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ABSTRACT

A FORTRAN IV computer program is presented, which can be
used to predict the large two-dimensional elastic-plastic dynamic
deformations of a free, nonunifcrmly heated circular ring subjected
to an initial impulse loading followed by a time-dependent forcing
function which could be defined to simulate the forces which result
from the interaction of a burst-rotor blade and a containment ring.
Provisions which account for temperature-dependent material prop-
erties and effects of temperature-induced thermal stresses are in-
cluded. Temperature-dependent, strain-hardening, and strain-rate
effects of the ring material are taken into account.

In addition, a new method which uses measurec ring position
data obtained from high-speed motion picture film is proposed to
calculate the approximate "external forces" acting on the ring
caused by a fragment-ring interaction. The required accuracy in
position measurements to obtain meaningful forces is presented
together with resulting example forces.
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SECTION I
INTRODUCTION

l.1 Organization

The Introduction consists of four additional subsections.
In Subsection 1.2 the containment/control problem is defined,
whlle possible solutions to the problem are discussed in Subsec-
"tion 1.3. Subsection 1.4 is devoted to discussing the general
deslgn procedure for a containment/control device and how experi-
mental and analytical data may be used to support the design phases
for such a device. Some of the experimental and analytical work
accomplished to date and paths for future exploration are describved
in Subsection 1.5.

1.2 The Nature of the Problem

The turbojet engine in wlde use today has proven itself
to be the most reliable and trouble-free aircraft engine in the
-history of aviation. Yet, the uncontained failure of high-speed
rotating turbojet engine parts, due either to an undiscovered
fault in the engine, or catastrophic ingestion of foreign matter,
ib a well-docum&nted pvoblem (1, 2, 3, 4, and 5].*% 1In fact, Ref. U
indicates that 93 uncontained engine falilures were experienced in
the commercial-aviation field during the period extending from 1962
to 1968. 1In addition, the U.S. Navy experienced 46 failures from
fiscal year 1960 to mid-fiscal'year 1968. The possibility of
Just one commercial airliner with hundreds of passengers aboard
crashing because of an uncontained engine failure is sufficient
incentive to search for a solution to this problem.

¥ _ ‘
Numbers in brackets, [ ], refer to references cited at the end
of the text.




Auxiliary power units (APU's) must also be considered as
potential sources of hazardous fragments as these machines, ¢ -
taining high-speed rotating parts, are frequently installed in
the fuselages of aircraft, and are approaching the size of turbojet
engines in current aircraft.

l.3 Potential Problem Sclutions

There appear to be three distinct methods of solut*on to
the uncontained failure problem. They are outlined below

(1) Guarantee all of the engine componets to be
100% failure free.

(2) Selectively reject the fragments to a non-
sensitive area of the aircraft or to an
area away from the aircraft.

(3) Completely contain any and all fragments
with a containment device.

It is apparent that the elements of the three methods out-
lined above may be combined. For instance, it may be possible to
contain a fragment until it has lost a large portion of its energy
(method 3) and then reject it to a nonsensitive location (method 2).

The first method is not considered further in this report
because it 1s felt that even with 100% failure-free components the
ingestion of foreign objects may certainly cause a potentially un-
contained failure.

The second method, that of selective rejection (or deflec-
tion) requires further study. Little effort has been concentrated
in this area to date, primarily because priority has been assigned
to the study of complete rings (and complete containment). It
should be pointed out that as far as theoretical analysis is con-
cerned, the selective-rejection device does not appear to be more
complicated than the complete-containment device. Proponents of

the selective-rejection device suggest that there may be a weight



caving over the complete containment device because of the smaller
included angle (less than 360°) which it must subtend.

The third method, complete containment, has received most
of the attention to date. Research in this area is being conducted
by three general groups of people: (1) the engine manufacturers,
(2) the Naval Air Propulsion Test Center, and (3) the Aeroelastic
and Structures Research Laboratory of the Massachusetts Institute
of Technology; research in the latter two organizations
has been under NASA sponsorship. More will be mentioned in Subsec-
tion 1.3 about the experimental contribution of NAPTC and the ana-
lytical contributions of MIT-ASRL. The goal of both of their ef-
forts is to generate data which will be useful in the design and/
or evaluation of proposed containment/control devices.

The available evidence suggests that the engine manufacturers
have been primarily concerned (in the area of containment) with com-
plying with the FAA requirement that failed blades must be contained.

1.4 The Necessary Steps in the Design of a

Containment-Control Device

These steps may be listed conveniently as follows:

(1) First, the nature of the fragments which are to
be contained or otherwise controlled must be ade-
quately specified. This includes, but is not
limited to, knowing the mass, rotational velocity,
translational velocity, all geometric properties,
and pertinent constitutive-property data of the
fragment materials. The desién must be oriented
toward dealing with particular types of fragments.
Portions of a fan blade from a large turbofan
engine pose a different problem than does a blade
from a compressor or turbine rotor.



(2) Once the properties of the fragments are known, a
trial containment/control device configuration can

be chosen, based on experimental and/or analytical
evidence. The word configuration is understood

to include cylinders, rings, and other useful struc-
tural shapes.

(3) Next a material or combination of materials for the
device is chosen on the basis of experimental and/
or analytical evidence.

(4) Either by analysis or by experimental evidence,
the geometric parameters of the proposed contain-
ment/control device can be optimized (to minimize
weight, for example).

(5) Steps 3 and 4 are repeated for each material which
may be under consideration, and steps 2, 3, and 4
are repeated for each configuration under consid-
eration.

(6) On the basis of the above procedure, the design
process continues by, hopefully, an efficient
process, until a final configuration is chosen.

It is clear that the design procedure must rely heavily
on either (a) experimental data or (b) analytical techniques, or
a combination of both of these techniques.

1.5 Experimental and Analytical Aspects

1.5.1 Exgerimentai~Investigations

At the present time much of the research conducted in the
United States is experimentally oriented. It appears that the en-
gine manufacturers}have been successful in meeting the FAA blade-
containment requirements. At present, this b1adéM¢ontainment is
being accompiished with the engine casing. The casing parameters
are thought to be determined mainly or entirely from consideration
other than contaihment‘fequirements.‘ In other words, the.casing
is not blade—containment critical. It is believed that ballistic-
penetration data are used to check proposed casing designs for

4




blade-containment. Aside from the above, the authors lack more
specific knowledge as to the exact design methods used by engine
manufacturers in solving the blade-containment problem.

The Naval Air Propulsion Test Center, Philadelphia, Penn.
has one of the most advanced and well-equipped spin-pit testing
facilities in this country. For approximately the last four years,
experiments on various forms of containment rings have been carried
out at NAPTC. Some of these rings, consisting of various materials
and material combinations, have been submitted to NAPTC by in-
dustry and some are of their own design. Many of these experi-
ments have yielded excellent high-speed motion pictures of the ex-
tremely-short-duration ("violently explosive" in nature) events
occurring during each test. These exploratory investigations have
contributed to the understanding of the phenomenology of the con-
tainment problem. It does not appear that there are sufficient data
at the present time to permit their organization into a form which
will be of definitive assistance to the designers of new contain-
ment devices. However, the data and valuable experience gained by
NAPTC personnel have been helpful in the preliminary stages of
particular containment-device designs in certain instances.

1.5.2 Analytical Investigations

Personnel of the Aeroelastic and Structures Research Labora-
tory, M.I.T. are engaged in conducting analyses associated with the
containment/control problem. The goal of this research is to
establish analytical techniques and mathematical models of a burst
rotor, for example, and typical containment/control configurations

so that the analysis, design, and optimization of containment/con-
trol devices can be accomplished as efficiently as possible.

The analysis of the ring configuration was chosen as the
starting point, since definite experimental evidence about tran-
siently-deforming rings is comparatively easy to obtain and to

compare with analytical results. The ring analysis is embodied



in the FORTRAN computer program JET 1 which is described in detail
in Section 2 of this report. Assuming that the forces acting on
the ring (caused by the fragments, in this case) are known from
appropriate estimates or other means, JET 1 will compute the tran-
sient elastic-plastic large-deformation response of the ring. The
output information includes deflections, strains, stresses, and
bending moments.

It should be noted that JET 1 requires, as input, the forces
acting on the ring caused by the fragment(s) interactions with the
ring. The primary difficulty is that these forces are not known a
priori. It is believed, however, that an approximate forcing-
function model may be deduced from the physics of the problem and
may be expressed in terms of the containment/control device geo-
metry, material properties, and parameters associated with particu-
lar types of fragments. Very little progress has been made in this
area to date since the MIT-ASRL effort thus far has been devoted
largely to devising experiments and data solution procedures to aid
in 1ncfeasing the knowledge of the nature of these forcing functions
in a typical rotor-burst problem.

Accordingly, a series of five experiments was designed to
be conducted at NAPTC. In these tests, different types of frag-
ments are to be used; a simple single-layer containment ring is to
be employed in all of these initial tests. In the first (and
"simplest") test, a single blade is "failed" and impacts the con-
tainment ring. The transient response®* of the containment ring is
recorded with a high-speed framing camera. The trajectories of 72
points along the midsurface circumference of the ring are then
measured for each test. These trajectories may be substituted into
the equations of motion of the ring in order to deduce the forces
.(or the forcing function) acting on the ring. The computer pro-
gram which accomplishes this "force extraction" is called TEJ 1,

3
In addition to photographically recorded deformations, strains are
being recorded at various locations on the outer surface of the ring.



and 1ts use is described in Section 3. It should be emphasized
that the same basic equations are embedded in TEJ 1 as are us2d in
JET 1, only the inputs are different.

In summary, the following serves as a condensed gulde to
the current and planned MIT-ASRL research relating to the under-
standing and analysis of devices for the containment or control
of rotor fragments:

(1) Approximate forcing function models are to be
devised from the physics of the problem, using
fragment size, fragment kinetic energy, etc., as
variables.

(2) Photographic results from NAPTC experiments
will be employed to obtain detailed response
measurements of a containment ring for the
purpcse of checking and/or modifying the approxi-
mate-force prediction methods under item (1).

(3) Substitute the position results obtained
from (2) into TEJ 1 and deduce fragment-ring
interaction forces.

(4) Compare the calculated forces from (3) with
estimated forces from (1) and modify the
approximate analysis in (1) as neceded.

(5) Independently and concurrently, apply the
forces from (1) to JET 1 to predict ring
responses and compare these results with
results obtained from (2).

The research effort emphasis thus far has been given to
items (2) and (3). In the continuing research effort, all five
items will be pursued in detail. In addition, dynamic response
analysis methods and programs should be developed to treat multi-
layer, multimaterial configurations which may be useful for con-
tainment-control purposes.



The remainder of this report consists of three sections:
Section 2 describes the computer program JET 1 and reports the re-
sults of three studies using JET 1. A new analytical method for
finding the forces acting on a containment ring resulting from a
particle impact, using position data obtained from high-speed
nmotion pictures of controlled laboratory spin-pit tests is presented
in Section 3. A summary of the work accomplished to date, and recom-
mended avenues of further study are given in Section 4.

Appendix A presents the equations of motion used in the com-
puter program JET 1. Appendix B is a user's manual for JET 1 and
contains the program listing and a sample problem with resultant

output.
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SECTION 2
CAPABILITIES OF THE JET 1 COMPUTER PROGRAM

2.1 Introduction

JET 1 is a computer program which uses a step-by-step num-
erical integration method for predicting the large-deflection dy-
namic elastic-plastic response of a single-layer ring. This
method is based on a finite-difference representation of the par-
tial differential equations of dynamic equilibrium [6, 7]. JET 1
is especially tailored to predict the elastic-plastic dynamic
response of a ring to impulsive initial loadings and/or subse-
quent external transient loads as might be caused by fragments
from burst high-speed rotating parts of jet engines colliding with
the ring.

The program assumes a uniaxial stress state, and can ac-
count for elevated, nonuniform temperatures (varying both circum-
ferentially and through the thickness) in the single-layer ring.
The ring material may be elastic, strain hardening, and/or strain-
rate sensitive, and is assumed to have material parameters which
are temperature dependent. Thermal stresses resulting from the
imposed temperature distribution are accounted for in the initial
conditions. Provisions are made for including various peripheral
distributions of initial impulsive loading and for simple distri-
butions and time histories of subsequent external forcing functions.
Also, provisions are available for damping out the elastic portion
of the ring response due to the initial thermal stresses, if de-
sired.

2.2 Description of the Program

2.2.1 Assumptions

The following conditions and/or assumptions arc made for the
JET 1 program:



1. The stress=-strain curve corresponding to any given
temperature of the single-layer ring material is
the same for both tension and compression.

n

The ring cross section is uniform around the circum-

ference and is rectangular in shape.

3. The ring can be represented by a series of discrete
masses, one at each station, interconnected by
straight weightless bars.

4., Plane sections remain plane in bending.

5. Material behavior can be elastic, strain-hardening
according to the mechanical sublayer or subflanpge
model given in Ref. 7; strain-rate effects can be
included (see A.5c¢ in Appendix A).

6. The temperature distribution of the ring is considered
to be constant with time during the run. (However,
each continuation run can have a different time-
independent temperature distribution in order to
approximate prescribed, quasi-steady varying tempera-
tures, if desired.)

7. The procedure employed for obtaining the static

solution for the heated ring is to allow the ring to

respond dynamically to the initial stresses induced

by the temperature distribution until all of the

plastic work has occurred. Then, the elastic

response can be artificially damped out to obtain

the final stress distribution and ring shape.

2.2.2 Program Capabilities

2.2.2.1 Temperature Distribution Descriptions

The temperature distribution of the ring is specified in
JET 1 by assigning a value of temperature to prescribed stations¥
through the thickness direction of the ring's cross section for

—
Such stations are termed "flanges" or "flange locations".
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each mass point around the ring circumference. Because it may be
unnecessarily tedious to read in values of temperature vs circum-
ferential and depth locations, several alternate methods are of-
fered in JET 1 for specifying temperature distributions which are
either of a uniform nature, or of the type that can be described
analytically as a furction of circumferential position. The three
options available in JET 1 for describing the temperature distri-
bution are as follows (Note: the three methods termed A, B, and C
are accompanied, in the left-hand margin, by a code name¥* set
equal to some integer; these integers, when specified in the input
data, tell the computer what method is to be used.):

METHOD A

LISTEM = 1 The temperature distribution is described
completely with input cards (see Fig. 2a).

METHOD B

LISTEM = 2 The temperature distribution is of the type

that can be described (see Fig. 2b):
(1) through the ring thickness by either
IRAID = 0: reading temperature vs thick-
ness by input cards, or
IRAID = 1: assuming a parabolic distribu-
tion of the type

-3

T
TK) = 9 () - - @ -H T, (D

fe o}

where {(K) 1s the radial distance from the
Kth flange to the c.g. of the
ring's cross section
H is the ring thickness
To’ Tl’ T2 are input values.

(2) circumferentially, by assuming that

¥
Variable names used in the computer program are listed and de-
scribed in Appendix B, Subsection B.6.

1)
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any of the above selected variations of

temperature through the thickness

ICIRC = 1 1s constant around the circum-
ference

ICIRC = 2 varies as sino*

ICIRC = 3 varies as cos6/2

METHOD C

LISTEM = 3 Yields a temperature distribution which 1is geo-
metrically a function of the distance from the
flange toc the outer surface of the front of the
ring measured parallel to the z axis (see Fig.

2c). The temperatures are obtained from a

curve of temperature vs material depth which is
read in as input data in terms of ten temperature
vs material-depth coordinates. The program then
calculates the value of material depth corres-
ponding to each flange position and reads the
appropriate value of temperature, interpolating
linearly between the proper coordinates given.
This procedure is used only for the front of

the ring and that portion which is outside the
plane tangent to the inner radius, parallel

to the Zz axis (see Fig. 2c¢). The temperatures

of all portions of the remainder of the ring are
set equal to the unheated temperature of the ring:
TCOOL.

2.2.2.2 Specification cf Temperature-Dependent

Material Properties

The pertinent temperature-dependent material properties of
the ring are calculated in the program for each flange corresponding

*
See Fig. 1 for the nomenclature used with the lumped-parameter
model.
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to the flange temperature by employing an interpolation scheme
(see Fig. A.5c) which uses coordinates of experimentally-obtained
curves of each material property vs temperature. Thus, the pro-
gram reads in values of material properties at given temperature
levels (the upper and lower temperature extremes must bracket all
the given temperatures of the ring) and then calculates, ty linear
interpolation, appropriate material constants for each flange at
each mass point of the ring.

2.2.2.3 Types of External Loadings

The current input provisons of the JET 1 program assume
that the ring is acted upon only by a single "fragment" and thus
the options available to the user to describe the initial impulse
and the subsequent forcing function are tailored especially to
this type of loading.* The options available tou describe these
loadings are listed below. A code name is given in the left-hand
margin to identify each possible loading condition:

l. The initial impulse is specified by reading in or calcu-
lating the initial velocities in one of 2 ways (see Fig. 3):

IOTA=1 The discrete impulse on each mass point is
fixed by assigning initial radial and
tangential velocity components.

IOTA=2 A sine-shaped velocity field is specified
to be distributed over a given number of
mass points oriented at a constant given
angle to the local ring tangent.

2. The subsequent time-dependent forcing function in JET 1
is described in the form of a triangular pulse as shown
in Fig. 4. This time-varying total force is distributed
over a given number of masses in the form of a hal. sine
wave, and the position on the ring at which the forcing

%

The user may add other options readily, as his needs dictate, since
JET 1 is valid for any type of forcing function once provision for
its input has been made.

13
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function is applied can move at a desired rotational velocity
to simulate a possible motion of a particle after its initial
impact upon the ring. Finally, the angle at which the forces
are applied is assumed to be constant and is defined as an
input quantity.

2.2.2.4 Artificial Damping of Ring Response

Provisions are included in the JET 1 program to allow the
user to damp out the ring motion artificially when desired. This
is done by calculating a force (for each mass point) which is pro-
portional to the local velocity, and subtracting this damping force
in the equilibrium equation. The purpose behind the need for
damping the motion stems from the fact that the ring will respond
dynamically from an imposed nonuniform temperature distribution and
and will continue to vibrate elastically (after plasticity, if
present, has been completed) for as long as the program is run, un-
less damping is introduced. Since it is usually assumed, in practical
applications, that the heated ring 1is stationary (although deformed,
with an internal stress distribution) when external forces are ap-
plied, it is useful to be able to solve for the static ring shape
and stress distribution under these thermal conditions, before one
takes into account subsequent externally-applied forces. Because
the energy removed I'rom the ring by plastic work is path-dependent,
it is important to impose artificial damping only after the plastic
work has been completed. Also, it should be noted that the value
chosen for the artificial damping constant must be less than the
"eritical damping" value in order not to affect the final ring
shape; on the other hand, the damping should not be too small, so
as to keep the computer time to a minimum.

In the JET 1 program, both the starting time for imposing
artificial damping and the damping constant can either be speci-
fied, or if either or both values are set equal to zero, the pro-
gram will make appropriate estimates for each of these two quanti-
ties based on the structural properties of the ring. This

14



capability is described in greater detail in Subsection B.2.1

of Appendix B. The ring 1s considered to be completely damped
when the maximum kinetic energy over a 100 cycle interval 1s 0.1%
of the maximum kinetic energy present before damping began.

2.2.2.5 Program Capacity

The JET 1 program is capable of accommodating the following:
1. The single-layer ring can be divided into a
maximum of 100 mass (circumferential) stations.
2. The total number of flanges through the thickness
must be an even number, and must not exceed 10.
3. The total number of subflanges¥* per flange to simu-
late a general stress-strain curve must not be more
than five.
4, The total number of temperature levels at which
material properties are given for estimating
ring temperature-dependciic material properties
cannot be greater than five.
5. The main computer programs will accommodate any
type of forcing function; however, the only in-
put subroutine written to date is for a "single
fragment".
The number of memory locations required on the IBM 360-65 at MIT
to run JET 1 as listed in Appendix B is approximately 175,000 bytes.
This includes the locations required for the MIT computer library
subroutines.

2.2.3 Program Terminology and Arrangement

The JET 1 program is composed of a main program and 17 sub-
routines which appear in the program in the order listed. The
names and functions of these programs are as follows:

MAIN The main program applies only to a free, single-
layer, circular ring. It supplies the overall

¥

Note that each flange of a given mass point consists of up to

5 equally-strained subflanges of elastic-perfectly plastic ma-
terial; each subflange has th2 same elastic modulus, but a differ

ent yield stress in order to represent strain-nardening behavior
of the material. 15




logic for calling the subroutines and determines the
values for damping and for the maximum :required
running times when these values are no. cupplied.
The input and output lcgic tape units used by the
computer are also specified in MAIN. These names
MREAD, MWRITE and MPUNCH must be given values cor-
responding to those required for the user's computer

facility.

INPUT The ring geometry, program logic terms, damping values,

and program cycle time are all read by this subroutine.
Also, additional quantities (derived from the input
data) which remain constant through the program are
calculated here.

TEMPS Subroutine TEMPS reads in the required temperature
information and defines the temperature distribution
of the ring.

HEAT The temperature-dependent material properties of the
ring are defined from input information in this sub-
routine. Elastic stress limits and subflange areas
(weighting factors) are also defined here.

TEMPUS The minimum and maximum effective values, depending
on the temperature distribution, of the elastic modu-
lus are calculated in TEMPUS. This subroutine will
also calculate the appropriate time increment DELTAT,
if the input value is set equal to zero in INPUT.

INIT INIT calculates the initial mass point coordinates,
establishes the pertinent boundary conditions, and
initializes most of the variables used in the sub-
routines.

IDENT The IDENT subroutine is called early in the program
to print out the values of certain input parameters,
including the temperature distribution, in order to
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identify the run being made.

CYCLE CYCLE calls the subroutines which carry out the actual
solution for the desired problem for each time cycle.
This subroutine is called cyclically until the final
results are obtained.

STRESS This subroutine contains the stress-strain relations.
The STRESS subroutine can be used for temperature-
sensitive materials which exhibit elastic strain-
hardening properties, with or without strain-rate be-
havior.

STRAIN The strain-displacement relations described in
Appendix A are contained in this subroutine.

IMPULS The data for the impulsive loading is read by this
subroutine. This information is then used to com-
pute the incremental velocities and displacements
of the mass points.

PREZZ This subroutine reads the data pertaining to the time-
dependent forcing function and uses these data to com-
pute the forces on the ring.

EQUIL EQUIL contains the dynamic equilib~f*um equations that
are used throughout the run whether or not external
loads are acting on the ring. It computes the work
done on the ring by the external forces and the arti-
ficial damping forces, and it also computes the
lateral momentum change induced by the forces applied
to the ring.

KOOLIT The KOOLIT subroutine computes the average value of
ring separation every one hundred program computation
cycles and tests these values until a full cycle of
the ring's first elastic-plastic mode has been computed.
At this point a signal is given to the main program
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tnat plastic venavior 1s considereud to nave ceased,

and artiticial damping can begin.

50l 'he kinetic energy of the ring is calculated in this
suvroutine wnile tne ring is veing damped, and the
maximum value is found for 1lUU cycle periods. 'The
maximum value ot kinetic energy for each 100-cycle
period is then compared with 0.1% of the maximum
kinetic energy available at the start of damping in
order to find when the ring's elastic response has
been satisfactorily damped.

RECORD The RECORD subroutine prints out when major milestones
have veen passed in the program (such as when damping
was begun, etc.).

PRINT The relevant energies and the strains on the inner
and outer surfaces of the ring are evaluated in PRINT.
The ring shape, separation, internal forces, and cur-
rent time are printed out by this subroutine.

FINAL The subroutine FINAL punches the data cards which can
be used to continue a run beyond its programmed termi-
nation point. It also reads the input cards in a con-
tinuation run.

A complete listing of all the terms used in the JET 1 pro-
gram is given in Appendix B; a complete listing of these programs
is also given in Appendix B.

2.2.4 Organization of MAIN Program

The flow chart given in Fig. 5 outlines the general organi-
zation of the JET 1 MAIN program. The first part of the program
defines the problem to ve solved by reading in constants and cal-
culating other needed quantities. The remainder of the program
is divided into two parts. The first is used to solve for the
static solution of the heated ring, before external forces are
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applied, using "artificial" time. The second part takes either
the results from the first part with time set back to ZERO, or

(in the case of an unheated ring) initial conditions set up in

the beginning of MAIN, and solves for the dynamic and, if desired,
static solution of the ring wilth external forces included. The
two parts are separated by the value of a variable called JSTART.
If JSTART 1s set equal to zero in the program input, the ring is
assumed to have a temperature distribution and the first section
is used with artificial time to damp out the ring's dynamic motion
caused by the internal thermal stresses., If JSTART 1s set equal
to 1 in the program input, the first section is passed over, and
real time starts immediately with or without a temperature dis-
tribution, as desired. When a continuation run (using the punched
output deck from a previous run) is called for, JSTART is set eqaual
to 1 automatically by the program, and the solution proceeds using
real time. Thus, if a temperature variation with time is desired,
the second section must be used. The motion of the ring cannot

be damped in this part of the program until two conditions are
met: first, all external forces must have ceased acting. Second,
the amount of elapsed time from the end of external loading to

the beginning of damping must be greater than the value of HALT2,
which 1s either given in input or calculated (-ce description for
Card 3 in Subsection B.2.1 of Appendix B) and is the estimated
time required for plasticity to end.

2.3 Application of the JET 1 Computer Program

to Some Typical Containment Problems

In order to exercise the JET 1 computer program and to
demonstrate its capabilities, three exploratory studies were under-
taken to compute the large-deflection, elastic-rlastic transient
response of single-layer metal rings subjected to given distribu-
tions of impulse loadings, all at room temperature conditions.

