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1.0 INTRODUCT ION

BOPACE is the acronym for the Boeing Plastic Analysis Capability for
Engines. BOPACE was developed by Boeing/Huntsville to meet the evident
need for an advanced thermal-elastic-plastic-creep structural analyzer.
Although BOPACE development has been strongly influenced by the require-
ments for structural analysis of engines, in particular the space shuttle
main engine, its capabilities have been kept quite general and it is

applicable to many types of nonlinear structures.

The philosophy for program development was based on the following
requirements.

1) Analysis of very high temperature and large ptastic-creep effects.
2) Treatment of cyclic thermal and mechanical loads.

3) Improved material constitutive theory which closely follows actual

behavior under variable temperature conditions.
4) A stable numerical solution approach which avoids cumulative errors.
5) Capability for handling up to 1000 degrees of freedom with moderate

computation cost.

Although the finite-element method was first applied to plasticity
in the early 1960's, and several good programs for nonlinear analysis
have since been developed, numerous improvements were indicated in order

to satisfy the above requirements. For example, some other available
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1.0 (Continued)

program§ assume linear plastic hardening, accumulate errors by failing
to satisfy equilibrium at each step, or do not completely account for
the effects of variable temperature on the elastic and plastic relations.
The stated requirements have been effectively met by the current BOPACE
program version. In addition, the research and development effort has
Jed to an improved hardening theory for cyclic plasticity, a method for
representing general cases of Toad reversail, and advanced techniques for
improving the accuracy and controlling convergence of highly nonlinear

solutions.

Two versions of the current BOPACE program are available. The first

is a 300-DOF version deve]oped for fast analysis of small size problems
within moderate core-storage limitations. The second is the basic
1000-DOF version. In addition, a low-core modification of the 1000-DOF
version has been accomplished through the use of overlays and dynamic
storage of arrays. BOPACE is written in FORTRAN IV and has been
extensively run on both the IBM 360 and UNIVAC 1108 computer systems.
Documentation consists of three volumes: Theoretical Manual, User

Manual (including example problems), and Programmer Manual.

The BOPACE development and programming effort has been performed at
Boeing/Huntsville by Dr. R. G. Vos, with suggestions and review by
W. H. Armstrong. A. H. Spring assisted with many analyses and program

checkout. J. L. Ballinger of Boeing Computer Services modified and
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1.0 {Continued)

programmed the Gauss wavefront solution method. Recognition is also due
to N. L. Schiemmer, L. Salter and R. Hurford at the NASA Marshall Space
FLight Center, and L. Johnston of Brown Engineering Co., for their

suggestions and support of the program development.
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2.0 SUMMARY OF BOPACE INPUT DATA

A pictorial of the BOPACE input deck is shown in Figure 2.0-1. The

input data consists of the following three general types:

Type C:

Type I:

Type II:

Data on the usual card file. These are data

which are needed for each start or restart.

Data on File I. These are basic structural
data for a given problem, such as material
properties and mesh data. They are the same
for all load increments and are needed only

when starting.

Data on File II. These are incremental thermal-

load and z-Toad data which are needed for each

start or restart.

The data included on each file are described below. Formats are

consistent with FORTRAN IV conventions.

C-1. Start-restart code and data file numbers:

a. "START" if new problem, or "RESTART" if restarting.

b. If starting give unit number for file 1.

¢. Unit number for file II.

d. Unit number for output file (e.g. printer).

2-1
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c-2.

c-3.

D5-17266~2

(Continued)

e. If restarting give load increment number from the end of which

a restart is to be made.
f. If restarting give input restart-tape unit number.

g. If data is to be saved for future restart give output restart-

tape unit number.
Format (A4,6X,615)

Problem I.D. title.
Format (20A4).

Program contro} constants (any constant Teft blank is assigned

a default value):

a. Code for system matrix decomposition and solution. This

code controls only the method of {teration and convergence,

and does not affect final computed results.

Code 1 = use only elastic matrix with no updating.
2 = update elastic matrix.
3 = update plastic matrix.
4 = ypdate total Jacobian {elastictplastic) matrix.

5 = update both elastic and total Jacobian matrices.

The default code is 5.

2-2
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C-5 FINAL BLANK CARD

1I-1 THERMAL AND 7 LOADS FOR
EACH INCREMENT

C-4 MECHAKICAL LOAD DATA

I-9 MECHANICAL LOAD
REFERENCE VECTORS

I-8 FORCE-DISPLACEMENT-

CONSTRAINT SPECIFICATIONS

1-7 ELEMENT DEFIMITIONS

1-6 NODE DEFINITIONS

I-5 SPECIAL COORDINATES

1-4 CREEP DATA

1-3 PLASTICITY DATA

1-2 MATERTAL PROPERTIES

1-1 STRUCTURE CODES
AND CONSTANTS

NOTES:

C-3 CONTROL CONSTANTS

C IS CARD FILE.

C-2 PROBLEM 1.D.

C-1 START-RESTART
CODE AMD FILE NUMBERS

FIGURE 2.0-1:

IS USED WHEN STARTING OR
RESTARTING.

BOPACE INPUT DECK SETUP

2-3

I, 11 ARE CARD OR TAPE FILES.
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WHEN STARTING. DATA ON FILE 11
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I-1.
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(Continued)

Maximum number of stiffness updates per load increment (in
order to achieve convergence to within allowable error norm).

Default = 1.

Maximum number of residual-force iterations per stiffness

update. Default = 10.

Maximum number of initial iterations using elastic matrix

(to account for possible unloading). Default = 2.

Maximum allowable magnitude for elastic-plastic sum code

YCODE1., Default = 2.

Maximum number of cuts to be performed (giving new solution
with a fraction of previously used displacement corrections}

if error norm is not decreasing. Default = O.

Cutting fraction (displacement correction = previous correction

times cutting fraction). Default = 0.5.
Maximum allowable error norm. Default = 0.001.

Fraction from end of increment to evaluate stress vs. plastic-

strain slope in forming plastic stiffness, Default = 0.1.

Format (615,3F10.0)

Plane-stress code {0) or plane-strain code (1), number of materials,
default thickness, fabrication temperature.

Format (215,2F10.0)
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2.0 (Continued)

I-2. Material property data for each consecutive material.

a. Material number

Format (110)

b. Three consecutive temperature-dependent property curves
(thermal strain, elastic modulus, Poisson's ratio). For
each curve point give temperature and vaiue, with points
jn order of increasing temperature. User has option of
from 1 to 4 points per card.

Format {8F10.0)
Blank card after last point of each curve.
[-3. Plasticity data for each consecutive material.

a. Material number, plasticity type, kinematic code.

Type 1 = strain hardening
2 = work hardening
Code 0 = kinematic hardening is function of cne parameter

—_
u

kinematic hardening is function of two parameters

Format {3110}

b. Temperature-parameter-hardening data, in order of low to high

temperatures. For each temperature:

2-5
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2.0 {Continued)

Material number, temperature.

Format (110,F10.0)

Three consecutive hardening curves (cumulative hardening
parameter vs. isotropic hardening, i.e. yield surface size;
kinematic parameter vs. kinematic hardening shape; cumulative
parameter vs. kinematic hardening factor). Bauschinger
hardening is computed as kinematic hardening shape times
hardening factor. If kinematic code = 0O, curve of kinematic
factors is not given and all factors are taken as 1.0. For
each point give parameter and hardening value. User has
Option_of from 1 to 4 points per card. First point on each
curve must be yield point (parameter = 0.0}.

Format (8F10.0)
Insert blank card after each input curve.
Blank card after all temperatures for a given material.
1-4. " Creep data for each consecutive material.

a. Material number, creep type.

Type 1 = age hardening
2 = strain hardening
3 = work hardening

Format (2110}
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(Continued)

b. Reference creep curve. For each point, the time and creep
strain, in order of increasing time. User has the option
of from 1 to 4 points per card.

Format (8F10.0)
Blank card after last point of curve.

c. Table of creep factors, in order of Tow to high temperatures.
Creep is computed as factor (function of temperature and
stress) times reference creep curve.

For each temperature:

Material numhber, temperature

Format (I10,F10.0)

For each point given at this temperature, the stress
and creep factor, in order of increasing stress. User
has option of from 1 to 4 points per card.

Format (8F10.0)

Blank card after all points for a given temperature.

Blank card after all temperatures for a given material.

For each special Cartesian coordinate system: the identification
number (integer 2 2) and counter-clockwise angle {degrees) from
basic system X-axis to special system x~axis.

Format {I10,F10.0}

2-7
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2.0 (Continued)
Blank card after last coordinate system.

I-6. For each node: Node I.D. number, identification number of
coordinate system to define location, X and Y (or R and 8},
identification number of coordinate system to define displacements.
(Coordinate identification number 0 implies the basic Cartesian
system, 1 implies the basic cylindrical system). Order of nodes
in data deck is internal order used to form system matrix.

Format (215,2F10.0, I5)
Blank card after last node.

I1-7. For each element: element I.D. number, material number, thickness,
three node I.D. numbers (counter-clockwise order). If thickness
is left blank, default value from I-1 is used.

Format (215,F10.0,315).
Blank card after last element.

I-8, . For each degree of freedom with a specified force, displacement
or constraint: give node I.D. number, component number (1 or 2},

and code. The code to be given is:
1. For specified force, the node I.D. number

2. For specified displacement, the negative of the

node I.D. number.

2-8
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2.0 (Continued)

3. For dependent constrained DOF, the node I1.D.

number of the independent DOF in constraint.

The default code is specified force. User has option of from one to
four DOF per card.

Format (4(315,5X%))
Blank card after last force-displacement-constraint DOF.
[-9. Mechanical l1oad peference vectors

Number of vectors (for current program version must he 2)

Format (I10)

For each non-zero component of load vector: node I.D. number,
component number (1 = X or R, 2 = Y or 8), value. User has
option of from 1 to 4 values per card.

Format (4(215,F10.0))
Blank card after last value of each vector.
C-4. Incremental mechanical load data.

Number of load increments

Format (I10)

For each load increment: maximum iterations per stiffness update
(if Teft blank, value from C-3 is used), the cumulative factors

to be applied to load reference vectors {for current version of

2-9
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{Continued)

program two factors must be given), creep time increment (if left

blank, no creep calculations are made),

Format (I10,3F10.0)

Incremental thermal and z-direction load data.

a.

Increment I.D. title

Format (20A4)

Element thermal loads. For each specified component of load:
element 1.D. number, temperature at end of increment. Non-
specified temperatures are taken to be the fabrication
temperature for the first increment; for later increments they
are taken to be the temperature of the preceding increment,
User has option of from one to four values per card.

Format (4(I10,F10.0))

Blank card after last specified value of thermal load for each

load increment.

Element z-stress (for a plane-stress problem) or z-strain (for
a plane-strain problem). Plane-stress or plane-strain condi-
tion is defined by code in data item I-1., For each specified
element z-load: 'elément I.D. number, stress or strain at the
end of increment. Non-specified z-loads are taken to be zero
for the first increment; for later increments they are taken

to be the z-load of the preceding increment. User has option

2-10
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{Continued)
of from one to four values per card.
Format (4(I10,F10.0))

Blank card after last specified value of z-lpad for each load

increment .,

Blank card after last problem.
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3.0 SUMMARY OF QUTPUT

A discussion of BOPACE output is conveniently divided into two parts. The
first covers cutput which is primarily an echo check of the input data,
and the second covers output results for each load increment.

3.1 ECHO CHECK OF INPUT DATA

Initial Output - The first page of BOPACE output for a problem is es-

sentially an echo check of input items C-1, C-2, C-3 and I-1. An indica-
tion is given as to whether the problem is being started or restarted. If
it is restarted then the previous increment number is given, from the end
of which the restart is progressing. Next the problem 1.D. title is
printed, followed by the various control constants which are determined
from their default values or from input values C-3. Finally the input

data from I-1 are printed.

Material Properties - For each material the three curves (theymal strain,

elastic modulus and Poisson's ratio) input in data item I-2 are printed.

Plasticity Data - For each material the plasticity data input in data item

I-3 are printed. These include the plasticity hardening type (1 = strain
hardening, 2 = work hardening) and thé kinematic hardening code (0, 1.for
one, two parameter hardeniﬁg, respectively). Following are groups of two
or three curves given at each temperature (surface size o - o Vs. cumula-
tive hardening parameter «, kinematic hardening curve shape vs. kinematic

shape parameter Kk, and kinematic curve magnitude vs. « if given). The
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3.1 (Continued)

hardening curves are input and output by order of associated Tow to high
temperature, Abscissas of the curves in the first (lowest temperature)
group are used as the basis for tabulating all curves, i.e., curve points
of higher temperatures are interpolated to the low-temperature abscissas.
These interpolated hardening curves are printed following printing of

the input hardening curves.

Creep Data - For each material the creep data input in data item I-4 are
printed. These include the creep hardening type (1, 2, 3 for age, strain,
work hardening, respectively), and the reference creep curve shape of

creep strain vs. time, Following are the creep factors Fof each combina-
tion of temperature and ﬁtress, grouped by low to high temperature. Stress
values in the first (lowest temperature) group are used as the basis for
tabulating all groups, i.e., creep factors at higher temperatures are
interpolated to the low-temperature stress values. The interpolated harden-

ing factors -are printed following printing of the input hardening factors.

Special Coordinate Systems - These are the user-defined direction {special

Cartésian) systems of input data item I-5. Quantities printed are the
system [.D. number, and counter-clockwise angle {in degrees) from the

basic X axis to the special-system x axis.

Node Definitions - The information given in input item I-6 is printed.

Values are the node number, node I.D., Tocation coordinate system number

(0 = basic Cartesian, 1 = basic cylindrical), X or R coordinate, Y or 6

3-2
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3.1 (Continued)

{degrees) coordinate, direction coordinate system nunber {0 = basic

Cartesian, 1 = basic cylindrical, »1 = 1.D, of special system).

Element Definitions - The information given in input item I-7 is printed.

