N~l 1MTYPE I
Ef(11=EE(ll.PATIO
~E(~)=EE(~).RATIO

10'1 COf\lTHlllE
IF (~IPPI fl4.Bh.R4

I'll. X't'=F.F(I)/EE(31
(ov~=~E(I)/(XX-fFI?)•• ?)
(ll.1)=CO\'\~.XX

C(1.21=(OMM*EF(2)
((1.:'-)=0.0
( ( 2 • 1 ) =C 11 ,2)
(12,;»=(0"1'"
(2.~)=(1.n

C (3. I ) =1).0
(D.?)=O.O
((3.3)=0.0
(II,4)=.S*EEt1)/(XX+EEC2»
G() T0 1'8

86 ((101)=1.0/EE(1)
((1.~)=-EE(2)/EE(1l

(1.3)=-E[14)/[E(3)
( (2, 1 ) =( 1 1 ,2 l
( ( 2 , 2 ) =( 11, 1 )
( ( 2 , 3 ) =( ( 1 , :3 )
( 1 :3, 1 ) =( 1 1 ,3)
( ( ~, ? ) =c 12. :3 )
((:3,~)=1.0/EE(3)

(ALL SYMltJV(C03l
C(4,1I)=EEI1)/12.0+2.0*[EI2)1

81' Of) 110 "'=1,3
lin TT(~)=IIC(M'1)+CI~,2)I*Efl~)+CIM,~).I'"EI6».TE"'P

( FORM GUAnRILATERAL STTFFrlF.SS '.tATR1X
RPRI~ )=tR(1)+RIJI+RIKI+RIlIl/4.0
ZZZI~I=IZ(1)+lIJI+Z(K)+7IL11/4.0
DO 94 ~'=l,4

M'-'=I:.'I'JoMI
I~(NPPI 9~,89.93

8" IF (I:U'~ll) 93,'h,93
9' R(MM)=.01*RRRI51

IF=' ((0('\EI"I'-41 I 93,9?cn
9? CODE CM~1) =1.0
9~ RPRcvI=RI\'\M)
911 Z7Z(~')=ZIMMI

DC 11')n 11=101(1
PIIII=".O
DC 9'; JJ=l,6

q", H~(JJ.III=O.O

~.
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PART A - PROGRAM LISTING (Continued)1

DO 1() n JJ= 1. lr
10~ S(I1.JJ)=O.O

Of) 11 0 11=1.4
JJ= IY (N. I I )

II'"' At:('Lr(rI)=(o['I'"(JJ);r.7.~

IF (I<:-[) 125.1200125
12"1 (.r.LL TfdSTFll.?3)

RrR(~I=IRPR(1)+PRP.(~)+PRR(3»/3.0

zn (".) = (ZZl 111 +17.7 (2) .777 (3) ) I~. 0
VOL=Ylcl1
GO Te' 130

12" VnL=0.fJ
C~LL TRIST~14.1.5)

V('lL=\'OL+XIll)
C~LL T~ISTF(1.2.5)

VOL=VOL+XI(l)
C~LL TR1STF(2.3.~1

VC'L=V0L+X!(1)
(PLL TDISTFI3. 4 .5)
VCL=V0L+X1ll)
Dr, 1411 11=1.6
DO 14'1 JJ=ldO

14~ H~II!.JJI=HH(Ir.JJI/U.r

13(' RfTIJ"!'
[::D

rilN F:")P TPI<;TF
SlJRPOlJTINE TRISTF(II.JJ.KI<)
(r:,\1~,~crl ~JUMrJP. I\JU/JfL. :·'U~'~·AT. rjU:~p( • AC(LZ .~NGFG'M8AND. TEMP. MTVPE. Q. NP.

1 ~'E['I( 12).f 1'1.'1'121.11(1(12) .XX'/tll 12) .R(9'10) .7(900) .(.fRI900) .U71900J.
2 COD,("OO) .T(OOO). 1'·(1280) .J9CI20 n ) .::>P(?0(\I.ANGLEI4)

C(\\IMN' IARG/ RRP(5).Z71(51.S110.1n)'~(1n).TTI4).L~(4).DDc:3.3).

1 IIH ( E • 1 0 ) • RR ( 4 ) • Z7 ( 4 ) • ( (4 • 4 ) • H I 6 • 1" ) • n((, •6 J • F ( 6 • 10 J • TP I 6) • XI ( 10 )
2 .<::E(7) ,rX(80r).5) .u.. c,(e.oo)

CO"l/J.C'·1 /PLANEI 'IPP
C 1. Itl1TIALI7AT10'1

L~'(l)=II

L':(21=JJ
L~'(3) =KK
RP(l)=PRRI1I)
RR L?) =RRR (JJ)
RP(JI=PRR(KK)
RP(4)=RPR(I1)
Zllll=ZZZIII)
ZZ(21=ZZZ(JJ)
Z7l31=ZZZ(KK)
ZZ(4)=ZZZIII)

A<; Dr 1('0 1=1.6
DO 9[': ~1=1ol0

F(I.J)=O.O
91'1 H(1.J)=O.O

on 100 J=1.6
10rl 0(1 • .)=0.0

C 3. FODM 1NTI'"GRtL(~)T.lC)*(G)

CALL IrJTEP(X1.RPoZ7J
0(2.6)=X!11)*(C(I.?)+r:(;2.3»
0(3.~)=X1ll)*CI4.4)

0(S.5)=X1ll)*C(4.4)
D(6.6)=X1(1)*CI2.2)
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PART A - PROGRAM LISTING (Continued)

IF nJPPI 104dOf,rl04
104 012.21=XI(11-Cll.1)

013.~I=Xlll1-(14.41

GO TO 108
10~ 0(1.! )=XI(31-C(~,~)

O( 1.?I=XI (21HC( 1.)) +( D,:,»)
D(1,~):XI(5)-C(3,3)

Dll,nl=XIIZI-CI2,31
ot2,2):XI(11.lC(I.1)+2.0-Cll,~I+C(~,3»

012,3)=XII41-(Cll.31+\13,~)1

01::'1. :' I:X I r6) .C l:5, 3) + XT( I ) _C (4,4 )
D(3,fl:XI(41.CI2.31

lOp. Do \10 1=1,6
DO 11 0 J=I. 6

lin DIJ.II=OII,J)
C 4. FORM COEFFICIENT-DISPLACEMENT TRANSFORMATION MAT~IX

CCMM=~P(2)*IZZI~)-ZZII) )+QQll).lZ712)-?Z(~)I+RR(3).(ZZ(11-ZZIZ1)

Dn{1.1)=IRR(21-lZl~)-ORI3)·ZZ{?)/r:OMM

ODll,2)=(P~(31-7Z(11-qr(1)-Z7.(311/CO~M

oCll,31=IRRII)*ZZIZI-RR(21*ZlII11/CO M
00IZ.11:IZZIZl-ZZI~II/COMW

0012,ZI=IZI(31-ZZllI1/COM~

O~12,31=(Zl(1)-ZZ(2)I/COW~

DO ( 3,1 1= (RR l:5) -PP I 21 ) IC O",M
DDI~.?)=(RR(11-PRI~I)Ir:OMM

onI3.31=IRP.IZ1-PRll)I/COMW
DO 120 1=1,3
J=2.L~{Il-l

Hll.JI=Do{l,l)
H{Z,.1I=OO{2,II
H(~.Jl:ODI3,11

H{4,.1+l1=OoI1,ll
H{S,.1+l1=GOIZ.I)

12~ H{6,J+l1=OO{3,II
C ROTATE UNKNO'{I~JS IF r'F'1lIIQFO

DC'. 12'; .1=1,2
I=LMlJl
IF IAtJGLEIIll lZ2rt25ol25'

lZ,- SINA=SINIANGL~(I)I

COSA=COSIANGLr.II)I
1.1=2-1
DC 124 1<=1.6
TE:M=H {K.r .1-ll
H{K.IJ-ll=TE~.COS~+HIK,IJI·SINA

124 H{K,IJI: -TEM.SINA+H{K,IJ1.COSA
12~ CONTH~UE

C 5. FORM ELE~ENT ~TIFFNESS ~4TRIV {lilT.{rl.(HI
DO 130 .1=1,10
ClO 1~0 K=I,6
IF (H{K,J11 1?8rt30,1?,Q

128 DO lZ9 1=1.6
12q F(I,~I=FII•.1l+D(I.Kl.HIK • .1)
13fl CorJTI"lUE

00 140 1=1.10
DO 14 0 K=l,f,
IF OIIK.1l1 138d40d~P

13~ DC l~Q .1=1,10
13Q S(r.JI=S(I,.1I+HIK.I).~(~'Jl
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PART A - PROGRAM L1STII\IG (Continued)

14'" C('~: THill E
C 6. fO"OR~ THEPM~L L:1J\n \1J\TPIX

IfO" (tIPP) 14')o1~8.l4'"

14') TT(3)=O.0
CC'~1~'=X I (1 J *EE (4)
S (q. () =s (q, g) +CO'vl~'

S ( 10 • 1 () ) = S ( 10 • 1 (1 ) +C:y,~ \'
15n CO~M=PO(~TYPE)*ANGFt**2

TP(l)=COtc1rHXI(7} + XI(2)*TT()
TP ( 2 ) =CO WH X I ( g) + XI ( 1 ) * ( T T ( 1 ) + T T r 3 ) )
Tf'("3)=CO'w*xr (10)+ XI (11)*TT("3)
C0'v1M=-RO(~TYPE)*J\CFLZ

Tp (4) =rOM\A.'q r 1)
Tr (5) =COl.'r~*x I (7)

TP(h)=COMM*XIrS) +X!{l)*TT(2)
DO If,[1 1=1.10
0('\ 1E-rJ 1<=1, '"

1h~ P(!)=PrI)+H(K,I)*Tf'(i<')
C FOFW STRAHl TI"?MJSFOP'·~HIO~! ,"1,;TPIX

400 DO 410 1=1,6
00 41rJ J=l.l0

41 n HH ( I • J) =HH ( I , J) +H ( I • J)
RIC TLirJ~1

EhO
(;IN fO"'"''i SyvT~IV

SUBpnUTINE SYVINV(J\.N\AJ\X)
DI~E!C;ION A(4.4)
CO 200 ~j=l.N~AX

O=A If;, In
[J(' HO J=l,~I\'\"'X

10n AIN,J)=-",rN.J)/D
DO 1')0 I=l,NMAX
IfO"IU-I) 11001')0,110

lln DO 14 n J;;I.N~·AX

I~(N-J) 128,140,121"
12n A(I,J)=A(J,J)+A(I,r\)*"'(~I•. J)

14r CU:T PIlJE
15n ArI,r!)=A(T,N)/D

A(/>,J,r,)=J,O/O
20n CONTPJUE

RUur<tj
Er:n

QN fO"Jq I (HfR
SUBPOUTINE INTEP(XI.RP,ZZ)
DI~ENSION RR(l),ZZ(I) ,XI(1),X~r6),R(6).Z(h).XX(6)

COM\A0/>,J IPLANEI NPP
DATA (XXII) .1=1.6)/3*1.0.3*3.0/
CO~~=RR(2).(Z7(3)-Zlrl))+PP(1)*(Z7r2)-7Z(31)+RR(3)*(ZZ(1)-ZZ(Z»
Cow~=CO~·M/24.0
R(ll=qp(l)
P(2)=PP(2)
P(3l=PP(3)
R(4J=(P(1)+R(2»/2.
Rl')l=(P(2l+P(3l )/2.
R r h) =(P (3) +R (1) ) 1'2.

Z(ll=ZZ(ll
Z(2)=ZZ(2)
2(:3)=2Z(3)
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PART A - PROGRAM LISTING (Continued)'

Z(4)~(7.el)+Z(;» )/2.
Z(5)=IZ(2)+Z(3»/2.
Z (f,) =(7. (3)+Z ( 1 ) ) I?
TF (t.' Pp) 1 0 • 31) 01 0

1(1 00 ?['! 1=1.6
2 r" X,,' ( 1 ) =)( x t ! )

Gf' T() 40
31'1 00 3" 1=1.6
3~ X~(1l=)()(I).ReI)

4" DO co 1=1.10
5'" X!(1I=O.O

00 H[1 1=1.6
XI ( 1 ) =x I ( 1 ) + '1." t I )
XI(7)=)(I(7)+X~II).n(1)

XJUn=XIll'\)+XM(1)·Z(1l
XltQ)=X1tg)+X~(1).R(1)•• 2
xT ( 1 (\ ) =XI ( 1 0 I + x~' t r ) • r ( T) .7. ( I )
1FtR(1) ,LT,I,~-10) GO TO 100
XI t 2 1=n (2 1+ X'/ ( I ) 1 c CI )
XI(3)=xII3)+X~(J)/(PII) •• ?)
XT(4)=XII4)+):'-'(I).ZtJ)/RII)
XICS)=XI(S)+X'-'II)·zeI)/IReJ) •• 2)
n CE-l =n t 6) +)(M (T). Z eI ) ... 2 If R en •• ? 1

10'" C("~iT1NUE

o~ 10,(1 T=1010
151'1 XIe1l=XI(1).cnMM

RETUPN
n:D

IilN F/'I"l ~'()O!F'T'

Sl 'poQL'T INE '~C:f)IF'T' (~, "l. ~EQ .Io1SAro.JQ. N. u)
01 "-1U'S I ON ~ ( 11)8. S4) • ~ e 108)
DO 2~1) 101=2.MBANn
K=N-'~+l

TF(K) 235.235.230
23(1 RtK)=D(K)-AtK.~).U

A ( K • ~. ) =0 , n
23" K=~J+"'-l

IFINEO-K) 250.240.240
24 ('l R(K) =P eK) - II nJ •M) *Il

A(N.~~)=O.O

2511 cOfnnJUE
II ( ~I • 1 ) =1 • 0
R C~I) =1)

RETUPN
ErJD

IilN FI")R RIINSOL
SlioROUT I NF RMJSOL
Co""C"; IBANARGI ~M. ~.. U"nLIl'. P 1101'1) • AI 1nA. 54)
~J"=54

ro.JL=W!+1
rJH=ro.J~I+~JN

REldr:') 11
REWH;') 12
N8=O
GI) T( 150

C REDUCE EQUATIONS D'T' BLOCKS
C 1. S~TFT ALOCK OF EQUATIONS

IOn Nf:l=NP+l

AMCP 706-445
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PART A - PROGRAM LISTING (Continued)

DC 12') "J=l,N~1

N\'=~,';+tl

B(N)=q(~~M)

B(N~)=O.O

Of'.' 12" "'=1,'~'~

i'd~I,V)=A(N"',~')

12" Al~/,~,M)=O.O

C 2. R~-AO NEXT RL0CK CF fnU~TIr,"JS I"TO C('IRE
IF UJUMHLK-~In) lC;0,20nol5n

15" RE.oD (11) (B(N),('o(IH M ),'o'l=1,,'.1"'),N='JL,NH)
IF ('In) 20'1rlnO.2nr

C 3. Rfr'lUCE RLOCK 0F EQlI.oTI0NC;
20~ 00 300 N=1,N~

IF(AIN,l» 22'),300,;2,)
22" BIN)= ~IN)/A(N'l)

DC' 275 L=2,M~

IrIA('!.l» 230,?7:',<''3(1
2 3'" C=A ( .: • L ) / A ( ~J , 1 )

I=~J+L-l

J=O
DO 2<;0 K=L,"W
J:J+l

25n A(I,J)=r.(I,J)-C*f.c'~.Kl

~II)=n(I)-A(N.L)·R(~)

A (I~, L ) =C
27<:, CONTINUE
30('1 CONTnJIJE

C 4. ~.'PITE 8LOCK OF REC'IICEO FCQI)ATIOfjS IJ~J TAPF 2
IF (~!lIM9LK-NP) 37",40n,:'I7')

37<; 1I01T':.(12) (9(~J), (.o(t•• '·') ,'A=2dA'-!) ,N= 1,~II.!)

Gf) TC' 100
C BACK-SlJ!3STITuTINI

40" DC ~c:;o ~=I,NN

N:NfI+l-'"
DC u?5 K=2,~1tJ.

L:'·j+K -1
42". [J ( ~ I ) =q ( ~J ) - A CI" K H f3 ( L 1

Nt<=N+'JN
B(NM)=R(N)

45~ A(NM,NB'=ACNl
NFl=~J,,-1

IF C~J9) 475,~nO.47')

47c:; BtCKSPACE 12
READ (12) CBI~I)'(A(t:,V),~=;>,M"-I),N= I,N~I}

BACKSPACE 12
GO TO 400

C OPDEo UNKNOWNS IN r AOPAY
~On K=f1

00 Ann ~9=I,NU"'BLK

DC 6C n N=I.r'N
N!~=N+'JN

I':=K+l
60" BCK}=Alf!M,NA)

Rr: TUP~1
E~:r)

r.lN F ....q STRESS
SUBROUTINE STqESS
COMMON NU~NP,NUMEL,r!UM~AT,NUMPC,AC~LZ'ANGFQ.MBAND.TEMP.MTYPE ,G,NP,
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PART A - PROGRAM LISTING (Continued)

1 r-[[l ( 12) •E 18. P • 12) • I-J C( 12) • XX'jN ( 12) , RIon (l) .7 I9(0) , UP (900) ,1)7 (900) ,
2 (ON1900l .T(ClOOI ,y"C(2(l0) .Jf1CI20'1l ,PR/cOO) ,A"IGLE(4) ,SIGII0)
CC'''1~'orl IARr,1 r:J.Rn ('i) ,77;'(5) ,S( 10, 10) ,DI 10) ,TT(4) ,L~(4) ,nD(3,3),

1 HHI f, • 1a), RR( II ) • ZZ ( 4 l , C( II , II ) ,H I 6 • 1 0 ) , 0 I 6 , 6 l , F I6 , 1a) , TP ( 6) , xI ( 1a)
;> ,Ef(7)oIX(-'\or·'»,QSU'OOl
C(\··w~rl IB~~I~,RGI rJ[J,','J"rLr,<\11()E\),fI(101'1,5I1l
CC~V("I IPLaN~1 riP"

C CC~PI'TE ELEME"JT ST",::SC;,S
XKE=O.O
XPE=o.O
M;:>PI,:T=O
DC ~nn M=l.NUuEL
t·I=V

1XIN.~)=1ABS(tXIN,~))
MTYPf=1Xnl,5)
CalL r)UAOIN,VOL)
1Alr".'i)=~TYPE

DC 1?O 1=1,4
II=;?·!
JJ=2.rXINoIl
P I II-I) =B (JJ-l I

121 P(IIl=~IJJ)

00 153 1=1,2
RPII)=PII+Bl
O() l'iO K=1.8

lS'1 RP(1)=RRII)-SII+8.K).P(K)
CC~H=5(9,9).SI10.10)-5(9'10).SI10,O)

1~ Iro..,,,,) 155,1600155
15<; P (9) = (S 110,10) *RR ( 1 ) -c; (C), ) ')) .r:J.P I?) ) ICO'4M

P(10)=I-SI10,Q).RP(11+C;(9,O).~PI2) )/COV~

Gn Te 165
160 P(9)=O.0

P(IOI=O.O
Icc:; DO 170 1=1,6

Tp(1)=O.O
00 170 K=ldO

170 TP(II=TPIIJ+HHII,K).pev.l
RP(1)=TP(21
RP(2J=TP(6)
RP(3)=ITPll)+TPI2)*QRO(S)+TP(3).ZlZ(5))/r-RR(5)
RRIII)=TP(31+TPI~)

17~ DC lRO 1=1,3
SIGII)=-TTCIl
DO 1110 K=l,3

180 SIGIII=SIGCII+Cl1,K).RPIKl
SIG(4)=C(4,41.RRIII)

C CALCULATE ENERGY TfRMc;
DC 2')0 1=1.10
C(j"~=O.O

DC! 200 K=I,10
20'" Co~w=to",,,,+S11,K).P (K)

2~n XPE=XPE+COMM.PII)
XKE=YKE+VOL.PO(~TYPE).(P(O) •• 2+P(IOI •• ')

C
C CALCULATE EFFr::CTIVE STnAHI

IF I~PPJ 2';1,252,2'51
25t RP(3)=-(SIGCl)+5IGe2)l.E~I?)/EE(11
25,:1 (C=IPR(1l+RP(21 )/2.0
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PART A ~ PROGRAM LISTING (Continued),

CfI::snrnc (CRP(2)-pr.Cll)/2.0)H" + (PI'(t+lI?Ol"2 )
RF'(I)::CC+CR
RR(2)::CC-CR
EPS U, l ::SQRT I (>lR ( 1 ) -fiR C?) ) .... 2+ CRR ( I ) -RP (3) ) **2+ (RR (2) -RR (:3) ) **2)

I *.7117/(1.0+E":C2»
C OUTPUT STPESc,rS
C CALCIILATE PRPICIPAL STrESSES

CC::lSIG(1)+SIGC2»/?0
CR=C,C'RT( C(SIGC2)-SIGll) )/('.0)**2 + SI(;C4)**2 )
SIGC'i)=CC+CR
SIG(h)::CC-CR
S I G(7) ::2R. 648* ATMIl' ( ? • *S I G(4) • ! c, I G( I ) -c; I G(? ) ) )

C STRESc;ES PARALLFL Tr LINE T-J
I =I X( ~) • t )
J=IX(tI.2)
!\t'G=?*ATMJ2C7CJl-Z(Il ,RCJ)-R(I»
Cr:S?A::COS (ANC')
SPJ?~=SIN(MJG)

cx::.~·(SIG(1)-SIG(2) )
SIGlf\l=cx*cnS2A+STG(4).SIr.I?'A+CC
SIG(n)::2.*CC-c;IG(R)
SIG(ID)::-CX*SIN2A+SIG(4)·COS2A
IF (',lOP) 10301040103

IO~ SIG(O)::EEC4)*P(Q,
SIG(lO)=EE(4).PCI01

IOu IF (MPRINT) 110010'i,]ID
10c; WRITE 16.2000)

MPP !tJT::50
11 '1 ~''"'PIlIT::""prINT-l

.3 0 <:; Wq IT r (6." 0 0 1l ", • ['l P f1 ( ", l • 11 Z C') ) ,( S I G ( I 1 ,y:: 1 01 0 )
300 C:I\JT !~JI.IE

IF (YKE) 310.320.310
31~ W=SQRTCXPE/XK~l

WRITE (6.200b) W
32~ RFTlIP'J

200n FOPMtT (7HIEL.~Jn. 7X ~HR 7'( 1HZ 4X RyR-STREc;S 4X 8HZ-STRESS 4X
1 ~HT-STRESC; 3X °HR7-STPESS 2X 10~1~~X-STREc;S 2X IDH~IN-STRfSS

2 37H ANGLE IJ-STPESS JK-STRESS SH~AR )
2001 FOR~AT (I7.2FA.2.1P6E12.4.OPIF7.2.1P3E10.?1
2006 FOR~AT (36HOAPPROYIYATF FUND~MENTAL FREQUf~CY = EI2.5)

E ~I[)
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PART B - INPUT DATA

The following is a description of the input
data used to describe the problem to the
computer:

A. IDENTIFICATION CARD - (nH)

Columns I to 72 of this card contain
information to be printed with results.

B. CONTROL CARD - (415, 3FIO.2,
215)

Columns I - 5 Number of nodal points
(900 maximum)

6 - 10 Number of elements
(800 maximum)

II - 15 Number of different
materials (12 maximum)

16 - 20 Number of boundary
pressure cards (200 maximum)

21 - 30 Axial acceleration in
the Z-direction

31 - 40 Angular velocity

41 - 50 Reference tempera­
ture (stress free temperature)

51 - S5 Number of approxi­
mations

First Card - (215, 2FlO.0)

Columns 1 - 5 Materials identifica­
tion - any number from 1 to
12.

6 - 10 Number of different
temperatures for which prop­
erties are given - 8 maximum

II - 20 Mass density of ma­
terial

21 - 30 Ratio of plastic mod­
ulus to elastic modulus

Following Cards - (8FlO.0) One card
for each temperature

Columns 1 - 10 Temperature

11 - 20 Modulus of elasti­
city - Er and Ez

21 - 30 Poisson's ratio - vrz

31 - 40 Modulus of elasti­
city - Ee

41 - 50 Poisson's ratio - v
er

and ve z

51 - 60 Coefficient of thermal
expansion - (Xr and (xz

C. MATERIAL PROPERTY INFORMA­
TION

The following group of cards must be
supplied for each different material:

56 - 60 =
analysis

=
sis

o Axisymmetric

Plane stress analy-

61 - 70 Coefficient of thermal
expansion - (Xe

71 - 80 Yield stress - 0y

D. NODAL POINT CARDS-(215, F5.0,
5FlO.0)

One of the first steps in the structural
analysis of a two-dimensional solid is to select
a finite element representation of the cross
section of the body. Elements and nodal
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points are til n numbered in two numerical

sequences each starting with one. The follow­
ing group of punched cards numerically

de me the two-dimensional structure to b
analyzed. There is a card for each nodal point
ancl each card contains the following informa­
tion:

Columns I - 5 odal point nun ber

5 - 10 Number which indi­
cates if di placements or frees
are to b specifi d

I I - 20 R-ordinate

21 - 30 z-ordinate

31 - 40 XR

41 - 50 XZ

51 - 60 Temperature

If th numb r in column lOis

0- XR i the spe ified R-Ioad
and
XZ is the sp cified Z­
load.

1 -' XR i the sp cified R-dis­
placement and
XZ is the specified Z-Ioad.

nodal point ; the necessary t mperatures are
determined by linear interpolation; the b un­
dary code ( olumn J0), XR and XZ are set
equal to zero.

E. ELEMENT CARDS - (6 J5)

1. Order nodal points counterclockwise
around element.

2. Maximum difference between nodal
point ID must be less than 27.

One card for each element

Columns 1 - 5 Element numb r
6 - 10 Nodal Point 1

11 - 15 Nodal Point J
16 - 20 Nod I Point K
21 - 25 Nodal Point L
26 - 30 Material ldentification

Element cards must be in lement num­
ber equence. If element cards are omitted,
the program automatically generates the omit­
ted information by incrementing by one the
preceding 1. J, K, and L. The material identifi­
cation code for the generated cards is set
equal to the value given on the last card. The
last elem nt card must always be supplied.

Triangular clements are also p rmissible,
th yare identifi d by repeating the last nodal
point number (i.e., I. J, K, L).

F. PRESSURE CARDS - (215, JF I0.0)

One card for each boundary element
which is subjected to a normal pressure.

Columns I - 5 Nodal Point 1
2 - XR is the specified R-Ioad

and 6 - 10 Nodal Point J
XZ is th specified Z-di -

placement. 11 - 20 Normal Pr ssure

C-16

3 - XR is the specitied R-dis­
placement and
XZ is the specified Z-di­
placement.

All loads are considered to be total force
acting on a one radian segment (or unit
thickness in the case of plane stress analysis).
Nodal point cards must be in numerical
sequence. If cards are omitted, the omitted
nodal points are generated at equal interval
along a straigh t line bet veen the defined

NORMAL PRESSURE

As shown above, the boundary element
must be on the left as one progresses from I
to J. Surface tensile force is input as a
negative pressure.



INPUT FOR A TYPICAL PROBLEM

AMCP 706-445

SAMPLE SAHCT- E 10 PRESSURE
451' 390 3 31

1 10.0007289 1.0
0.0 30000000. 0.29 3I)OOGOOO. 0.29 1. 1. 100000000.

? 10.0002532f>1.0
0.0 1(1000000. 0.3~ 10O!)OOOO. "03~ 1 • 1 • 100000000.

~ 10.000084111,0
0.0 17flOOO. 0.~9 POOOO. 0.49 1. 1. 100000000.

1 10.0 0.0
4 .625 0.0
5 10.0 0.15
I' .F:l25 001')
~ 10.0 0.35

1;) .625 0.35
1:" 10.0 0.55
16 .625 0.55
17 10.0 0.75
2'" .h25 0.75
21 10 • I) 0.95
24 .625 0.95
25 10.0 1.15
2g .625 1015
2<:1 1'1. 0 1. 3')
3, .f>~5 1. 35
33 10.0 1.55
3fo, .625 1.55
37 10.0 1.75
4a .625 1.75
4\ 10.0 1.95
44 .1]25 1,95
45 1 11 .0 2015
48 .625 2015
49 10.0 2.35
52 .625 2.35
53 10.11 2.5')
5/) .'-25 2.55
57 10.0 2.75
60 .625 2.75
61 10.0 2.95
64 .625 2.95
65 10.0 3.15
oil .625 3.15
6<;1 lr.o 3.35
7~ .625 3.35
74 .R75 3.35
7~ 1.2 3.35
A~ 12.5 3.35
84 lC.O 3.55
87 .':>25 3.55
89 0.94:575 3.55
90 1.2 3.55
97 12.5 3.55
91l lC.O 3.75

101 .625 :5.75
103 1.0125 :5.75
10.. 1.2 3.75
111 12.5 3.75
112 10.0 3.95
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INPUT FOR A TYPICAL PROBLEM (Continued)

C-18

11., .625 3.()C; 25<; 12.5 5.75
lIE- O. -~ 3.9') 2 C;I, 1n. 0 5.05
IIp 1.01H25 3.95 25n .625 5.95
120 1.4 3.9') 264 1.6 5.C;5
12F- t?5 3.°5 26e; 1.76A7') S.05
12" 1C' • n 4.15 26&, 2.0 5.9')
13('> .1'2') 401') 260 1 :?5 5.95
13::> 1 • 0 4.15 270 10.0 6.15
13~ 1 .15 4015 27~ .62'i 6.15
134 1.40 401"> 27~ 1.6 h015
14') 12.5 401"> 27c I.A375 6015
14 1 10. a 4.35 2M ?O 601')
144 .&25 4.35 2A3 12.5 6olC,
14£, 1.0 4.3') 284 10.0 1'>.35
14 .. 1.21875 4.35 2A7 .h25 6.3')
14p 1 .4 4.35 292 1.6 6.~')

154 p.e; :'.3') 294 1,90625 6.3c;
ISS 1(1. 0 4.5C, 20 &, ;>.2 6.35
1')'1 .62') 4.5') 2°"._ 12.5 6.~5

16'1 1. n 4.55 29<'1 10.'1 6.55
162 J .2875 4.55 302 .625 6.5S
164 1. h 4.55 30"\ 1.8 6.55
16e 1?5 4.5') 300 1 .'175 6.55
171 1r • 0 4.7e; -31 n ?2 6.5')
17 .. .625 4.7<; 312 12.5 6.55
17f, 1.2 4.75 313 10.0 6.75
177 1.35625 4.75 316 .625 6.7"-
17? 1.6 4.7"; 322 1.8 6.75
1A~ 12,5 4.7C; 32" /.04375 6.7'i
11\4 1" • '1 4.<:<') 324 2.2 6.7')
1P'" .'>2') 4.9" 326 12.5 6.7'i
19~ 1.2 4.9S 327 10.0 6.95
191 1 ,425 4.9') 33() .625 6.9')
10 2 1 .6 4.05 33" 1. A 6.95
197 1/ .') 4.95 33~ 2.1125 6.95
19" 1 r. • f) 5.15 j4~ 1".5 6.95
20! .1125 Sol') 34 1 tr.O 7.15
204 1.2 5015 344 0.625 7.15
201', 1.40 37'i 5.15 351 2.0 7015
208 1.8 ~015 35i' 2.18125 7.15
21::> 12.5 5.1 " 350 12.5 701'i
21" 1n. 0 5.35 35" 10.0 7.3')
21f, .1:>25 5.~5 35~ .625 7.35
22'1 1 .4 5.35 36'5 ?O 7.35
221 1 • ')625 5.3') 361) 2.25 7.35
222 1 • 8 5.35 36" 12.5 7.35
22<, 12.'; 5.3') 36"1 10.0 7.55
227 tr'.O 5.5e; 37:? .625 7.5"-
23~ .h25 5.5') ~73 1f). 0 7.7S
234 1.4 5.55 376 .625 7.75
23"; 1.6312"> 5.55 377 10.0 7.95
23" 1. fl 5.55 38') .625 7.9">
24r; 12. 'i 5.55 38] 1n .0 8015
2 4 1 tr.O 5.75 3134 .625 ILlS
244 • (,25 5.75 38') 10.0 8.35
24"1 1.4 5.75 38P .625 8.35
251'1 t .7 5.75 31'\~ 10.0 8.55
25? 2.0 5.75 39? .625 8.55
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INPUT FOR A TYPICAL PROBLEM (Continued),

30' 1 (1. () fL7') 5" 74 7'; 89 AC) 3
,30" .1':>25 8."" 5" 75 76 90 1'19 3
30 7 1(1.0 fl."') 6f, A4 85 99 9E1 1
401"1 .1':>25 fl.oS 69 A7 88 102 101 2
4 n, tr.O 9.1'5 71 F,9 90 104 10'" ~

4n'l .F,;>5 'J.! '" 7'1 '"HI 99 113 11 ? 1
4'1" ! (1. n q.~C; 8? 101 102 116 115 2
40« .625 9.3') A~ 103 llR 117 117 2
40C) 1 r .0 'J.S5 1I'i 103 104 119 llA :"-
41:) .625 0.')5 9~ 112 113 121'1 In 1
41~ H.O 'J.75 % 11S 116 131 13(\ 2
41;:.. .1':>25 9.7'" 9q llP. 119 13:! 13~ 3
41" 1('.0 9. 0 ') 101"1 111 120 134 133 3
421" .f:>25 9.95 107 127 12R 142 141 1
421 1(\ • 0 In.l'" 11 '1 po 131 145 144 2
4211 .">25 10.15 113 133 134 14A 147 3
42" 1(' • n 1 (1 • :v: 12,., 1111 142 15(J 1')') 1
112'1 .1':>2') lC.3" 12 :a- 1411 14') 159 1S'3 ....c
42'" 1n. 0 In.5n 126 147 162 161 161 2
432 .n25 10.')1 127 147 14/\ 16~ 162 3
4~~ l(l • 0 10.7(1 134 1')5 156 17\ 170 1
43"- 0.5625 10.7n 137 1".>8 159 174 173 2
43"' 1r. 0 1'1.°:1 14 \ 16;> 163 177 ]77 3
441" 0.5 10.on 14? If:>:'> 164 171'1 17" .3
441 H.C' 11 • I 14:l 170 171 18') 184 I
44' 0.4375 11. I 151 173 174 18R 11'17 2
44" 10.0 11. 3 15') 177 17fl 192 10 1 3
44~ .375 11.3 161 184 18') 199 198 1
44" 10.0 11 • ') I f> 'I 1'17 188 20;' 2nl 2
440 r·.312'" 1 1 • ') InA 19 1 206 20') 2n<". 2
4';'"1 1r. ~ 11 .7 160 lr:J1 192 207 2nA 3
45, 0.25 11. 7 17') lOA \99 214 213 1
4e,~ 1 n • (1 11 .0 171'1 201 202 217 211':> 2
4')'" r.IA7,) 11 • '" Ill'" 206 ;>07 221 221 3
45" 1 rJ • 0 12.1 lA4 20; ;>08 22? <'21 3
4')') .125 12.1 180 213 214 22A 2?7 1
45.:, 1(' • (1 12.3 192 216 217 231 230 ;>
457 '1.0625 12.3 197 221 222 236 23') 3
45" 31'.0 12.5 20? 2?7 228 242 241 1

I 2 6 5 1 20'i 230 231 245 244 2
II S 6 In 9 I 211'1 ?35 250 249 240 2., '"1 10 14 1:'1 I 211 23'1 236 251 2sn :3

I" 13 14 II' 17 1 21r:, 241 242 257 2'16 11 ... 17 18 22 21 1 21':1 244 245 260 259 2
1'- 21 22 26 25 1 225 2')(l 251 26'i 265 310 25 26 30 2'1 1 221', 2'11 252 ?66 26') 32? 2° 30 34 :-3 1 23:'1 256 257 271 27(1 1
2'1 33 34 38 3'" 1 23~ 25"1 260 274 273 220 37 38 42 41 1 23'1 265 266 28/) 27C) 33, 41 42 4n 4') 1 243 270 271 285 284 1
3~ 45 46 50 4Cl 1 24~ 273 274 28'\ 2/\7 237 49 50 54 53 1 25? 279 294 293 293 241 53 54 SA 57 1 25" 279 280 295 20 4 34" ':.7 5fl 62 61 1 257 2A4 285 300 2qo 14;:' 61 62 61', 65 1 261" 297 288 30", 302 24'1 65 66 70 69 1 26" 294 ?95 30Q 309 :552 69 70 8'1 fl4 1 21',1l 29') 296 310 309 35') 72 73 HI>, A7 2 271 29c) 300 314 313 1
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C-20

INPUT FOR A TYPICAL PROBLEM (Continued)

274 ~'l2 :'>03 317 31& 2
2a1 309 310 324 3?? 3
2pl, 313 314 3;>B 3?7 1
2P' 316 317 331 3:''1 ;>
2'}/j ~;> , ~3A 337 337 ?
29e. 3<'3 324 ,'3P 33,<\ 3
2 g t- :'-24 325 33 0 . :'>8 3
29A 3?7 328 342 341 1
3 0 1 330 331 345 344 2
30fJ ,DR 339 353 3')2 3
311 341 342 356 3~'j 1
314 ~44 345 359 3':>,". 2
32" 3');> 353 3t7 366 3
324 355 356 370 369 1
327 369 :370 374 313 1
330 ~73 374 3713 377 1
3~' 377 378 38:> 31'1 1
33<, ~R1 ~82 31'\'" 311" 1
330 3A') 3e6 390 3",0 1
34' ~I'\g 3(11) 394 393 1
34') 393 394 391\ ?Jq7 1
34 A 397 ~q8 402 (1)1 1
3')1 401 402 tl06 4')5 1
35 tiD') 406 410 (1)0 1
3')" 4 '1':1 410 414 413 1
30n 413 414 41A 417 1
363 417 418 42? 4;>1 1
36&, 4?1 422 426 42'1 1
3ot') L125 426 430 2° 1
372 L120 430 434 433 1
37<; 433 434 43 437 1
37A 437 4313 442 441 I
3i\'1 439 440 443 44-" 1
381 441 442 445 444 1
383 tl44 44') 44'1 tl47 1
3fl,') 447 441'\ 4~ 1 4')0 1
31'\" 448 449 451 451 1
38'7 450 451 453 45? 1
3fl'l 452 453 455 454 1
3R'J 45 /1 455 457 45E- 1
3911 45n 457 451'\ 4S 1

1 2 1000.0
;> 3 1000.0.., 4 1000.0
4 8 1000.0
;\ 12 1000.0

12 16 1000.0
1') 20 1000.0
2'" 24 1000.0
24 2R 1000.0
2F\ 3? 1000.0
3(' 36 1000.0
3f> 40 1000.0
4/' 44 1000.0
411 48 1000.
4q 52 1000.0
5;> 56 1000.0
5t- 60 100f),O
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PART C - ADDITIONAL REMARKS
AND OUTPUT DATA

A. MATERIAL PROPERTIES

Material properties vs temperature are
input for each material in tabular form. The
properties for each element in the system are
then evaluated by interpolation. The mass
density of the material is required only if
acceleration loads are specified or if the
approximate frequency is desired. Listing of
the coefficients of thermal expansion are
necessary only for thermal stress analysis. The
plastic modulus ratio and the yield stress are
specified only if nonlinear rna terials are used.

B. SKEW BOUNDARIES

If the number in columns 5-10 of the
nodal point cards is other than 0, 1, 2 or 3, it
is interpreted as the magnitude of an angle in
degrees. This angle is shown below.

z

The angle e must always be input as a
negative angle and may range from -0.001 to
-180 deg. Hence, + 1.0 deg is the same as
-179.0 deg. The displacements of these nodal
points which are printed by the program are:

Ur = displacement in the s-direction
U z = displacement in the n-direction

C. USE OF THE PLANE STRESS OP­
TION

A one punch in column 60 of the
control card indicates the body is a plane
stress structure of unit thickness. In the case
of plane stress analysis, the material property
cards are interpreted a follows:

Columns 11 -- 20 Modulus of elasti­
city - Er

21 - 0 Poisson's ratio - lJ

3 I - 40 Modulus of elasti­
city - Ez

The corresponding stress-strain relation­
ship used in the analysis is:

n

+8

[OJ
J.L

r E
r

a --- v
-8 T:

z
J.L-V

2

0

S where Er
J1=-

Ez

D. OUTPuT DATA

lJ

o

o
o

The terms in columns 31-50 of the nodal
point card are then interpreted as follows:

XR is the specified load in the s-direction
XZ is the specified displacement in the
n-direction

The following information is developed
and printed by the program:

1. Reprint of input data

2. Nodal point displacements

3. tresses at the cent r of each element

C-21
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4. An approximate fundamental fre­
quency. (The displacements for the
given load condition are used as an
approximate mode shape in the cal­
culation of a frequency by Rayleigh's

procedure. A considerable amount of
engineering judgment must be used in
the interpretation of this frequency.)

E. PLOT OF FINITE ELEMENT MESH

The program automatically develops a
plot of the outline of each element in the

C·22

system. This serves as an excellent check on
the input data. In order to obtain the plot
from AGe's computer operation, an addi­
tional charge card must be submitted with the
job. If only a plot of the mesh is desired, the
calculation of displacements and stresses may
be eliminated by specifying more pressure
cards than actually exist. The first 30 columns
of the identification card are used as a title
for the plot.
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PREFACE

This is the second edition of an abstract bibliography of publications related
to sabot technology. The first edition of this bibliography appeared in Sabot
Technology Engineering Handbook, Lockheed Propulsion Co. Report No.
800-F, Rev. 0, 15 November 1967. All references contained in the first
edition are included in this second edition.

Each of the publications abstracted was reviewed and deemed appropriate
to sabot technology. The first edition of the bibliography emphasized pro­
jectiles and other shots which incorporated sabots in their design. It there­
fore included a summary of pertinent data for each different sabot design.
This summary of sabot designs and their characteristics is included in this
second handbook edition as Appendix A. The number of different sabot
de signs uncove red during preparation of the second edition was significantly
decreased and therefore the sabot summary was not materially revised.
The entries added in the second edition of the bibliography emphasizes sabot
materials and their properties.

The major subject headings used are the same as those in the first biblio­
graphy edition with the exception of two new categories, i. e. a general
category and one on obturators. Author and corporate author indexes
covering the entire bibliography are included in this issue. Reference
entries are numbered sequentially throughout the entire bibliography.

Dndas sHied refe rence sand unclas sHied abstracts of clas sHied lite rature
have been included in the bibliography. Information concerning classified
subjects may be obtained directly from the Defense Documentation Center
or from the originating source by authorized users.
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TABLE OF CONTENTS
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T89 or M331, 76/50 mm HVAPDS Shot

TI02, I20/75-MM HVAPDS Shot
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Miscellaneous
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ABSTRACTS

D-l GENERAL

Dardick, David; Green, Stanley; Rush, Stanley; F'edowitz,
Frank, Jr.; "GUN/PROJECTILE SYSTEMS, " Space/ Aero­
nautics, Vol. 47, No.3, March 1967, pp. 92-99.

Gun system analysis starts with the mission goal, target
defeat, and works back through inflight ballistic s to the
weapon itself, making tradeoffs all the way: impact velo­
city vs. projectile shape, fragment dispe rsion near the
target vs. at the muzzle, peak chamber pressure vs. bore
size, etc.