The first study was preliminary in nature and its purpose
was to determine the effects of varying certain geometric and
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material parameters on the transient response of a ring. The
forcing function used in the study was a prescribed initial ve-
locity distribtuion which was applied to a 4-degree segment of

the ring in an outward direction, 45 degrees to the local normal.
The first of eleven computer runs (see Table 1) was designed to
approximate in a very rough sense NAPTC-AED Test 10 (Ref. 3)
wherein a single turbine blade was made to impact a 15.438-inch
diameter, 0.125-inch thick, 1020 steel ring. An initial veloci‘“y
of 8000 in/sec was used in the first calculation (Run 1); this
velocity is equal to the calculated value of the velocity of the
blade fragment at impact. Runs 2 through 4 were the same as Run 1,
except that the ring thicknesses employed were 0.1375 inch,

0.1500 inch and 0.2500 incn, respectively. Runs 5 and 7 were
equivalent to Run 1 except that the resultant initial velocity of
the U-degree ring segment used in each run was 8800 in/sec,

9600 in/sec, and 16,000 in/sec, respectively. Runs 8 through 10
used the same value of the klastic Modulus (30 x 106 psi) as Run 1,
but the strain-hardening stress-strain curve in each case was ele-
vated such that instead of a yield stress of 35,000 psi (as in

Run 1), the yield stresses were 38,000 psi, 42,000 psi, and

70,000 psi, respectively. Finally, Run 11 was the same as Run 1
except that instead of using 80 mass points to approximate the
ring, 100 mass points were used, and the initial velocity was
distributed over about a 10-degree rather than a b-degree section
of the ring, as used in Runs 1 through 10, on an equal-momentum
basis. The results of the first run are presented in Fig. 6

which shows the ring profile shape at various instants in time.
Figure 7 shows the ring profile for each succeeding case at

t = .002140 sec. No specific conclusions are made from this first
study, for while instructive, the results are too preliminary in
nature to ve very definitive. The study does illustrate, however,
one type of parametric study for which JET 1 can be used.

I'he purpose of the second study was to use JET 1 to
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calculate the value of a characterizing velocity (simulating a
single blade impact as in the first study) which would produce
incipient fracture of each of three equal-weight rings made of
1020 mild steel, 7075-T6 aluminum alloy, and 6A1-4V titanium
alloy, respectively, under various conditions.

kach ring was finite differenced such that 60 mass points
represented the entire ring. The initial velocity distribution
used to simulate the blade impact was assumed to be sine-shaped,
covering 5 segments (30 deg of arc) of the ring. The velocity
imparted to each of the 5 masses was directed at an angle B rela-
tive to the local tangent (see Fig. 3), where 8 = 21 deg. for all
but the last case where [ was varied from 0 to 90 degrees.

The procedural use of JET 1 to calculate the fracture ve-
locity in each case was as follows: the particular pnysical
properties of the ring to be studied were supplied to JET 1, and
the ring was excited by a characterizing velocity which was choszn
to be higher than that expected to produce incipient-fracture of
the ring. For each program finite-difference time-cycle, a test
was made by the computer to compare the maximum current value of
tensile strain with the prescribed (or input) value for the frac-
ture strain. When the program detected a value of strain greater
than this value, the program was restarted w.th the same initial
conditions as before, but with the characterizing velocity de-
creased by approximately 3 per cent. This cycling of the program
continued for each case until the characterizing velocity was re-
duced to a point at which the peak value of maximum strain during
the protracted run was less than the given value for fracture
strain. The velocity used before the nonfracture velocity was
then chosen as the "critical" initial velocity

The room temperature static mechanical properties [10, 11]
used to describe these three materials are considered to be reli-
able except, perhaps, for the values of the fracture strains and
were represented by piece-wise linear segments ac defined in
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Table 3. The dynamic stress-strain properties used for the 1020
mild steel, and 7075-10 aluminum rings are considered to be only
approximate, but the 6Al-4V titanium dynamic properties used are
believed to be reliable [10]. For aluminum and titanium, only
static values of fracture strain were used. For mild steel,
where the fracture strain is believed to be highly dependent on
strain rate, both a static value of fracture strain, and an esti-
mated variable fracture strain as a function of strain-rate were
used (Fig. 8). An approximate description for the strain-rate
dependent yield behavior of these materials is shown in Fig. 9.

A tabular description of the cases analyzed is presented

in Table 2. The ring parameters are presented in Table 3.

Figure 10 presents the calculated values of the initial
velocity index, Vo, required to produce incipient tensile struc-
tural fracture for each case identified in Table 2 for which
B = 21 degrees. Using these results, the following tentative
conclusions can be made.

On the basis of the dynamic material property data used
for steel (Fig. 9), the inclusion of the strain rate (e¢) effect
on the stress-strain curve (but ignoring the € effect on the
fracture strain magnitude) increases the critical velocity value
Vo markedly compared with using static stress-strain properties
and static fracture strain values exclusively. Case S3 in Fig. 10
for 1020 steel depicts the (possibly more realistic) result wherein
a rough approximation for the € effect has been included in both
the o,e curve, and for the fracture strain.

Similar results were obtained for 7075-T6 aluminum, and
6A1-4V titanium as shown in Fig. 10. Were € dependent fracture
strain data available for these two materials, a trend similar

to but perhaps less pronounced than that of S3 vs S1 and/or S2
would be expected.
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In the vicinity of producing failure strain levels in a
titanium ring, the results showed that a 2.3 per cent increase
in Vo led to a 10 per cent increase in the maximum strain. Con-
versely, an uncertainty of 5 per cent in the failure strain would
mean an uncertainty of about 1.2 per cent in the critical value
of Vo'

Some calculations were also carried out to illustrate the
influence of the initial velocity angle B on the location and
magnitude of the maximum strain induced in a 6A1-4V titanium ring
which was loaded impulsively over 5 mass points as in previous
cases. 'I'he effect of changing B is shown in Fig. 11 where the
calculated inner and outer surface circumferential strains,
occurring at the same (also the most critical) lccation for all
the cases, at the same instant of time during each response, is
plotted as a function of 8. The results are consistent with
what one would expect from physical arguments.

The third problem-study reported herein was similar to the
second in that the velocity for incipient fracture was sought for
different test conditions. Equal weight rings were loaded im-
pulsively as before; rowever, each of 4 rings was assumed to be
made of a different hypothetical elastic, perfectly-plastic strain-
rate insensitive material, but all of equal ‘racture toughness
(all materials had the same area under the stress-strain curve to
the fracture level of strain). As shown in Fig. 12, the material
in Cases 1, 2, and 4 had common elastic modulii, but different
perfectly-plastic yield limits. For Case 3, the elastic modulus
was reduced by a factor of 100, but the yield limit was chosen to
be the same as for Case 1. Comparing Cases 1, 3, and 4, the criti-
cal velocity, Vo for incipient fracture shows ounly a weak dependernce
upon the yield limit when the material has the same elastic modulus
(nnte that the response is quite nonlinear.) Comparing Case 3 with
Case 1, the change of the elastic modulus by a factor of 10u changes
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the critical velocity by only about 28 per cent.

In conclusion, it should be emphasized that these example
calculations are intended only to illustrate the manner in which
a parametric study can be made so that the advantages of using
one material over another can be compared.
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SECTION 3

DETERMINATION OF THE FRAGMENT-RING INTERACTION FORCES
FROM EXPERIMENTALLY-OBTAINED POSITION DATA

3.1 Introduction

Extensive results from the use of computer programs using
the finite-difference numerical method written in this laboratory
(Refs. U-9) have shown that the transient response of structures
acted upon by high-energy, impulse-type forcing functions can be
accurately predicted if the structural properties, configuration,
and forcing function shape and magnitude associated with the prob-
lem are known. Thus, the computer program JET 1, which embodies
this finlte-difference approach, can be expected to fulfill the
requirement of deciding analytically whether a given ring will
contain a given jet engine rotor failure, if the above informa-
tion is known. Perhaps the principal difficulty in the analysis
of fragment-ring interaction and structural response concerns the
forces which result from the fragment-ring interaction; these
ferces are not well definea and are difficult to estimate ex-
plicitly from the phenomenology standpoint. While it is possible
in principle to program the interaction of the fragment and ring
on a computer by treating each part as a sepirate free body and
following in detail the elastic and elastic-plastic collision
interactions, this method has the disadvantage of being feasitle
for only one or, at most, two fragments. Any higher number would
be prohibitively complicated.

An alternative method of deducing the forces caused by the
fragment-ring interaction is proposed in this section. This
method will allow these forces to be deduced approximately from
position-time data obtained from measurements of the configuration
of an impacted ring «t  sequence of Ilnstants in time. 1In the
computer program JET 1, as currently written, the forces acting

on the structure are assumed to ve known, and these forces when
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substituted into the equations of motion via JET 1 yield the tran-
sient response. The inverse procedure is also possible: by sub-
stituting an observed transient response into the equations of
motion, the forces which produced that motion can be deduced. Once
the approximate forces are found, they can then be used to evaluate,
and possibly help in determining and/or improving future approximate
general methods for estimating what the fragment-ring interaction
forces would be for other ring-fragment configurations, materials,
and impact conditions. Once these general forces are found, they
can be used in future parametric studies to determine optimal con-
tainment ring parameters for various rotor burst situations.

3.2 Description of the Method Used to Deduce the
Interaction Forces

In this method, the equations of motion as used in JET 1 are
reversed such that position-time data of the ring are used to esti-
mate the second time derivative of the positions (accelerations)
of each of the finite-difference mass points (see Appendix A).
These derivatives are used to determine the inertial forces acting
on each finite-difference mass point and these, combined with the
internal forces, allow the resultant external forces acting on the
ring to be calculated. A computer program which embodies this ap-
proach has been written and is called TEJ 1.

To evaluate and develop this method, position output from the
example JET 1 run, given in Appendix B, using known forces, was used
as input to TEJ 1. The results from this preliminary run showed that
when exact positions are used, exact forces are calculated by TEJ 1.
However, the experimental position data obtained from the high;speed
films of the rotor-burst tests are not only too sparse in time (the
computer program requires positions about ten times more closely
spaced for a typical ring than the high-speed camera currently
employed is capable of producing), but also it is inevitable that
errors (and uncertainties) are produced when the film records are
reduced to provide digital data for the configuration of the ring.

—
The current interval between frames is 28 usec.
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These errors can be demonstrated to have a Gaussian distribution
about a mean value, with a characteristic probable error (PE)* in-
herent with the reduction process [13].

In order to determine a reasonable position measurement
accuracy, the Naval Air Propulsion Test Center is currently con-
ducting and photographing, with high-speed cameras, controlled
rotor-burst tests suggested by MIT in support of the analytical
effort. The high-speed, film strips are viewed on an automated
film reader with a sensitivity of 1 micron at the film plane,
and the positions of 72 "mass points" on the ring, and 4 background
points used to establish an inertial reference frame, are read
from each frame to produce a time history of the ring shape after
impact. 1Initial studies show that the position data from these
films have an effective probable error of between 0.010 and 0.02C
inch on a 7-1/2-inch radius ring.

To investigate what effect these position errors'would have
on the results from TEJ 1, the exact position-time data discussed
earlier were first perturbed with a Gaussian set of random errors
with a mean of zero, and a PE as low as 0.0001 inch for the ex-
ample ring. Linear interpolation was used to supply positions to
TEJ 1 between the supplied position data which was spaced in time
so that it simulated the film record data. Tie forces obtained
from TEJ 1 using this simulated perturbed, sparse position data
showed no recognizable correlation with the "exact" forces which
were used as impact data for JET 1.

From these results, it was concluded that either the position
data would have to be read much more accurately, or these data would
have to be improved substantially by smoothing techniques before
they could be used to obtain interaction forces. The latter

The probable error of a reading, in a given set, is that magnitude
of deviation whose probabllity of being exceeded is one half.

The value (PE) can be calculated from the Standard Deviation (S)

as PE = 0,6745 S (Ref. 13).
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approach was examined first in order to increasc the allowable
error in position data for Twed 1, and a smoothing procedure to be
applied to tne input values of the position was incorporated into
the TEJ 1 program. This procedure and some reclated developmental
experiences are described In Subsection 3.3.

3.3 Analytical Smoothing Methods Used to
Improve the Measured-Position Data

As mentioned in the previous subsection, the reduced data
that are obtained from the high-speed photographs have two prob-
lems associated with them: (a) sparseness and (b) inaccuracy.
Many approaches have been tried to find a satisfactory way of not
only estimating the mass point positions on the ring required in
between the times recorded on film by interpolation but also to
improve the position data as a function of space and time by
smoothing. The current most successful procedure for improving
the position data is described in the following.

The first step consists of smoothing the mass point posi-
tion data for the ring at each time instant (including assumed
initial values before time zero). If, at any time, each x,y mass
point coordinate set is plotted against mass point number, then
it is possible to generate two smooth curves which describe the
shape of the ring based upon the set of measured data in a least
squares sense. Because each curve is cyclic in nature (closed
ring), Fourier series* were chosen to generate each smoothed curve.
Thus, both sine and cosine series Fourier coefficients which to-
gether describe the ring shape are calculated at each instant
corresponding to the camera framing times.

The next step uses Legendre polynomials to smooth the time-
variation of each Fourier coefficient calculated in the first step.
Legendre polynomials were chosen for this step because they are

¥
All interpolation and smoothing methods used in TEJ 1 at present
are described in detail in Ref. 14.
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applicable to a discrete interval, and the weighting function is
unity over the entire interval. 'Thus, no part of the ring response
is accentuated in the evaluation of the smoothed curve. Unfortu-
nately, it 1s not desirable to use only Legendre polynomials to
obtain the final smoothed curve since the number of times at which
positions are supplied is generally so low that when higher order
Legendre polynomials are used, the resulting smoothed curve becomes
"unstable" in the sense that the curve between points makes wide
unreasonable excursions from the desired curve. To solve this prob-
lem, intermediate values of each Fourier coefficient versus time
were Supplied using 6-point Lagrangian interpolation polynomials.
Interpolation using 6 points was chosen so that for each interval
in time between the known Fourier coefficients, three values on
each side of the interval could be used to weigh the interpolated
curve. (At the beginning and at the end of the response, of course,
this cannot be done; in these cases, the center of the 6-point
sequence cannot be used.) Once the Legendre coefficients are cal-
culated, the smoothed (in time) values of the Fourier coefficients
can be calculated at any time desired, and thus the smoothed x,y
mass point positions are obtained, in turn, as required for the

TEJ 1 program.

3.4 Preliminary Results

3.4.1 Smoothing Techniques

The various methods tried up to, and including, those
presently used in the data smoothing process, were evaluated by
using position data in TEJ 1 obtained from JET 1 using known
forces. To determine what maximum PE in position data would still
yield satisfactory forces, exact position data obtained from JET 1
were perturbed with Gaussian distributed random errors. As thne PL
of the position data was increased from zero, the resulting forces
were observed and compared with the original "exact" forces.

The particular case considered for all testing of TkJ 1
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was a 7.3375-in midsurface-radius ring, 0.175-in. thick, 1.0-in.
long, made of 6061-T6 aluminum. The forcing function was chosen
arbitrarily to be a triangularly-shaped pulse, lasting 400 micro-
seconds with a peak value of 10,000 pounds at t = 200 microseconds.
The total force was assumed to be distributed over a 25-degree
segment of the ring in the shape of a half-sine wave. The com-
plete ring was finite-differenced into 72 segments (see Subsection
B.7 of Appendix B).

When the exact transient response obtained from JET 1 for
this example was used in TEJ 1 using 30 Fourier terms (both co-
sine and sine) and 20 Legendre polynomials, the results closely
duplicated the input forces to JET 1. Further runs were made
using position data that were perturbed with random numbers having
a mean value of zero, and a probable error of increasing value.
As the PE was increased, it was found necessary to decrease the
number of both Fouriler terms and Legendre polynomials used to
obtain an optimum force representation. This was not surprising
since a high number of terms in the smoothing function tends to
make the resultant smoothed curve follow the position errors too
closely. A lower number of terms creates a smoother, but less
sensitive curve. This trend of using fewer terms as the level of
error increases continues until the complexities of the forcing
function can no longer be adequately described by a curve which
must be overly smoothed so that the errors do not unduly affect
the curve shape.

A Judged 1limit of "acceptable" probable error was chosen
to be .003 inch. This value was determined by making a compro-
mise between two considerations. Portions of the position data
supplied by NAPTC, as described in the following subsection,
showed a data accuracy higher than the average value of PE for
the whole analysis. The fact that these accuracies were obtained
indicated that this level of accuracy might be obtainable for all
of the data if the procedures used in reading the data could be
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improved. On the other hand, the results from TkJ 1 indicated
that while it was very desirable to obtain as high an accuracy

as possible for the position data, a value of PE equal to the best
obtained from the error analysis performed on the NAPTC data would
still yield useful force data. Thus, the chosen value of

PE (0.003 inch) on the example ring was a compromise between two
rather indefinite limits (the measuring error of PE = .015 inch
and the TEJ 1 desired limit of about .0005 inch), with the expec-
tation that future improvements in both the data reduction and

the smoothing processes will decrease the gap between them.

Figures 13 and 14 illustrate the quality of the forces ob-
tained for two example mass points from TEJ 1 using positions ob-
tained from the JET 1 example described above, and imposing a
random probable error of .003 inch. The position data were
smoothed using 15 Fourier harmonics, and 7 Legendre polynomials.
The results in Fig. 13 show that at early times the calculated
force components approximate the exact value well for mass point
No. 37 on which the force is centered, but they deteriorate
markedly toward the end of the time history. For the mass point
No. 1 which is located diametrically opposite mass point No. 37,
the force components should be zero; Figure 14 shows that only
the force component in the normal direction is well approximated,
and the calculated force component in the tangential direction is
quite poor. If the number of smoothing coefficients used is de-
creased, the calculated force components become poorer at the
mass point where the force is applied, but improve at the dia-
metrically-opposite point.

3.4.2 Data Reduction

The position accuracy obtainable by using techniques and
equipment available at WAPTC was evaluated from four sets of data.
The first and second sets were read from film records taken of a
static ring. A quarter of the mass points (approximately 20) plus
reference marks placed on a background were read in each case for
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a total of 19 and 7 frames per test, respectively. 1In each set,
in order to find the relative positions of the mass points and
the reference marks (the reference marks were treated in the same
manner as the ring mass positions in this accuracy determination;
when reducing the data to be used in TEJ 1, the reference marks
are used to establish the inertial coordinate system) a reference
axis for each frame was determined from the center of gravity of
the points measured in each frame (in viewer coordinates). The
orientation of each reference axis was determined by the average
angle of all of the points relative to the viewer x-axis. The
coordinates of all of the points relative to the new reference
axis for each set of data were calculated and an error analysis
was performed on the resulting sets of point positions, in terms
of their differences from their respective mean values. The
second two sets of data were obtained from film taken of actual
dynamic tests, where rings were impacted by burst rotor parts.

In these two cases, only the reference point positions could be
used in the error analysis since the mass point positions were
not static. Otherwise, the error analyses were performed exactly
in the same manner as was done in the first two sets. As men-
tioned previously, the results obtained showed that the probable
error of the measurements varied from 0.010 inch to 0.02 inch on
the ring for the four tests.

In an effort to discover ways of improving the measured
data, the data from the two static cases were analyzed frame-by-
frame and point-by-point. These results showed a considerable
variation in the PE between points. There are at least two
causes for this. The first is that the film was not of consistent
quality for all of the points read (due possibly to variations in
lighting) and second, it was more difficult to position the reader
reticule for some points than for others. Also evident was a
general deterioration of accuracy as the number of frames read pro-
gressed; that is, the results became less uniform as more pictures
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were read. This indicates that fatigue of the operator of the
film reader is an important conslderation.

3.4.3 Preliminary RKesults from YTEJ 1 Using
Position bata Obtained from liigh-Speed

Photographs

Position data read from the high-speed film record taken
of NAPTC Test 49 [H] in wnich a single rotor blade impacted a
©061-T6 aluminum ring built to the dimensions described in Subsec-
tion 3.4.1 was transformed to inertial coordinates and used as in-
put for ltJ 1%¥. The results ovtained from TLEJ 1 gave the calcu-
lated external-force time history of each of 72 mass points on
the ring. bBecause of the preliminary nature of thie results ob-
tained, only the forces calculateua for two mass points are pre-
sented. Figure 16 shows the calculated force versus time for the
mass point which appears to coincide with the impact point on the
ring (this can be seen from Fig. 15 which ‘shows the last measured
ring proi'ile shape from Test 49). 'The calculated force-versus-time
results obtained for a point diametrically opposite the estimated
impact point is descrited in Fig. 1); note that the forces for

thnis mass point should be zero.

In an effort to determine how meaning. ul these results are,
(that 1s, how closely they represent the true forces applied to
the ring) the position data obtained from JET 1, using the example
provlem described in Suusection 3.4.1 were perturbed with random
numvers having a provable error of .010 in. (whien is the average

error calculated for the reference point positions obtained from

¥
Because the exact time between initiation (vlade contact) and ex-

posure of tne first picture taken by the hign-speed camera is not
known, the position data used in TiJ 1 did not include the initial
(static) shape of the ring. ‘Thus, the forces acting on tne ring
during this viine were not calculated. An expcrimental method for
measuring this initiation time has been devised by WAPIC and once
this time is known, the initial conditions of eachi ring tested

can ve better reprecented in future computer runc.



~APTC Test 4y). ‘Anese perturved data were then used as input in
Ted 1. Yhe comparison between the forces obtained from using these
data in TiJd 1 and the exact forces which were used to obtain the
positions originally, provides an indication of how close the cal-
culated forces ovtained from Test 49 position data represent the
exact forces whicn were caused by the blade-ring collision.

Again, only the force-versus-time results for two mass points are
snown; these results for tne mass point at the center of the sine-
snapeu force applied to the ring and at tne mass point diametri-
cally opposite, are presented in Figs. 18 and 19, respectively.
The exact force-time history is indicated by the dashed line for
the mass point which was located at tihe center of the sinusoidal
forcing function. 'The forces acting on the diametrically opposite
mass should be zero. These results from TEJ 1 using position

data with a Pk of .010 in. show that the forces obtained have
little correlation witn the exact forces.

Comparing these fesults with the forces obtained from
NAPTC 'l'est 49 position aata for tne corresponding mass points
(Figs. 16 and 17), the NAPTC results appear to be surprisingly
smootii and "well behaved". Also, the forces acting on the non-
loaded mass point are close to zero, as they should be. tilowever,
for tne mass point located at the impact point (No. 27), the
vertical force (Fz) is seen to be negative and the horizontal
force (Fy) is seen to be positive. ‘Inese two forces constitute
a force vector (applied to the ring) whose direction points into
the center of the ring rather than into the ring itself at this
station, which is clearly impossible for a collision which occurs
on the inside of the ring. Thus, most indications suggest that
the forces calculated from the NAPTC Test 49 position data using
TEd 1 have little similarity with the actual forces which caused
the deformation. Tnis result is not surprising since the probable
error of the position data of ‘est 49 is more than three times the
"acceptavle" level discussed in Subsection 3.4.1. Subsection 3.5,

34



which follows, contains some suggestions which can be used to 1im-

prove the above results.

3.5 Comments

As mentioned in Subsection 3.2, the Pt of the position data
read from the high-speed film records was found to be about .010
inch. Thus, the chosen value of allowable PE in 1T&J 1 of .003 inch
still falls short of what has been obtained from data reduction
thus far, and further improvement in the smoothing technique 1s
still desired. More sophisticated smoothing methods such as using
spline curves for localized curve fitting have been partially in-
vestigated and there is hope that further progress in the curve
smoothing process can ve made.

Methods are also being sought to imprcve the accuracy of the
measured position data. One of the most obvious ways would be to
read each mass position on each frame more than once. The improve-
ment which can be obtained is calculated as follows (Ref. 11):

L APE),
(PL“)E e
/K~
where K is the number of times each position is read
(Px-.‘)A is the probable error for any s! _le reading

(Pr;)E is the effective probable error of the
average of K readings

Thus, for example, by reading the positions four times, 1t would be
posslible to cut the cffective error in the position data in half.
Since the number of frames which must be reac for each film record
is as much as 50 or more, this procedure would require a great deal
more effort in data reduction and, thus, would likely be used only
if other more subtle methods fail.
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SECTION 4

SUMMARY

A general approacn toward obtaining an understanding of
fragment containment/control phenomena and methods for their an-
alysis nas veen outlined. Also, a computer program, called JET 1,
wnich can be used to predict accurately whether a particular
single-material ring will contain high energy rotor disk fragments
if the forces resulting from the impact and other geometric and
material property data are known, has been described.

In order to estimate these (as yet unknown) forces, a new
method, and a preliminary computer program called TEJ 1 have been
developed. This program uses position data obtained from high-
speed photographs of spin-pit tests made on containment rings im-
pacted by burst rotor parts to calculate the resultant approximate
fragment--ring interaction forces.

The present position-data-accuracy obtainable requires that
smootning processes be performed before the data can be used profit-
ably in TEJ 1. Initial smoothing methods performed on the position
data nave substantially improved the quality of the calculated
forces from Tid 1, but furtner improvements are needed. Continuing
effort will be directed toward obtaining improved position data.

During the second phase of this effort, a computer program,
JET 2, will be written which will predict the transient recponses
of hard-bonded, multilayer multimaterial, constant temperature,
circular rings under arbitrary loadings. Optlions for describing
potn single and multifragment-ring impact forcing functions will
be included.

In addition, it is recommended that the use of composite
materials and/or structures (such as ballistic nylon, E-glass,
S-glass, foam-metal combinations, etc.) for the construction of

36



containment/deflection devices bhe explored.