Values are the element number, element I.D., material number, element
thickness, the three element node I.D. numbers in counter-clockwise order,

and the computed element area.

Force-Displacement-Constraint Prescriptions - These are the codes given

in input data item I1-8. Quantities printed are the node I.D., the com-
ponent number, and code for each degree of freedom with a user-specified

force, displacement or constraint.

Mechanical Load Reference Vectors - For each input component of the two

load vectors from input item I-9, the node I.D., component number, and load

are printed.

Incremental Mechanical Load Data - Quantities related to input data item

C-4 are printed. First is printed the number of load increments to be run.
Then for each increment is given the increment number, input or default
value for maximum number of iterations per increment, factors to be applied

to the twe load reference vectors, and the creep time increment.
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3.2 RESULTS FOR EACH LOAD INCREMENT

Thermal and Z Loads -~ The cumulative values of thermal load and Z-

direction mechanical load for each element, given in input item II-1, are
printed. A nheading gives the increment number, and is followed by the
input I.D. title for the increment. Then the element I1.D., cumulative

temperature and cumulative Z load are printed, by groups of ten elements.

Iterative Error Values - An error norm computed at the end of each

iteration is printed. The error norm is obtained by a ratio of unbalanced
(residual) forces to "total" forces. The total forces are computed by
summing & stress quantity times the thickness of each element, multiplied
by the square root of the element area. This gives a meaningful error

norm even if the applied loads do not include any forces.

Increment Heading - The load increment number is printed, along with the

increment 1.D. title given in input item II-1. Following this are the

creep time increment, the number of elastic and plastic elements at the

end of the increment, the number of elements which have changed elastic

to p1a$tic and plastic to elastic during the increment, the maximum allowable
number of Jacebian updates and the number performed during this increment,
the maximum allowable number of iterations per update and the number per-
formed since the Tast update, and the maximum allowable error norm and

the error norm actually obtained.

Cumulative Forces and Displacements - These are the cumulative internal

forces (corresponding to computed element stresses) and displacements for
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3.2 {Continued)

each node. The node number and node I.D. are printed, followed by the
U and V components of force and displacement. U and V are in the directions
defined by the node direction coordinate system (X-Y, R-6, or special

coordinate system}.

Thermal and Elastic Strains - These are incremental and cumulative values

of the thermal and elastic strains for each element. The element number
and element I.D. are printed, followed by the thermal strains and components
of the elastic strains. All strain companents are referred to the element
base coordinate system (an x-y right-hand Cartesian system.with origin at

node 1, and x axis along the nodal line 1-2).

Plasticity Results - For each element the number and I.D. are printed,

followed by the incremental and cumulative plastic work and components of
plastic strain. A1l strains are again given in the element base

coordinate system.

Creep Results - These are printed only if the creep time increment

(input in data item C-4) is greater than zero. Printed creep results

correspond to those for plasticity.

Stress Results - For each element the number and I.D. are printed,

followed by the values of cumulative effective stress center o
and effective stress o, and the components of stress center and stress

referred to the element base coordinate system.
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3.2 {(Continued)

Summarized Element Quantities - For each element the number and I.D.

are printed, followed by the elastic-plastic "code" and “sum cade."

The code is 0, -1 or +1, respectively, according to whether the element
condition has remained unchanged, gone from plastic to elastic {unloaded),
or gone from elastic to plastic {yielded) during the increment, The
sum code gives the value for the program variable YCODEl, and is + or -,
respectively, according to whether the element condition is plastic or
elastic at the end of the increment. I[ts magnitude is an indication of
the iterative tendency for the element to remain in that condition.

Next are given the total temperature and the yield surface size (o - @)
at the end of the increment. Finally are printed, for both plastic and
rreep strains, three values of effective strain {incremental 4g, sum of

incremental IAe, and cumulative e).

3-6
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4.0 SIZE LIMITATIONS

4.1 GENERAL SIZE LIMITATIONS

The following variables are used to specify maximum size limitations in

BOPACE. The values set for these variables in the 300-DOF and 1000-DOF

program versions are given in Table 4.7-1.

NSTOR
NMAX1
NMAX2
NMAX3
NMAX4
HMAXE
NMA X6
NMAX7

NMAXBA
NMAX8B

NMAXSC

NMAX9

NMAX10
NMAXT1
NMAX12
NMAX13

core words allocated to Gauss wavefront storage

maximum number of materials

maximum number

maximum number

maximum node I.

maximum element I.

maximum number
maximum number
material
maximum number
maximum number
curve
maximum.number
curve

maximum number
maximum number
maximum number

maximum number

of
of
D.

of
of

of
of

of

of
of
of
of

nodes

elements

number

D. number

points in a material property curve

temperature plasticity curves per

points per isotropic hardening curve

points per kinematic hardening shape
points per kinematic hardening factor
points in a creep reference curve

creep-factor temperatures per material

creep-factor stresses per temperature

special coordinate systems

maximum (required) number of mechanical load reference

vectors:
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4,1 {Continued)

NMAX14 = maximum number of Toad increments per run

TABLE 4.1-7:  MAXIMUM SIZE LIMITATIONS

Maximum 300 _DOF 1000 DOF
NSTOR 2000 5000
NMAX | 5 5
NMAX2 150 500
NMAX3 200 800
NMAX4 500 2000
NMAXS 1000 3000
NMAX6 20 20
NMAX7 6 6
NMAX8A 30 30
NMAX8B 20 20
NMAXSC 30 30
NMAX9 10 10
NMAX 10 6 6
NMAXT1 10 10
NMAX12 50 50
NMAX13 _ 2 2
NMAX14 60 60
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4,2 LINEAR EQUATION SOLYER LIMITATIONS

The linear equations solution routines have one user controlled 1imi-
tation. This is the maximum bandwidth of active nodes during the decom-
position of the stiffness matrix, The bandwidth is defined as the number
of nodes following the node being processed which have non-zero terms
associated with the node being processed. Melosh and Bamford [1] discuss
this in some detail as the wavefront analysis concept. Whetstone [2]

also discusses this concept and gives rules and procedures which can be
used to keep the bandwidth as small as possible by proper numbering of the

nodes.

BOPACE uses the maximum active bandwidth (wavefront) to determine core

storage requirements during decomposition.

Let
K = the amount of storage available (K = 2000 for the 300 DOF
version, K = 5000 for the 1000 DOF version)

N = the number of DOF per node {a constant for each node in

the analysis)
B = the maximum active bandwidth
T = B+B N +4

M = B = (B+1)/2

4-3
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4,2 (Continued)
Then the following two equations must be satisfied:
T < 420 (4.2-1)

K > B+ M+ 2aN?aM + 62N* + T (4.2-2)

4-4
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5.0 DETAILED INPUT AND STORAGE OF DATA
5.1 DETAILED INPUT DESCRIPTION

This section provides a definition of BOPACE input varjables, and a de-
tailed description of the input data and their use within the program.
Data are discussed in the order in which they are read, with data item

numbers corresponding to those given in Section 2.0.

Input Files - In addition to the usual card file (unit number 5), BOPACE
uses files I and II for which the user defines unit numbers. Because the
data on these files may become rather lengthy for a large-size problem,
the user may wish to define them as tape files which are automatically
generated by special subroutines. (See for example Appendix A, for a
description of the INPUTB interpolation-data-generator program.) File I
data define the basic problem, mesh and material properties. These data
cannot be redefined during solution of the problem, so that they are in-
dependent of.any particular load increment and-are used only when starting

a new problem.

C-1. Start-Restart Code and Data File Numbers - These data are read by

subroutine READRS from the usual card file (unit number 5):

a. START = start-restart code

. UIN] = unit number for input file I

c. UIN2 = unit number for input file II

d. - UouT = unit number for output file (e.g., printer)
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e. INCR = previous increment number fram the end of which
a restart is to be made
. UINRS = unit number for input restart tape
g. UOUTRS = unit number for output restart tape

A “"RESTART" code specified in item {a) means that an input restart tape is
being provided (item f), which contains the initial Jacobian and its
decomposition, the basic problem, mesh and material data, and previous
incremental results including those for increment INCR {e) from which a
restart i{s to be made. If INCR = 0, the problem is started from the
ipitial conditions, but the reading of the file I data and the formation
and decomposition of the initial Jacobian are avoided. If neither “START"
nor “RESTART" is specified, it is assumed that the blank card of input
jtem C-5 (see Section 2.0) has been read, and the program exits in the

normal mode with a STOP 9999 code.

The file unit number (b) is required when starting. Unit numbers (c) and
(d} are required in all cases. If the current run is a restart, the unit
number (f} is required. If results are to be saved for a future restart,

the unit number (g) is required.

C-2. Problem I.D. Title - The title is read by subroutine READC:

IDENT = problem L[.D. title

The title consists of any 80 characters used to describe the current run.
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C-3. Program Control Constants - These constants are read by subroutine

READO:
a. SCODE = code for system matrix (Jacobian) updating
b. MAXUP = maximum number of updates per increment
c. MAXIT = maximum number of iterations per update
d. MAXIE = maximum number of initial elastic iterations
e MAXYC = maximum allowable magnitude for YCODEI
f.  MAXCUT = maximum number of cuts
g. CUT = cutting fraction
h. ERRMAX = maximum allowable error norm
i. AFACT = increment fraction for evaluating hardening slope

The value of SCODE {item a) is the code for updating the Jacobian and its
component matrices. It allows various options for the basic solution
approach, depending on the amount of nonlinearity expected in the problem.
It affects only the rate of convergence and the effectiveness of the
iterative process. It does not alter the manner in which unbalanced

forces are iteratively computed, nor does it affect the final computed
results so Tong as convergence is achieved. A discussion of the effects

of each option for various types of problems is given in Section 4.4 of the
BOPACE Theoretical Manual. Item (b) gives the maximum number of Jacohian
updates per load increment. An update is performed if the maximum number

of iterations specified in (c) has been reached without achieving convergence.
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5.1 {Continued)

Generally a maximum of one update per increment is sufficient, unless
very large changes in the elastic properties, slope of the stress-strain

curve, or direction of loading, have occurred.

Item (d) gives the maximum number of iterations to be performed at the
start of the increment, using the current elastic matrix. These initial
iterations are performed in order to account for the possible occurrence

of large-scale unloading within the structure.

MAXYC (item e} gives the maximum absolute value for the e1a§t1c-p1ast1c
sum code, YCODE]. The current value of YCODE! for each element deter-
mines whether it is to be treated as elastic or plastic in the calcula-
tion of unbalanced forces and in the formation of the Jacobian stiffness
matrix (0 or - denotes elastic condition, + denotes plastic condition}.
YCODE] is changed by -1 or +1 after each iteration, depending on

whether the condition was determined to be e1a§tic or plastic, respectively,
but its absolute value is not allowed to exceed MAXYC. If the value of
YCODE] reaches 0, the efement condition is considered to have cheanged

and YCODE] is set to an initial value of 22 (#2 is used instead of %I
because it prevents oscillation between elastic and plastic conditions

in certain cases). The purpose of YCODE1 is essentially to denote the
element condition and to provide a stabilizing influence on the iterative
process. Higher specified values of MAXYC could increase the stability

but might require larger convergence times.
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5.1 {Continued)

I tems (f) and {g) (MAXCUT and CUT) relate to a common method for

increasing the stability of iterative processes. If a computed displacement
correction in the BOPACE iteration does not result in a decreased error
norm, then the error norm is computed for another configuration based

on some fraction of the displacement correction., If the error norm still
has not decreased, the fraction is squared and again applied to the
displacement correction, etc. MAXCUT gives the maximum number of such

"cuts" to be performed, and CUT gives the fraction to be used.

Item (h) gives the maximum allowable error norm. The actual error norm

is computed essentially as a ratio of unbalanced forces to applied forces.

AFACT (item i) relates to evaluation of therpTastic hardening slope for
each element, used in forming the Jacobian matrix. The best location for
evaluating this slope for the Jacobian update is a point at the end of the
current increment. The actual slope is determfned in BOPACE using two
interpolated values from the hardening tables. The second corresponds

to tHe aestimated value of the hardening parameter at the end of the
increment, while the first is at a small distance prior to the second and
is determined by subtracting the fraction AFACT times the incremental

change in the hardening parameter.

I-1. Basic Constants and Default Values - These items are read by

subroutine READT:
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5.1 (Continued)
PCODE = plane-stress or plane-strain code
NMAT = number of materials
THICK =  default thickness
TEMPDO =  fabrication temperature

The code for plane-stress or plane-strain holds for all elements and
defines the type of problem being run. The default thickness defines
the thickness of all elements, unless it is overidden by the element
values given in I-7. The fabrication temperature defines the initial
temperature of the structure, at which thermal strains are ﬁonsidered
to be zero. It is also the default temperature for all elements during
the first load 1ncremént, unless it is overridden by the element values

given in II-1h.

[-2. Material Property Data - These data are read by subroutine READTM:

NTHERM(I) = number of points in thermal-strain curve for
material I

THERMX(J,I) = Jth temperature value of thermal-strain curve for
material 1

THERMY(J,1} = Jth thermal strain value for material I

NEMOD{1) = number of points in elastic-modulus curve for

material I
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5.1 {Continued)

EMODX{J,1) = Jth temperature value of elastic-modulus curve
for material [

EMODY{J, 1)} = Jth elastic-modulus value for material 1

NPRAT(1} = number of points in Poisson's ratio curve for
material I

PRATX(J,1) = Jth temperature value of Poisson's ratio curve
for material 1

PRATY{J,1) = Jth Poisson's ratio value for material I

The property data are given consecutively for each material. The zero-
strain point of the thermal-strain curve is arbitrary, because the curve
is used only to obtain the increment of thermal strain corresponding to
a given temperature increment. ATl interpolation performed later from
the thermal-strain, elastic-modulus and Poisson's ratio curves is

accomplished by the Tinear interpolation routine YVAL.