2 Doherty, Stephen J.; "SABOT MATERIALS AND DESIGNS
FOR HIGH VELOCITY KINETIC-ENERGY ARTILLERY
AMMUNITION," U. S. A rmy Mate rials Re search Agency,
Technical Report AMRA TR 67-11, April 1967, Confidential.
(AD 382 260)

Expe rimental ballistic studie s we re conducted in which fin­
stabilized, kinetic-energy artillery projectiles equipped with
plastic sabots were launched at high velocity to: (1) determine
the feasibility of a three-segment sabot with two incorporated
steel load-bearing inserts. (2) evaluate the durability of the
plastic coating on the sabot and aluminum fin surface s to heat
and friction developed during inbore travel. Discarding charac­
te ristic s of the sabot mate rial and their relationship to terminal
accuracy were also observed and evaluated. An optimum
pre s sure -velocity level was determined for the sabot material
and gun tube. Plastic sabot material molding techniques,
procedures, and properties were also presented. The feasi­
bility of int rnalload-bearing inserts in a sabot to launch
fin- stabilized kinetic -ene rgy projectile s was established.
Finally, the long -te rm storage capability of the expe rimental
rounds at temperatures of 40 to 90°F was also noted.

3 Geldrnacher, R. C.; "THE DYNAMIC BEHAVIOR OF A SLIDING
PLASTIC OBTURATING RING AS USED IN THE 152 MM XM578
APFSDS PROJECTILE, " Stevens Institute of Technology,
Technical Report No. 3488, Septernber 1967. (AD 820 330)

The purpose of this investigation has been to develop analytical
and expe rirnental procedure s which can be used by ordnance
engineers in the design and developrnent of a sliding plastic
obturation ring. The analytical forrnulation define s the para­
rneters to be rneasured and the analytical solution brings for­
ward the relative importance of each pararneter.
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Two sets of measurable quantities, based on the theoretical
analysis, are given. From these quantities the magnitudes
of the critical parameters of the system can be obtained under
quasi-dynamic and dynamic conditions.

Examples have been calculated which illustrate the effects of
changing critical parameters. Recommendations for design
procedures are given.

4 Marshall, Melvin R.; "STRESS ANALYSIS OF FIVE-INCH
ANTI-PERSONNEL PROJECTILES, " U. S. Naval Weapons
Laboratory, Technical Memorandum No. T -35/ 65, Decembe r
1965. (AD 370 496)

5 Symonds, P. S. j "SURVEY OF METHODS OF ANALYSIS FOR
PLASTIC DEFORMATION OF STRUCTURES UNDER DYNAMIC
LOADING, " Brown University, Final Report, NSRDC 1-67,
June 1967. (AD 659 972)

This survey provides a critical study of methods for the analysis
of metal structures under dynamic loads leading to large plastic
deformation. Relevant material behavior and analytical and
numerical methods are summarized. Emphasis is put on criti­
cal study of experiments, particularly on beams, with conside r­
ation of strain rate sensitive plastic behavior.

D-2 ARMOR-PIERCING, DISCARDING-SABOT (APDS) PROJECTILES

D-2.1 Canadian 20-PR APDS Shot

6 Permutter, L.; Goode, J. B.: "Principles of A. P. Shot Design,
Part II, Experimental Study and Application of New Principles in
the Development of New Sub-Projectiles for the 20 Pr. A. P. D. S.
Shot (U)"; (Confidential Report), Armament Research Establish­
ment, Report 45/54, 1954, AD 71 766.

(Unclassified Abstract) This report forms part of a series dealing with the
principles of design of A. P. shot. A. P. shot design has two objects: The
best penetration for a given gun energy and adequate accuracy. This part
reports research aimed at improving the penetrative performance of A. P.
shot.

7 Permutter, L.; Goode, J. B.: "Principles of A. P. Shot Design,
Part Ill, Sabot Design: Accuracy Trials with Experimental and
Service Designs for the Q. F. 20 Pr Gun (U) II; (Confidential
Report), Armament Research Esta!llishment, Report 46/54,
December 1954, AD 71 765.

D-7



 

Sam Larter
Typewritten Text
Page D-8 Missing



AMCP 706-445

12 Ritner, F. C.: "Malfunction Investigation of Shot, HVAPDS- T,
76/S0-MM, M331A2, Improvement of Shot, HVAPDS-T, 76/50­
MM, M331A2": (Unclassified Report), General Electric MPR
No.2, 9 December 1954, AD 57 549.

13 Ritner, F. C.: "Malfunction Investigation of Shot, HVAPDS-T,
70/S0-MM, M331A2, Improvement of Shot, HVAPDS-T, 70/50­
MM, M331A2"; (Unclassified Report), General Electric MPR
No.3, 9 January 1955, AD 57 248.

14 Ritner, F. C.: "Malfunction Investigation of Shot, HVAPDS-T,
76/50-MM, M331A2, Improvement of Shot, HVAPDS-T, 76/50­
MM, M331A2": (Unclassified Report), General Electric MPR
No.4, 9 February 1955, AD 58 990.

15 Ritner, F. C.: "Malfunction Investigation of Shot, HVAPDS- T,
76/50-MM, M331A2, Improvement of Shot, HVAPDS-T, 76/50­
MM, M331A2"; (Confidential Report), General Electric MPR
No.5, 9 March 1955, AD 57 250.

16 Ritner, F. C.: "Malfunction Investigation of Shot, HVAPDS- T,
76/50-MM, M331A2, Improvement of Shot, HVAPDS-T, 76/50­
MM, M331A2"; (Confidential Report), General Electric MPR
No.6, 9 April 1955, AD 72 743.

17 Ritner, F. C. : "Malfunction Investigation of Shot, HVAPDS- T.
76/50-MM, M331A2, Improvement of Shot, HVAPDS-T, 76/50­
MM, M331A2"; (Confidential Report), General Electric MPR
No.7, 9 May 1955, AD 69 998.

18 Ritner, F. C.: "Malfunction Investigation of Shot, HVAPDS-T,
76/50-MM, M331A2, Improvement of Shot, HVAPDS-T, 76/50­
MM, M331A2"; (Confidential Report), General Electric MPR
No.8, 9 June 1955, AD 69 999.

19 Ritner, F. C.: "Malfunction Investigation of Shot, HVAPDS-T,
76/50-MM, M331A2, Improvement of Shot, HVAPDS-T, 76/50­
MM, M331A2"; (Confidential Report), General Electric MPR
No. la, 9 August 1955, AD 74 208.

20 "Test of Cartridge, HVAPDS-T, 76-MM, M331A2 for Guns,
M32 and T124 (U)"; (Confidential Report), Continental Army
Command Report Number 1689-10, 17 August 1955, AD 68 824.

21 Ritner, F. C.: "Malfunction Investigation of Shot, HVAPDS- T,
76/S0-MM, M331A2, Improvement of Shot, HVAPDS-T, 76/50­
MM, M331A2"; (Confidential Report), General Electric MPR
No. 11, 9 September 1955, AD 75 694.
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22 McGregor, J. M.: "Cartridge, 76/50-MM, HVAPDS-T.
M331A2"; (Unclas sified RetOrt), Aberdeen Proving Ground
Report No. DPSjOAC-I-59 3, June 1959, AD 217 548.

(Unclassified Abstract) The following group of reports concerns develop-
ment of the T89, 76/ 50MM HVAPDS shot. The study includes armor-
piercing ability, accuracy studies, pressure-velocity level, and des"gn and
development tests of the plastic-discarding sabot (including one completely
moldable model).

Included in the study are design drawings, pictorial repres entations, and
in-flight photographs.

23 "Development of Shot, HVAPDS, 76/50-MM, T89E3 for 76-MM
Gun, T91, Investigation of Flight Characteristics"; (Unclas sified
Report). Aberdeen Proving Ground No. P-57205, 13 August 1953,
AD 31 204.

24 "Development of Shot, HVAPDS, 76/50-MM, T89E3"; (Unclassi­
fied Report), Aberdeen Proving Ground No. P- 58336,
19 January 1954, AD 31205.

25 Peters, J. D.: "Investigation of LLi.unching and Flight Charac­
teristics of Shot, HVAPDS, 76-MM T89 Series, Models E3 and
E5 (U) If; (Confidential Report), Aberdeen Proving Ground, TA 1­
1302- 25, 2 October 1957, AD 146 464.

26 Peters, J. D.: "Development Test of Plastic Discarding Sabot
Shot for 76-MM Gun, T91 (U) "; (Confidential Report), Aberdeen
Proving Ground TAl-5002-8, 22 January 1958, AD 155 206.

27 Nelson, J. G.: "Development Tests of Plastic, Discarding Sabot,
Shot, T89, for the 76-MM Gun (U) II; (Confidential Report),
Aberdeen Proving Ground No. TAl-5002-9, 19 June 1958,
AD 300 465.

28 Rosan, S. P.; Barnet, F. Robert: "Plastics Sabot Development,
76/50-MM: Report III (U)'I; (Confidential Report), NAVORD
~eport 6195, 24 September 1958, AD 306 933.

29 Nelson, J. G.: "Pressure and Velocity Limits and Accuracy of
Shot, HVAPDS, 76/50-MM, T89E3, Plastic Sabot (C) If;
(Confidential Report), Aberdeen Proving Ground No. TAl-5008­
6, 27 October 1958, AD 303 563.

30 Bertrand, Guy: "Development of Shot HVAPDS/T, 76-MM (U) If;
(Confidential Report), CARDE Report No. 311/59, January 1959,
AD 305 806.
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31 Struve, J. R.: "Test of Shot, HVAPDS, 76/50-MM, Plastic
Sabot, T89 (U) "; (Confidential ReJlort), Aberdeen Proving
Ground Report No. DPS/TW -426/9, September 1959, AD 312 693.

32 Prosen, S. P.; Johnson, Walter T.: "Plastics Sabot Development,
76/50-MM: ReportIV(U)"; (Confidential Report), NAVORD
Report 6757, 15 December 1959. AD315727.

33 "Development of 76-MM Hypervelocity Armor-Piercing
Discarding-Sabot Shot, T89 Series (U) "; (Confidential Report),
University of Pitts burgh TIR 6- 6-4Al( 3), February 1960,
AD 351 778, for U. S. Army Materiel Command.

D-2.3 TI02, 120/75-MM HVAPDS Shot

34 Huchital, E.: "Design and Development of Shot, HVAPDS-T,
120/75-MM, TI02E2 and Shot, HVTP, 120-MM, TI06El";
(Unclassified Report), Electro-Mechanical Research Co. ,
Progress Report Project TAl-1602, 31 March 1953, AD 18 159.

(Unclassified Abstract) Work being performed under the subject contract
is the continuation of design and development of ~hot. TI02E2 and TI06El
initiated under the contract and is referred to as Phase II of the project.

Data calculations are started to fix the weight of the TI06El so that its tra­
jectory crosses that of the sub-projectile of the TI06E2 at 1500 yards.
Magnesium alloy for experimentation and prototypes of the sabot base and
sa bot ring is being us ed. The tooling and machining of a prototype of the
shot TI02E2 is in progress.

35 Bushey, B. W.: "Development of Shot, HVAPDS, l20-MM, TI02
(U)"; (Confidential Report), Frankford Arsenal Report No. R-1417,
November 1957. AD 157 411.

36 Bailey. E. W.: "Accuracy, Armor Plate Penetration and General
Evaluation of Shot, HVAPDS-T, 120/75MM, TI02E4 for 120-MM
Gun, T 123 (U)"; (Confidential Report), Aberdeen Proving Ground
Report No. TAl-1602-14, 8 March 1957, AD 131417.

37 Thompson, E. W. : "Functioning and Accuracy of Q. F. 120 MM
TK Experimental DS/T Practice Shot (C) "; (Confidential Report),
Armament Research and Development Establishment Memorandum
(P)2/59, January 1959, AD 305735.
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D-2.4 T137, 90/60-MM HVAPDS Shot

(Unclassified Abstract) The first group of reports are General Electric
Monthly Progress Reports concerning development and fabrication of
HVAPDS- T Shot 90/60-MM, T 137 Series.

The second group are Monthly Progress Reports made by General Electric
to Picatinny Arsenal for a product engineering study of shot HVAPDS-T,
90 -MM, T 137 E 1. There is some detail concerning the des ign of the sabot
and its parts.

The other reports recorded progress in the development of the HVAPDS
shot for the 90 -MM, tank gun T 119 and other related designs. Flight
characteristics, terminal ballistics, accuracy, parts security, plate
penetration at various obliquities, and general functioning characteristics
are studied.

Several inflight photographs of sabot separation, firing records, and
pictorial repres entations are included.

38 Hittenberger, O. K.: "Development of HVAPDS-T Shot 90/60­
MM, T137 Series"; (Unclassified Report), General Electric
MPR No.1, 9 November 1953, AD 31948.

39 Hittenberger, O. K.: "Development of HVAPDS-T Shot 90/60­
MM, T137 Series"; (Unclassified Report), General Electric
MPR No.2, 9 December 1953, AD 31947.

40 Hittenberger, O. K.: "Development of HVAPDS-T Shot 90/60­
MM, T137 Series"; (Unclassified Report), General Electric
MPR No.3, 9 January 1954, AD 26 126.

41 Hittenberger, O. K.: "Development of HVAPDS-T Shot 90/60­
MM, T137 Series"; (Unclassified Report), General Electric
MPR No.4, 9 February 1954, AD 31 946.

42 Hittenberger, O. K.: "Development of HVAPDS- T Shot 90/60­
MM, T137 Series"; (Unclassified Report), General Electric
MPR No.5, 9 March 1954, AD 31 945.

43 Hittenberger, O. K.: "Development and Fabrication of Shot,
HVAPDS-T, 90/60-MM, T137 Series"; (Unclassified Report).
General Electric MPR No.6, 9 April 1954, AD 31 944.

44 Hittenberger, O. K.: "Development of HVAPDS-T Shot, 90/60­
MM, T 137 Series "; (Unclas s ified Report), General Electric
MPR No.7, 9 May 1954, AD 61433.
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45 Hittenberger, O. K.: "Development and Fabrication of Shot,
HVAPDS-T, 90/60-MM, T137 Series (U)"; (Confidential Report),
Gene ral Electric MPR No. 10, 9 August 1954, AD 47 965.

46 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, T137 Series"; (Unclassified Report), General
Electric MPR No. 11, 9 September 1954, AD 47 964.

47 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, T137 Series (U)'I; (Confidential Report), General
Electric MPR No. 12, 9 October 1954, AD 47 963.

48 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, T137 Series"; (Unclassified Report), General
Electric MPR No. 13, 9 November 1954, AD 56 396.

49 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, Tl3? Series"; (Unclassified Report), General
Electric MPR No. 14, 9 December 1954, AD 56 395.

50 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, T137 Series (U)"; (Confidential Report), General
Electric MPR No. 17, 9 March 1955, AD 68 023.

51 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, Tl37 Series (U)"; (Confidential Report), General
Electric MPR No. 18, 9 April 1955, AD 68 022.

52 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, T137 Series (U)"; (Confidential Report), General
Electric MPR No. 19, 9 May 1955, AD 68 021.

53 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, T137 Series (U)"; (Confidential Report), General
Electric MPR No. 20, June 1955, AD 68 661.

54 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, T137 Series (U)'l; (Confidential Report), General
Electric MPR No. 21, July 1955, AD 82 324.

55 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, T137 Series (U)"; (Confidential Report), General
Electric MPR No. 22, 9 August 1955, AD 75 693.

56 Ritner, F. C.: "Development and Fabrication of Shot, HVAPDS­
T, 90/60-MM, T137 Series (U)"; (Confidential Report), General
Electric MPR No. 28, 9 February 1956, AD 101334.
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57 Ritner, F. C.: "Shot, HVAPDS T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No.2, November 1955, AD 91 746.

58 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "i (Confidential Report), General Electric
MPR No.3, December 1955, AD 87 975.

59 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study"; (Unclassified Report), General Electric
MPR No.4, January 1956, AD 91 610.

60 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPRNo. 7, April 1956, AD99912.

61 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U)"; (Confidential Report), General Electric
MPR No.8, May 1956, AD 105 768.

62 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No.9, June 1956, AD 105 769.

63 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No. la, July 1956, AD 112 026.

64 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No. 11, August 1956, AD 112 027.

65 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Prod ct
Engineering Study (U) "; (Confidential Report), General Electric
MPR No. 12, September 1956, AD 112 581.

66 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No. 18, March 1957, AD 134953.

67 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPRNo. 19, April 1957, AD 139 241.

68 Ritner, F. C.: IIShot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No. 20, May 1957, AD 142937.
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69 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U)"; (Confidential Report), General Electric
MPR No. 21, June 1957, AD 142938.

70 Ritner, F. C.: '1Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No. 22, July 1957, AD 142 939.

71 Ritner', F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No. 23, August 1957, AD 154476.

72 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No. 24, September 1957, AD 159 246.

73 Ritner, F. C.: "Shot, HVAPDS-T, 90-MM, T137El, Product
Engineering Study (U) "; (Confidential Report), General Electric
MPR No. 25, October 1957, AD 159 247.

74 Sheffer, Bruce M.: "Shot, HVAPDS-T, 90-MM, T137El,
Product Engineering Study (U) ',; (Confidential Report), General
Electric MPR No. 26, November 1957, AD 157226.

75 Sheffer, Bruce M.: "Shot, HVAPDS-T, 90-MM, T137El,
Product Engineering Study (U) "; (Confidential Report), Gene ral
Electric MPR No. 27, December 1957, AD 157 227.

76 Sheffer, Bruce M.: "Shot, HVAPDS-T, 90-MM, T137El,
Product Engineering Study (U) "; (Confidential Report), General
Electric MPR No. 30, March 1958, AD 159 881.

77 Crater, R. E.: "Production Engineering Study of Shot, HVAPDS­
T, 90/60-MM, T137El (U)"; (Confidential Report), Picatinny
Arsenal Technical Report DC-TR: 12-58, December 1958,
AD 304 890.

78 Sleeper, J. C. Jr.: "Final Engineering Tests of Shot, HVAPDS-T,
90/60-MM, T137El Mod 3, for 90-MM Gun, M36 (Tl19) (U)";
(Confidential Report), Aberdeen Proving Ground Report No.
TAl-1460-38, 29 January 1959, AD 305 259.

79 Riel, R. H.: "Firing Trials of Shot, HVAPDS-T, 90-MM,
T137 (U)"; (Confidential Report), Aberdeen Proving Ground
Report No. TAl-1460-23, 18 October 1955, AD 85 041.
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80 Sleeper, J. C. Jr.: "Development of Shot, HVAPDS- T, 90/60­
MM, T137El, Model 9, for 90-MM Gun, M36, (Tl19) (U)";
(Confidential Report), Aberdeen Proving Ground Report No.
TAl-1460-40, 29 January 1959, AD 305 260.

81 Rieden, William J.: "Test of Shot HVAPDS 90-MM T137 Mod 1,
with Swivel-Cap Penetrator for Determination of Ballistic Limits
Against Armor Plate at Various Obliquities (U) "; (Confidential
Report), Aberdeen Proving Ground Report No. DPS/TW -426/6,
July 1959, AD 309 709.

82 Sleeper, Joseph C. Jr.: "Development of Shot, HVAPDS-T,
T137 for 90-MM Gun, M41 (Tl19 and T139) (U)"; (Confidential
Report), Aberdeen Proving Ground Report No. TAl-1460-30,
9 August 1965, AD 149 230.

83 Jacobson, Sidney: "Development of the 90-MM T137El Mod 3
HVAPDS-T Cartridge for the M36(Tl19, M41(T139), and T125
Guns (U)"; (Confidential Report), Picatinny Ars enal Technical
Report 2443, November 1957, AD 149 394.

84 Peters, J. D.: "Development Test of Shot, HVAPDS, 90-MM,
T 137 (U) "; (Confidential Report), Aberdeen Proving Ground
Rep 0 r t No. TAl - 1460 - 3 5, 6 Feb r ua r y 1958, AD 15 5 2 1 1.

D-2.5 APFSDS Projectile for 90-105 MM Guns

85 Riel, R. H.: "Development of Armor Piercing, Fin Stabilized,
Discarding Sabot, "Arrow" Projectiles for 90 MM and 105 MM
Tank Guns"; (Unclassified Report), Aberdeen Proving Ground,
No. TAl - 147 5 - 1, 2 1 Feb r ua r y 195 5, AD 78 79 5.

D-2.6 CARDE "Minnow" Project

86 Hubbard, F. T.: "A Summary of Development on the Minnow
Project from February 1956 to March 1957 (U)"; (Secret
Repor t) 13, Te chnical Memorandum No. 144/57, April 1957,
AD 300 017.

87 Hubbard, F. T.: "A Summary of Development of the Minnow
Project from April 1957 to March 1958 (U)"; (Secret
Report) 14, CARDE Technical Memorandum 187/58, April 1958,
AD 302 575.

D - 2. 7 AMF Optimum Sabot Ammunition Stud y

(Unclassified Abstract) The following list of progress reports contains a
theoretical study leading to the design of sabot ammunition of optimum
performance, to be used in various conventional guns in the 75 to 280-MM
calibre range. Actual design was carried out for the 90-MM T-119 gun,
but the procedure is applicable to the other guns mentioned.
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The scope of the project is confined to the HVAPDS (Hypervelocity Armor
Piercing Discarding Sabot) shot.

A detailed analysis of performance optimization, carried out numerically
for an actual 90-MM gun (T-119), plus the development test of the shot, is
presented in the above mentioned monthly progress reports of this project.

The final report summarizes the optimization theory developed to date. The
theory is presented in dimensionless form to be applicable to a gun of
arbitrary calibre. Results of tests of the 90-MM AMF sabot round, as well
as the subsequently analyzed spin-cone stabilization procedure, are taken
into account in the final report.

88 II Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Unclas sified Report), Ame rican Machine
and Foundry Report No. PR -1, 29 November 1954, AD 50 201.

89 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Unclassified Report), American Machine
and Foundry Report No. PR-2, 30 December 1954, AD 57 850.

90 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Unclassified Report), American
Machine and Foundry Report No. PR-3, 31 January 1955,
AD 57 849.

91 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Unclassified Report), American
Machine and Foundry Report No. PR-4, 28 February 1955,
AD62912.

92 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Report), Ame rican
Machine and Foundry Report No. PR-5, 31 March 1955,
AD65515.

93 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Report), Ame rican
Machine and Foundry Report No. PR-6, 30 April 1955,
AD 64 869.

94 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Report), American
Machine and Foundry Report No. PR -7, 31 May 1955,
AD 68 033.

95 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Report), Ame rican
Machine and Foundry Report No. PR-8, 30 June 1955,
AD 67 948.
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96 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Report), Ame rican
Machine and Foundry Report No. PR-9, 31 July 1955,
AD 70 961.

97 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Report), American
Machine and Foundry Report No. PR-IO, 31 August 1955,
AD71295.

98 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Repor t), Ame rican
Machine and Foundry Report No. PR -11, 30 September 1955,
AD 76 951.

99 "Design and Development of Optimum Sabot Ammunition for
Ar tillery Weapons"; (Confidential Repor t), American
Machine and Foundry Report No. PR-13, 30 November 1955,
AD 82 732.

100 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Report), American
Machine and Foundry Report No. PR-14, 30 December 1955,
AD 84 548.

101 11Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Report), American
Machine and Foundry Report No. PR-15, 31 January 1956,
AD 88 042.

102 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons"; (Confidential Repor t), American
Machine and Foundry Report No. PR-17, 30 March 1956,
AD 95 641.

lD3 Finch, H. Lt.: "Development Tes t of Shot, HVAPDS-T,
90/54-MM T-, Optimum Sabot (Accuracy and Plate Phase)";
(Confidential Report), Aberdeen Proving Ground TAl-5002-5.
March 1956, AD 107 744.

104 "Design and Development of Optimum Sabot Ammunition for
Artillery Weapons " ; (Confidential Report), American
Machine and Foundry, Final Report, 30 September 1956,
AD 127 567.

105 llDesign and Development of Optimum Sabot Ammunition for
Artillery W eapons ll

; (Confidential Report), American
Machine and Foundry Report No. PR-18, 15 June 1956,
AD 108 876.
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D-2.8 T320 90/40-MM APFSDS Shot

(Unclassified Abstract) The following list of reports covers development of
the APFSDS, 90-MM, T320 shot for the 90-MM smoothbore gun.

During development, problems arose concerning cartridge extraction and
fin damage. The cartridge case of the T320 was bulging at the side walls
near the base flange because of firing pressure. The fins were damaged
because of excessive aerodynamic heating, causing some accuracy loss.
Both situations were overcome satisfactorily after a number of changes in
procedure and design.

After evaluation of various materials, the lightest possible sabot was
developed for the launch. The sabot consisted of four segments and was
discarded shortly afte r it left the muzzle. Many in-flight photog raphs,
firing records, accuracy reports, and drawings are included in the reports.

106 Bailey, E. W.: "Development of Shot, APFSDS, 90/40-MM
T320 for 90-MM Smoothbore Guns"; (Confidential Report),
Aberdeen Proving Ground TAI-1475, 21 November 1957,
AD151245.

107 Carothers, H. E. W.: "Development of Lightweight Sabot for
Shot, APFSDS, 90/40-MM T320"; (Confidential Report),
Aberdeen Proving Ground TAl-1475-7, 27 January 1958,
AD 155 273.

108 Miller, O. G.; "Development of Shot, 90/40-MM, APFSDS,
T 320"; (Confidential Report), Abe rdeen Proving Ground
TAl-1475-19, May 1958, AD 300 425. .

109 Miller, O. G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report),· Aberdeen Proving Ground
TAI-1475-18, 4 June 1958, AD 300 486.

liD Miller, O. G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report), Aberdeen Proving Ground
TW-418-1, 25 June 1958, AD 300 426.

III Allen, Ralph H.: "Test of Cartridge, 90/40-MM, APF.'?DS,
T320E60, and Cartridge, 90-MM, HEFS, T340E14";
(Confidential Report), Aberdeen Proving Ground TAI-1475-15,
12 Aug ust 1958, AD 30 I 629.

112 Miller, O. G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report). Aberdeen Proving Ground
TW 418-3, 4 September 1958, AD 301 967.

113 Miller, O. G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report), Aberdeen Proving Ground
TW-418-4, 15 September 1958, AD 302 188.
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114 Miller, a.G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report), Aberdeen Proving Ground
TW-418-5, 15 May 1958, AD 300 428.

115 Miller, a. G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report), Aberdeen Proving Ground
TW-418-10, 22 September 1958, AD 304 717.

116 Miller, a. G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report), Aberdeen Proving Ground
TW-418-11, 7 November 1958, AD 303744.

117 Miller, O. G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report), Aberdeen Proving Ground
TW-418-12, 12 November 1958, AD 303 745.

118 Miller, O. G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report), Aberdeen Proving Ground
TW-418-13, 20 January 1959, AD 304 882.

119 Miller, O. G.: "Development of Shot, 90/40-MM, APFSDS,
T 320"; (Confidential Report), Abe rdeen Proving Ground
TW-4I8-15, II February 1959, AD 305 569.

120 Miller, O. G.: "Development of Shot, 90/40-MM, APFSDS,
T320"; (Confidential Report), Aberdeen Proving Ground
TW-4I8-I6, 12 February 1959, AD 305 626.

121 Miller, O. G.: "Development of Shot, APFSDS, 90/4IJ-MM,
T320 Series'!; (Confidential Report), Aberdeen Proving Ground
TW-418-17, 22 April 1959, AD 307 410.

D-2.9 T382 or M392, 150-MM APDS Shot

(Unclassified Abstract) The following group of reports deals with studies
on or related to the M392. The studies include:

(I) Comparison studies of U.K. and U.S. rounds

(2) Propellant studies

(3) Emergency zero studies

(4) Ballistic tests (interior, exterior and terminal)

(5) Temperature tests

(6) Design analyses

(7) Jump evaluation
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(8) Cartridge tests

(9) Tube wear studies

(10) Dispersion tests

(11) Accuracy tests

(.2) Penetration capabilities

Several photographs, charts, graphs, etc., are included concerning all
aspects of the testing. Very little detailed sabot information is included,
however. The majority of the information relates firing test results.

122 Allen, Ralph H.: "Test of Cartridge, 105-MM, APDS, T382";
(Confidential Report), Aberdeen Proving Ground Report No.
DPS/DSCLOG 517-FY58/1, April 1959, AD 306 683.

123 Allen, Ralph H.: "Test of U. S. Propellant-Ignition and Shot,
APDS, M392A 1 for 105 -MM Gun, M68"; (Confidential Repor t),
Aberdeen Proving Ground Report No. DPS/DCSLOG-517-FY58/2,
February 1960, AD 315 352.

124 Allen, R. H.: "Evaluation of Preproduction Shot, APDS,
105-MM M392Al for M68 Gun "; (Secret Report) 4, Aberdeen
Proving Ground Report No. DPS/OAC-I/60/2, June 1960,
AD 317 307.

125 Heinemann, Robert W,; Schimmel, Robert T.: "Development
of a Bridgewire Initiator for the 105-MM Tripartite Round ";
(Secret Report) 7, Picatinny Arsenal Technical Memorandum
ORDBB-TE9-31, August 1960, AD 319 754.

126 Lamon, H. J.; Elsner, J. W.: "Determination of Emergency
Zero for M60 Tank (105-MM Gun, M68, Firing 105-MM Shot,
HVAP-DS-T, M392El)"; (Confidential Report), Aberdeen
Proving Ground Report No. DPS -1 02, November 1960,
AD 319 945.

127 Allen, Ralph H.: "Test of UK Gun, 105-MM TK X 15E8, APDS
and HESH Ammunition, and Related Components"; (Confidential
Report), Aberdeen Proving Ground Report No. DPS-127,
January 1961, AD 321 189.

128 Yuen, Jason G.: "Desert Summer Environmental Test of
Cartridge, 105 -MM, APDS, M392 and M392Al"; (Confidential
Report), Aberdeen Proving Ground Report No. DPS/OTA-48,
March 1961, AD 322 266.
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129 Allen, Ralph H.: "Production Evaluation of Cartridge, 105-MM,
APDS-T, M392El"j (Confidential Report), Aberdeen Proving
Ground Report No. DPS-153, March 1961, AD 322 267.

130 Rieden, W. J.: "Preliminary Evaluation of T36 and T28
Propellants with Projectile, AP DS, M392A 1 for 105 -MM
Guns, M68 (US) and S7Al (UK)"; (Confidential Report),
Aberdeen Proving Ground Report No. DPS-207, May 1961,
AD 323 049.

131 Angstadt, R. P.: "Granulation Test of T36 Propellant for
Cartridge, 105-MM, APDS-T, M392El"; (Confidential Report),
Aberdeen Proving Ground Report No. DPS-2T'7, June 1961,
AD 323 961.

132 Callis, Ben: "Evaluation of Shot, APDS-T, 105-MM, M392El
(Modified Forward Sheath) with T36 Propellant"; (Confidential
Report), Aberdeen Proving Ground Report No. DPS-279,
J uly 196 1, AD 324 3 05.

133 Elsner, James: "Jump Firings and Tube-Wear-Effect
Studies of APDS-T, M392El, and HESH, M393 (UK),
105-MM Cartridges for the M60 Tank"; (Confidential
Report), Aberdeen Proving Ground Report No. DPS-311,
August 1961, AD 324 918.

134 "Report of Project No. 2167 Service Test of Cartridge,
105-MM, APDS-T, M392El "; (Secret Report) 8, U. S. Army
Armor Board, Fort Knox, Kentucky, 14 December 1961,
AD 326 862.

135 Lindsey, W. L.: "Production Engineering Test of M115Bl
Steel Cartridge Case for 105-MM, M68 Gun"; (Unclassified
Report), Aberdeen Proving Ground Report No. DPS-428,
January 1962, AD 270 162.

136 Allen, Ralph H.: "Test of Laminar Coolant in Cartridge,
105-MM, APDS-T, M392E 1, for 105 -MM Gun, M68";
(Confidential Report), Aberdeen Proving Ground Report No.
DPS-412, February 1962, AD 327 736.

137 Reynolds, M. A.: "Test of 105-MM Gun Tank, M60El, Pilot
No.1 (Turret Phase)"; (Confidential Report), Aberdeen Proving
Ground Report No. DPS-438, February 1962, AD 327 737.

138 Dempsey, R. N.: IISafety Certification Test of T36 Propellant
with Projectile, APDS-T, M392El for Gun, 105-MM, M68";
(Confidential Report), Aberdeen Proving Ground Report No.
DPS-449, February 1962, AD 328 041.
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139 Lindsey, W. L.: "Granulation Test of MP, T36 Propellant with
l05-MM Shot, APDS-T, M39.c..El for Gun, M68"; (Confidential
Report), Aberdeen Proving Ground Report No. DPS-460,
February 1962, AD 327 739.

140 Dempsey, R. N., "Production Engineering of Armor-Penetrating
Capabilities of Projectile, 105-MM, APDS-T, M392 ";
(Secret Report) 5, Aberdeen Proving Ground Report No. DPS-492,
March 1962, AD 328 882L.

141 Ages, J.A. Jr.: "Accuracy Test of 105-MM, M68 Gun Tube
No.978 " ; (Confidential Report), Aberdeen Proving Ground
Report No. DPS-499, AD 328 570.

142 "Service Test of Cartridge, 105 -MM, AP DS -T, M392E 1";
(Confidential Report), U. S. Army Artic Test Board Report
No.2-22, 9 May 1962, AD 329 523.

143 Wagner, E. W.: "Artie W inter Environmental Te sts, 1961-62,
of Breech Operating Cam for Gun, 105-MM, M68; Cartridge,
lOS-MM, APDS, M392El; Cartridge, lOS-MM, HEP-T,
M393El; and Cartridge, 105-MM, HEAT-T, T384E4";
(Confidential Report), Aberdeen Proving Ground Report No.
DPSjOTA-148, July 1962, AD 330 176.

144 Echtenkamp, A.: "Metal-Parts Security of Projectile, 10S-MM,
APDS-T, M392E3, Special Lot FA-S -MPC-lS " ; (Confidential
Report), Aberdeen Proving Ground Report No. DPS-602,
July 1962, AD 331 499.

l4S Allen, Ralph H.: "Preliminary Evaluation of Projectile 10S-MM,
APDS-T M392E3, Assemble.d with Uranium Alloy Nose Pad
Component'l; (Confidential Report), Aberdeen Proving GroW1d
Report No. DPS-606, July 1962, AD 331 125.

146 Dempsey, R. N.: "Production Engineering Test to Investigate
Accuracy Dispersion of Projectile, 105-MM, APDS-T, M392";
(Confidential Report), Aberdeen Proving Ground Report No.
DPS-S15, August 1962, AD 331 593.

147 Allen, Ralph H.: "Second Evaluation of Projectile, 10S-MM,
APDS-T, M392E3, Assembled with D38 Alloy Nose-Pad
Component"; (Confidential Report), Aberdeen Proving Ground
Report No. DPS-667, September 1962, AD 332 IS4.

148 Zeller, G. A.; Kirby, R. L.; Bolte, P. L.: "Report of the
Group Appointed to Evaluate the l05-MM APDS, M392Al, and
Heat, M456, Projectiles "; (Secret Report), USA Armor
Board BRL Memorandum Report No. 1446, January 1963,
AD 334 411.
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149 "Report of USATECOM Test Project No. lC-365l-60 (23-0BX),
Check Test of Cartridge, l05-MM, APDS-T, M392A211:
(Confidential Report), U. S. Army Arctic Test, 25 April 1963
AD 335 9l7L. '

150 Crisman, W. N.: "Comparison Test of Projectile, 105-MM,
APDS-T, M392A1!1; (Confidential Report), Aberdeen Proving
Ground Report No. DPS-986, June 1963, AD 337 950.

151 "Development of Ammunition for M68 l05-MM Gun Cannon II.

(Secret Report), U. S. Army Materiel Command Technical '
Informa tion Report 1-1-2J5 Supplement I, October 1963,
AD 347 105.

152 "Minutes of the Meeting of Working Group "A" - Tanks - of the
Trilateral Military Subcommittee"; (Confidential Report),
Military Assistance Advisory Group, Bonn, Germany, Report
No. WGA-MM, November 1963, AD 350 145.

153 Dempsey, R. N.: IIFinal Report of Product Improvement Test
of Projectile, 105-MM, APDS-T, M392 (Lubrication of Sabot
Groove)"; (Confidential Report), Aberdeen Proving Ground
Report No. DPS-1332, May 1964, AD 349 915.

154 Scudder, Russell W.: "Final Report of Engineer Design Test
of Armor Plate, Steel, Cast and Rolled, versus Projectile,
105-MM, APDS-T (Ballistic Penetration Data)!I; (Confidential
Report), Aberdeen Proving Ground Report No. DPS-1616,
April 1965, AD 359 701.

155 Demaree, C. L.: "Final Report of Engineer Design Test of
Ribbed Cas t Armor (Ballistic Evaluation)"; (Confidential
Report), Aberdeen Proving Ground Report No. DPS-1643,
April 1965, AD 360 016L.

(Unclassified Abstract) Cast homogeneous steel armor ribbed plates with
three different rib designs were tested with l05-mm ADPS-T, M392 and
AP-T, T182El projectiles during the period 21 January to 28 February
1965. The V-50 ballistic limits (protection) were determined at 60 degrees
obliquity with both projectile types. The ribbed plate designs were com­
pared with each other and rated against flat cast armor on a weight-to­
weight basis.

Photographs of plate damage are included along with round-by-round
firing data.

156 "Development of Ammunition for M68 105-MM Gun Cannon II;
(Secret Report), U. S. Army Materiel Command Technical
Information Report 27.3.3.1, January 1966, AD 369 753.
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D-2.10 Other APFSDS Shots (371, T346, etc.)

(Unclassified Abstract) The following list of reports deals with development
of several different APFSDS shots. The following a spects of development
are included:

(1) A limited range target-practice round simulating the
T320, APFSDS

(2) A new fin design to resist in-gun and aerodynamic heating damage>

(3) Accuracy and flight performance of T346E17 and T346E17 Mod. 1;
spaced-armor plate penetration of the T346E17 Mod. V

(4) Results of U. S. antitank lethality trials in which KE projectiles
were used

(5) Development of a smoke tracer a s the trajectory- sensing device
to be incorporated in the delta-wing shot

157 II Development of 10 5-mm Hypervelocity Armor-Piercing Dis­
carding Sabot Shot, T279 (U)"; (Confidential Report, U. S. Army
Material Command, Technical Information Report 6- 9- 4Al (3).
December 1957, AD 311 633.

158 Allen, R.: "Development Test of Shot, HVAPDS-T, 105/60 mm,
T279 (C); (Confidential Report), Aberdeen Proving Ground
Report No. TAl- 1503- 4, 28 January 1957, AD 122 068.

159 Allen, R. H.: "Test of Shot, Quasi, APFSDS, for 90-mm Gun
T208E4 (U) "; (Confidential Report), Aberdeen Proving Ground
Report No. TW - 424-1, 11 August 1958, AD 301 446.

160 "Report on XM60 Weapon System Evaluation (U) "; (Secret
Report) 9, Aberdeen Proving Ground Fir st Report on Project
TW-419, October 1958, AD 327 007.

161 Miller, D. G.: II Development of Shot, 90/40-mm, APFSDS,
Quasi, T371 (U)"; (Confidential Report), Aberdeen Proving
Ground Report No. DPS/TW -424-2, March 1959, AD 306 432.

162 Miller, D. G.: "Evaluation of Cartridge, APFSDS, 90/40 rom,
T342, in T139 Gun (U)"; (Confidential Report), AberdeenProving
Ground Report No. DPS/TW -426/5, June 1959, AD 308 615.

163 Jacobson, Sidney; Barrieres, Elie L.: "A Proposed Armament
System for Medium Tanks (U)"; (Confidential Report), Feldman
Re search and Engineering Laboratories. Technical Memorandum
Report No. ORDBB-TE 5-9. July 1959. AD 312 751
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(Unclassified Abstract) This report describes an armament system designed
to provide increased firepower for existing medium tanks and to provide a
weapon system for future generation tanks. The system consists of a 105-mm
smoothbore gun designed to minimize turret intrusion and gun length. It fires
a discarding- sabot, kinetic-energy projectile capable of penetrating more
than five inche s of armor plate at 60 0 obliquity at a range of 2000 yards or
six inches at 60 0 at ranges up to 500 yards. The arrununition complement
of this system will include HEAT, HE, and WP cartridges.

The system proposed in this report is de signed to incorporate discarding-
. sabot and heat ammunition of minimum size and weight for ease of handling
and rapid loading to minimize time to hit.

164 Sleeper, J. C.: "Development of Shot, APFSDS, 10S/40-mrn,
T346E17 and T346E17 Mod I, for 105-mm Gun, T210 (U)'I;
(Confidential Report), Aberdeen Proving Ground Report No.
DPS/TW-426/7, November 1959, AD 313 368.

165 Sleeper, J. C.: "Development of Shot, APFSDS, l05/40-rnrn,
T346E17, for 105-mm Gun T210 (U)'f; (Confidential Report),
Aberdeen Proving Ground Report DPS/TW-420/1, April 1959,
AD 306 685.

166 Herring, J. L.: "Development and Fabrication of T 3 84 Ammu­
nition for Gun, 105-rnrn, M68 (U)"; (Confidential Report), The
Budd Company Report PR-15, December 1961, AD 327 686.

(Unclassified Abstract) This is the fifteenth and final progress report for
Part L of this contract.

All T384 rounds were delivered. Final engineering and safety tests were
satisfactory. User tests are complete and are being evaluated. The round
exhibited superior performance in all tests made to date. The probable error
characteristics are about 0.08 at 1000 ITleters, 0.10 at 1200 ITleters and 0.20
at 2000 ITleters. The first-round hit probability is excellent. Gun crews
can sense a hit orITliss when using the round, thus providing valuable time
for obtaining a second shot at a target.

Firing te sts for the heat, APDS, and HEP rounds using the M60 tank are
included.

167 "DevelopITlent of 1a5-ITlITl ArITlor-Pi rcing Fin- Stabilized
Discarding-Sabot Shot, T346 (U)"; (Confidential Report,
US Army Material Command Technical Information Report
6-9-1A2(1) TIR 6-9-1A2(l), September 1959, AD 311 639.

(Unclassified Abstract) This report covers development of the T223 l05-.mm
smoothbore tank gun de signed to provide a special weapon for continuing
the te st prograITl for armor-piercing fin- stabilized discarding sabot projectiles.

The 40-mm penetrator and the windshield of the T320EIO 90-rnrn APFSDS
shot were adopted for the T346 shot tested in the T223 gun.
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168 Benjamin, William C. Jr.; Gholstron, William; "Compilation
of Re suUs Obtained from Some U. S. Firing s of Kinetic Energy
Projectiles Against Tanks (U)"; (Confidential Report), BRL
Memorandum Report No. 1295, August 1960, AD 320 090.

169 Sissom, B.; Lamon, Lt, H.; Anderson, H. B.: "Visit to Fort
Hood, Texa s Regarding Inaccuracy of the M60 Tank- Gun­
Arrununition System (U) "; (Secret Report) 10, Aberdeen Proving
Ground Report No. DPS- 64, September 1960, AD 319 077.

170 Erwin, T. W.: "Development of Smoke T racer for APDS Shot
(U)"; (Confidential Report), Aberdeen Proving Ground Report
No. DPS-483, March 1962, AD 328 420.

171 Permutter, L.; Temple, E. P.; James, S. M.: "Uranium
Alloy and Tungsten Alloy Cores for A. P. D. S. Shot, Compara-
tive Plating Trials in lOS-mIn and 120-mm Calibres (U) II;

(Secret Report) 15, Royal Armament Research and Development
Establishment Memorandum (P)13/63, February 1963, AD 337 629.

172 Nadin, V.: "Antitank Projectile"; (Unclassified Report), Foreign
Technology Division Translation FTD-IT-63-643, 23 August 1963,
AD 428 312.

(Unclassified Abstract) General discussion and brief history of armor
piercing, subcalibre sabot projectiles.

173 Bertrand, G.; Hansen, Capt. P.: "Improved APDS Shot for
Tank Guns (U) "; (Secret Report)lZ, CARDE T. N. 1601/64,
July 1964, AD 357 466.

(Unclassified Abstract) This article includes a brief discussion of the
development of armor protection and of antitank projectiles designed to
defeat such armor. Three types of projectiles - armor piercing, sub­
calibre, and shaped charge - are described.