One thing to note, for metal rings involving fragment-ring
interaction is that only a small portion of the structure underpgoes

large straining, hence the total energy absorption, EA, where

E, - |[ o deav

is relatively low. L

Such may not be the case with composites if they can be
made to delaminate over a large area and volume. Large amounts
of energy may be absorbed in the delamination process.
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SUMMARY OF INPUT PARAMETERS VARIED FOR AN
LLLUSTRATIVE

TABLE 1

PARAMETRI

¢ STUDY

Case No. of Ring Fragment Yield
No. lMlass Points Thickness Velocity Stress
(in) (in/sec) (psi)
1 80 .1250 8,000 35,000
2 80 L1375 8,000 35,000
3 80 .1500 8,000 35,000
4 30 .2500 8,000 35,000
5 80 .1250 8,800 35,000
6 80 .1250 9,600 35,000
7 80 .1250 16,000 35,000
8 80 .1250 3,000 38,000
9 80 «1250 8,000 42,000
10 80 « 1250 8,000 70,000
1Y 100 .1250 8,200 35,000
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TABLE 2

SUMMARY OF CALCULATIONS FOR RINGS LOADED
IMPULSIVELY TO TENSILE (STRUCTURAL) FRACTURE

o, Curve Fracture Strain| ¥ for Initial Velocity

Material Not Not Const.
———————— € € € é at
nun KNo. bep.| Dep. Dep. Dep. b Varies
Aluminum
7075-T6

Al X X

A2 X
Titanium
6AL-4V

AL X

T2 X

'l\ 3 x x
Steel

1020

Sl X

S2 X

S3 X

#
See Fig. 11.
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TABLE 3

RING PARAMETERS AND STATIC ROOM TEMPERATURE

MATERIAL PROPERTILS

DATA COMMON TO ALL RINGS

Inside Radius 7.688 in.
lo. of iMass Points 60

DATA FOR RINGS OF SPECIFIC MATERIAL

1020 Steel

Density 0.000732 lb—secz/inu
Thickness 0.125 in.
Centroidal Radius 7.719 in.
o, = 35,000 psi €, = 0.00117 in/in
o, = 60,000 €, = 0.07500
03 = 63,500 63 = 0.20000
Failure Strain ~ 27.5 per cent
7075-16 Aluminum
Density 0.000253 1lb-sec2/in’
Thickness 0.350 in.
Centroidal Radius 7.863 in.
01 = 75,000 psi el = 0.0075 in/in
02 = 93,000 52 = 0.0400
03 = 137,000 23 = 0.2400
Failure Strain N 12.2 per cent
6AL-4V Titanium
Density 0.000421 1b-sec2/in”
Thickness 0.210 in.
Centroidal Radius 7.793 in.
01 = 158,000 psi el = 0.0090 in/in
g, = 175,000 €, = 0.0360
o, 219,000 €y = 0.2360

Failure Strain ~ 14.3 per cent
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H
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/0\\0 O,O (or mass pcint location I)
Station N-1 /7
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Station N Station 1

FIG. 1 FINITE-DIFFERENCE MODEL AND NOMENCLATURE
FOR THE HEATED RING
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OQuter Face

FIG. 2a SPECIFICATION OF THE RING TEMPERATURE
DISTRIBUTION WITH METHOD A
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(1) Radial Distribution At 6=0°

T(1,1)

fo—— T(1,2)

where T(1l,£) are read-in as data

T(1,K)
e— T(1,NFL)
IRAID=0
=eeol T(1,K)
% " where .,
T(1,K) = 2 (g)- D) - (o)~ L) 4w
\ H 2 Il 2
\
N TZ, Tl and T2 are read-in as data
IRAID=1

(2) Circumferential Distribution Of T(1,K)

ICIRC=2 ICIRC=3

ICIRC=1

(uniform)
3. 2b  SPECIFICATION OF THE RING TeMi'nikA UKL

DISTRIBUTION WITH METHOD R

(Sin 0) (Cos 08/2)
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temperature of
remaining portion
of ring equals TCOOL

\\\\

Y
(the ring
thickness
is greatly
exagerated)
T(°F)
| Ith mass station
surface
temperature
curve of T vs 6§ 1s given in
terms of input values of
TPOINT(I) and DPOINT(I)
.
program internolation
(linear)
T(I,K)|[====fp ===
TPOINT(3)
10
TCOOL p=- -~ - ———— R it -
l
[
DPOINT(3) e S(1,K) §(1in.)

FIG. 2c SPECIFICATION OF THE RING TEMPERATURE
DISTRIBUTION WITH METHOD C
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a) Initial impulse expressed in terms of
initial mass point tangential and radial
velocities

VEEZ
/

I@TA=2

b) Sine-shaped initial impulse expressed
in terms of peak value of the sine pulse
and angle between local tangen. and ve-
locity vzactor
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FIG. 6 RING PROFILE
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ROOM TEMPERATURE DATA
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APPENDIX A

DERIVATION OF THE EQUATIONS OF MOTION USED IN JET 1

A.1 Introduction

The approximate numerical method used in JET 1 for the
solution of transient responses of two-dimensional, single layer
rings is presented in this section. The term two-dimensional is
used in this section to indicate a structure which deforms in one
plane only. Thus, this development can be applied to any structure
such as beams, curved beams, or rings which do not deform in the
direction normal to their original plane.

The present development includes the following features:

(1) A provision for including large deflections and
large strains

(2) A provision for including elastic-plastic material
behavior

(3) A provision for including both the tangential and
transverse loadings; hence both the normal strain
along the axis of the structure and the change in
curvature of the structure are taken into account.

It is assumed that the thickness of the two-dimensional
structure under consideration is much smaller than the general
dimensicn of the structurc; thus, in the dynamic analysis, the
effects of rotary inertia and shear deformation can be neglected.
In the following sections, the equations of dynamic equilibrium
and the equivalent finite-difference equations are presented; the
latter equations can be interpreted as representing a lumped-mass
dynamic model which 1s also described.
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In the finite difference formulation of the equilibrium
equation to be used to evaluate the transient response of the
structure, it will be necessary to evaluate the inplane-stress
and moment resultants at specific points. Since the structure
is to undergo elastic-plastic deformations, the state of stress
can be convenlently calculated only at a finite number of locations
through the thickness. Thus it becomes necessary to use a numerical
integration method to evaluate the 1inplane-stress and moment
resultants. Various classical numerical integration (or quadrature)
methods are available for use. Integration methods such as the
center-value rule or Simpson's rule, which use equally-spaced
stations can be employed. Quadrature methods, such as Gaussian
quadrature (which is probably the most popular and efficient of
the quadrature methods used) require, in general, abscissa values
at locations specified by irrational numbers, but are generally
capable of supplying comparable accuracy (compared to other
numerical integration methods) with half the number of terms.

All of the methods evaluate the following integral by:

E Ws 1( (x;)

where wJ are weighting factors whose values depend upon the loca-
tion and the method (Gauss, Simpson, etec.) used, and f(xJ) are the
values of the function at each xJ. The 1inplane-stress and moment

e

—Y'F () dx

resultants to be evaluated involve integrals of the form

a(C)AC

-hjp
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thus by setting x = 2¢/h, the integral becomes:

h/2 N
gltyde = b ij q(C)
"\'\/q_ 3=\

A comparison can be made between the center value integra-
tion method (also called the "lumped-integration" method) and the
Gaussian quadrature method by the following example tabular summary

which lists the values of x, and H, for each case, using N = 4:

J J
J| Center-Value Method Gaussian Quadrature Method*¥
xJ wJ xJ wJ
1|- .75 .500 -.86113 63115 94053 .34785 48451 37454
2|l- .25 .500 -.33998 10435 84856 .65214 51548 62546
3|+ .25 .500 +.33998 10435 84856 .65214 51548 62546
ﬂ+ .75 .500 +.86113 63115 94053 .34785 48451 37454

*See Ref. 14

The JET 1 program uses the central value method to evaluate the
stresses because of the simplicity of evaluating xJ and WJ.
However, the central-value method is not essential in this
analysis; the more efficient Gaussian quadrature method could be
employed by making appropriate changes in the JET 1 program.

The material behavior is assumed to be elastic-plastic with
strain hardening. It will be shown that the procedure adopted in
the present analysis is well suited to take into account also the
effect of strain rate on the plastic behavior of typical metal
materials.
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A.2 Differential Equations of Equilibrium

Figure A.l shows an element, dS, of a curved two-dimensional
structure in the y-z plane in its instantaneous large-deformation
state, where S 1s a coordinate measured along the axis of the
structure. The internal forces acting on this element are the
axial force N, the transverse shear force Q, and the bending moment
M. The external forces acting on the element are the external
forces F,(S) and F,(S) and the inertia forces due to accelera-
tions in the y and z directions, respectively.

From the equilibrium of forces along the y-direction,

(N-‘- %N?CIS) Cos (9 +—é§d$) — NCos ©

- Q 15)
(a+ = ds) S (6+ T ds)+ QS .

+ F%(S\dS— w@)vdsS=0

where

m = mass of the structure per unit length
® = slope of the structure = sin'l(dz/ds)

From Eq. A.l1l the following partial differential equation of
motion is obtained:

—a%(NCosG)—-g—S(QSmGS-\- F._s—m.\;=0 (A.2)

Similarly from the equilibr’um of forces along the z
direction,

%(Ns\ne)+-§§(Qcose)+ - mw=0 (A3
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By considering the moment equilibrium about an axis
perpendicular to the y-z plane, the following equation is
obtained

(M+ %\’\gdg) —M—-—Qds =0 (.n

Thus the third equation of equilibrium is

éﬂ._ _ (A.5)
35S Q=0

A.3 Finite-Difference Equations

The differential equations of equilibrium, Eqs. A.2, A.3,
and A.5, can be finite-differenced in space by substituting the
following central-difference, finite-difference approximation
for the partial derivatives:

-c _ '(:l.'ﬂ T ¢ _ “:L*‘z_" ":L— 5
(35),‘__ 245;¢ *O AS\ B : AS; wr OF%%X ]

or, using a forward difference so that the 1/2 indices disappear

B'F - ":(,4\ - "L
_E;— = + 0l(A9) (A.6)

thus Eqs. A.2, A.3, and A.5 become respectively:

NL-M COS Gm —N i Cos e - QLM S\r\eun $e Q\'. S\n 6..'
AS AS; (A.T)

+(F~3\L— (mVv),_ =o
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N L+ S\ne;.+| -—NL S\f\ejL_.\_. Qc'.-v\ Cosel-u —G( CO§ e(.

ASe AS;
-+ LF-;)L - WeWe =0 (A.8)

Moo =M 0
-— : \
‘ AS ) N

= O (A.9)

The above equations may be considered as expressing the
equilibrium of an element bounded by station i and station i+1;
call this element mass-element my . Since my is equal to mAs and
remains constant even though the distance between the two neighbor-
ing stations changes because of the straining along the axis of
the structure, Egqs. A.7, A.8, A.9 can be rewritten as follows:

N i+ Cos e;,,. - N Cos 9;. - QL+. S\nec'_'q.l * Q; Smei.

= (F«QL AS,—mi Vi = O (A.10)

Nivv SinOiny =N SWOL — Qiny Cos O i + QL CosBO

= (Fz\f_ AS: — Wi W =0 (A.11)

Miwv =ML -Q. AS,.. =0 (A.12)

(W L)
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It is seen that this set of equations (A.10 and A.12) can
be represented by a dynamic model with lumped masses connected by
welghtless straight extensible bars with bending occurring only
at each mass point station as shown in Fig. A.2.

By referring to this model, several quantities in this set
of eyuations can be expressed in terms of the locations of the
lumped masses vy and Wy For example

.
AS; = [(V.; - V,__4Y"+ (Wi - WL.‘Y'] (A.13)

Snd = i We
AS,

(A.14)

Cos®: - Vi ‘ASY"-“ (A.15)

A.4 Step-by-Step Numerical Solution

The proposed procedure for solving the three finite
difference equations is a step-by-step numerical procedure. At
time tJ, it is assumed that the axial force Ni’ the bending
moment Mi’ and the location of the mass points, vy and Wy have
been determined for all stations and all previous instants of
time: tJ-l’ tJ-Z’ etc. The length of each interval ASi and the
angle of inclination of each link 61 can thus be evaluated using
Eqs. A.13 to A.15. The transverse shear force Q1 can also be
calculated using eq. A.12. If the external loads Fy and F'z at that
instant of time are given, the accelerations Vi and ﬁi for all
mass particles can then be evaluated using Egqs. A.10 and A.1l1.
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The central-difference approximation is now used to
represent the second derivatives of v and w with respect to time:

Vig-r = 2V + Vi im

Vo . - (A016)
(F
,J uk\l
\."./i.j = Wid- = 2Wid + Wi, am (A.17)
’ (ot}
From these relations, the locations vy 341 and wy 341 of all the
] ’

mass points at t = ¢t can be determined. Knowing the new loca-

tions of individual %;;s points, the increment in strain along the
axis of the two-dimensional structure and the increment in curva-

ture at each point of the structure can be determined. From this

information the increments of axial force, N, and bending moment,

M, may be calculated and the calculation cycle can be repeated

for as many time intervals At as desired. These last two steps

of the computation are discussed in the following section.

A.5 Strain Displacement Relations and Constitutive Relations

In expressing the change in curvature in terms of the
displacements of the mass points, an approximate scheme is used.
The radius of curvature at point i is assumed to be the radius
o{hthe circle which passes through the mass poirts at the i-ISt,
i

of the radiivs of curvature is given by the following relationship:

, and i+lSt stations. The curvature which is the reciprocal

(‘Lf\z - l“" Si; (Si; —AS een §) (Sei—AS:;) (8¢ - ‘oi.‘ﬂ]
{_(ASL~\ '3 ASy; bi.‘;\]-z (A.18)
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where
\
Sy =37 1AS.'_,\‘;\+ Faa bi—.&l (A.19)
and

'
\D..) - {(V‘“‘\S -V(_\‘s)l-\- (w"ﬂ\;\ e \A/L_l‘:\ Y] (A.20)

The change in curvature from the initial curvature is given by

K.. = : S (A.21)
Ry R, '

where (Ri)o is the radius of curvature of the undeformed structure.

The axial strain for the ith interval can be expressed as

;. = AS:y - (Asi.\o
- CASi\o (A.22)

where AS.. is given by Eq. A.13 and (ASi)0 is the length of the

ij
ith interval at the original undeformed position.

In the present development, the cross section of the two
dimensional structure is replaced by a simplified model with an
even number of concentrated flanges, separated by shear webs
which cannot carry normal stresses and have infinite shear
rigidity (Fig. A.3). With this model, the stress and strain in
the structure can be defined by the individual normal stress in
tne N layers, invoking the assumption that plane sections remain
plane throughout the response. The distance between flanges can
be determined by one of two requirements: The first requires
that the elastic bending stiffness of the model be equated to
that of an ideal beam. If this i1s the case, then the following
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defines the area and the distance between each flange:

A= Yh/N
d h/\/Nl-j_ (A.23)

where b is the width
h is the thickness
and N is the number of flanges

It

If, on the other hand, the model exhibits the same fully-plastic
pure axial load-carrying ability, and equal fully-plastic pure
moment-carrying ability as the actual structure, the following
flange areas and spacing result:

A= bh/N
d = h/N (A.24)

Note that as the number of flanges used to represent the
cross-section increases, the two values for d coalesce.

Using the assumptions of conventional beam theory, the
section originally perpendicular to the axis of the structure
remains perpendicular to the deformed axis. The normal strains
in the upper and lower flanges can thus be expressed in terms of
the axial strain and the change in curvature. It should be noted

th

that the axial strain €, refers to the change in length of the 1

link or the interval be%ween the i-1 and the i'Ch station, while
the change in curvature refers to that at the ith
speaking, in determining the interaction between bending moment
and axial force, the axial strain and the change in curvature

should be evaluated at the same station. For example, the axial

strain at the ith station can be obtained by the average of the

strains at the two neighboring in“2rvals, i.e.,

T3

station. Strictly




_ €Eim—-E.

rstahion 7

(A.25)

It is believed, however, that for an analysis with a
sufficiently small space mesh, the error introduced will be
negligible when the calculation is made by using the strain of
the ith link and the change in curvature at the 1th station.
Using N = 2 (2 flanges) to illustrate the following, the incre-

ments of strain in the upper and lower flanges are given by

AAE‘U,;,:‘“ = Aed\sq\*‘%AKL);‘-r\ (A.26)
and
A€g i\ = A€ juy — %— DXL, jan (A.27)

where the upper flange thickness station is located at g = %.

In determining the increment of normal stress in the upper
and lower fibers, the following trial and correction approach is

used. For example, at time tJ the upper fiber stress, g and
1,J
and the incremental strain, Aeu , have been evaluated. A
1,541
trial value of the fiber stress at tJ+l is then computed based on

the elastic stress-strain relation, i.e.,

(Gu;‘.j“)t = Cuj+ EAE, (A.28)

J Cigrt
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The quantity

(G“l.i"")t /Q—o

is then calculated and the actual value of the upper fiber stress

at tj+1 is determined according to the following conditions:

1) L A GO N

(2) 4 (Gu; J-h\t <1 T Su . = - %
G N (A.29)

@) i (G——»—“‘ o)y >1 7 Oy g = S

To calculate the axial stress in the lower flange, the
corresponding equations can be obtained by replacing the subscript
"u" in Egs. A.28 and A.29 by the subscript "2", and by setting

= -7
Finally, when the normal stresses in both flanses have been
determined, the axial force and bending moment can be obtained

from the relations

Nise

A{O—“;_“‘h\ - Q_RL\;\H l

(A.30)

_ Aw
M.‘.,;u —A-— G-.“L‘SH - 6_9.;_,3*\1
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The above discussion of the calculation of axial forces
and bending moments is based on the very simple model having a
two-flange cross section., For a more accurate analysis, the
cross-section can be approximated by N lumped flanges as shown in
Fig. A.3. The expressions for the axial force and the bending
moment then become:

K=\ (A.31)

M.~ Ad i i (zx-nN-1)/2
K=t

As hoted previously, various quadrature methods, such as
Gaussian or Simpson, could be used to obtain equal accuracy with
fewer terms (flange stations) required. If a quadrature method
is used, there 1is no need to use the concept of the ideal-thickness
model depicted in Fig. A.3.

A.6 Remarks Concerning Strain-Hardening and Strain-Rate Effects

In the previous discussion, the stress-strain relation is
based on the assumption that the material behaves as an elastic,
perfectly-plastic solid. The yield stress of the material is
assumed to be unaffected by the strain rate. Engineering metals,
in general, are characterized by the existence of strain-hardening
in the plastic range, and the plastic behavior of some materials
are highly influenced by the strain rate. In this section, brief
remarks will be made concerning the modifications of the basic
compu*ing program to include the strain-rate and strain-hardening
effects.

The accommodation of strain hardening behavior 1s conveniently
done by using the characterization of the constitutive behavior
described, among other places, in Ref. 7. In this method, the
stress-strain curve for a strain-hardening material under uniaxial
stress, as depicted in Figs. A.l4a through A.4c may be approximated
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by straight-line segments, through the use of the mechanical
sub-layer concept [15]. In that concept the material at any
point 1s considered to consist of a number of equally-strained
"sublayers" of elastic, perfectly-plastic material, each with the
same elastic modulus, but with a different appropriately-selected
yield stress. Thus, for example, tne yield stress of each of the
m sublayers would equal:

61‘ L Eé|
Gq.s.‘ © E é'_
G‘im = Eem
where €15 €, -== € are the strains at which each sublayer becomes

perfectly plastic, and these values represent the strain values
at the straight-line-segment fitting points shown in Fig. A.lc.
Thus, for any value of strain, €, it is evident that sublayers 1
and -, for example, may be in the plastic range, while all of the
remaining sublayers are in the elastic range; the stress value
associated with each sublayer is defined uniquely by the strain
history and the value of strain and strain-rate present. Taken
collectively with weighting factors Ck (to be defined later), the
stress on the stress-strain curve defined by the sequence of m + 1
straight-line segments at the given value of strain € may be
expressed as

c = 7 CTul€)

K=\

(A.33)

where m is the number of mechanical sublayers, and the weighting

th

factor Ck for the K sublayer may readily be confirmed to be

i




(A.34)

where E."E

E‘ = = - - e (A.3’4a)
%" (€w- €umt) (k= 2o}

and the €1cr Tk define the coordinates of the piecewise linear
approximation as shown in Fig. A.l4c to the actual static stress-
strain curve. Fig. A.lc also illustrates the method used to
approximate the material behavior at elevated temperatures, where
a number of static stress-strain curves, one for each of several
temperature levels, can be used to obtain a stress-strain curve
at a desired (intermediate) temperature by linear interpolation.

One of the simplest and most popular methods for approxi-
mating the stress-strain behavior of a simple strain-rate dependent
material is taken from PRef. 12. This method pertains to an elastic,
perfectly-plastic solid whose uniaxial stress-strain curve is
assumed to be affected by strain rate (é) only by a quasi-steady
increase in the yield stress of the material compared with that
for the static case (¢ = 0). The gxpression for yield stress cy
of this material at a strain rate e is given by the following:

Gy = G, (\+]%\YP ) (A.35)

where 9% is the static yield stress of the material, and D and p
are emirically-determined constants characteristic of the material.
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Fipure A.5a illustrates schematically the uniaxial stress-
strain behavior for a strain-rate dependent, elastic, perfectly-
plastic material whose rate dependence is described by Eq. A.35,
while Fig. A.5b depicts the corresponding behavior fér a strain-
hardening material which is represented by the mechanical sublayer
model, where each sublayer has the same values for the strain-rate
constants D and p. For this special type of rate-dependent strain-
hardening material, the stress-strain curve at a given strain rate
€ 1is simply a constant magnification of the static stress-strain
curves along rays emanating from the origin as shown in Fig. A.5b.
However, for strain-hardening material whose strain-rate behavior
is not one of simple magnification, the strain-rate behavior can
often be approximated adequately by employing appropriately
different values of D and p for each sublayer; the resulting
behavior is illustrated in Fig. A.5c.
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a) An Element, ds, of a Curved Deformed Two-
Dimensional Structure

b) External and Inertial Loads Acting on the Element

FIG. A.1 SCHEMATIC OF STRUCTURAL ELEMENY

80




g

///>\ i+l mass

i+l 1link Qi+l

ith 1link 1+1 1link

i-1 mass

81 i 1

ith mass \\\)
Mi+

o

Nia1
1

i+]1 mass

i-1 mass

FI1G.

A.2 FREE BODY DIAGRAM FOR THE REPRESENTATIVE ELEMENTS

OF THE LUMPED-PARAMETER MODEL
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FIG. A.3
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APPENDIX B

USER INSTRUCTIONS FOR THE JET 1 COMPUTER PROGRAM

B.1l Introduction

This appendix presents the detailed information required
to use the JET 1 program, from the punching of the input cards t.
the description of a sample run with resultant output which can b
utilized by the user for checking the adaptation of the program t
his computing facility. Included also are instructions for using
the continuation feature, a partial list and explanation of the
variable names used in the program, and the FORTRAN IV listing
of the JET 1 program.

B.2 Data Input Procedure

B.2.1 Input Data Hequired

The information needed to punch a set of data cards for
a run is presented in a step-by-step manner below. The variables
v data card are outlined in a box; to the
right is the format to be used for that card; and finally, the
definition and limits for each variable are given directly below.

to be punched on the n

This is done for each card in turn, until all are described.

Cards 1 through 5 describe the ring geometry, the ring-
model makeup, damping values to be used, and the program constants.

CARD 1 Card Format

N,NFL,NSFL,JPRINT,JCYCLE ,MORE ,JSTART , JFDAMP ,NTEMPS ,NORATE | (10I5)

N is the number of mass points used to describe the ring
(see Fig. 1). This number must be even and cannot exceed
100.

NFL is the number of flanges used to specify the cross sec-

tion of the ring. The ring's thickness-wise temperature

distribution is also described by assigning a temperature
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NSFL

JPRINT

JCYCLE

MORE

JSTART

JFDAMP

NTEMPS

NORATE

at each flange. NFL must be even and cannot exceed 10.

equals the number of subflanges in the strain-hardening
model for the ring material, and equals the number of
coordinate pairs (ol,el) defining the polygonal approxi-
mation of the stress-strain diagram (see A.4a in Appendix
A); NSFL must never exceed five.

is the cycle number (for both artificial and real time)
at which regular printing is to begin.

is the number of program cycles between regular printout.
(i.e., print every JCYCLE cycles).

signifies that the run is a continuation run if it equals
1. If the run is not a continuation run, set MORE = 0
(see Subsection B.4 for more complete information).

equals 0 tells the program that the initial dynamic
response resulting from an imposed initial thermal stress
distribution is to be damped out before real time begins
and external forces are applied. If no initial damping
is needed (as in the case when the ring is unheated) or
desired, set JSTART = 1.

is the maximum number of program cycles of artificial
time allowed after damping of the elastic motion has
begun (JFDAMP is the total number of cycles allowed, but
it is tested only after plasticity 1is completed). If
computer time is not limited, set JFDAMP equal to 9999.

is the number of temperature levels at which material
properties are given in data cards 13 through 16. NTEMPS
must equal at least 1, and cannot be greater than 5.