I-3. Plasticity Data - The plasticity data are given consecutively

for each material. The data are read by subroutine READTP:

PTYPE(I} = plastic hardening type for material I
KTYPE({I) = kinematic hardening code for material I
NTABY{I) = number of temperature values for hardening

tables for hateriaT I
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TABY(J,1)

NITABX(I)

ITABX(J, 1)

ISTAB(K,J,1}

NKTABX(I)

KTABX(J,1)

KSTAB(K,J,1)

NFTABX(I)

FTABX(J, 1)

FSTAB(K,J, 1)

]

D5-17266-2

Jth temperature value for hardening tables for

material T

number of « values for isotropic hardening table

for material I

Jth k value for isotropic hardening table for

material I

value of isotropic hardening table for Kth tem-

perature value and Jth « value for material I

number of K values for kinematic hardening

shape table for material I

Jth X value for kinematic hardening shape table

for material I

value of kinematic hardening shape table for Kth

k

temperature value and Jth " value for material I

number of ¢ values for kinematic hardening factor

table for material 1

Jth « value for kinematic hardening factor table

for material I

value of kinematic hardening factor table for Kth
temperature value and Jth « value for material I.
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PTYPE defines for each material whether it is a strain-hardening or work-
hardening material. KTYPE defines whether the kinematic hardening for:
each material is to be taken as a function of only the parameter Kk, or
of both <K and K. Two-parameter kinematic hardening accounts for change
in magnitude of the Bauschinger effect with continued cycling, i.e.,

with increase in value of k.

Hardening is defined by values stored in the three hardening tables
ISTAB, KSTAB and FSTAB. ISTAB gives the size of the yield surface

(0 - a). KSTAB gives the shape of the kinematic hardening (z} curve,

and FSTAB gives the factor to be applied to this shape in order to

define the variable Bauschinger effect. The values in these 2-dimensional
tables (for each material) represent a series of hardening curves at
various temperature levels. TABY defines the temperature series which

is used for all three hardening tables. However, each table has its own
set of values for hardening parameter, defined by the respective vectors
ITABX, KTABX and FTABX for each material. When, for example, the k-
parameter ITABX and the temperature value TABY are given for a particular
material, the corresponding size of the yield surface is determined by

double interpolation from the table ISTAB.
The hardening curves are input in order of associated low to high

temperature. The curve at each temperature may have its own series of

K or Kk parameters. However, & single series of these parameters (defined
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5.1 (Continued}

by ITABX, KTABX or FTABX} is needed for each hardening table. This

series is taken as that given for the low-temperature curve of the table,
and curves for other temperatures are interpolated to these basic values.
Therefore the low-temperature curve input for each table should cover

the range of parameter values used in all curves input for that table,

in order to avoid losing any points in the initial interpoiation and forming
of the table. Later interpolation from the plastic hardening tables is

accomplished by the double Tinear interpolation routine ZVAL.

For KTYPE = 0, kinematic hardening is determined using only fhe KSTAB

table, and the FSTAB table and associated data are not read. For KTYPE = 1,
kinematic hardening is determined as a product of values from the shape
table KSTAB and the factor table FSTAB. A more detailed description of

the BOPACE plastic hardening method is given in Section 2.3 of the

Theoretical Manual.

[-4. Creep Data - The creep data are given consecutively for each material.

The data are read by subroutine READTC:

CTYPE(I) = creep hardening type for material I
NCREEP(I) = number of points in reference creep curve for
materfa? 1
CREEPX(J,1) = Jth time value of reference creep curve for material I
CREEPY{(J,I) = Jth creep-strain value of reference creep curve for

material I
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5.1 {Continued)

NCTABX{I) = number of stress values for creep factor table
for material I

NCTABY(I) = number of temperature values for creep factor
table for material I

CTABX{J,I) = Jth stress value for creep factor table for
material I

CTABY({J,I} = Jth temperature value for creep factor table
for material 1

CTAB(K,J,I) = value of creep factor table for Kth temperature

value and Jth stress value for material I

CTYPE defines for each material whether it is an age-hardening, strain-

hardening or work-hardening material with respect to creep.

Shape of the creep curve is defined by the vectors CREEPX and CREEPY

for each material. Creep factors are stored in the 2-dimensional table
CTAB. CTABY defines the temperatures associated with these factors,

and CTABX defines the stress levels. Later interpolation from the CTAB
factor table is accomplished by the double linear interpolation routine
ZVAL. Interpolation from the shape vector CREEPY is accomplished by
the linear incremental interpolation routine DYVAL, which gives the
increment of strain on the reference creep curve corresponding to given
initial and final values of time. The actual increment of effective
creep Strain is determined as a product of the CTAB factor and the CREEPY

shape increment.
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5.1 (Continued)

Each input creep hardening factor has an associated temperature and
stress level. The factors are input in temperature groups, in order

of low to high temperature, and within each group are ordered from low
to high stress level. Although each temperature group may have its own
input stress-level series, the stress-level series defined by CTABX is
used for all temperatures during later interpolation. CTABX is taken

as the stress series given for the low-temperature group of factors,

and other groups are interpolated to these basic values. Thus the input
low-temperature group should cover the range of stress values input

for all groups, in order to avoid losing any points in the initial

interpolation and forming of the factor table.

[-5. Special Coordinate Systems - The special coordinate systems are

read by subroutine READC:

COORDA(I) angie for special coordinate system I

These systems provide special nodal direction coordinates which can be
used to specify components of force or displacement in a particular

direction.

[-6., Nodal Data - These data are read and computed by subroutine READM:

NOD = number of nodes in problem
COORD(J,I) = Jth (X or Y} coordinate for node I
GCOS(J,I) = Jth direction Cosine for node I
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NODE(I) = node I.D. for node 1
NODI(I) = node number for node I.D. I

The value of NOD is determined by the program from counting the input
nodal data. MWhen the two coordinates for a node are read, they are con-
verted to basic Cartesian (X-Y) coordinates and stored in the COORD
array. The GCOS direction Cosines are the Cosine and Sine, respectively,
of the angle from the basic X axis to the nodal direction coordinate
system X axis. The GCOS array is computed and stored in double
precision, so as to avoid loss of accuracy. This precisioﬁ is required
in problems such as those involving a small cylindrical segment of an
engine wall, where quantities involving the Sine and Cosine of very

small angles are .important.

The node I.D. is supplied by the user, and actual internal node numbers
are assigned consecutively in the order in wh{ch nodes are read in the
input data deck. Since the internal numbers are used in all operations
1nc]ﬁd{ng formation and solution of the linear equations, the user
should attempt to place the nodes in the data deck in an efficient order,
j.e., an order which avoids as much as possible the connection of nodes

having greatly different internal node numbers.

I-7. Element Data - These data are read and computed by subroutine READM:

NEL

}]

number of elements in problem

IMAT(I} material number for element I
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T(1) = thickness of element 1
ELNO(J, I} = Jth node number for element I
NELE(I) = element I.D. for element I
NELI{I} = element number for element I.D. I

The value of NEL is determined by the program from counting the input
element data. The ELNO array stores the three internal node numbers for

!
each element in counter-clockwise order.

The element 1.D. is supplied by the user, and actual ﬁnterna] element
numbers are assigned consecutively in the same manner as for ncdes. In
order to increase the efficiency of the global matrix formations, it is
best to have the order of elements in the data deck follow approximately

the order of the nodes to which they are connected.

I-8. Force-Displacement-Constraint Specifications - These data are

read by subroutine READZ:

KFD(I) = force-displacement-constraint code for degree of

freedom 1

The degrees of freedom are ordered by node number, e.g., KFD{5) is the
code for the first degree of freedom at node 3 (2 DOF per node). Each
DOF has either a specified force or displacement. For the usual type

of structure, most will be specified forces. For a constrained DOF,
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i.e., a dependent DOF whose displacement is set equal to that of some
independent DOF, the program makes its code agree with that of the
independent DOF. Thus if the independent DOF has a specified force, the
dependent DOF will have a specified (perhaps zero value of) force;

if the independent DOF has a specified displacement, the dependent DOF

by definition has the same displacement.
A DOF may not be constrained with a dependent (already constrained) DOF.
Also, the present BOPACE equation-solver routines do not allow constraints

between two nodes on the same element.

1-9. Mechanical Load Reference Vectors - These data are read by sub-

routine READ3:

PREF(J,I) = 1load component of Jth (Ist or 2nd) load reference
vector for DOF I

The Toad components are given in the directions defined by the node
direcfion coordinate systems. The current version of BOPACE employs two
load reference vectors. In order to simplify input, the cumulative loads
(specified forces and displacements} at the end of each load increment
are computed as the sum of the two load factors times theif respective
load vectors. Thus the two Toad vectors remain constant throughout the
entire problem. For engine prob1en$, the two vectors typically define

the pressure distributions in the chamber and coolant tubes, respectively.
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Although the present program does not allow the Toad distribution within
a load vector to vary from one increment to the next, the two load

factors may of course vary independently of one another.

-4, Incremental Mechanical Load Data - These data are read by sub-

routine READ4:

NINCR = number of load increments to be run

NITER(I) = maximum number of iterations for increment I

PFACT(J,I) = load factor to be applied to load reference vector
J during Ith increment

CTIME(I) = creep time increment for load increment I

[I-1. Thermal and Z-Direction Loads - These data are read by subroutine

READS:
TIDENT = increment I.D. title
TI(I} = cumulative (total) temperature at end of increment
for element I
ZS1(1) = cumulative 7 load at end of increment for element I

The increment title consists of any 80 characters used to describe the
current load increment. Before the thermal and Z loads are read for an
increment, T1 and ZS1 are set equal to their values at the beginning of
the increment (TQ and 7SO, respectively). This provides default loads

(unchanged from those of the previous increment) for those elements for
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which the user does not specify a Toad value. The thermal and Z loads
are then read according to data items II-1b and ¢, in any desired element

order.

5.2 1/0 AND STORAGE FILES

The following are descriptions of files used in the BOPACE program,

Tisted by unit number.

|en

Input card file.

(=2

Qutput printér file,

UINT is the user-defined unit number for type 1 input data.
UIN2
UIN2 is the user-defined unit number for type II input data.
uout
UOUT is the user-defined unit number for the major output data file.

UINRS

UINRS is the user-defined unit number for the input restart data file.
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UOUTRS

UOUTRS is the user-defined unit number for the output restart

data file.

UNITET = 11

File for storing the merged elastic stiffness matrix,

UNITEZ = 12

File for storing the decomposed elastic stiffness matrix.
UNITP1 = 13

File for storing the merged total Jacobian matrix. It is used only

when the input variable SCODE is equal to 3, 4 or 5.
UNITP2 = 14

File for storing the decomposed total Jacobian matrix. It is used

only when the input variable SCODE s equal to 3, 4 or 5.

UNITS1 = 15

Scratch file used for temporary storage by the Gauss wavefront merge

ahd decomposition routines.

UNITS2 = 16

Same as UNITST.
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6.0 PROGRAM FLOW AND RESTART OPTIONS

The majdr steps accomplished during a BOPACE run are shown in the program

flow summary of Figure 6.0-1.

Steps 3-7 accomplish the initialization of basic variables (program
control constants, material data, mesh; and load vectors) and incremental
variables, and the formation of merged and decomposed elastic stiffness
matrices. These steps follow from reading of input data in the case where
a new problem is being started, or from reading of the input restart tape
in the case of a restart. If data is to be saved for a future restart,
steps 9-10write the basic variables and elastic merged and decomposed
matrices onto the output restart tape. In step 11 the incremental
mechanical Toad data, including Toad factors_and creep time increment for

each Toad increment to be run, are read.

The remaining steps involve the incremental and iterative calculations.
Updating of the Jacobian matrices in step 23 is performed only when
convergence slows down, and in general this occurs only once per increment

or once every several increments.
In step 26 the computed incremental variables are written onto the output

restart tape, if a future restart is provided for. This allows the user

to reguest a restart from the end of any previously run load increment.
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CALL REAURS FOR START-RESTART
CODE AND FILE UNIT NUMBERS

f

~

CALL READC FOR BASIC
CODES AND CONSTANTS

3

PROBLEM
START-RESTART
CODE

New Problem

Restart

0b-1726F-2

-

Call SRTAPE To Read Elastic
Stiffness and Decomposition
from Input Restart Tape

Y

Call BIGS To Read Basic and
Incremental Vartables from
Input Restart Tape

Call BIGS To Initialize Variables
a) Call Input Subroutines to Initialize Basic Variables:

READY for Basic Constants and Oefaults
READTM for Material Property Data
READTP for Plasticity Data

READTC for Creep Data

READC for Special Coordinates

READM for Mesh Data

RLADZ for DOF Specifications

READ3 for Load Vectors

b) Initialize Incremental Vaviables

Y

Merge and Decompose Elastic Stiffness

8

Output
Restart Tape
Requested?

Call SRTAPE To Write Elastic Stiffnass
and Decomposition Onto Output Restart
Tape

[

Call BIGS To Write Basic Variables
Onto Qutput Restart Tape

]

n

Call READ4 To Read Incremental
Mechanical Load Data

Figure 6.0-1:

i
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|

12
[ Initialize Incremental Variables

i

13 Call READS To Read [ncremental

Thermal and Z Loads

]

Compute Thermal Strains

]

{

Initialize iterative Variables

Ils

Obtain Solrtion for Corrective
Forces and Displacements

*

v Call STRAIN To Compute Total

Incremental Strains

f

8 Call CREEP To Compute Creep

Strains

!