174 Dempsey, Robert N.: "Research Test of Cartridges, lOS-mIn,
UK, APDS-T, L52Al and US, Heat-T, M456 Series for BRL
Study (U) II; (Secret Report) 11, Aberdeen Proving Ground Report
No. DPS-1983, April 1966, AD 371829.

D-2.11 Delta-Finned, Armor Piercing Shot

175 Huchital, Eugene; "Development of Delta Wing Armor Penetrating
Shot (U)"; (Confidential Report), Electro Mechanical Research Co.
Report No.2, September 1958, AD 302 242.
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(Unclassified Abstract) This and following EMRC reports include a portion
of the design and development of a delta-wing armor-penetrating shot. Aside
from the normal studies of tube wear, accuracy, penetration capabilities, etc.
some histo:ry of previous work and some stress analysis of the carrier are
included. Detailed de scription of the sabot is given.

176 Jacobson, Sidney; Barrieres, Elie L.: "Design and Testing of
a Delta-Finned, Discarding Sabot, Armor-Penetrating Projectile
for Use in the Smoothbore 90mm Gun, T208E4 (U)"; (Confidential
Report), Feltman Research and Engineering Laboratories Tech­
nical Memorandum Report Nr. ORDBB- TE5-l 0, June 1959,
AD 312 180.

(Unclassified Abstract) Two designs of delta-finned, discarding- sabot,
armor-penetrating shot were made and te sted. The se de signs showed that
fin deterioration from in- gun and aerodynamic heating common to other
hypervelocity, fin- stabilized ammunition had been eliminated. Propellant
gas obturation was excellent even at the fiftieth round level in the 90-rnrn
smoothbore gun T208E4. Deficiencies were noted, however, in the launching
of the sub-projectile; launching imparted excessive yaw to the sub-projectile
and caused erratic flight. Retardation of the flight projectile was lower than
that of the arrow design; this was anticipated from experimental wind tunnel
data.

Several in-flight photographs, pictorial representations, and drawings of
the projectile and sabot are included.

177 Huchital, Eugene: "Development of Delta Wing Armor
Penetra ting Shot (U)"; (Confidential Repor t), EMRC R epo rt
No. I I, Ma r ch 1960, AD 3 I 5 893.

(Unclassified Abstract) Nine rounds of shot, F. S., 10S-mm, Mod 3, were
proof-te sted at the Aberdeen Proving Ground for general flight performance
and security of parts. Velocitie s were of the order of 5550 feet per second,
with chamber pressures at about 52, 000 psi. Several sabot "T" sections
were recovered and examined.

178 Crox, J. F. Jr.,; "Development of Shot, 105/ 40-rnrn APFSDS,
Mod. 3 (U)"; (Confidential Report), Aberdeen Proving Ground
Report No. DPS/TW-426/13, April 1960, AD 315 926.

(Unclassified Abstract) Ten rounds of 105-rom, FS, Mod. 3 anununition for
the T210 gun were test-fired on a 1000-yard range. It was concluded that
the stability and drag characteristics of the Model 3 design are good over a
range of 1000 yards, and that the sabot-discarding mechanism is workable,
though too lightly joined to the obturator.

Mention is made of the failure of the sabot used on Models I and 2 during
launch. Obturation photographs are shown. Study drawings of the sabot
and delta shot are included.
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179 Huchita1, Eugene: "De sign and Development of Low- Drag, High­
Energy, Armor- Penetrating Projectile s (U)"; (Confidential
Report), EMRC Report No. 16, 31 March 1961, AD 322 620.

180 Callis, Ben: "Development of Shot, 10 5-mm FS (Delta Wing) (U);
(Confidential Report), Aberdeen Proving Ground Report No.
DPS- 386, December 1 gfll, AD 327 233.

(Unclassified Abstract) Testing was conducted during the period July 1960
to May 1961 to evaluate the 105-/4C-mm shot, APFSDS. During July 1960,
a Model 4 design was evaluated. Because of several sabot failures, accuracy
data were not obtained at any range, nor was it possible to determine the
protection ballistic limits (PBL) of the shot against armor plate at 1000 yards,
because so many rounds missed the plate. In a firing against 6-inch plate
at a range of 2000 yards 30 July 1960, a PBL could not be e stab1i shed because
of an inability to obtain a complete penetration. Also, breaking of the sabot
occurred during this firing. In May of 1961 a Model 8 design was evaluated
against 5- and 6- inch armor plate and also against the tripartite triple- spaced
armor target. A PBL of 4648 fps was obtained on the 5-inch plate, 5131 fps
on the 6-inch plate, and 5105 on the tripartite plate. Results indicate that
there was no complete breakup of any sabot assembly. However, some of
the sleeves collapsed inward. Photographs show that fins began to separate
from the shell.

181 Erwin, T. W.: "Development of Shot, 120/40-mm, APFSDS,
Model 6 and 7 (U)"; (Confidential Report), Aberdeen Proving
Ground Report No. DPS-472, March 1962, AD 328 571.

(Unclassified Abstract) The I'Delta" projectile was developed as a kinetic­
energy penetrator to replace the "Arrow" projectile. The Delta incorporates
the Arrow penetrator and a pusher-type sabot instead of the pull-type used
with the Arrow.

Complete study drawings of both Delta models and the sabot are included.
The function and performance of the sabot and obturator are given with
recommendations. Obturation and flight photographs are shown. Overall
performance of both models is discussed.

182 Huchital, Eugene: II De sign and Development of Low- Drag, High­
Ener gy, Armor- Penetrating Projectile s (U)"; (Confidential
Report, EMRC Report No. 30 (Final), 31 October 1962,
AD333623.

183 Holmes, Rolf F.: "Feasibility Test of the APFSDS Delta PrograITl
(1962 Progress Report) (U) "; (Confidential Report), Aberdeen
Proving Ground Report No. DPS- 816, March 1963, AD 335 255.

~Unclassified Abstract) This program is an experimental effort to gain
lDcreased knowledge of kinetic energy antitank projectiles. Deficiencies
in velocity disper sion and proj ecti1e launch were previously encountered.
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A shot- start band, incorporated into the base of the sabot, ended the
velocity-dispersion problem.. No solution for the launch problem was
found. A low- order detonation of the propellant severely damaged the
weapon after a propellant-as ses sment and granulation study was com­
plete. Protection ballistic lim.its of 5169 and 5175 fps for 6-inch, 60°,
rolled hom.ogeneous arrrlOr were determined for Delta shot, Mod 9 and
10, respectively. A PBL of 4750 ips for the Delta Mod 9 shot was
determined against a -modified m.ediurn tripcE! tripartite arm.or. However,
the Mod 10 could not effect a com.plete penetration of this target. Loss of
fins because of setback loads prevented the Mod 9 shot from obtaining a
PBL against the heavy triple tripartite arm.or target.

184 "Research Te st of Shot, APFSDS, Delta, Models 11 and 12
(Arm.or Penetration Phase) (U) "; (Secret Report), Aberd en
Proving Ground Report No. DPS-II09, Novem.ber 1963,
AD 344 980L.

185 "Research Test of 120-m.m. Delta System. (with Prototype Gun)
(U) "; (Secret Report), Aberdeen Proving Ground, Report No.
DPS-1326, June 1964, AD351 586.

186 Barrieres, Elie L.: "First Report on Arrununition Development
for the US/FRG Main Battle Tank - Feasibility Study of the
120m.rn Delta Shot (U) "; (Secret Report), Picatinny Arsenal
Technical Report 3249, July 1965, AD 364 536.

D-2.12 152 mm APFSDS Shot

187 "IS2_Inm. Gun/ Launcher Full- Tracked Com.bat Tank, XM70
(MBT - 70) (U) "; (Sec ret Report), US A rmy Materiel Command
Technical Information Report 27.3.1.1, August 1966, AD 376 323.

188 "1S2-m.rn. Gun-Launcher Cannon, XM1S0 Series (U) "; (Secret
Report), University of Pittsburgh Technical Information Report
27.3.2.1, February 1967, AD 380 824.

D-2.13 Sabot Development for APFSDS Projectiles

189 Hollmann, Alfred: "Analysis of Scope of Work and Report of
Re suits for Development of Plastic Sabots (U)"; (Confidential
Report), Universal Match Corp. Report, 9 June 1958, AD 300 685.

(Unclassified Abstract) The scope of work under the subject contract origi­
nally was based upon the exclusive use of anti-aircraft projectiles. However,
thi s require'ment wa s changed to the use of an A. P. shot tank projectile,
using the 76-m.m. tank gun in lieu of the original 75-rnm. sky- sweeper gun.

This report briefly summarizes the results of the sabot testing at UMC
between March of 1953 and December of 1957. and provide s recom.rnendations
for additional development of the sabot for use in 90- and 120-mm. guns.
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190 Miller, O. G.: "Evaluation of Friction Sabot Round for 90-mm ,
T208 Gun (U)"; Aberdeen Proving Ground (Confidential Report),
APG. Report o. DPS/TW-426/3, May 1959, AD 307 407.

191 Brooks, P. N.: "Methods of Transferring Torque to an Armour
Piercing Core"; (Unclas sified Report), CARDE T. N. 1612/64,
February 1964, AD 422 304.

(Unclassified Abstract) A theoretical analysis of two methods of transferring
torque to an armor -piercing core is given, i. e., sabot spin torques: the
torsion key, and the friction surfaces. The torsional capacities of both
methods are determined and compared with the estimated torsional require­
ment for spin stabilization.

192 Black, W. L.: "Design and Fabrication of APDS Shot (U)";
(Confidential Report), Aircraft Armaments, Inc. Final Report
No. ER-434l, March 1966, AD 3n 916, for Picatinny Arsenal.

(Unclassified Abstract) The feasibility of adapting a friction technique to
the design of a large-calibre, armor-piercing, discarding-sabot round was
investigated. The program was conducted in three phases. Phase I was a
theoretical study establishing the expected performance of a 152-mm round
employing a 8. 2-pound projectile. Calculations were made to establish the
characteristics of a subscale (22-mm) round possessing performance
characteristic equivalent to the full- scale unit. Phase II was an expe rimental
program that determined the character and several of the features desirable
in the full-scale design. The information developed during this phase guided
the design of the full-scale round. Phase III was a design, fabrication, and
test program for the development of a full-scale, large-calibre round.
Closeup still photographs of recovered sabots, plus several pictorial
representations, are shown.

D-2.14 Miscellaneous

193 Galagher. W. J.; "ELEMENTS WHICH HAVE CONTRIBUTED TO
THE DISPERSION OF THE 90/40 PROJECTILE, " Ballistic
Research Laboratories. Report No. R-IOI3. March 1957.
(AD 135 306)

194 MacAllister, L. C.; "DRAG PROPERTIES AND GUN LAUNCH­
ING LONG ARROW PROJECTILES. " Ballistic Research Labora­
tories. Memorandum Report No. MR-600. April 1952. (AD 802
165)

195 Rottenberg, Mark; Settles. Charles; "DEVELOPMENT OF 20MM
ARMOR-PIERCING CARTRIDGE TYPE MLU -36/C. " AAI Corpor­
ation. ATL-TR-67-94. August 1967. (AD 387 167)
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196 "DESIGN AND TESTING OF A DELTA-FINNED, DISCARDING
SABOT, ARMOR-PENETRATING PROJECTILE FOR USE IN
THE SMOOTHBORE 90MM GUN, l' 208E4, "Picatinny Arsenal,
Report No. ORD BB-TE5-10.

197 "DEVELOPMENT OF 105-MM HYPERVELOCITY ARMOR­
PIERCING DISCARDING SABOT SHOT. l' 279, " Unive rsity
of Pittsburgh, Te chnical Information Report 6 -9 -4A 1(3).
December 1957. (AD 311633)

D-3 HIGH EXPLOSIVE, DISCARDING-SABOT (HEDS) PROJECTILES

D-3.1 75/60-mm EDS-AAShell

(Unclassified Abstract) The three reports listed below are progress
reports dealing with the design and development of the sabot used on the
75-mm high-explosive discarding-sabot (HEDS) shell. This work was done
in conjunction with the UMC contract described in the next abstract.

Through the use of many firing records, yaw cards, drawings, pictorial
representations, still photographs, and in-flight photographs, the reports
follow the deve10pnlent of the sabot through many design changes and tests.

198 Lombard, E. Maj.: "Test of Shell, HEDS, 75/60-mm (U)";
(Confidential Report), Aberdeen Proving Ground Report No.
TAl-5008-2, 26 October 1955, AD 99 767.

199 Roberts, E. A. : "Test of Shell, HEDS, 75/60-rrm1 (U)";
(Confidential Report), Aberdeen Proving Ground Report No.
TAl-500S-3, 10 January 1956, AD 99 765.

200 Burns, Benjamin Jr.: "Development of Shell, HEDS, 75/60-mm
(U) "; (Confidential Report), Aberdeen Proving Ground Report
No. TAl-500S-5, 23 August 1957, AD 144 OS3.

D-3.2 75-mm, 90-mm, 120-mm BEDS-AA Shells

(Unclassified Abstract) The following monthly progress reports 'from the
Universal Match Ccq)oration, covering the period July 1953 through
February 1956, deal with various stages in the design and development of:

BEDS 75/60-mm T-(for 75-mm gun T83E6) shell.
BEDS 90/n-mm T-(for 90-mm gun Ml and M2) shell.
HEDS 120/S0-mm T-(for 120-mm gun MI) shell.
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Of prime interest was the design and development of sabots to fit the above
configurations best. S veral different materials ranging from fortisan,
reinforced plastic, to a mixture of nylon, chopped glass, and epon-thiokol
resin were used and tested during the progress of these reports.

The test procedures involved static t sting of all components fabricated,
static te sting of the complete round, proof firing of the complete round,
and evaluating the results. Indud d in the series of reports are many
pictorial representations of both sabot and shell. Stress analysis of the
shell and of the sabot also are given.

201 "HEDS AA Shells, 75-mm, 90-mm, l20-mm (U)'I;
(Unclassified and Confidential Reports), Universal Match
Corporation, Monthly Progress Reports, 23 July 1953,
AD 19 585; 5 October 1953, AD 25 513; 4 November 1953,
AD 25 512; 3 December 1953, AD 25 511; 24 December 1953,
AD 26 662; 2 February 1954, AD 28 263; 23 February 1954,
AD 31406; 24 March 1954, AD 3J 405; 27 April 1954,
AD 31 403; May 1954, AD 33 554; 25 June 1954, AD 35 408;
30 July 1954, AD 38 692; 25 August 1954, AD 40 047;
20 September 1954, AD 43 097; 22 Novembe r 1954, AD 50 910;
20 December 1954, AD 50 908; 24 January 1955, AD 54 09E,;
20 February 1955, AD 56 865; 20 March 1955, AD 58 862;
25 April 1955, AD 62 673; 19 May 1955, AD 66 552; 10 June 1955,
AD 69 688; 22 October 1955, AD 75 641; 22 November 1955,
AD 81603; 21 February 1956, AD 92 575.

D-3.3 T162, T163 or T164, IS5/105-mm HEDS Shell

202 Detaranto, J.: "Continued Design &: Development of 155/105-mm
(Discarding Sabot) H. E. Shell (U)"; (Unclassified Report),
Marotta Engineering Company, Report No. 245P9, October 1953,
AD 22 997, for Picatinny Arsenal.

(Unclassified Abstract) The aim of this contract was to ensure the manu­
facturing services of this facility in prOducing and evaluating twenty-five
each experimental models of seven different proposed configurations of dis­
carding sabot ammunition in the I55/105-mm calibre combination.

Sabot and shell stress analysis are included, as well as detailed drawings
of both the shell and sabot with dimensions and wei~hts. Drop test results
of the sabot are also included.

D-3.4 T121, 280/203-mm HEDS Shell

203 Detaranto, J.: "Design & Development of 280/203-mm HEDS
Shell"; (Unclassified Report), Marotta Engineering Company,
Report No. 226Pll, 30 September 1~54, AD 47 264.
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(Unclassified Abstract) This report discusses the designing and developing
of a 280/203 -mm HEDS shell. Calculations of stability factor s and dynamical
constants, along with stress analyses of torque pins, shells, and sabots,
are given.

204 Tag, Donald K. "Development of Shell, HEDS, 280/203-mm,
T121 Type (U)"; (Confidential Report), Aberdeen Proving
Ground, Report No. TAl-2040-8, May 1956, AD 151463.

(Unclassified Abstract) Increased range potential of standard artillery
weapons has been of continuing interest to the Ordnance Corps, and various
means of accomplishing this end have been investigated and developed
through the years. This report outlines the development progress to date
using t~e sabot principle in the 280-mm gun, T 131. One type of sabot,
employmg an 8-inch shell, HE, MI06 (sub-projectile), held in a 280-mm,
rear-driving "pot sabot", was tested and is reported herein. The sabot
principle adapts a subcalibre projectile to a larger bore weapon, and the
attendant reduction in weight permits substantially higher velocities and
ranges than can be reached normally. This feature in turn necessitates a
change of the propelling charges used. Accordingly, a limited charge
establishment was conducted using T 161 proof slugs to simulate the weight
of the prototype round.

205 "Development of 280-mm High-Explosive Discarding Sabot Shell,
Tl21 Series (U)"; (Confidential Report), U. S. Army Materiel
Command, Technical Information Report 6- 19 - 7 A2 (2),
December 1958, AD 311 659.

(Unclassified Abstract) This report covers the development of large-calibre
field artillery weapons able to cover large areas under all weather conditions.

In May of 1950 the Ordnance Technical Committee (OTC) approved develop­
ment of the T131 280-mm gun and two rounds of ammunition for it, the T122
high-explosive (HE) shell and the T121 HEDS shell. It was estimated that a
shell with a sabot would enable the T 131 gun to fire to a range of between
45,000 and 49, 000 yards, as compared to 35,000 yards for the larger and
more lethal conventional projectile.

Because work was to begin immediately, it was necessary to use existing
weapons as prototypes wherever possible. Consequently, shells of the T163
series with 155-mm sabots and 105-mm projectiles, were designed and
emplo;ed to evaluate proposed designs for 280/203-mm projectiles.

As the result of the T163 development, two designs for aluminum sabots
were accepted. The first was a pot-type sabot with a square bas e, a short
forward bourrelet with a single steel band, and a relatively long rear
bourrelet with two gilding-metal bands. The second design called for a two­
piece assembly consisting of a pot-type, square-base, sabot with three
gilding-metal bands and a steel cap, and a forward multipiece sabot ring
banded with a steel ring. Cutaways of the sabot and shell are shown.
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D-3.5 T144, 127/bO-mm HEDS-AA Shell

The followin reports are part of a series of engineering progress reports
dealing with the development and t sting of the HEDS 127/60 -mm T 144
projectile. Complete firing data on ach round, plus detailed drawings,
are in luded in each report.

206

207

208

Falvey D. R. and Shober, G. B.: "Research and Development
of 1271bO-mm on-Lethal Discarding Sabot"; (Unclassified
Report), The Budd Company, Engineering Progress Reports,

5 February 1953, AD 32 157; 15 March 1953, AD 32 158;
15 April 1953, AD 32 157; 15 May 1953, AD 32 160.

Dunne S. G.: liThe Developm nt of a Procedure to Fabricate
Shell HEDS 127/60-mm"; (Unclassified Report), Murray Tube
Works, Final Report, 29 June 1954, AD 35 269.

Falvey, D. R.: "Engineering Progress R port on the 127/60-mm
T144 and 90-mm T82 Shell (m"; ( onfidential Report), The
Budd Company, MPR-24, 30 June 1955, AD 70 285, for
Frankford.

(Unclassified Abstract) A brief report is given on the evaluation of the
performance of an aluminum, four- s gment, discarding sabot design for
the 90!40-mm T320 projectile.

209 Falvey, D. R.: "Engineering Progress Report on the 127/60-mm
T144 & 90!40-mm T320 Shell (U)"; (Confidential Report),
The Budd Company, MPR-25, 31 July 1955, AD 70 286, for
Frankfort.

(Unclassified Abstract) The purpose of this test was to determine suitability
of preloaded coil springs in aiding the separation in flight of sabot segments
from the T320 projectile.

D-3.6 Other HEDS Shell

210 Nicolaides, J. D.: "On The Development of a Low-Spin, Anti­
Tank Projectile (U}"; (Unclassified Report), BRL Memorandum
Report No. 527. November 1950. AD 805 133

(Unclassified Abstract) The data obtained from the supersonic wind tunnel at
M =1.72 and from the transonic range at M =1.5 to 1. I furnished a bas i s for
estimating the center of pressure variation with Mach number for the £-20
shell configuration. With these data and the assumption that the normal force
coefficient is constant over the range of flight Mach numbers, the missile
velocity. spin, stability factor. precession rate rate, and drift as a function
of distance down range may be estimated for the Standard E-20 model. An
analysis of the results furnishes a partial explanation of the results obtained
from accuracy firings at 1000 yards for the Standard £-20 model.

D-35



AMCP 706-445

Calculations also are carried out for other center of gravity locations for
the E -2 0 configuration, upon which new model designs were bas ed. The
results obtained from accuracy firings of these new designs are given herein
and briefly discussed.

It is shown both theoretically and experimentally that the performance of the
E-20 shell can be substantially improved by locating the center of gravity
in a particular rear position.

211 Rosenberg, M.: "The Selections of Optimum Sabots for HE. Spin­
Stabilized Ammunition to Obtain Maximum Range"; (Unclassified
Report), Picatinny Arsenal Report No. RDL-6, January 1955,
AD 75 813, Theoretical Discussion

(Unclassified Abstract) A brief theoretical discussion of the sabot is given,
including a definition of the sabot.

212 I 'Concerning the Development of the Spin Stabilized Non- Rotating
Hollow Charge 105mm Shell (U)"; (Confidential Report),
LABORATOIRE D'Etudes BALISTIQUES, de Saint-Louis, France
Progress Report, December 1962, AD 336 530.

(Unclassified Abstract) The report gives a short discussion of the possibility
of adapting the British or American design of APDS round to French
applications.

213 Labuwi, L. R.: "Engineer Design Test of Cartridge, 90-mm,
with 81-mm, HE warhead"; (Unclas sified Report), Lewis R.
Labuwi, APG Report No. DPS-1949, March 1966, AD 478 820L.

(Unclassified Abstract) The performance of the 90-mm, M37IEI, HEAT-FS,
cartridge (anti-personnel) was evaluated. Data were collected from concept­
feasibility, propellant charge establishment, fuze arming and fuze reverse
functioning, vertical target dispersion, range firings, evaluation of sabot
design, and sight reticle verification firings.

Complete detailed sabot design drawings are included. Five sabot designs
were tested. The basic sabot design is discussed.

214 "DESIGN AND DEVELOPMENT OF SET-BACK MECHANISM
FOR FUZE, T -265, FOR 127/60MM DISCARDING SABOT SHELL, "
Hesse-Eastern Corporation, Progress Report 19-553, May 1953
(AD 31624); Progress Report 20-653-6A, June 1953
(AD 31625); Progress Report 21-753-6A, June 1953.
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D-4 OTHER SABOT PROJECTILES

D-4.1 5"/3.75"Spin Stabilized Discarding-Sabot Projectile

(Unclassified Abstract) The following reports describe the 5.0"/3.75" spin­
stabilized discarding sabot projectile developed by the Naval Ordnance Lab­
oratory. Thi s proj ectile, de signated the NOL X5-1 B proj ectile, us es torque
drive pins and gas-pressure a('~·u.Ctt.ed shear release studs for sabot attach­
ment to the sub-projectile. The torque pin drive is a positive drive in which
a pair of truncated conical pins ar e threaded to the sabot bas e and match
corresponding conical recesses in the base of the sub-projectile. The shear
release stud is a conventional stud with a 45 0 silver-brazed joint at mid­
length. Severance is accomplished by using powder pressure to load the
stud in compr es sion by a flexible diaphragm, thus shearing the stud at the
silver-brazed joint. The pot-type sabot is aluminum with a nylon rotating
band and a soft-iron front bourrelet. A group of twenty rounds fired from
a special high twist 5"/38 gun barrel averaged a 3, 800-ftl sec muzzle
velocity. Sabot separation was complete for all rounds and the performance
generally was satisfactory. It has been concluded that the XS-1B projectile,
although capable of further refinements and improvements, is an operable
round.

The five reports listed bdow deal with this development. Included in these
reports are many drawings, pictorial representations, still photographs,
and in-flight photographs of the projectile and sabot.

215 Butler. Rex B.: "Ballistic Test of 5"/3.75" Spin-Stabilized
Discarding Sabot Projectile Design XS-1A"; (Unclassified Report).
NPG Report No. 1253. 15 March 1954, AD 310 058.

216 Butler, R. B.: deGaetano, Felix P. : IIBallistic Test of 5"/3.75"
Spin-Stabilized Discarding-Sabot Projectile Design XS-IB II;
(Unclassified Report), NPG Report o. 1294, AD 41 103.

217 Butler. R. B.: deGaetano, Felix P. : "Development of a 5"/3.75 "
Spin-Stabilized Discarding-Sabot Projectile"; (Unclassified
Report), NPG Report No. 1300, 25 October 1954, AD 45 659.

218 Butler, R. B.: deGaetano, Felix P. ; IIDevelopment and Evalua­
tion of a 5 1'/3.75" Spin-Stabilized Discarding-Sabot Projectile l

';

(Unclassified Report), NPG Report No. 1310, 26 November
1954. AD 47 701.

219 Nardis, L.: IIDevelopment of the 5.0"/3.75" Spin-Stabilized
Discarding Sabot Projectile ll

; (Confidential Report), NAVORD
Report 3987, 19 September 1955, AD 82 450.
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D-4.2 Gun-Launched Anti-Missile Defense (GADS)

220 "Parametric Study of Gun.-Launched Anti-Missile Defense System
(GADS) (U) "; (Secret Report)29 Naval Ordnance Laboratory
Report No. NOLTR 62-56, 3 Sept, 1963, AD 350 416.

D-4.3 Miscellaneous Sabot Projectiles

221 Rossbacher, R. 1.: "A Summary of Firing Results in Angled
Arrow Projectile Propellant Development Through 1953 (U)";
(Confidential Report), NPG Report No. 1378, 24 May 1955,
AD 70 790.

(Unclassified Abstract) A summary is given of the firing results in the
propellant development for the angled Arrow projectile. The material covers
the period from 1951-1953. Test rounds weighed approximately 105 pounds
and were supported by a discarding sabot and base plate.

222 Naylor, P. W.: "A Preliminary Design Study of the Adaptability
of Fin Stabilized Discarding Sabot Projectiles to the 5"/38 Gun
(U)"; (Confidential Report), NAVORD Report 4245, 21 August
1956, AD 130 644.

(Unclassified Abstract) A study has been made of the adaptability of fin­
stabilized, discarding sabot projectiles to the 5"/38 gun. Such a projectile
has a definite time-to-target and range advantage over spin-stabilized
projectiles. Preliminary design details of fixed and semifixed 5-inch
rounds incorporating an FSDS projectile are presented. These projectiles
could be fired through rifled barrels interchangeably with standard spin­
stabilized ammunition, but modifications to ammunition handling and fire
control equipment would be required for compatibility with the FSDS round.
The magnitude of the alterations involved would depend upon the efficiency
desired in the overall system. The fixed-round, one-piece ammunition
offers several advantages in respect to stowing, handling. and increased
cyclic rate. Relative merits of using the British 127/59 -mm round in the
5"/38 gun also are discussed. Pictorial representations are given.

223 McCallum, F. L.; Miller, R. J.; McMurtry, W. M. ; Jones,
W. A.: "An Adaptation of the Shock Tube to Smoke Trail
Production (U)"; (Unclassified Report), Suffield Experimental
Station Technical Note No. 48, 25 November 1964, AD 454 983.

(Unclassified Abstract) This note is an evaluation of an air-fired smoke "mor­
tar!1 developed at the S. E. S. shock tube laboratory. The device basically is a
small shock tube fired by a standard shock wave valve and using commer­
cially available smoke-producing chemicals to give well defined white smoke
trails extending from the tube "muzzle" to heights exceeding fifty feet.

A simple plastic cylinder sabot is used for lauliching. Photographs and
functional drawings are included.
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224 Quinn, R. B.: "Round Requirement for Area Bombardment with
a Proposed Long Range Gun (U)"; (Confidential Report), Bureau
of Naval Weapons Report No. TM-R- 58- 66 -2 /l, January 1966,
AD 370 647.

(Unclassified Abstract) Need for longer range effectiveness of gunfire has
led to a proposal for a smoothbore saboted gun. The proposal of "Operation
Gunfighter" envisioIfS a range of 50 miles. One version of such a gun would
use a bored-out 6"/47 barrel and a 3" saboted projectile. The HARP
prograIll has encouraged a renewed interest in the possibilities for sub­
calibre projectiles. This memorandum estimates the number of rounds
required for an expected O. 3 coverage of a soft target as a measure of the
effectiveness of the proposed weapon.

225 Giraud, M .• "EXPERlMENTAL STUDY OF A SWEPT -BACK
PROJECTILE," Institut Franco-Allemand de Recherches,
Report No. ISL-T-Z6/67, July Zl, 1967 (in French).

Development and construction of a four-part thrust ring for
firing projectiles at 1000 m/ s velocity in a 30 mm caliber
smooth barrel is described. Comparison between molded
and machine formed thrust rings established the latte r as
the better propelling device.

226 Giraud, M.; "SWEPT -BACK TYPE PROJECTILES. MANU­
FACTURE AND PRELIMINARY TESTS, " Institut Franco­
Allemand de Recherches, Report No. ISL-T-Z5/67, July Zl,
1967 (in French).

The test evaluation of an 18.5 mm long fin-stabilized projectile
in a free flight test range showed a medium velocity decrease
of 0.13 m/s per meter flight distance. At an initial velocity
of 1000 m/ s. the projectile stability remained high with a maxi­
mal deflection angle of le s s than ZO at 130 m distance from the
gun muzzle.

227 Michaels, J. V .• Burnett, W. M.; Lindemann, M. J .•
Goldberg, M. 1.. Duda, J. L.; "OPERATIONAL EFFECTIVE­
NESS OF THE 8-INCH, 55-SUBCALIBER FIN-STABILIZED
GUNFIGHTER PROJECTILE, " Naval Ordnance Station, Report
No. NOS-IHTR-264. (AD 389 63ZL)

228 Nicolarder. J. D .• "A TRANSONIC RANGE STUDY OF THE
FREE FLIGHT PERFORMANCE OF THE 127/60 ANTI-AIRCRAFT
MISSILE T -l44E2. " Ballistic Re search Laboratorie s, Memoran­
dum Report No. MR-746, December 1953. (AD 30 118)
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D-5 SMALL-CALIBER SABOT PROJECTILES

D-5.1 General

229 Oliver, Alfred G. ; Merkler, Jules M. ; Brown, Bernard J. :
r'Wound Ballistics of the 7. 2-Grain Steel Flechette (U)" (Secret
Report)22, Edgewood Arsenal, Army Chemical Research and
Development Laboratories Technical Report CRDLR 3066, April
1961, AD 323 113.

230 Little, Arthur D. Inc.: "Feasibility Study of Caliber Diameter
Finned Flechettes (U)"; (Confidential Report), Report No. C63851,
May 1962, AD 367 114.

(Unclassified Abstract) The equation governing the energy decay of flechettes
is examined theoretically in this report and the basic performance feasibility
of small calibre diameter flech2ttes is established. Several designs are presented
Methods of testing small diameter projectiles are discussed. Full-calibre
diameter finned flechettes requiring no sabot are investigated to determine
if they can compete, (from a performance standpoint), with the sabot-type
flechette.

231 Kymer, J. R.; Reagan, R.: "Special Ammunition for Calibre
. 50 M2 and M85 Machine Guns (U) "; (Confidential Report), No.
M64-10-1, September 1963, AD 345 372.

(Unclassified Abstract) A study was conducted to determine the feasibility
of developing, for the calibre. 50 M2 and M85 machine guns, a flechette
round capable of defeating armored personnel carriers at ranges gr eater
than 600 yards. Based on an empirical formula and using the combined
sabot-flechette weight, the limit velocities required by the proposed fle­
chettes to defeat various targets at 600 and 1000 yards, were calculated.
From known interior and exterior ballistic performance of various fle­
chettes, the calculated velocity of the proposed flechette was determined
both at the muzzle and at the 600 and 1000-yard ranges.

232 Scanlon, John J. ; Stevenson, Thomas: "Sabotless Flechette in
Caseless ammunition (C) Investigation of Special Projectiles in
Caseless Ammunition (U)"; (Confidential Report), Technical
Report R-1696, September 1963, AD 348 833.

(Unclassified Abstract) A study was conducted to develop a sabotless fle­
chette with solid propellant caseless ammunition. A calibre diameter
(sabotless) finned flechette with terminal effects, exterior ballistics, accu­
racy, and physical properties comparable to the Special Purpose Infantry
Weapon (SPIW) la-grain super calibre finned flechette, was demonstrated
and a molded 17.0- grain caseless charge of IMR 4895 granular propellant
was developed for firing the sabotless flechette. Drawings of various rounds
and flechette types are included.
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233 Katlin, J. M. ; Kymer, J. R.; Baldini, L. F.: "Effect of Project­
ile Hardness and Plate Composition on Penetration of Spin
Proj ectiles (U) "; (Confidential Report) Frankford Ar senal
Technical Report R-1711, March 1964, AD 349 745, for Ordnance
Corps.

(Unclassified Abstract) Calibre 5. 6-mm flechette-type projectiles of Rock
11 C60, C45, and B90 hardnesses were fired against steel and 2024-T4 and
5083 aluminum armor. Protection ballistic limits were determined for
several conditions of attack by the various projectiles against plates of
equivalent areal densities.

Two types of sabots were used for launching the flechettes: A four piece
magnesium sabot held together by a silicone rubber ring, and a fiber glas s
sabot slotted to form 16 partial segments.

234 MacMillan, J. T.: "Final Summary Report - To Develop and
Supply Experimental Shotgun Ammunition" ; (Secret Report)24,
Remington Arms, Report No. AB 64-19, October 1964, AD 354
449.

235 "Sabot, Flechette & Tracer F1echette Investigations"; (Confi·­
dential Report), Technik Incorporated, Report No. TR #65-14,
June 1965, AD 366 463.

(Unclassified Abstract) Report summarizes the flechette investigations
performed by Technik, Inc. under the SPIW program. It is an edited
compilation of the progress reports issued during the course of this program.

The work consisted of sabot and £lechette analyses, including £lechette tracer
studies. The program as summarized herein, was designed to investigate
problem areas and make necessary recommendations.

The sabot investigations consist of those given below:

A. Sabot Gripping

1. Sabot pulling force requirements
2. Sabot edge sensitivity
3. Sabot slot effect
4. Sabot contact gap

B. Sabot Strength

C. Sabot Types

1. Straight cylinder type sabot
2. Adhesive-type sabot
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236 Dziemian, Arthur J. ; Olivier, Alfred G. ; McDonald, Walter C. :
" Wound Ballistics of SPIW Flechettes (U)II ; (Secret Report).
Edgewood Arsenal Army Chemical R&D Lab., Report No.
CRDLR 3308, July 1965, AD 364 425.

237 Nusbaum, M. S.: IISmall Arms Ammunition Supporting Research
Defeat of Armor (U)"; (Confidential Report), ITT Research
Institute, Final Report DA-36-038-AMC-1685(A), September 1965,
AD 368 026, for Frankford Arsenal.

(Unclassified Abstract) This report describes studies conducted to develop
a 20-mm discarding sabot for a 4. 17-mm-diameter tungsten carbide pene­
trator having a length-to-diameter ratio of 25. The successful design per­
mitted launching a stable penetrator at the required velocity. Dynamic
strength evaluations made for the components us ed.

238 Hebert, J. R.; Settles, C. P.; Hartlove, C. F.: "Study and
Development of 20-mm Armor Piercing Ammunition (U)";
(Confidential Report), Aircraft Armaments Inc. Report No.
ATL-TR-66-37, May 1966, AD 373 665.

(Unclassified Abstract) The objective for this rrogram was the feasibility
investigation and preliminary development of 20-mm armor piercing ammuni­
tion using the sub calibre flechette and discarding sabot principle sUCCess­
fully developed for. 22 calibre ammunition. The various configurations
tested under this program are illustrated.

Design studies and experimental investigation on the 20 -mm ammunition
established that a 370-grain sabot was adequate for a 420-grain projectile
and that this assembly could be launched at a muzzle velocity of approxi­
mately 4670 itl sec. The maximum projectile length that was compatible
with the Ml03 cartridge case was 6 inches. This resulted a projectile diam­
eter of O. 221 in. for steel and O. 159 in. for tung sten alloy. Penetration of
rolled homogeneous armor plate (250 Brinell) at 60" obliquity at 1000 yards
was originally computed to be O. 8 and 1.2 inch thick plate for steel and
tungsten resp ctively (based on BRL MR1442). Test results conformed the
computed performance for steel, however, tungsten carbide resulted in
penetrations that were 59 percent in excess of the computed performance.
The above performance figures are predicated on the stated muzzle velocity,
projectile mass to sabot mass ratio, and projectile drag coefficient of O. 3.

Extrapolation of experimental test data and analytical studies indicated that
a refined tungsten carbide round should penetrate approximately 1. 9 inches
of armor plate at 60" obliquity or 3.8 at 0 0 obliquity at 1000 yard range
from a ground mounted weapon. This means that this round is capable of
defeating light tanks from the sides and back in low level attack modes and
all tanks, heavy and light from the top in 30· dive angle attack modes.

The report is saturated with charts, graphs and pictorial representations of
the test procedures and results.
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239 Cavell, Winston W. ; Dietsch, Frank W. ; Caven, James J. ;
DiGirolamo, Ronald D.: "Tracer Projectile for SPIW Point
Target Ammunition (U)"; (Confidential Report), June 1966,
AD 374 357.

(Unclassified Abstract) Of all the small arms tracer ammunition, the SPIW
tracer projectile possesses the highest muzzle velocity (4600 fps), the
lightest projectile weight (14.5 grains), the smallest tracer cavity and
tracer charge (0.060 in. diameter cavity and one grain tracer charge), and
is the only sabot-launched small anTis tracer projectile, thus making it
the most unconventional tracer ever designed and developed. To iEustrate
the important differences in design features between special purpose
individual weapon (SPIW) tracers and conventional tracers, a comparison
first is prp.sented of the arrangement of the major components of the SPIW
tracer and of the smallest standard military tracer of conventional design,
namely, 7. 62 rnrn M62 NATO tracer.

This presentation describes the SPIW tracer cartridge design features,
ballistic and pyrotechnic functioning characteristics, and some of the
problems encountered during developmental studies and tests.

240 "Special Purpose Individual Weapon (U)"; (Confidential Report)
Aircraft Armaments, Inc., Report No. ER-4681, December 1966,
AD 378 554.

(Unclassified Abstract) The primary objectives were as follows:
a. To continue the design, development, test, and fabrication of an

improved model weapon system leading to a final prototype rifle,
5. 6-rnrn; with grenade launcher, 40-mm.

b. To develop a 5. 6-mm cartridge and associated accessory types
of point target cartridges.

c. To design and fabricate simulated production processes for fab­
ricating and assembling the point target cartridge.

d. To manufacture 130, 000 cartridges by a method simulating the
mass production processes to be delivered to the Government.

A special section describing the operation of the sabot injection molding
machine is included, as also are drawings of the sabot assembly.

D -5.2 0.22 Caliber Flechette

241 LaCosta, N. J.: "Small Arms Cartridge (U)"; (Confidential
Report), Aircraft Armanents, Inc. Report No. ER-1026, March
1957, AD 126 947.
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(Unclassified Abstract) During the performance of this contract. the object­
ive was to establish the feasibility of launching a fin-stabilized projectile
at an approximate velocity of 4000 feet per second, Various projectiles and
sabot configurations were launched successfully at this velocity. All of the
rounds were launched from a calibre. 22 smoothbore Mann barrel.

Several pictorial representations of different sabot types and rounds are
given.

242 "Development of a Special Type Small Arms Cartridge (Sabot­
Supported) (U)"; (Confidential Report) Aircraft Armaments. Inc .•
Report No. ER-1414. July 1958. AD 300 912.

(Unclassified Abstract) The feasibility of a new lightweight weapon system
is established. Short, lightweight rounds producible by mass production
techniques are developed. The major objective of the work was develop­
ment of a special type small arms cartridge using a fin-stabilized projectile
that could be launched at a muzzle velocity of 4000 feet per second and
could achieve terminal velocities high enough to be lethal at reasonable
ranges.

The development of a .22 calibre projectile puller type sabot configuration
that would use a smooth surface projectile is discussed in considerable
detail.

243 "Development of a Snecial Type Small Arms Cartridge (U)";
Aircraft Armaments, Inc., (Confidential Report), Report No.
ER-1725, June 1959, AD 309 272.

(Unclassified Abstract) Continuation of the development of a special type
small ar'ms cartridge, .22 calibre, employing a fin- stabilized projectile.

A considerable improvement in round performance was achieved. and the
feasibility of satisfying the down range velocity and accuracy objectives was
proven. A gun mechanism was fabricated and tested. An extensive section
on sabot projectile development, including down range velocity problems,
pulling problems, accuracy problems and manufacturing problems is pres­
ented.

244 "Evaluation of Single Flechette (U)" ; (Secret Report), Army
Infantry Board, Fort Benning. Georgia, Report of Project Nr.
2876. 18 March 1960. AD 316 128.

245 rrSmall Calibre Demonstration Guns (U)"; (Confidential Report),
Aircraft Armaments, Inc. Report No. ER-2059. June 1960.
AD 317 351.

(Unclassified Abstract) The design and firing capabilities of a fivebarrel
.22 calibre demonstration- gun are given. The gun was developed to demon­
strate a new. 22 calibre fin- stabilized sabot ammuniti.on.
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Mention is made of a sabot stripper threaded to the muzzle of each barrel
to disperse the sabot pieces f:rom the projectile.

Muzzle velocity was 4,400 feet per second and tlE peak primer pressure
was 3, 540 psi.

Photographs of the gun, assembled and disassembled, are shown.

246 Sober, John: "Test of Flechette Flight Characteristics (C)";
(Confidential Report), Picatinny Arsenal Report No. ET 182 - 60,
2 5 May 19 60, AD 37 1267.

(Unclassified Abstract) A firing range was set up and a special smooth bore
.220 swift high-velocity gun was used to fire the individual flechette pro­
jectiles over a distance of 150 feet. Most of the tests conducted involved
firings of the flechette with the front or pointed end in the rearmost
position at the time of firing. The purpose here was to check stabilizing
characteristics under the most adverse condition. This factor gave rise
to a problem in how to sabot the projectile properly. The sabots used were
aluminum and soft enough for a deep penetration of the flechette point into
the butt-plate when firing flechettes backward. On a few occasions, this
penetration was deep enough to cause the butt-plate to stick to the flechette
over the full range of travel.

247 Ricchiazzi, Antonio J. ; Herr, E. Louis; Grabarek, Chester L. :
"An Experimental Study of the Characteristics and Effectiveness
of Particles Ejected Behind Armor Plate Attached by Flechettes
(U) If; (Confidential Report), BRL Memorandum Report No. 1311,
November 1960, AD 321770.

(Unclassified Abstract) Experimental data are given on the velocity and mass
distribution of particles ejected from the backside of a steel target attacked
by a flechette. The experimental method is described. The capability of
the particles to incapacitate personnel is computed for a few cases.

The flechettes were sabot-launched by pusher type fiber sabots {rom a
smoothbore gun.

248 Lentz, S. S.: "An Investigation of the Characteristics of
Flechette Rounds When Fired from a Multi-Barreled Test Gun
(U)"; (Confidential Report), BRL Technical Note
No. 1379, February 1961, AD 355 191.