If NTEMPS = 1 (when the ring is at a constant temperature
level) then Cards 6 through 9 and 11 must be left out.

tells the program there are no strain-rate effects if
it equals 0. If there are to be strain-rate effects,
set NORATE = 1.
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CARD 2

RHO

CARD 3

DELTAT

where AT

Card Format

R, B, H, RHO 4E15.6

is the radius of the ring to the centroidal axis
of the cross section in inches

is the width of the ring in inches
is the thickness of the ring in inches

is the mass density of the ring material (1b-sec2/1nu)

Card Format

DELTAT, HALT1l, HALT2, TIMP LE15.6

is the time interval per cycle to be used in the
running of the program. As noted in Ref. 7, DELTAT
cannot be chosen arbitrarily, but is subject to the
following stability criterion:

DELTAT should be chosen so that it is slightly 1less
(about 5%) than the smaller of the following two time
increments (AT):

AS
AT ong = ' (B1)
1
\ [ =—(E.+E,+ —--- +E )
NFL 1 =2 NFL‘/MAX
1/2 (AS)2
ATLat = \ (B2)
1
\[p_ﬂ(Elll“EzI:e+ ===~ *ExprINFL)max
Long and ATLat are the critical time increments based on

the wave equation and the lateral bending equation, respectively.
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In general, different AT's will be calculated at each mass point
location unless the temperature distribution 1s uniform around
the circumference of the ring. The correct value of the critical
time increment is the minimum value encountered on the ring.
Thus, the maximum value of effective Young's modulus 1s used

Long and ATLat'
Note that AS is the 1link length, E, = ¢ / € at eacihi flange,
K 1,K 1,k

to calculate the critical time increments AT

p and H are the density and thickness of the ring, respectively,
and I 1s the area moment of inertia of each .lange about the
centroidal axis of the ring's cross section divided by the

Long and ATLat
and choose an appropriate value for AT, if the value for DELTAT

ring-width B. The program will compute both AT

is set equal to zero in Card 3:%

HALT1 is the time in seconds at which it is estimated that all
plastic work will have been completed, and damping
can begin in the "artificial" time portion (JSTART = 0)
of the program.
If HALT1 is set equal to zero, a value for HALT1 will
be calculated by the program based on the value of the
period of the first mode of the ring. The time thus
calculated tends to be quite conservative (longer than
required). If HALT1 is set equal to - 1, the program
will test the ring separation and start damping the ring
motion when the ring's first-mode response has gone
through a minimum and a maximum value of the ring sepa-
ration. (Experience has shown that in most cases, all
appreciable plastic work has been completed by the time
the ring has undergone one cycle of maximum and minimum
separation).

—
The AT thus chosen by the program is printed out in the initial
information printout of the output.
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HALT?2

TIMP

CARD 4

TBEGIN
TFINAL

AMP1

Tl

applies to the real time portion (JSTART = 1) of the
program, and it is the time in seconds required after
externaliy-applied forces have stopped for plastic

work to be completed (the amonnt required is added to
TFINAL in the program). HALT2 can be set equal to 0 or

- 1, and the program will calculate HALT2, and test

for the end of plasticity, respectively, as with HALTI1.

If no damping is desired, make HALT2 very large (e.g. 1.00)

is the value of real time at which the impulsive load is
applied to the ring. In most practical cases, TIMP will
equal 0.0 seconds. However, in cases where the dynamic
response resulting from the initial thermal stress is
not damped out, it may become desirable to apply the
impulsive load at some time greater than zero.

The following card describes the time-varying triangularly
shaped forcing function.

Card Format

TBEGIN, TFINAL, AMP1,Tl 4LE15.6

are the times (in seconds) which define the beginning
and the e¢nd, respectively, of the complete triangular
forcing function; i.e., the complete forcing function
starts at TBEGIN and ends at TFINAL. If there is to be
no forcing function during the run, set both TBEGIN and
TFINAL equal to zero and set AMPl and Tl also equal to
zZero.

is the maximum {(peak) value of the triangular shaped
forcing function in pounds

is the time at whichh the peak of the triangular shaped
forcing function occurs. (See Fig. 4},
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CARD 5

Card Format

HDAMP, FDAMP, TCOOL, TIMTOT 4E15.6

HDAMP are the values of the damping constant to be used for

FDAMP damping the ring dynamic response in the artificial
and real time portions of the program, respectively.
Care must be taken not to make the value of damping
greater than the minimum critical value of the ring
based on the minimum "effective" bending stiffness
of the ring's crcss section (see Subsection 2.2.2.4).
The program will calculate a correct va.ue for damping
in each case, if the respective input value 1s made
equal to zero. The value thus calculated is printed
out upon completion of the damping of the dynamic
response. FDAMP is not used if there is to be no
damping in the real portion of the run.

TCOOL is the assumed overall temperature of the ring before
the temperature distribution is applied. The difference
between this temperature and the imposed temperature
distribution i1s used to calculate the initial thermal
stresses.

TIMTOT 1is the maximum real time attained before the run is to
stop; this stop must occur before damping 1is begun.
It can be used to stop the program at a desired time
in order to change the temperature distribution (see
Subsection B.4).

Cards 6 through 1l describe the temperature distribution
of the ring (see Subsection 2.2.2.1). If NTEMPS cn Card 1
egualc 1 {i.c., the ring has a uniform temperature dis-
tribution), then skip to Card 10; Cards 6 through 9 and
11 are to be left out.
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CAKD 6

LISTEM

IRAID

METHOD A, LISTEM

Card Format

LISTEM, IRAID, ICIRC ] 315

can equal 1, 2, or 3 depending on the method used to
describe the ring temperature distribution. The three
methods corresponding to the value of LISTEM are as
follows:

1, the temperature corresponding
to each flange in the ring will
be read-in separately with input

cards.

METHOD B, LISTEM = 2, the temperature of each flange
will be calculated using functions
chosen in Cards 8 or 9.

METHOD C, LISTEM = 3, the temperature of each flange

is found by the program from a
curve of temperature vs distance
from the outside surface measured
parallel to the z axis. The curve
is appruximated by coordinates

given in Card(s) 11.

is used only if LISTEM = 2 (i.e., if Method B is used).
If IRAID = 0, the temperature distribution through the
thickness of the ring at 6 = 0 is read-in in Card 8.

If IRAID = 1, the temperature distribution will be
calculated using the following equation: (repeated

from page 11).

3

2 T
T(K)= 3 (2(K)- ) - 2 (g(x)- Ly 1,

H 5 H 5 (repeated)
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where To, Tl, and T2 are read-in on Card 9, H is the
thickness of the ring, and ¢(K) is the distance to

the Kth flange from the centroidal axis.

ICIRC is used only if LISTEM = 2,

If ICIRC = 1, the temperature distribution through the
thickness, described previously
using the value of IRAID, is
constant around the circumference
of the ring.

If ICIRC = 2, the above temperature distribution through
the thickness varies as a function
of sin® around the circumference
of the ring as follows:

T(6,K)=(T(0,K)-TCOOL)Sin6+TCOOL

where T(0,K) is the temperature
of the K*™ flange at 6 = 0

TCOOL is the ambient temperature
of the ring before it was heated.

If ICIRC = 3, the temperature distribution through the
thickness varies as a function of
cos 6/2 around the circumference
of the ring as follows:

T(6,K)=(T(0,K)-TCOOL)C0S6/2+TCOOL

Cards 7a,b... are used only if LISTEM on Card 6 equals 1.
Skip Card 7 if LISTEM does not equal 1.

CARDS 7a, Tb, ....

Card Format

T(Y,1), Th1,2) 5 ewap TETK)po0ss TINMNPL) 5E15.6
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T(1,1) is the temperature of the first flange at the
first link. The first "flange" 1s on the
inner face of the ring (see Fig. 2a).

T(1,2) is the temperature of the second flange at the
first mass point.

T(I,K) succeeding values of temperature are read, using
! as many data cards as are required, with five
U temperatures on a card (except possibly the
! last card) until all temperatures for NFL flanges
! at N links are rzad.

T(N,NFL)

If Cards 7 are used, skip to Card 12.

Cards 8a, b are used only if LISTEM = 2 and IRAID = 0 on Card 6.
If these conditions are not met, skip Cards 8a and 8b.

CARDS 8a, 8b

Card Format

T(1,1), T(1,2), ..., T(1,K), ..., T(1,NFL) 5E15.6

T(1,1) is the temperature of the first flange at 6 = 0.
The first flange is on the inside of the ring.

T(1,2) is the temperature of the second flange at 6 = 0.

T(1,K) reading of succeeding values of T(1l,K) continues
: until all temperatures for NFL flanges are read

T(1,NFL) at 8 = 0.

Card 9 is used only if LISTEM = 2 and IRAID = 1 on Card 6. If
these conditions are not met, skip Card 9.
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CARD 9
Card Format

[TZER, TONE, TTWO | 3E15.6

TZER are constant coefficients to be used in Eq. 1 on page 11

TZONE These are used to describe the temperature distribution

TTWO | through the ring thickness at 6 = 0, If Card 9 is used,
skip to Card 12.

Card 10 is used only if the temperature of the ring is uniform
(i.e., if NTEMPS = 1).

CARD 10
Card Format

£15.6

TCONST 1is the temperature of the uniformly heated ring in
degrees. If a ring with no temperature effects assumed
is being analyzed, set TCONST equal to TCOOL in Card 5.
If Card 10 is used, skip to Card 12.

Cards 11 are used only if LISTEM = 3 (Method ) on Card 6. If
LISTEM does not equal 3, skip these cards.

CARDS 1la, b, ¢, d, and e

Card Format

TPOINT(1), DPOINT(1l), TPOINT(2), DPCINT(2) LE15.6

DPOINT(1) temperature at the outside surface of the ring
(DPOINT(1l) = 0) is given) on the temperature-versus-

material depth curve as shown in Fig. 2C. TPOINT(1)

TPOINT(l)k are the coordinates of the first point (where the

and DPOINT(1) are in degrees and inches, respectively.
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TPOINT(2)1 are the coordinates of the second point on the temper-
DPOINT(2) ature versus material depth curve.

Additional cards are punched until the required TEN coordinates

approximating the curve are given. If a temperature 1s required
for a depth greater than DPOINT(10), the program sets the value

of temperature at that position equal to TCOOL.

This completes the description of the temperature dis-
tribution of the ring. Cards 12 through 16, which follow, give
the information needed to calculate the temperature-dependent
material properties of the ring. As outlined in Subsection 2.2.2.2,
each flange 1s assigned values for material properties by the
program based on a linear interpolation of curves of material

"constant" versus temperature read on input cards.

CARD 12
Card Format

TEA(1), TEA(2), ..., TEA(NTEMPS)

TEA(1l) 1is the lowest temperature level at which material proper-
ties will be given. Ordinarily, TEA(1l) will be "room
temperature" and will equal TCOOL given on Card 5, but
this is not required, and TEA(l) can be any value as
long as it does exceed the lowest temperature encountered
on the ring; otherwise an error message will result and
the program will stop.

TEA(2) 1is the next to lowest temperature level at which material

' properties are given.

TEA(NTEMPS) is the highest value of temperature at which material
properties are given, where NTEMPS is given on Card 1 and
is the total numuer of temperature levels given. NTEMPS
cannot be less than 1 and not more than 5. TEA(NTEMPS)
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Card 13

ALPH(1)

ALPH(2)

must be equal to or greater than the highest temperature
encountered on the ring; otherwise, an error message

will result and the program will stop. If the temperature
of the ring is constant, and NTEMPS on Card 1 equals 1,
set TEA(1l) equal to TCONST on Card 10.

Card Format

ALPH(1), ALPH(2), ..., ALPH(NTEMPS) 5E15.6

is the coefficient of thermal expansion for the first
temperature level given, TEA(1l), on Card 12 (inches/
inch/degree)

is the value given for the second temperature level given
(TEA(2)).

ALPH(NTEMPS) 1is the value given for the highest value of

temperature given (TEA(NTEMPS)). If ALPH is assumed

to be independent of temperature, make all values
required equal to the constant value since a value

for each temperature level must be read by the computer.

Cards 14 and 15 should be included only if NORATE given in
Card 1 equals 1. If NORATE equals zero, skip to Card 16.

CARD 14

DEA(1)

Card Format

DEA(1), DEA(2), ..., DEA(NTEMPS) 5E15.6

is the value of the constant D used in the strain-
rate formula

« 1/P

= €
Oyl Ooz ( 1+IE| ) (B3)
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for the first temperature level, where (D) = (1/sec),

oy 1s the rate dependent yield stress of subflange £,
L

and a. is the static yield stress of subflange %,

L
where 002 = Elz eol (see Ref. T)
DEA(2) 1is the value of the constant D for the second temperature
; level.
|
DEA(NTEMPS) is the value of the constant D for the highest
temperature level. As for ALPH(NT), list NTEMPS values
of DEA(NT) even though they may be all the same.
CARD 15
Card Format
PEA(1), PEA(2), ..., PEA(NTEMPS) 5E15.6
PEA(1) 1is the value of the constant p used in Eq. B3 above
for the first temperature level, where p is nondimen-
sional.
PgA(E) is the value of p for the second temperature levz1
PEA(NTEMPS) is the value of the constant p for the highest

The following card(s) must be included.

temperature level. A value of PEA(NT) must be given
for all temperature levels, even though they may all
be the same.

stress-strain curve for each temperature level.

CARD l6aa
Card Format
EPs(1,1), SiG(1,1), EPS(2,1), SIG(2,1) 4E15.6
99

They describe the material
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SIG(1,1) | in the first temperature level, which is used to de-
fine the polygonal approximation of the first tempera-
ture level's stress-strain diagram (see Fig. A.4a). The
stress-strain diagram which these values, and those
following, approximate, must be upwardly convex with
nonnegative slopes. (e (2,NT) = in/in. and o (&,NT) =
1b/1n)

EPS(l,l)} make up the first coordinate pair of strain and stress

EPS(2,1)1 make up the second pair in the first temperature level.
SIG(2,1)J

Additional cards 16 ab and 16 ac are punched in exactly the same
manner as Card 16 aa until the number of coordinate pairs equals
NSFL punched on Card 1. The total number of coordinate pairs
must not exceed 5 for any temperature level. Do not include any
unneeded (blank) cards.

Card(s) 16 is (are) repeated (16 ba, 16 bb...etc.) for each
temperature level until the number of sets of cards equals
NTEMPS (given in Card 1). The total number of sets of cards
must not exceed 5.

This ends the description of the ring and its temperature dis-
tribution, the remaining cards complete the description of the
external forcing functions.

CARD 17

Card Format

IOTA, NV 215

IOTA can equal 0, 1, or 2, depending upon the distribution
of the initial impulse on the ring's circumference (see

Fig. 3).
If IOTA = 0 no impulse is to be introduced
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If IOTA = 1 an impulse will be defined at pertinent
mass stations by defining the appropriate

radial and tangential components of the

initial velocities of each mass point in
Data Cards 18 (a, b, --=).

a sine shaped initial velocity field,

distributed over a specified number of

mass points and oriented at a specified
angle, tilt or B (see Fig. 3b), to the

ring tangent is to be defined in Data Card

NV is the total number of masses for

which the velocity components are to

be specified.

If IOTA = 2
19.
NV
If IOTA =1
If IOTA = 2

If there is to be

NV = 0 and skip to Card 20.

Card(s) 18 is (are) included only if IOTA =

CARD 18a

MASSNO

VRAD, VTAN

MASSNO, VRAD, VTAN

Card

NV is not used and can be set = 0,

no impulse in the run, set IOTA = 0 and

1 in Card 17.

Format

(15,2E15.6)

is the station (mass point) number at which the
velocity components VRAD and V.'AN are to be

applied.

are the radial velocity and the tangential velocity,
respectively, applied to MASSNO (inches/sec). VRAD
is positive directed out, VTAN is positive directed

zounterclockwise.

(see Fig. 3a)
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Additional cards (18b, 18c ...) are punched in exactly
the same manner until the total number of cards specifying the
initial velocity equals NV given in Card 17. It is not necessary
to list those mass points which have zero initial velocity.

Card 19 1s included only 1f IOTA = 2 in Card 17.

CARD 19
Card Format

MASSES, MSTART, VEEZ, TILT (215 ,2815.6)

MASSES 1is the number of masses over which the sine shaped
impulse is to be distributed. This number must be odd.

MSTART 1is the number of the first mass in the group over which
the sine shaped impulse 1is distributed. 1i.2., the impulse
is applied to mass points (MSTART), to (MSTART + MASSES - 1).

VEEZ is the peak value of the sine-shaped impulse, in inches
per second.

TILT is the angle at which the impulse 1is applied to the ring
referenced to the counter clockwise directed tangent.
(See Fig. 3), in degrees.

If there is to be no time dependent forcing function during
the run, these cards will be the last required in the input deck.

The last card specifies the sine-shaped time varying
force applied to the ring, if one is present (see Fig. 4). 1In
all cases, the time history of the total force applied is a
triangular shaped pulse, with the value of the force being zero
at TBEGIN and TFINAL specified on Card 4, and the maximum peak
value and the time at which it occurs is also specified on
Card 4. The force is distributed over a specified number of
masses in the shape of a half-sine wave, and there 1s a provision
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for specifying the velocity at which the pressure pulse travels
along the ring circumference if desired. The direction of the
force relative to the local tangent is also specified. The data
required to specify the loading 1is described below,

CARD 20
Card Format

NSTAT, MASSN, RPM, ANGL (215,2E15.6)

NSTAT is the first mnss point at the beginning of the forcing
function (see Fig. 4).

MASSN is the number of masses over which the forcing function
is distributed. This must be odd.

RPM is the revolutions per minute, positive in the counter-
clockwise direction, at which the forcing function is
traveling. If the forcing function distribution is
stationary with time on the ring, set RPM = 0.0,

ANGL is the angle between the force vector and the clockwise
directed tangent vector (see Fig. 4), in degrees.

B.2.2 Input for Special Cases of the General Stress-
Strain Relations

In the following, which in each case must apply to the
ring as a whole, the specific input data for three special cases
of the general elastic, strain-hardening constitutive relation
handled by the computer program are given. Only the relevant
data are noted:

(1) Purely Elastic Case

Set NFL = 2, NSFL = 1 on Card 1 and make EPS(1,NT)
and SIG(1,NT) on Card(s) 16 sufficiently high so
that no plastic deformation oczcurs; for example,
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EPS(1,NT) = 1.0, SIG(1,NT) = E(NT) where NT is the
particular temperature level being described.

(2) Elastic, Perfectly-Plastic Case

Set NSFL = 1 on Card 1 and make EPS(1,NT) = SIG(1,NT)/
E(NT) on Card(s) 16.

(3) Elastic, Linear Strain-Hardening Case

Set NSFL = 2 on Card 1 and set EPS(1,NT) = SIG(1,NT)/
E,(NT) also EPS(2,NT), and SIG(2,NT) on Cards 16

are taken sufficiently high in crder to avoid plastic
deformation in the second subflange (see the descrip-
tion of the strain-hardening model in Ref. 3); for
example, EPS(2,NT) = 1,0 and SIG(2,NT) = 1 - EPS
(2,NT)/Ep(NT) + SIG(1,NT), where Ep(NT) are the
slopes of the segments of the stress-strain curves

at different temperatures in the plastic range.

B.3 Output

The printed output begins with a partial reiteration
of the program input which identifies the problem solved. The
information presented varies with the type of problem analyzed.
An example output is presented at the end of this Appendix in
Subsection B.T7.

After the initial printout has been completed, the
following information is printed out (this 1is done before the
first cycle (J = 0); after cycle JPRINT has been completed; and
at every JCYCLE cycles thereafter, for both artificial, JSTART = 0,
and real, JSTART = 1, time regimes):

J = [J] TIME = [TIME] SEPARATION (IN.) = [SEP]
TOTAL ENERGY INPUT INTO RING = [TOTWRK] (IN-LB)
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INITIAL ELASTIC ENERGY
IMPULSIVE ENERGY INPUT [WORKIM] (IN-LB)
EXTERNAL FORCE INPUT [TPWORK] (IN-LB)
TOTAL ENERGY IS NOW DISTRIBUTED AS FOLLOWS:
KINETIC ENERGY OF RING = [RINGKE] (IN-LB)
ELASTIC ENERGY [ELASTW] (IN-LB)
DAMFING ENERGY (TDWORK] (IN-LB)
PLASTIC WORK [PLASTW] (IN=-LB)

[ELAMAX] (IN-LB)

THE FORCE RESULTANT ACTING ON THE RING DURING THIS CYCLE IS [AMP]

v W N M EPSI EPSE YTIELD

“ e LY .. ... L) e o0 e e

" e “ . .. LRI L) L ) L)

N L) . e . LI “ e e LI ) LU

where

J = computation time cycle number
TIME = Elapsed time corresponding to the end of cycle J (sec)
SEP = the distance from the front of the ring to the back
as approximated by the difference in W between mass
points X and N/2 (inches)

TOTWRK = Total work done by the initial impulsive and the forcing
function added to the initial elastic energy present
in the entire ring due to the imposed thermal stresses
(in-1b). TOTWRK includes both the internal energy of
the ring, and the energy used to accelerate the "rigid
body" mass of the ring in the inertial coordinate

system.

ELAMAX = The elastic strain energy stored in the entire ring at
TIME = O

WORKIM = Total work done by the initial impulsive loading on

the entire ring in the inertial axis system
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TPWORK = Total internal work done by the external forcing
function on the entire ring
RINGKE = Kinetic energy of the entire ring in the inertial
axis system
ELASTW = Current elastic strain energy stored in the entire
ring
TDWORK = Internal energy removed from the ring by artificial
damping
PLASTW = Plastic work done on the entire ring (in-1b)
AMP = Amplitude of force resultant acting on ring during
current cycle
= Mass point station number
= The y-location Vis of the ith mass point® (in)
Axial force N, in the ith link (1b)
= Bending moment M1 at the ith mass point station (in-1b)
EPSI = Strain on the inner surface of the ring at the ith
mass point station
EPSE = Strain on the outer surface of the ring at the ith
mass point station

=22 <9 H
1]

Asterisks are printed below YIELD whenever plastic
yielding occurs in any of the flanges at that station.

At the end of each run in which real time has been
used, a statement FIRST YIELDING AT TIME = ... is printed out.
This statement gives the time of the first plastic deformation
ever to occur during the response. At that time, a printout of
the above-illustrated kind is made (independent of the values of
JPRINT and JCYCLE). If the response 1is purely elastic, no such
statement or printout is made.

—
The coordinates V and W of the mass points are measured from the
original, time = zero, center of mass position of the ring.
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B.4 Continuation Runs and Method to be Used for Varying Ring

Temperature Distribution with Time

Included in the output of each completed run is a set of
continuation cards which contains all of the information that
is necessary to continue the same run, if desired, to obtain
further time-history information with or without a different
temperature distribution. Each completed continuation run also
produces a continuation deck, so the process may be continued
indefinitely as long as desired.

In general, there are three ways in which a JET 1 run can
be completed. The first is to let the rlng's dynamic motion be
damped out in real time and the program will terminate itself
when the ring is fully damped. T.e second is to specify JSTART = 0
for artificial time and make TIMTOT = 0.0. The motion of the
ring due to the imposed thermal stresses will be damped out and
because TIMTOT = 0, the run will terminate at real time equal zero.
The third way is accomplished by specifying TIMTOT and HDAMP,
where HDAMP is some time greater than TIMTOT (say 1.0 sec) and
TIMTOT is the real time when the program should stop.

The third way of completing a run is the most useful if
one desires to change temperature each time using the continuation
run feature, since the stopping time 1is specified. However, all
three methods yield a continuation deck and any of these can be
continued if desired.

It should be noted that all continuation runs are made
using real time (JSTART is set equal to 1 in the program for a
continuation run) since no damping should be allowed in the
middle of a run.

To continue a run, the input data should be submitted
as follows:
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Card Contents

1 N, NFE? NSFL, JPRINT, JCFCLE, MORE, JSTART, JFDAMP, NTEMPS, NO%&TE

l { } )
same same
determined by
user
same
same (set = to 1 in program)
Nonzero positive integer
(e.g., original run number)
same
New first print cycle
2 Same

3 DELTAT, HALT1, HALT2, TIMP
same same
May have to be changed

If continuation run includes a new temperature distribution,
then DELTAT may have to be changed; if DELTAT 1s set equal
to zero, program will calculate an acceptable value.

4 Same as before, (time history of the applied forces occurring
before, during or after start of continuation run is incon-
sequential).

5 HDAMP, FDAMP, TCOOL, TIMTOT

‘ !

May have to be changed
same

May have to be changed if temperature changes.
Program will calculate correct value 1f set equal to 0.

Same (not used)
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6 1 Are used to describe the temperature distribution on the ring,
and can be altered as desired to describe the new temperature
if desired. If temperature does not vary, leave those cards
used unchanged.

10
11
12\ These cards describe the material properties of the ring, and
13 these should be left unaltered. Care must be taken, however,
14 to assure that no new ring temperatures are out of the bounds

15 given for the material properties.
16

.

<«— Put continuation cards here
bk
18
19 t Same as before
20

4

B.5 Partial List of Variable Names Used in the Program

SYMBOL DESCRIPTION

ADDIT Used in KOOLIT to find average value
of SEP over 100 program cycles

ADELT1 Equals 360/N

ADELT?2 Equals 180/N

AFL Area of each flange in the ring

ALPH(NT) Input quantities of thermal expansion

coefficient vs temperature

ALPHA(I,K) Thermal expansion coefficient of the
material in the Kth flange at the Ith
mass station
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AMP Value of the resultant total force acting on
the ring at a particular time, pounds

AMPER Equals DAMPER/DELTAT

ASFL(L,K,I) Area of the Lth subflange in the Kth
flange at the Ith mass station

ASTER Equals an asterisk when printed in "A"
format

AVE Average value of SEP over 100 time cycles
in KOOLIT

B Width of ring

BIGKE1l Values of ring kinetic energy at two

BIGKE2
consecutive peaks

BIGM(I) Bending moment at the Ith mass station

BIGN(I) Axial force at the Ith mass station

BLANK Equals a blank space when printed in "A"
format

BUGGER Equals (DELTAT)Z/PTMASS

cé Equals 1.0/[D(I,K)*DELTAT*E(1,K,I)]

CHNGM Change in momentum of ring caused by the
external applied forces during the current
run

CHNGMZ Total lateral change in momentum of ring

caused by the external applied forces
during last (continued) run

COST(I) Cosine of the angle the Ith link makes with
the y-axis
D(I,K) Constant used in the strain-rate formula

for the Kth flange at the Ith mass station
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DAMPER

DDS(I)

DDTH(I)

DDV
DDW

DEA(NT)

DELLON
DELLAT

DELTA

DELTAT

DELR

DELV
DELW

DFY(I)
DFZ(I)

DHALF

Value of damping coefficient used to damp
out elastic motion of the ring

Circumferential change in length of the
Ith 1link during the Jth cycle

Incremental change of the angle between the
Ith and the (I+1)th 1ink during the Jth
cycle, plus if ring bends to increase ring
curvature

Elongation of the Ith link in the horizontal
(y) and vertical (z) direction, respectively,
during the Jth cycle

Input quantities of constant used in strain-
rate formula s temperature

Calculated values of DELTAT based on wave
equation and lateral bending equation,
respectively

Interim value of depth of Kth flange from
the outer surface of the ring measured
parallel to the z-axis

Time interval per program cycle

Interim value of change in distance each
mass point moves during first cycle after
impulse

Interim value of change in V(I) and W(I)
due to impulsive loading during first cycle
after impulse

Camping forces acting on Ith mass in hori-
zontal and vertical directions, respectively

Distance between flanges in the ring divided
by two
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WL

DIAM
DPOINT(J)

DS(I)
DSN

DSZ
DTH(I)

DTX(I)

DV(I)
DW(I)

DWCG

DWORK

E(L,K,I)

EAVEB
EAVET

ELAMAX

Calculated value of ring diameter

Input value of depth on curve of temperature
vs depth for Method C

Current length of Ith link

Totzl stress on the Xth flange at the Ith
mass due to both axial and bending strain

Initial 1link length

Total link bending angle (curvature) summed
from time = 0 between the Ith and the
(I+l)th links

Change in angle the Ith link makes with
the horizontal from one time cycle to the
next. Positive if link rotates counter-
clockwise.