19

Subtract Thermal and Creep Strains
from Total Strains to Get
E¥astic + Plastic Strains

f

For Each Iteration

For Each Load Incrememt

20 an ITER to Separate Elastic
and Plastic Strains, and to
Canpute Stresses

Y

21 can fForce to Compute forces

from Stresses

i

22 Call ERCOMP to Compute Error

Horm for Current Unbalanced

|

Forces

3 Merge and Decompose Stiffness
Matrices 1f Update {s Required

124
Compute End-of-Increment Results

f

IZS Output Incremental Results

|

26 Ca)? BIGS to Write Incremental
Yarisbles onto Restart Tape if

Output Restart Tape is Requested

T O T T S S M e S e s Sl e — —— — ettt ot st e At st et et e s, Al oo+ . i e e o

e e e — — o — —

Figure 6.0-1:

PROGRAM FLOW (CONTINUED)
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7.0 BOPACE ERROR MESSAGES

BOPACE uses the FORTRAN STOP codes described in this section to indicate
error conditions which may occur during execution of the program. Certain
errors also generate a printed error message., in order to aid the user in

locating the source of the error.

Errors fall into two categories, those due to the problem definition or
user input data, and those caused by a program or machine malfunction.
Errors due to a machine malfunction rarely occur and in these cases a rerun
of the problem will usually eliminate the error. If an error recurs and
help is needed in correcting the problem, contact a BOPACE brogrammer for
aid. Have available a listing of the input data, the printouts of the

runs which failed, the input data deck, and a description of the problem.

The following are explanations of the BOPACE error STOP codes, Tisted

by subroutine in which they occur.

READRS
5399 Normal program exit caused by reading final blank card
after all problems are run.
101 Non-positive value input for a required file unit number.
READT
201 Plane stress-strain code input not equal to 0 or 1,
202 IT11egal value input for number of materi&]s.
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{Continued)
READTM
30 Wrong materiai number input on material property card.
302 Number of points input for material property curve
exceeds maximum
303 Non-positive value input for modulus of elasticity.
304 Yalue input for Poisson's ratio is 0.49 or greater in
piane-strain problem.
305 No points input for a required material property curve.
READTP
401 Nrong material number input on plasticity type-code card.
402 I[1legal plasticity type 1nput1
403 I1legal kinematic hardening code input.
‘ 404 Wrong material number input on plasticity temperature card.
405 Plasticity temperatures not in ascending order.
406 Number of -temperatures for a material exceeds maximum.
407 Hardening point defines non-positive yield-surface size,

or negative kinematic value.
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(Continued)
READTP
408 Number of points input for a curve exceeds maximum,
409 No points input for a reguired curve.
410 First point input on a curve has non-zero abscissa.
411 No curves input for a required hardening description
of a material.
READTC
501 Wrong material number input oh creep type card.
502 I1legal creep type input.
503 Number of points input for a creep reference curve exceeds
maximum.
504 No points input on the creep reference curve for a material.
505 Wrong material number input on creep temperature card.
506 Creep temperatures not in ascending order.
507 Number of creep temperature factors for a material
exceeds maximum.
508

D5-17266-2

Number of creep stress factors at a temperature exceeds

maximum.
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(Continued)
READTC
509 No creep stress factors input at a temperature.
510 No creep temperatures input for a material.
READC
601 [.D. of special coordinate system exceeds maximum.
READM
701 Mesh node I.D. exceeds maximum,
702 I.D. of a node location coordinate system not equal
to 0 or 1.
703 I.D. of a node displacement coordinate system exceeds
ma ximum.
704 Number of input nodes exceeds maximum.
- 705 No nodes input.
711 Element I.D. exceeds maximum.
712 [17egal value input for element material number,
713 I11egal node I.D. on an element,
714 Number of input elements exceeds maximum.
715 No elements input,
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7.0 {Continued)

READ2

801

802
803

804

805
READ3

901

902

903

904

READ4

1001

I1legal node I.D. for a force-displacement-constraint

specification.
I1legal component number (not equal to 1 or 2)
ITlegal force-displacement-constraint code.

Constraint specified with dependent (already constrained)

DOF.

Constraint specified between DOF on same element.

Number of input mechanical Toad reference curves not

equal to 2.
ITlegal node I.D. on a mechanical Toad.

I17egal component number (not egual to 1 or 2) on a

mechanical load.

Load input on dependent DOF constrained tOVDOF with

specified displacement.

Number of load increments exceeds maximum per run.
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READS
1107 I1legal element I1.D. on a thermal load.
1102 I111egal element I.D. on a z-load.

Linear Equation-Solver Routines

5011 I/0 Error during merge. Program or machine malfunc-
tion during the merging of the elemental stiffness

matrices to form the global stiffness matrix.

5021 Bandwidth too large for decomposition save array.
The bandwidth is too large for the amount of core
storage allocated (see Equation 4.2-1). Corrective

action: renumber the nodes to reduce the bandwidth.

5023 No decomposition partitions available. Program or

machine malfunction during decomposition.

5024 Decomposition node not in active node array. Program

or machine malfunction during decomposition.

5031 Scratch array too small for solution work. Program
or machine malfunction during forward and backward

substitution.

5041 I1legal save tape I/0 operation command. Program or
machine malfunction in reading or writing the checkpoint

tape.
7-6
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(Continued)

Linear Equation-Solver Routines

5042

5043

5051

IMegal matrix type. Program or machine malfunction

in reading or writing the checkpoint.tape.

111egal save tape defined for save cperation. Program
or machine maifunction in reading or writing the

checkpoint tape.

Large decomposition not available. The bandwidth is too
large to salve the problem using in-core. decomposition.
See Equation 4.2-2. Corrective action: Reduce the
bandwidth by renumbering the nodes or reducing the

problem size.
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9.0 EXAMPLE PROBLEMS

Four example problems are provided here in order to demonstrate the

BOPACE program capabilities and to aid the user in setting up his problems.
The examples in Section 9.1 serve to demonstrate and check out various
program options, including temperaturejdependent elasticity, creep and
prescribed normal Toads. Section 9.2 illustrates a thermal ratchet
behavior, which must be considered as a possible important effect during
any combined mechanical loading and high-temperature thermal cycling.
Section 9.3 illustrates the procedure for using actual cyclic test data to
determine the isotropic and kinematic portions of hardening, and gives an
indication of the test-analysis match which is possible with the BOPAGE
combined hardening approaﬁh. Section 9.4 gives an example of the required
input data for a typiéa] engine ana]ysis; involving a relatively coarse

finite-element mesh but with several different materials.
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9.1 PROGRAM CHECKOUT PROBLEMS

Plane Stress with Combined Hardening - The basic characteristics of

BOPACE combined hardening are shown in Figure 9.1-1 for a uniaxial
(special case of a plane-stress} problem. Figure 9.1-1A gives the
assumed monotonic stress-strain hardeqing curves., The size of the
yield surface is defined by the isotropic stress, while the Bauschinger
kinematic hardening is defined by the difference between the total
stress and the isotropic stress. Thus the hardening is completely
kinematic out to a strain value of 7.0 (plastic strain of 3.0}, after

which there are equal amounts of isotropic and kinematic hardening.

A resulting cyclic stress-strain curve is given in Figure 9.1-1B. The
15 1oad increments were chosen so as to result in the exact o-¢ points
given in the figure insert table. Note that the hardening parameters

(x and k) in this example were based on effective plastic strain rather
than on plastic work, because it makes the relationship between the

monotonic and cyclic curves more readily apparent.

9.1-1
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1
E = 1.0
8.0
L
6.0
e ]
o1
4.0 /f) -
" --"‘?
STRESS " -
1S0TROPIC -
20 SOTROP —
0
0 2.0 4.0 6.0 8.0 10.0 12.0 4.0 16.0
€
(A) MATERIAL STRESS-STRAIN CURVES
8.0 NOTE:
| HARDENING PARAMETER 1S TAKEN
AS SUM OF INCREMENTS OF - -
. £
6.0 | EFFECTIVE PLASTIC STRAIN 5
14 A 1 {20 2.0
%0/ 2 | 3.0 2.5 |
3 | 4.0 1.0
12 K 4 5.5 3.5
4.0 a 5) 5 {7.0 4.0 H
) ! 6 |50 2.0
3 7 |30 0.0 M
\};\ 8 | 1.875| -0.625
2.0 p 9 lo.7s | -1.25 |
Y 10 | 30 1.0
10 N | 525 | 3.25
12 | 6.375| 3.875H
13 {75 4.5
0 ) 4 |{9.25 | 5.25
15 |11ea | 6.0 |
3
-2.0 _
0 2.0 3.0 6.0 8.0 10.0 12.0 4.0 16.0

€

(B) STRESS-STRAIN PATH UNDER LOADING

FIGURE 9.1-1: UNIAXIAL TEST PROBLEM FOR CYCLIC COMBINED HARDENING
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8.1 (Continued)

Plane-Strain with Additional Options - The plane-stress problem just

described was altered to illustrate the use of several additional BOPACE
options, including temperature-dependent efasticity, creep and prescribed

normal loads.

A BOPACE plane-strain checkout analysis was performed using the finite-
element mesh and loading given in Figure 9.1-2. A listing of the input
data and the printed output resuits are inciuded at the end of this

section.
Y

|

DISPLACEMENT LOADING

T

®

10 PLATE = 1.0 x 1.0
THICKKESS = 1.0
v = 0,3
20
X

FIGURE 9.1-2: PLANE-STRAIN CHECKOUT PROBLEM

9.1-3
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9.1 (Continued)

A summafy of the problem is provided by Table 9.1-1. The 15 increments
correspond to those of the previous plane-stress probiem. The values

of incremental plastic strain, stress, effective stress center, and yield-
surface size given in columns 2-5 of Table 9.1-1 were kept the same as
those of the plane-stress problem. The stress is equal to the product

of the temperature-dependent elastic modulus {cotumn 6) and the elastic

strain {column 7).

The creep strain listed in column 9 results from the material creep
definition of Figure 9.1-3. There the reference creep curQe for a
strain-hardening material is assumed as shown in (A}, while (B) defines
the creep factor FC as a function of average stress level during the
increment. The creep strain may be determined using the average stress
level {column 10 of Table 9.1-1), the creep factor (column 11) and the

specified creep time increment (column 12).

In addition, the Z-load strains given in colum 13 and thermal strains
in column 14 were imposed. In order to keep the results simple and
exact (a1l numbers in Table 9.1-1 are given exactly), the Z-load and
thermai-strain values were selected so as to give zero normal stress

in each increment. For example, in increment 11 we have:

9.1-4
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9.1 (Continued)
egz =  -0.3
egz = -10
E:;Z = -0.5
er, = 15
ZEZZ = -0.3

Because the imposed Z-load strain also equals -0.3, a zero value results
for the normal stress a7z Thus it may be noted that this example can

be used for efther a plane-stress or a plane-strain checkout run.

The prescribed displacements shown in column 15 were determined from the
various components of the total strain. For example, again in increment

11:

e$Y = 1.0
E$Y - 2.0
E?Y = 1.0
eq, = 1.5
Quy = Zyy = 39

9.1-5
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2_
‘I_
0(,; T T T 1

0 10 20 ‘ 30 40

TIME
(A} ASSUMED SHAPE FOR REFERENCE CREEP CURVE
129 NOTE:
101 TEMPERATURE DEPENDENCE OF
CREEP IS NOT INCLUDED IN

8 THIS EXAMPLE.
6_4
4.‘.
2
0[ T T T T T — 1

0 2 4 6 8 10 12

EFFECTIVE STRESS, &
(B) ASSUMED DEPENDENCE OF CREEP FACTOR ON STRESS
FIGURE 9.1-3: CREEP DEFINITION FOR PLANE-STRAIN CHECKOUT PROBLEM
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TABLE 9.1-1: RESULTS FOR PLANE STRAIN WITH Z-LOADS AND CREEP

£-992/1-4d

1) (2} (3) (4 (5} (6 (7)) (8} (9} (i {12) (13} {14) (15) {18)
e | ehy oy R G A ] e o Qg Temo
h—----—---——-————-—-—-———--—-—-———-4-—-—-——-—-—--—-—-————--’——-————-———-———-— ————— _—l_ —————
0 - 0 a X0 RE T - - - 0 0 ¢ 10

1 6 2.0 0 20 |20 10 0 o 1.0 1.0 0 ¢ o3 |13 20
2 05 25 05 20 |25 1.0 o5 o5 f 225 10 5.0 ¢ o0& {28 30
3 0.5 3.0 1.0 20 |30 1.0 10 o5 | o275 10 0 0 1.05 | 355 a0
4 1.0 35 15 20 |35 1.0 20 1o } o3z 12 ao o 1.8 |ss8 50
5 1.0 40 20 20 |40 1.0 30 1.0 f 375 1.75 0 o 23 |73 0
6 o 2o 20 20 Jzo 1o 30 1.0 ) 30 o0 0 o 23 |73 70
7 o o 20 20 f10 o 30 1o | 1.0 e 0 o 20 |60 s
8 0.5 0625 1.5 20250 1.25 -0.5 2.5 1.0 | 0.3z 1.0 0 .6 1.0 {40 8.0
9 0.5 -1.25 1.0 225 [ 1.25 1.0 20 o |05 1.0 100 0.2 05 15 90
10 o 1.0 10 225 fzo o5 20 o |ois 10 0 o 1.5 |36 100
1 0 32 1.0 225 |32 10 20 1.0 {212 1.0 100 0.3, 15 |55 4s
12 0.5 3.87%5 1.5 2375 | 3.875 1.0 2.5 1.0 J 3.5625 1.%625 0 0 205 |6.55 12.0
13 05 45 20 25 |45 16 30 1o |aiss z2ams o 0.2 25 |75 130
14 1.0 525 2.5 275 | 525 1.0 40 1.0 |asrs 26 0 0 2.8 |88 140
15 1.0 60 3.0 3.0 |30 20 50 4125]5.625 3.625 10.0 0 5.1625{16.2875 15.0
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NC. ELASTIC ELEMENTS = 0, NO. PLASTIC ELENMENTS = 2z