(Unclassified Abstract) Experimental firings were conducted with a five­
barreled test gun firing cal. 0.22, single flechette rounds in single shots,
in salvos, and in a burst at a rate of fire of 2680 rds/min. Measurements
were made of action time and velocity; dispersions were obtained of the
flechettes and sabots at several locations down range and photographs were
taken of the flechettes and sabots at two positf'ons along their trajectories.
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249 Martin, Luther S.: "Effectiveness of Flechettes Against the
90-mm TI08 HEAT Shell (U)H, (Confidential R port) Picatinny
Arsenal Technical Memorandum 1246, January 1964, AD 347954.

(Unclassified Abstract) Several organizations conducted programs to invest­
igate the vulnerability of simulated HEAT-type warheads to high velocity
flechettes. Results of these tests were promising since the flechettes were
able to detonate the explosive filler, but this did not establish the capabilities
of flechettes against actual HEAT projectiles. Thus, a program was initiated
at Picatinny Arsenal to study the possibility of using flechettes fired from a
special 0.220 calibre smoothbore gun, to defeat HEAT projectiles.

The 90-mm TI08 HEAT round was chosen as the test vehicle. Angles of
attack from 0 to 90 0 were used for th se tests.

Best results were obtained by using a sabot consisting of an alUIninum butt­
plate with paper wadding packed around the flechette inside the cartridge.

250 "Research and Development on . 22-CaHbre Arrow Ammunition
(U)"; (Confidential Report) Aircraft Armaments, Inc. Report
No. ER-3361, February 1964, AD 363 368.

(Undas sified Abstract) Section II of this report gives a summary of the
status of each of the following as of 30 June 1960: 1) sabot- proj ectile
configuration, 2) cartridge case configuration, 3) stripper development,
4) propellant charge development, 5) projectile accuracy investigation, and
6) sabot lethality investigation.

The remainder of the report covers the res arch and de elopment
activities conducted by AAI on calibre. 22 arrow ammunition during the
period 1 July 1960 through th end f the R& D program, approximately
31 January 1963. The effort involved the sabot. projectile, and cartridge.

Investigation of multipiec sabots and sabot materials and configurations to
reduce manufacturing costs, impr ve accuracy, and decrease short range
sabot lethality is presented with mphasis on plastic-type sabots.

251 "Des ign, Development and Manufacture of Interim Too ing for
Fabrication and Assembly of . 22-Calibre Ammunition (U);
Aircraft Armaments. Inc. (Confidenti.al Report), Report No.
ER-3491, May 1964, AD 350 673.

(Unclassified Abstract) This report is a description of the toolin processes
for fabricating the sabot and projectile [or the XMIIO cartridge. Included is
a description of th machin s used for assembling the cartridge automatically.

D-5.3 Multiple Projectile Shots

252 Long, J. E.: "Photographic Study of Separation of Shotgun
"Scatt r' Projectile Clusters," (Unclassified Report), Reming­
ton Arms, Aeroballistic Re search Report 207, 4 November 1953.
AD 49 699.
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(Unclassified Abstract) The purpose of this study was to find the causes of
the excessive dispersion of the shotgun "scatter" projectile clusters. Sepa­
ration characteristics of the shotgun clusters have been obtained. Results
are presented in the form of photographs taken near the gun muzzle of the
cluster in free flight.

Investigation of sabot separation on launching the 20-mm cluster is briefly
included.

253 McDonough. John P.: "Preliminary Study of the Application of
Plastic Discarding Carriers and Missile Binders for Canister
Shot (C), II (Confidential Report), Watertown Arsenal Laboratory
Report No. WAL 763/885-1. 3 June 1955, AD 68995.

(Unclassified Abstract) This report describes the preliminary study of the
use of WAL Type Discarding Carrier s in establishing the range -velocity
characteristics of steel spheres and cylinders at velocities ranging from
700 to 4000 ftl sec. This was accomplished by mounting a single missile
separately in a plastic discarding carrier and firing it from a small arms
barrel.

254 McDonough. John P.: "Development of Plastic Discarding Type
Carriers as Casings for 40-mm Canister Shot, T229E3 (C), "
(Confidential Report), Watertown Arsenal Laboratory Report No.
WAL 763/885-2, 3 June 1955, AD No. 69132.

(Unclassified Abstract) This report describes the ballistic performance of
standard and special plastic compounds tested in the development of the WAL
Type 40-nun Canister Shot, T229E3, considering the range-velocity perfor­
mance of the canister missile spheres, the significance of the missile binder,
molding technique s, and preparation of the expe rimental caniste r shot.

255 Weistling, L.: Air-to-Ground Effectiveness Study of Scatter
Projectiles (U);" (Confidential Report), Aircraft Armaments,
Inc., Report No. ER- 703, 9 January 1956, AD 84 048.

(Unclas sified Abstract) This study inve stigate s the air-to -ground effective­
neSs of scatter projectile weapons, determines an optimum weapon of this
type, and compares it with standard and developmental weapons of a more
conventional nature. A number of scatter projectile weapons are evaluated
and compared with convention·'ll guns and a rocket installation relative to a
variety of targets and tactical situations. A scatter projectile weapon is
defined as a gun installation that fire s rounds containing a numbe r of fin­
stabilized sub-projectile s which are constrained by a sabot while in the gun
bore. but which are released as distinct projectiles at the muzzle.

256 Calhoun, J. D.: "Final Summary Report, " Remington Arms Co.
Inc., Report No. A13-62-1, 31 January 1962, AD 327 683.
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(Unclassified Abstract) This report outlines in detail the design and develop­
ment work conducted by Remington Arms Co., Inc. from 22 March to 31
December 1961 to develop the cartridge, 5.6 rnrn XM-llO. The component
designs which were developed are delineated, as well as the tools and
processes used to carry out this development. Complete results and recom­
mendations are detailed and test procedures are outlined.

A sabot of minimum weight was developed of such a design and material as
to reduce sabot lethality and increase projectile accuracy. Detailed draw­
ings of these are given.

257 Long, J. E.: "Photographic Study of Sabot Separation of Scatter
Projectile Clusters" (C); (Confidential Report), NAVORD
Report 2893, 9 June 1963, AD 58 813.

(Unclassified Abstract) The Naval Ordnance Laboratory was requested by
Aircraft Armaments, Incorporated, through the Office of Naval Research,
to investigate the sabot separation characteristics of the 20-mm scatter
projectile clusters and the shotgun clusters. Photographs taken in the
Aerodynamics Range are shown, and a detailed description of the sabots
used is given.

258 Anderson, H. K. ; Chadwick, G.; Degan, M.: "Ballistic Range
Testing of Self-Dispersing Shapes," (Unclassified Report),
Aberdeen Proving Ground, Report No. AVMSD- 0154- 66- RR,
May 1966, AD 486 505.

(Unclassified Abstract) An experirnental test program was conducted at the
Ballistic Research Laboratories' lOOO-foot transonic free flight range to
determine feasibi ity of using this type of ground test facility to obtain
measurements of the aerodynamic performance and structural survivability
of self-dispersing configurations in unrestrained flight.

Test results are discussed, test models are discussed and shown, and sabots
are shown in detail and briefly discussed.

Spherical bomblets and fluttner rotors were the tWG models launched from a
smoothbore conventional gun. Velocitie s up to 3200 ftl sec were attained.

259 Weg, H. W. ; FIe sher, F. E. ; Sweeney, Patrick E.: II Antiair­
craft FeasibIlity Stuuy Sca~ter Projectile All-Arms W~apc>n (U)";
(Confidential Report), Aircraft Armaments, Inc., Report No.
ER-1287, January 1958, AD 161 411.

(Unclassified Abstract)This report discusses briefly the history of the
Aircraft Armaments, Inc., scatter projectile for use in an antiaircraft
weapon system. It contains a narrative summary of all the work performed
during the contractual period, 1 July 1957 to 24 January 1958. Primary
objective of this contract was the preliminary design of an integrated, all­
arms antiaircraft weapon system based on the scatte r projectile concept.
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The report discusses the housing of multi-projectiles in a sabot to facilitate
higher muzzle velocitie s, better ballistic s, and greate r efficiency. The
ammunition is a 40-mm round containing six (6) finned sub-projectiles in
a plastic sabot.

260 Haag, C. W. ; Clarke, C. C.: "Design, Manufacture and Testing
of Canister Fillers (C);" (Confidential Report), Whirlpool Corp.
Monthly Progress Report No.2, 10 July 1958, AD 302 826.

(Unclas sified Abstract) This repo rt summarize s previous work done unde r
the contract and is a continuation of the design and development of canister
and other anti-personnel ammunition fillers. Sabot carriers for the three
sizes of flechette were designed and released to shop for fabrication in
trial quantities. These designs varied in dimensional size to match the
flechette and were made either of balsa wood, hard maple wood, or magne­
sium. Detailed drawings, as well as photographs of the sabot and projec­
tile, are included.

261 "Summary Report Volume I - De sign, Manufacturing and Testing
of Canister Fillers (U) ": (Secret Report) Whirlpool Corpora­
tion, October 1959, AD 315 434.

262 Moore, David J.: "Evaluation of Special Flechette for Beehive
Ammunition (U)"; (Confidential Repo rt), Remington Arms Co. ,
Inc., Report No. MPR No.1, 13 December 1961, AD 327437.

(Unclassified Abstract) This is the first monthly report under this contract
and it states that tools have been designed and are being fabricated for the
manufacture of a flechette fragment composed of an incendiary-pyrophoric
alloy mixture. Test facilities include a calibre. 222 barrel with the
flechette driven by a plastic sabot which will strip upon exit. Projectiles
are to be used for mine detonation and will be fired against a "D60" steel
plate target.

D-5.4 Miscellaneous

263 Hegge, Edward N.; McDonough, John P.; "SUBCALIBER PRO­
JECTILE AND SABOT FOR HIGH VELOCIT Y FIREARMS'
(ARMY), " U. S. Patent Office, No.3, 148, 472, September
15, 1964.

The plastic sabot is for use with a projectil . A portion of
the mating surfaces between the sabot and projectile is con­
toured to form a shear area which is capable of resisting rela­
tive movement between the sabot and the projectile during
pas sage through the bore of the gun. The sabot disintegrates
after leaving the barrel of the gun.
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264 Kimura, William S.; "ANTI-PERSONNEL RECOILLESS RIFLE
AMMUNITION (BEEHIVE), Army Concept Team in Vietnam,
Final Report, covering period July-December 1967, March 1968.
(AD 388 467)

265 McNeill, Joseph W.; "AN EVALUATION OF A PROPOSED
SCATTER PROJECTILE FOR USE IN THE ALL-ARMS ANTI­
AIRCRAFT WEAPON, " Ballistic Research Laboratories,
Report No. TN 1053, November 1955. (AD 384 615)

266 Moore, David J.; "EVALUATION OF SPECIAL FLECHETTE
FOR BEEHIVE AMMUNITION, " Remington Arms Company, Inc.,
Monthly Progre s s Report No.2, MPR- 2, January 1962.
(AD 327 925)

267 Watt, R. M.; "FREE-FLIGHT RANGE TESTS OF FLECHETTE­
TYPE PROJECTILES AT NOMINAL MACH NUMBERS OF 4 AND
5, " ARNO, Inc., Arnold Engineering Development Center,
Final Report AEDC-TR-67-259, January 1968. (AD 386 279)

268 Wheeler, R. E.; "DEVELOPMENT OF WDU -4A/ A FLECHETTE
WARHEAD, " Nortronics, Division of Northrop Corp., Final
Report, No. 67y161, November 1967. (AD 388 328)

269 "BLU-26 B BOMBLET: LIGHT/RIFLE LAUNCHED WEAPONS:
ATAWAND LAW," Lockheed Missiles & Space Company,
Report No. A373656, February 1967.

270 "PHOTOGRAPHIC STUDY OF SEPARATION OF SHOT-GUN
"SCATTER" PROJECTILE CLUSTERS," Naval Ordnance
Laboratory, Aero - ballistic Re search Report No. ARR-207,
November 1953, (AD 49 699)

D-6 ROCKET -ASSISTED PROJECTILE (RAP)

271 "Feasibility of Field-Artillery-Boosted Rockets"; (Confidential
Report), Arthur D. Little, Inc. Progress Report, May 1961,
AD 324 928.

(Unclassified Abstract) A series of trajectory calculations for a ISS-mm,
40-pound projectile was described in the progress report for April. These
calculations have been analyzed with the aid of an IBM 7090 Computer. The
results of the analysis are discussed. Curve s are presented that show the
effect of the following:

(1) Sustaine r thrust level and burning time on range

(2) Sustainer thrust level on Mach number and drag of the projectile

(3) Quadrant elevation on projectile drag
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(4) Sustainer action on maximum range

(5) Delayed thrust on maximum range

Curves that show the quadrant elevation for maximum ra ge, the projectile
Mach number versus horizontal distance, and the characteristics of optimum
boost sustainer systems also are included. A brief evaluation of the per­
formance of subcalibre (sabot) projectiles is presented. A section is
included on the hazards from sabot fragments.

272 "Feasibility of Field-Artillery-Boosted Rockets"; (Confidential
Report), Arthur D. Little, Inc. Report No. C-63625, September
1961, AD 327 571.

(Unclassified Abstract) This report summarizes work carried out in a
program comprised primarily of theoretical design studies of field artille ry­
boosted rocket systems. An eva uation of weapon systems based on the
first-order criteria of propulsion efficiency, launcher weight, accuracy,
lethality, and cost is pre sented. Trajecto rie s fa r 115 -rom and 155-nun
gun-boosted rockets were computed and an analysis of the trajectories is
included. The merits of spin stabilization and fin stabilization are com­
pared. Methods for improving the effectiveness of the XM54 projectile are
described. The use of sabots, ramjets, and ducted rockets for increasing
the range of gun-fired projectiles is briefly assessed. The possibility is
explored of improving projectile performance by the addition of a guidance
system.

It is concluded that the use of a sabot with subcalibre ammunition can result
in considerable range increase. Hazards presented by the sabot to friendly
troops and materials can be eliminated by suitable design.

273 Barnett, F. Q. ~ King, F. G .• "COMPARISON OF T -212 ROCKET­
ASSIST GUN WITH CONVENTIONAL GUNS, " Ballistic Research
Laboratorie s, Memorandum Report No. MR- 562, August 1951.
(AD 377 331)

274 Bastres8, E. K. ~ Allan, D. S.; "THEORETICAL EVALUATION
OF PROPULSION PARAMETERS FOR ZONED ROCKET-ASSISTED
ARTILLERY PROJECTILE," Arthur D. Little, Incl, Bulletin
of 20th ISP Meeting, Vol. IV, July 1964, pp. 329-343, Confidential.

275 Chadwick, W. R. et a4 "DYNAMIC STABILITY OF THE 5-INCH/
54 ROCKET ASSISTED PROJECTILE (THE INFLUENCE OF A
NON-LINEAR MAGNUS MOMENT)," Naval Weapons Laboratory,
Report No. 2059, October 1966. (AD 802 001)

276 Chadwick, W. R. ~ Sylvester, J. F.; "DYNAMIC STABILITY OF
THE 5-INCH/38 ROCKET ASSISTED PROJECTILE, " Naval
Weapons Laboratory, Technical Memorandum No. TM K-63/66,
November 1966. (AD 803 358)
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277 Harnett, Steph n J. et ali "ED REVIEW POINT NOTES FOR THE
l05MM, XM548 HE ROCKET ASSISTED CARTRIDGE, " Picatinny
Arsenal, Technical Report No. TR-3347, November 1966.
(AD 378 269)

278 Marshall, Melvin R.; "FIVE-INCH ROCKET ASSISTED PRO­
JECTILE (RAP) WARHEAD DEVELOPMENT TEST PROGRAM
OUTLINE," aval Weapons Laboratory, Technical Memorandum
No. T-31/65, October 1965. (AD 368 204)

279 Remington, Richard D. i Barnett, Fred Q.; "RAM-JET ASSISTED
SHELL COMPARED WITH ARROW SHELL FOR USE AS UN­
GUIDED A MISSILES," Ballistic Re sea rch Laboratorie s,
Technical Note No. TN 728, September 1952. (AD 384 '622)

280 Scharf, R. W.; Watson, J. G.; "CLOSED TUBE LAUNCHED
SOLID ROCKET ORDNA CE SYSTEM, " Bulletin of 20th ISP
Meeting, Vol. IV, July 1964, pp. 383-400, Confidential.

281 "SOLID ROCKET PROPULSION SYSTEMS FOR THE 105 MM
HOWITZER AND THE 107 MM MORTAR BOOSTED SPIGOT
PROJECTILES, " Picatinny Arsenal, Technical Report No.
TR 3741, March 1968, Confidential.

A program was undertaken by the Ammunition Engineering
Directorate's Solid Rocket Propulsion Laboratory which
demonstrated the feasibility of achieving an extended range
for a heavy weight sup rcaliber proj ctile when launched
from th 107 mm XM95 mortar with the aid of a rocket assist.
Th program culminat d in successful maximum range flight
firings within an extended tempe rature range. Additionally,
range zoning by thrust termination was successfully demon­
strated by seve ral diffe) \..:nt technique s.

Initially, a te rmination device was de signed that caused the
rocket nlOtor to separate L'om the warhead section at any
predete rmined v locity or time. A re quirement was subse­
quently established to accomplish thrust termination without
in-flight separation. This was done in two different ways;
in one design the rocket motor action was terminated by
suddenly venting the gases and dropping the pressure; in t~e

other approach, liquid quenching of the rocket motor caused
the motor to stop burnin. dditiona1 studie s in the 107 nun
system demonstrated the feasibility of delivering an even
heavier warhead to full range.

D-7 GU LAUNCHED ROCKETS, PROBES, AND SPACE VEHICLES

282 Bull, G. V.; Lyster, D.; Parkinson, G. V. i "ORBITAL AND
HIGH ALTITUDE PROBING POTENTIAL OF GUN-LAUNCHED
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ROCKETS, " Space Research Institute, McGill University, SRI­
H-R-13, October 1966. (AD 807 731)

283 Cox, R. N. j "THE CASE FOR GUN-LAUNCHED SPACE PROBES,"
New York Scientist, Vol. 36, November 9, 1967, pp. 337-34J.

284 Eyre, F. W. j "THE DEVELOPMENT OF LARGE BORE GUN
LAUNCHED ROCKETS, " Canadian Ae ronautics and Space Journal,
Vol. 12, April 1966, pp. 143-149.

285 Groundwater, F. M.; "THE DEVELOPMENT OF GUN LAUNCHED
ROCKETS, " Space Research Institute, McGill University, SRI-H­
R-6, February 1968.

286 Hurst, N. J.; Burleson, W. G. j "ANALYSIS, DESIGN, AND
COGENT FLIGHTS OF THE FIRST LARGE DIAMETER GUN
LAUNCHED TEST BODIES - LA HIVE , " U. S. Army Missile
Command, Report No. RS-TR-67-4, April 1967. (AD 818 372)

287 Kardos, G.; "NOTES ON MECHANICAL DESIGN OF GUN LAUNCHED
VEHICLES," Report No. TN-62-5, July 1962. (AD 450 668)

288 McCluney, Eugene L. ~ "THEORETICAL TRAJECTORY PERFOR­
MANCE OF 5" GUN PROBE SYSTEM, " ECOM 5015, ERDA,
WSMR, October 1965. (AD 473 271)

289 McKee, R. M.; "A PARAMETRIC STUDY OF MULTI-STAGE GUN
LAUNCHED ROCKETS, " Space Research Institute, McGill University,
SRl-H-R-2, March 1965; see also "CONTINUATION OF GUN­
LAUNCHED ROCKET PARAMETRIC STUDY, " SRI-H-R-5, May
1965.

290 Parkinson, G. V. ~ "SIMPLIFIED FORMS OF PRELIMINARY TRA­
JECTOR Y CALCU LA TION FOR GUN -LAUNCHED VEHICLES, "
Space Research Institute, McGill University, SRI-R-19, August
1967.

291 Raymond, H. A. ~ "ORBIT INJECTION CONTROL FOR HARP, "
Canadian Ae ronautic s and Space Journal, Vol. 11, May 1965,
pp. 154-159.

292 "AN EVALUATION OF PAYLOAD DELIVERY SYSTEMS FOR
NIKE-X, " Brown Engineering, Report No. TN AS-214, September
15, 1966.

293 "GUN LAUNCHED VElliCLES COST EFFECTIVENESS STUDY, "
Lockheed Mis sile s and Space Company, Report No. LMSC­
688043, September 29, 1967. (AD 826 497)
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D-7.l High Altitude Research Probes (HARP)

294 MacAllister, L. C.; Bradley, J. W.: "Comments on the Use
of Guns to Launch High-Altitude Probes"; (Unclassified Report),
BRL Memorandum Report No. 1252, March 1960, AD 237 038.

(Unclassified Abstract) The capability of current conventional and light-gas
guns to launch altitude probes is reviewed. Peak altitudes from 200,000 to
I, 000,000 feet appear possible depending on the size of the gun launcher and
on the amount of effort put into design, or redesign, of the gun and projec­
tile to optimize the system for upper atmosphere probes.

Weight penalty for using sabots is discussed.

295 Marks, Spence T. ; MacAllister, Leonard C. ; Gehring, J.
William; Vitagliano, H. Douglas; Bentley, Bedford T.: "Feasi­
bility Test of an Upper Atmosphere Gun Probe System"; (Unclas­
sified Report), BRL Memorandum Report No. 1368, October
1961, AD 267 354.

(Unclassified Abstract) The feasibility test of an upper atmosphere gun probe
system, employing a smoothbore l20-mm gun, and a fin stabilized (non-spinning)
60-mm probe, is described. Results obtained from the first and second
vertical test series are given (a total of twelve rounds). The present gun
probe system is evaluated, and the future prospects for such a system are
discussed. Major parts of the sabot used are briefly discussed and photo­
graphs of sabot separation are included. Pictorial repre sentations and
photographs of probe vehicle s and sabots are given.

296 Boyer, Eugene D.: "Five-Inch HARP Tests at Wallops Island,
September 1963;" (Unclassified Report), BRL Memorandum
Report No. 1532, January 1964, AD 430 232.

(Unclassified Abstract) The results of vertical firing tests of the five-inch
HARP system are presented. The tests were conducted at the NASA facility,
Wallops Island, with successful radar tracks of both projectile and. payloads.

Package function and exact altitude were the prime concern.

In-flight photographs of sabot separation, plus a still photograph of the actual
projectile and sabot, are shown. Sabot diameter and weight are given.

297 "Project HARP, Report on the First Twelve Firings and Status
as of July 30, 1963;" (Unclassified Report), McGill University,
Report No. 63-5, November 1963, AD 428795.
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(Unclassified Abstract) Project HARP is the code name covering a program
of research and development into the capabilities of vertically hred gun probes.
A 16.4" vertical firing gun facility has been established in Barbados for the
following purposes: 1) studies of the potential of vertical firing guns launchtng
saboted vehicles, 2) determine the econ D,ic and engineering feasibility of
placing significant payloads at altitudes of int rest, 3) d monstrate the
ability of these vehicles to perform studies of sci ntific interest, and
4) application of the technique for preparation in various scientific studies

of the earth's atmosphere.

This report describes both the current range status and the results of test
firings as of 30 July 1963. Several pictorial repres ntations of diff rent
Martlet vehicles and sabots are given.

298 Wasserman, S.; Lattal, G.; Smolnik, J.: "Parametrics Studies
on use of Boosted Artillery Projectiles for High Altitude
Research Probes, Project HARP;" (Unclassifi d Report),
Picatinny Ar enal Report No. 3147, January 1964, AD 601409.

(Unclassified Abstract) This Report contains a general parametric and pre­
liminary design study of rocket-boosted artillery projectil s for high altitude
probes when fired from existing gun systems. The following systems were

studied:

5" diarneter boosted projectile fired from a 5' gun

4.5" diameter boosted projectile fired frorn a 7" gun

7" diameter boosted projectile fired frorn a 7" gun

8.4" diarneter boosted projectile fired from a 16.4" gun

13. 8" diamete r boo sted projectile fi red from a 16.4" gun

16.4' diarneter boosted projectile fired from a 16.4" gun

The rocket is supported about the pe riphe ry of the base of each compartment
by the sabot. The sabot also envelopes the base of the proJectile, including
the nozzle and folding flare stabilizer. The rocket igniter assernbly is
located within the nozzle. A sabot drag device is housed within the herni­
spherical base of the sabot.

299 Eyle, F. W.: "Outline Aerodynamics and Perforrnance of the
Martlet 2C;" (Unclassified Report), McGill University Tech
Note S.R.I. -H. TN-I, November 1964, AD 454 878,

(Unclassified Abstract) This note gives the predicted basic aerodynamic
. data pertinent to the vehicle, and presents performance as a function of the
major parameters. The combination of weight and muzzle velocity neces­
sary to meet the 125 KM specification are presented together with center of
gravity tolerance.
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Trajectory studies have been run for a range of parameters on the McGill
LB. M. 7040 computer. The dominant variable - - muzzle velocity - - is the
object of continuous improvement. Currently feasible is 6000 ft/ sec for
the saboted Martlet 2C at 400 lbs. assembled weight, 6500 ft/ sec shout d
soon be achieved. Results are summarized.

300 "Shells into Orbit"; (Unclassified Article), Machine Design,
Vol. 37, No. I, January 7, 1965, pp. 115-17.

(Unclassified Abstract) A general interest article on the activities of the
HARP program. The purposes of the Wallops Island 7-inch, 58 ft gun and the
Barbados Island 16-inch, 80 ft gun are discussed briefly. One of the goals of the
HARP program is to be able to put a gun-launched vehicle intI) earth orbit.
To accomplish this, sabots are necessary. Clear photographs of the guns
and photographs of the sabot separation are shown. A typical prujectilc has
an aluminum sabot and four fins slightly canted to induce a roll of about
9 rev/sec.

301 Luckeot, H. J.: "Report of March 1965, Test Firing Series,
Project HARP;" (Unclassified Report), McGill University
Report No. SRI-H-R-9, July 1965, AD 475 146.

(Unclassified Abstract) The purpose of the series was to demonstrate the
mechanical and ballistic performance of the 16.4" gun at Barbados v..,ith the
new 5 I-foot extension, and secondly, to conduct engineering reliability and
proving tests of vehicles and payloadS, with scientific clata gathering \\here::
possible. The series were successful in both a~pecb.

Five Martlet series vehicles were tested: 2A, 2C, 2]), 3B fiberglass and
3B steel. Cross sections of vehicles and sabots are shown. Sabot and launch
system component weights are given. In-flight sabot sep' ration photllgraphs
are given. Fiberglass sabot and gun-boosted rocket system, Martlet 3B
series, was successfully launched at 3600 g's.

302 Marks, Spence T.; Pilcher, James O. II; Brandul1, Fred J.:
"The Development of a High Accele ration Te sting Technique
for the Electronic InstruD1entation of HARP Projectile Systems;"
(Unclassified Report), BRL Memorandum Report )ro. 1738,
March 1966 AD 635 '782.

(Unclassified Abstract) A brief description of Project HARP (High Altitude
Research Project) which uses smoothbore 5-inch, 7-inch, and 16-inch guns
to launch sub-calibre saboted projectiles for upper atmospheric research, is
given. Acceleration testing requirements for the electronic instrumentation
of the projectiles are stated. The acceleration testing methods employed pre­
viously are reviewed. A BRL project for the development of a satisfactory
acceleration testing technique for this purpose is described. Test results
are given. Test results are analyzed, and test criteria are established and
evaluated. A detailed photographic coverage of the test is given.

D-56



AMCP 706-445

303 Braun, Walter F.: "An Inbore Velocity Measuring Probe
System for Large Calibre Guns;" (Unclassified Report), BRL
Technical Note No. 1610, April 1966, AD 637 280.

(Unclassified Abstract) Of prime interest is the description of an inbore
velocity measuring technique using contact switches. Reliability and accuracy
requirements are discussed and typical field results are given.

Inflight photographs of the 16-inch sabot and projectile are given.

Shock waves at velocities above 6000 fps and leakage of powder gases past
the sabot cause transient and undefinable contact switch operation. Success
in measuring velocity depends chiefly on the proper functioning of the sabot.

304 Murphy, C. H. ; Bull, G. V.: "Review of the High Altitude
Research Program (HARP);" (Unclassified Report), BRL Report
No. 1327, July 1966, AD 645 284

(Unclassified Abstract) Project High Altitude Research Program (HARP) is
directed toward the use of guns for scientific probing of the upper atmosphere.
The attractive features of guns for this purpose include the basic economy of
such a system and the high inherent accuracy of guns for placement at
altitude, as well as accuracy in ground impact. The basic liability for such
an approach lies in the very high accelerations experienced by gun-launched
payloads.

The guns used in Project HARP vary in size from 5-inch and 7 -inch extended
guns on mobile mounts to transportable fixed 16-inch guns. Altitude per­
formance varies from 20-pound, 5-inch projectile reaching 240,000 feet to
18S-pound, 16-inch projectiles reaching 470,000 feet. Single and multiple
stage rockets launched from the 16-inch gun pos se s s promi sing predicted
performance and are under development.

Scientific re sults to date are primarily wind profile s measured by radar
chaff, aluminized balloons and parachute s, and tri -methyl-aluminum trails,
although a number of successful 250 MHz and 1750 MHz telemetry flights
have been made. Sun sensors, magnetometers, and temperature sensors
have been flown and an electron density sensor was fired earlier. Develop­
ment of other active sensors is continuing.

The role of the sabot in the HARP is discussed briefly. Photographs of the
gun and site s are included.

305 Boyer, Eugene D.: "Five-Inch HARP Tests at Barbados, West
Indie s, January-February 1966; I r (Unclas sified Report), BRL
Memorandum Report No. 1771, July 1966, AD 640 438.

(Unclassified Abstract) The installation of a 5-inch HARP gun system at
Barbados, West Indies, is presented. Primafy interest is in carrying a

D-57



AMCP 706-445

low-cost wind sensor to 200,000 feet. Secondary interest is in the firing
data, pay-load acquisition, vehicle altitude, charge weight, gun pressure,
and vehicle and sabot weight. A sectioned view of the HARP 5-1 probe
projectile and sabot is shown.

306 Billings, R. G. ~ Atmore, R. F.; "A STUDY TO GUIDE RESEARCH
AND DEVELOPMENT TOWARD AN OPERATIONAL METEOROLO­
GICAL SOUNDING ROCKET SYSTEM, " Thiokol Chemical Corpor­
ation' NASA CR-9l057, April 1967.

307 Boyer, Eugene D.; J'FIVE-INCH GUN METEOROLOGICAL
SOUNDING SITE, HIGHWATER, QUEBEC," Ballistic Research
Laboratories, Report No. MR-1929, July 1968. (AD 673 712)

The use of a meteorological gun-probe in a confined area has been
demonstrated. A program utilizing the 5 in. HARP system at
Highwater, Province of Quebec, near the Vermont state border,
is described. Wind soundings were made to altitudes of 230,000
ft with a ground impact area limitation of 1 sq mi for the spent
projectile.

308 Boyer, E. D. ~ MacAllister, L. C.; "SEVEN-INCH HARP GUN
LAUNCHED VERTICAL PROBE SYSTEM: INITIAL DEVELOP­
MENT, " Ballistic Research Laboratories, Report No. MR-1770,
July 1966. (AD 640 825)

309 Boyer, E. D. ~ Williamson, L. E.; "FIVE-INCH HARP SYSTEM-­
INITIAL TEST SERIES - - FORT GREELEY, ALASKA," Ballistic
Research Laboratories, Technical Note 1657, May 1967.
(AD 655 267)

310 Braithwaite, K.; Luckert, H. J.; "REPORT OF THE AUGUST/­
SEPTEMBER 1965 TEST FIRING SERIES PROJECT HARP, "
Space Research Institute, McGill University, Report No. SRI­
R-17, December 1967. (AD 825 694)

311 Brown, J. A.; Marks, S. T.; "FEASIBILITY TEST OF A POTENT­
IAL METEOROLOGICAL SHELL FOR THE STANDARD 175 MM
GUN, " Ballistic Research Laboratories, Technical Note 1584,
Fe bruary 1966. (AD 631 245)

312 Brown, J. A.; Marks, S. T.; "HIGH ALTITUDE GUN PROBE
SYSTEMS FOR METEOROLOGICAL MEASUREMENTS," The
Meteorological Rocket Network, IRIG Document 111-64,
February 1965, pp. 211-221. (AD 464 583)

313 Bull, G. V., "DEVELOPMENT OF GUN LAUNCHED VERTICAL
PROBES FOR UPPER ATMOSPHERE STUDIES, " Canadian Aero­
nautics and Space Journal, Vol. 10, October 1964, pp. 236-247.
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314 Bull, G. V., "PROJECT HARP," Ordnance, Vol. LU, March ­
April 1968, pp. 482-486.

315 Bull, G. V. ~ Murphy, C. H.; "GUN BOOSTED ROCKETS FOR
HIGH PERFORMANCE SOUNDING MISSIONS, " AIAA Sounding
Rocket Vehicle Technology Specialist Conference Proceedings,
February 1967, pp. 581-593.

316 Bull, G. V. ~ Murphy, C. H.; "GUN LAUNCHED MISSILES FOR
UPPER ATMOSPHERE RESEARCH, AIAA Preprint, No. 64-18,
January 1964.

317 Edwards, J. W. ~ Kirk, B. P.; Temchin, J. R.; Carsey, J. N.;
"SURVEY OF DEVELOPMENTS IN GUN-LAUNCHED HIGH ALTI­
TUDE PROBES, " U. S. Naval Propellant Plant, Report No. NPP/
RP 66 - 7, Septembe r 1966.

318 Lathrop, Wayne~ "STUDY OF 280-MM GUN AS A TOOL FOR UPPER
A TMOSPHERIC RESEARCH, " Sandia Corporation, Report No. SC­
RR-66-149, November 1966.

An estimate of the capability of the 280-mm gun as a research
tool to perform upper atmospheric studies for Sandia's Aero­
space Nuclear Safety Program is pre sented. Pe rformance
characteristics of the 280-mm gun are compared with those of
the 16-inch and 7-inch guns presently used for upper atmospheric
studies by the Ballistic Research Laboratory, Aberdeen Proving
Ground, and McGill University, Montreal.

319 Lorimor, George~ "7-INCH HARP (NAVY MODEL) FINAL REPORT,"
Rock Island Arsenal, Technical Report 67-296, January 1967.
(AD 808 813L)

320 Lorimor, George~ "7 -INCH HARP FINAL REPORT, " Rock Island
Arsenal, Technical Report 66-3411, November 1966. (AD 808
327L)

321 Luckert, H. J.; "REPORT OF THE MAY/JUNE 1965 TEST FIRING
SERIES PROJECT HARP, " Space Research Institute, McGill Uni­
versity, Report No. SRI-H-R-I0, September 1966. (AD 649 116)

322 Luckert, H. J.; "REPORT OF THE NOVEMBER 1965 TEST FIRING
SERIES PROJECT HARP, " Space Research Institute, McGill
University, Report No. SRI-R-20, January 1968. (AD 666 744)

323 Marks, S. T. ~ Boyer, E. D. ~ itA SECOND TEST OF AN UPPER
ATMOSPHERE GUN PROBE SYSTEM, " Ballistic Research Labora­
torie s, Memorandum Report 1464, April 1963. (AD 405 889)
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324 Millman, P. M.; "BIG GUN ON BARBADOS, " Sky and Telescope,
Vol. 32, August 1966, pp. 64-67.

325 Murphy, Charles H. ; Bull, Gerald V.; "AEROSPACE A PLICA­
TION OF GUN LAUNCHED PROJECTILES AND ROCKETS, "
Space Research Institute, McGill University, Report No. SRI­
R-24, February 1968. (AD 666 746)

Project High Altitude Research Program (HARP) is directed
toward the use of guns for scientific probing of the upper atmos­
phere. The attractive features of guns for this purpose are the
basic economy of such a system and the high inherent accuracy
of guns for placement at altitude as well as accuracy in ground
impact. The basic liability for such an approach lies in the very
high accelerations experienced by gun-launched payloads. The
guns used in Project HARP vary in size from 5 -inch and 7 -inch
extended guns on mobile mounts to transportable fixed 16-inch
guns. Altitude performance varies from 20 pound, 5-inch pro­
jectiles reaching 240,000 feet to 185-pound, 16-inch projectiles
reaching 590,000 feet. Scientific results to date are primarily
wind profile s measured by radar chaff, aluminized balloons and
parachute s, and tri -methyl-aluminum trails, although a number
of successful 250 MHz and 1750 MHz telemetry flights have been
made.

326 Murphy, C. H.; Bull, G. V. ~ "GUN -LAUNCHED PROBES OVER
BARBADOS, "Bulletin of the American Meteorological Society,
Vo1.49, June 1968, pp. 640-644.

327 Murphy, C. H. ~ Bull, G. V. ~ "REVIEW OF THE HIGH ALTITUDE
RESEARCH PROGRAM," The Fluid Dynamic Aspects of Ballistics,
AGARD CP 10, September 1966, pp. 403-437. (AD 803 753)

328 Murphy, C. H. ~ Bull, Gerald V.; Edwards, H. D. ~ "UPPER
ATMOSPHERE WINDS MEASURED BY GUN-LAUNCHED PRO­
JECTILES, " Ballistic Research Laboratories, Memorandum
Report 1747, May 1966. (AD 637 850)

329 Rossmiller, R. ~ Salsbury, M.; "16-INCH HARP WORK AT ROCK
ISLAND ARSENAL - - SUMMARY REPORT, " Rock Island Arsenal,
Technical Report 66-1493, April 1966. (AD 482 573)

330 Wasserman, S. ~ Bull, G. V.; Murphy, C. H.; "ROCKET ASSIST
PROJECTILES FOR HIGH ALTITUDE RESEARCH PROBES
(PROJECT HARP)," Bulletin of the 20th Interagency Solid Pro­
pulsion Meeting, Vol. IV, Chemical Propulsion Information
Agency Publication No. 49B, October 1964, pp. 371-382.
(AD 355 356)
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331 Webster, R. C.; Dunfee, D. D.; Peterson, J. S.; "A CLOSED
TU BE LAUNCHED SOUNDING ROCKET," Bulletin of the 20th
ISP Meeting, Vol. IV, July 1964, pp. 401-412, Confidential.

332 Williamson, L. E.; "GUN -LAUNCHED VERTICAL PROBES AT
WHITE SANDS MISSILE RANGE," Atmospheric Sciences Office,
Report No. ECOM-5030, February 1966. (AD 482 330)

333 Williamson, L. Edwin; Boye r, E. D.; "THE GUN -LAUNCHED
METEOROLOGICAL SOUNDING SYSTEM, " AMS/ AIAA Paper,
No. 66-382, March 1966.

334 Williamson, L. Edwin; Kennedy, Bruce; "METEOROLOGICAL
SHELL FOR STANDARD ARTILLERY PIECES. A FEASIBlLIT Y
STUDY," Atmospheric Sciences Lab., White Sands Missile Range,
Report No. ECOM-5161, October 1967. (AD 667 914)

A feasibility study has been performed which considered the appli­
cability of an instrumented shell for a standard rifled gun as a
means of obtaining meteorological data for tactical Army appli­
cations. The conclusions have shown that the technical feasibility
of a meteorological shell is within the state -of-the -art of enginee r­
ing practices.

335 "REPORT OF THE NOVEMBER 1965 TEST FIRING SERIES PRO­
JECT HARP, " Space Research Institute, McGill University,
Report No. SRI-R-20, November 1966.

336 "REPORT OF THE AUGUST/SEPTEMBER 1965 TEST FIRING
SERIES PROJECT HARP, " Space Research Institute, McGill
University, Report No. SRI-R-17, September 1965.

-7.2 HARP Instrumentation

337 Cruickshank, W. J.; "A FEASIBILITY TEST OF A 1750 Mcl s
TELEMETRY AND TRACKING SYSTEM FOR FIVE-INCH HARP
PROJECTILES, " Ballistic Research Laboratories, Memorandum
Report No. 1651, May 1965. (AD 469 653)

338 Cruickshank, W. J.; "HIGH 'G' UHF TELEMETRY FOR GUN­
LAUNCHED SOUNDING PROBES, " Ballistic Research Labora­
torie s, Memorandum Report No. 1632, January 1965.
(AD 463 928)

339 Cruickshank, W. J.; "1750 MHz TELEMETRY/SENSOR RESULTS
FROM HARP FIRINGS AT BARBADOS AND WALLOPS ISLAND,
1965, " Ballistic Research Laborator!es, Memorandum Report
No. 1824, February 1967. (AD 815 7(1)
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340 Evans, J. W. ~ "DEVELOPMENT OF GUN PROBE PAYLOADS
AND A 1750 Mel s TELEMETRY SYSTEM, I' Ballistic Research
Laboratories, Memorandum Report No. 1749, May 1966.
(AD 637 747)

341 Evans, J. W.; "EVALUATION OF A TUNNEL-DIODE OSCILLA­
TOR FOR USE IN GUN PROBE TELEMETR Y, " Ballistic Research
Laboratorie s, Memorandum Report No. 1711, Novembe r 1965.
(AD 631514)

342 Marks, S. T.; "HIGH-G COMPONENT TEST, " Ordnance, Vol.
Lil, January 1968, pp. 386-388.

343 Mermagen. W. H. ~ "HARP 250 MC TELEMETRY EXPERIMENTS,
JUNE/ -OCTOBER 1964," Ballistic Research Laboratories, Memor­
andum Report No. 1614, November 1964. (AD 459 576)

344 Mermagen, W. H.; "HARP 250 Mc/ s TELEMETRY EXPERIMENTS,
WALLOPS ISLAND, March 1965, " Ballistic Research Laboratories,
Memorandum Report No. 1694, Septembe r 1965, (AD 631 268)

345 Mermagen, W. H.; "HIGH 'G' TELEMETRY FOR BALLISTIC
RANGE INSTRUMENTATION," Ballistic Research Laboratories,
Memorandum Report No. 1566, April 1964. (AD 444 246)

346 Mermagen, W. H. ~ "TELEMETRY EXPERIMENTS CONDUCTED
ON THE HARP PROJECT IN BRITISH WEST INDIES AND WALL­
OPS ISLAND, VIRGINIA, DU RlNG THE P ERlOD JAN -MAR 1964, "
Ballistic Re search Laboratorie s, Memorandum Report No. 1578,
July 1964. (AD 449 867)

347 Mermagen. W. H.; Cruickshank, W. J.; Vrataric, F.; "VHF
AND UHF HIGH-G TELEMETRY FOR HARP VEHICLES, II The
Fluid Dynamic Aspects of Ballistics, AGARD CP 10, Sept mber
1966, Pp. 439 - 464. (AD 805 753)

348 Mermagen, W. H.; Cruickshank, W. J. ~ Vrataric. F.; "VHF
AND UHF HIGH-G TELEMETRY INSTRUMENTATION OR
HARP VEHICLES." Ballistic Research Laboratories. Memor­
andum Report No. 1768, May 1966. ( D 640 596)

349 Northcote, D. L. S.; "HARP Y4 SCALE MODELS - - GENERAL
DESCRIPTION OF INSTRUMENT TIO ." Inspection Services,
Canadian DND, TN 5/64, December 1964.

350 Pulfer, J. K.; "TELEMETRY SYSTEMS FOR GUN-LAUNCHED
UPPER ATMOSPHERE PROBES." ational Res arch Council of
Canada. Report No. ERB-742, June 1966. (AD 655 874)

D-62



AMCP 706-445

351 Wilkin, N. D.; "TM RESEARCH PROGRAM -- HIGH-G TESTS
OF COMPONENTS, " Harry Diamond Laboratory, Report No.
TM -65 - 33, July 1965. (AD 622 405)

D-7.3 Target Placement System

352 Bull, G. V.; Aikenhead, B.; Palacio, L.i Lyster, D.; "A GUN
LAUNCH TARGET PLACEMENT SYSTEM, " Space Re search
Institute, McGill University, Report No. SRl-2-TN-4, August
1966. (AD 475 146).