Incremental change in position of the Ith
mass point in the horizontal (y) and
vertical (z) direction, respectively, during
the Jth cycle.

Shift in position of CG of the ring in the
vertical direction due to the initial
impulse

Work done by damping forces during the Jth
cycle

Young's modulus of the Lth subflange, in
the Kth flange, at the Ith mass station

Test values of effective cross sectional
Young's modulus for bending and tension,
respectively

Initial elastic energy stored in ring due
to initial temperature distribution
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ELASTW

EMAXB
EMAXT

EMINB

EPS(L,NT)

EPSI(I)
EPSE(I)

EPSIL(L,K,I)

ERTIA

ES
ET
FACTOR

FDAMP

FN

HALT

Total elastic energy present in the ring
during the Jth cycle

Maximum values of effective Young's modulus
for cross-sectional bending and tension,
respectively

Minimum values of effective Young's modulus
for cross-sectional bending and tension,
respectively

Input quantities of absissa of stress-strain
curves for the Lth subflange varying with
temperature

Strains on the inner and outer surfaces
of the ring, respectively, at the Ith
mass station

Calculated value of absissa of the stress-
strain curve for the Lth subflange in the
Kth flange at the Ith mass station

Used in TEMPUS to calculate the maximum
and minimum value of effective cross-
sectional Young's modulus for bending

Current values of strain in the outer fiber
due to elongation and bending, respectively

Dummy variable used to interpolate temperature
dependent material constants

Value used for damping real time elastic
motion

Axial force acting on the Kth flange
Thickness of the ring

Calculated value of ring's first elastic
mode period
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HALT1
HALT?2

HDAMP

HHALF
HSQU

I

I1, I2

ICIRC

IMP

IOTA

IRAID

J
JBEGIN

JCYCLE
JFDAMP

JIMP
JMIN

Input values of ring's first elastic mode
period used for artificial and real time
portions of the run, respectively

Value used for damping artificial time
elastic motion

Half the thickness of the ring
Thickness of the ring squared
Mass subscript

The mass station numbers through which a
given value of impulse-induced velocity
acts

An input quantity which specifies what the
circumferential distribution of the tempera-
ture is to be

A variable used to limit the calling of IMPULS

An input quantity used to specify the type
of initial impulse

An input quantity used in specifying radial
distribution of ring temperatures

Current cycle number

Cycle number during which the triangular
forcing function begins to act

Printout will occur every JCYCLE cycles

Used to limit running time in the artificial
time portion of the run when desired

Used in STOP to limit initialization

Cycle number at which minimum separation
oscurs
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JPRINT

JSTART

JUMP

JUSTPR
JZ

KOOL

LIMIT

LINK

LISTEM

LOAD

MAB

MAX1
MAX?2

Denotes cycle at which first printout
should start

Input value which tells program whether
ring motion due to initial thermal stresses
wlll be damped out before run is to begin

Indicator which tells when ring reaches
first peak separation in KOOLIT

Used to call PRINT after RECORD 1s called

Final program cycle number for last
(continued) run

Subscript referring to flange number. First
flange forms inside of ring

Used in KOOLIT to 1limit initialization
Used as a subscript for the subflanges

Dummy variable used in IDENT to printout
existing temperatures

Takes on values of 1 through 5 to denote
which stage program has completed for
printout purposes

An input quantity which specifies which
method will be used to specify ring tempera-
tures

Equal 1 means forcing furction is acting
Equal -1 means forcing function 1s not
acting

Indicator, tells when ring separation changes
direction of travel in KOOLIT

Used to identify first and second kinetic
energy peak in STOP, respectively
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MDET
MP

MORE

MPUNCH

MREAD

MWRITE

MYIELD

N

N1
NFL
NFL2
NHALF
NHALF1
NHIT

NORATE

NSFL

Both quantities are used to round-off
calculated value of DELTAT

An input quantity used to signal a continua-
tion run

The output tape unit for punching output
quar.tities; this must be assigned a number
(in MAIN) according to the user's computing
facility

The input tape unit name; this must be
assigned a number (in MAIN) according to
the user's computing facility

The printed output tape unit name; this must
be assigned a number (in MAIN) according to
the user's computing facility

Cycle during which the first yielding
occurred

Total number of mass points in the semiring
Equals N

Number of flanges in ring

Equals NFL/2

Equals N/2

Equals NHALF+1

The last mass station acted upon by the
initial impulse

Input quantity indicating whether strain-
rate effects are to be included or not

Number of subflanges in each flange
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NTEMPS

NULLIT

NV

NYIELD

OLDT(I,K)

P(I,K)

PASTKE
PEA(NT)

PFY(I)
PFZ(I)

PIE
PLASTW
PLEN
PTMASS

PWORK

Q(I)

An input quantity which specifies the
number of material property groups to be
read in for interpolation in HEAT

Used in MAIN as an indicator when ring has
been completely damped.

Number of ranges of velocity used to express
the initial impulse distribution when
L10TA = 1

A dummy variable which calls PRINT when
yielding first occurs

Temperature of the Kth flange at the Ith
mass station during the last (continued)
run

Constant used in the strain-rate formula
for the Kth flange at the Ith mass station

Ring kinetic energy from previous cycle

Input quantities of constant used in the
strain-rate formula vs temperature

External forces acting on Ith mass segment
in the horizontal and vertical directions,
respectively

Eouals 3.14159265

Total plastiec work done up to the Jth cycle
Duration of the forcing function

Mass of each mass point

Work done by the external forces during the
Jth cycle

Shear force acting at the Ith mass station
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RADIAN
RFLANJ (K)

RHO
RIN
RINGKE

RVEL

SEP

SEPLAS

SEPMIN

SIG(L,NT)

SICMALL,K,I)

SINT(I)

SINTI
SMIN

Distance from the center of the ring to its
undeformed centroidal axis

Equals 57.2957795

Radius from the ring center to the Kth
flange

Density of ring material
Inner radius of ring

Current value of the kinetic energy in the
ring

Used to calculate impulsively imparted
radial velocity of the mass

Approximate separation distance between the
front and back of the ring after the Jth
cycle

Previous cycle value of SEP

Minimum and maximum values of SEP, respec-
tively, for 100 cycle intervals

Input quantities of ordinate of stress-
strain curves for the Lth subflange varying
with temperature

Calculated value of ordinate of stress-
strain curve for the Lth subflange in the
Kth flange at the Ith mass station

Sine of the angle the Ith 1link makes with
the Y-axis

Interim value of SINT(I)

Minimum séparation between the front and
the back of the ring
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SMIN
SN(L,X,I)
SNY
SNZ(L,K,I)
T(I,K)

T1

TBEGIN

TFINAL

TCONST

TCOOL

TDWORK
'TEA(NT)

THETA

TIME

TIMEZ

Minimum separation between the front and
the back of the ring

Stress on the Lth subflange in the Kth
flange at the Ith mass station

Yield stress taking strain-rate effects
into account

Yield stress of the Lth subflange in the
Kth flange at the Ith mass station

Temperature of the Kth flange at the Ith
mass station

Times at which the forcing function »eaches
its peak value

Times when the forcing function starts and
stops acting, respectively

An input quantity read in TEMPS when
NTEMPS = 1. Equal to constant value of ring
temperature

Ambient temperature of total ring before
heating (undeformed state)

Currznt total energy removed from ring by
artificial damping

Input quantities of temperature for each
NTth level

Angle the Ith 1link makes with the y-axis
(see Fig. 1)

Currvent time

final time at end of last (continued) run




TIMP

TIMTOT
TMIN
TESTKE

TOTWRK
TPOINT(J)

TPWORK

TZER, TONE, TTWO

TZFORS

v(I), W(I)

WORKIM
YIELD(I)

ZETA(K)

Time of occurrence of impulse loading for
real time only (JSTART = 1)

Real time at which run 1is to stop
Time at which minimuin separation occurs

Maximum kinetic energy that ring can possess
before damping multiplyed by .001

Total energy input to ring

Input value of temperature on curve of
temperature vs depth for Method C

Current total work done by external forces
on the ring

Input quantities used to define radial
distribution of temperature

Sum of all the forces on the ring up to the
present time

Horizontal and vertical distances from the
relative axis center to the Ith mass point

Energy contributed to the ring by impulse

Controls whether a blank or an asterisk 1s
printed, according to an elastic or a
plastically-strained flange condition,
respectively

Distance from the Kth flange to the ring's
cross-section center of gravity
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B.6 FORTRAN IV Program Listing for JET 1

The following program and subroutines are listed in this

subsection in the following order:

O oo~ O &= w N

e i e e e I = e
0O ~N OV EW N - O

JET 1 Main Program
INPUT
INIT
TEMPS
HEAT
TEMPUS
IDENT
IMPULS
PREZZ
CYCLE
STRAIN
STRESS
EQUIL
KOOLIT
STOP
RECORD
PRINT
FINAL
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(4]

REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

i1

JET 1 VAIN PROGRAM

COMMON ADELT19ADELT29AFLsALPHAWAMP g AMPERWASFLIBIGKELWBIGKEZ2
1RIGMeRBIGN 9y AUGGER s COST e DAMPED s DAMPER o DELLIONSDELLATCELTAT DD
2S9DODTHeDFY 9DFZ ¢ DHALF 90 90S59DSZeDTHIDTX 92V eUAsDWCGIDWCRKIESEM
FAXAGEMAXT o EMINB 9 EINToEPST 9 EPSESERTIAYEXTRAYEPSILIFDAMP )G H
GALT9HALT19HALT2 9HDAVP 9 4HALF 9HSQUsOLDTsPyPASTKE sPFYsPFZsPIE
SPTMASS s PANRK 9 Qe RADIA 9 RINGKEWRVELZ 9 SEP 9 S-PLAS»SEPMIN»SEPVMAX 9 SIGMA
AeSTNT g2V aS1e s [NeSNISNZaToaTOWORK 9 TIMESTPWORK o TYME9TZFORS sV THETA
TwWeZFETAe/=0RS s T IMNVAVE s TOTKE sPLASTW o ELAMAX 9 tiGRKIMPELASTA 9 TOTARK Y
BCHNGYZ 9y CHNGM 9 TIMEZ o TIMYLD

COWI0N ALPHsAMPLIAVPZ B CONVRTIDEAIDIAMGEPSyHIPEAWPI 9P
115PRePRyReHO9SIGISLOPC 9 SAITCHT19T29T3EGINS TCONST»TCOOLSTE
2A9 T INAL9TIMP s TRIVMPSTZERSTONE W TTWOTZeYIELD TIMTOT

INTEGER CCvWON

COMON ICIRCIVPIOTAs IRAID s J9 JCYCLE W JFOAMP s JIMP o JMINSJOLTI 2y
1JPRINT9JSTART 9 JTOTAL9KOOLsLINKsLISTEM9LCAD s MORE s MPUNCH»MREA
20 9MARITE o VYIZLD oNoNFLONFL2 9 NHALF o NHALF19NLIMoaNSFLINTEMPSsNU
ALLITo Ve dYIELDINLsNEXT 9 NORATE oNGIVENSNREAD9LASTPR9JOLT29JBEGINY
4JUSTPReJZ

DIMENSION ALPH(S) sALPHA(101910) 9ASFL(59109101)9BIGM(101)9BIGNI
1101)9COST(121)9D(10191C)90DS(201)9DDTH(101)9DEA(S)sDFY(101)
290FZ(101)9DS(101)eOTHI101)9DTX(101)sDVI(101)sDOWI(101)sE(69109101)E
395(5 5)sFESI(101)9EFSE(1I01) sEPSIL(591C9101)eEXTRA(LI00)sG(101) 9NN

EXT(15)92LOT(201910)sP(101910)sPEA(10)sPFY(101)sPFZ(131)sQ(1C1)
.QVFEZ(ltl)oSIu(5 5)9SIGMA(S59109101) 9SINT(101) 9SMASH(101)93NI(5y1
609101 9SNZ (59109101 )9T(101910)9TFA(S)sVI(101)sW(101)sYIELD(101)oZE
TTA(10)

V”EA»—

MARITE

\pJ\\r 7

CALL INPUT

NPRINT =JPRINT

Ko2oL=0

NYIELD=0

CALL TEMPS

CALL HEAT

CALL TEVPUS

DC 1 I=1N

DFY(I)-\o

CON TIIAJF

TZFORS=040

RUGGER=DELTAT#%2/PTMASS

CONTINUATION BRANCH

IF(MORE) 94948

CALL FINAL

GO TO 10

INITIALIZATION SECTION

CALLL INIT

ELAST=0460

DO 13 I=1sAN1

DO 12 K=1sNFL

DO 11 L=1sNSFL

INITIALIZE THERMAL STRESSES

SN(ILoKo T )=SN(LoKel) =t (1Kol )*ALPHA(T oK )% (T (I eX)=OLOT(IsK))
IF(YORF aGTe0e0) FLAST=ELASTHSN(LoKoI ) ##2#ASFL(LeKsI)/E(19Ko])
CONTIMUE
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v ¥

aNANA

i )

—
LY N

[

1%

14

CONTINUE

CONTINUE

JF{YORE ¢GT e0e2) ELAMAX=ELAMAX+ELAST*#DSZ=tLASTW
[¥P=0

CALL IMPULS

CALL IDENT

IT(JSTART) 1449144923

ARTIFICIAL TIME FOR DAMPING RING MOTION Duc TO INITIAL THEKMAL STReSSEt

I=(HALT1) 16915916

CALCULATE CCNSERVATIVE ESTIMATE OF TIME NetkDED FOR PLASTICITY TC CcASt
HALT=2¢*PE#R®##24# SQRT(34*RHO/EMINB) /H

HALT1=HALT

LINK=1

CALL RECORD

RUGGER=BUGCER/2e

CALL CYCLE

" RUGGER=BUGGER#*2.

17

21

2?2

23

24

25

2A

7'7

GALL CYCLE
IF{HALT1) 18918s19
TEST SFPARATION PEAKS FOR END OF PLASTICITY
CALL KOOLIT
HALT1=+HALT
IF(HALT1) 17917920
IF(HALT1=TIME) 20920917
PLASTICITY IS CONSIDERED OVER
LINK=?
CALL RECORD
DAVPING OF ELASTIC MOTION STARTS HERE
IF(HDAMP) 22422421
DAMPER=HDAVP
GO TO 23
CALCULATE DAMPING FACTOR
DAMPER=PIE®#H#RB*0QB0*SART(EMINT*#RH3 ) /NHALF
JIMP=0
AVMPER=DAMPER/NDELTAT
CALL CYCLE
CALL STOP
IF(JFDAMP4LTeJ) GO TO 26
IFI(NULLITeLES«O) GO TO 24
ELASTIC MOTION HAS CEASED
LINK=3
CALL RECORD
==1
JSTART=]
TIMF=0e0
MYIELD=0
DAMPER=040
AMPER=0,40
TOWORK=0e0
PLASTW=040
20 27 I=1sN
NFZ(1)=0e0
DFY(I)=040
CONTINUE
IF(TIMTOCTeLE«OaQ) GO TO 28
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N NN

N

28

29

30

31

92

34

35

36

3T

38

39
40

41

42

TMIN=0a0
JERINT=LPRINT
0 TO 29
LInNK=4

CALL RECNHRN
CALL FINAL
CALL EXIT

REAL TIWE STARTS HERE

IF(HALT2) 31930931

CALCULATE CONScPVATIVE ESTIMATE OF TIME VEEDED FOR PLASTICITY TO CEASE

HALT=2e*PIE#R* 24 SQRT(34*#RHO/EMINB) /H
HALT2=HALT

I=("MORE«EWel) GC TO 32
PUGHER=8BUGGER /24

CALL CYCLE

BUHLGER=BUGCER#*2,

CALL CYCLE

IF(TIME«GE«TIMTCT) GO TO 42

IF((TIME QLT eTIMP) 4ORa(TIMEWLTeTFINAL)) GO TO 32
ALL EXTERNAL FORCES HAVE CEASED
IF(-ALT?2eCTeNe0) HALT2=HALT2+TIME
CALL CYCLE

IF(TIMESGE ¢TIMTOT) GO TU 42

IF(HALT?) 35935436

CALL KOOLIT

HALT2=HALT

IF(HALT2) 2449344937

IF(TIME«LE«HALT2) GO TO 34

PLASTICITY IS CCNSIDERED OVER

LINK=5

CALL RECORD

DAMPING OF ELASTIC MUTION STARTS HERE
IF(FDAMD) 3Q,43Q,4138

DAVMPT R=FDAVP

GO TO 40
DAMPER=PE#i{#8%04BO*SART(EMINT#RHO) /NHALF
AMPER=DCAMPER/DELTAT

JIMP=0

CALL CYCLE

CALL STOP

IF(NULLITeLEWSC) GO TC 41

ELASTIC MOTION HAS CEASED

LINK=23

CALL RECIORD

CALL FINAL

CALL EXIT
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REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

SUBROUTINE INPUT

COMMON ADELT19ADELT29AFLIALPHAWAME 9 AVPERWASFLIBIGKEL W BIGKEZ Y
1RIGMIRIGN s RUGGER e CCSToDAMPEDL 9 DAMPER 9 DELLONe DELLATYOELTAT s
2SesDDTHIDFY 9 NDFZ s CHALF 9D 90S9sDSZ e DT UTX 90V e aeDWCG o n0ORKLIEM

BAXR 9 EMAXT o EV INE o EMINT o EFS I ot PSEWERTIAPEXTRASEPSILIFLAVME e 9H

GALT otHHALTY 9tHALT2 9 HDAMP o HHALF 9 HSGU DL T 9P 9 PASTXKE 9PFY s PFLyPIE Y
S5FTVMASSIPNORK 9 Q9 RADIANYRINGKZ 9RVELZ 9 SEP Y ScPLASYSEPMINISEPVAX9SIGVA
69SINToSMASH ISV I N SN SNZ 9T TOWORK 9 TIME 9 TPWCRK 9 TYME 9 TZFCRSI VI THETAY
TWeZCTAWZFORS s THMINGAYE 9 TUTKE o FLASTW9ELAMAX s WORKIVIELASTW o TUTWRK
BCHNGMZ 9 CHAGM e TIMEZ» TIMYLD

COMMGCI ALPH AMP ] 9gAM 2y S CCAVRTsDEAWDIAMIEPSIHIPEAIP] 9P
11SYRePRyRyRHOsSIGISLCPE sSAITCHY T19 29 TBEGIINITCONSTsTCOOLSTE
TATFINAL 9o TIMP 9  RIMPOTZERTCNE 9 TTWO O TZoYIELDe TIMTOT

INTEGER COMMCN

COMMOUN TCIRCIIVMP o ICTAYIRAIDIJIJCYCLE s JFDAMP 9 IMP o JMINIJOLT 2
1JPRINT9JSTART 9 JTOTAL WKODLsLINK9LISTEMsLOAD 9 MORE 9 MPUNCH s MREA

2D MMURITE sMYIZLD oNaNFLONFL2 9y NHALF oNHALF1 9 NLIMosNSFLINTEMPSINU
ALLITo MV eNYIFLD oMl o NEXT oNCRATEWNGIVENI\READILASTPRJOLT29JBEGINY
GJUSTPRyJZ

DIMENSION ALPH{5) 9ALPHA(101910)sASFL(59109101)sBIGM(101) eBIGNI
11011 9COST(101)9D(201920)9sDDS(201)9DDTH(101)9DEA(S5)DFY(101)
29DF2(101)925(101)9DTH(101)sCTX(1011sDVI101)9eDW(101)9E(69109101)E
3ES5(595) 95PST(101)9ERPSE(LI01) 9EPSIL(59109101)9EXTRA(IOO)»G(101) 9N
GEXTI15)90LDT(101010)92(1C1910)sPEALLIO)sFFY(101)9FFZI101)9Q(101)
SRVELZ(101)9SIG{5+5) 9SIGMA(S59109101) 9SINT(101) 9SMASHI101)9SN(591
6Ce101)eSMNZ(590109101)9T(101010)9TEA(S)V(101) oW (101eYIELD(101)92ZE
7T4(10)

READ(MREAND 91 ) NoNFLONSFLyJPRINT9JCYCLEYMORE 9 JSTART 9 JFDAMP yNTEMPSHN
10RATE
1 FORMAT(1215)

READ(MREAD2) ReBeHIRHOIDELTATsHALTLIsHALT2s TIMP 9 TBEGINS TFINALWAMP]
19T1eHDAVP 9 FDAMP 9y TCODL s TIMTOT
2 FORMAT(4F1546)

L2AD==1

DAMPER=040

N1=N

NHALF=N/2

NHALF1=NHALF+1

NFL2=NFL/2

HHALF=H/2 e

HSQU=H#*#)

DHALF=HHALF/NFL

AFL=R*H/NFL

RADIAN=57429577G95

Pl1E=3,14159265

DSZ2=7¢#R%* SIN(PIE/N)

ADELT1=360¢/N

ADELT2=1804e/N

DIAM=24#R

DTVASG=) ¢ #RHO#BHH#PTE#R /N

N0 3 K=]1eNFL2

L=NFL=X+]

ZETA(K)=DHALF#*(L=K)

ZETA(L)==ZFETA(K)
3 CONTINUE
TURN

=
~
N
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IS

v

T
CavON "LTl ACELT29AFLOALPHAWAMP gAVPER yASFLWBICGKEL 9 ICKE2Y
16V N TN RUCGL <9 CUST o OAMBED 9 CAMPER W OELLIONITELLATWLELTATOL
2 OIDTHeDFY 93 L9y UHALF oD 9D8 92829 dTHIDTX 9V oUW s DWCLCoDWORK s 9EM
FAXC ot VAXT o EZIND o LM INT 9P ST o EPSEWERTIAWEXTRAVEPSILIFDAMPE 9G o H
GALT o AL T 1 9 HALT2 s=DAMR g HEALF sHSQUOLDT 9P s PASTKE WPFYWPFZWPIE
BETMALS g P ORK 9 Q9 RADTAN G INGKE yRVELZ 9 SEP9SLPLAS 9 SEPMIN 9 SEPMAX 9 S1GHA
beSTINT e AGH s SMIN oSN ISNLo Ty TDWORK TIME o TPACRKITYME y yTZFORSYVTHETAY
h.]ffﬁ.ir”?S.T"IN.AVEoTCTKE.PLASTMoELAVAXoWOR(I”.ELASTwoTOTwRKo
BCHENGYZ g CHNGM e TIVEZ o TI VYLD
COMYUN ALPHeAMP LAY 2y By CCANVIRT DEA!DIA”lEPSoﬁoPtAOPIoP
1I1SH R 1909615 9SLOPE 9 SAITCHITLoT29TSEGINGTCONSTTCOOLST
2As TEINAL Y TIMP o TRIMP 9 TZERsTONE 9 TTWO 9 T29YTELD TIMTOT
INTEGER COMYON
COMMGY TCIRCYINP O ICTAYIKAID 9 JoJCYCLE o JFDANP 9 JIVP 9 IMINGJOLT 12
1JORINT 9 JSTART s JTOTALWKOCLsLINK 9L ISTEMLOAD 9MORE 9yMPUNCH 9 MREA
28 s MWRITE oVYIELDoNoNFL e IFL2 9 NHALF o NHALF1 9 NLIMINSFLANTEMPSNU
3LLITONVQWYIFLDOW1o\EXTvNDQATLoNCIVEN.NREADOLASTPRlJCLTZoJEEGINc
GJUSTFRyJYZ

W
<
r
.
C
G
245
.
p
——
-

SIVENSTION ALFHIS) 9ALPUA(ICI10)9ASFL(59109101)9BIGMI101)9BIGNI
llJl)vfﬁST(l 1192110132 s7D51101)esDATHELO 1)eDEA(S ! eDFY(101)
29DF2(101} 3(131)|}.—"'1);3T/(101)'DV(‘-1)-0W(101)o€(6010v101)oﬁ
308 (5 5)|¢pS'(lC])ohvSL(LQI)oh/SIL(5 100101) o EXTRA(CLIO00) sG(1CL) 9N
GEXTI1S) 92 "*11019131vi(IOlth)QCFA(ZO)QP:Y(IOI)opVZ(lOl)oQ(lOl)'
SF/‘L/(ITI)’SI’(BoﬁloSICVA(,n;Co;Jl)oSIAT(lLl)oQVASH(IClJo‘\lSo
A eln1 ) eBNZ (5910920209 T(101910)9TEAIS)sV(101)ew (1019 YIELD(101) 9 2E
TTA(10)

DATA ASTER/ZV®RV/ 9QLANK/! Y/

NYIELD=0

MYTIELD=D

J==1

TIME=040C

TOWORK=04C
TPWORK=040
JZ=0
TOTWRK=040
WORKIM=060
FLAMAX=D40 .
TOTKF=0e0
PLASTW=0C4e0
ELASTW=040
TIVEZ=040

DO 6 [=1N1
RVELZ(I)=042
DV(I1=0e0
DW(l)=0e0
pS(11=NnS2
DTH(I)=0
EPSI(I)=0e0
EPSE(11=0e69
YIELD (D) =8LANK
BIGH(1)=0e0
BIGM(I)=0e92
NC 5 K=]oNFL
DO & L=1oNSFL
SN(LoKe1)=04e0

& CONTINUF

CONTINUF
CONTINUF
NausN/4
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L.