- SPECIFIEL PAX. UNBALANCED-FORCE ERRTR =

"7 we NODE *#

1 ELEMENTS HAVE CHANGED ELASTIC TC PLASTIC, 0

SPECIFIEC MAX, NC. STIFFRESS UPCATES = 3y NC. UPDATES PERFCRFMEL = i

ELEMENTS PLASTIC TC ELASTIC DURING THIS INCREMENT

SPECIFIEC MAX, RO, ITERATICANS PER LPCATE =
C.10COE-04%: ACTUBL ERRQR = _

10¢ NO. ITERATICNS PERFGRMEL SINCE LAST LPDATE =
0.9272E~086

10

L Bepwene (CUMULATIVE IMTERMAL FCORCES ANC CISFLACEMEMTS
AR RAARD

sk

FCRCES ##dstsxte #4swx [DISPLACEFENTS swssbs _— -
NG, 1.C. u v u v
. 1 30 -0,41723:5E-Lé_ 0.1249%95E 01 £.2061823E-06  £.2799559E €1 -
2 4@ 0.7219428E-01  0,124599%F 01 G.TSI3ESTE~L6 0.2799959F 01 - - -
_ 3 1c 0.5112241FE=0€ =0,1245955€ Cl C.C €. _
4 20 =0.16618L0f-06 —-0,1250CC0OF O1 C.BG45562E-06 C.C - —_— -




. e WREREEARAFNTRR AR AR R R0k kkd FLASTIC STRAINS  dkkddamar kR b kR SRR RS AR AR R
ELEMENT ®%% THERMAL STEFAINS *%w EEARAROENRENR  INCRENENTAL REssasnbtdssrnsnn sussrnndnkans CUMULATIVE s8ssssdinissszsnss
__ .. _NC, [T.C. INCREMENTAL CUMULATIVF XX Yy Iz Xy XX Yy Iz 1y

I 20 0.S0C0F GO0 C.8C0CE OC._ C.TT7T49E~06 ~C.B345€-06  0.41726-06 0.8894E-08 0.1000€ Cl =0.30G0F 00 -C.30CCE €C Q.1l0%E-06

2 10 0.50COF CC Q.B0COF DO =~0,17B8E~C& C.4768E~C6 0.0 C:2384E-06  ¢,35640F ca 0,3500F 00 -G.30C0F 00 d.8500F 00

EAXRKIENRRRRIRBIIIENIIRNAARSARRRR RN PLASTIC STRAINS *Emaerseddrt s sxakanxskdhd P a2 shennsdac

FLEMEAT  #%#n# PLASTIC WORK #%a%  sawatdasshsds [RCREFENTAL Assnbnusnstrnsn s RARRRRAFORNSE  CUNULATIVE sesskndvsensasdinss
| NCs__1.C, INCFEMENTAL CUMULATIVE XX vy 12 XY XX Yy 12 XY

1 20 D.1125€ C1 0.1125€ 01 C.S000E €O -C.2500€ €O -C.250CE 00 =0.25856=07  0.5000F 0O =0.25C0F €0 =C.2500E 00 -0.2585€-07
2 10 0.1125F 01 0.1125€ 01  0.1250% €O C.1250E €O -0.2500f 00 0.3750E 00 0.1250€ 00 0.1250€ 00 -0.2500F 00 0.3750€ 00

. o e it ol e i i s sk o s i CREEP STRAINS byl hachid b kol st i
ELEMEMTY #wk#sk CREEP WORK kwex» AEAAAFARARNRE  [NCREFENTAL FOARRTRAsddsmass AaREAXRERRRRY  CUMULATIVE aesssdssssddsseshn
NO.  T.C. INCREMENTAL CUNLLATIVE XX Yy 27 Xy XX Yy 41 Xy

gl-L"é

[=]
o
K

1 20 0.1125F €1 0.1125E Q1 _ ©€.5CG0CE CO ~C.25Q0FE CO -0.250CE 00 =0,.1644E=07 €.5000E Q0 0 2500E 00 ~G.2500F Q0 =0,1644E-07 _: -

2 1¢ 0.1125F ¢l C,1125F 01 C.12%0F Q0 (.125QF 0Q -0.2500f OC 0.3750% 00 C.L250E 00 (.1250E 00 -C.2500F 00 0.3750FE 00 §

. ]

. . o FEXERERERERRARREPRIANRDRA AN EY  CUMULATIVE STRESS QUANTITIES A% anusdsddkftanart dns snedsbidhgns

ELEMEANT EFFECTIVE  EFFECTIVE RENREFAONRDE STRESS CENTER *etdnasssmsssniy SadEAREARRRRARE  STRESS FRRSEsRadiessdansdss
AC, 1.0, LEMTER STRESS XX YY [ &4 XY xX Yy F 44 Xy

R | 20 0.5000F €CC 0.2500E 01  0.3333E Q0 —-C.1667F 00 =C.1667F OC ~0.1723E-C7 _ Cu.2500F Cl =-0.5456E-06 0.132CE-05 C.2132E-06

2 10 4d.S00CF CC  Q.2500F 01 C+H8333E-01L C.8333E-01 -0.1667F 00 0.2500F QO Ce1250E 01 D.12Z50F Ol =G.1284E-05 0.1250F @1

ELEMENT  E—-¢ _SUM INCREMENTAL  TCTAL SURFACE *uxk EFFECTIVE PLASTIC STRAINS #4%  $%4%¢ EFFECTIVE CREEP STRATAS %ake
M. 1.C. COCE CCOE TEMPERATURE TEWPFAATURE YIELD S1ZE INCREMENTAL SUM INCR. CUMULATIVE  INCAEMENTAL SUM INCR.  CUMULATIVE
1 _.2C__ 0 2 _€.l1060F gL ©,3000F Ol _0.2000€ 01  0.5000F £O0  0Q.500CE 00 0.5C006 06 0.500QF G0 €,SQ00F €0 C.50CCE 00

2 10 1 2 0.1060F Ol C.3CLOF 01 0.2CCOE 01 0.5000F €0 0,5000FE 00 0L.5000F 00 0.5000F 00 C.SOCCE 00 Q.5000F QO




T INCREMENT

CCUMULATIVE THERMAL LCACS AND Z=LCACS FCR LCAC INCRENEART

3
T ELEMENT T.C. 20 10 ) -
. TEMP. C.40000F Cl (.40000F Qf . S L _
Z-LCAD €. C C.0
ITERATIVE EPRCR = 10.8116CE 00 0 o

. ITERATIVE ERRCR

= 0.79E93E_00

ITERATIVE EPRCR = (C.S2446E GO
[TERATIVE ERRCR = C.24C59% 00 — e
ITERATIVE ERACR = 0,1£222F 0O
. ITERATIVE EFRCP = C.46E23€-01 S — e .
ITERATIVE ERRCR = (0416448E-01
ITEFATIVE ERRCR = 0.52C84E-C2
ITERATIVE ERRCR = 0.171755E-C2
. ITERATIVE ERRQR = 0,56G27E-03 - - S
ITERATIVE ERROR = (.28229E-C4
__ LJERATIVE ERRCR = G.2CiH6E-05 - S S —
ITERATIVE ERRER = Q.17412E-05 -

CAEL I NCREMENT 3

|

.
o IMCREWENT 3 T
't MECFANICAL LOAD CURVE FALTLORS = 0.355CF 01, Q0.0 o
_L_CREEP TIFE JNCREMENT = 0.0 e -
2 NG, ELASTIL ELEMENTS = Cy NCs FLASTIC ELEMENTS = 2 cn"
0 ELEMENTS HAVE CHANGED ELASTIC TC PLASTIC, 0 ELEMENTS PLASTIC TC ELASTIC DURING YHIS INCREMENT b
SPECIFIEL wAX. KO. STIFFNESS UPCATES = 3, NC. UPDATES PERFCRMEL = 1
SPECIFIED MAX. NQ, ITERATICHS PER UPGATE = 10, NO, TTERATICNS PERFORMEC SINCE LASY UPDATE = 3

SPECIFIED

WAX. UNBALANCEC-FURCE €RFLR =

C.1CCOE-O#%, ACTUEL ERROP = 0,1T41E-05

madeask  CUMULATIVE INTERNAL FCRCES AND CEISFLACEMERTS was¥nsxs

wE NODE *» wEexbske® FORCES MAsMkaknd haxs  DISPLACEMENTS weamsa
NG, 1.C. L v 1] ¥
320 Q.59G6C4T0E~CT  DL145SS5S5EF 01 0,192683ZE=06 C.3549%9SE C1
2 4Q =0.4837649E=-06 0.1499%9%9E 01 ~0.9204576F=-06 0.3549%599¢ Ol B T
- o3 1€, =0.2€636358E-C¢& ~0,14G9959F Cl C.0 e.C o
4 20 C.6B8782¢1E-06 ~0.L5C00C0CE 01 ~0.E157362E-C6  C.C T i




$##’*ia'.‘t‘t‘****t!**ﬂ*‘*!8#!!&*#!*

ELASTIC_STRAINS

dnshidatatih datatshdatiasiabolssi i s itsdobabub & o AL L L3 L L J

ELEMENT #%% THERMAL STRAINS ®#%  #skdsssssknns [NCPENENTAL #Ashsiisdnnanmksn  Shanusbssktsrs CUNULATIVE SFRwsssssnssstnsns
ACu L.E._ INCREMENTAL CUMULATIVE XX Yy 1z Xy XX YY 12 XY
1 2C 0.250CE CC _0.10590f Q1. G0.5960F-C6 =0.2384E-Cé&_ 0,.29B08-06 Q.5012F=07__ €.1000F 0] =0.30CCE CO =C.300CE Q0 0.1610E=06_
? 10 0.2500F €C O0.1050F 01 =—0.2384E=-06 ~0,1788E~C6 0.B8345E=06* 0 T153E-06 Q. 350JE 00 Q.3500FE 00 -0.3000€ 00 DJ.6500& Q0
o e e WAEXRRENRAA RS ERER SR AT SRS A TRk PLASTIC STRATNS  dewasridagisdiskdasnyknt bt ia i badns
ELEMERT  axw#s PLASTIC WORK maxs AAREEPEIIRINE  [NCHEMENTAL Foerssodninvskakis SdkAxRRaDRAE CUMULATIVE Aessvessinsssdedus
MO, T.Cu INCREMENTAL CUNULATIVE = XX Yy iz Xy XX YY - ri XY
.10 20 0,]375F £1 _0.2500E 01 0.5C00F €0 ~C.250CE €0 -0.2500E 0O (0.3365E-07 C.1000F Ol -G.50C0€ 90 -0.5000F 00 _0.T799E-08
2 10 0.1375F C1 (C.25C0E Q1 C.125CE €0 OQ.125CE 00 -0,2500F GO0 Q.3750F 00 C.2500E €0 0.2500E 09 -0.5060F Q0 0.7500E 00
L SRR EREAREARA IR A ERerr b b nr ek CUMULATIVE STRESS QUANTITIES skukazgkdRendsiddsdsinssnnsbnndsn
ELEMENT EFFECTIVE EFFECTIVE SxeRe BN ROnI®  STRESS CENTER skevmsanbkaiihns SRR RkRRAERRRERN  STRESS #Asdssdtsdnsnsdsnist -
KQ. 1.C. CEMNTER STRESS b33 Yy Il Xy xx Yy iz xy
o I 2C 041000E 01 C.3000F Q1 C.6667E €0 -0.3333E CC ~0,3333FE 0C C.5159E-G8 C.3000E 0} ‘0.10045-05 D.4420E=C5 Q.3T15E-C6 5
v 2 10 0.1000F 01 C.3C00F 0Ol 0.1667E GG Q,1667F 00 =0,3333F QC 0.5000c GO Cal5Q0E 01 0.15C0F 01 0Q.6236E~06 O0.15C0€ €1
ﬂgm [ e .ﬁ_ﬁ_
T
da—
. _ELEMEANT E-P _ SUM INCREMENTAL _  TCTAL =~ SURFACE ek EFFECTIVE PLASTIC STRAINS *¥ s ¥ednkx EFFFECTIVE CREEP STRAINS wwsx
NO. 1.C, CGGE CODE TEWPERATURE TEMPERATURE YIELD SIZE INCREMENTAL SUM INCR. CUMULATIVE INCREMENTAL "SUM INCR.  CUMULAYIVE B
i _26 ¢ 2. C.l000F 01 O.4Q000F 01 40,2000FE 01 _ 0,50Q00f GO0 O.1000F g1 O.10048F G1 3.9 C.5000F 44 (.5000E QG
2 10 o} 2 C.1000F 01 0,.4000FE €1 C.20C0F 01 D.5C0CE CO  0.1000E 01 O0.1000F 01 0.0 Ca5QCOE CC  0.50Q0E 00

I v 463 e



CUMULATIVE THERPAL (CACS ANE I={CALS FCR LCAQ IACREMEAT 4

IMRCREMEMT &4
ELEMENT T.C. 20 10
TEMP. €.5000CF Gl €,500G0E O} . R o _ . - S
I~LGAD G.0 €.0
[TERATIVE EPRTR = GC.SCCELE OG B T T T
_____ITERATIVE EFRCR = 0,SCZ70F 00
ITERATIVE ERACR = O0.LEI1C26E 0O
[TERATIVE ERRC® = (.8CS8CE OO S I
ITERATIVE ERRCPR = (Q.78C1CE 00
__ 1TERATIVE ERRCR =  0,.S€597E 0OC - S
ITERATIVE ERRCR = 0.2C7172F GO
ITERATIVE ERROR = 0.ECI147E~-Cl
ITERATIVE ERRCE = 0.14590E-CL
_ .. ITERATIVE ERRCR =  0,.27586E~02 I I
ITERATIVE EFRCE = (O.E£ZB5E~C4
___JTFRAYIVE ERRCR = Q.E5623E-05 — O
ITERATIVE EERBR = 0.£GT14E-05
"ENC CF LCAC I NCREMENT 4 T
o
o INCREMENY & R
<. MECRFANICAL LOAC CURVE FACTCES =  Q.5800E Qi, 0.0 b
A, _CREEP TIME INCREMENT = C.40CQE G1 . e a_
=~ AC. ELASTIC ELEMENTS = Oy NO. PLASTIC ELEMENTS = . )
0__ELEMENTS HAVE CHANGED ELASTIC TO PLASTIC, O ELEMENTS PLASTIC TC ELASTIC DURING TH1S INCREMEWT ~
SPECIFIEC WMAX. NO. STIFFKRESS UPCATES = 3, NC. UPDATES PERFCRMEC = 1
___ _SPECIFIED MAX. NO. TTERATICAS FER UPCATE = 10y NO. ITERATIGNS PERFORMEL SINCE LAST UPDATE = 3
SPECIFIEC ¥AX. UNBALANCED-FORCE FRRCR = 0. 10COE-04y ACTUAL ERROR = 0.60TLE-05
o o #avseex (UMULATIVE INTERNAL FGRCES AND CISPLACEMENTS *nssaixs o
*% WNODE ** *ER B EER R, FCR{CES ESERFEER L2 E 2 E ] D!SPLACEHEN}'S Ex E 2 k3] B -
N0, 1.C. U v U v
1 Ic 0.1490116E~-05_ 0.1749996F QL = =-Q.50407£6E-06  0.5799559E 01 e
2 40 ~0.,2461T7€3F=05 0.1749997¢ 01 -0.1485283F=05 C(.5799959E 01 T T
S | 10 | _ C.6304343E~-Ce -C. 17499558 91 _ €£.0 0.9 . _ _
4 Zo 0.3412134E=06 =0.1749999E 0L -0.79572156-C6 C.C T T T