D-7.4 Gun-Launched Antimissile System (GLAM)

353 Galati, L.; Marhefka, A.; "CONCEPT STUDY OF A GUN­
LAUNCHED ANTIMISSILE SYSTEM CLAM, " Picatinny Arsenal,
Report No. SMUPA-TK-900, July 1964.

D-7.5 Martlet System

354 Delfour, M. C.; Galiana, F. D.; Aikenhead, B. A.; "THE
EFFECT OF DISPERSION IN TRAJECTORY PARAMETERS
ON A NOMINAL MART LET IV TYPE ORBIT, " Space Re search
Institu'.e, McGill University, Report No. SRl-R-26, September
1967.

355 Eyre, F. W.; "THE MARTLET 2A BALLISTIC VEHICLE -­
SUMMARlZED PERFORMANCE DATA," TN 64-4, May 1964.

D - 7.6 Re lated Systems

356 Kumar, S.; Murray, J. J.; Rajan, J. R. N. i "VACUUM-AIR
MISSILE BOOST SYSTEM, " Journal of Spacecraft and Rockets,
Vol. I, Septembe r-October 1964, pp. 464 -470.

The vacuum-air missile boost system consists of a partially
evacuated vertical launching tube with a breakable seal at the
top and with the lower end sealed by a missile on a held-down
sabot. When the sabot is released, atmospheric pressure from
air entering the base of the tube accelerates the missile. A
"muzzle chamber" near the top of the tube reduces the velocity
loss due to compression of the residual air above it, and the
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tube length beyond the muzzle chamber serves as an 11atmospheric
shock reducer." The system is considered suitable for small-
and medium-sized missiles. Advantages compared to th u ual
surface -launching technique are a significant fuel saving or an
increase in payload, less sensitivity to surface gusts, and a shel­
ter prior to firing. The motion of the missile is analyzed by
assuming incompressible, quasi-steady air flow~ effects of muzzle
chamber size, viscous loss, and turbulence are included. Theore­
tical curves of muzzle velocity vs ehicle weight are given for
various tube lengths for maximum accelerations of 8 and 15 g's.
Muzzle velocities of 600 to 800 fps appear to be feasible at these
acceleration levels. ResuLs obtaim,j in experiments in 3- and
1. 25 in. - i. d. by 20 -it tubes show good agreement with theory.

357 Valenti, A. M. ~ Molder, S.; Salter, G. R.; "GUN LAUNCHING
SUPERSONIC COMBUSTION RAMJETS," Astronautics and Aero­
space Engineering, Vol. 1, December 1963, :,.p. 24-29.

358 "SELF EJECT SYSTEM LAUNCH-TESTED IN UTAH," erospace
Facts (published by Thiokol Chemical Corp.), April-June 1968.

Announcement of a test to demonstrate that chamber pressure
below a mis sile can be regulated to allow use of the motor
exhaust gases to eject the nll~sile [x-rJm a launch tube, The test
vehicle was launched from a 90-foot long steel tube to an altitude
of 1,200 feet. Flight du:cation was 18 seconds" A 15.5-inch dia­
mete r rocket motor with a short duration solid propellant grain
was utilized for the demonstration.

359 "A FEASIBILITY STUDY OF THE SCRAMJET IN-TUBE CONCEPT, "
General Applied Science Laboratories, Technical Report No. TR
669, AFAPL-TR-67-131, November 1967. (AD 388 535)

D - 7.7 Ground-Ace 1 rated Space Platform (GASP)

360 "Feasibility Study of a GASP Launch Payload Vehicle;" (Confi­
dential Report), AVCO Corp., Research and Advanced Develop­
ment Division, Report RAD-SR-26-60-54, 5 July 1960,
AD 319 583.

(Unclassified Abstract) The feasibility of launching payload-v hicles into
space by the use of a mass-restrained, atomic-powered cannon is discussed.
This is part of the ground accelerated space platform (GASP) program.

The primary objectives of the study was the establishment of a GASP­
launched payload-vehicle design. Two other obj ctives are included:
(1) De sign of a sabot to guide the payload-vehicle in the tube and to protect
it from the expanding high-temperature propellant gases, and (2) determi­
nation of the extent of erosion in the launch tube caused by high-temperature
and high-velocity gase s sweeping ave r the launch t.ube walls and by mechani­
cal contact of the sabot with the tube walls.
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A good general discussion of the sabot and the problems to be concerned
with is presented. The following phases are discussed under sabot design:
(l) g neral requirements, (2) initial shock, and (3) acceleration phase.
Some comments on the basic problems dealing ith high-strain rate loading
are included under the topic initial shock.

361 Brogan, J. L.: "A:-Ddlist Progress Report;" (Confidential
Report), Douglas AircTaft Company Report No. EZ50-AN-30ZZ,
17 July 1964, AD 366 574, for U. S. Army Missile Command.

(Unclassified Abstract) In this 21st progress report, the general status of
the program is given. Launching techniques and tests are discussed. Draw­
ings of the arbalist rocket and forward supporting damping sabot are shown.

362 Barakauskas, E. J.; Small, D. A; Murphy, J. J.: "Final Report
Large Cold Launch Missile (LCLM) Feasibility Demonstration;"
(Confidential Report), Westinghouse Ele ctric Co rpo ra tion Report
No. R501, Septemb r 1965, AD 365 487L.

(Unclassified Abstract) The objectives of the LCLM program were to:
(l) demonstrate the feasibility of eject launch of large 300, ODD-pound class
missiles (2) demonstrate the feasibility of an air-supported elevator for
elevation of a missile or n1issile s m nts in inaccessible launch tubes, and
(3) develop a sahot and s al s fo r ej ct launch. A launch tube was installed
at Edwards Air Force Base to conduct eject launch and air-elevator feasi­
bility tests. The 327, ODD-pound, water-filled dummy missile and sabot were
ejected from the silo using off-the-shelf rocket motors as gas generators.
The launch demonstrated that eject launching could provide an acceptable
launch velocity at a low acceleration level. The air elevator concept was
demonstrated by the assembly of the segmented dummy missile upon the
sabot and by adjusting air pressure to raise and lower the dummy missile
within the launch tube. The air elev2t-or could be remotely controlled,
precisely positioned, and held in a fixed position. Elevating and lowering
rates of approximately 4 feet per minute were achieved. These tests,
summarized in this final report, accomplished all program objectives and
proved the feasibility of eject launch of large missiles. The tests demon­
strated that the air elevator is a practical device for the assembly and main­
tenance of large missiles.

D-7.8 HIBEX Program

363 "ARPA Project HlBEX Flight Test Report Vehicle D-2;" (Confi­
dential Report), The Boeing Co. Report No. D2-99579-5, 10
De c m b r 196 5, AD 3 67 882L .

(Unclassified Abstract) This report presents the results of the fifth test of 2

HIBEX (High-g Boost Experiment) vehicle. The vehicle. designated D-2, was
launched from a closed breech silo to evaluate launch effects and performed
a programmed maneuve r using both pitch and yaw TV C inje ction to continue
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evaluation of the perforn1ance of the flight control systeD1. Data were
obtained on silo heating rates, silo pressures, and the effect of silo pressure
on rocket D1otor exhaust gas flow. Accurate pitch and yaw control was
obtained with reference to vehicle body axes. Sabot base pressure is
discussed and pictorial representations of the sabot and vehicle are included.

364 "HIBEX Flight Test Report Vehicle D-3;" (Confidential Report),
The Boong Co. Report No. D2-99579-6, 17 January 1966,
AD 368 691L.

(Unclassified Abstract) This report presents the results of the sixth flight
test of the HIBEX (High-g Boost ExperiD1ent) vehicle. The vehicle, desig­
nated D-3, was launched froD1 a closed breech silo of reduced plenuD1 voluD1e
froD1 the preceding silo launch te st to evaluate launch effects at relatively
high silo pressure. Following vehicle exit froD1 the silo, a prograD1D1ed
D1aneuver using liquid inj ction thrust vector control was perforD1ed to con­
tinue evaluation of the perforD1ance of the flight control systeD1 and to obtain
rocket D1oto r pe rforD1ance data at high late ral accele rations and ae rodynaD1ic
data at large angles of attack. An external burning experiD1ent was incor­
porated into the second stage to provide an indication of the effectiveness of
this technique for controlling guided D1issiles. Data were obtained relative
to all flight objectives. The external configuration of the D-3 vehicle and
sabot asseD1bly was the saD1e as that of the D-2 asseD1bly.

D-8 TERMINAL BALLISTICS STUDIES

365 "DevelopD1ent of Sabot for Firing Spherical Munitions froD1 the
Range 72E Air Gun, Work AssignD1ent B-5; (Unclassified Report)
Chicago Midway Laboratories, Technical Note No. CML-57-TN­
MI07.4, 1 January 1957.

(Unclassified Abstract) DevelopD1ent work and testing involved to deterD1ine
feasibility of using an air gun to launch a spherical D1unition are described.
Velocities of 200 fps were obtained. Purpose of launching was to obtain
terminal ballistic data. Sabot developD1ent and stripping are described.
Photographs of sabot and stripper are given.

366 Partridge, WilliaD1 S.: "Construction of a High Velocity Gun for
Propelling SD1all Irregular-Shaped Pellets; (Unclassified Report)
University of Utah, InteriD1 Technical Report No.8, March 1957,
AD 142 784.

(Unclassified Abstract) A. 22 calibre accelerator capable of firing irregular
shaped fragD1ents weighing 1/2 to 15 grains was constructed. The gun
barrel was D1ade in two sections joined together with an O-ring seal and
flange. The barrel was sD1ooth-bored and had an adapter on the D1uzzle to
allow evacuation of the barrel with a D1echanical vacuUD1 pUD1p. The gun was
chaD1bered for a standard. 220 Swift shell and fired electrically by D1eans of
a 110 volt a-c solenoid.
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To fire the irregular shaped pellets, a sabot was constructed to carry the
pellets and separate from them within 36 inches from the end of the barrel.
The problem of measuring th velocity of these small pell ts is discussed
and three systems are described which were used successfully.

By evacuating the barr 1 and using liZ grai.n p llets, veloci.ties of more than
9.000 feet per second were obtained. Five-grain pellets were accelerated to
a velocity of approximately 8, 000 feet per second.

Drawings and ph tos are included of the gun and sabot.

367 Warren, H. R.: "Aeroballistic Range Tests of the CF-l05
Phase I-Rounds 1 to 10 ;"(Secret Report 27), CARDE Report
No. TM AB-43, March 1958, AD 301 144.

368 Geneve se. F. ; Editor; "Third Sympo sium on Hypervelocity;"
(Unclassified Report) Volume 1- February 1959, Held 7-9
October 1958, Chicago, AD 233 487.
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and W. A. Clayden

II Multi -Phase Magnetic Propulsion of P roj ectile s, "
W. W. Salisbury

"Hypervelocity Impact, Fourth Symposium, April 26, 27, 28,
1960;" (Unclassified Report), Air Proving Ground Center,
APGC-TR-60-39 (I), September 1960, AD 244275

Table of Contents - Volume I (U)

(1) "Hypervelocity Gun for Micrometeorite Impact Simulation
Employing Capacitor Discharge in a Condensed Phase,"
Charle s N. Scully and David L. Cowan

(2) "An Exploding Wire Hypervelocity Projector," V. E. Scherrer
and P. 1. Richards

(3) "Acceleration of Projectiles with the Sequenced High­
Explosive Impulse Launcher," W. E. Fogg and
C. W. Fleischer

(4) A Multi-Stage Hypervelocity Projector," M.H. Bengson,
T.K. Slawecki, and F.J. Willig

(5) "Electroballistic Techniques," H.F. Swift
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(6) "Experimental Production of Hypervelocity Pellets by
Means of Condenser Discharges in Hydrogen,"
D. Bloxom, Jr.

(7) "The Addition of Electrical Energy to Helium,"
James R. Kymer

(8) "The Fexitron - A New, Short-Pulse, High-Intensity
X-Ray Tube," F.J. Grundhauser and W.P. Dyke

(9) "Studies of Hypervelocity Impact on Lead," E. N. Clark,
A. Mackenzie, F.H. Schmitt, and 1. L. Kintish

(10) !IAn Experimental Study of Crater Formation in
Metallic Targets," John H. Kineke, Jr.

(11) "Hypervelocity Penetration Studies," W. W. Atkins

(12) "Mechanics of Hypervelocity Impact of Solids ," H. G. Hopkins
and H. Kolsky

(13) "Cratering; Experiment and Theory," E.P. Palmer,
R. W. Grow, D. K. Johnson, and G. H. Turner

(14) "Effects of Target Temperature on Hypervelocity Cratering,"
F. E. Allison, K. R. Becker, and R. Vitali

370 "Hypervelocity Impact - Fourth Symposium, April 26, 27, 28,
1960;'1 (Unclassified Report) Air Proving Ground Center,
September 1960, APGC-TR-60-39 (III), AD 244477.

Table of Contents - Volume III (U)

D-70

(1)

(2)

(3)

(4)

(5)

"Framing Camera Observations of Ultra-High Velocity
Penetration in Transparent Targets and A Mechanism
for Crater Expansion," R. T. Keys, R. W. Bartlett, and
M. A. Cook
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Mechanics," M. Zaid
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"A Metallurgical Approach to the Hypervelocity Problem,"
Coy M. Glass and Robert B. Pond

"High-Velocity-Projectile Drag Determination,"
S. Halperson, P. T. Boltz, and D.A. Hall

"Expe rimental Inve stigation of Spray Particle s Producing
the Impact Flash," R. W. Grow, R. R. Kadesch,
E.P. Palmer, W.H. Clark, J.S. Clark and R. E. Blake

"An Inve stigation of Spalling and Crater -Formation by
Hypervelocity P rojecti1e s," C. J. Maiden, J. Chare st,
and H. P. Tardif

"Ballistic Impacts by Microscopic Projectiles,"
J. F. Friichtenicht and B. Hamerme sh

"The Penetration of Thin Rods into Aluminum,"
R. E. Slattery and W. G. Clay

"A Sequential Electrical Discharge-Light Gas Gun,"
V. F. Volpe and F. J. Zimmerman

Oliver, Alfred G. ; Brown, Bernard J. ; Merkler, Jules M.:
"Wound Ballistics of the 0.85 -Grain Steel Disk "; (Secret
Report). Chemical Warfare Laboratories Technical Report
CWLR 2372, May 1960, AD 317 999.

Bilek, AnL;rew G.: "Hypervelocity In1pact Studies - Improvement
of APGC 37 -mm Light-Gas (Helium) Projector"; (Unclassified
Report), Air Proving Ground Center Report No. APGC-TR­
60-29, July 1960, AD 240 378.

(Unclassified Abstract) This project was conducted to determine the causes
of difficulties encountered in the operation of the APGC 37-rnm light gas
(heliwn) projector, to effect corrective measures, and to discover methods
for increasing the velocity obtainable with the projector.

Velocities obtainable with the gun were increased substantially through a
series of modifications. New projectile launch and velocity measuring
techniques were developed.

lrnprovements to the gun made during and subsequent to this te st have
resulted in firings with projectile velocities in excess of 18,000 fps.

Sabot design and testing, plus some discussion of sabot materials and
problems, are included. Photographs of the sabot and othe r components
are given.
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373 Fendick, R. B.: "Hypervelocity Impact Facility - Light Gas
Projector l !; (Unclassified Report), Air Proving Ground Center
Report No. APGC-TN-60-l02, November 1960, AD 246 789L.

(Unclassified Abstract) Development efforts on the APGC light gas projec­
tor from March to August 1960 were conducted to meet specific test
.requirements. The major objective of the development program during the
mterval reported here was to upgrade the velocity capability of the APGC
light gas projector to meet test requirements for current and future projects.
Effort has been centered on:

Sabot inve stigation
Lightweight pistons
Projectile barrel adapters
Cal. 60 projectile barrels (120-in. length)
Propellant powde r
Pressure measurements.

The section concerning sabot investigation includes:

The material used,
Purpo se of sabot,
Design of sabot (pictorially shown), and
The sabot stripping device.

374 Hegge, E. N. ; McDonough, J. P.: "Watertown Arsenal Light­
Gas Gun"; (Unclassified Report), Watertown Arsenal Labora­
tories, Technical Report No. WAL TR 761/64, December 1960,
AD 249 527.

(Unclassified Abstract) A simple, practical, low-cost light-gas gun was
developed to conduct terminal-ballistic studies in the velocity range of 6000
to 13,000 ft/sec. Standard cartridge cases and propellants are used to
propel a lightweight plastic piston to compress the light gas (helium). The
light gas is shaped to flow uniformly behind the projectile through the
launching tube or rifled barrel by a disposable cone of plastic material
which also serves as a buffer to decelerate the piston without appreciable
damage to any major structural component. Either full-calibre conventional
shear-type projectiles or subcalibre projectiles, fragments, and other
irregularly shaped missiles can be fired, the latter by means of plastic­
discarding- carrier techniques, in either smoothbored launching tubes or
rifled barrels.

The light gas gun, projectile, and sabot designs are pictorially shown and
discussed.

375 "Weapon System 107 A-2"; (Confidential Report), Research and
Advanced Development Division A VCO Corporation, Progres s
Report No.4 of RAD-SR-61-25, 28 February 1961, AD 326391L,
Prepared for Air Force Ballistics Mis sile Division.
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(Unclassified Abstract) This report contains only the appendixes of the
complete report. The appendixes contain 28 papers concerning different
phases of the program. The appendix in which this study is most interested
is entitled "The Development of Sabots for Hypervelocity Guns." The
present sabot design is adequate for launching projectiles of tungsten
carbide, at least at velocities up to 15, 000 ft/sec.

376 Zimmerman, F. J. ; Barbarek, L. A. C.: "Hypervelocity
Weapon Feasibility Study - Volume II"; (Unclassified Report),
Illinois Institute of Technology, Repo rt No. WADD- TR- 61-2 03
(II), April 1961, AD 255 805 L, for APGC.

(Unclassified Abstract) This is the appendix portion of report of same title
(Vol. I). The appendix consists of three parts: (1) catalog of hypervelocity
projector types. Included in this section is a general definition of the sabot
along with a pictorial representation. (2) Anal ysis of performance
requirements for hypervelocity guns. The purpose of this theoretical
analysis is to determine the design characteristics that will insure the
adequate pedorrnance of a hypervelocity gun in a co-planar tactical situation.
(3) The ARF traveling charge gun program.

377 Fendick, R. B.: "Hypervelocity Impact Facility - Light-Gas
Projector Development"; (Unclassified Report), Air Proving
Ground Center, Report No. APGC-TR-bl-31 June 1961
AD 263 373. "

(Unclassified Abstract) The major accomplishment during this reporting
period was the launch of a 1/8-in. diameter aluminum projectile at a
velocity of 22, 030 fps. Refinements were made in saboting techniques pro­
ducing clean projectile impacts on the target. Launching l/4-in. diameter
tungsten carbide projectiles was successful up to 12,800 fps and 1/4-in.
diameter aluminum projectiles to 16, 000 fps. Modifications to the light­
weight piston (-1- oz) were responsible for achieving higher velocities.

A discussion of sabot development and design, accompanied by pictorial
representations, is given. Also included is sabot stripping and intercepting
techniques.

378 Austin, D. W.: "Vulnerability of Mark III Nose Cone Materials
(Phase 2) (U)"; (Secret Report)2b, Air Proving Ground Center,
Report No. APGC-TDR-6l-28, July 1961, AD 344 345.

379 Heerema, C. E.: "Carde Support Program, Tasks, I, II, III,
V"; (Confidential Report), (Bendix Systems Division), Report
No. BSC-22748, March 1961, AD 346 217, for CARD£.
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(Unclassified Abstract) Under the CARDE support program, the Bendix
Systems Division of the Bendix Corporation provides a supporting staff to
the Army Rocket and Guided Missile Agency (ARGMA) Project Officer,
an operating budget for on-site expenses adn1inistered by the ARGMA
Project Office, and a technical supporting staff integrated into the existing
CARDE organization.

This report is divided into five (5) sections. The first describes the basic
elements of a hypervelocity test range. The second describes the basic
elements of a ballistic range. The third considers the status of each range
currently in use or under development at CARDE. The fourth describes
the status of the various tests complete or in process which are of concern
of the project officer. The fifth is a summary of services provided by the
Bendix Corporation to the Project Office.

Included are brief comments on the sabot used in light-gas gun launching,
the problems to be concerned with re-sabot design, and the function of the
sabot. No technical discussions are included.

380 "Carde Support Program, Tasks I, II, and III"; (Unclassified
Report), The Bendix Corporation, Report No. BSR- 543,
June 1961, AD 261934, for CARDE.

(Unclassified Abstract) This report covers the period 1 January to 30 June
1961 of the CARDE support program. The report is comprised of four
sections. The first describes the level of activity maintained in the project
office staff and the technical support staff. The second describes the status
and progress of the facilities during this report period. The third gives the
status of the various programs in progres", The contract is summarized
in the fourth section.

Included are brief comments on the sabot, the type used, and the problen1s
of discarding.

381 "CARDE Support Program 1961 1' ; (Unclassified Report), The
Bendix Corporation, Report No. BSC-29473, December 1961,
AD 424 196, for CARDE.

Range instrumentation and status are discussed. Programs being carried
out either by U. S. sponsorship or otherwise are discussed, and CARDE
support is discussed.

Brief mention is made of the use of sabots in light-gas gun launching.
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383 Solnoky, P.: "Some Recent Developments in Projectile Launch­
ing Techniques at CARDE"; (Unclassified Report), CARDE
T. M. 727/62, November 1962, AD 299 606.

(Unclassified Abstract) This paper deals with some of the methods userl in
hypersonic ranges for the launching of sabot projectiles. Three techniques
are described: the ramp deflector, the arrestor tube, and the air tube.
These provide the basic means to satisfy these requirements over a wide
range of velocity, range pressure, and gun size when using basic aero­
dynamic shapes such as spheres, cones, and slender rods as projectiles.
Photographs of sabots and models are included. Sabots are described.

384 McKay, William L.: "Performance of a Three-Stage Arc
Heated Light Gas Gun"; (Confidential Repor,t), A VCO Corp. ,
Technical Memorandum RAD- TM- 62 -40, 28 July 1962,
AD 331 262, Prepared for Air Force Ballistic Systems
Division Air Force Systems Command.

(Unclassified Abstract) A launcher was designed to accelerate fragile
projectiles to high velocities (15,000-20,000 fps) without distortion. This
has been accomplished by coupling an arc heating stage to the calibre
0.600 light gas gun. A program of developmental firings was completed,
from which performance data were obtained. The result and analysis of the
firings are presented in this report. A brief description of the 4 piece
delux sabot 1S given.

385 Grabarek, Chester; Herr, Louis: "Performance of Long Rods
Against Steel Armor Targets"; (Confidential Report), BRL
Memorand~m, Report No. 1442, January 1963, AD 334 319.

(Unclas sified Abstract) Penetration data are provided for 1 and 1. 36-lb.
tungsten carbide rod penetrators, length-to-diameter ratio of 25, tested
against single and spaced tripartite targets. The present data for single
targets are combined with published data on small scale rod-type pro­
jectiles against rolled homogeneous armor at 60-degree obliquity to
indicate the scaling law. A curve of the ratio of target thickness to rod
body diameter is presented as a function of the specific limit energy for a
single target at 60 0

• A description and photograph of the push-pull type
sabot used to launch the rods from a 90-mm smoothbore gun are given.

386 "Development of a Saboting Technique for Light Gas Hyper­
velocity Projectors"; (Unclassified Report), MB Associates,
Report No. MB-R-63/14, February 1963, AD 605 836.

(Unclassified Abstract) A sabot, using internal gas expansion to separate
its halves, was developed for use in the launching of hypervelocity pro­
jectiles. Most sabots are designed so that aerodynamic forces will strip
parts away from the projectile. Here, separation was achieved by burning
a propellant inside the sabot while it traveled down the gun barrel. Upon
launch, the high pressure gases imparted lateral velocity to the halves by
expansion.
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It was desired to achieve separation velocities of 1. 5 by 10 4 cm/sec. At
this velocity, each half of the sabot would be displaced 10 cm from the
trajectory at 6 meters from launch when fired at a velocity of 29, 500
feet per second. A total of 33 experimental firings was carried out from
cal 0.60 powder and light gas guns. Both aluminum and fiberglas sabots
were used.

387 "Hypervelocity Capability and Impact Research"; (Unclassified
Report), NRL Memo Report 1412, March 1963, AD 410 310L.

(Unclassified Abstract) The primary objective of this program is to launch
a controlled shape projectile weighing approximately two grams to a
velocity of 9.5 km/sec. Studies of impacts by high velocity projectiles
on a variety of target configurations also are carried out. Studies are
presented of the use of electrical energy pulses for augmenting the
performance of light-gas guns. A positive augmentation effect was
measured when the gun was operated under reduced parameters and
electrical energy was added to the driver gas during the compression stroke.
This report also contains the results of an effort to develop explosively
separating sabots for carrying sub-calibre projectiles during light-gas gun
launches. The sabots are made in two segments and contain an explosive­
filled cavity as well as the projectile. The acceleration of the sabot during
its launch in the gas gun ignites the explosive which generates a high gas
pressure within the sabot cavity. This pressure causes the sabot segments
to separate upon leaving the launch tube.

388 Chandler, Robert L.: "The Effects of Physical Projectile
Properties on Thin Target Damage at Hypervelocities " ;
(Confidential Report), IIT Research Institute Technology
Center, Report No. ASD-TDR-63-4, March 1963,
AD 335 636.

(Unclassified Abstract) Projectiles of various metallic materials (including
tungsten, nickel, Armco iron, steel, and tin) were fired at a standard
spaced aluminum plate target configuration. Impact velocities varied from
15, 000 to 19,000 fps for the O. 5-gram projectiles. The objective of the
firings was to determine the material property or properties contributing
most to the maintenance of projectile integrity after first hypervelocity
impact.

Experimental results and techniques are presented. Preliminary indications
of material properties are discussed. Pictorial representation of a
mechanical sabot strippe r adapter is given.

389 "Proceedings of the Sixth Symposium on Hypervelocity Impact";
Cleveland, Ohio, April 30, May 1, 2, 1963, Sponsored by the
Firestone Tire and Rubber Co., Akron, Ohio
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390 Dmitrieff-Koklive, A.: "Spectrographic Studies of the ..
Radiation Emitted by Hypersonic Projectiles"; (Unclasslfled
Report), CARDE Technical Note 1564, May 1963, AD 417 898.

(Unclassified Abstract) Some preliminary results are presented of spectro­
graphic observations of the distribution of intensities 'emanating from
the environment of hypersonic projectiles. An account is given of the
development of a spectrographic system suitable for operation under range
conditions. Experimental results are given, togC'thcr with some discusslOn
on their inte rpretation.

Mention is made that sabots are used in launching and several drawings of
sabots are given.

391 Taylor, G.: "Sabot-Launching Systems for Experimental
Penetrators"; (Unclassified Report), BRL Memorandum Report
No. 1505, August 1963, AD 428 223.

(Unclassified Abstract) Performance details for special purpose, high
velocity sabots are described. These sabots were designed and developed
for launching high-density projectiles, of rod form, with overall length to
diameter ratios varying from les s than one to twenty-five.

Sabot ~ystems for a rod penetrator de\-ice of the base-push type and
combinations of push and pull are described. Many in-flight photographs of

sabot separation are included.

392 "Effect of Projectile Physical Properties on Thin Target
Damage at Hypervelocities (C)"; (Confidential Report), lIT
Research Institute Technology Center, Report o. ASD- TDR­
63-36, September 1963, AD 341871.

(Unclassified Abstract) An investigation of the effects of projectile material
and shape on thin plate impact at hypervelocities is being conducted. This
report covers the results of the materials phase of this work.

One-half gram projectiles of various materials were sabot-launched in the
velocity regime of 15,000 to 20,000 fps at 0.1 in. thick 2014-T6 aluminum
sheets spaced 24 inches apart. The impact effects, photographically shown,
were monitored with a sequential flash X-ray device and by post-fire
examination of the target and witness plates. A large number of materials
were tried to determine the effects of melting point, strength, toughness,
density, latent heat of fusion, liquid metal surface tension, and latent heat
of vaporization. Appendix A considers the viscosity of molten metals.

393 "Hypervelocity Kill Mechanisms Program ARPA Order 149";
(Secret Report), Dynamics Branch Mechanics Division,
NRL (Naval Research Laboratory) NRL 6032, October 1963,
AD 344 803L.
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394 Condon, J. J.; Halperson, S. M.: "Hypervelocity Kill
Mechanisms Program ARPA Order No. 149-60 Impact
Damage Phase", (Secret Report), NRL (Naval Research
Laboratories) NRL NR 1492, February 1964, AD 348 245L.

395 Cable, A. J.: "Experimental Studies of the Oblique Hypervelocity
Impact of inert and Explosive Projectiles on Thin Targets";
(Confidential Report), Royal Armament and Development
Establishment Memo 17/64, April 1964, AD 350 908.

(Unclassified Abstract) Inert and explosive projectiles were fired at a
velocity of 13,500 ft. /sec. against targets consisting of copper sheets
inclined at ISOto the line of flight. The experiments shovi that under these
circumstances enhanced damage is caused by the use of explosive pro­
jectiles of the same mass and velocity as inert projectiles. The area of
hole produced by inert projectile s is proportional to th kin tic ene rgy of
the projectile for each thickness of target.

Little is said concerning the hole of the sabot. Howe er, a drawing of the
projectile and sabot is given. This work is in support of project Hclniet.

396 Nagaoka, H. H.: "Spaced Armor Penetration Studies";
(Confidential Report), lIT Research Institute Technology
Center Technical Report No. ATL-TR-64-69, 9 Novemr)er 196~f ..
AD 354 600.

(Unclassified Abstract) An experimental and analytical program was con­
ducted to investigate the effectiveness of the composite laminated projectile
concept in the hypervelocity penetration of a standard aluminum spaced
target plate configuration. Representative projectile configurations
designed, fabricated, and evaluated included a rigid-core composite pro­
jectile, a tubular projectile, a plastic capsular projectile, and a plastic
capsulated tubular projectile. The projectile-target interaction
phenomenon was inve stigated anal yticall y. One- dimensional effects were
considered to gain insight into attenuator response. The kinematics of
interaction of an impact shock in the attenuator material with the unloading
'"vave originating from the stress-free periphery of the projectile were
studied.

Mention is made that the projectiles were sabot-launched.

397 Malik, Donald: "The Characteristics of Particles Fornied
During the Perforation of Steel Armor by Steel Fragments".
(Confidential Report), BRL Technical Report No. 57,
December 1964, AD 358 893.

(Unclassifled Abstract) \Vhen steel fragments impact on and perforate a
structural material, one or more particles are emitted from the rear
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surface of the material under attack. An analysis is made of the weight,
speed and spatial distributions and the number of these particles when
the st~uctural material is steel armor. Empirical formulas are provided
relating certain characteristics of these distributions to selected param­
eters defining the impact conditions.

Mention is made only of the fact that sabots wer used for high-speed
launching. Velocities of 13, 000 F/S were obtained.

398 "Proceedings of the Seventh Hypervelocity Impact Symposium";
Tampa, Florida, 17-19 November 1964. Sponsored by Eglin Air
Air Force Base.
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399 "Proceedings of the Seventh Hypervelocity Impact Symposium ­
Volume VII - Applications"; (Secret Report), February 1965,
AD 365 243. Sponsored by Eglin Air Force Base.

(Unclassified Abstract) Included in this volume are six different papers on
hypervelocity impact and its applications. Under the topic, "The Role of
Projectile Material Properties in the Hypervelocity Penetration of Thin
Plates," brief discussion is made of sabot materials and sabot stripping
techniques.

Under the topic, "Spaced Armor Penetration Studies," various sabot pro­
jectile configurations are shown and briefly discussed.

The other sections do not relate any pertinent information on sabots.

Table of Contents

( I) Military Uses of Hypervelocity Impact Research
R. L. Hayford and J. M. Brown .

(2) The Role of Projectile Material Properties in the Hyper­
velocity Penetration of Thin Plate s
R. L. Chandler and T. Watmough .

(3) Spaced Armor Penetration Studies
H. H. Nagoaka and T. A. Zaker

(4) Effect of Projectile Geometry and Impact Angle on the
Vulnerability of Multiple Sheet Targets
R. L. Warnica and D. R. Christman ........•...

(5 ) Rod Lethality Studies
J. J. Condon .

(6) Hypervelocity Penetration of Thin Targets by Long Rods
S. Kronrnan, C. M. Glass, and M. Gorrell .
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Volume VIII - Applications (U); (Secret Report), February
1965, AD 365 244. Sponsored by Eglin Air Force Base.

(Unclassified Abstract) Hyperve10city system applications.
launching mentioned.

Table of Contents

No sabot

(1) The Air Force Program 10 Hypervelocity Weapons
D. M. Davis .

(2) Stabilized Rod Warhead
P. A. Saigh and R. E. Stern ........•..•.........

(3) Radially Expanding Fragmentation Warhead Study
William R. Porter .

(4) Preliminary Development of an Automatic Light - Gas
Weapon
E. Ashley, D. M. Jeffreys, and E. Poston .....

(5) A Traveling Charge Type Hypervelocity Projector
L. A. C. Barbarek ."................................... .." .....

(6) Hypervelocity Penetration of Composite Targets
R. W. WatsG~" K. R. Becker, and F. C. Gibson .

(7) Massive Impact into Ablative Structures
C. D. Por'_e r . . . . . . . . . . . . . . . . . .

(8) Hypervelocity Impact into Composite Targets with One
Megajoule Pellets .
C. M. Cox and E. R. Ber'us ..... . ......•.

(9) Hypervelocity Impact on Thin Plate Targets; Spall
Particles Distribution
B. VanZyl " ",.""........ .. " .. " ..

(10) Impact Failure of Pressure Vessels
J.F. Lundeberg, G.T. Burch, Jr., andD.H. Lee .....

400 "Electrical Augmentation of a Light Gas Gun"; (Unclassified
Report), Arnold Engineering Development Center Report No.
AEDC-TR-65-32, January 1965, AD 455 811.

(Unclassified Abstract) This report covers the experimental and analytical
research directed toward the development of a system for electrical
augmentation of a light gas launcher.

The first phase involved the use of a medium performance light gas
launcher and served the purpose of developing techniques and providing
proof that electrical augmentation was experimentally practical. In the
second phase, a high-performance launcher was used and optimization of
thpsp' augmentation techniques was attempted.
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Higher efficiency of augmentation was obtained in the Phase I work where
the sabot was heavier and normal launch veloClty was lower. The hlghest
velocity obtained wlth the augmented launcher was 8.23 kilometers per
second representing a velocity increase of .98 kilometers per second
and a s'abot kinetic energy increase of 2. 68 kilojoules.

401 "Annual Report of the Canadian Armament Research and
Development Establishment"; (Confidential Report), Canadian
Armame:1t Research and Development Establishment, CARDE
Technical Report 523/65, March 1965.

(Unclassified Abstract) Included in this report on the activities at CARDE
during 1964 is mention of a type of sabot capable of withstanding pressures
and "g" loading experienced when firing a light-gas gun. An xceptional
in-flight photo of the sabot discard is shown.

Considerable emphasis is being placed on designing a lightweight sabot used
primarily for the 105-mm tank gun.

Included also is a cOInplete list of technical reports and technical notes
published by CARDE in 1964, and a list of lectures given by CARDE
scientists during the same period.

-102 Condon, J. J.: "Rod Lethality Studies"; (Confidential Report),
Naval Research Lab Report No. ATL-TR-65-18, March 1965,
AD 358 533.

(Unclassified Abstract) Data are presented for the loss in rod length of
aluminum rods, with length-to-diameter ratios equal ten, after normal
impact at 4.6 kIn/sec and perforation of each plate in a spaced array.
Various thickness aluminum plates were impacted, but each plate in an
array was of constant thickness. The rod consumption values are
compared with calculations based on one-dimensional analysis. Progress
is summarized toward a solution of a two-dimensional hydro-dynamic
numerical analyses for the same experimental parameters. The deceleration
of the rod because of plate impact, plate perforation diameter, and semi­
infinite target penetration are compared with published analytical and
semi-empirical expressions. Preliminary results on the effect of plate
and rod orientation also are examined.

All rods were sabot-launched. Brief mention of rod stability and sabot
launching is given. Photographs of sabots and launching are given.

403 Sodickson, Lester A. ; Carpenter, Jock W. j Davidson, Gilbert:
II A New Method of Producing High Speed Molecular Beams";
(Unclassified Report), American Science and Engineering, Inc.
Report No. AFCRL-65-337, 17 March 1965, AD 617 142,
for Air Force Cambridge Research Laboratories, Office of
Aerospace Research, United States Air Force, Bedford,
Massachusetts.

(Unclassified Abstract) A new method of producing a pulsed, cold beam
of high velocity neutral molecules is shown to be feasible. A hollow
container filled with a chosen gas is mechanically accelerated to a high
velocity in a rifle or light gas gun. The container (called a sabot) is
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subsequently opened to allow the gas to emerge. The sabot then is slowed
or deflected. Velocitie s up to about 3 km/ sec can be achieved with a Supe r
Swift rifle and up to about 10 km/sec with a light gas gun. It appears
feasible to produce a pulsed beam at 10 km/ sec with an angular divergence
of ±2. 5 a and a spread in velocity of ±4 pe rcent. A fJ- sec pulse with an
instc:'1taneous intensity of the order of 2 x l023 molecule s / cm2 - sec can be
achieved. A beam of N2 crossed with a low velocity beam of CO or CO2
produces vibr·ationally excited molecules in sufficient quantity to be detected
with state-of-the-art techniques. It appears feasible to measure the cross
sections for collisional excitation of the vibrational levels of C02 and CO
by N2 and the cross sections for the exchange of vibrational energy between
N2 and C02 or CO. The total cross section, which gives the mean free path,
also can be obtained.

Pictorial representations of the sabot are glven. Proposed techniques for
sabot opening are shown.

404 Chandler, R. L.; Watmough. T. ; "Effect of Projectile Physical
Properties on Thin Target Damage at Hypervelocities, "
(Confidential Report), IIT Re search Institute Technology Center,
Report No. ATL-TR-65-95, December 1965, AD 368899.

(Unclassified Abstract) Experimental firings using light-gas guns were con­
ducted as part of studies to provide a basis for maximizing the lethal effec­
tiveness of hypervelocity fragments for specialized warhead applications.
The overall program was divided into two phases: projectile material
investigations and projectile configuration inve stigation.

The materials inve stigation wa s de signed to determine material propertie s
contributing most to the maintenance of projectile integrity after hyperveloc­
ity impact on a thin target plate.

The configuration investigation consisted of experimental firings to determine
the lethal effectiveness of specific projectile configurations designed to
defeat. specified thin-plate targets. A complete section on the role of various
sabot types, including photographs and pictorial representation, is included.

405 Payne, J. J.; "The Impact of Thin Disks into Semi-Infinite
Aluminum Targets, " (Unclassified Report), AEDC Report
No. AEDC-TR-66-35, May 1966, AD 482038.

(Unclassified Abstract) Hypervelocity impact tests were performed using
aluminum targets and projectiles comprising low-fineness-ratio disks of
1100-0 aluminwn, commercially pure titanium, mild steel, and Kennertium.
To ensure the desired projectile attitudes upon impact, rifled launch tubes
were used to produce spin stabilization. These tubes allowed the establish­
ment of the desired projectile orientation, and the removal of a multi­
pieced sabot, without a mechanical stripping device.

A photograph of the sabot is given and a description of its function is
included.
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406 McLaughlin, W. L.; Armistead, D. M.; Partington, R. L.;
Pascoe. R. A.: "Small-Scale Sabot Sepa ration Te st Program;"
(Confidential Report), BOEING Report No. D2-36383-13,
September 1966, AD 376505.

(Unclassified Abstract) The objectives of the Small-Scale Sabot Test pro­
gram were to: (1) develop design criteria for two BSD-supplied sabot/missile
separation concepts, (2) conduct parametric and subscale demonstration
testing and design studies, (3) produce preliminary design drawings, a
material and processes report, and a reliability report, and (-1-) submit a
performance specification. In-flight sabot/missile separation consisted of
bleeding eject-launch gases through an opening into the volume between the
missile base and the sabot precharge volume. Pre-charge volume pressure
then ej ected the sabot axially awa y from the mi s sile upon exit from th
launch tube and decay of the eject gas pressures under the sabot. In-silo
sabot retention involved stopping the sabot at the top of the launch tube by
engaging the sabot with a retention mechanism that absorbs sabot arrest
energy by crushing a crushable material. It may be concluded from the
overall design analysis presented in this final report that a feasible full-
scale separation design can be completed for either of the two concepts
developed and tested in this program.

407 Braun, Walter F.; "Feasibility of Launching Micron-Siz
Particles at Speeds of 12, 000 ft/sec To 18, 000 ft/sec;"
(Unclassified Report), BRL Memorandum Report No. 1780,
September 1966, AD-643537

(Unclassified Abstract) A technique is described whereby a light gas gun
was used to launch micron-size spherical particles of the stable isotop of
a radioactive salt at velocities up to 18, 000 ft/sec. The required sabot was
successively retarded, deflected, and stopped before reaching the range
area. It was a 0.2 inch lexan cylinder a few thousandth inch overbore
diameter. Spark shadowgraph and streak camera techniques were used to
observe the particles in free flight.

408 Berus. E. R.; "HYPERVELOCITY IMPACT STUDIES," Firestone
Tire &Rubber Co., Defense Research Div., Report o. DRD-6.
(AD 387 269)

409 Brooks, P. N.; "ON THE DESIGN OF A MINIMUM WEIGHT
SABOT FOR THE BALLISTIC LAUNCHING OF SPHERES. "
Canadian Armament Research and Development Establishment,
Report No. CARDE-TR-490/64, August 1964.

410 C ros s, Bruce; Ralston, Margaret, "HYP ERVELOCITY GUNS, "
Product Engineering, Vol. 33, ovember 12, 1962, pp. 116-117.

De scribe s sabot used by Armour Re search Foundation in a light
gas gun. The sabot is a bullet-shaped nylon case surrounding
the projectile. Sabot is stripped away in a' blast tank after
leaving the launch tube.
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411 Gehring, J. W.; "PENETRATION MECHANISMS OF HIGH­
VELOCITY PROJECTILES," General Motors Defense Research
Laboratories, Technical Report No. TR-65-50, 1965.
(AD 829 635)

412 Murphy, J. R. B.; "EXPERIMENTAL INVESTIGA TION OF A
SABOT STRIPPING METHOD FOR A 0.5 INCH LIGHT GAS GUN,
FINAL REPORT, II Computing Device s of Canada, Ltd., Report
7457/R1, Sup. I, NASA CR 90503, 24 October 1967.

An experimental program to develop a sabot stripping method
for an 0.5 inch light gas gun is described. Sabots carrying
spherical projectiles of various densities and sizes were
employed, at velocitie s in exce s s of 20,000 feet pe r second.
Dispersion of the sabot fragments was required within a length
of Ie s s than two feet. It was found that a combination of a
gasdynamic decelerator tube and a cruciform configuration of
wedge shaped tungsten pins provided be st re sults. The decele r­
ator tube separated the sabot and projectile, and the pins inter­
fered with the sabot to produce high energies and pressures which
dissipate the sabot material.

413 Pereshino, Mario A.; Schlemmer, Harold V.; "AUGMENTOR
AND SABOT STRIPPER FOR HYPERVELOCITY LIGHT GAS
GUN (NAVY)," U. S. Patent Office, No. 3,212,208.

The hype rvelocity augmentor and sabot strippe r is a two - stage
device designed to eliminate the sabot and to provide velocity
augmentation to a projectile fired from a light-gas gun by utilizing
the kinetic energy in the carrier of sabot. The hypervelocity
augmentor and sabot stripper is secured to the end of a gun
muzzle by use of sc rew threads or a suitable bolt and nut or
sc rew arrangement.