RIT=ADELT1/RADTAN
THETA==ADELT?2/RADTAN
THETA?==831T

NC 7 1=19Na
THETA=THETA+R]T
N]ITP2=NHALFl=1]

NIT2=NHALF+]
NITa=st=1+1
VIi1)i=R% SIN(THETA)

Wll)==R#% COS(THETA)
VINIT21=y (1)
WiNIT2)==%(1])
VINIT2)==V(])
WINIT3)=2W(INIT2)
VINITL)=VINIT3)
KINIT@)=4(])
CONTIMNUE

\314:3*“,‘.

DO 71 I=1eMNa
THETA2="HFTA2+8]IT
COLT{1)=COS{THETA2)
SINT(I)=SIM(THETA2)
COST(I+N4)==SINT(])
SINT(I+NG)=COSTI(])
COSTII+NHALF ) ==COST (1)
SINTII+NHALF ) ==SINT(I])
COSTLI+N34)=SINT(])
SINTII4+N34)==COSTI(])
CONTINUF

StP=DIAV

SV IN=DAM
TIMYLD=0e0C

T¥IN=Ce0

JMIN=0

N0 B 1=1eN1

DO 8 K=1eNFL
ALDT(1eK)=TCOOL
CONTINUE

RETURN

END
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PO

11

12

13

14

15

14
17

SURRQUT INE TEMES

COMMON ANELTYIsADELT20ARL sALFHAGAMP yAPER JASFL R IGKEL 9ls1 okl
121G 7R ICNIYGGFRyCUST o DAMPE N yDAVPER oDELLIONS DELLATYLUELTAT VUL
289D THeFY sSF 2o DHALF 99050 DSZo0THIDTX 9OV D s 2ACCoDWORKIEW Y
FAXF b MAXT o E M INBoFMINT 9 PSS o EPSZ9ERTTAGEXTRAVEPSILWFOAMP 4y 39
GALT oHALT1 9HALT2 yHCAMP o HHALF sHSGQUICL DT 9P 9o PASTKE yHFYWPFRZWF1E
ERTVASSYPRO K 9o RADTAV ) < INGKEWRVELZ 9 SERP 9 SEPLAS SEPMINGSERMAXWSICYA
Ao SINT 9S"MASH ¢ SMIMN oSN ISHZ o Ty TOWSRK g TIME 9 TPWORK s TYME o TZFORSoVTHETA,
Ty e2FTAgZE L RSy TUINGAVE g TOTKE 9 PLASTWoELAMAX W WORKIVIELASTH o TOT XKy
BCHNAMZ o CHNGY 9 TIMEZ o TIMYLD

COMMQU!, ALPH AMIF1 9ANME 2,y B CONVRTDEAWDIAMIERPS et sPL AP [ 4P
11SPRIPRIRIRHDISIGISLOPE oSHITCHoT19T29T3EGINGTCONSTHTCCOLNTE
PAsTFINALWTIMP 9 TRIMP s TZER G TCNE W TTWO 9 TZoYIELD o TIMTOT

INTEGER COUWEN

COMMON 1CIRC o1 AP o I1OTAWIRAID 0 J9JCYCLE W JFDAMP o JIMP o JMINJOLT 912
1JUPRINT o USTART 9 JTHOTAL oKOOL oL INK)LISTEMyLOAD 9 VORE WMPUNCHy VREA
2D OMWRITE yMYIFLD oo NTLoaNFL2 9 VHALF oNHALF 1o NLIMaNSFLINTEMPS oY
ALLITONVIRNYIELDoNIoNEXToNORATE yNGIVENINREAC 9 LASTPR9JCOL T2 9JBEGINY
GLJUSTPR e J2

NIMENSTINN ALPHIS5) gALPHA(LIN01910)9ASFLIS59109101) 9BIGMI121)e3IGNI(
1101)9C25T(1N1)9C(1C19o10)oDDSU101)sDOTH(101)sDEA(S)DFY(101)
2yDFZ01N1) 9750101 o DT=(101) 9DTX{101) oDVI101)eDWI101)9E(691001C1)E
FPS(5e8) 9ERPSTI101)9EPSE(LOL) 9EPSILI(59109101) 9EXTRACIO0)sC(101) 0N
GEXTILIE) oDLOT (10110 ) 9P (1019010)9PEALLIC)sPFY(L101)9PFZ(101)9CQ(101)
HRVEFLZI1ID1) oS I0(595) 9SIGMA(IS 9109101) oSINTI101) 9SMASHIL1D1)9S5N(591]
ACo101)9SNZ (59109101 )9T(101010)9TEA(S)eV(101) oW (101)eYIELDI1CL) 925
TTA(10)

DIMENSTION RFLANJIIS) o TROINT(10)9DPOINTI(1D)

IFINTFMPS=1)1421041

REAN(YREA™ 42 )LISTEVHIRAIDyICIRC

FORMAT(4153)

GO TO (345)yLISTEV

READIMRFAD 94 ) ((T(T oK) eK=1oNFL)oI=19sN1)

FORMATI(S5F1846)

RETHRY

IFLIRAIN) 94449

REANDIMRFAD 7)) (T(1eK)eK=1sNFL)

FORMAT(5C1546)

GO TO 12

REAN(IVRFAD$10) TZFRITONF 9 TTWO

EORYAT(2F1546)

NO 11 K=leNtL

T(loK)=TZ2ER¥ (ZETA(K) =HRALF ) ##2 /H4SQU=TONE# (ZETA (K ) =HHALF)/H+TTWO
CONTINUF

GO TO(12341501%)9ICIRC

CONSTANT AROUND CIRCUMFERENCE

DO 164 [=2eN1

DO 14 K=1yNFL

T(leK)=T(]eK)

CONT INUF

FRETURN

SIN THETA VARIATION ARDJUND CIRCUMFERENCE

N0 17 I=1eNHALF]

TIK= SIM(ADELTI#*(1=1)/7%ADIAN)

ND 16 K=1eNFL

TITeK)=TCONL+{T(1eK)=TIDOL)#*#TIK

IF(1eGTal) T(N=]42eX)2T{]sK)

CONTINUE

CONTINUZ

RETIRN
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b

ID

18
22

A

2?

’Q
29

34
ERS

COS HALF THETA VARIATION ARCQUAD CIRCUMFERE"CE
N0 20 1=1MHALF]

TIK= COSIADELT2#(1=11/RADIAN)

RO 19 K=1oNFL

T(IoX)=2TCOOL+(T(YoK)=TCOIL)*TIXK

1F(1aGTel) TIAN=I+29K)=T(]9K)

COMTINUE

CONTINUE

RETURN

REAND(VRFAD22) TCONST

FORVAT(ELSe6)

DO 24 =10

ND 23 K=]NFL

T(1ex)=TCONST

COMNTINUE

CONTINIF

RETURN

REAND(MREAND928) (TPOINTINT) oDPOINT(NT) oNT=1910)
FORMAT (4F13546)

RIM=ReMHALF

ROUT=+<HALF

DD 27 K=1eMNFL

RELANJ(K)=RIN+(2#K=]1)#DHALF

CONTIRUE

NC 33 1=19NHALF

THETA=ADELT?#(2#]=1)/RADIAN

DO 33 K=]leNFL

IF(THETA=]145T707964) 26929928
IF(RFLANJIK)*SIN(THETA)=RIN) 31929429
DELTA=SQRT(ROUT*##2=RFLANJ(K) ##2#SIN(THETA) ##2 ) =FLANJIL)I#TUS(TRETA
1)

IF.DELTAGLTCDPCINT(1)) GO TC 34

DO 30 [P=2,10

IF(NELTA=DPOINTI(IP)) 32432930

CONTINUE

T(1eK)=TCOOL

oC TO 33
TileX)=TPOINT(IP)I+(TPOINT(IP=1)=TPOINT(IP))*#(DPOINT(IP)I=DELTA)/(DP
10INT(IP)=DOQINT([P=1))
CONTINUE
N0 330 I=1sNHALF
B0 330 K=1oNFL

NOPP=N=1+1

TINOPPyK)=TI(]4K)

RETURN
VRITE(MWRITE#35)
FORMAT(' WHEN CALCULATING TEYPERATURE USING METH0OD Cy THE TEVPERAT
URE AT THE OUTSINE SURFACE MUST BE GIVEN IN DATA (NP 'TY)
CALL EXIT
Cr\,’\

-

126




LRI IR e i
Lobboant il lladhs o s

Wbk o ottt Lt

REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

SURRQUTINE HEAT
= THIS SUBRIDUTINF DFFINLS Trr TEYPcRATURE DoPLOeNT MATERIAL CONSTANTS
COMMGn ADFLT192ACELT292AFLsALPHA 9 AME JAVPL R9ASELIBIGKELWBICKEZ Y
1R IGM™eRIANsRUGGERICUSTeDAMPLD 9 DAVPER ¢ TELLIONIDELLATWOELTAT DD
2SeDDT g JFY 9 DFZ 9 DHALF 9D 90590829 DTHeDTX 92V eDWweWCGeDWORKIEIEM
FAXR g VAXT o E N INB oV INToCPSI 9EPSESERTIASEXTRAIEPSILsFDAMP 3G9 H
GALT 9HALT1 o' ALT2 9HNAMP 9 1iHALE 9MSQUOL DT 92 9 PASTKE 9PFYsPFZPIE
SPTMASSePRORK 9 QenANI AL RINGKE 9IVELZ 9SEP s S PLASSEPMINSSEPMAX 9 SIGHMA
59 SINT oG AGH e SV INYS NS Z o T TOWORK T ME o TPWURKKOTYME 9 TZFORSeVeTHETA Y
T e ZE TASZFORIS o TN eAVE o TOUTKL 9PLASTW o ELAMAX s WORKIMIELASTWITOTARK Y
BCHMBM L o CHNGM g TIMEZ TIMYLD
COMON ALPHGANP I 9gAVP 2y S CONVRTsDEASDIAMIEPSsHIPEAWP ] 9P
115VRePReR eSS IS eSLUPESSWITCHT1 9 T2+ TBESINSTCONSTTCOOLSTE
2As T INAL o TIMD g TRIVP 9 TZEReTONE o TTH D o TLoYICLDs TIMTOT
€ INTEGER COMMON
COMON ICIRCeyI"PoICTASIRAID s s JCYCLE s JFDAMP 9 JIMP o JMINOJOLT 912
1JPRINToJSTART s JTOTALSKCOLILINKoLISTEM2LOAD 9 MORE s MPUNCH 9 MREA
2D g AR I T g MVIFE LD gNeNFLONFL2 9 NHALF oNHALF L1 oNLIMoNSFLINTEMPSoNU
ALLIToNVINYI=SLDaN] oNEXT oADRATE 9 NGIVEMNsNREADsLASTPR9JOLT29JSEGINY
JUSTER e J?Z
SIMENSION ALPHIS) 9ALPHA(1I21912) sASFLIS9109101)e8BIGM(101)sBIGNI
1101 eCOSTUID1) 0 (1019172)9005(101)90DTH(I101)sDEA(S)sDFY(101)
2005701020908 {1C1)olT=UI01 oDTXIL0I)oDV(1C1) 9oDWILIC1)9E(691C9101)E
3ES(5e5) 9o PFSI(101)9EPSE(101) 9EPSIL(S591091CL)9EXTRA(LIO0) 9G(1IC1) N
GEXTU1IS) e 2LOT (101 91C)eP(1C191C)9PEALLID)ePFYL101)9PFZ(101)sQ(101)s
SPVELZ(101)9SIG(595) ¢S5SIG"A(59109101) 9SINT(101) 9SMASHI101)9SN(591
6091011 eSNZ2(591Co1013eT(I2191C)sTEALS)eV(1C1) oW (1C1)eYIELD(101)sZ2E
TTA(1C)
READ(MREAD IV ITEA(NT) o NT=]1 9 NTEMPS)
READ(MREAT ¢V ) LALPH(NT) oiNT=1sNTEMPS)
IF(NORATE «FQe010GC TO 23
READ(MREATGT ) IDEAINT ) o NT=1oNTEVPS)
READIMREAD 1V IPEA(XNT) s NT=19NTEMPS)
1 FOR“ATI(551546)
23 DO 2 NT=]4MNTEMPS
READIMREAD o2 ) (EPSIL AT oSIS(LNT) sL=19NSFL)
2 FOR'AAT(4LE1546)
3 CONTINUE
DC 22 I=1w\N1
D0 71 K=1eNFL
IF(MNTEMPS=1) 4Le4eb
C NO TEYPFRATURE VARIATICN
4 ALPHA(I9K}=ALPH(])
IFI(NCRATE«FQeN)GO TO 24
D(IsK)=DEA(]1)
P(1sX)=PFA(1)
GO TO 2%
24 D(19K)=060
25 DO 5 L=1sNSFL
EPSILILsKoI)=EPS(Lsl)
SIGMA(LsKe[)=S5IG(Ls1)
5 CONTINUE
50 TOU 16
CALCULATION OF TEMPERATURE DEPENDENT MATERIAL CONSTANTS
6 NT=1
T NT=MT+]
728 1F(TUIeX)=TFA(NT=1))%913,4R
B OIE(NT=NTEVPS)11911928 =
S IFITrA(YT=11e"QeNel) GO TO 28

L

103k ARS{T L] eX)/TEA(NT=]))

]
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IF(ABS(ERROR=14)eGTee001) GO TO 28
T(IeK)=TEA(NT=1)

CC TC 153

28 WRITE(MWRITES10) TeKeT(IsK)

10 FCRMAT(! TEMPERATURE OF RING IS QUTSIDE RANGE OF INPUT VALUES
10F CONSTANTSs AT I='9139'yK="'y][3/! TEMPERATURE IN QUESTION 5!
2E1546)

CAEL=EX]IT

11 IF(T(IeXK)=TEAINT))1291397
1?2 FACTOR=(T(IsK)=TEA(NT=1})/(TEAINT)=TEA(NT=1))

GO TO le&
13 FACTOR=C40
16 ALPHA(]I 9K )=ALPH(NT=1)+FACTOR#(ALPH(NT)=ALPHI(NT=1))

IF(NORATESEQeQ) GO TO 26

D(1eK)I=DEA(NT=1)+FACTOR*(DEA(NT)=DEAINT=1))

P(IyK)=PEA(NT=]1)+FACTOR*¥(PEA(NT)=PEA(NT=1))

GO TO 27
26 D(1sK)=0e0
27 DO 15 L=1sNSFL

EPSTLILeX oI )=EPS(LoNT=1)+FACTOR*(EPS(LINT)I=EPS(LaNT=1))

SIGMA(LWK eI )=SIG(LINT=1)+FACTOR*(SIGILINT)=SIG(LINT=1))
15 CONTINUF
16 E(19X 91 )=SIGMA(1sKsI)/EPSIL(1eKosI)

IFINSFL=1)1941G9417
17 0O 1B L=2sNSFL

E(L9K oI )=(SIGMA(LsKsI) =SIGMA(L=1sKsI))/(EPSIL(LsKsI)=EPSILIL=19K>

11))
18 CONTINUE
19 E(NSFL+19Ks1)=0e0

30 20 L=1sNSFL

ASFLILK oI =AFL*(E(LsKoI)=C(L+19KoI))/E(19KsI)

SNZ(LoKoI)=FE(1sKoI)#EPSIL(LsKsI)
20 CONTINUE
21 CONTINUE
22 CONTINUE

RETURN

FND
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SUBROUTINE TEMPUS

COMMON ADELT19ADELT29AFLWALPHA 9 AVP yAMPERJASFLIRIGKEL9BIGKE2
1RIGMIBIGN s RUGGERICOST s DAMPED 9DAMPER 9 DELLONSDELLAT o DELTAT LY
259DDTHIDFYsDFZsOHALF 9D #9DSeDSZeDTHeDTXsDVeDweDWCGoDANORKIEIEM
FAXBYCMAXT oEMINB s EMINT 9 EPSI 9 EPSEWERTIAWEXTRAYEPSILWFDAMP 3G H
GALT oHALT1oHALT2 oHDAMP g HHALF oHSQU e DLLC TP sPASTKE sPFYsPFZyPIE
SPTMASSyPAWORK 9 Q9 RADIAN s RINGKE9RVELZ 9 SEP9SEPLASYSEPMIN g SEPMAX9SIGMA
A9SINT 9SMASH SV INISNeSNZeTe TDWORK e TIME o TPWORK 9 TYMEZTZFORSVeTHETA
TWesZETASZFORS s TMINSAVE s TOTKE sPLASTWIELAMAX s WORKIMeELASTWsTOTWRK »
BCHNGYZ 9y CHNGMy TIMEZ S TIMYLD

COMMON ALPH9AMP]149ANMP2, By CONVRTsDEASDIAMIEPSsHePEAP ] 9P
1ISPRIPRIRIRIOISIGISLOPEsSWITCHT19T2+TBEGINsTCONSTsTCOOLSTE
2As TFINALSTIMPsTRIMPYTZERWTORNE s TTWOSTZeYIELDs TIMTOT

INTEGER COMMON

COMMON ICIRCoIMPHIOTASIRAID oo JCYCLE 9 JFUAMP 9 JIMP o JMINSJOLTeI2
1JPRINToJSTART o JTOTAL s KOOL I LINKSLISTEMyLOAD 9MORE ¢ MPUNCH s “REA
2D aMAWRITESMYTELD oNoNFLoNFL2 9 NHALF 9oNHALF 1 o NLIMoNSFLINTEMPSNU
BLLITONVINYIELDoN1oNEXToNORATESNGIVENSNREAC»LASTPR«JOLT29JBEGINY
GJUSTPRyJZ

DIMENSION ALPH(5)9ALFHA(10191C)sASFL(59109101)sBIGM(101)¢BIGNI(
1101)9COST(1C1)9D(1C1910)9DDS(101)eDOTH(101)sDEA(5)sDFY(101)
29DFZ(1C2)90S(1C1)oDTH(101) oDTX(1C1)oDVI101)sDW(101)9E(69109101)9E
2PS(5+5)9FPSI(101) oEEPSE(1I0L1) oEPSIL(50109101)sEXTRA(LI00)9G(101) 9N
GEXTL1IS) 9ILNT(10191C)sP(1C191C)sPEALLID)sPFY(1C1)9PFZ(101)9eQ(101) 0
S5RVELZ(101)9S1G(595)9SIGMA(59100102)9SINT(101)9SVASH(101)9SN(501
609101)9SNZ(59100101)sT(101920)sTEA(S)eVIIC1)eW(101)sYIELD(101)sZE
TTA(10)

ERTIA=0,0

EMAXB=040

EMAXT=0e0

DO 1 K=1eNFL

EMAXB=EMAXB+E(19K9]l)#¥ZETA(K) *%2

EMAXT=FMAXT+E(19K9l)

ERTIA=ERTIA+ZETA(K)#%2
1 CONTINUE

TERTIA=H*#2/12,

EMINBR=EMAXR

EMINT=EMAXT .

IF(NTEMPSeEQel) GO TO &

NO 3 I=24N1

EAVEB=040

EAVET=0.0

DO 2 K=1sNFL

EAVEB=EAVES+E(1eKo] ) #ZETA(K) *#2

EAVET=EAVET+E(19Ks1)
2 CONTINUE

IF(EAVEBRsGT+EMAXB) EMAXH=EAVES

IFIEAVEBeLTCEMINB) EMINR=EAVES

IF(EAVETaGTeEMAXT) EMAXT=EAVET

IF(EAVETeLTSEMINT) EMINT=EAVET
3 CONTIMNUE
4 EMAXT=EMAXT/NFL

EVINT=EMINT/NFL

EMAXR=EVMAXB/ERTIA

EMINB=EMINB/ERTIA

IF(DELTATSGT4040) GO TC 11

DELLOMN=NSZ/ SQRT(EMAXT/RHD)

DELLAT=DSZ##2/7 ¢ /SGRT{EMAXAI*TERTIA/RIFOD)

FIDFLLON=NFLLAT) 69595
5 DELTAT=0ELLAT
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GO T3 7
DELTAT=DELLON
N7 R’ MP=1915
DELTAT=DELTAT#*10,
IFI(DELTAT=1040) 24109190
CONTINUF
WRITE(MWRITE9)
FORMAT('INCREASE LIMIT ON STATMENT 79 SUBRT TEMPUS FOR DELTAT DETE
IRMINATION')
CALL EXIT
1N MDET=DELTAT#445
SILTAT=MDET#*2
VP ==MP
NDELTAT= DELTAT*10e0%#*MP
RETURN
T1 DELLAT=040
RETURN
END
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SUBROUTINE INENT

COMMON ARELT19ADELT29AFLYALPHAWAMP yAMPERyASFLBIGKELWRIGKE2
1RIGMeRIGN BUGGERsCOST o DAMPED 9 DAMPER S DELLONSDELLATDELTAT DD
2SsDDTHINEY ¢y DFZ 9 DHALF 9D 9DSeDSZeDTHDTX 9DV eDW e DWCG 9 DWORK 9 E 9 EM
BAXE9EMAXT 9 EMINS o EMINT 9 FPSTI oEPSEWERTIASEXTRAVEPSIL9FDAMP 9GoH
LALToHALTLeHALTZ2 sHDAVPE yHHALF 9H4SQUOLDT 9P sPASTKE 9PFYsPFZyPIE
SFTVASSyPUORK sQeRANDIANIRINGKE sRVELZ 9 SEP 9 SEPLASsSEPMINYSEPMAX 9 SIGMA
69SINTeSMASHISMINISNeSNZ s Ty TDWORK e TIME 9 TPWORK s TYME 9 TZFORSsVeTHETA
TNeZETAWZFORSsTUINIAVE W TOTKE sPLASTWsELAMAX 9% ORKIMIELASTW s TOTWRK »
BCHNGMZ 9 CHNCV g TIMEZ 9 TIMYLD

COMMON ALPHyAMP] 3AMP 2, By CONVRTsDEAIDIAMIEPS 9 HIPEASPI 4P
1ISPRsPRyRIRHOISIGsSLOPEsSWITCHT19T29TREGINSTCONSTsTCOOLSTE
2AYTFIMNALSTIMP s TRIMPYTZERITONEsTTWOSTZ9YIELDs TIMTOT

INTEGER COVMON

COMMON TCIRCIMPoIOTAWIRAIDsJIJCYCLE W JFDAMP9JIMPoUMINSJOLT 92
1JPRINToJSTART 9 JTOTAL 9KOOLoLINK9LISTEMsLOAD s MCRE ¢sMPUNCHMREA
2DWMWRITEWMYTELD oNoNFLONFL2 9 NHALF o NHALF 1o NLIMINSFLONTEMPSINU
BLLIToONVONYIELDoNLoNEXToNORATE yNGIVFNINREADILASTPRJOLT29JBEGINY
4JUSTPRyJZ

DIMFNSION ALPH(5) 9yALPHA(101910)9ASFL(59109101)9BIGM(101)sBIGNI
1101)9COST(101)+D(101910)sDDS(101) oDDTH(101)9DEA(S5)sDFY(101)
29DFZ(101)90S5(101)eDTH(101) oDTX(101)sDV(101)sDWI(101)sE(69109101)9E
3PS(595)9=PSI(101)9EPSE(101) 9EPSIL(59109101)EXTRA(I00)sG(101) N
GEXT(15)90OLDT(101910)9P(101910)9sPEA(1D)sPFY(101)sPFZ(131)sQ(101)»
S5RVELZ(101)s5TG(5+5)sSIGMA(59109101)9SINT(101)9sSMASH(101)9sSN(5s1
609101)9SNZ(591091C1) 9sT(101910)sTEA(S)sVI101)sW(101)eYIELD(101)sZE
TTA(10D)

WRITE (M4RITE 1)
1 FORMAT('1")

IF(MCRE+GT49) WRITE(MWRITEs2) MORE

2 FORMAT(! THIS RUN IS A CONTINUATION OF RUN's13s' OF'//)

WRITE(MWRITE93) ReBoHaNINFLINSFLINTEMPS
3 FORMAT(! JET leeeeeseA PROGRAM USED TO CALCULATE THE RESPONSE OF
1=-A=EREET/Y CIRCULAR HEATED RING WITH THE FOLLOWING PARAMETERSss
2e0'//! RADIUS OF RING TO CENTRCID (INe)'»20Xs'='F1046/

A WIDTH OF RING (INe)'933Xe'='F10s5/

4! THICKNFSS OF RING (INe)'929Xs'='F10e6//

5 NUMBER OF MASS POINTS USED IN-WHOLE RING's12Xs'='[5/

6! NUMBER OF FLANGES USED IN RING CROSS SECTION's8Xs'='15/

T NUMBER OF SUBFLANGES USED IN STRAIN HARDENING MODEL ='15/

8! NUMBER OF TEMPERATURE LEVELS USED TO DESCRIBE!'/

-t TEMPERATURE DEPENDENT MATFRIAL PROPERTIES's10Xs'='15)