FREREEED N RN F RSN RD RIS R A TSR hk ek CLASTIC STRAINS ¥ SRxA 2RI A s A0INdRakiyxvksebkR s

FLEMERT #xx THERMAL STRAINS #%# WANRANIRTEREN  [KCFENMENTAL FARSSARBRERFRRNDE FEARARARNERRRE  CUMUL AT EVE  ARRsARasEdsnEsdnss
hC» Tal- INCREMENTAL CUNULATIVE X YY Iz . Ay XX Yy 2 XY

1 20 0.75C8F CC O.LB00FE Ol . 0.23B4E-C6 ~0.65576-C6 0.2384F=06 0.2066E-06_  G.1000FE 0L -C.30CCE CC ~0.3000E 00 0.3676E=Ch

2 10 0.75GCF 6C 0.1B00FE 91 -0.2980E~Cé ~C.2980E«C6 -0.3578F~0& 0.3%57&E-06 6.35G0F €0 0.3500F 00 —-0.3000F 00 0.6500€ 00

AR RERERRF AN FR NS ERRARSERA IR kRe  PLASTIC STRAINS '!i{":’i_t*!:**iﬁi*t*t*tt#.ltt‘*#.#’i“.

ELEMERT  ##xuad DLASTIC WORK #kd%  kakwinsdaznuss [NCRCMENTAL SSAKsntdesnsmndins sEassdunauinn COMULATIVE #usdstdnaxsassains
N}, T.C. INCREMENTAL CUMULATIVE XX Yy [44 XY XX YY Il XY

1 20 _0,325Qf ©1 Q0.5750F 01 C.1009E €1 -0.5000F €0 -0.5C00F 00 -0,1982E~07 C.20C0E 01 ~0.1000E 01 -G.100CF Q1 ~Ca1202€~07
2 10 0.3250E Cl1 Q0.5750F 01 C.2500E 00 0Q.2500€E 0¢ -0,.5000€E 00 0.7500F OC C.5000FE Q0 0. 50005 00 -C.1000E 01 0.1%Q0€ J1°

i Lt e e A e L LRI I L Y CREEP STRAINS AEEREREANEFIARRIERARREA AR RAFS AR UNRSERD
ELEMENT wandwk CREEP WORK wxan# wadenddsikases [NCREMENTAL #ostxatnhecssannds St rdkktnttd CUMULATIVE *hedsndssbisinigias
MGy IaCo INCEEMENTAEL CUMULATIVE XX XY iz XY X% YY 12 XY

2 10 C.1625F €1 G.27%0FE 01 0,1250F £ Ql.1250F 00 -0.2500€ 00 O0.37508 00 C.2500E 00 0.2500E 00 ~0.5000F 060 0.7500F 00

1 .20 D0.1625F ©) 0.275Q0F O1 GC.5000E €0 ~C.250CE €0 -C.2500F 00 (0.5669E-08 C-1000€ 0l -0.5000€ 00 ~Ca5000E 00 -0.1077E-07

72-1°6

31992£L-§u

e e FENREERRAREP RPN SHPRBB AR Ay CUMULATIVE STRESS QUANTITIES #ISMSRRERIEARAERENREIRAAREFNBERS
ELEMENT EFFECTIVE EFFECTIVE CRRRkBEBRRnE  STRESS CENTER *Rkddrsdksrbrasn PERRARARNNELNRE  STRESS *kSdskddivsdiissSans
M, 1,T. CEMTER STRESS XX YY [ 41 XY xX ] XY iz XY

1l 20 0.1500FE 01 Q.350QQ€ Q1 C.1000F Ci -C.S00CE GO -0.5CCOCE 00 -D.14CEE-08 C.3500E 0l ~0.3072FE-C6 C.4062f-05 {(.9896E-06

2 10 C.1500F 01 Q.350Q0F Q1 0.,2500F GO O0.2500& 00 ~0.50G0E 00 J2.75C0F Q0 Co1750E 01 0.175CFE 01 -C.1B8CE~C5 Q.1T5GE QL

_ELEMENT  F-f_ SUM_INCREPEMTAL _ TCTAL _SURFACE _ *%#% EFFECVIVE PLASTIC STRAINS *#%  *¥%éx EFFECTIVE CRCEP STRAINS #%4¥
KO. T.f. COCE ZCDE TEMPERATURE TEMPEFATURE YIELD SIZE INCREMENTAL SUM INCR. CUMLLATEVE  INCREMENTAL Suw INCR. CULMOGLATIVE
1 2c¢ g 2 4,l000F 01 ©,50GQE O] Q,2000F Q1 C,)00JE 01 (G.2000FE 0l 3.20005 01 6.50GCE 00 C.10COE €l C.10COE 01

2 10 g 2 D.I00CE 0L 0.50CCE Gl 0.2C0CF Q1 C,1000% C1 0.2000F 0L 0.2000F 01 C.50CCE G0 C.10CDE €1 C.1000€ Q1




. LUMULATEVE THERMAL {QACS AND Z=LCADS FGR LCAC [ACPEMENT 5

TARCREMERT 5
ELEVERT 1.(. 20 10
TEMP. {.60000E L1 §.60QC0E gl . S . -
1-LCAD c.0 €.0
LTERATIVE EFRCR = O0.E5454F 00 - S T
_IYERATINE ERRCR = 0, EL1964F 0OQ
ITERATIVE FRRCR = (.$3655F CO
ITERATIVE ERRCR = 0,&3288E 00 N I
ITERATIVE ERRDR = 0,Z9106F 00
. _ITERAYIVE EFRCR = 0,3B299F~01 . o
[TERATIVE ERROR = O,&CIG6F=02
ITERATIVE ERRLR = (0.52193E-03
[TERATIVE ERRCR = 0.14100E-03
__LYERATIVE ERRCR = dQ,Z1%530€-04 - S _
ITERATIVE EFRGR = J.45713F=~06
__ . LIERATIVE ERRCR = 0,34204E-(05 [ e . _—
R o ENELC BEF LLCALC T MCRE¥ENT 5 e
THZREMERT 5 =
_© WMECEANICAL LOAL CURVE FACTCRS =  0L,73C0F 01, 0.0 I P
T CREEP TIME INCREMENT = 0.0 o
03 NO. ELASTIC ELEMERTS = C, NO. PLASTIC ELEVENTS = 2 . ‘ U &
0 ELEMENTS HAVE (HANGEC ELASTIC TC PLASTIC, 0 ELEMENTS PLASTIC TC ELASTIC DURING THIS INCREMENT .
SPECIFIEL wAX, ND, STIFFNESS UYPDATES = 3y NC. UPDATES PEFFORMEL = 1
SPECIFIET ¥AX. NO. ITERATIONS PER UPCATE = 10, NO. ITERATICNS PERFORMEC SINCE (AST UPDATE = 2
e SPECIFIFL MAX. UNBALAMCEL=-FGRCE ERRIR =  0.10COE-04, ACTUAL ERRQFE = 0,3420£-05 . i
. e #okassr  CUMULATIVE ERTERNAL FERCES AND CISPLACEMENTS #kwsdmes T o
w& NODE *» dhknkunsn  FORCES whdkhkexw whkk®x  DISPLACEMENTS  #dkmsn
AC. _T.C. U v (H ¥
1 30 . ~0.41T72325F-06 0.19999%5F_C1 ~0.17823C9€-05 0.7299999E Q1 e e
2 40 =0.8503912E-C6 C.1999994E Ol «0.196L750F-C5 (C.7299999EF Cl
e 2. ¥ 16 0.24185T0E=C5 -0.19595%4€ 0L 0.0 0.0 e+ _— e
4 0 =0.1150%4¢E-05 =-0.199%S98E 01 =0.123€542F=-05% 0.C




AEEEAKSRRR SR IRAI AR ARAE AR RRkkwkt  ELASTIC STRAINS HEdkind a3t a4 s ddns st i i avnsasnnion

ELEMENT #%% THERMAL STRAING %% SEARARRRARARE  [NCREMENTAL *dderdsddrkusexds AenbanEaenns® CUNULATIVE v wasansnspsiasdin
hGe  Tale INCREMENTAL CUNULATIVE kX Yy 1 LY XX Yy [ ¥4 Xy
!
1 20 0.500Q00F €C _ Q.23938 Q). | T88FE~C6 =-0.953T7E~0¢E =3536E=0& L.1464E-06  C,1000F 01 -0.30C0E CO =-C.30CCE GO 0.5140E~06 |

2 1€ C.5000F O Q.2300F 01 G.B8345E-C6 O,T153F=-Cb =0.,8345E~06 0,55608-07 C.3500FE €O 0.35CCE €0 -C.30CCE 00 C.65C0F €0

AERREEARNARNIBEGRDER IR S F kA kN0 sk PLASTIC STRAINS H*0%ardkaXsddb s deshAntbndbiikeddisdhed

ELEMERT #wkw% PLASTIC WORK #%%%  #90anasswnd® INCAEMENTAL AAsARREnshesunns sananARsseant CUMULATIVE sunsssdasddsrinsis
ACo Lol INCREVMENTAL CUMULATIVE b33 XY iz XY XX Yy 12 XY

L 20 Q.3750E €1 0.9500€ 01  ©,1000F QL ~0.5000F 0O =0.5000F 00 —=0.1263F=06  G.3000E €1 ~0.15CC0E Gl =C.1500F C1 =0.1383E-06

2 1¢ 0.3750F (1 C.9500F 01 0.2500F €0 C.2500E 00 =-0.5000F 00 C.7500F 00 Co750GE 00 C.75CCE Q0 -C.15CCE C1 0Q.2250F C1

s EpRoEbnad s nnknbngtnasdixtt CUMULATIVE STRESS QUANTITIES Sasdsgdd bt trs st ddsensd st vdvind

ELEMERT  EFFECTIVE  EFFECTIVE saktsdundnes  STRESS CENTER akaskdisstnvens SERbeRRAERNEREs  STRESS AARdeddsddanisasandn
NC. 1.0. CENTER STRESS xx vy iz XY xX YY 11 X
(] 1
o - ‘o |
o 1 20 0.2000F 01 G.4000F 0}  0.1333F 01 ~0.6667F 00 ~0.6667F 006 ~0.4351E=07  C.4000F 01 -0.3B83E-05 C.62086-C5 0.1582E-05 1, I
o 2 10 0.2000F €1 C.4000E 01 0.3333F €0 C.3333F 0O -0.6667€ 00 0.1000F 01  C.2000F 01 0.2000F 01 —6.39C6E-C53 0.2000f C1 |
-+ (=1
- . ——— . — U _— . - h__
o |

___ ELEMEAT  E=P_ SUM INCREMENTAL TCTAL SURFACE 435 EFFECTIVE PLASTIC STRAINS ##%  #w#x4 EEFECTIVE CREEP STRAINS #38%x
NO. 1.C. CODE CODE TEWMPERATURE TEWMPERATURE YVIELD SIZE TNCREMENTAL SUM INCF. CUMULATIVE  INCREMENTEL SUM [NCR. CUMLLATIVE
1. 20 Qg2 0.10CCE 0) O.6CCOE €1 C.2000F 01  G.1O0COF Cl  C.300Q0F ¢! 0.3Q00E 01 8.0 0.10G0E €1 C.1OCOE 01

2 1C Q 2 C.10C0F D1 0.6000F Q1 0.2000F 01 0.1000E OL Q.3000€ Q1 90.3G00F G} 0.0 0.1000E 01 C.1000F QY i

- : R ———




. CUMLLATIVE THERMAL LCADS ANC 2-LCALS FGCR LUAC INCREMENT N

INCREMENT T T s — - - R I,
T UEUEMENT T.C. 20 10
TEMP. . C.T000CF €1_€.7L0CCE Q). i i o .
I-LOAD C.0 t.C B
" ITERATIVE ERRCR = 0,17C55E6-05 S T T T
- - i 777 7ENET €F LCALC INCREFENT & T T T T —
__ _INCFEMEMNT & e
MECHANICAL LOAD CURVE FACTCRS =  G.73COE 01, 0.0
... CREEP TIFE INCREMENT = 0.0 . [
NC. ELASTEC ELEMERTS = 2, NO. PLASTIC ELEMENTS = il
0 ELEMENTS HAVE CHANGED ELASTIC YC PLASYIC, 72 ELEMENTS PLASTIC TC ELASTIC DURING THIS IKCREMENT
SPECIFIEC WAK. NG. STIFFAESS UPDATES = 3, NC. UPDATES PERFCRMEL = 5]
____SPECIFIEC kAKX, MO, ITERATICAS FER UPCATE = 10y NO. ITEFATICNS PERFURMEC SINCE LAST UPDATE = 1
SPECIFIED WAX, UNBALANCED-FORCE EFRCR = (. l0COE=-0O%s ACTUAL ERRCR = 0,170C6E=-05
b
Y-S — - - P
- e
e whkagsn  (UMULATIVE INTERNAL FDRCES ANC CISPLACEMENTS ®askdsss _ B &