414 Porte r, C. D.; Swift, H. F.; Fulle r, R. H.; "SUMMARY OF
NRL HYPERVELOCITY ACCELERATOR DEVELOPMENT, II

Proceedings of the Fifth Symposium on Hypervelocity Impact,
Denver, Vol. I, Part I, October 3D-November 1, 1961, pp.
23 - 52.

A study is made of high-performance gas-powered accelerators
for ballistic research studies. Research is necessary in order
to produce velocitie s in exce ss of 6 km/ sec with sufficiently
low pressure and acceleration to avoid breakup of fragile saboted
packages. Experimental work is continuing to increase mass,
si~e, and velocity capabilities using saboted projectiles for
impact research. Use of isometric charts to interpolate Narec
re suIts to a new set of de sign paramete rs repre senting a speci­
fie gun has resulted in about 95 %agreement wi.th experi.mental
results. Increased energy storage and distribution capabilities
and development of electric ballistic technique swill conside rably
extend the scope of electro- ballistic s.
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415 Teng, R. N. ~ "ADVANCES IN LIGHT-GA G N MODEL-LAUNCHING
TECHNIQUES," AIAA Journal, Vol. 5, November 1967, pp. 2082­
2084.

De sc ription of a light - ga s - gun model launching technique which
appears to have the advantages of both the a rodynanlic and
mechanical methods of stripping the sabots from the models.
If the driving pressure is relieved when the projectile approaches
the muzzle, the friction and drag forces begin to impede the sabot.
At first a minute separation between the model and the sabot is
achieved, principall because of wall friction. Thereafter, the
aerodynamic drag on the projectile vanishes, so that both friction
and aerodynamic drag on the sabot work to increase i:he separation
distance. After an adequate separation is achieved, a ramp, for
xample, can be placed at the muzzle to deflect the sabot away

from the trajectory of the model. Significant gains in launch
velocity capability were obtained.

416 "DEVELOPMENT OF AN EXPLOSIVE SABOTING TECHNIQUE
FOR LIGHT GAS GUNS," MB Associates, First Progr ss Report,
April 15, 1962.

The feasibility of an explosive sabot for use in light-gas hyper­
velocity guns that fire into an evacuated range is being investi­
gated. The sabot is designed to fit a 0.60-caliber bore and carry
a spherical steel projectile. The sabot consists of two halves
split longitudinally, with a hollowed out cavity that contains a
small explosive charge with an appropriate initiation syste,-n.
Upon fir~ng the gun, the explosive charge is detonated, creating
a very high pressure in the cavity, which causes the sabot halves
to fly apart, thus separating from the projectile. The. projectile
is then free to travel down the range and strike a target \vithout
having the effects on the target obscured by parts of the sabot.
The major problem, is in initiating the explosive charge without
causing the sabot halves to separate. Another problem is in
saboting alight-gasguntocarryahighdensityprojectile, suchas steel,
without the acceleration effects causing the projectile to damage
the sabot.

417 "HYPERVELOCITY CAPABILITY AND IMPACT RESEARCH, "
Naval Re search Laboratory, Memorandum No. MR-14l2, Semi­
annual technical progress report, covering period 1 July - 31
December 1962, March 1963. (AD 410 310L)

D-9 FREE FLIGHT AERODYNAMIC TESTING

418 Clancy, T. M. ; Chaplin, H. R.: "Wind- Tunnel Inve stlgation of
the Body of a Fin-Stabilized, Discarding-Sabot Projectile (U);
(Unclassified Report), U. S. Naval Ordnance Laboratories,
Aeroballistic Research Report No. 128, 24 September 1952,
AD 76103.
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(Unclassified Abstract) Wind tunnel tests were conducted to obtain stability
data for the body of the FSDS, and to inve stigate the differences in drag,
normal force, and location of center of pressure, because of a groove in the
projectile head and a buttress thread at midbody.

419 Gamblin, W. E. S.; Bertrand, G.: "lI8-Scale Missile Model
Tests with 5.9-1nc.h Smoothbore Gun (Sabot Type B-1) (U);"
(Confidential Report), CARDE Report No. N-44-132, 1 April
1953, AD 365979.

(Unclassified Abstract) Following the development of a sabot for launching
1/16" scale guided missile model~, a request was given to design a sabot
to launch 1/8" scale guided mi ssile models at velocities ranging from
1200 fls to 2400 fls.

This new design is described, test results are given, and sabot and model
photographs are included,

420 Gamblin, W. E. S.; Peacock, W. B.; Bertrand, G.: "Sabot
Design for 1/ 16-Scale Model 3-1n. Smoothbore Gun (U):"
(Confidential Report), CARDE, Technical Letter No. N-44-110,
10 February 1953, AD 365980.

(Unclassified Abstract) Presented is a means of launching 1/16" scale
guided missile models for aerodynamic study. A radially discarding sabot
was designed to meet the following requirements: (1) capable of being fired
from a 3.125 in. smoothbore gun at velocities up to 2500 fls, (2) sabot must
support the model rigidly during shot travel, (3) separation must occur as
soon as pas sible after shot ejection, and the sabot must not interfere with
the model during separation, and (4) sabot must be as light as possible.

Nine sabot designs are included and are verbally and photographically
de scribed.

421 Cohen, J.: "Supersonic Wind Tunnel Tests on Scale Models of
Two F.S.D.S. Projectiles (V);" (Confidential Report),
CARDE Memorandum (B) 26/56, September 1956, AD 116280.

(Unclassified Abstract) The results of test on exact scale models of the
5.0"/2.32" and 5.0"/1.78" F.S.D.S. projectiles are presented. Normal
force and pitching moment coefficients and centers of pressure are given
for Mach numbers between 2.0 and 4.0 and compared with "theoretical"
estimates given by methods currently in use.

Aerodynamic characteristics are graphically presented and discussed for
the fin- stabilized discarding sabot projecti.le bodies.
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422 Loeb, Alfred A.: "Static Longitudinal Stability and Drag of a
105/40 mm Delta-Fin Shell at Mach Numbers of 4.00, 4,53,
and 4.89 (Ul;" (Confidential Report) Picatinny Arsenal,
Technical Report 2422, June 1957, AD 133 377.

(Unclassified Abstract) Wind tunnel tests were perforrned at Mach numbers
of 4.00, 4.53, and 4.89, on full-scale models of a delta-finned, 105!-t0-mm
projectile. Static longitudinal stability and drag information wa s obtained

for this configuration at angles of attack from -42 to 100, with experimental
measurements of normal force, pitching moment, and drag. Th material
received from BRL represents experim ntal data. This report presents the
data, as well as an analysis.

Mention is made that the projectile is sabot-supported.

423 Seif£, Alvin: liThe Use of Gun-Launched Models for Exp rimcntal
Research at Hypersonic Speeds (U);" (Unclassified Reportl.
Advisory Group for Aeronautical Re 'carch and Development
Report No. 138, July 1957, AD 150315.

(Unclassified Abstract) The purpos of this paper is discuss the difficul-
ties and the advantages associated ,vith doing high mach number research and
also to discuss the high performance gun, which extends the capabilities of
the technique far out into the hypersonic regime.

Two methods of attaining hypervelocities are discussed: (1) launchi g
upstream in a wind tunn 1. and (2) light-gas gun launching. Us of a sabot
is mentioned.

424 Fontenot, John E. Jr.: "Free Flight Model Tests for Drag and
Stability of Three Cone- Cylinder- Fla re Config urati ons (U);"
(Confidential Report) AVCO Corporation R port !\ . 26. May
1%0, AD 321 809

(Unclassified Abstract) Three ICBM shapes w re fired to determine dra ,
stability, and pressure distribution in a Mach number range of 4.0 to 8. O.
Possible real gas effects also were noted in the drag coefficient of the
bluntest shape above Mach 7.

This report also discusses launching difficulties incurred in Mach 8 firings.

Aerodynamic data are presented in graph form. Mod ls of sabots ar shown
Sabot mat rials are mentioned. Launching difficulties and aerodynamic
coefficients a re discus ed.

425 Scott, E. R.: Stability D rivati e from Minuteman Aero­
ballistic Range Tests (U) ;" (Confid ntial Report), Boeing.
Document 1'\0. D2-95S7, 14 April 1961, AD 364619.
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(Unclassified Abstract) Subscale free-flight stability tests of the Minuteman
missile were conducted during late fall and ea rly winter of 1960 to 1961. In
the tests models of the basic missile were launched at high speed on the
CARDE Aeroballistic Range. The models were sabot-launched via a 4 inch
smoothbore powder gun. The tests were made at nominal Mach and Reynolds
numbers of about 5.5 and 30 million respectively. Stability data have been
reduced by as sumptions of both linear and nonlinear pitching- moment
characteristics. Data obtained from the initial aeroballistic tests are
presented.

Description of the sabot, along with a photograph and a pictorial
representation, is given.

42E- Cheers, B.: "Aeroballistics Ran e Test on the Transonic Drag
of Spherically- Blunted Cones (U);" (Confidential Report), CARDE
Technical Memorandum 654/61, Novembe r 1961, AD 328789.

(Unclassified Abstract) Tests were conducted to determine the variations,
due to body geometry, of drag coefficient and shock-wave detachment
distance, in the transonic region, of a series of seven spherically-blunted
cone configurations.

The models had cone half-angles of la, 13.5, and 15 degrees and nose radii
varying from 0.2 to 0.5 of the base radius. The Mach number range covered
in the tests was froT 0.8 to 1.5 &iving a corresponding variation in Reynolds
number from 1 x 10 to 1.8 x 10 , based on model base diameter. Twenty­
four models were fixed and all provided useful data points.

Mention is made and photographs are shown of the 4-petal saw-cut aluminum
cup-shaped sabots used to launch the cones.

427 "Status Report on the Reentry Physics Program. December 31,
1962 (V);" (Unclassified Report), Staff of the Radiation Physics
Section, Aero /Physics Wing, CAR DE Technical Memorandum
740 , Janua r y 196 3, AD 40 3 3 9 1 .

(Unclassified Abstract) This report is a description of progress achieved
up to 31 December 1962 in the present C. A. R. D. E. re-entry physics
program. A brief description is given of the instrumentation employed in
the radiation measurements. Some of the results obtained are presented.
Supporting theoretical research at C.A. R. D. E. is discussed. An appendix
describes the status of hypersonic range technology at C.A.R.D.E. as it
affects the re-entry physics program. The results pre sented consist
essentially of raw data only. One drawing and brief mention of sabot used
in launching are the only two references to sabots.

428 Cowan, P. L: "A Simple Sabot Retarding Device for Light Gas
Launchers (U);" (Uncla ssified Report), CAR DE Technical
Note 1549, April 1963, AD 415821.
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(Unclassified Abstract) This report presents a description of a sabot­
retarding d vice for s parating the sabot and model in a light gas launcher.
The device consists basically of a column of air contain.d in the launch
tube at the muzzle. The shock pressure generated by the projectile in the
tube s(.~arates the sabot and projectile. Operatin\! curves are presented
for determining the loading c0nditions for any particular sabot discard
problem. An application of the technique fcn the Launching of cone models
in the CARDE 20-mm launcher is described.

-1:2.9 Golbghat, G.; Lemay, A.' "Temperature Measurement of the
l "ear Wa ke G ne rated by Hype rvelocity Bodies (U);" (Unclas sified
Report), CARDE T. R. 502./6-1:, July 1964, AD 448749.

(Unclassified Abstract) The wake radiation associated with hypervelocity
ablating (lexan) one-inch dian eter spheres fired from light gas guns into a
pres surized range facility \Va s found to be grey body within detectable limits.
A two wavelength t .mperatur method th n was used to m.easure the color
temperature of the radiation of the wake from immediately behind the body,
through the reCOl pression zone to approximately seven body diametet·s.
The temperature results, a well as the emissivity values, are given for
initial range pressures varying from 30 to 150 millimeters for sphere
velocities of appr . imately 15,000 feet per second. A photograph of the
sabot and projectile is given .

.J:30 Bertrant, G.; Brooks, P .. "Parametric Study for Light Gas
Gun Models (U);" (Confidential Report), CARDE T. R. 411/64,
August 1 6-1:, AD 356609.

(Unclassified Abstract) This report covers a parametric study on the design
of very light projectiles for use with hypervelocity launcherf Three basic
model configurations, the sphere, the Atlas XV cone, and the Blue Streak
GW-20, and one ty f sabot, the "cup" sabot which discards radially under
air drag, are considered. Theoretical approaches to projectile and sabot
design are given. General conunent on materials and high strain rate are
included.

431 Crogan, L. E.: Drag & Stability Obtained from Free-Flight
Firings of a Sphe rically Blunted 10- Degree Semi-Angle Cone
with Four Variations in Base Geometry (U) ;" (Secret Report)
Report o. OLTR 62-136, 13 August 1964, AD 373 233.

432 ormand, M.: "A Review of Model Design for Free Flight
A rodynamic Studies (U);" (Unclassified Report), CARDE
Technical Note 1657, February 1965, AD 461279.

(Unclassified Abstract) This report presents the design aspect of some
scaled models that w re successfully fired in the CARDE Aeroballistic
Range: (1) 30° bimetal cone with sabot, (2) Apollo Launch Escape System,
(3) Apollo Command Module, (4) Armad Configuration, (5) Half cone lifting
vehicle, and (6) Delta wing.
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The subject matter is presented according to the following inter-related .
topics: (1) description of range facilities, (2) description of guns, (3) deslgn
philosophy for sabots and models, and (4) classification of models. ?f
particular interest is the design philosophy for sabots. Several lD-fltght
photographs of sabot separation are given.

433 Ball, Henry W.: "Initial Operation of the Pilot Counterflow
Test Unit (1) (U);" (Unclassified Report). AEDC Report
No. AEDC-TR-65-132, July 1965, AD 465893.

(Unclassified Abstract) A small counterflow test unit consisting of a shock
tunnel and a hypervelocity launcher is being evaluated at the VKF, AEDC.
The results of the shock tunnel calibration, the performance of the model
launcher system, counterflow operating experiences, and some preliminary
measurements of shock-cap radiation are reported. The shock tunnel
calibration data for a room-temperature, helium driver gas are shown to
confirm theoretical calculations and indicate clean uniform flow during a
4- to 5-msec run time. Aluminum spheres of O. 95-cm diam (0.375 in.)
were sabot-launched with a 2-stage, light-gas gun at velocities between
4.0 and 5.5 krn/sec (13, 000 and 18, 000 fps). During counterflow runs,
relative velocities up to 7.5 km/sec (25,000 fps) were attained. Measure­
ments of total radiation from the shock-caps of the small spheres are lD
reasonable agreement with theories and previous measurements from free­
flight and shock- tube facilitie s.

434 Madagan, A. N.; Welsh, C. J.: "Free-Flight Range Tests of a
Missile Configuration at Hypersonic Speeds (U);" (Confidential
R port), Report No. AEDC-TR-66-98, May 1966, AD 372 309.

(Unclassified Abstract) Results are presented of free-flight range test of an
AMICOM missile configuration, with and without fins, at hypersonic speeds.
Drag coefficients and static and dynamic stability derivatives were measured.
The te st s were conducted over a Mach number range of 5.6 to 10.9 and
Reynolds numbers of 7.3 to 33.6 by 10 6 . The m.odels were light-gas gun
launched by a 4-piece sabot. Photographs of the sabot and model are given.

435 Barrett, Benjamin J.; Rogers, Walter K.: "Second Interim
Report on GM DRL'S 2-1/4 Inch Gun Project (U);" (Unclassified
Report), General Motors Report No. TR66- 0 1P, September 1966,
AD 800958, for G. M. and Advanced Research Projects Agency.

(Unclassified Abstract) This report contains an account of the results of
firing rounds five through seven of the 2-1/4" light- gas gun. Sphere and
cone firing test results, shadowgraphs of launch, and sphere and sabot
photographs are included.

436 "Third Technical Progress Report Hypervelocity Range Program
(HYRAP 11) (1 May through 31 August 1966) (U);" (Confidential
Report), General Motors Corporation, Report No. BSD-TR-66­
366, November 1966, AD 377774.
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(Unclassified Abstract) This report describes \Nork conducted at GM
Defense Research Laboratories between 1 May and 31 August 1966 on an
extension (HYRAP II) of the original Hypervclocity Range Program (HYI~AP).

This is the final progress report on the HYRAP II program that extended
from 1 September 1965 through 31 August 1966. The broad objective of the
program is the study of re-entry observables on slender bodies in a free­
flight ballistic range. Work described in the present r port includes radar
scattering from wakes, wake growth and transition, wake ionization studies
and radiation m.easurernents, theoretical ioni7.ation calculations, and results
of shock-tube studies and molecular beam experiments. A bibliography of
technical reports generated under this program is included in an appendix.

437 Brooks, P. N.; "ON THE DESIGN OF A LIGHT-WEIGHT SABOT
WITH HEMISPHERlCAL BASE FOR LAUNCHING AEROBALLIS­
TIC MODELS," Canadian Armament Research and Development
Establishment, Report No, CARDE TR 4c)3/64, April 1964,
(AD 441 868)

The design of a hemispherical-base sabot for launching near­
full-bore aeroballistic models is presented, Two cases are
considered: (a) the base has a constant thickness, (b) the base
thickness is varied with rotational symmetry so as to pro\'ich,
a first approximation to a constant stress base. In both cases,
the stress in the base is calculated for the inertial loads of th
model, the cylindrical sabot wall and the material of the base
itself. All pertinent information is given in terms of physical
parameters and is expressed as dimensionless functions of the
critical length of the sabot material and the combined weight of
the model and cylindrical sabot wall. Finally a comparison IS

made between the two cases and also the standard cup sabot
when used to launch a model of the Atlas XV nose cone.

438 Charters, A. C.; Curtis, John S.; "HIGH VELOCITY G 5 FOR
FREE-FLIGHT RANGES," GM Defense Research Laboratories,
Technical Memorandum No. TM 62 -207, April 1962. (AD 203 473)

439 Curtis, John S. ; "SABOTS, " GM Defense Re search Laboratorie s,
Report No. CTN 64-04, August 1964. AD 448 061)

This report describes a successful and novel sabot which has
been developed for the gun launching of aerodynamic models
at GM Defense Research Laboratories, Flight Physics Region.
The sabot satisfies all requirements and operates in a satis­
factory and reliable manner. It is constructed of a vacuum­
annealed polycarbon resin (LEXA;\,). Sabot separation is achieved
by aerodynamic forces, muzzle blast effects, and elastic rebound
of the sabot. Using this sabot, both cones and spheres have been
launched at velocities in excess of 24,000 feet per second.
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440 Fedenia, John N. ~ Carter, Hilton, L.; Chamberline, Amy A.;
"EXPERIENCES IN THE LAUNCHING OF FRAGILE AERO­
DYNAMIC SHAPES IN THE NOL 1,000 FT. HYPERBALLISTICS
RANGE NO.4," Third Hype rve locity Technique s Symposium,
Denver, March 17-18,1964, pp. 517-550.

The technique of launching aerodynamic models at hypersonic
speeds with a two- stage gun has been unde r development in the
NOL 1,000 ft. Hyperballistic Range No.4. Severe accelerating
conditions to obtain high speeds make s it difficult to launch fra­
gile aerodynamic shapes such as slender cones and thin-walled
models. To investigate the projectile launching conditions, an
analysis has been made of seve ral mode s of ope ration of the 1.6
in two-stage gas-gun. The gun cycle was investigated using three
pump tube piston weights and projectile release pressures. Cal­
culated performance is compared with experimental results.
Typical model and sabot construction and experiences in launch­
ing are described. Various model and sabot designs have been
launched at velocities from 13,000 to 20,000 ft. per second.

441 Glass,!.!. ~ "RESEARCH FRONTIERS AT HYPERVELOCITIES, "
Canadian Aeronautics and Space Journal, Vol. 13, Nos. 8/9,
October/November 1967, pp. 347-426.

Report summarizes several facets of hypervelocity, real gas
flow and presents work on the use of stable, explosive -driven
implosion waves as drivers for shock tubes and hypervelocity
launchers that theoretically possess very impressive hyper­
velocity pprformance capabilities. In practice, however, loss
mechanisms and the projectile -integrity problem may limit the
actual attainable hype rve ocitie s of shock waves and projectile s.
These p oblems are now under investigation.

442 MacAllister, L. C. ~ "ON THE USE OF PLASTIC SABOTS FOR
FREE FLIGHT TESTING, " Ballistic Research Laboratories,
Memorandum Report No. MR-782, May 1954. (AD 44 457)

A description of the use of sabots to adapt winged and/ or finned
projectile s for gun-launching in free flight range te sting is given.
Examples of adaptions for 20-mm, 37-mm, 57-mm, 90-mm,
and ISS-mm guns are described.

Good photographs of sabots and models are included. Several
muzzle exit and sabot separation photographs are also given.

443 Motomura, F. ~ "CONE LAUNCHING TECHNIQUES AT C. A. R. D. E. , "
Canadian Armament Re search and Development Establishment,
Report No. CARDE-TN-1604/64, July 1964.
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This note deals with some of the experiments carried out to
launch aerodynamically stable cones at velocities of 13,500
fps-14,500 fps. This was achieved in a 20-mm light gas gun
at the range pressures in excess of 40 mm of Hg. The design
concepts for thp projectiles and the launch techniques used are
presented, together with graphs that show the effect of pressure
range on the stability of the cones. Efforts made to trace and
analyze the source of destabilization, both by theoretical and
experimental methods, are also discussed in detail.

444 Seigel, Arnold E.; "A TWO-INCH LAUNCHER FOR AERO­
DYNAMIC MODELS, " Journal of the Aerospace Sciences, Vol.
29, November 1962, pp. 1383-1384.

Description of the design and principles of an aerodynamic­
model launcher, which has been firing regularly into a 1,000­
ft hype rballistic range since January 1962. Fragile models
have been fired at velocities in excess of 18,000 ft/sec.

445 Slattery, R. E. j Clay, W. G.; Stevens, R. R.; "INTERACTIONS
BETWEEN A HYPERSONIC WAKE AND FOLLOWING HYPER­
SONIC PROJECTILE," AIAA Journal, Vol. 1, April 1963, pp.
974-975.

The presence of the sabot in the wake of a spin-stabilized cone
radically altered the flow around the cone. The base section of
the sabot is partially split, so that normally it breaks upon
leaving the gun muzzle and the pieces are separated from the
cone I s flight path by centrifugal force s. When the sabot base
fails to split, as sometimes occurs, it continues down range
along the same path as the cone, slowly falling behind it because
of the difference in drag. Photographs show cone after firing
with the base of the sabot located in the wake of the cone chang­
ing the normal flow about the cone. Interpretation is that the
sabot is immersed in a fluid with respect to which it has a sub­
sonic velocity. It can propagate ene rgy back up the cone I s traH
countercurrent to the flow in the trail, and alter the character­
istic flow about the cone.

446 Taylor, G. ~ Murphy, C. H. ~ "AN INTERESTING SABOT DESIGN, "
Ballistic Re search Laboratorie s, Memorandum Report No. MR­
1304, September 1960. (AD 247 270)

The design and performance of a sabot making use of internal
support (as opposed to the conventional wrap -around or exte rnal
variety) are described. The sabot makes use of an internal
string for support and the expanding gun gase s for separation.

Drawings and photographs of the sabot are given. Photographs
of sabot discarding are also included.
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447 "BALL VALVE DOUBLES AS GATE FOR PROJECTILE IN
T EST FIRING." Product Enginee ring. Vol. 37. Octobe r 24,
1966, p. 38.

Problem was to provide a quick-opening tunnel gate that would
let a te st model of a projectile pass through yet would stop the
debris following close behind. Work done by CARDE was to
simulate space vehicle performance at 40-mi. elevation by
shooting a test projectile at ground level into a vacuum tank.
Projectile wrapped in a plastic sabot begins its flight in the
muzzle of a Z64-ft. hypersonic gas gun. It then passes through
two tanks leaving plastic sabot in first tank where it has peeled
away from the projectile.

D -1 0 GU DEVELOPMENT STUDIES

448 elson, R. H. ; Whitcraft, J. S.: "Accuracy and Erosion Studies
of Modified TZ54 Series Gun Tubes for 105 -mm Gun, M68 (U)";
(Confidential Report), APG Report No. DPS-469, February 1962,
AD 328 368.

449 "Preliminary Final Report Project Helmet (U)"; (Confidential
Report) ARPA Division, Army Missile Command, Report
RN-6Z-1, 31 December 1962, AD 337 575.

(Unclassified Abstract) The technical and economic feasibility of two high­
performance methods of delivering heavy payloads to specified altitudes are
analyzed. Limitations of each approach are considered in relationship to
the state of art in each subsystem area. A total delivery cost model is
described showing the pattern of costs for wide variations in payload weight
and peak acceleration.

The final variation of the undergun involves fitting a 24-foot sabot to the
projectile to increase the area exposed to the high-pressure propellant
gases. With such a large sabot, the problem arises of controlling the
falling pieces to avoid damage to the surrounding area.

450 "Final Report of Helmet Delivery Study (U)"; (Confidential
Report), AMF Document No. G-16262A, 19 April 1963, AD 336
483.

(Unclassified Abstract) Volume 1 of this report summarized the conclu­
sions and recommendations resulting from the Helmet delivery feasibility
study conducted by AMF. This document presents the analytical back­
ground to support conclusions reported in the first volume. The program
reported here was initiated to evaluate the feasibility of using an under­
ground gun to deliver the Helmet AICBM payload. In the Helmet program,
a systematic investigation was undertaken to determine the technical and
economic feasibility of delivering large pellet payloads--in the range of
tens to thousands of tons - -from ground-based launch facilities.
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451 Comer, Richard H.; Jones, Richard N.; Shearer, Robcrt R.:
"Predicted Performance of a High-Pressure, High-VelocIty
Liquid Propellant (U)"; (Con fid ential Report), BR L MClllorand um
Report No. 1573, July 1964, AD 35-l 590.

(Unclassified Abstract) Extrapolation of BRL 37-mm data, and other clata
from 30, 77, and 90-mm firings, indicates that an 8-pound projectile
might be launched at about 7000 ftlsec from a 120-mm gun.

452 Haden, H. G.: "A Note on Swedish Additive (U)"; (Confidp-ntial
Report), Royal Armament Research and Development Establish­
ment Memorandum 43 164. September 1964. AD 354 196.

(Unclassified Abstract) Substances such as titanium dioxide, )n a fincl',­
powdered state, placed around the propE'llant in a gun charge, markedly
reduce the wear of the gun. This note sketches a theory on one possible
mode of action of the additive, the theory that it "ffeels the transrnissi<Jn of
heat from the main gas strean, across the boundary layer to the bore
surface.

453 Wolff, Robert 0.: "Reduction of Gun Erosion, Part II, Barrel
Wear-Reducing Additive"; (Unclassified Report), August 1963,
Picatinny Arsenal Technical Report 3096, AD 416 237.

(Unclassified Abstract) The superiority of the additive method over the
laminar coolant method in reducing barrel wear was demonstrated in firings
of the M392 Round with the M68 Gun. Tungsten trioxide (W03 ) and titanium
dioxide (Ti02 ) additives were considered. Titanium dioxide was chosen for
intensive evaluation on the basis of effectiveness and cost. The use of the
additive did not degrade ballistics, storage, or handling characteristics of
the rounds tested. Similar results were obtained for Ti02 additive with the
105-mm cartridge, HEAT-T, M456 (also TP-T, XM490) and the 90-mm
cartridge, HEAT-T, M43l. Technical Data Packages were modified to
include the additive for all future production of these rounds. The l05-mm
cartridge APDS-T, M392, was used as the vehicle for the preliminary work
to provide direct comparison with laminar coolant.

454 Temchin, J.R.; Nicol, W,R.; Edwards, J.B.; Fauth, M.l.;
Richardson, A. C.; Heinen, F. J. ; Gauthier, C. J.: "Survey of
Developments in Gun Propulsion (U)"; (Confidential Report),
NAVWEPS Report 8693, 30 June 1965, AD 366 968,

(Unclassified Abstract) A state-of-the-art survey on various phases of gun
propulsion technology is presented, Current gun systems and recent
developments in cartridge cases, gun-barrel erosion, liquid gun systems,
gun-boosted rockets, and hyperyelocity systems are included) as well as
a note on possible future artillery applications.

It is concluded that (I) hypervelocity systems offer a means of developing
more effective gun systems, and (2) lightweight or sabot-type projectiles,
combined with standard or smoothbore barrels, would increase muzzle
velocity with standard charges.

Included are pictorial representations and an extensive bibliography.

D-I02



AMCP 706-445

455 Sylvester, David; Lehner, Robert: "Naval Gun Study (U)";
(Confidential Report), Aircraft Armaments, Inc. Report
No. ER - 4434, J u 1y 19 66, AD 3 74 741.

(Unclassified Abstract) This study was conducted to investigate an improved
and more versatile gun system and types of ammunition for surface vessels.
The ammunition family investigated included a sabot-launched Arrow pro­
jectile (slap) round, a multiple projectile antiaircraft (AA) round, an
anti-submarine warfare (ASW) round consisting of four rocket-assisted
sub-projectiles, and a massive high-explosive round for landing support
operations (LSO).

Many pictorial representations and several photographs of the different
types of ammunition, including sabots to be used in the enlarged bore, are
given. The sabot and its technique of operation are described in the body
of the study.

456 Bake r, J. R.; Condon, J. J.; Porte r, C. D. ~ Swift, H. F.;
"NRL HYPERVELOCITY ACCELERATOR DEVELOPMENT,"
Proceedings of the Sixth Symposium on Hype rvelocity Impact,
Cleveland, April 30 - May 2, 1963, Vol. I, August 1963, pp.
175-246.

Present accelerators are light-gas guns of the semi-expandable­
central-breech design which vary in size from 0.830 in., 0.30
in. units to an 8.2 in., 2.5 in. gun. The current launch capa­
bility of the facility ranges from 0.1 gat 9.35 km/sec to 250 g
at 5.6 km/ sec. The operation of gas guns is being studied
theoretic-ally with a computer program. An experimental
study of various aspects of gun operations including projectile
release, driver gas leakage, projectile-bore friction, and sabot
breakup is also being conducted.

457 Be rtrand, G. ~ Gallaghe r, G.; Maroney, J. J. ~ "A HIGH P ERFOR­
MANCE EXPERIMENTAL SMOOTH BORE GUN," Canadian Arma­
ment Re search and Development Establishment, Technical Report
No. CARDE TR-484/64, August 1964. (AD 451 971)

458 Carn, Robert E. ~ Stinson, Anna B. ~ "HANDBOOK OF TRAJEC­
TORY DATA FOR SPIN STABILIZED PROJECTILES, TYPICAL
FIN STABILIZED FLECHETTES, SPHERES AND CUBES, "
Ballistic Re search Laboratorie s, Report No. R-1336, August
1966. (AD 809 904)

459 Crosby, John K.; Gill, Stephen P.; "FEASIBILITY STUDY ON AN
EXPLOSIVE GUN, " Stanford Re search Institute, April 1967.

The component requirement for a gun with near-optimum per­
formance we re specified as (1) low detonation velocity in the
first stages to allow the use of a short, high pressure helium
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reservoir; (2) a transition section around the original projectile
position to allow containment of high pressures during the low
velocity stages of projectile acceleration; and (3) detonation
velocities increasing gradually to very high values as the acceler­
ation proceeds. The experimental work performed on these three
problems is discussed, along with experiments on a constant
velocity-constant wall thickness gun using thin-walled, high streng­
th steel tubing. Different modes of gun operation were studied
using the artificial viscosity computer code. A theoretical design
of an explosive system, which will provide a piston with constant
acceleration, is proposed. Theoretical calculations are presented
on lonization, radiative cooling, and boundary layer effects along
with calculations on the NASA-Ame s 4" -1" deformable piston
light gas gun. It was concluded that the gun operation was experi­
mentally demonstrated, and that fair agreement between theore­
tical and expe rimental pe rformance wa s shown.

460 Darpas, J. G.; "TRANSVERSE FORCES ON PROJECTILES
WHICH ROTATE IN THE BARREL," Ballistic Research Labora­
tories, Memorandum Report No. 1208, March 1959. (AD 218 873)

461 de Stefano, Leonard A.; "A DIGIT AL COMPUTER SIMULATION
OF BREECH-LAUNCHED ROCKETS, " Frankford Arsenal, Report
No. M67-18-1, January 1967. (AD 648 152)

The report documents a digital computer simulation of solid pro­
pellant breech -launched rockets. The equations de sc ribing the
system are presented and solved by Runge-Kutta methods pro­
grammed in Fortran for the Univac Solid State 90 digital compute r.
The computer program, its input and output formats, and com­
parison with experimental performance are also presented. It is
also shown how the program can be used to simulate certain other
ballistic devices.

462 FrankIe, J. M. j "AN INTERlOR BALLISTIC STUDY OF A 24­
INCH GUN FOR PROJECT HARP, " Ballistic Research Labora­
tories, Technical Note No. 1606, May 1966. (AD 486 743)

463 FrankIe, Jerome M.; "INTERlOR BALLISTICS OF HIGH VELO­
CITY GUNS: EXPERlMENTAL PROGRAM PHASE 1, " Ballistic
Research Laboratories, Memorandum Report No. 1879, (AD
830 408)

464 Geldmacher, R. C.; Roach, T. M., Jr.; "MEASUREMENTS
OF GUN AND SHELL STRAINS DURlNG FIRlNG," General
Technology Corporation, Research and Development, Techni­
cal Report No. 1-13, February 1960.
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465 Goodall, A. M. ~ "GUNS USING LIQUID PROPELLANTS, " Arma­
ment Research and Development Establishment, Propulsion
Munitions Division, Progress Report No.6, covering period 1
January - 30 June 1957, Report No. (P)48/57, September 1957.
(AD 146 319)

466 Goode, J. B.; "DEFINITIONS OF PRESSURES FOR USE IN THE
DESIGN AND PROOF OF GUNS AND AMMUNITION, " Royal
Armament Research and Development Establishment, Guns and
Ammunition Division, Memorandum No. 11/ 66, April 1966.
(AD 481 141)

467 Howell, W. G.; Ipson, T. W. ~ Recht, R. F. ~ "HYPERVELOCITY
AUGMENTATION TECHNIQUES," Proceedings of the Sixth Sym­
posium on Hypervelocity Impact, Cleveland, April 30 - May Z,
1963, Vol. 1, August 1963, pp. 305-316.

This paper presents analytical and experimental results from
an initial investigation of a light-gas-gun projection system, a
third stage is added to the end of the launch tube of a conven­
tional two-stage light-gas projector. This third stage is designed
to make use of the kinetic energy which is available in the sabot at
the time that a sabot-projectile combination is normally fired
from the launch tube. It has a convergent section which acts as
an acceleration chamber leading into a final launch tube having a
smaller bore. The projectile is carried centrally on the face of
the sabot and fits the bore of the final launch tube.

468 Howell, W. G. i Kottenstette, J. P. i "ELECTRICAL AUGMEN­
TATIoN OF A LIGHT GAS GUN," Denver Research Institute,
Mechanic s Division, January 1965.

This report covers the experimental and analytical research
directed toward the development of a system for electrical
augmentation of a light gas launche r. The first phase involved
the use of a medium performance light gas launcher to develop
technique s and prove that electrical augmentation was expe rimen­
tally practical. The second phase used a high performance
launche r to attempt optimization of the se augmentation technique s.

469 Kaufman, William F., Jr. ~ "PROJECTILE (ARMY), " U. S. Patent
Office, No.3, Z16,356, Novembe r 9, 1965.

The caseless round is used in a recoilless rifle. A somewhat
elastic ring is secured to the projectile and is fitted within a
groove rearwardly of the projectile rotating band to extend radi­
ally outward far enough f?r engaging an inwardly extending ledge
within the chamber of the gun. This ring is preferably of a
plastic having an ultimate shear strength of about 20,000 pounds
per square inch, so that on rupture of the ring, the projectile is
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given more rapid acceleration and velocity for a given propellant
than it would have had with a metal cartridge case having a con­
ventional base flange arrangement.

470 Kennedy, Bruce; "MUZZLE VELOCITY MEASUREMENT, "
Atmospheric Science s Laboratory, Report No. ECOM 5083,
October 1966. (AD 642 859)

471 Lorimor, George; "ANALYSIS OF CARRIAGES SUITABLE FOR
7-INCH HARP GUN, " Rock Island Arsenal, Report No. 3-65,
January 1965.

47Z McCluney, E. L.; "PROJECTILE DISP ERSION AS CAUSED 13 Y
BARREL DISPLACEMENT IN THE 5-INCH GUN PROBE SYSTEM, "
Atmospheric Sciences Laboratory, Report No. ECOM 5060,
July 1966. (AD 639 960)

473 Moore, E. T., Jr.; "EXPLOSIVE HYPERVELOCITY
LAUKCHERS, II Physics International Company, Final Report
No. FR- 051, ;..rASA CR-982, Fe bruary 1968.

474 Nelson, R. H.; "FIRST PARTIAL REPORT OF A STUDY TO
SUMMARIZE PRESSURE AND VELOCITY DISPERSION CHARAC­
TERISTICS FOR SEVERAL ARTILLERY WEAPONS, " Aberdeen
Proving Ground, Development and Proof Services, Report No.
DPS-1343, June 1964. (AD 442 313L)

475 Oskay, Vural; "PROOF TESTING AND COMPUTER ANAL YSIS
OF BRL 81/26 MM LIGHT -GAS GUN, " Ballistic Re search
Laboratories, Mernorandum Report No. 1855, July 1967.
(AD 661 289)

A computer program and its use to simulate the performance of
a light-gas gun is described. This technique is applied to simu­
late proof tests of the 81/26 mm light-gas gun. The analysis is
extended to determine performance characteristics and maximum
muzzle velocity attainable with a 29-gram launch weight. Results
of compute r analysis indicate that a sabot/ mode 1 combination of
that weight could be launched at a velocity above 21,000 ft./sec.
if it could be designed to withstand about 1,000,000-g acceleration
loads.

476 Parkinson, G. V.; "SIMPLE INTERNAL BALLISTICS THEORY
FOR SINGLE AND DOU BLE CHAMBER GUNS, " Space Re search
Institute, McGill University, Report No. SRl-H -T -4, August
26, 1966.

The equations of the well-known simple one-dimensional unsteady
gas dynamics model for the internal ballistics of a conventional
gun, assuming instantaneous uniform density throughout the pro­
pellant gas volume, are presented for use in HARP project. The
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principal equations give ratios of breech and space mean pres­
sures to projectile base pressure in terms of charge to projectile
weight ratio. The theory is extended to cover the problem of a
double chamber gun system, with the chambers separated by a
free piston. Again, results are given in the form of relatations
among the various significant gas pressure ratios in terms of
charge to projectile and piston weight ratios.

477 Seigel, Arnold E.; "THE THEORY OF HIGH SPEED GUNS, "
Advisory Group for Aerospace Research and Development,
Report No. AGARDograph-91, May 1965.

This monograph summarizes the gas dynamics of high-speed
guns, utilizing a gas of low molecular weight at high tempera­
ture. Theory and test results are presented. The reader is
assumed to be an advanced student in engineering. The funda­
mental ideas and equations are fully developed.

478 Swotinsky, J. M.; Spiess,!.; Long, J. A.; Lombardi, C. A.;
"DESIGN AND USE OF A CLOSED BREECH LAUNCH SIMU­
LAToR FOR THE SHILLELAGH GUIDED MISSILE, ,. Bulletin
of 20th Inte ragency Solid Propulsion Meeting, Vol. IV, July
1964. pp. 413-426, Confidential.

479 Thurnborg, S., Jr.; Ingram, G. E.; Graham, R. A.;
"COMPRESSED GAS GUN FOR CONTROLLED PLANAR IMPACTS
OVER A WIDE VELOCITY RANGE, " Review of Scientific Instru­
ments, Vol. 35, January 1964, pp. 11-14.

A description is given of the mechanical characteristics and per­
formance of a compressed gas gun capable of accelerating pre­
cisely aligned flat-faced projectiles over a wide velocity range.
Predetermined reproducible velocities may be achieved between
150 and 5700 ft/ sec with an angular misalignment between the
iInpacting surfaces as small as 1.3 x 10-4 rad. The impact
occurs in a vacuum with pressures as low as 10-4 mm Hg. The
gun ha s an inside diamete r of 2 - Yz in., a length of 100 ft., and
uses either air or helium at pressures as high as 5000 psi. The
gun is particularly suited for experiments in which a well-defined
impact is desired. (The projectile is grooved for a hard rubber
O-ring with Teflon back-up rings. )

480 "HYDROSTATIC COMBUSTION SEAL DEMONSTRA TION FEASI­
BILITY, " Aerojet-General Corporation, Progress Report No.
AGC 10784-0-1, covering period 7 March - 15 September 1965,
October IS, 1965, Confidential.

481 "INVESTIGATION OF THE EFFECT OF RAM FORCE ON BREECH
PRESSURE AND MUZZLE VELOCITY IN THE 16.5" SMOOTHBORE
GUN, " Inspection Se rvice s, Canadian DND, Technical Note No.
4/65, February 1965.
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D-ll MUZZLE BLAST EFFECTS

4:82 Zaroodny, S. J.: liOn Jump Due to Muzzle Disturbances (U)";
(Unclassified Report), BRL Report No. 703, June 1949,
AD 805 876.

(Unclassified Abstract) A review of the current approach to the problem is
given. Formulas are compiled giving jump as a function of the muzzle
disturbances, and which can also be used for analysis of the jump, i. e.,
for evaluating these disturbances from the observed motion of the shell (in
particular, its yawing motion). Muzzle disturbances are assumed to con­
sist of three planar vector quantities: a lateral linear momentum, an
initial yaw, and an initial yawing. In this way the restrictive assumptions
that have been customary with respect to the jump are removed, and the
way is open for experimental verification of these assumptions and for
further analysis of jump.

4:83 Witt, Jr., W. R.· "Spark Shadowgraph Pictures from Tests with
Two 20 - mm Muzzle Blast Reducer s (U)"; (Unclas sified Report),
NAVORD Report 5759, November 1957, AD 162 939.

(Unclassified Abstract) An investigation of the performance of two muzzle
blast reducers for a 20-mm barrel was carried out in the Naval Ordnance
Laboratory Block Mount Range. Spark shadowgraph pictures were taken
to obtain a qualitative measure of the muzzle blast intensity. No analysis
of the data was made at the Naval Ordnance Laboratory. However, because
of the considerable interest shown by many people in the spark pictures and
the limited number of such pictures appearing in the literature, several
shadowgraphs are presented comparing the muzzle blast patterns for the
case of no reducer with those obtained with the two reducer designs.

484 Berry, John: "Development of UB U Muzzle B rake as Applied
to the 105-mm Howitzer, XMI02 (U)"; (Unclassified Report),
Rock Island Arsenal Research & Engineering Division Report
No. TR-64-2560, August 1964, AD 448463.

(Unclassified Abstract) A design, development, and test program was con­
ducted to determine what effect a Upward Blast Utilizer (UBU) muzzle
brake would have on overall weapon performance with regard to: (1) overall
stability during firing, (2) obscuration during firing, (3) overpressure in
the gun crew area, and (4) accuracy of the weapon.

485 'Salsbury, Mark J.: "Experimental Test of Reservoir-Type
Muzzle Brake (U)"; (Unclassified Report), Rock Island Arsenal
Research & Engineering Division Technical Report 65-1517,
June 1965, AD 466 201.
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(Unclas sified Abstract) The object of this test was to evaluate a reservoir­
type muzzle brake as a blast suppres sion device for artillery pieces, the
theory being that by throttling the gases the mass rate of discharge would be
smoothed out and overpressures reduced. The value of this type of muzzle
brake test lies in the fact that very little actual firing data is available
dealing with the theoretical aspects of a muzzle brake design instead of one
specific brake.

486 Oswatitsch K.: "Intermediate Ballistics"; (Unclassified,
Report), U. S. Army Foreign Science and Technology Center
Report No. FSTC 381-T65-372 October 1965, AD 473 249.