IF(NTEMPS=1) 544,45
4 WRITE(MWRITE»?4) TCONST

34 FORMAT('Q THE TEMPERATURE OF THE RING IS A CONSTANT AND IS EQUAL

1 TO'9FRe29!' DFEGREES!)
GO TO 14
5 LIMIT=N1/4+1
NEXT(1)==3
WRITE(MWRITE 96)
6 FCRMATI('Q PRESENT RING TEMPERATURESs T(IsK)e ARE AS FOLLOWSese')
DO 13 I=1sLIMIT
NEXT(1)=NEXT(1)+4
DO 7 NEX=244,
NEXTIMNEX)=NEXT(NEX=1)+1
MEX =N X
IFINEXTINEX)oFOeN1) GO TO R
7 CONTINUE
WRITF(VMWRITF 9G) (MEXT(NE)gNE=]yMFX)
9 FORMATI(//14Xe?2H]=et(179156X))

s
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WRITE(MWRITE»10)
10 FORMAT(140)
NEX1=NEXTI(1)
NEXMEX=NEXT(MEX)
DO 12 K=1lNTL
WRITE(MWRITE911) Ko(TU(ITeK) o II=NEX19aNEXMEX)
11 FORMATI(3H K=9]392X9s4(2X9E14e892X))
12 CONTIRUE
13 CONTINUE
14 IF(DELLAT) 17917915
15 WRITE(MWRITEs16) CUELLATWDELLON
164 FORMATL('0Q TIME INTERVAL BASEN ON LATERAL VIBRATICON EQUATION ='g]

1568/70! TIME INTERVAL BASED ON LONGITUDINAL VIBRATION EQUATICN =
2'E1543)

17 WRITE(MWRITE18) DELTAT

18 FORMAT(//! TIME INTERVAL PER CYCLE USED IN PROGRAM (SEC) ='E1l5,
187)

IF(IOTA) 21919921
16 WRITE(MWRITE20)
20 FORMATI(!') THERE IS NO IMPULSIVE LOADING!')
GO TO 30
21 GO TO (24426)510TA
24 WRITE(MWRITE25)
25 FORMAT(!'D AN ARBITRARY IMPULSE LOADING HAS BEEN SPECIFIED ASs DE
1SCRIBED RY INPUT CARDS!')
GO TO 30
2h WRITE(MURITE27)
27 FORVAT('0 A LOCALIZED SINE SHAPED IMPULSE LOADING HAS BEEN SPEC
1TEIEDY)
30 IF(TFINAL«RQeNe0) GO TO 22
PLEN=TFINAL=TREGIN
WRITE(MWRITE931) TRECINSTFINALSPLEN
31 FORVAT ('0 STARTING TIME OF FORCING FUNCTION (SECe) ='F10e7/9

B STOPPING TIME (SECe) ='F10e7/s! DURATION (SECe) ='F1047
2)
RETURN

32 WRITE(MWRITE»33)

33 FORMAT{'Q THERE IS NO TIME VARYING FORCING FUNCTICN DURING THIS
1 RUN')
RE TURN
END
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SURROQUTINE IMPULS

COMMON ADELT19ADELT29AFLsALPHAWAMP JAMPERyASFLBIGKEL19BIGKE2
1IRIGMyBIGNIBUCGERICOSTyDAMPED sDAMPERSDELLONSDELLATIDELTAT DD
2S5eDNTHINFY 9DFZ 9yDHALF 9D DS eDSZeDTHeDTX 9DV D e DWCGIDWORKIEIEM
AXRIEMAXT o EMINBYEVINT9EPS I 9EPSEZERTIAVEXTRAVEPSILWFDAMP 3G o H
GALToHALTL19HALT2 o HDAMP ¢y HHALF 9HSQUsOLDT 9P sPASTKE 9yPFYsPFZ4PIE
SPTMASSsPWORK sQsRADIANIRINGKE yRVELZ9SEP s SEPLASsSEPMINYSEPMAX»SIGMA
AISINT oSMYASHISMINISNISNZ o To TOWORK Y TIME 9 TPWORKITYME 9 TZFORSsVITHETA,
TWeZETAZFORSsTMINSAVE s TOTKE yPLASTWsELAMAX s WORKIMIELASTWITOTWRK »
BRCHNGMZ ¢ CHNGM TIMEZ 9 TIMYLD

COMMON ALPHsAMP1ANP 2y By CONVRTsDEAWDIAMIEPSyHIPEAYPI 4P
1ISPRyPRyR9IRHOISIGeSLOPE 9y SWITCHsT1 s T2+ TBEGINs TCONSTTCOOLSTE
PAyTFINALTIMPyTRIMPYTZERsTONEsTTWOSTZsYIELDs TIMTOT

INTEFGER COMMON

COMMON ICIRCoIMPSIOTAYIRAID 9 JoJCYCLE 2 JFDAMP o JIMP 9 JMINWJOLT 12
1JPRINT9JSTART 9 JTOTAL sKOOLsLINK9LISTEMysLOAD ¢y MORE yMPUNCH9MREA
2DyMWRITE sMYIELD oNoNFLoNFL2 s NHALF o NHALF 1 oNLIMINSFLINTEMPSINU
BLLTToNVINYIFLDaNL1oNEXToNORATEWNGIVENINREAD 9y LASTPR9JOLTZ 9JBEGINY
4JUSTPRJZ

DIMENSION ALPHI(5) +sALPHA(1021910) sASFLI(59109101)sBIGM(101)sBIGNI
1121)+COST(1N01)9D(1C1910)9DDS(101)sDDTH(101)+DEA(S5)sDFY(101)
29DFZ(101)sDS(101)sDTH(1CL) sDTX(101)9DVI101)sDWI(101)9E(69109101)E
3PS(595)9EPSTI(101)+EPSE(L101) 9EPSIL(59109101)+EXTRA(100)sG(101) N
GEXT(15)9DOLOT(1C1910)sP(101s1C)ePEA(LID)sPFY(101)9PFZ(101)9Q(101)»
SRVELZ(121)+SIG(595)9SIGMA(S59109101) oSINT(101)9sSMASH(101)9sSN(591
609101)9SNZ(59109101)9T(101910)sTEA(S5)sVI(101)sW(101)sYIELD(1C1)s2E
TTA(10)

DIMENSICN VDEL(101)ewWCEL(101)

IF{IMP«FEQe1) GO TO 11

READIMREAD 17 IOTAsNV

FORMATI(21595X951546)

IF(IOTAEQeO) GO TO 15

GO TO (90994)4510TA

D0 91 I=1sN

VDEL(I)=0e0

WDEL(I)=0e0

FCRMATI(1592E1546)

N0 93 IMAZ=1,MV

READ(MREAD$92) MASSNOsVRADsVTAN

IF(MASSNDGTeN) G50 TO 101

THETA=ADELT?2#(2#MASSNC=1) /RADIAN

VNEL(MASSNO) = (VRAD*SIN(THETA)+VTAN*COS(THETA) ) *DELTAT

WDEL (MASSNC ) =(=VRAD#COS(THETA)+VTAN*SIN(THETA) )#DELTAT
NHIT=MASSND

GO TO 10

ASSUME SINE DISTRIBUTIONs NOTEeees NOse OF MASSES MUST BE 0OD2
READ(MREAD 995) MASSESsMSTARTs VEEZZTILT

FORMAT(21592E1546)

DO 941 [=1,4N

VDEL(I)=0e0

WOEL(I)=040

TILT=TILT*#PIE/18N.

DTETA=PIE/((MASSFS=1)%#2)

WIDTH=P]E/ (MASSES=1)

EXTRA(?2)=VFEZ

ALESS=)

MASS?2=14VASSES/?

RO 97 KARFEA=19"ASS2

MAZZ=MSTART=]1+CARFA

NMAZZA=VSTART+VASSFS=XAREA
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NI

Py

1480 Y

AN

01

S7

98

99

100
10

101
102

15

THETA=ADELT2#(2%¥MAZZ=1)/RADIAN
TATA=((KAREA=1)%2+1)#DTETA
VCITY=VEEZ#(1=COS(TATA))/WIDTH=ALESS

ALESS=ALESS+VCITY
VRAD=VCITY#SIN(TILT)

VTAN=VCITY#COS(TILT)
VDEL(MAZZ)=(VRAD#*SIN(THETA)+VTAN*#COS(ITHETA))
WDEL(MAZZ)=(=yRAD*COS(THETA)+VTAN*SIN(THETA))

THETA=ADELT?#(2#MAZZA=1) /RADIAN

VDEL(MAZZA)=(VRAD#SINI(THETA)+VTAN#COS(THETA))

WDEL(MAZZA)=(=VRAND*COS(THETA)+VTAN#SIN(THETA))

WRITE(MWRITE98)

FORMAT('OINITIAL VELOCITY INPUT IS AS FOLLOWSeee'/)

DO 100 KAREA=]19¢MASSES

MAZZ=MSTART=1+KAREA

WRITE(MWRITE 299 IMAZZ 9VDEL(MAZZ) +WDELI(MAZZ)

FORMAT(' MASS POINT'sI3s"' VDEL ='"9F1l0e2s' WDEL ='9F10e2)

VDEL(MAZZ)=VDEL (MAZZ ) #DELTAT

WDEL(MAZZ)=WDEL (MAZZ ) #DELTAT

CONTINUE

NHIT=MSTART+MASSES=]

[vP=1

RETURN

WRITE(MWRITE«102)

FORMAT('1THERE IS AT LEAST ONE MASS NUMBER GIVEN FOR IMPULSE INITI
1AL VELOCITY WHICH IS GREATER THAN THE STATED NUMBER OF MASSESe'/y
2'PLEASE CHECK YOUR DATAsee')

CALL EXIT

WORKIM=040

121 DO 122 I=1sNHIT

122

15

WORKIM=WORKIM+VDEL (T )#*2+WDEL (1) *%2
DvV{I)=DVI(I)+VDELI(I)
DW(I)=Dw(I)+WDEL(I)

CONTINUE

IMPULSE KINETIC ENERGY

WORK IM=WORKIM*PTMASS/DELTAT**2/2,
IMP==]

RE TURN .
END
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SURRQUTINE PREZZ

COMVMON ADELTI19ADELT29AFLsALPHAWAMP yAMPER3ASFLIBIGKEL19WBIGKE2 Y
1B8IGMIRIGNsRUGGEFRyCOST 9 DAMPED 9DAMPER «DELLONDELLATDELTAT DD
2S59DNTHIDFY sDFZ 9DAALF 9D 9DSsDSZ e DTHDTX 9DV DA 9 DWCG9DWORKIF 9EM
FAXBYEMAXToEMINBOEMINT 9 EPSI 9EPSEZERTIAWEXTRAYEPSIL9sFDAMP 3G H
GALT 9HALTY19oHALT2 yHDAMP gy HHALF yHSQUsOLDT 9P yPASTKE yPFYyPFZyPIE,
S5PTMASSyPANORK 9D 9sRACTIANIRINGKE yRVELZ 9 SEP 9 SEPLASYSEPMINsSEPMAX 9 SIGMA
AySINT9sSMASHISMINISNISNZ 9 To TOWORK s TIMEsTPWORK 9 TYME9TZFORSIVeTHETA
TWeZETAWZFORSyTMINWAVE 9 TOTKE 9 PLASTWIELAVAX 9y WORKIMIELASTW s TOTWRK »
BCHNGMZ s CHNGM TIMEZ» TIMYLD

COMMON ALPHsAMP1sAMP2y B CONVRTsDEAIDIAMIEPSsHIPEAWPT 4P
1I1SPRsPRIPIRHO 9SIGsSLOPE ySWITCHeT19T29TBEGINy TCONSTTCOOLSTE
2As TSINAL 9 "IMPyTRIMPYyTZERTONE s TTWO s TZeYIELDs TIMTCT

INTEGER CO.AMON

COMMON ICIRCoIMPoIOTAS IRAIDsJoJCYCLEWJFDAMP s JIMP o UMINWJOLT eI 2
1JPRINT9JSTART 9 JTOTAL oKOOLs! . INK9LISTEMsLOAD s MORE yMPUNCHsMREA
2DIMWRITE sMYTELDoNoNFLoNFL2 s NHALF o NHALF1 o NLIMoNSFLINTEMPSNU
ALLIToNVINYIELD N1 sNEXT9sNCRATE yNGIVENSNREAD 9 LASTPRJOLT2sJBEGINS
4JUSTPRyJZ

DIMENSION ALPHI(5) sALPHA({101910)sASFL(59109101)sBIGM(101)sBIGN!
1101)+COST(101)9sD(101510)9DDS(101)sDDTH(101)sDEA(S5)sDFY(101)
29DFZ(101)9DS(101)sDTH(101)sDTX(101)sDVI101)sDWI101)9sE(6+109101)sE
3PS(595)sEPSI(101)+EPSE(101) sEPSIL(59109101)+EXTRA(100)sG(101) N
G4EXT(15)9s0LDT(101910)9P(101910)sPEA(10)sPFY(101)sPFZ(101)9sQ(101)+
SRVELZ(101)+SIG(595) 9SIGMA(59109101)9SINT(101)9SMASHI1G1)eSN(51
609101)9SNZ(5910+101)9T(1019s10)sTEA(S)sV(101)eW(101)sYIELD(101)s2E
T7TA(10)

DIMENSION FS(100)+EFIND(10C)

IF(LOADsEQesl1) GO TO 19

READ(MREADH) MSTAT¢MASSNyRPMyANGL

FORMAT(21592E1546)

FTOTZ=AMP1

T2=TF INAL

CIRC=24#PIE#R

CIRCR=CIRC®*RPV. /6N,

DSZH=DS2/2.

FTOT1=FTOTZ/(T1=TREGIN)

FTOT2=FTOTZ2/(T2=T1)

TILT=ANGL*PIFE/180,

STILT=SINITILT)

CTILT=COS(TILT)

PIEP=PIF/DSZ/(MASSN=1)

ARCL=CIRCR#(TIME=TBEGIN)

NMASS=(ARCL+DSZH) /DS2Z

KSTAT=NSTAT+NMASS

RIT=ARCL=NMASS#DSZ+NSZ/2.

N0 20 I=1N

PFY(I)=0e0

PFZ(1)=0,40

TOTAL=040

IF(TIME=T]1) 30930940

FTOT=FTOT1#TIME

GO TO 50

FTOT=FTOT2#(T2=TIME)

FATOR=FTDT/2.

nC RO 1=1eMASSN

MAZ=KSTAT=1+1!

VINOS=l=]

ANGLE=PIFP®(RIT+NZ%Y]INDS)

IFIANGLF=PIF} 70470440
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80
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ANGLE=PIE
FSIVMAZ)=]14=COS(ANGLE)=TOTAL
TOTAL=TOTAL+FS(MAZ)
FS(MAZ)=FS(MAZ)#FATOR
PFY(MAZ)==FS(MAZ)*CTILT

PF7 (MAZ)=FS(MAZ)#STILT
AMP=0,40

NSTOP=KSTAT+MASSN=1

DO 90 MASS=KSTATyNSTOP
EFIND(MASS)=SQRT(PFY (MASS) #%#2+PFZ (MASS) ##2)
AMP=AMP+EF IND (MASS)

RE TURN

END

139




SURRDUTINE CYCLE
COMMON ADELT1sADELT29AFLsALPHA9AMP yAMPERVASFLIBIGKELWRIGKE2Y
1P IGY RGN AUCGERICOST o DAMPED 9 DAMPER ¢y DELLIONIDELLATWDELTATHOD
259 DNTHINFY ¢yDFZ 9 DHALF 9D 9DSeDSZaDTHDTX 9DV DWW sDWCGoDWORV o F 9 EM
FAXB e EMAXToEVINRYEMINTIEPSI oEPSEsERTIAWEXTRAVEPSILIFDAMP 4G
GALT oHALT L o4ALT2 9HDAMP g HHALF yHSQUsOLDT 9P s PASTKE yPFYWPFZWPIE
S5PTMASSyPWORK 9 QsRANDTAN g RINGKE ¢sRVELZ 9 SEPySEPLASsSEPMINYSEPVMAX9SIGMA
BeSINToGCVASH e SMINISNISNZ Ty TOWORK s TIMEWTPWORK 9 TYMEWTZFORSsVITHETAY
TWeZFTAWZFORSsTMINGAVE s TOTKE yPLASTWIELAMAX yWORKIM9ELASTWoTOTWRK »
BCHNGMZ ¢ CHNGM s TIMEZ 9 TIVYLD
COMMON ALPU9AMP19AMP2, By CONVRTsDEASDIAMIEPSoHIPEAWP] 9P
1I1SPRIPRIRIRHO 9SIGoSLOPE 4SWITCHeT19T2¢TBEGINITCONSToTCOOLSTE
2AsTFINAL 9 TIVPyTRIMPyTZERyTONE 9 TTWOSTZ9YIELDTIMTOT
C INTEGER COMMON
COMMON ICIRCoIMPyICTASIRAIDIJIJCYCLE W JFDAMP g JIMP o JMINSIJOLT 12
1JPRINT9JSTART s JTOTAL 9KOOL s LINKsLISTEMsLCAD 9yMORE ¢yMPUNCHMREA
2D IMWRITE sMYIELD o NoNFLONFL2 s NHALF oNHALF L1 o NLIMINSFLINTEMPS o NU
ALLITONVINYIELD NI oNEXT oNORATE yNGIVENINREAC s LASTPR9JOLT2 9 JBEGIN
4JUSTPRyJZ
DIMENSION ALPHI(5)9ALPHA(1C1910) 9ASFLI(59109101)BIGM(101)eBIGNI
1101)9COST(101)9D(101912)9DDS(101)sDDTHI101)+DEA(S5)sDFY(101)
29DFZ(101)eDS(101)«DTHI1C1) oDTX(101)eDVI101)sDWI101)9E(69109101)0E
3PS(595) 9EPSI(101)9EPSE(101)+EPSILIS59109101)+EXTRA(LI0C)sG(101) N
GEXT(15)sOLNT(101910)9sP(101910)sPEA(LD)sPFY(101)sPFZ1101)9Q(101)»
SRVELZ(101)9SIG(5+5) 9SIGVA(59109101)9SINT(101)9SMASH(101)9SN(591
09101)eSNZ(50109101)sT(I01910) s TEAIS)ev(1lUL) oW (101)sYIELD(101)s2E
TTA(10)
J=J+1
JUSTPR=0D
CALL STRAIN
CALL STRESS
TIVE=(J=JZ)#DELTAT+TIVEZ
IF(JSTARTWLTel) GO TO 3
IF((TIME GGETFINAL) eCRe(TIMESCLTTREGIN)) GO TO 1
CALL PREZZ
LOAD=]
GO TO 2
LOAD==1
2 IF((IMPeLTal)eORG(TIME«LT«TIMP))GO TO &
CALL IMPULS
IMP==]
GO TO &
3 LOAN==]
4 CALL EQUIL
SEPLAS=SEP
SEP=WINHALF)=W(])
IF(SEP=SMIN)S5e645
5 SMIN=SEP
TVIN=TIVE
JMIN=Y
A TF(J=JPRINT) 749912
7 1-(J) Ryl0yR
H R IFINYIFLD) 13+1%,41C
z 9
(¢

—

Jp———

JORINT=JPRINT+JCYCLE
' CALL PRINT
NYIELR=N
GO TC 14
12 JPRINT=2J+JCYCLE
17 [F(MORFF2,1) CALL DRINT
14 RETURY

END

il
-
—
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REPRODUCIBILITY OF THE ORIG

SURROUTINT STRAIN
COMMON ADELT19ADELT29AFLJALPHAJAMP JAMPERJASFLSIGKEL19BICKEZ2
1A 1GY a2 10N UGGERWCOST s DAMPED o DAVMPER 9 DELLONDELLAT9DELTAT DO
289 NNTHINFYsDFZ 9 DHALF 9D eDSeDSZaDTHIDTX 9DV D w e DWCGeTWORK9E9EM
BAXR g EMAXTOEMINA G EMINTIEPSIvEPSE9ERTIAVEXTRAVEPSIL oFDAMP 3Gy
GALToHALTL oHALTZ2 sMDAMP o HHALF 9HSQUICLDT oP s PASTKE 9PFYWOFZ4PIE
HEPTMASSsPWORK sQeRANIANIRINGKE sRVELZ 9 SEP s SEPLASYSEPVMINISERPVAXSICGMA
HeSINT 9SMASH e SMINgSANISNZ s To TOWDRC Y TINE s TPACHK »TYME 9 TZFORSeVITHETA
Tue?2ETAWZFORSsTHINIAVE s TOTKE o PLASTW 9 FLAMVMAX 9y WORK IMELAST L 9 TOTHREK s
RCHNGMZ 9 CHNGM s TIMEZ» TIMYLD
COMMON ALPHsAMP1,AMP2, By CONVRTINDEA U IAMIFEPRPSsHPEAWP] 4P
11SPR4PRIRIRHO 9SIGISLOPEsSWITCHT1aT2eTREGINgTCONSTHTCOCLSTE
P2AsTEINAL o TIMP oy TRIMP S TZERsTONE 9 TTWO 9 TZyYIELD TIVTOT
T INTEGER COMMON
COMMON ICIRCHIMPSIOTASIRAID s JyJCYCLE W JFCAMP 9 JIVMP s JMINJOLTeI 2
1JPRINTsJSTART s JTOTAL 9KOOL 9 LINKLISTEMyLOAD 9 MORE s MPUNCHIMREA
P2DIMWRITE sMYTIELD o N oNFLONFL2 s NHALF 9 NHALF1 o NLIMeNSFLONTEMPSINU
FLLIToNVINYIELD oN1 o NEXT o NCRATF oMGIVENINREAD Y LASTPR 9 JCLT29JBEGINY
GLJUSTPRyJZ
NIYFNSION ALPK(5) yALPHA(101910)sASFLI59109101)e8IGM(101)9BIGNI
1101)9COSTI(101)eD1101910)sDDS(101)eDOTH(1CL1)9DEALS)#DFY(101)
29DFZ (101090510107 (101)oDTX(101)eNDVI1I01)eDW(101)9E(69109131)95E
3PS(595) 9FPSI(1C1) +EPSE(1D1) +EPSTL(59109101)9EXTRACLIOC)+G(101) 07
GEXT(15)eDLOTI10191C)sP{101s2C)sPEALLIO)sPFY(101)4PFZ(101)+5(101)
SRVFLZ(101)9SI1%(595) eSIGMA({59100101)9SINTI1IC1)eSVASH(101)eSN(5s]
6091N1)9SNZ(59109101)9T(1C1910)eTEA(S)oVI101) oW (101)eYIELD(101) 925
TTAL10)
NO 1 I=224N
BOV=DVIII=NVI(I=1)
DOW=DW(T)=NW(]=1)
DNS(I)I=NDY#COSTIII+DDWH#SINTI(])
DTX(I)=(DDWHCOST(1)=DOVH#SINTIINIZNSIT)
SIMNTI=SINTI(])
SINTII)=SINT(II+COST(1)#DTX(])
COST(I)=COST(1)=SIATI®#DTX(])
1 CONTIMUF
DOV=OVI(1)=DVIN)
DRV=DW (] )=NW(N)
ANS(1)=0DVaCCST(])+DDWRSINT(])
ATY (1) =N #CHST(1)=NOVRSIAT(1))1/DS(])
SINTI=CINT(])
SINTI1)=SIUNTI1)I+0ST(L)INDTX(])
COSTLY)=COST(1)=SI.T1#D2TX(1)
IF(CINT 1) el Teal™=28) SINT(1)=060
nWlslle]
5O 2 I=1,e"%]
ADTH(I)=OTX({ 1+ )=DNTX(])
ATHE(TI)IesNTHIT)I+DDTI ()
2 CORTINIS
ADTH(N)sNTX(1)=DTX(%)
BTHIY 1= TH(N ) DDOTH(N)
NS 32 Is]yN
ViD=V 1)+DVL])
A 1)¥s=t1)eDY(])
Be(1)=NS{I)+eNS(])
a CANTIHIR

e

P

= S8 oY
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SURPROUTINE STRESS

COVMON ANFLT1eANTLTZ9AFLWALPHAZAMP JAVPER JASEL 92 IGKEL19BIGKE2Y
1R 1AM RICY gRUGGER 9y COST o DAMBED 9 DAMPER WDELLONIDELLAT9DELTAT DD
25 eNDTH e IEY 9 DFZ o DHALF 9D 9DS DS Z s THeDTX 9DV eOWeDWCGeOWCRK I E 9 EV
FAXR gF AN T 9 F INP gFEMINT 9 EPS I o EPSEWERTIAZEXTRAZERPSIL yFNDAMP 4Gy~
LALT oHALT I oHALT 2 oHDAME g HHALF o HSQUsOL DT s P s PASTKE yPFY 4BF74PIF
SETUASS sPWORK yQ9eRANDTAN g RINGKE oRVELZ 9 SEP 9 SCPLASWSEPYINySEPMAX9SIGMA
AeSINT oS AASH SMINGSNeSHZ s T TOWCRK e TIME 2 TP ZORK o TYMEWTZFCRSsV 9 THETAY
T g 7ETAS7EORS s TVIMN9AVE 9 TOTKE gPLASTWIELAMAX 9 WORKIMyELASTH 9 TOTWRK »
QCHNGMZ g CHMGM 3 TIMEZ» TIVYLD

COMMON ALPHAMP1 9AMP2, By CONVRTsDEASDIAMIEPSsHIPEAWPI 4P
11SPRIPRyRyRHD9SIGISLOPESSWITCHT19T2eT2EGINSTCONSToTCOOLSTE
2AsTEINAL9TIMP o TRIMP o TZERe TONE s TTWO e TZsYIELDy TIMTOT

INTEGFR COMMON

COMMON ICIRCoIMPoIOTASIRAIDIJeJCYCLE s JFDAMP 3 JIMP o JMINSJOLT1 2
1JPRINTsJSTART o JTOTALsXKOOLsLINKsLISTEM9LOAD sMORE s MPUNCHsMREA
P20 MWRITE oMYIELDoNoNFL o NFL 2o NHALF o NHALF1 oML IMoNSFLoNTEMPSNU
FLLIToNVINYIELD oN1 oNEXT oNORATE sNGIVENSNREANSLASTPR9JOLT2 s JBEGINY
4 JUSTPRJZ

DIVENSICN ALPH(5) 9ALPHA(101910)sASFL(59109101)9BIGM(101)sBIGNI(
1171)sCOSTI101) 9D(101912)9DDS(101)9DOTH(101)9sDEA(S5)sDFY(101)
29DFZ(101)eDS(101),5TH(101)eDTX(101)eDVI101)sDW(101)9E(69109101)E
APS(595) 9EPSTI(101)+EPSE(101)9FOSIL(501C9101)9EXTRA(1D0)9G(101) N
4EXT(15)92LOT(1C1910)sP(101910)sPEA(10)sPFY(101)sPFZ(101)sQ(101)
S5PVELZ(101)eSIG(I595) 9SIGMA(S3109101)sSINT(101) sSMASH(101)9SN(501
6091011 95M2Z(5+1Co101)9T(101s10)sTEALS)sVI1I01)eW(101)eYIELD(101)92E
TTA(10)

DATA ASTFER/'V#V/4BLARK/Y Y/

N0 16 I=1sN1

YIFLD(T)=8LANK

BIGN(TI)=0e0

BIGM(I)=N40

NS 15 K=1sNFL

NSN=E(1eKeI)=(DDSII)=DDTY(T)#ZETA(K))/DSZ

FMN=Na0

IF(N{IsK)elLFeNeO) GO TO 1

PIK=140/P (1K)

CA=1e0/ND (T oK) /DFELTAT/E(19Ks 1)

DO 14 L=1eNSFL

SN(LeKel)=SM(LaXKe!)+NOSN

IF(NAMPERLGTeCe0) CO TO 13

IFIND(TeK)aLFeGe0) GO TO 7

IF(SN(LoKoI)=SNZ(LsKsI))291395

IF(SMN{LoX oI ) +SNZ{LsKsI))2913,512

SNY=SNZ (LK eI )#(240+(Ch* ABS(DSN) ) #*PIK)

IFISN(LoKeT)+SNY V4913413

SNILsKy ] )==SNY

GO T0 11

SNY=SNZ(LoKeI)*(140+(ChH* ARS(DSN) ) ##P[K)

IF(SNILsXoI)=SNY)13+s1246

SM(LeKyI)=5S\Y

50 TO 11

IFISN(LoK9I)=SNZ(LsKsI))Gs1398

SNILsKspI)=SNZ (LK)

GO TO 11

IF(SN({LoXoT)+SNZ(L9KsT))20913913

SNILsKgl)==SNZ(LoeKsl!