YU e% NODE *¢ Akwkanie  FCRCES srskmnndn saa¥2  CISPLACEMENTS #ksxks T
As lef. L v 1] ¥ ™
) 3¢ =0,13706CTE-G5  0.99$9952F OC -0, F318404E-06 0.7299999F 01 . _

2 a0 0.1C860€CE~05 ©.9959962E 0C ~0.17111S6E-06 0.7299999E OI
_ 3 1€ _.=0.2082174F=05 =0,5999543E 00 0.0 0.0 - R
& 20 0.236695:E~05 ~0,99595TLF Q0 ~0.63875C5E~06 0.0

M Gyl

e e



oo e e aie e e ol b i ool ok o ol 20 o o ok ol ol o ol e ok ok ok o ok ke ELﬂSTIC STRAINS ttttt-t'nt*n*tt**ttt*‘t*tlit#l#t#!.‘ttttﬁ

ELEMERT #%% THERMAL STRAING %k  sstwwaGsaxsns [NCREMENTAL FAARSusasnisenens tarheraeanns  CUPULATIVE #sdasssvsestoninns
_ .. MhCu Tef e« INCFREMENTAL CUMULATIVE XX XY Iz Xy XX YY it XY
1 2c 0.0 _ 0.2360FE G, 0.0 0.5982E-C6 0,0 -0.2987F-GC6__ 0.1000F 01 =-0.30C0F 00 ~C.300CE CC_ 0.2153E=C6
2 o 9.0 G, 2300F Q1 0.59T8E=C& =0.452TE-C6 0.0 ~0.T2598E~07 £.3500FE €0 0.35CCE 00 ~C.30CCE GO 0.650GE 00
B ol HEEAEEABFKIEENT RN S G FBERF R AR RR SRRk PLASTIC STRAINS $RRRMEEXRKARRENRANNREA NG AR RA A AR AN DD
FLEMENT #4w#x PLASTIC WORK #*&%x¥ A kkkR g sRed  [NCREVENTAL wadsdmddsvkexaskd ARERRRRRRNERE  CUMULATIVE SEsebssssririsassnd
. KDy T.C. INCREWENTAL CUFLLATIVE XKk Yy iz Xy XX YY 17 Y
1 20 0.0 _ _ L.9500€ Q1 0,0 _ 0.0 = 0.G __GC.0 C.3000E 0l —0.15C0FE Ol ~C415CCE €1 -0.1383E~06
2 19 0.0 0. 9500 01 Q.0 0.0 0.0 €.0 C«75Q0E CO 0Q.T5C0E GO0 -C.150CF Cl1 Q.225QF Cl
. BREEREENIRESRR R R F RN RNk dw CUPULATIVE STRESS QUANTITIES #5¥2ddkiddRymssdddrdrsniddinpnesns
: ELE¥#ENT  EFFECTIVE  EFFECTIVE XSRARAFSARRE  STAESS CENTER ##fkkvshbssdiisd TR AR RmA AR RkeR N STRESS  SeRERIRERRAkaduatRky
NCs T.C, _ CEKTER STRESS XX Yy Iz XY XX Yy 12 Xy .
=)
o 1 20 0.,2000FE Q1 Q.2000F Q1 0.,1333F G) =Q.666TF 00 -0.8667E 00 =C0.4351E~C7? C.2C00E Gt 0.4’-63_5 5% 0.,4898F=-05 0,33}12F=06 ‘i._,ﬂ
- 2 10 0.20008 €1 0.2000E 0Ol 0.3333F 00 CJ3333E 00 -0.6657F OC  0,10G0F O1 C.l000E 01 G.10CO0E 01 =-C.1832E-C5  G.l0G0E Q1 3
- R e - S
Y
ELEMENT _ F=P _ SUM INCREMENTAL TCTAL SURFACE wwkx EFFECTIVE PLASTIC STRAINS ##%  ww#ss EFFECTIVE CREEP STRAINS #aws
KGe [o.Cs CODF CCDE YEMPERATURE TEMPERATURE VYTELD SIZE INCREMENTAL SUM INCR. CUMULATIWE INCREMENTAL Suw INCR. CUMULATIVE
1 20 =1 -1 0.10C0F Q! G,ICQO0F Ol Q.2000F Q) d.40 0.3000F 01 Q.3CQCE Q1 G.0 €. 10C0F €1 €.10CQF C1
2 1C -1 =1 0.1000F 01 OL7CCOE 01 0.2CQ0E 01 0.0 0.30005 01 0.3C00E Q1 0.0 0.10C0E €1 GC.10C0OE Ol

|
'
3



. CUMLLATIVE THERFMAL 4 CALS ANC Z-L0ADS FCR LOAC INCREMENT 1.
INCREMENT T

T ELENENT 1.T. 20 10

TEMP. €.54C00F Gl C€.54000F 01 . el . S -
2-1LCAD c.c €.0

TTERATIVE EFRCR = (.42622F 00 T T T
ITERATIVE ERRCR = (.33171E 0¢°

ITERATIVE ERRCP = (.23360F 06

ITERATIVE ERRCF = Q.17CI8€ Q¢ = R S
1TERATIVE EPRCR = 0, 124C&F CO

_LTERATIVE ERRCR. =  Q,50581F-Q1 . . - . — . .
TTERATIVE FRRCR = 0,££250E-01

ITERPATIVE ERROR = D %8530FE~0])

ITERATIVE EFFCF = 0,355STE=01

__ ITERATIVE ERRCR =  0.,261376-01 N R

TTERATIVE ERRCR
LTERATIVE ERROR = 0.11159€-03
ITERATIVE ERRCF = (.12630E-C5

ITERATIVE ERRCR = 0,24315E=T6

0.12¢19E-C2

ENTL CF

o LCAC 1 MNCREWENT b _
F
o o - N } o L
ZINCREMENT ~
_ra_ RECHANICAL LOAC gunvg FACTORS =  0,60G0F 01y C,C o S-S
CREEP TIME INCREMENY = (0.0 o
NCa ELASTI{ ELEMERTS = G, NO. PLASTIC ELEMENTS = 2

2 ELEMENTS HAVE CHENGEE ELASTIC TO PLASTIC,

0 ELEMENTS PLASTIC TC ELASTIC DLRING THIS INCREMERT

- SPECIFIEL MAX, NO. STIFFNESS UPDATES = 3y NCo UPDATES PERFCRMEC = 1
SPECIFIEC ¥AX. MND. TTERATIOKNS PER UPCATE = 10+ KG. ITERATIONS PERFORMEC SINCE LAST UPLATE =

T4

___ SPECIFIED MAX, LNBALAKCEC~FCRCE ERFCR = (.1GCOE=Q4s ACTUAL FRROR = 0,3431E-06 .
. e _rwwE¥kx (UMULATIVE INTERNAL FCRCES AND DISPLACEMENTS.  sxsaxas e L )
*# NOOE *xpparkar  FORCES wakdarnss skdtr [CISPLACEMENTS weasan e ——
o ACe T.Ca u v L v
3 1 20 _ ~Q0.4172326£-0¢ ~0.3516474E=05 _ =~0.6971468E-06 C.6C000C0E 0) 3 o e
2 40 0.4987565E-06 —0.2861023F=05 ~0.5336210E-C5 {.6C00000F 01 T
_ 3 1€ =0.13&1CC4F~C6_ D.4053114E~05 0.4 0.0 .
4 20 0.54576CLE=01 0.2324501F-C5 ~0.698B16TE-05 C.0 T




ELEMERT ##% THERMAL STRAINS »#3
e Nt . 1.0, INCREMENTAL CUNULAT]IVE

FEREERRRDARN AR SR ER RSN REN RN ARk CLASTIC STRAINS SEPRUEBEMKSBRNUEFEIBLRTHSARN I LSRR RNDRY

EXREANANRFONE  [NCREMENTAL #asstxmdaappnsnss  sushxadaansns  CUPULATIVE shwsssadsnnissdods
XX YY 2r . XY XX Yy [44 Xy

1 20 —043C0CE (€ 0,2003E 01,

-0.1000€ Ol 0.3000FE 00 Q0,3000€ 00 -0,8922E-06 0.4172E~C5 -0.78C8E~05 0. 1311E-0% -0.8769E-06

2 10 -C.3000E €C 0.2CC0E 01

~C.3500E €O ~C.3500F 00 0.3000F OC -0.650GC0F QO 0.1TBBF=06 -0.47€8E-06 Q.1192E-06 0.45306-05

PRI RPAEAR NI E RN IRERRB AR AR IR E IR PLASTIC STRAINS *#3%Rndxddinszts R tsdsnsdssnshnsdng

ELEMENT w##% PLASTIC WCRK ##ss
NCo IsLo TNCREMENTAL CUMULATIVE

SEEEREIRNNBET  [NCREMENTAL *RARsmnkrddnsisss SERERERIRREE  CUMULATIVE sxadiddsesseiexhes
XX Yy Ir LY XX Yy 22 Xy

1 2¢ 0.0 | —0.9500€ 01

2 ¢ 0.0 C.5500E 01

_-0.2264E=05 0,11326-05 0.,1132E-05 -0.B8163F~12 C.3000E 01 -0,L500E G} -0.150CE 0} -0.1383E-06

-(«3509F=-C6 =-C,3509E=-06 O0.T019E-06 —0.1053E-CS 0.7500E GO0 0.750C0F 00 -0.15C0F C1 (.2250E 0O

SRR AR RN ARSI BA B RANRRIIRORA  CUNULATIVE STRESS CUANTITIES **kStsss¥da0aiRb4Rasdssnszeding

TELENERT EFFECFIVE  EFFECTIVE SPERRAAINRIR  CTRESS CENTER #¥ntsssnssnsrsss SEARIRRASREREER  STRESS RSt dndfnsinavisony
NG, 1.C. CENTER STRESS Ax Yy 34 Xy X% Yy 1z Xy L
(= )
o, _ 1 20 9.2000F Ol 0.7867E-05 _ ¢.1333F 01 =0,6667F 00 ~0.6667E 00 —-0.4351E-G7 _~C.3338E-Q5_ 0.6298E-06 _©.5665E-0% -G.5207E-06 ‘L".A
% 2 10 C.2000F €1 C.&907E-08 C.3333F GO C.3333f CC ~0.6667F G0 0.1000FE 01 =~0,2444F=05 =0,17729E~-05 -C.3357E-C6 -0.2623E~-C5 [
B e O _ %ﬂf
™y

ELEMENT E-P _SUM INCREMENTAL

TOTAL SURFACE a9 EFFECTIVE PLASTIC STRAINS »** sexds EFFECTIVE CREEP STRAINS #%¢»

NO. 1.r. CODE CCDE TEFPERATURE TEMPERATURE VYIELD SIZE INCREMENTAL SUM INCR. CUMLLATIVE INCREMENTAL SUM INCR. CUMULATIVE
1 20 1 2 -0.,16CCF Gl  0.54CG0f 01 O0.20C0F 01 0.2264£-05 0.3000F 0l 0.3000F 01 a0 0,10CCE €1 C,1000F 01

2 10 1 2 -C.3600F 01 0.5%00FE 0} C.2000F 01 0. 14C4E~CS C.3000F 01 W0.3C0Q0E Q1 0.0 0.1000% €1 0.1000E 01




LUMULATIVE YHERPAL LCACS ANE Z-tCALS FO® LCAL IMCFEMEMT 8

INCREMERT 8
ELENERT I1.Ce 20 10
 TEMP. C.B0000F (1 _C.BOOCDE 01 . _ - _ R _ —
I-LcAC -C.60000F 0C-C€.600C0E CO : |
ITERATIVE ERRCR = (.€5620f 00
ITERATIVE ERRCR =  0.78§52€ €O
ITEPATINE ERPRCE =  Q.E81256E 0O
 ITERFATIVE EPROF = (Q.74£32E 00 e e
ITERATIVE ERRCK = 0.10296E 00 ' [
__ITERATIVE €RROR =  0.29551€=C)
" ITERATIVE SRRTF = 0.61452€-(2 :
_ITERATIVE ERRLR = 0.27S38€-02
ITERATIVE ERROR = Q.B36C4E~03
_ITERATIVE ERRCE = D.ZS289E-(03 i
ITERATIVE ERRCF = 0.1CET6E~04
IFERATIVE ERRCR = 0, 1Z559E=05

TTERATIVE ERRGR

"

0.5550&6E~056

ENE CF Lcnulhcﬁeneav 8
&

—wo_ INCREMERT e I ) SR,
-, WECHANICAL LOAC CURVE FACTCRS = 0.40C0E 01y C.0 o
_d, CREEP TIME INCREMENT = 0.0 o e -
W KC. ELASTIC ELEMENTS = 0y NCa PLASTIC ELEMENTS = 2 N