'Unclassified Abstract) Intermediate ballistics means the transitional
~henomena between "interior ballistics" and "exterior ballistics,'1 nea~ the
muzzle. This stage is marked by the emission of gas from the barrel.m
front of the projectile and by the discharge of the propellant gases behlnd the
projectile. Here the use of the momentum of the ~)ro?ellant gas and the
effect on the delivery of the projectile are of specIal mterest. The present
paper gives a first brief exposition of "intermediate ballistics."

487 Donselman, R. W.; Johnson, R. R.: "Hardening Technology
Studies: Ballistic Range Test Data and Analysis Report ";
(Unclassified Report), LMSC Report No. BSD TR -66 -96,
30 September 1965, AD 480 644.

(Unclassified Abstract) A ballistic range test program was conducted as part
of the Hardening Technology Studies (HARTS). Purpose of this test was to
obtain experimental data on a re-entry vehicle flying through a blast, these
data then to be used to correlate with and confirm analytical prediction
techniques. This report discusses the test program, the test technique,
the instrumentation used, the test facility, and the data obtained. Aluminum
pushers and wooden (pine) sabots were used to support the launchings.
Basic drawings are given.

488 Townsend, Philip E.: "Development of a Gas Gun to Investigate
Obscuration Effects"; (Unclassified Report), Rock Island
Arsenal, Research &: Engineering Division Technical Report
66-3281, November 1966, AD804 815.

(Unclassified Abstract) The objective of this study was to develop a method
for obscuration investigation. A serious problem associated with artillery
firings is the obscuration of the target by the cloud of smoke, dust, and
debris raised by the muzzle blast. In an attempt to study this problem a
development program was outlined and initiated on a model basis under
laboratory conditions. A gas gun was designed and tested in conditions
modeling a prototype test using flat plates as blast deflectors.

Three items of discussion are presented: (1) generation of the muzzle
blast, (2) raising of the dust cloud with the muzzle blast, and (3) use of an
inert-gas gun as an approach in the investigation of gas deflection to
minimiz e obs curation.
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489 Berry, John M.; "ACCURACY COMPARlSON FIRlNGS OF 5-K
AND UBU 105 MM MUZZLE BRAKES," Rock Island Arsenal,
Report No. RlA-68-267, 1968. (AD 828 858L)

490 Berton, 1. P. T. T.; "ON THE TRlGGER ACTION OF X-RA Y
APPARATUS AT THE MUZZLE OF A GAS TUBE TO STUDY
THE BEHAVIOR OF A PROJECTILE LAUNCHED BY A LIGHT
GAS GUN," Laboratoire de Recherches Balistiques et Aero­
dynamiques, Report No. LRBA-E.I023-NT-12, November 20,
1967 (in French).

Details are given on an experiment in which X-ray photography
was used to study the containment and separation of the pro­
tective sabot within the mouth of an ejection tube in a light gas
gun. Using a gas laser as a light source, an X-ray apparatus
was placed at the mouth and intermediate chambers of the gas
gun to study the passage of projectiles through the tube. It was
concluded that the combined use of the gas laser with the X-ray
equipment resulted in effective studies of the nlechanism of sabot
separation and conditions which cause the separation.

491 Francis, David J.; "ENGINEER DESIGN TEST OF CHARGE,
PROPELLING, 155-MM, XMl19E4 (BLAST STUDY)," Aberd en
Proving Ground, Development and Proof Services, Final Report
No. D P S - 1964, Ma r chI 9 6 6. (A D 479 856)

492 Schlenker, George; "THEORETICAL STUDY OF THE BLAST
FIELD OF ARTILLER Y WITH MUZZLE BRAKES, " Rock Island
Arsenal, Technical Report No. 62-4257, December 1962.
(AD 296 587)

493 Spalinger, R. E.; "SOUND AND PRESSURE LEVEL MEASURE­
MENTS OF THE HARP-BARBADOS 16.5-INCH GUN WITH A
51 FT. MUZZLE EXTENSION," Eglin Air Force Base, Report
No. APGC-TR-65-50, July 1965. (AD 467 721)

494 Taylor, Wayne L. i "REDUCTION OF BLAST OVERPRESSURE
FIRlNG EXTENDED RANGE AMMUNITION IN THE 155MM MI09
SP HOWITZER," Picatinny Arsenal, Ammunition Engineering
Directorate, Technical Report No. TR-3499, December 1966.
(AD 805 582)

495 White, C. E.; "SOUND PRESSURE LEVEL MEASUREMENTS OF
THE HARP 16.5" SMOOTHBORE GUN AT BARBADOS DURING
THE FIRlNGS IN DECEMBER 1964, " Inspection Services,
Canadian Department of National Defence, Report No. TN 1/65,
January 1965.
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496 "DETERMINATION OF BLAST PRESSURE WITHIN A SUB­
TERRANEAN WOODEN BUNKER WHILE FIRING A 106 MM
RECOILLESS RIFLE, " Aberdeen Proving Ground, Development
and Proof Services, Report No. TS4-4020-28, March 1958.
(AD 159 775)

497 "INVESTIGATION OF MUZZLE BLAST OF HOWITZER, 155-MM,
MIA2E3, _" Aberdeen Proving Ground, Development and Proof
Services, Report No. DPS-169, March 1961. (AD 251 955)

D-12 MATERIAL PROPERTIES

498 Tardif, H. P. ; Erickson, Wm.: liThe Mechanical Properties
of Metals Under Dynamic Loading"; (Unclassified Report),
CARDE, PCC No. D46-95-35-08, April 1958, AD 210 559.

(Unclassified Abstract) This report is a general survey of published litera­
ture on the effects of rate of loading on the mechanical properties of metals.
It is gener~lly known that properties such as yield stress and ultimate stress
increase with an increase in the rate of load application. However, it is
believed that this effect seldom is taken into account for design purpos es.
Were this effect of sufficient magnitude, there would be an advantage in
using it to lighten the weight of structures submitted to dynamic loading.

The purpose of this report was to survey and assess metal dynamic prop­
erties published to date. Properties were found for mild steel, medium
carbon steel, quenched and tempered alloy steels, aluminum alloys, and
a few other metals. Although the yield stress of mild steel may be
increased during dynamic deformation by as much as 2 or 3 times its static
value, the increase in most other metals is much smaller, of the order of
approximately 0 to 30%.

499 Hendrix, R. E.: "Microwave Measurements of Projectile
Kinematics Within Launcher Barr els"; (Unclas sified Report),
AEDC Report No. AEDC-TDR-62-2l3, November 1962,
AD 104 637.

(Unclas sified Abstract) Microwave reflectometry has been applied succe s s­
fully to the study of the kinematic behavior of projectile s within launcher
barrels and of pistons within ..:-ompression (pump) tubes in the Hypervelocity
Pilot Range of the von Karman Gas Dynamics Facility. Well-defined mathe­
matical treatment enable s the calculation of an accurate time history of pro­
jectile position inside the launcher barrel. Microwave excitation in
extraneous modes has been attenuated I resulting in an increase in the
accuracy of the reflectometer system.
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500 Mescall, John F.: "Thin Cylindrical Shells Under Local Axial
Loadings"; (Unclassified Report), U. S. Army Materials
Research Agency Technical Report AMRA TR 64-39, December
1964, AD 456 337.

(Unclassified Abstract) The linear equations due to Flugge for thin elastic
circular cylindrical shells are solved by \1se of the finite Fourier transform
for the case of distributed tangential (axial) loading with simply supported
edge conditions. This solution supplements prior results obtained by
Bijlaard for radial (normal) distributed loadings.

Combining Bijlaard1s results with the solutions obtained in this report
permits discussion of localized loadings having components both normal
and tangential to the shell's middle surface. Such an application is dis­
cussed and numerical results are provided.

501 Cable, A. J.: "An Examination of Failing Loads in Model
Launching Experiments"; (Unclassified Report), AEDC Report
No. AEDC-TR-65-54, March 1965, AD 457 907.

(Unclassified Abstract) Tests were conducted to evaluate the structural
adequacy of the design of a 9-degree semi-angle, blunted cone to be launched
from light-gas guns in aeroballistic ranges. Because of the high accelera­
tions of the model necessary if muzzle velocities of interest are to be attained,
structural design constitutes a prominent part of the overall problem.
Measurements of model accelerations during launch, using microwave reflec­
tometers, compared favorably with accelerations arrived at analytically,
and have allowed deterrnination of failing loads during launching. These
dynamic loads were correlated both with static compression tests and
theoretical estimates. The failing accelerations for 7075 -T6 aluminum
models have ranged from 1. 6 x 105 g for a 1. 75-in. (44. 5-mm) caliber cone
to 6 x 105 g for a O. 45-in. (11. 4-mm) caliber cone. Drawings of the cone
model and four-petaled sabot are given.

502 Huffington, Norris J., Jr (Ed): "Behavior of Materials Under
Dynamic Loading"; (Unclassified Report), American Society
of Mechanical Engineers (ASME). 1965

(Unclassified Abstract) Recently, technology has made differences in
material properties under dynamic and static conditions increasingly signi­
ficant. This book concentrates attention on intense transient loading, such
as is produced by impact or explosives, where departures of material
behavior from the static case should be maximal. It covers the range of
impact velocities from those just sufficient to exceed the linear elastic
regime up through those attainable with hypervelocity particle projectors.

The papers of this Colloquium principally employ the "macro-analytical " ,
or phenomenological, approach. The advantages of this procedure are
two-fold: there is the prospect of greater short-term progress in system­
atizing information regarding dynamic material behavior, as well as the
natural expres sion of new developments in terms of the macros copic
(continuum) variables which the dynamics analyst wishes to employ.
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The papers of this Colloquium were prepared by recognized authorities who
have presented their views on the following topics:

(l) The Propagation of Mechanical Pulses in Anelastic Solids,
H. Kolsky.

(Unclassified Abstract) Stress wave propagation in linear visco­
elastic solids is discussed for one dimensional propagation
along rods or filaments and in blocks where dilatational waves
are propagated. The information such experimental studies give
with regard to suitable constitutive relations for real polymers
under conditions of .triaxial loading is described. The use of
numerical Fourier methods for treating pulse propagation also
is discussed. A short account of plastic wave propagation and
the information plastic wave experiments give about strain-rate
effects is included.

(2) The Dynamic Plasticity of Metals at High Strain Rates: An
Experimental Generalization, James F. Bell.

(Unclas s ified Abstract) "Extended quasi - static" impact and
indirect dynamic impact experiments are compared critically
with direct dynamic experiments. The success of the direct
dynamic experiments in establishing the applicability of the
finite amplitude wave theory to a variety of metals is des-
cribed. In such direct experiments diffraction grating mea­
surement of dynamic plastic strain and wave speeds in the
symmetrical free-flight impact of polycrystals may be used to
predict the stage III deformation of nearly 400 aluminum, copper,
nickel, lead, gold, and silver single crystals in the metal
physics literature. This fact is evidence of the generality of
these results.

Recent experiments on initially work-hardened metals are dis­
cussed. These data include a brief description of the success
of the writer's linearly temperature-dependent generalized
parabolic stres s - strain law governing strain rate independent
finite amplitude wave propagation in predicting dynamic ultimate
strength data of numerous earlier experimentalists.

(3) Dynamic Deformation of Metals, Ulric S. Lindholm.

(Unclassified Abstract) Mechanical testing of metals over a
wide range in strain rates is discussed. The experimental
methods described are the split Hopkinson pressure bar for
uniaxial compression testing and a new pneumatic machine for
dynamic testing under combined stres s conditions. Results
are presented for a number of metals. Theoretical aspects of
rate-sensitive plastic deformation of metals are discussed
briefly in terms of thermally activated dislocation mechanisms.
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(4) Dynamic Plastic Behavior of Aluminum, Copper, and Iron,
E. A. Ripperger.

(Unclassified Abstract) Aluminum, copper, and iron all are
strain-rate sensitive in that (1) they are capable of developing
stresses appreciably higher than the stresses at corresponding
strains under static conditions, and (2) the dynamic yield stress
increases with strain rate and is appreciably higher than the
static yield stress. It is also shown that extensive cold-working
of high-purity aluminum does not appreciably affect the strain­
rate sensitivity. The presence of a hydrostatic stress com­
ponent during rapid straining of copper and iron has an appre­
ciable effect on strain- rate s ensiti vity. The experimental
results presented indicate a logarithmic relation between plastic
strain rate and the dynamic overstress ratio. For solid cylin­
drical specimens, it is shown that lateral inertia has no
appreciable influence on dynamic yield stres s.

(5) Experimental Studies of Strain-Rate Effects and Plastic-Wave
Propagation in Annealed Aluminum, L. E. Malvern.

(Unclassified Abstract) Dynamic compressive stress-strain
measurements on annealed aluminum specimens and longitudinal
compressive plastic-wave propagation experiments on long bars of
the same material are described and discussed in relation to the
rate-dependent theory of plastic-wave propagation. At room tem­
perature the material exhibits very little rate dependence, but the
rate dependence increases with temperature in tests up to
550 0 C. In the wave -propagation studies at room temperature,
particle velocity measurements with an electromagnetic trans­
ducer are correlated well by a single dynamic stress-strain
curve slightly above the static curve.

(6) Strain Rate Effects in Dynamic Loading of Structures,
S. R. Bodner.

(Unclassified Abstract) Approximations made in analytical
determination of the inelastic response of structures to dynamic
loading are discussed, with particular reference to the applica­
bility of rigid-plastic theory. A brief review of the dynamic
properties of structural metals is given from the viewpoint of
the methods of incorporating the properties in structural
response analyses. The importance of strain rate effects in
such analyses and in experimental results is considered in
detail. References are made to theoretical and experimental
investigations that consider materials with strain rate dependent
yield stres ses.
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(7) Viscoplastic Behavior in Response of Structures to Dynamic
Loading, P. S. Symonds.

(Unclassified Abstract) Methods to analyze plastic deformations of
structures under dynamic loads are reviewed, with experimental
evidence from tests on mild steel and aluminum alloy beams.
An approximate method for quickly estimating final deflections,
taking account of strain rate sensitivity and strain hardening,
is outlined and comparisons made with relevant test results.
The use of simple representations of strain rate sensitivity in
dynamic structural analysis is discus sed in the light of recent
experiments on the behaviour of various metals.

(8) Spherical Elasto-Plastic Waves in Materials, N. Davids and
P. K. Mehta.

(Unclassified Abstract) Expansion of spherical cavities in impul­
sively loaded thick metal spheres is investigated analytically
and experimentally. The method of analysis is one bypassing
formulation in terms of differential equations and associated
boundary conditions which, due to their intractable form, would
have to be solved by coding for automatic computation. Rather,
the computer program is constructed directly from the physical
laws and the finite formulation of the material constitutive
relations. The results show that spherical plastic waves prop­
agate at the speed of bulk compressional waves as long as
discontinuities persist across the boundary.

(9) Wedge Penetration in a Thick Target, W. G. Soper.

(Unclassified Abstract) Analysis of a wedge penetration into a
thick aluminum target is compared with penetration experi­
ments at velocities from '1 to 500 ft/sec. The penetration data
follow the "rough" wedge solution at low velocity but approach
the frictionless case at several hundred ft/sec. This behavior
is ascribed to adiabatic heating and consequent softening of
target material adjacent to the penetrator. It is concluded that
a strain-rate-insensitive Tresca maximum shear stress pro­
vides a satisfactory specification of the dynamic material
properties, but that work-hardening and thermal phenomena
must be included for accurate analysis.

(10) Hypervelocity Impact, R. J. Eichelberger.

(Unclassified Abstract) Impact phenomenology at high velocities
is discussed in detail and supported by a summary of pertinent
theoretical and experimental studies .. Emphasis is placed upon
the current understanding of the transient events leading to
crater formation. The relative importance of material proper­
ties and of impact conditions in determining the form and
dimensions of the crater is considered, and the formulas
derived from both theory and experiment are described and
evaluated.
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503 Kendall, David P. ; Davidson, Thomas E.: "The Effect of
Strain Rat;.: on Yielding in High-Strength Steels " ; (Unclassified
Report), Watertown Arsenal Report No. WVT-66l8, May 1966,
AD6372l7.

(Unclassified Abstract) Effect of strain rat s ranging from 10- 4 to 10 in./in./
sec on yield strengths of several high-strength alloy steels is investigated.

Quenched and tempered-type alloys exhibit two regions of strain rate sensi­
tivity, with the strain rate dividing the sensitive and insensitive regions
varying from 0.5 to greater than 10 in/in/sec, depending on composition,
microstructure, and grain size. At the higher rates, a power law relation­
ship is found which is consistent with a yielding model involving breakaway
of dislocations from solute atmospheres.

Maraging steel exhibits a continuous power law strain rate sensitivit over
the entire range. The ratio of static (yield strength) to dynamic strength
is given for aluminum, copper, magnesium, titanium, plastic and fiberglas.

504 Groeneveld, T. P.: "Review of Rec nt Developments in High­
Strength Steels "; (Unclas sified Report), Ddens e Metals
Information Center, 22 March 1967, AD 810 150.

(Unclassified Abstract) A review is presented of nine rec nt de lopments
in high-strength steels. In particular, the effect of strain rate on yielding
in high-strength st els is discussed. An equation is given describing the
relationship between strain rate and yield stress. Brief comment on strain
rate as a function of material grain size is included.

505 Beebe, Wayne M.; "AN EXPERIMENTAL INVESTIG TION OF
DYNAMIC CRACK PROPAGATION IN PLASTIC AND METALS, "
Air Force Materials Laboratory, Research and Technology
Division, Report No. AFML TR 66-249, November 1966.

Crack propagation expe riments we re conducted in polye ste r
resin sheets containing a central crack. Uniaxial tension load­
ing at several loading rates was applied perpendicular to the
c rack direction. Two type s of expe riments we re conducted:
(1) High loading rate te sts at 24°C and -45°C, with a constant
loading rate to study the acceleration characteristics of cracks
running in a glassy material, and (2) High temperature -low
loading rate tests to study slow crack propagation when apprecia­
ble viscous dissipation could occur.
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During crack propagation, full frame photographs we re taken
of the photoviscoelastic isochromatic patterns and crack tip
position at framing rate s from 250 to 100, 000 frame s pe r second.
The principal conclusions were as follows: (1) Even at loading
rates exceeding 105 psi per sec, isochromatic patterns prior to
crack propagation compare closely with static patte rns. (2)
Constant crack velocitie s we re achieved in the high loading rate
tests and it was founJ that the isochromatic patterns compare
closely with the theoretical solution of Broberg. (3) During the
crack acceleration period, the experimental data could not be
repre sented adequately by the Be rry elastic theory. (4) For the
early phase of the slow (viscous) crack growth period, the crack
length could be predicted using a simple theory proposed by
Schape ry and Williams.

Several tests were conducted on silicon-iron metal sheets; it
was concluded that the same testing technique can be applied to
the study of crack growth in metals.

506 Bodner, S. R. ~ "CONSTITUTIVE EQUATIONS FOR DYNAMIC
MATERIAL BEHAVIOR," Material Mechanics Laboratory,
Technion, Sci. Report No.7, MML Report No. 10, Septembe r
1967. (AD 659 369)

The constitutive equations that have been developed for the
dynamic behavior of mate rials pre suppose the existence of a
reference "static" yield criterion. An alternative formulation
motivated by the work on dislocation dynamics considers the
total deformation to consist of elastic and plastic components
throughout the deformation history. This procedure permits
the consideration of large deformations (finite strains) in a
direct manner. The present paper outlines an elastic­
viscoplastic theory based on this approach and includes numer­
ical results for an internally pressurized thick walled sphere.

507 Campbell, J. D. ~ "PLASTIC INSTABILITY IN RATE-DEPENDENT
MATERIALS, " Brown University, ARPA E44, June 1967.
(AD 656 732)

The paper presents a theoretical analysis of the time variation
of strain gradients in a tensile specimen of rate dependent
material, the analysis being based on the assumption that the
strain rate in the material is a function of the local values of
stress and strain. The theory is used to determine the criterion
for the growth of strain gradients, and it is shown that for a
?iven.material there exists a region of the stress-strain plane
10 WhlCh these gradients increase indefinitely with time. The
theory is applied to materials with specific type s of rate -depend­
ence, and the results are related to experimental data obtained
at constant rate s of strain.
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508 Chu, Boa-Teh; "RESPONSE OF VARIOUS MATERIAL MEDIA
TO HIGH VELOCITY LOADINGS, II. FINITE ELASTIC DEFOR­
MATION," General Applied Science Laboratories, Technical
Report No. TR 475, March 1, 1966. (AD 803 659)

Analytical prediction of the stress and finite deformation pro­
duced by an intense pressure step moving on one face of a slab
of a perfectly elastic material at a speed. greater than the wave
propagation speeds in the medium are studied. Analytic solu­
tions are given for he case when the slab occupies a half spacE'.
Depending on the nature of the mat.erial, a fast and/ or a slow
shock may be produced, or there may be no shocks at all. The
characte ristic theory is then pre sented. Its application to the
computation of stress and deformation fields in a finite slab is
discus sed.

509 Jones, Norman; "FINITE DEFLECTIONS OF A SIMPLY SUP­
PORTED RlGID-PLASTIC ANNULAR PLATE LOADING
DYNAMICALLY," International Journal of Solids and Struc­
tures, Vol. 4, No.6, June 1968, pp. 593-603.

A theoretical analysis is presented for the dynamic behavior
of a simply supported rigid, perfectly plastic annular plate
subjected to a r ctangular pre s sure pulse. It is shown that this
theory, which considers the simultaneous influence of membrane
forces and bending moments, predicts final deformations which
are considerably smalle r than those given by the corre sponding
bending theory even when maximum deflections only of the orde r
of the plate thickness are permitted. It is believed that this
theoretical analysis could be developed further in order to des­
cribe the behavior of plates having other support conditions and
different dynamic loading characteristics.

510 Jones. N .. "INFLUENCE OF STRAIN-HARDENING AND
STRAIN -RATE SENSITIVITY ON THE PERMANENT DEFOR­
MATION OF IMPULSIVELY LOADED RlGID-PLASTIC BEAMS."
Brown University. ARPA E46. July 1967. (AD 657 129)

A simple method is presented for estimating the combined influ­
ence of strain-hardening and strain-rate sensitivity on the per­
manent deformation of rigid-plastic structures loaded dynamically.
A study is made of the particular case of a beam supported at the
ends by immovable frictionless pins and loaded with a uniform
impulse. The results of this work indicates that considering
strain-hardening alone when appropriate or strain-rate sensi­
tivity alone give s pe rmanent deformations which are similar to
those predicted by an analysis retaining both effects simultane­
0usly.
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511 Krame=-, 1. R. ~ "SURFACE EFFECTS ON MECHANICAL PRO­
PERTIES OF METALS. " Air Force Materials Laboratory.
Report No. AFML TR 67-75, May 1967. (AD 816 627)

The research reported was conducted in three separate parts.
First the stress associated with the surface layer was deter­
mined for iron and molybdenum. The measurements show that
the surface laye r plays a ve ry important role in the plastic de­
formation of b. c. c. metals.

Secondly, the effect of diameter on the flow stress of polycry­
stalline aluminum (99.997 ) was studied. The increase in flow
stress is attributed to an increase in the surface layer stress
with decreasing specimen size.

Finally, the low temperature transient creep behavior of poly­
crystalline aluminum was investigated in terms of the recovery
of the surface layer stress. The creep compliance was found
to vary exponentially with time.

512 Kramer. 1. R.; "RELATIONSHIP OF SURFACE EFFECTS TO
THE MECHANICAL BEHAVIOR OF MET ALS, " Air Force
Mate rials Laboratory, Report No. AFML T R 66 -2. January
1966. (AD 630 661)

The role of the surface is discussed i'n terms of its effect on the
mechanical behavior of metals. There is adequate evidence
which demonstrates that a region of high dislocation concentra-
tion exists in the region at the surface of a deformed metal.
This ~islocation rich layer impedes the movement of mobile
dislocations. It was shown in aluminum by means of strain
rate cycling tests that for a given applied stress. the average
velocity of the dislo~ations is affected by the surface. It appears
possible to explain the surface effects in terms of stress field
associated with the surface layer, and the m* values, where Voo T':'m':',
V is the dislocation velocity and T~' is the effective stress. For
aluminum crystals additional internal dislocation barriers were
not formed in Stage I and it was possible to show that Stage I
ends when the diffe rence between the applied stre s s and the sur-
face stress on the secondary slip system equals the critical
re solved shear stre ss.

The effect of the surface was found to be greater on polycrystal­
line specimens than on single crystals. For Armco iron. the
surface stress was almost twice as great as that due to internal
obstacle s.

It is also shown that the yield point In high purity metals is
associated with the surface layer.
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513 Nicholas, T.; "THE MECHANICS OF BALLISTIC IMPACT -- A
SURVEY, " Air Force Materials Laboratory, Report No. AFML
TR 67-208, July 1967. (AD 820 356)

A major portion of this report is devoted to a summary of the
response of materials to dynamic loading. A list of 245 refer­
ences is included.

514 Perrone, Nicholas; "IMPULSIVELY LOADED STRAIN-RATE­
SENSITIVE P LA T ES, " Journal of Applied Mechanic s, T ransac­
tions of ASME, Series E, Vol. 34, No.2, June 1967, pp. 380­
384. (AD 657 221)

The response of an impulsively loaded, isotropically rate­
sensitive annular plate is calculated via "exact" and approximate
viewpoint s. For a typical example, nume rica 1 re suit s diffe red
by about 3%. The essence of the approximate approach which
repre sents a natural extension of a previously one -dimensional
analysis, is that the initial stress profile remains substantially
constant during the dominant portion of plastic flow.

515 Pe rrone, Nicholas; El- Kas rawy, T amim; "COMP LET E DYNA­
MIc RESPONSE OF RA TE-SENSITIVE STRUCTURES, 11 Catholic
University of America, Report No.2. October 1966. (AD 643
282)

Recently a simplified general method was developed to determine
the response of impulsively loaded. perfectly plastic, rate­
sensitive structure s with highly non-linear yield stre ss - strain
laws.

In the present paper this approach is extended to encompass the
dynamic load application phase. In other terms, a mathematical
model closer to the physical situation is considered. namely, a
pressure loaded rather than an impulsively loaded structural
element.

As the prototype of a general structure the dynamically loaded
thin ring is considered. For a constant pressure pulse, exact
and approximate responses are calculated and differ by only a
few pe rcent. In the approximate solution the yield stre s s is
taken to be a constant associated with the peak strain rate (which
occurs at the instant of load termination).
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The results suggest that one should be able to determine the com­
plete response of a complex structure with arbitrary load pulse
by enforcing an impulse/ momentum change condition. while neglec­
ting forces arising owing to deformation, to determine the initial
strain rate distribution. The associated yield stress distribution
may be calculated and assumed to be constant at each field point
during the entire motion. This enormous simplification should
bring a wide variety of practical physical problems within the
scope of accurate solution via relatively modest effort.

516 Thurston. G. A.; "EIGHTH QUARTERLY REPORT OF TECHNI­
CAL PROGRESS: CENTER FOR HIGH ENERGY FORMING. "
Martin Marietta Corporation, Denver Division. Report No.
AMRA CR 66-05/9, July 1, 1967. (AD 655 521)

A parametric study was initiated using the computer program
to predict strains in blanks formed into ellipsoidal dies. Techni­
ques and instrumentation for dynamic strain measurements have
been checked out.

Brief descriptions of papers on shock hardening, high-strain-ra.te
ductility, explosive welding, and strain-rate experiments that
we re pre sented at the First Inte rnational Confe rence of the
Cente r for High Ene rgy Forming are in this report. Pape rs pre­
sented by representatives of the Center at the conference will be
included in the Second Annual Report of the Center. The complete
proceedings of the conference will be edited and published at a
later date.

,;)-12.1 Experimental Techniques

517 Beach, Norman E. ; "GUIDE TO T EST METHODS FOR PLASTICS
AND RELATED MA TERlALS, " Plastic s Technical Evaluation
Center, Picatinny Arsenal, Plastec Note 17, August 1967.

A listing of test methods pertaining to plastics materials and
processes is presented. They are identified from lists of existing
standards and te st methods, promulgated by various gove rnment
and national groups~ and from physical examination of specifi­
cations relating to plastics. Thus there are included standard­
ized methods and those which exist only as within-specification
write ups. The citations are pre sented in alphabetical orde r, by
test-subject ("Creep") rather than by material tested ("cushion­
ing material"). The work covers 1000 test subjects and over
4000 citations.
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518 Nicholas, T.; "A NOTE ON TENSILE TESTING AT HIGH STRAIN
RATES," Air Force Materials Laboratory, Report No. AFML
TR 66-341, October 1966. (AD 809 825)

The response of an elastic uniaxial tension specill1en to a con­
stant velocity applied at one end is presented. The application
to the problell1 of te sting spe cill1ens with high rate te sting
ll1achine s whe re the ve locity of the rall1 approache s the dilata­
tional wave velocity of the ll1aterial is discussed. The concept
of high strain rate s is shown to break down unde r high loading
rate s.

519 Perrone, Nicholas; "ON THE USE OF THE RING TEST FOR
DETERMINING RATE SENSITIVE MAT ERIAL CONST ANTS, "
Catholic University of All1erica, Report No.3, Novell1ber 1966.
(AD 646 609)

An explosive ring test is reappraised in light of recently developed
ll1aterial behavior ll10dels and analytical predictive techniques. It
is dell10nstrated in cOll1plete detail how this test ll1ay be utilized
to deterll1ine the uniaxial flow laws of rate sensitive perfectly
plastic and strain hardening ll1aterials.

520 Rand, Jall1es L.; Marshall, John M.; "STRESS WAVE PROPA­
GATION IN A STRAIN-RATE SENSITIVE MATERIAL, " Naval
Ordnance Laboratory, Report No. NOLTR 65 -11, Ball. Re s.
143, April 1965. (AD 626 634)

It is known that SOll1e ll1aterials will behave differently when
subjected to dynall1ic loading than when loaded statically. The
purpose of this study is to exall1ine the one -dill1ensional strain
rate independent theory of T. von Karll1an and G. 1. Taylor and
the plastic rigid theory of E. H. Lee for ll1aterial response,
utilizing the dynall1ic stress-strain properties of these "rate
sensitive" ll1aterials. All the predictions ll1ade froll1 the theories
were verified expe·rill1entally. An air gun was used to accelerate
sll1all lexan cylinders to a constant velocity, ill1pacting thell1
against a high strength target. The deforll1ation, as well as the

propagation of the stress wave resulting froll1 the ill1pact was
observed. The predicted deforll1ations by the plastic rigid
theory, and the one-dill1ensional theory were within 7.00/0 and
8.7% of the ll1easured deforll1ations, respectively. The stress
predicted by the one-dill1ensional theory was within 8.5% of the
average ll1easured stress.
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521 Stewart, Wayne Lee; Rowe, Pierce Edward; Pahl, Peter Jan;
"DYNAMIC TESTS OF MODEL STEEL STRUCTURES," Massa­
chusetts Institute of Technology, Report No. R65 -32, Novembe r
1965. (AD 628 063)

The objective of this research project is to investigate the effect
of strain rate on the resistance function of structural elements
and to develop modeling techniques for steel structures.

The dynamic loading machine capable of rise times of 3 milli­
seconds or more and maximum loads of 2000 pounds was developed.
This machine can also be used for static loadings.

The beam tests indicate that the resistance function in bending
for SAE 1113 steel models of 8 WF 67 sections is essentially
independent of the strain rate. An equivalent single degree of
freedom system yields good predictions of the experimental
deflection-time curves for the beams. The consistency of tests
on essentially identical beams was good. Tests on SAE 1020
steel models of 14 WF 103 beams indicate that for this steel,
the resistance function in bending is straOn rate dependent.

The frame te sts confirm the obse rvations made during the beam
tests.

D -12. 2 Steels and Refractory Metals

522 Asche, W. H.; Gross, M. R .• "EFFECT OF TEMPERING ON
THE STRENGTH HARDNESS, AND NOTCH TOUGHNESS OF
HY-130/ ISO, 5Ni-Cr-Mo-V STEEL," U. S. Navy Marine
Engineering Laboratory, Phase Report 72/66, March 1966.
(AD 630 464)

The effect of tempering in the range of 900 to 1150F on the
tensile properties, hardness, and Charpy V-notch toughness
of HY-130j ISO, 5Ni-Cr-Mo-V steel was investigated. The
investigation confirmed high tempering resistance claimed
for the steel. The strength and hardness properties were
found to be similar over a tempering range of 900 to l050F.
The notch toughness, however, increased with increasing
tempe ring tempe rature.
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523 Bartlett, E. S. ~ Barth, V. D. ~ et al~ "REFRACTORY METALS
(Cb, Ta, Mo, W)," Defense Metals Information Center, Battelle
Memorial Institute, Review of Recent Developments, April 22,
1966~ July 27, 1966. November 9, 1966; January 26, 1967~ July
28, 1967~ November 3, 1967~ January 19, 1968~ October 4, 1968.

Reviews recent developments relating to Columbium, Tantalum,
l\1olybdenum and tungsten. Information presented includes pro­
perties, processing characteristics, and applications.

524 Boulger, F. W. et al~ "METAL DEFORMATION PROCESSING,
VOLS. II AND III: A SURVEY CONDUCTED AS PART OF THE
MET AL WORKING PROCESS AND EQUIPMENT PROGRAM
(MPEP), " Defense Metals Information Center, Battelle Memor­
ial Institute, Reports 226 and 243, July 7, 1966 and June 10, 1967.

As part of the Metalworking Proce s se s and Equipment Program,
information was collected on deformation characteristics of
metals and their effect on processing operations. This report
presents the information collected froITl technical engineering
reports on Gove rnITlent contracts and froITl gene ral enginee ring
and ITletallurgical publications. The objective is to help the non­
specialist in recognizing the iITlplications of scientific findings
and in applying them in specific operations. This report con­
tains a series of articles covering the following subjects: Ductile
Fracture; Application of High Pressure to the ForITling of
Brittle Metals~ Superplasticity~ Lubrication in Metal-Deformation
Proce s se s. Swaging. Adiabatic Conditions in Deformation P ro­
cessing. Residual Stresses Produced by DeforITlation. These
subjects are treated in two ways: (1) generalized discussions
of COITlmon processes point out why specific variables ITlust be
ITlodified in crde r to deforITl ce rtain type s of ITletals satisfactorily;
and (2) data on the ITlore difficult-to-forITl metals are used to
illustrate the principles, liITlitations, and effects of the processes.

525 Buttner, F. H.; Hale, R. W.• "THE REFRACTORY METALS -­
AN EVALUATION OF AVAILABILITY," Defense Metals Infor­
mation Center, Battelle Memorial Insti~ute, MeITloranduITl 235,
March 1968.

This meITloranduITl discus se s the supply, production, conSUITlp­
tion, and applications of the refractory ITletals, coluITlbiuITl,
tantaluITl, ITlolybdenum, tungsten, and rhenium. List of manu­
facturers of mill products of these metals are included.

526 Campbell, J. E .• "MECHANICAL PROPERTIES OF MET ALS, "
Defense Metals Information Cente r, Battelle Memorial Institute,
Reviews of Recent Developments, October 22, 1965 (AD 803 124}t
May 13, 1966. August 5, 1966. November 23, 1966 (AD 803 357).
February 3, 1967 (AD 807491). May 24, 1967 (AD 814 796);
August 22, 1967. NoveITlber 8, 1967. February 16, 1968~ May 10,
1968. July 19, 1968.
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Review of the latest properties for steels, titanium alloys,
aluminum, etc.

527 Caywood, w. C.; Rivello, R. M.; "STRUCTURAL EFFICIENCY
OF VARIOUS MATERIALS AT ELEVATED TEMPERATURES, "
Johns Hopkins University, Applied Physics Laboratory, Report
No. APL/JHU CF-2578, October 1956. (AD 657 110)

Curve s are pre sented for dete rmining the relative efficiencie s
of seve ral structural mate rials at elevated tempe rature s for
various loading conditions. The materials considered are:

Aluminum:
Steel:

Stainless Steel:

High Nickel Alloy:
Magnesium:
Titanium:

6061-T6, 2024-T4
NAX (high strength low alloy steel
made by Great Lakes Steel Corp.)
301-1/2H, 321 Annealed, 17-7PH
Condition TH 1050, 17 - 7PH Condition
RH950
Inconel X Solution treated
HK31A-T6, HM21XA-T8
6AL-4V

The se mate rials we re examined for (1) tensile ultimate strength;
(2) tensile yield strength; (3) bending stiffness of thin-walled
cylinders; (4) thin-walled cylinde rs unde r compre s sion, bending,
and pressure loadings; and (5) buckling of thin flat plates.

528 Clark, H. T.; Manfre, J. A.; "BASIC METALLURGY OF
TITANIUM," Defense Metals Information Center, Battelle
Memorial Institute, Memorandum 234, April 1, 1968, pp. 1-7.

A survey of the prope rtie s and applications of titanium and
titanium alloys.

529 DeFries, Richard S.; "AN EVALUATION OF ELEVATED
TEMPERATURE MATERIALS FOR THE 81MM MORTAR TUBE,"
Watervliet Arsenal, Report No. WVT 6629, November 1966.
(AD 807 425)

An evaluation of test results for room and elevated temperatures
and their effect on the mechanical properties of seven steel
alloys for application to the 81mm Mortar Tube was made. Ele­
vated tempe rature yield strength, ductility, impact and fracture
toughness, and fatigue properties are discussed. Availability
and cost of materials are also compared. Results of elevated
temperature testing of the seven alloys reveals yield strength
decreases rapidly with temperature and slightly with time at
tempe rature. INCO 718 stee 1 exhibited the be st combination
of properties to warrant its use in the 81mm Mortar Tube.
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530 Groeneveld, T. P. ~ "HIGH STRENGTH STEELS," Defense Metals
Information Center, Battelle Memorial Institute, R view of
Recent Developments, December 16, 1966 (AD 804 273h September
I, 1967~ December 20, 1967~ March 20, 1968.

Summary of recent developments relating to high strength steels
including prope rtie s, strengthening mechanisms, weldability,
corrosion characteristics, etc.

531 Gurev, Harold S. ~ "HIGH -ENERGY -RA TE PROCESSES, " Defense
Metals Information Center, Battelle Memorial Institute, Review
of Recent Devel pments, February 17, 1967~ August 23, 1967~

January 12, 1968 (AD 824 959).

Pe riodic reviews and summari s of reports relating to such
high-energy-rate processes as xplosive forming, xplosive

elding, shock treatm nt, powder compaction, etc. Often
summarizes mechanical properti s of aterials, such as,
maraging steel, alloy steels, titanium, etc.

532 Kalish, D. ~ KuHn, S. A. ~ "THERMOMECHANICAL TRE TMENTS
APPLIED TO ULTRA-HIGH-STRE GTH STEELS," Manlabs Inc.,
Final Report, April 1965. (AD 614 806)

The response of 9 % nickel and 4 % cobalt steels to thermomechani­
cal treatments was evaluated with particular emphasis on fracture
toughness. Two carbon contents, 0.25 and 0.45 o/a, were studied.
The the rmomechanical treatments involved austenite deformation
proce s se s and strain-tempering proce s se s with either martensite
or bainite being the transformati n product. The prope rtie s of
undeformed structures were also measured for comparison
purposes.

Thermal and strain-tempering treatments applied to 9-4-45
develop two bands of precracked Charpy impact energy versus
yield str ngth, one for martensites and on for bainit s. In
the yield strength range 20,000 to 340,000 psi the bainite s
possess substantiall higher impact tr ngths than the marten­
sites at equivalent strength I vels. Austenite deformation pro­
cesses do not impr ve the impact strength of 9-4-45 fo treat­
ments involving 50 % deformation. Strain-tempe ring of the 9 -4­
25 steel evelops yield strengths fro 200,000 to 300,000 psi.
At thes trength leve s this steel has higher impact e lergies
than the 0.45 o/a carbon steel.

The level of both KIC and yield strength in the 9-4-xx steels
may be increase by thermomechanical treatments, such that
combinations of K

IC
and yield strength are obtained that are

equivalent or superlOr to those developed in the 18 nickel
maraging alloy.
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533 Lannelli, Armando A.; Rizzitano, F. J.; "NOTCHED PROPER­
TIES OF HIGH STRE GTH ALLOYS AT VARlOUS LOAD RATES
AND TEMPERATURES," U. S. Army Materials Research Agency,
Technical Report AMRA T R 66 -13, July 1966, (AD 647 884)

Tests have been conducted to determine the notched and unnotched
strengths of aluminum alloys 700 1-T6 and 7075-T6, titanium alloy
6A 1 -6V - 2Sn, uranium alloy 8Mo - O. 5Ti, Rocoloy steels and 180/0
Ni maraging steel at load durations of 10 milliseconds to 5 minutes,
and at temperatures from -320°F to500oF

At room temperature s, as load duration was increased from 10
milliseconds to 5 inute s, the notched and nnotched tensile
strengths of the se materials we re maintained within 100/0, except
that they increased approximately 30% for the notched aluminum
alloys, and decreased 30 % for the unnotched uranium alloy.

The notched strength of Rocoloy steel is Ie s s than its unnotche
strength over the entire test temperature range. Notched strengths
of all the other alloys tested are less than their unnotched strengths
in the lower test temperature range but exceed the unnotched
strengths in the higher temperature range.

534 Maykuth, Daniel J.; Hanby, Kenneth R.; "CURR NT AND
FUTURE TRENDS IN THE UTILIZATIO OF TITANIUM,"
Defense Metals Information Center, Battelle Memorial Institute,
Memorandum 226, October 27, 1967.

This report has been prepared almost entirely from information
available in trade magazines, newspapers, and press releases.
The report points out trends in the application of titanium and
its alloys, and provides some statistics on the current availability
of titanium sponge, 'ingot, and mill product. A final section points
out some of the factors which will be involved in the future supply­
demand situation, and provides a preliminary assessment of that
situation. In the appendix, price data as well as detailed data on
the availability of specific mill forms is given.

535 Owen, W. S.; Averbach, B. L.; Cohen, M.; "BRlTTLE FRAC­
TURE OF MILD STEEL IN TENSION AT -196C," Massachusetts
Insti ute of Technology, Report No. SSC-I09, November 5, 1967.
(AD 635 082)

The tensile fracture behavior of a mild steel at -196C has been
s udied in some detail. With the aid of long thin strip specimens
loaded at controlled crosshead speeds between 8.9 x 10-~ and 1.6
x 10- 1 in. /min, the strain pattern and microscopic changes pre­
ceding fracture we re obse rved, and the magnitude local strain
was measured. Specimens heat-treated to alter the tendency
toward brittle behavior, but maintaining ferrite -pearlite struc­
tures, were also examined.
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Under these conditions, all the Luder's bands display micro­
cracks in some ferrite grains. However, the as-received and
normalized specimens do not fracture at low yield stresses (slow
loading speeds) during the spread of the Liider's bands. By
raising the loading speed, a critical stress is reached when
fracture ccurs after a delay time. The formation of micro­
cracks and fracture is always preceded by gros s yielding. On
further increasing the loading rate, the fracture stress rises
along with the yield stress.

Deductions from the dislocation pile -up theory of fracture in
polycrystalline metals are not compatible with the experimental
data. It is concluded that the microcrack model suggested by
Low is more appropriate.

Some observations on the creep occurring in Liider' s bands
during th ir propagation at -196 C are included.

536 Polosatkin, G. D. ~ Kudriavtseva, L. A.; Glazkov, V. M. ~

"STUDY OF THE DYNAMIC YIELD POINT OF METALS AT
SHOCK VELOCITIES TO 1000 M/SEC," Lockheed Missiles
&< Space Company, 1966 (AD 644 178); Translation from Izv.
AN SSSR, Metally, No.5, 1966, pp. 121-124.