YIFLD(I)=ASTER

IF(MYIFLD)I13912917%

MYIFLD=y
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15
16

TIMYLD=T [MF
“YIFLN=1

SNEFN+SN (LK o T ) #ASFLIL 9K I)
CCNTINUF
BIGN(I)=8BIGN(])+FN
BIGM(I)=BIGM(])+FN*ZETA(K)
CONTINUT

CONTINUF

RETURN

END
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SURROUTINF EQUIL
COMMON ANELT]1sACELT29AFLsALPHAWAMP s AMPERWASFLIBIGKEL19BIGKE2
18 1GYyRIGCHN9RUGGERICCST 9y DAMPED 9 DAMPER s DELLONSDELLAT9DELTAT DO
2SeDDTHeNFY yNFZ 3y DHALF 9D 90SeDSZsDTHIDTX 9DV CW 9 OWCGIDWORKEWEM
FAXBIEMAXToEMINB9EMINT9EPSI 9EPSESERTIAIEXTRAVEPSILsFDAMP 3G o H
GALToHALT1oHALT2 oHDAMP o =HALF sHSQUsOLDT 9P sPASTKE 9PFYsPFZsPIE
S5PTMASSyPWORKsQsRADIANsRINGKESRVELZ 9 SEPsSEPLASSEPMINSEPMAX 9 SIGMA
AeSINT 9 SMASHISMINISNISNZeTo TOWORK o TIME 9 TPWCKK 9 TYME o TZFORS9VITHETAY
TWeZETAWZFORS s TMINYJAVE 9 TOTKE oPLASTW o ELAMAX 9y WORKIY9ELASTWITOTWRK »
BCHNGMZ 9y CHNGM s TIMEZ » TIMYLD
COMMON ALPHsAMP1yAMP2, By CONVRTIDEAWDIAMIEPSsHIPEAWPI 4P
11SPRsPRyRIRHO9SIGeSLOCPEsSWITCHT1aT2+eTBECInea TCONSToTCOOLSTE
2A9 TFINALSTIMPSTRIMPyTZERsTONE 9 TTWOsTZ9VIELD TIMTOT
INTEGER CCMMON
COMMON ICIRCsIMPSICTAYIRAIDsJeJCYCLEWJFDAMP 9 JIMP s UMINIJOLT 12y
1JPRINT9JSTART s JTOTAL sKOOL s L INK9LISTEMsLOAD +sMORE sMPUNCHsMREA
2Dy MWRITF oMYIELD sNoNFLoNFL2 s NHALF s NHALF1 9 NLIMeNSFLINTEMPSyNU
LLIToNVINYIELDsN1 oNEXToNORATE gMNGIVENsNREADSLASTPR9JOLT29JBEGINS
4JUSTPRy JZ
DIMENSION ALPH(5) sALPHA(101910)9ASFL(59109101)9BIGM(101)+BIGNI
1101)9COST(101)9D(101910)+DDS(101)sDOTHI101)9sDEA(S5)+DFY(101)
29DFZ(101)eNS(101)sDTH(101) 9DTX(101)eDVI(101)9sDWI(101)9sE(69109s1C1)E
3PS (595) sEPSI(101)9EPSE(101) 9EPSIL(59109101)+EXTRA(100)sG(101) N
GEXT(15)40LNT(101910)9P(101910)sPEA(10)sPFY(101)sPFZ(101)sQ(101)
SRVELZ (101)9SIG(545)sSIGMA(59109101) oSINT(101)9SMASH(101)9SN(591
609101)9SNZ(59109101)sT(20191C)sTEA(S)sVI(101)eW(101)sYIELD(1C1) »2E
TTA(10C)
DWORK=)40
PWCRK=0s0
ZFORS=040
5 DO 6 I=2N
QUI)=(8IGM(])=8BIGM(I=1))/NDSI(I])
6 CONTINUE
Q(1)=(8IGM(1)=BIGM(N))/DSI(1)
IF(NDAMPER) Q49,7
7 NDC R [=1eN
DFY(I)==DV (] )*AMPER
DF2(1)==DwW(])*AMPER
R CONTINUF
9 DO 10 I=1eM
K=1+1
IF(leFNeM) K=1
AVII) =NV (T )+BUGGER* (RIGN(K ) *#COSTI(K)=RBIGN(1)#COST(I)=Q(K)*SINT(K)+Q
1(I)*SINT(I)+PFYLI)+DFYI(I))
DA(T)=NW(T)+BUGGER*# (BIGHN(K)*SINT(K)=RIGN{I)#SINT(I)+Q(K)*COST(K)=Q
1(1)#COST(I)+PFZ(1)+NFZ2(1))
PWORK=PWORK+PFY (1 )#DV(I)+PFZ(I1)*DW(])
DWORK=NDWORK=DFY (I )#NV(I1)=DFZ(I1)*DwW(])
10 CONTINUFE =
TPWNRK=TPNYORK+PWORK
TOWORK=TNWORK+NWORK
IF(LOADGLTN) GO TC 12
DO 11 I=leM
PFY(1)=040
PEZ{1)=)e0
11 CONTIMYFE
17 RETURN
END
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SURROUTINE XOOLIT
COMMON ADELT19ADELT29AFLIALPHAPAMP 9 AMPER JASFLIBIGKE19BIGKE2
1RIG"sBIGN9sRUGGFRyCOSTsDAMPEDN yNDAMPER yDELLONSDELLATsDELTAT DD
2S9DNTHeDFY yNEZ s DHALF 9D oDS9DSZsDTHDTX 9DV LA s DNCGIDWORK s E9EM
BAXB W EMAXT 9 EMINDB sEMINToEPSIWEPSEZERTIAWEXTRAVEPSILsFDAMP 3G oH
GALTsHALTL1 oHALT2 9HNAMP 9 HHALF s HSQU sOLDT 9P sPASTKE 9PFYsPFZsPIE
S5PTMASSyPWORK 9sQeRADIANIRINGKE 9RVELZ 9 SEPySEPLASsSEPMIMN9SEPMAX 9 SIGMA
A9SIMNT 9SMASHISMIN SN ISNZ s TeTDWORK s TIMEsTPWORK s TYME s TZFORSsVeTHETA
THeZFETASZFORG 9y TMINsAVE s TOTKE sPLASTWsELAMAX 9 AORKIMIELASTW»TOTWRK »
BCHNGMZ yCHNGM y TIMEZ» TIMYLD
COMMON ALPHAMP1 4AMP 2, By CONVRTDEASIDIAMIEPSsHIPEAP] 4P
1ISPRyPRIRIRHOISIGISLOPEsSWITCHsT19T29sTBEGIN9TCONSTsTCOCLSTE
2As TEINALWTIMPyTRIMP S TZER9TONE 9 TTHWO 9 TZoYIELD S TIMTCT
INTEGER COMMON
COMMON ICIRC9IMPLIOTASIRAIDsJeJCYCLE 9 JFDAMP o JIMP o UMIN9JOLT 12y
1JPRINT 9 JSTART o JTOTAL oKOOL s LINKsLISTEMeLOADsMORE yMPUNCHMREA
2DIVURITESMYIELD 9N oNFL9NFL2 9 NHALF o NHALF 1 o NLIMaNSFLINTEMPSINU
FLLIToNVONYIFLD olil oNEXT o NORATE oNGIVENSNREADSLASTPR9JOLT29JREGI Y
4JUSTPRyJZ
DIMENSION ALPH(5) sALPHA(101910) 9ASFL(5+109101)sBIGM(101)sBIGNI
1101)+COST(1721)sD(1C1910)sDDS(101)+sDCTH(101)9sDEA(S)sDFY(1C1)
29DFZ(101)9DS(101)sDTH(101)sDTX(101)sDV(101) DWW I(101)9sE(59109101)F
3PS(595) 9FPSI(101)+EPSE(101) 9EPSIL(59109101)sEXTRA(100)9G(101) N
GEXT(15) 9DLNTI101910) 9P (101910)9PEA(1ID)sPFY(101)ePFZ(101)sQ(101)
SRVELZ(101)sSIG(595) 9SIGMA(59109101) 9SINT(101)¢SMASH(I101)9SN(5s1
A09101)9SNZ(S9109101)sT(101910) sTEA(S)sV(101)sW(101)eYIELD(101) 92E
7TA(10)
HALT==1
IF(KOOL&GT&D)IGO TO 2
KOOL=1
MIR=0
MAR=D
SEPMAX=0D,4N
SEDMIN=PIE®R
JUMP=0
AyF=Ne0
ADNDIT=060
2 MR = M184)
ANDIT = ADDIT+SEP
IF(MIRLTe100) RETURN
2 AVE=ADDIT/100.
ARDIT=040
MIQ=Q
2 [F(JUVP) 1991049
Q VMAR==]1#MASD
JUMP==]
12 IF(YAB) 19411910
FIRST TIMF THROUGH
11 IF(AVE=DIAM) 12424913
C SEP DECRFASING
12 MAR==1
GO TO 24
C SEP INCREASING
13 MAR=1
GO TO 24
C SEP INCREASED LAS3T TIME
14 JF(AVE=SFPMAX) 1¢915915
£ NEW MAXIMUM SFP
15 SEPMAX=AVF
GO TO 24

e

()]
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AT

18

19

20

21

22

23
24

SEP AT A PFAK
[FIJUME) 17418918
SECOND PFEAK
HALT=1

RE TURN

FIRST PFAK

JUuMP=1

GO TO 24

SEP DECREASED LAST TIME
IF(AVE=SEPMIN) 20420921
NEW MINIMUM SEP
SEPMIN=AVE

GO TO 24

SFP AT A MINIMUM
IS(JUMP) 224923923
SECOND MINIMUM
HALT=1

RETURN

FIRST MINIMUM
JUMP=1]

RETURN

END
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SUBROUTINE STOP

COMMON ADELT1+ADELT2sAFLIALPHAsAMP s AMPERJASFLBIGKEL198BIGKE2
1RIGMsRIGN sBUGGER s COST9sDAMPED s DAMPER s DELLONWDELLATYDELTATSDD
2S9DDTHeDFY yDFZ ¢ DHALF 9D 9DSeDSZ oDTHIDTX 9DV DWeOWCC oL WORKIEIEM
3AXBIEMAXT 9EMINBYEMINTIEPSI vEPSEWERTIAWEXTRAVEPSILyFDAMP 3G H
4ALT9HALT1sHALT2 yHDAMP 9y HHALF sHSQU sOLDT 9P yPASTKE yPFYsPFZyPIE
5PTMASSyPWORK 9QsRACIANSRINGKE 9RVELZ 9 SEPySEPLASYSEPMINy SEPMAX 9 SIGMA
69SINToSMASHYSVYINISNISNZ 9 To TOWORK I TIME s TPWORKs TYME 9 TZFORSsVsTHETA
TWeZETA9ZFCRS 9y TMINWAVE Y TOTKE sPLASTWIELAMAX 9 WORKIMYELASTA s TOTWRK 9
BCHNGMZ 9y CHNGM» TIMEZ» TIMYLD

COMMON ALPHyAMP14AMP 2y By CONVRT sDEAIDIAMIEPSsHIPEASPI 4P
1ISPRIPRYRIRHOISIGISLOPEsSWITCHsTI s T2+ TBEGINyTCONST9TCOOLSTE
2Ay TEINAL O TIMPyTRIMPYTZERITONE s TTWOSTZeYIELDy TIMTOT

INTEECER COMMON

COMMON ICIRCoIMPIOTAYIRAIDIJJCYCLE 9 JFDAMP 3 JIMP 9 UMINSJOLTsI2
1JPRINTeJSTART e JTOTAL oKOOL 9 LINKsLISTEMyLCAC ¢yMORE yMPUNCH9MREA
20 yMWRITEsMYTIELDsNsNFL9NFL2 s NHALF o NHALF1 oNLIMsNSFLsNTEMPSINU
BLLIToNVINYIELD9N1 oNEXToNORATE ¢sNGIVENINREADsLASTPRyJOLT2 9JBEGINY
4JUSTPReJZ

DIMENSION ALPH(5) sALPHA(101910)9ASFL(59109101)9BIGM(101)9sBIGNI(
11C1)sCOST(101)9D(101910)9DDS(1C1)+DDTH(101)sDEA(S5)sDFY(101)
2+DFZ2(101)9DS(101)+DTH(101)sDTX(101)sDV(1CLl)9yCWI(101)9E(69109101)E
3PS(595) 9EPSI(101)+EPSE(101) 9EPSIL(59109101)sEXTRA(100)sG(101) N
GEXT(15)90LDT(101910)sP(101910)9PEA(10)9PFY(101)sPFZ(101)sQ(101)
S5RVELZ(101)9SIG(595)9SIGMA(59109101) 9SINT(101) 9SMASH(101)9SN(591
6C9101)9SNZ(59109101)sT(101910)9TEA(S)sV(101)eWI1C1)eYIELD(101)s2E
7TA(10)

IF(JIMP)19193

BIGKE1=0e0

RIGKE?2=040

NULLIT=0

TOTKE=ELAMAX+TPWORK+WORK IM=PLASTW

TESTKE=TOTKE#*,001

JIMP=JIMP+]

CALCULATE RING KINETIC ENERGY

RINGKE=0e0

DO 4 I=1sN

RINGKE=RINGKE+DV(T)#%#24DW(])%*%2

CCNTINUE

RINGKE=RINGKE /BUGGER

IF(BIGKE1eLTeRINGKE) BIGKE1=RINGKE

IF(JIMP«LT«100) RETURN

JIMP=1

IF(BIGKEl1eLTeTESTKE) NULLIT=1

BIGKF1=040

RETURN

END
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SURROUTINE RECORD

COMMON ADELT1sADFELT29sAFLsALPHAIAMP yAMPERsASFL¢BIGKE1sBIGKE2
1RIGMyRIGN s RUGGERyCOSTsDAMPED 9 DAMPER s DELLONSDELLATWDELTAT DD
2SsDONTHeDFY sDFZ 9y DHALF 9D 9DSeDSZ9DTHDTX 9DV sCWeDWCGIDWORKIEPEM
AAXRYEMAXTyFMINRYEMINT9EPSI 9EPSEsERTIAWEXTRAVEPSILIFDAMP 3Gy H
GALToHALTLoHALT2 9yHDAMP g HHALF 9HSQUWOLDT 9P sPASTKE sPFYsPFZPIE
S5PTMASS s PWORK sQ9sRADTIANIRINGKEsRVELZ 9 SEPsSEPLASsSEPMIN SEPMAX9SIGMA
AsSTIMNT9SVASHISVMINGSNISNZ e To TOWORK s TIMEs TPWORKITYME s TZFORSsVTHETA
TWeZETAWZFCRSsTMINSAVE 9 TOTKEsPLASTWIELAMAXyWORKIMIELASTWsTOTWRK »
BCHNGMZ yCHNGM g TIMEZ o TIMYLD

COMMON ALPHAMP19AMP2, B CONVRTsDEAsDIAMSEPSsHePEASPI 9P
1ISPRIPRIRIRHC 9SIGISLOPE sSWITCHsT19 T2+ TBEGINsTCONSTsTCOOLSTE
2AsTFINALSTIMPsTRIMPyTZERITONESTTWOSTZoYIELDs TIMTOT

INTEGER CCMMON

COMMON ICIRCoIMPyIOTAYIRAIDsJIJCYCLEWJFDAMP 9 JIMP9JMINSJOLTs 12
1JPRINTJSTART o JTOTAL 9KOOLsLINK9LISTEMsLOAD s MORE sMPUNCHsMREA
2Dy MWRITE sMYIELDoNoNFL9NFL2 9 NHALF sNHALF1 oNLIMINSFLINTEMPSsNU
BLLIToNVINYIELD N1 oNEXTsNORATE sNGIVENINREACsLASTPRsJOLT29JBEGINY
4JUSTPRyJZ

DIMENSION ALPH(5) sALPHA(101910) sASFL(59109101)+BIGM(101)+BIGNI(
1101)9C0ST(101)9D(101910)eDDS(101)sDDTH(1UL)sDEA(5)sDFY(101)
29DFZ(101)9D5(101)oDTH(101)oDTX(101)9DVI101)sDW(101)9E(69109101)9E
3PS(595) 9=PSI(101)+EPSE(101) +EPSIL(59109101)9EXTRA(100)sG(101) N
LEXT(15)sOLDT(1C1+10)9sP(101010)sPEA(LIO0)sPFY(101)sPFZ(101)9Q(101)»
SRVELZ(1C1)eS51G(595)9SIGMA(S59109101) oSINT(1C1) 9 SMASH(101)9SN(501]
6091C1)eSNZ(591C»101)sT(101910)sTEA(S)eVI(1C1)eWI(101)eYIELD(101)»Z2E
TTA(1D)

DIMENSION STRFZ(10)

GO TC (1939591315917 )sLINK

1 WRITE(MWRITES2)

2 FORMAT('1JSTART=0 HAS BEEN SPECIFIED'/s' THEREFOREs RESPONSE OF RI
ING TO INITIAL STRESSES DUE TO IMPOSED TEMPERATURE DISTRIBUTION FOL
2LOWS USING ARTIFICIAL TIMEsee'/9!' NO EXTERNAL FORCES WILL BE INCLU
3DED UNTIL =I1T1HER PLASTICITY 1S CONSIDERED FINISHED AND RING MOTION
4 1S DAMPZD OUT OR UNTIL SPECIFIED.' )

RETURN

3 WRITE(MWRITE &) JeTIMEsSEP

4 FORMAT('1PLASTICITY IS CONSIDERED FINISHED AT CYCLE NOe'I59's THE
1ARTIFICIAL TIME IS'F12e9/' THE PRESENT RING SEPARATION IS'Fl2e9/'s
2eeDAMPING OF THE ELASTIC MOTION STARTS IMMEDIATELY.!')

IF(JUSTPR«EQaO) CALL PRINT
RE TURN

b WRITE(MWRITEs6) TIMESDAMPER

6 FORMAT('IRING ELASTIC REPONSE WAS ARTIFICIALLY DAMPED AT' F1lQebs
1' SFC'/s! USING A CAMPING VALUE OF'F7439"' LB=SEC/INe'/s!' MOTION IS
2 COMSIDERED COMPLETELY DAMPEDe'//)

WRITE(MWRITE97) (KsK=19NFL)
7 FORMAT(' THE FINAL FQUILIBRIUM STRESS DISTRIBUTION IS AS FOLLOWSee
le' /779! I K ='910(13+9X))
WRITE (MWRITE8)
B FORMAT('Q")
DO 12 I=1N1
DO 10 K=1sNFL
FN=040
DO 9 L=19sNSFL
FN=FN+SN(LoKo ) *ASFL(LWKI)

9 CONTINUE

STREZ(K)=FN/AFL

C CCNTINUE

WRITE(MWRITE11) I9(STREZ(K)eK=19NFL)
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REPRODUCIBILITY OF THE ORIG

11 FORMAT(I591X910E12e4)

12 CONTINUE
IF(JUSTPRGEQeO) CALL PRINT
RETURN

13 WRITE(MWRITE14)

14 FCRMAT(//7' NO EXTERNAL FORCES HAVE BEEN SPECIFIEDeee'//7)
RETURN

15 WRITE(MWRITE®16) JeTIMEWSEP

16 FORMAT('1PLASTICITY IS CONSIDERED FINISHED AT CYCLE NOe'I5s/s' THE

1 REAL TIME 1S5'Fl2499!' THE PRESENT RING SEPARATION IS'F1l2e979'eeeDA
2MPING OF THE ELASTIC MOTION STARTS IMMEDIATELY.!')
IF(JUSTPReEQeO) CALL PRINT
RETURN
17 WRITE(MWRITE»18) SMINsTMIN
18 FORMAT('1THE ARTIFICIAL TIME PHASE OF THE RUN HAS BEEN COMPLETED!
1/' THE REAL TIME PORTION STARTS IMMEDIATELYesee'///
2" THZ MINIMUM SEPARATION REACHED BY THE RING DURING THE ARTIFICIA
3L TIME PORTION OF THE RUN ='Fl0e.6/! ARTIFICIAL TIME OF MINIMUM SE
LPARATION ='F1067)
RETURN
END
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SURRCUTINE PRINT

COMMON ANDFLT19ADELT29AFLIALPHAWAMP yAMPERIASFLIBIGKEL1WBIGKE2
131G BIGN93UGGER Y COSTyDAMPEDWDAMPER o DELLONSDALLATYDELTAT YOO
2Se0NTHYDFY yNFZ s DHALF 9D 9DSeDSZyDTHDTX 92V eDWeDWCEIDWORKIEWEM
AAXE S EMAX T oEMINT 9 EMINT 9ZPSI 9 EPSEsFRTIAVEXTRASEPSILIFDAME 3Gy H
GALT oHALTL9HALT2 sHDAMP s HHALF sHSQUsOLD TP yPASTKE sPFYsPFZePIE s
S5PTMASSyPHORK yQ o RANDTAN s RINGKE 9sRVELZ 9 SEP s SEPLASYSEPMINYSEPMAX 9SIGVA
6E9SINT9SYASHISMINISNISNZaToTOWORKsTIMEsTPWORK O TYME W TZFORSsVTHETA S
TWeZETAWZFORS s TMINSAVE 9 TOUTKE gPLASTWIELAMAX 9y WORKIMIELASTWeTOTWRK »
BCHNGMZ o C+INCM TIMEZ »TIMYLD

COMMON ALPH AMP1sAMP2y By CONVRTIDEASDIAVHIEPSyHIPEAWP] 9P
1I1S5PRIPRYIR9MHOISIGoSLOPEWSWITCHs Tl o T2sTBECINSTCONST-TCOOLSTE
2ATHFINAL o TIMP 9y TRIMPITZERSTONE 9 TTWOITZoYICLD TIMTOT

INTEGER COMMON

COMMON ICIRCoIMPoIOTAYIRAID s JoJCYCLEWJFDAMP o JIMP o UMINSJOLT 2
1JPRINTOJSTART ¢ JTOTAL oKCOLSLINKSLISTEMsLOAD s MORFE 9 VPUNCH s MREA

2D eMURITE s MYIELDaNGNFLINFL2 9 NHALF 9oNHALF1oNLIMINSFLINTEMPSINU
BLLITONVINYIELD N1 oNEXT oNORATE ¢sNGIVENINREADILASTPRyJOLT29JBEGINY
4JUSTPRyJZ

DIMENSION ALPHI(5) 9ALPHA(101910) 9sASFL(59109101)9BIGM(101)9sBIGNI(
1101)9COSTI1N1) oD(101910)s0DS(101)sDDTH(101)sDEA(S5)sDFY(101)
29DFZ2L2101)1NS(1012eDTHI1I01) oDTX(101)eDVI101)eDWI101)9E(69109101)E
3PS(595) 95PSI(101)+EPSE(L101) 9EPSIL(59109101)sEXTRA(LI00)G(101)eN
GEXTIZH)eNLNT(101910) 9P (101920)sPEA(ID)9PFY(101)9PFZ(101)9Q(101)y
SRIVELZL101)9SIGI595)sSIGVMA(S59109101) 9SINTI101)9SMASH(101)9SN(591
609202)9SNZ(59109101)9T{101910)sTEA(S) eV (101)eWw(101)sYIELD(101)s2E
7TA(10)

JUSTPR=1

CALCULATION OF RING ENERGY DISTRIBUTION

RINGKE=040
DO 1 I=1.N
RINGKE=RINGKE+DV (T ) ##2+DW(])%**2

1 CONTINUF
KINFTIC EMNFRGY OF TOTAL RING
RINGKE=RINGKE/2+/8UGGER
I€(JeENeDeANDeMORE«EQeD) RINGKE=RINGKE/ 24
FLASTW=040
NO & L=1y¢NSFL
DO 4 K=1sNFL

DO 2 I=1sN
ELASTW=E<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>