The dynamic yield point was determined for a steel alloy and
aluminum using three different methods, 1. e., the residue
strain, motion picture, and strain gages. All methods agree.
The dynamic yield point was found to rise in both materials
as the impact velocity increased up to 250 m/ sec. The dynamic
yield point then remained constant up to 1000 m/ sec.

537 Prosvirin, V. 1. ~ Zaytsev, A. 1.; Mortikov. V. D.; "INFLU­
ENcE OF WORKING TEMPERATURES ON PROPERTIES OF
ALLOY EI-437," Foreign Technology Division, Air Force
Systems Command, "Studies of Steels and Alloys (Selected
Articles)", Machine Translation No. FTD-MT - 65 -383, June
30, 1966. (AD 640 724)

Translation of AN SSSR Nauchnyy Sovet Po Probleme Zharopro­
chnykh Splavov (Russian). Isskedovaniya Staley I Splavov,
1964, pp. 166-171. This article is an investigation of the effect
of prolonged heating in the tempe rature range of 550° to 700°C
upon the properties of a Russian heat-resisting alloy designated
EI-437. The alloy is used in gas-turbine engines.

538 Puzak, P. P. ~ Lloyd, K. B. ~ "METALLURGICAL CHARACTER­
ISTICS OF HIGH STRENGTH STRUCTURAL MATERIALS, "
Naval Re search Laboratory, Report No. NRL 6364, August
1965. (AD 625 374)
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A progress report covering research studies in high strength
structural materials conducted in the period May 1965 to July
1965 is presented. The report includes fracture toughness
studies on the 12 Ni maraging and 9Ni-4Co-.XXC steels, a
variety of titanium alloy MIG, EB, and plasmarc weldments,
and some aluminum alloys. The current fracture toughne s s
index diagrams are presented for steels, titanium alloys, and
aluminum alloys. Results are pre sented of (1) a study of the
plane-strain fracture toughness of the alloys Ti-6AI-4V and
Ti-6A 1-6V - 2. 5Sn over re spective yield strength range s of
130-140 ksi and 147-186 ksi; (2) heat-treatment studies On
several titanium alloys; and (3) a low cycle fatigue crack pro­
pagation study of 5Ni-Cr-Mo-V steel in dry and wet environ­
ments in which considerable microcrack formation and growth
was encountered.

539 Sessler, J. G .• Weiss, V. (editors); AEROSPACE STRUCTURAL
METALS HANDBOOK, Air Force Materials Laboratory, Vols.
I, 11, and IIA, Report No. ASD-TDR 63-741 (in 3 volumes),
March 1963, with supplements issued yearly (Vol. llA, Suppl. 3,
AD 802 121; Vol. I, Supp!. 4, AD 819 736. Vol. II, Suppl. 4,
AD 819 792).

The Ae rospace Structural Metals Handbook consists of three
volume s I, II and llA. Volume I contains data for 66 fe rrous
alloys. Volume II contains data on 56 light metal alloys.
Volume IIA contains data on 54 non-fe rrous heat re eistant
alloys.

540 Severdenko, V. P .• Kal'nitskiy, R. M.; "PLASTICITY AND
STRENGTH OF TUNGSTEN DURING SHORT TIME TESTS, "
Foreign Technology Division, Air Force Systems Command,
"Studies of Steels and Alloys (Selected Articles)", Machine
Translation No. FTD -MT -65 - 383, June 30, 1966, pp. 1- 7
(AD 640 724)

Translation of AN SSSR Nauchnyy Sovet Po ...=>robleme Zharopro­
chnykh Splavov (Russian). Issledovaniya Staley I Splavov, 1964,
pp. 114 -117. This is a study of the plasticity and strength of
preliminary deformed cermet tungsten. Tests were conducted
at strain rates of from 2.36 x 10- z to 5.55 X 10- 1 and over the
tempe rature range of 20 -1 OOOoC.

541 Simmons, W. F .• "RUPTURE STRENGTHS OF SELECTED
lliGH-IRON, NICKEL-BASE, COBALT-BASE, AND REFRAC­
TORY METAL ALLOYS," Defense Metals Information Center,
Battelle Memorial Institute, Memorandum 236, May 1, 1968.
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Rupture strengths, in graphical form, are presented for selected
superalloys at 100 hours and 1000 hours, and for sleeted refrac­
to y met 1 lloys at 10 hour sand 100 hours. Nominal chemical
compositions are t bulated for all of the alloys cove red.

542 St. G rmain, F.; "EV LUA 0 OF RMSRP TU GSTEN SHEET, "
Solar, eport No. ER 1399-6, July 9, 1965. (AD 617 733)

The final report of a study to determine the metallurgical uniform­
ity, mechanical prop rties, fOI-ming cha:c';:;.cteristics, and fabri­
cation properties of tungsten sheet. Data presented includes
tensile properties over the ambient to 3000 0F temperature range,
five diff rent joining techniques, and optimum temperatures for
brake forming, dimpling, corrugating, joggling, and deep draw­
ing proce s se s.

543 Strohecker, D. E., "FORMING OF TI ANIUM AND TITANIUM
ALLOYS, " Defens etals Information Center, Battelle Memor-
ial Institute, Report 238, September 1, 1967.

This report repre sents a portion of the information contained in
the March, 1967, revised edition of the "Aircraft Designer's
Handbook for itanium and Titanium Alloys" which was prepared
by the Defens Metals Information Cente r und r the joint sponsor­
ship of th U. S. ir Force Re search and T chnology Division, and
th Federal Aviation Agency.

The important technique s discus sed inc1ud ; (1) brake forming,
(2) st etch forming, (3) d ep drawing, (4 trapped-rubb r form­
i g, (5) tub bulging, (6) bending, (7) drop-hammer forming,
(8) roll forming, (9) roll bending, (10) spinning and (11) shear
forming, (12) dimpling, (13) joggling, and (14) hot sizing.
Auxiliary metalwor ing oper tions, preparation for forming,
blank heating methods, lubricants for forming and tooling
materials are discussed_ Other data available in the open
literature have b en summarized and refer nced to pre' sent a
comprehensive picture on the state of the art of the se fabrication
methods as related to titanium and its alloys.

544 Wagner, H. J., Simmons, W. F., "NICKEL- AND COBALT -BASE
ALLOYS," Defense Metals Information Center, Battelle Memor­
ial Institute, Review of Rec nt Developm nts, November 3, 1966;
January 20, 1967; May 3, 1967 August 11, 1967, October 27,
1967; January 31, 1968, May 15, 1968.

Surveys and summarizes recent reports on the properties,
physical metallurgy, proces s development, and applications of
nickel- and co aU-based alloys.

D-130



AMCP 706-445

545 .w inberg;. Mark H. j "TENSILE TESTING OF PEARLITIC
MALLEABLE CAST IRON PROJECTILE BODY, 81MM, M362A I,"
Picatinny Arsenal, Report No. PA-TR-3390, July 1968.
(AD 673 691)

A detailed study is made of the mechanical properties of 81MM
pearlitic malleable cast iron projectile bodies, using a precise
method for measuring elongation of tensile specimens. A criti­
cal analysis is made of the minimum pe rcentage elongation
requirement as an acceptance criterion. A high degree of
inhomogeneity is found with respect to percentage elongation.
Recommendations are made to eliminate the percentage elonga­
tion requirement, replace with othe r mate rial characteristic s.

5.<16 Weiss, V.; Kat, R.; Krause, G.; "INVESTIGATION OF PHENO­
MENON OF SUPERPLASTICITY IN MET ALS, " Syracuse Unive r­
sity, Final Report, Octobe r 1966. (AD 807 264)

The influence of stress on the deformation of Ti-6AI-4V speci­
mens was inve stigated during cycling through the phase tran s­
formation. A linear relationship between deformation pe r cycle
and stress was observed. The experimental slope value (6E/6lT) =
2.22 X 10-5 (psi) -1 was in excellent agreement with the theoretical
predictions of the Greenwood-Johnson pseudo-creep theory.
Isothermal creep tests, required for comparison with the above
theory, we re conducted on the same specimen geometry and in
the same test stand as that used for the temperature cycling
tests. A change of the deformation mechanism at a constant
temperature, just below the transformation temperature for
stress It:vels, causing the same flow rate as that observed in
the cycling test, was observed from these creep tests.

Static room temperature tension tests were performed on Ti­
6A 1-4V specimens after repeated temperature cycling through
the phase change under various stresses and performing the
usual aging treatment. The mechanical properties were measured
and compared with those of specimens given the conventional
solution treatment and the same aging treatment. The specim~ns

cycled through the phase change exhibited a small decrease of
Young's modulus, strength and ductility.

547 Wood, R. A.; Maykuth, D. J.; "TITANIUM AND TITANIUM
ALLOYS, tr Defense Metals Information Cente r, Battelle
Memorial Institute, Review of Recent Developments, November
16, 1966; February 24, 1967; August 24, 1967; December 5,
1967; May 29, 1968; August 23, 1968.

Reviews recent developments in the properties, processibility,
metallurgy, and applications of titanium and titanium alloys.
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548 "MECHANICAL-PROPERT Y DATA HP 9Ni-4Co-Z5C STEEL:
TEMPERED PLATE, II Air Force Materials Laboratory, October
1965. (AD 803 546)

This data sheet was prepared by Battelle Memorial Institute. It
contains mechanical prope rty data for a nickel-cobalt quanched
and tempe red martensitic steel which exhibits excellent toughne s s
at yield-strength levels up to about ZOO ksi. The alloy is avial­
able as sheet, plate, wire, rod, bar, and forging.

See also: Abstract No. 5Z0

D-IZ.3 Lead

549 Gondusky, J. M.~ Duffy, J. j "THE DYNAMIC STRESS-STRAIN
RELA nON OF LEAD AND ITS DEPENDENCE ON GRAIN
STRUCTURE, " Brown University, Technical Report 53,
May 1967.

Seve ral specimens of comme rcial and high-purity lead of various
grain size and crystallographic orientation were loaded dynami­
cally in compression by means of the split Hopkinson bar. Strain
rate was held constant at approximately 1200 sec -1 for strains
up to about 15%. The dynamic stress-strain curves were found
to lie approximately 50% higher than the corresponding static
curves.

The compression tests described formed part of a larger project
whose purpose was to dete rmine dynamic value s of Tabor l s con­
stant for lead and its dependence on crystal orientation. For this
purpose the results of the compression tests were combined with
those of dynamic indentation te sts previously pe rformed on the
same lead specimens. It was found that dynamic values of Tabor's
constant range from 2.4 to 6.0 depending upon grain size and
orientation. These values are approximately equal to the corres­
ponding static values. They may be compared to the value of 2.8
obtained by Tabor and other investigators for numerous fine­
grained polycrystalline materials, including lead, and for strains
up to about 20 %.

See also: Abstract No. 525

D -12.4 Light Alloys

550 Bodner, S. R. ~ Rosen, A. ~ "DISCONTINUOUS YIELDING OF COM­
MERCIALLY PURE ALUMINUM," Israel Institute of Technology,
Sci. Rpt. No.2, MML Rpt. No.2, Septembe r 1966 (AD 641 990);
See also: Journal of the Mechanics and Physics of Solids, Vol.
15, 1967, pp. 63-77 (AD 652 082 and AD 641 995).
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The discontinuous, repeated yielding of commercially pure
aluminum under slowly applied dead weight loading is examined
as a dynamic instability problem. The destabilizing factor is
shown to be the negative slope of the flow stress-strain rate
relation which, for aluminum, is a consequence of rapid strain
aging. The essentials of the phenomenon are illustrated by a
dry friction model which incorporates a counterpart of strain
hardening. More generalized models show the equivalent of
progressive yielding over the specimen length and delayed
yielding under incremental loading. A stepped stress-strain
curve is derived from the experimental Dow stress-strain rate
relation which agrees well with the observations in dead weight
loading tests. Additional experiments on an Instron testing
machine we re pe rformed with variable machine flexibility and
strain gage recording.. These test results support the explana­
tion of the origin of the stepped stress-strain curves.

551 Grant, Nicholas J. ~ Blucher, Joseph T. ~ Ritter, Donald L.;
"RESEARCH ON THE ROLE OF STRAIN RATE AND TEMPERA­
TURE IN FATIGUE, " Air Force Mate rials Laboratory, Report
No. AFML TR 66-39, January 1967. (AD 813 619)

This study is concerned with the roles of strain rate and tem­
perature on fatigue behavior. For the purposes of the immed­
iate work pure aluminum and an aluminum - 10 % zinc alloy
we re selected. To simplify analyse s of the observed behavior,
an axial fatigue machine was de signed to eliminate stra.in rate
and stress gradients in the specimen cross-section. Strain
rates of 5 and 150% ~er minute strains of ::t:l%, and tempera­
tures from 80 to 900 F were the variables studied. A number
of grain size s we re utilized to evaluate the role of alloy struc­
ture. Other strain rates, strains and structures, including
two phase systems, are being examined to extend the studie s.
Thermal fatigue behavior will be examined and the results com­
pared with the present observations in mechanical fatigue.

552 Hallowell, J. B.; "ALUMINUM AND MAGNESIUM, " Defense
Metals Information Cente r, Battelle Memorial Institute, Review
of Recent Developments, October 17, 1967; April 26, 1968.

Survey of recent developments including alloying agents, pro­
pe rtie s, applications, etc.

553 Kenig, Marvin Jerry, "EXPERlMENTS ON ANNEALED
ALUMINUM, " Princeton University, Report No. 737, AFOSR
65-0983, 1965. (AD 618 088)

The stress-strain relationship for biaxial stressing of an
annealed, commercially pure aluminum were determined
under quasi-static and dynamic conditions. The main points

D-133



AMCP706445

of the report are that (1) all existing commonly used theorie s
of plasticity cannot pas sibly apply to mechanically unstable
materials such as the 1100 aluminum tested, and (2) all experi­
mentally observed wave speeds can be predicted by shock wave
and the Karman-Taylor theory with respect to strain rate effects.

554 Ritter, D. L.; "EFFECT OF TEMPERATURE ON DEFOR­
MATION AND FRACTURE OF ALUMINUM DURING HIGH
AM LITUDE CYCLIC STRAIN, " Air Force Materials Labora­
tory, Report No. AFML TR 67-85, March 1967. (AD 816 195)

Low cycle axial fatigue te sts we re pe rformed on high purity
aluminum and an Al -10 % Zn alloy. Constant strain rate s of
5 and 150% per minute were employed at a strain amcElitude
of 2 % ( ± 1%) ove r the tempe rature inte rval 20 to 482 C.
Electron microscopy was applied extensively, utilizing improved
replication techniques, to study crack initiation, crack growth
and failure. A number of crack growth curves were established.

At temperatures above 260°C, where grain boundary sliding
and migration become active, the one to one migration-cycles
process (for fine grained materials yielded an activation energy
of 18.5 k cal/mol, approximately equal to that for self-diffusion
along boundarie s).

Double kinking in single crystals, orthogonal boundary diffusion
and fracture at very high temperatures, and the role of strain
rate are discus sed in conside rable detaiL

555 Smith, S. H. et ali "FATIGUE-CRACK-PROPAGATION AND
FRACTURE-TOUGHNESS CHARACTERISTICS OF 7079
ALUMINUM-ALLOY SHEETS AND PLATES IN THREE AGED
CONDITIONS, " The Boeing Company (Renton Division), NASA
CR-996, February 1968.

See also: Abstract Nos. 526, 536, and 539

D-12.5 Plastics and Rubbers

556 Eichenberger, T. W.; "MECHANICAL PROPERTY AND
FRACTURE TOUGHNESS EVALUATION OF 2219-T6E46 FOR
CRYOGENIC APPLICATIONS," The Boeing Company, Final
Report, August IS, 1964. (AD 455 312)

Mech nical properties and fracture toughness characteristics
were determined for 2219-T6E46 aluminum alloy plate and forged
ring material from room temperature to -423°F. Static tension
tests; notched tension, fatigue and creep tests; and center cracked
tear resistance tests were conducted at room temperature, -109°,
-320°, and _423°F.
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Design Allowable tensile strengths, plane strain fracture tough­
ness and flaw growth characteristics, and plane stress tear
resistance characteristics were determined for cryogenic appli­
cations.

557 Landrock, Arthur H .• "PROPERTIES OF PLASTICS AND
RELATED MATERIALS AT CRYOGENIC TEMPERATURES,"
Pla~tics Technical Evaluation Cente r, Picatinny Arsenal, Plastic
Report No. 20, July 1965.

This report reviews the effects of cryogenic temperatures on
plastics and such related materials as elastomers and adhesives.
It presents an annotated bibliography of 319 references from the
open literature, government project and contract reports, and
conference papers. A detailed subject index and a number of
supplemental indexes are included. Topics covered are: molded
polymeric materials (plastics). cryogenic insulation; structural
plastic laminate s; elastomers, seals, and sealants; adhe sive s;
plastic films, film laminations and vapor barriers; fibers. electri­
cal applications; wear and friction. liquid oxygen (LOX) compati­
bility-. radiation and combined effects; and miscellaneous appli­
cations. Te st Methods are not treated in the discus sion, but the
subject index refers to many references with information on test
procedures and apparatus.

558 Lifshitz, J. M.; Kolsky, H.; "NON -LINEAR VISCOELASTIC
BEHAVlOR OF POLYETHYLENE, " Brown University (AD 652
537); see also International Journal of Solids and Structures,
Vol. 3, 1967, pp. 383-397.

The response of viscoelastic solids to quasi-static loading,
under conditions where non-linear theories have to be used, are
discussed. Creep measurements of tension and of torsion in
polyethylene specimens are described. Step loading was used
and the deformations were measured optically by means of
traveling microscopes for the tension experiments and by the
reflection of light beams from mirrors for the torsion experi­
ments. The deformations were too large for the theory of linear
viscoelasticity to hold and the constitutive relations used we re
of multiple integral form; some of the kernels involved have
been determined. It was found that for the loading range used,
two kernels were sufficient to describe pure shear deformations
and three kernels were required for tension. Some experiments
in which two loading steps were applied are also described and
discussed.

559 Nicholas, T.; Freudenthal, A. M.; "THE EFFECT OF FILLER
ON THE MECHANICAL PROPERTIES OF AN ELASTOMER AT
HIGH STRAIN RATES," Columbia University, Technical Report
No. 36, Novembe r 1966. (AD 807 737)
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Re sults are pre sented which show the effect of fille r size and
content on the stress-strain curves of an elastomer at high
strain rates. An equation is proposed for the prediction of
the apparent increase in modulus, of an elastomer due to the
addition of rigid sphe rical particle s.

560 Rand, J. L. ~ Hinckley, W.; "DYNAMIC COMPRESSION TESTING
OF SHOCK MITIGATING MATERIALS, " Naval Ordnance Labora­
tory, Report No. NOLTR 66-39, Ball. Res. Rpt. No. 156,
January 9, 1966. (AD 639 062)

The purpose of this report is to present the stress-strain rela­
tions of a variety of mate rials obtained at room tempe rature
in compression and at rates of strain in excess of those achieva­
ble by standard testing techniques. The data are presented in
the same form as most structural mate rials (stre s s ve rsus
strain) for the purpose of comparison with the conventional
"static" relationship. Types of materials tested include rubbers,
molded thermoplastics, and cast resins.

561 Rand, J. L. ~ Yang, J. C. S. ~ Marshall, J. M. ~ "DYNAMIC
COMPRESSION TESTING OF A STRAIN-RATE MATERIAL,"
Naval Ordnance Laboratory, Report No. NOLTR 65-10, Ball.
Res. Rpt. No. 142, October 1, 1965. (AD 477 279)

Complete compressive stress, strain and strain-rate data
have been obtained at room temperature for annealed Lexan,
a. tYl~ca~ polycarbonate n:at~rial, for strain-rates of 1.6 x
10- mimi sec to 4 x 103 In/m/ sec. It has been observed that
although this material is violently sensitive to the rate of
loading at lowe r strain-rate s, this sensitivity become s negli­
gible as the rate of strain is increased and the resulting stress­
strain relation may be considered to be a limiting curve. The
existence of this limiting curve is an extremely significant
characteristic of the material since it will permit a rate inde­
pendent analysis to be used t9 predict material response at
extremely high rate s of strain.

562 Roberts, J. ~ "POLYMER MOLECULAR STRUCTURE AND
MECHANICAL PROPERTIES," Explosives Research and
Development Establishment (AD 612 979); see also Philosophi­
cal Magazine, Vol. II, No. 109, 1965, pp. 1-9.

The theoretical problem of relating the mechanical properties
of a polymer to molecular structure is considered for the
simplest case where an amorphous polymer is subjected to a
hydrodynamic stre s s system at high rate s of deformation.
The theoretical basis is that under such conditions the mechani­
cal properties can be attributed to the London forces between
nearest atoms on neighbouring chain molecules.
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For the amorphous polymers polymethylmethacrylate and poly­
styrene the calculations give room temperature values of maxi­
mum bulk modulus, triaxial and uniaxial brittle fracture strengths
and probable brittle fracture strain. Theoretical values of bulk
modulus are also obtained for polyethylenes of various degrees
of crystallinity by considering strain in the amorphous regions
only.

It is indicated how time dependent or viscoelastic effects might
be introduced into the analysis to describe mechanical properties
at much lower rates of deformation.

563 Sollenberger, Goerge H .• "GENERAL PROPERTIES OF THE
NEW SUPERPOLYETHYLENES," Paper presented at Fourth
Annual Wire and Cable Symposium, December 1955. (AD 656
389)

Lists the properties of superpolyethylene and discusses possible
applications.

564 Stiles, E. Parker. "EXTRUDING HIGH DENSITY POLYETHYLENE
FOR QUALITY AND SAVINGS, " Paper presented at Eleventh
Wire and Cable Symposium, November 1962. (AD 656 065)

High density polyethylene has proved itself to be an excellent
wire and cable resin from both an electrical and a mechanical
point of view. There are some extrusion technique modifi­
cations necessary in order to fully utilize the superior charac­
teristics of this material. Improved polymer technology has
developed the wherewithal to produce a very stable material
capable of long term reliable service under the most severe
environments.

Mechanical properties of both high and low density polyethylene
are presented.

565 Titus, Joan B .• "EFFECT OF LOW TEMPERATURE (0 to -65°F)
ON THE PROPERTIES OF PLASTICS, " Plastics Technical
Evaluation Cente r, Picatinny Arsenal, Plastec Report No. 30,
July 1967.

The effects of l.ow temperature on the mechanical, electrical
and thermal properties of plastics is discussed. Data are
given at three temperatures; namely, low temperature, about­
65°F room temperature and around 160°F to permit complete
evaluation. The material is presented by plastic family (in
alphabetical order) and is divided into three parts: thermo­
plastics, thermosets and foams.

See also: Abstract No. 519
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D-13 SEALS AND OBTURATORS

566 Ewbank, W. J. j "DYNAMIC SEALS - - A REVIEW OF THE
RECENT LITERATURE, " Arne dean Society of Mechanical
Engineers Winter Annual Meeting and Energy Systems Expo­
sition, Paper No. 67-WA/LUB-24, Pittsburgh, November
12-17, 1967.

This paper is an attempt to review and discuss all the signifi­
cant pape rs which have been printed since 1952 on rotary shaft
seals, both of the flat face and of the circumfe rentia1 type.
Seals for reciprocating motion are included. Discrepancies
between reported results are pointed out where noted, and
sugge stions are made for needed future expe rimental work.

567 Jepsen, Robert E.; "INVESTIGATION OF MATERlALS AND
DESIGN CONCEPTS FOR LONG LIFE RECIPROCATING PISTON
SEALS, " Air Force Flight Dynamics Laboratory, Report No.
AFFDL TR-66-212, September 1966. (AD 814 784)

This report cove rs the effort involved in the inve stigation of
mate rial combinations and de signs for 3/8 diameter unlubri­
cated pistons and seals for use in miniature cryogenic pistons
and reciprocating compressors.

568 Larsen, A. E.; "A DYNAMIC SEAL TESTER FOR PRO­
PELLANT ACTUATED DEVICES, " Frankford Arsenal, Report
No. R-1753 SEG-TR-65-11, April 1965.

A study was conducted concerning the conception, design,
fabrication, and preliminary evaluation of a test fixture to
measure the static and dynamic performance of seals appli­
cable to propellant actuated device s (PAD). Efforts we re
directed toward dete rmination of the quantitative performance
of seals, sealing materials, and sealing techniques. Three
separate seal testing devices were conceived; one of these con­
cepts was placed on contract for detail design, fabrication, and
preliminary performance testing.

569 "HYDROSTATIC COMBUSTION SEAL DEMONSTRATION
FEASIBILIT Y," Ae rojet-General Corporation, Progre s s
Report No. AGC 10784-Q-l, covering period 7 March - 15
September 1965, October 15, 1965, Confidential.

570 "SEALS REFERENCE ISSUE, 3RD EDITION," Machine Design,
Vol. 39, No.6, March 9, 1967.

A part of the Machine Design Reference Issue series, this
issue is devoted to seals. Both design data and a product
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directory are presented. Types of seals covered include (1) felt
radial seals, (2) radial positive-contact seals, (3) exclusion de­
vices. (4) clearance seals, (5) split-ring seals, (6) circumfer­
ential seals, (7) axial mechanical seals, (8) compre 5 sion pack­
ings, (9) molded packings, (10) diaphragm seals, (11) static
o-ring seals, (12) nonmetallic gaskets, (13) metallic gaskets,
and (14) sealants.

See also: Abstract No. 3

D-14 UNCLASSIFIED ABSTRACTS FROM CLASSIFIED DOCUMENTS

571 Barrieres, Elie L.: "First Report on Ammunition Development
for the US/FRG Main Battle Tank - - Feasibility Study of the
120mm Delta Shot (U)I'; (Secret Report), Picatinny Arsenal
Technical Report 3249, July 1965, AD 364 536.

(Unclassified Abstract) The Joint US/FRG Exploratory Development testing
program for the 120mm Delta Shot evaluated five models for metal parts
security, component functioning, aerodynamic characteristics and armor
penetration. The ignition and burning characteristics of the propulsion
components were determined at ambient and extreme temperature
conditions.

During the metal parts security phase, five sub-projectile designs and four
sabot designs were evaluated -- utilizing flash X-ray in the muzzle blast,
smear, and fran.ing cameras and recovery of fired parts to form conclu­
sions. Armor penetration firings were conducted to obtain protection
ballistic limits against heavy armor targets on three penetrator designs.
Model and test results are given. Photographs and drawings of sabots and
projectiles are given.

572 "Research Test of 120rnm Delta System (with Prototype Gun)(U)";
(Secret Report), Aberdeen Proving Ground, Report No. DPS-1326,
JWle 1964, AD 351 586.

(Unclassified Abstract) All testing was conducted with the Delta Prototype
Gun No.2. Tests of various cartridge case-primer assemblies with
various lots and web sizes of propellants, T28, T28EI, and T36, MP, were
performed with the Delta proof slugs. Tests were conducted to determine
the exterior ballistics of four series of base-driven Delta shots. These
tests were conducted with and without the muzzle gas diffuser attached to the
prototype gWl.

Drawings of projectile and sabot, Models 13 and 14, are included.
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573 "Research T st of Shot, APFSDS, Delta, Models 11 and 12 (ArrrlOr

Penetration Phase)(U)"j (Secret Report), Aberdeen Proving
Ground, Report No. DPS-II09, November 1963, AD 344 980L.

(Unclassified Abstract) Models II through 20 of the 120/40mm APFSDS
were tested to evaluate the following projectile properties: armor penetra­
tion, exterior ballistics, metal parts security, and discard characteristics
of the sabot.

Drawings and photographs of the various sabot and projectile configurations
are given.

574 Heinemann, Robert W.; Schimmel, Robert T.: "Development of
a Bridgewire Initiator for the 105mm Tripartite Round (U)";
(Secret Report), Picatinny Arsenal, Technical Memorandum
ORDBB-TE-31, August 1960, AD 319 754,

(Unclassified Abstract) The results of a study in developing a bridgewire
igniter to replace the United Kingdom conductive composition cap in the
105mm Tripartite Round are given. Low-energy premature initiation was
experienced in the British cap.

575 "Report of Project No. 2167 Service Test of Cartridge, 105mm,
APDS-T, M392El (U)'I; (Secret Report), U. S. Army Armor
Board, Fort Knox, Kentucky, 14 December 1961, AD 326 862.

(Unclassified Abstract) Ammunition was fired and achieved satisfactory
r sults at 1,000 and 1,500 meters. Gunner zeroing inaccuracy
and line-of-sight parallax caused most misses. The test amn1unition per­
formance was similar to that of the British ammunition except for tracer
burnout. Empty cartridge cases were not consistently ejected. Dispersion
was satisfactory except in the desert firing, where USCONARC criteria
were exceeded.

576 Sissom, B; Lamon, Lt. H.; Anderson, H. B.: "Visit to Fort
Hood, Texas, Regarding Inaccuracy of the M60 Tank-Gun­
Ammunition System (U)"; (Secret Report), Aberdeen Proving
Ground, Report No. DPS-64, September 1960, AD 319 077.

(Unclassified Abstract) Troop tests with the M60 tank system led to reports
of inaccuracy. This trip report concluded that the main difficulty during
the troop test had been inability to zero the 105mm gun. The establish­
ment of an emergency zeroing procedure was recommended.

105mm, APDS, T382 and UK, L36A I, rounds were used in the test. Photo­
graphs of a cutaway and complete T38Z round were shown. Photographs of
both U. S. and U. K. sabots and petals that were recovered are shown.
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577 'IReport on XM60 Weapon System Evaluation (U)"i (Secret Report),
D&PS Aberdeen Proving G round. First Report on Project TW -419,
October 1958, AD 327 007.

(Unclassified Abstract) A weapon system evaluation for the XM60 tank was
conducted to provide a basis for selection of a gun-ammunition combination.
The following aspects were covered: (I) armor penetration test, (2) rate
and accuracy of fire, (3) terminal effectiveness, and (4) overall system
capabilities. Results are included and discussed. Conclusions and recom­
mendations are given.

578 Bertrand, G.; Hansen, Capt. P.: "Improved APDS Shot for Tank
Guns (U)"; (Secret Report), Canadian Armament Research and
Development Establishment, CARDE T. N. 1601/64, July 1964,
AD 357 466.

(Unclassified Abstract) Tests of theM392 APDS projectile were conducted
to evaluate plate penetration, accuracy, and bridgewire initiator. Test
results are given.

579 Hubbard, F. T.: "A Summary of Development on the Minnow
Project from February 1956 to March 1957 (U)"; (Secret Report).
Canadian Armament Research and Development Establishment,
Technical Memorandum No. 144/57, April 1957, AD 300 017.

(Unclassified Abstract) The Minnow project represents a Canadian contri­
bution to the Tripartite effort on the defeat of armor. The project supple­
ments and extends work being done in the U. S. A. on the II Arrow" shell
launched from a smoothbore gun.

The object of the Minnow project is to establish: (1) principles upon which a
kinetic energy APFSDS projectile can be designed for smoothbore gWlS; and
(2) the method of application of these principles to the use of larger cores in
AP projectile s fired from rifled bore guns.

The following areas of interest are discussed:

(a) Internal ballistics

(b) Core movement

(c) Aerodynamic characteristics

(d) Penetration

(e) Miscellaneous investigations
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The transport zone and some of the basic problems concerned with it are
discussed under the topic aerodynamic characteristi-cs. An analytical
method for the calculation of a fin-stabilized round of non-uniform density
with optimum aerodynamic performance is presented. Sectioned repre­
sentatives of the projectile and sabot are given; launch photographs are
included.

580 Hubbard, F. T.: "A Summary of the Development of the Minnow
Project from April 1957 to March 1958 (U)"; (Secret Report),
Canadian Armament Research and Development Establishment,
CARDE Technical Memorandum 187/58, April 1958, AD 302 575.

(Unclassified Abstract) Two types on projectiles, the moving-core Minnow
and the hanging-fin Minnow, were investigated during the year. Serious
doubts as to the practicability of the moving-core Minnow arose and con­
centration was placed on the hanging-fin concept.

Discussion of the following points is given:

(1) Plating trials

(2) Aeroballistic range tests

(3) Plastic sabot

Photographs of launches, projectiles, and sabots are given.

581 Permutter, L. Temple, E. P.; James, S. M.: "Uranium Alloy
and Tungsten Alloy Cores for APDS Shot, Comparative Plating
Trials in 105mm and 120mm Calibres (U)"; (Secret Report),
Royal Armament Research and D velopment Establishment,
C RDE Memorandum (p) 13/63, February 1963, AD 337 629.

(Unclassified Abstract) Comparative plating trials were fired with uranium
alloy (98% U/2% Mo) cored APDS with tungsten allow (90% W /7.5% Ni-2.5%
Cu) cored APDS with the object of testing the relative efficiency of the two
alloys. A 3/4 scale sectioned view of the 120mm APDS L15A3 shot is given.

582 "152mm Gun-Launcher Cannon, XM150 Series (U)"; (Secret
Report), University of Pittsburgh, Technical Inforrnation Report
27.3.2.1, February 1967, AD 380824, for Army Materiel
Command.

(Unclassified Abstract) The XM150 152mm gun-launcher cannon is the
principal armament of the XM70 main battle tank being jointly developed by
the United States and the Federal Republic of Germany. This cannon has a
separable-chamber breech and fires, selectively. a high explosive antitank
(HEAT) guided missile or conventional rounds with combustible cartridge
cases. This report discusses the gun-launcher and the different types of
ammunition used.
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583 "Development of Ammunition for M68 l05mm Gun Cannon (U)";
(Secret Report), University of Pittsburgh, Technical Information
Report 27.3.3. I, January 1966, AD 369 753, for Army Materiel
Command.

(Unclassified Abstract) This report is a description of the arnrnunition for
the M68 gun cannon of the M60 and M60Al l05mm gun full-tracked combat
tanks. (See October 1963 report on same subject.)

584 "152mm Gun/Launcher Full-Tracked Combat Tank, XM70
(MBT-70)(U)"; (Secret Report), University of Pittsburgh,
Information Report 27.3.1.1, August 1966, AD 376 323.

(Unclassified Abstract) The United States and the Federal Republic of
Germany are jointly developing XM70 152mm gun/launcher full-tracked
combat tank. This tank fires both the Shillelagh extended-range guided
missile and five kinds of conventional a.mmunition. It is also armed with
a 20mm automatic gun that can be retracted in the turret and a coaxial
7.62mm machine gun. The crew of three, stationed in the turret, not only
have armor protection against projectiles but protection against radiation
and chemical and bacteriological agents as well. The XM70 can ford
streams and can submerge for concealment or for protection against
nuclear effects. This report describes the systems and capabilities of
the XM70 tank.

585 "Evaluation of Single Flechette (U)"; (Secret Report), Army
Infantry Board, Fort Benning, Georgia, Report of Project
Nr.2876, 18 March 1960, AD 316 128.

(Unclassified Abstract) An evaluation of the .22 calibre single flechette is
given and reconunendations are made.

A complete description of the cartridge, flechette, and sa;,bot is given in
regard to material and operation. A sectioned view of the as sembled pro­
jectile is given. The single flechette is a prototype round developed for
Frankford Arsenal by Aircraft Armaments, Inc., to meet a requirement
to replace standard small arms ammunition.

586 Dziemian, Arthur J.; Oliver, Alfred G.; McDonald, Walter C. :
"Wound Ballistics of SPIW Flechettes (U)"; (Secret Report),
Edgewood Arsenal - Army Chemical Research & Development,
Report No. CRnLR 3308, July 1965, AD 364 425.

(Unclassified Abstract) All the work done in C. R. D. L. R. on Flechettes
specifically designed for S. P. 1. W. has been connected and analyzed for
this report.

The S. P. I. W. program uses lightweight lethal arms for launching the
arrow -like Flechette. The pull-type sabots supporting the Flechette are
briefly described under the topic materials and methods.
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587 MacMillan, J. T.: "Final Summary Report to Develop and Supply
Experimental Shotgun Ammunition (U)"; (Secret ReportL

emington Arms Company, Inc., Report o. AB 64-19,
October 1964, AD 354 449.

(Unclassified Abstract A 12-gauge shotshell with xplosively charged
No.4 buckshot (.240 dia.) was developed and tested as an antipersonnel
ammunition. Sabot systems (complete rounds) for firing single No.4
buckshot are shown for both .12 gauge and .410 gauge guns.

588 IISummary Report Volume I - Design, Manufacturing and Testing
of Canister Fillers (U)'I; (Secret R port), Whirlpool Corporation,
October 1959, AD 315 434.

(Unclassified Abstract) The design, manufacture and test of antipersonnel
ammunition fillers (Flechettes) for use in £lapp l' and behive rounds is
presented. Drawings of the pushers and sabots in 1 unching the Flechettes
up to velocities of 4000 fps are included. Mate i 1 and round loading p 0­

cedures are given.

589 Austin, D. W.: "Vulnerability of Mark III Nose Cone Materials
(Phase 2)(U)"; (Secret Report), Eglin Air Force Base, Report
No. APGC - TOR -61-28, July 1961 AD 344 345.

(Unclassified Abstract) Information is presented on the results of 32 good
data shots which were fired against target specimens of three different
ablating materials. The targets were either cut from a General Electric
Mark III re -entry vehicle or were constructed to resemble portions of the
actual vehicle. Spherical projectiles of aluminum, stainless steel, and
tungsten-carbid were fired against the targets at velocitOes ranging from
10,000 to 20,000 fps and at three different angles of impact. Twenty-two
shots were fired against targets at room temperature and 10 against targets
which had been heat d to the char point. An ultra high-speed framing
camera was used to obtain the projectile velocity prior to impact.

A desocription of the types of sabots and the strippi.ng techniques used is
given.

590 Warren, H. R.: "Aeroballistic Range Tests of the CF-I05 Phase 1 ­
Rounds 1 to 10 (U)'l; (Secret Re ort), Canadian Armament
Research and Development Establishment, Report No. TM AB-43,
March 1958, AD 301 144.

(Unclassified Abstract) The present report describes a preliminary series
of tests of the CF-I05 supersonic, delta-winged aircraft consisting of 10
rounds using l/IZOth scale models fired at a Mach number of about 1.6.
The models were launched from a 5.9-inch smoothbore gun. The launching
techniques and sabot are described.
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59 t Cowan, P. L.; Roney, P. L.: "CARDE Impact Studie 8 Progre s s
Report (U)"; (Secret Report), Canadian Armament Research and
Development Establishment, Report No. TM 620/61, August 1961,
AD 326 113.

(Unclassified Abstract) A comparison is made between the damage caused
to targets by active and inert pellets. Two types of targets are used. The
first is a steel plate of semi-infinite thickness, and the second a phenolic
glass fiber laminate. backed with aluminum to simulate an ablative re-entry
nose cone. No difference in damage is noted for the impact of inert and
active pellets of the same density (1.78 glee) into steel.

In the case of the ablative targets. damage is found to vary with pellet
material for inert pellets. Crater volume in the ablative targets seems to
be dependent on pellet velocity. but independent of pellet density for a wide
range of the latter (pellet mass constant). Penetration is strongly dependent
on pellet density. Detonation of the active pellets is not definitely
established for impact into either type of target. No difference is noted
between impact in vacuum and in atmospheric air.

The sabots for launching the pellets are shown. The sabots were made of
zelux plastic. Sabot separation techniques are described.

592 "Parametric Study of Gun-Launched Anti-Mi8sile Defense System
(GADS) (U)"; (Secret Report). U. S. Naval Ordnance Laboratory,
Report No. NOLTR 62-56, 3 September 1963, AD 350 416.

(Unclassified Abstract) This is a report of a theoretical investigation into
the feasibility of using a gun-launched projectile as a system for Ballistic
Missile Defense.

The report describes a method and contains graphs for simple, adequate
estimates of gun parameters to obtain a desired muzzle velocity with a
given projectile weight. The parameters are: propellant sound speed, gun
length, area of bore and chamber pressure. This method is applied to a
500-pound 8-inch projectile - 100 calibre 16-inch gun - Al - H,Pz - Hz pro­
pellant system. The resulting gun system is described and rough cost
estimates made. The conclusion i8: the system is technically feasible
but economically not useful.

Brief general discussion of the sabot and its function in launching is given.
Two fin-stabilized discarding sabot (FSDS) projectiles for a 16-inch gun are
proposed. A schematic of the 16-inch sabot and projectile is included.
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593 "Polaris Progress Reports (U)"; (Secret Report), U. S. aval
Ordnance Laboratory, 1 April 1964 to 1 July 1964, AD 359 904.

(Unclassified Abstract) This abstract covers Polaris Progress Reports tn
general from 1 April 1964 to 30 June 1965, four reports being cover d.

These reports deal with aerodynamic studies, pressure distribution, drag,
pitching moment, normal force, turbulent wake investigation, etc., of
various cone and missile shapes launched from light gas guns. Test
results are given and discussed.

Launching techniques, model and sabot designs are discussed. Brief
general descriptions are given of several different sabots.

594 "Polaris Progress Reports (U)"; (Secret Report), U. S, Naval
Ordnance Labo ratory f' 1 July 1964 to 30 September 1964,
AD35989l.

(Unclassified Abstract) A discussion and results of the hypervelocity wake.
A general discussion of the launching te<;:l;miques and the sabots used in
given.

595 "Polaris Progress R ports (U)"; (Secret Report), u- S. Naval
Ordnance Laboratory, 1 October 1964 to 31 December 1964,
AD373547.

(Unclassified Abstract) A discussion of model launching and aerodynamic
characteristics/wake characteristics. Brief mention of launching techniques
and sabot design.

596 "Polaris Progress Reports (U)"; (Secret Report), U. S. Naval
Ordnance Laboratory, 1 April 1965 to 30 June 1965, AD 374 499.

(Unclassified Abstract)
shapes are discussed.

The aerodynamic characteristics of cones and cone
Brief discussion of launching and range improvements.

597 Jusino, J. B.; "Experimental Data Obtained from Free-Flight
Tests of a SARV Configuration (U)"; (Secret Report), U. S. Naval
Ordnance Laboratory Technical Report 63-189, 8 March 1965,
AD 363 890L.

(Unclassified Abstract) Drag and stability coefficients obtained from free­
flight tests of a SARV vehicle configuration are given. Shadowgraphs of the
model in flight are given and a still photograph of the vehicle and sabot is
included. Sabots were manufactured from ethocel.
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598 Condon, J. J.; Halperson, S. M.: "Hypervelocity Kill
Mechanisms Program ARPA Order No. 149-60 Impact Damage
Phase (U)II; (Secret Report), U. S. Naval Research Laboratory,
NR 1492, February 1964, AD 348 245L.

(Unclassified Abstract) In this reporting period emphasis was placed on
the perforation characteristics of different types of ablative materials.
The targets were flat ablative plates bonded to metal plates for simulation
of R/V outer construction. The ablation materials impacted were laminated
and random-chopped phenolic refrasil and nylon and G. E. Series 124A. The
thickness varied from 2-inches to O.S-inch. The majority of the materials
used in these impact experiments were one -inch thick. For the phenolics
the back-up materials were steel, aluminum and magne sium varying i.n
thickness from 1/8-inch to 1/4-inch. For the G. E. Series 124A, the back­
up was a one-inch aluminum honeycomb. The projectiles were solid steel,
aluminum and plastic spheres. The tests were made primarily with steel
spheres. The projectile velocity ranged from 3 to 7 km/sec and angles of
obliquity from 90 degrees (normal impact) to 15 degree s. Correlations of
the hole size with target thickness and composition, projectile energy,
velocity, size and density were examined for each of the composite targets.
Some comparisons are made between impacts into an actual ablative struc­
ture and the simulated flat plate targets. Photographs of all impacted targets
discussed in the text are shown in the Appendix. A brief description is given
of a solid sabot and stripping device which was developed during this period
for higher velocity impacts. Also included as a separate topic are data and
discussion on steel into steel impacts. These data were gathered from
materials used as targets in firings in the development of a sabot for firing
dense projectiles. A drawing of the sabot is included.
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