0 ELEMENTS HAVE CHANGED ELASTIC TQ PLASTIC, 0 ELEMENTS PLASTIC TC ELASTIC DURING THIS TNCREMENT
SPECIFIFL ¥AX, KO. STIFFNESS UPCATES = 3, NU. UPDATES PERFCRMEL =
__SPFCIFIEL FAX. ND. IVERATIDNS PEP UPDATE = 10, NC. ITERATIONS PEFFCURMELC SINCE LAST UPDATE = 3
SPECIFIER MEX. UNBALANCED-FCRLE ERRCR = 0,10C0E-D4, ACTUAL ERROR = 0.5951E-06
—— . kppaksk  CUMULATIVE IMTERNAL FCRCES ANO BISPLACEMENTS ss¥dssax n L .
% NODE »»¥ Aeaxkhkmakx  FORCES #*exskakd #xkak  CISPLACENMENTS Sekenx
NCoe Tof, 1] y Y v
I | 20 =0.2980223E-0& -0.3125035E Q0 -0,1033893F~C5_0.4CA0QQQF Q1 . . _
2 40 0.7596191F-07 -0Q.3125043€ 00 ~C.6000021F 00 C,.4CODCCOF 01
.. _.3 _ 1L _ . 0.374C451E-06 0,3125044E 09 G.0 0.0 B
4 20 -0.1519833F=-0& 0.3125035F CGC -0.6000034E 00 0.0
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ELASTIC STRAINS #¥dddsspusssskdkatsdnsasdasdss shbadksndn

ELEMERT #%% THEFMAL STRATNS %%k Rakxdksdnssn® [NCREMENTAL ShusvksRsstiaxana EhknkddunknkE CUFLULATIVE wandxssasddninzsx
_MC. 1.C. INCREMENTAL CUMULATIVE XX A 2z Xy XX ¥y L XY
1 iC -G.10GCE Cl _ 0.1000F 01. -0.5000F 00 0.1500FE 00 Q.1500€ 00 0.2709E-06 =C.S000E 00 0.1500E 00 0.1500F 00 ~0.4059E-06
2 10 -0.1000F 0! 0L,1000E 0L =-0.1750FE G0 -0.175CE €0 O.1500E QO ~0.3250E 00 -0.1750f 00 -0.175CE 00 (GU.15CCE CO ~J.3250F CQ
. . o BARSARTFEEAREIR RS ASERRFF R0 pkx  PLASTIC STRAINS Skdadndk s dohaxss s Ssn st a4 b dns0nsundnd
ELEMERT #aa%% PLASTIC WCHK huns FAREARGIRRARR  [NCREMENTAL *0dkadisxssnsinsn SEURARERARRN T [UMULATIVE #eNskrsssxsaxsanns
) NCo TuDs INCPREMENTAL CUMULATIVE XX Yy iL xY X Yy 1y XY
_ i .26 _0.1563F G0 0.95656Ff 01 =-0.5000F Q0 0.2500fF 93 0Q.2500F Of) -0.9211E-Q07  G.2500FE 01 -0.1250F 01 «0.125CF 01 =0.2304E-06 _
2 10 0.1563F L€ C.9656E 0l ~C.125CE CC ~Q0.12%0F €O 0.2900f 00 -0.3750F 00 0.6250E QD Q.6250F 00 =C.125CF €1 Q.1875E Q1
R S L weessRass kiR R RRRRRN ek CUNULATIVE STRESS CUANTITIES Setsasadsstésnssdsnasts st danss
ELEMENT EFFECTIVE EFFECTIVE sxpksArsdkhs  STRESS CENTER Ankkkddhsdiunndd ARERERRERERERER  STRESS SHRPRRKAERRRRERbdRAE
Mo T.C. CEMTER STRESS A Yy [ 4 Y XX YY 27 XY _
) B
_w® L 20 0.1500F G1 ©0.6250F 00  0,1000f G1 ~D,5000F 00 ~0.5000F 00 -0.104SE=06 -0.6250E 00 0.B637E~07 C.2201E-05 -C.3903E-06 ¢
3 2 10 0.1500E 01 C.8250F 00 0.2500F €0 GC.25CCE C0 -0,.5000F 00 C.7500F 00 ~0.3125F 00 =0.3125F Q0 -0.3228E=-05 =0.3125F 00 ~
S S - . 4 S -
r
_ELEMENY E-F__SUM_ [MCREMENTAL TCTAL SURFACE _wwds EFFECTIVE PLASTIC STRAINS 3% 2ersx EFFECTIVE CREEP_STRAINS #9%*
NO. 1.0, CODE CIOE TEMPERATURF TEMPERATURE YIELD SIZF INCREMENTAL SUM INCRk. CUMULATIVE TNCREMENTAL SuM INCR. CUMULATIVE
1 20 a 2 _C.26CCF O) 0,8000€ 0) 0.2125% QI C.5Q00GF €0 0,3500F 01 0.2500F 01 0.4 C.I0CCE €% CL.LO0Q0E Q1
2 1¢ Q 2 C.260CFE DY O.BQOOF 01l 0L2125F 01 C.500CF €0 (.3500F 01 O0.2500FE 01 0.0 0.1000E G1 0.1000F Q1

Av o e



" INCEEMENT "9
ELEMERT 1. 20 10
TEMP. 0.90000F 01 (.90000F 01 .

CLMLLATIVE TMERMAL LOACS AND Z-LCALS FGR LCAC IRCREMENT

I-LCAD

-C.20000F CC=C.20000F QC

[TERATIVE EARCR =
ITERATIVE ERRCR =

B5.82428F G0
0.74455€ GO

[TERATIVE ERRCP

ITERATIVE ERROR =

ITERATIVE ERRCF =

ITERATIVE ERRCR =

ITERATIVE EPRCOR =

0.40413E 00
Qe l4128E=-01 _

0. £5163E-02
0=12068E-02

D.25€64F-03
0.£41B5E~04

ITERATINE ERRCE =
ITERATIVE ERRCR =

0. 14244E-04

_._IJERATINE ERRCE = QD.41%61F=05 — .
TTERATIVE FRACR = 0.€1726E~05
T e T END CF L CAC INCREFMENT 9 i -
INCEERERT 8
KECHANICAL LGAC CURVE FACTORS =  O.1500F Ols €40
.o CREEP TIME INCREMENT = _0.1000F Q2 _ e R _
o NO. ELASTIC ELEMENTS = 0, NO. PLASTIC ELEMENTS = 2

2-9922(-50

e ... 0. ELEVMENTS HAVE CHINGED FLASTIC TC PLASTIC, Q0  ELEMENTS PLASTIC TO ELASTIC DURING THIS INCREMENT
= SPECIFIEC MAX. NO. STIFFNESS UPDATES = 3, NC. UPDATES PERFCRMEL = 1 T
SPECIFIED MAX., MO, ITFRATICNS PER UPCATE = 10y, NO. ITERAFTIONS PERFURMEC SINCE LAST UPDATE = 1
SPECIFIEE MAX., UNRALAKRCED-FORCE ERRCR = G,)0C0E-04y ACTUAL ERRGR = 0,6173E-05

___#%%aFks%  CUMULATIVE INTERNAL FCRCES ANC _CISPLACEMENTS wuwsskes

%% NODE *%  wakknwsss FORLCES #ndssnsxs *rdxs  CISPLACEMENTS swmsks
NCO. 1.C. L v u v
. 1 3ac =0,2205371E~C5 ~Q.6250015E CC =~0.3952121E~-C5 C.1500CCOE Q1 o i
2 41 0.1439869F=05 ~0.8250042F 00 ~0.2000027F 00 ¢Q.15000G06F 21 T ‘
I .3 1C (029761 CIE-05  Q.625CG03CE 0C _ C.0C 0.4 _ e
& 20 =0.18106C0E=-05 0,6250029E €O =C.200005CE 00 G.0

e O i
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ELASTIC STRAINS

TELEMENT  #k THERMAL STRAINS ®%%  S¥#REsds+uns [NCREMENTAL #4nsmansemsnsadys whBNereetRsnt CLPULATIVE **#dsrddniedddcnsn
U NC. l.T. INCREMENTAL CUMULATIVE XX YY i? XY XX Yy 11 XY
- 1 20_=0,5000FE QG __0,5000f Q0. -C.5CC0F GO ©.1500F 0O C,150GFE 00 0.1456F-C7 -(.10C0F 01 0,3000F 00 C,30CCE €0 -0.3914€-C6
2 16 -0.5000F O0 ©L,5S0C0FE 00 =0Q.1TS0F 00 =0.1750F 00 OQ.150CF CO =C0.32%0FE CO =-0.3%C0E 00 -0.3%C0E 00 OQ.30C0E (G =-0.65C0FE QO
e i  RARMESRRAREE AR RPN E RN RN IR ERGNT  PLASTIC STRAINSG SREESRIRIREERRER RN RRFEERIRRF A RRTRER RS EE
ELEMENT w%duk PLASTIC WORK sxdx R ErssREdr  JNCREMENTAL dstensdhbdkkyitey PEFERERENFARE  CUMULATIVE #AEAEksaghkityisy
NC. T.C. TNCFEMENTAL CUWMULATIVE XX Yy tz XY xx Yy 11 XY
. 1. 20 0.4488f OC D0.1012F 02 =~(0,5000 00 (.2500F GO 0.2500F 0C -0.%287E-07  (.2000F 0] =-0,10C0F Gl -C,.10GOF 01 -G.2833E-0é
2 10 0.4888F CC 0,1012F 02 =C.l1250FE CO -0.1250F 00 C.25GCE €O —-G.3TS0E Cq C.5000€ 00 0, SOOGE 0C ~C.10CCE €1 0.1500E 01
o o AR ARRA RO AR IR AR kAR RN RN CREEP STRATHS  SENR4sdRes fNtf ki sttt nt sk s A kP £ 2 SP kD]
TELEMENT #%mas% CREEDP WORK ¥%x%s SEERRRENRkAR®  [NCREMENTAL Saddsutsdssxngsng B ERREIERRT  CUNULATIVE SHesstasasaitsassy
NC, T1aC, INCREMENTAL CUFDLATIVE XX Yy il X AX hi ) 12 xy
=}
—— 1 20 0.9375¢ 60 Q0.3688E 01 -C.)JCQQE £} ©.5000F €O C.5000E 00 =0.4683E-06 0.2384E-Cb O-ZQQjE:QQA:Q 4T6HE-0&6 ~0.4T79]1E-06 E__
< 2 1 0.9375FE €L 0L3IGABE 01 -0.2500£ 00 ~GC.2500E €O 0.5CCO0E GO =-0.T750CE 00 0.4T6BE-06 0.1073E-05% ~0.1550€6~-05 ~0,5940E=-07 o
4_‘:, - = e — — ____g__
™~ 1
~
e e RRNRLREDEIARRAEARARIRRRIN AR CUMULATIVE STRESS QUANTITIES *Hssudssddniavssiddedasddsddiasis
ELEMEAT EFFECTIVE EFFECTIVE FPEPFEAREESR  STRESS CENTER FRAknssRsfinsntsn HERRFAIEAREERRE  STRESS FREERERFRISNIRRNNIG
KE., 1. CEMER STRESS XX Yy iz XY XX Yy Il XY
_ 1 20 _Q.1000F 01 <C.125GE 01 Ca66HTE 0O —~0.3333E 00 -0.3333F 00 —0.1%02E~D&__ -0.1250F 01 -0,3245E~-05 Q.196%€~- GS | ~Ca3T63E-04
4 1¢ C,.1400F 01 QO.1250F 01 C.1667E 00 O0.1667F 00 ~0.3333E 0C C.500CE 00 -0.6250F €D -0.6250F 00 -0.10346-05 ~0.6250€ 00
____ ELEMENT_ E=P SUM INCREWENTAL TCTAL SURFACE _ ®e#x EFFECTIVE PLASTIC STRAINS *%%  ssssk EFFECTIVE CREEF STRAINS w»sss
NO. 1.C. COCE COCE TEMPERATUPE TEMPERATURE YIELD SI1ZE INCREMENTEL SUM INCR, CUMULATIVE INCREMENTAL SUM INCR. CLFLLATIVE
1 20 < 2 _LC4l000F 01 ©O,9QC0F Ol 0.2250F ¢} Q.5GCOF CQ CL%0C0F C1  Q.2C0CE Qi C.10G0% C1 ©.,2000F €1 J.7304E=-06
2 10Q 1] 2 C.10C00F 01 <C.%JCOE 01 0.225CE 01 0.53000F GO0 0.4000FE 01 0.2000F G C.1000E C1 0.1589E~05

C.20CCF C1




. CUMLLATIVE THERMAL LCACS ANE Z=-LCACS FCF_LCAC IRCREVERT 10 o L
INCREMENT 10
TELEFENT 1.E, T2 T 10
Tere, C.10000€ 0F C.LOQ00F 02 . _ - e o s _
ZI-LCAD c.C c.0

" ITERATUVE ERRCR
[TEPATI{VE EPRLE

C.SIECRE CO
0.53707F 0Q

ITERATIVE ERRCE

0.25747E~06

ITERATIVE ERRTE =  (0.£4905F 00
ITTERATIVE ERRCR = 0,10C34F 00 . o R
ITERATIVE ERRCE = O.£1599E~01

. ITERATIVE ERRCF =  0.5E229E<Cl e e e e
ITERATIVE ERRCPR = O0.45E10E-01 )
TTERATINE ERRCA =  0,33458E=0])
ITERATIVE ERRCR = 0.258348=01
_ITERATINE ERRELR = 0.19124€-01

ATERATINE ERRCR

L 0.11579E-06

__ENC CF LCAC I NCREFMEMNT 10,

|

MECHANICAL LOAL CURVE FACTORS =

CREEP TIME INCREMENT =
—NO. ELASTIC ELEMENTS =
0 ELEWENTS HAVE CHANGED ELASTIC TG PLASTIC, 2

0.365CE C1y, 0.0

J.0

2y NO. PLASTIC ELEMENTS = C

ELEMENTS PLASTIC TC ELASVIL DURING THIS INCREMENT

SPECIFIED whax. MO, STIFFWESS UPFLATES = Ay NC. UPCATES PERFCRMEL = 1
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9.2 THERMAL RATCHET

This is a thermal ratchet problem, involving thermal cycling in conjunction
with a sustained mechanical load. The finite-element idealization and
mechanical loading are shown in Figure 9.2-1. The thermal loading consists
of an alternate heating and cooling of the left half of the structure

(elements 1 and 2}.

Because the stresses and thermal strains differ in the left and right
halves of the structure, the BOPACE nodal-constraint option was used

to allow vertical slip at the center. Thus the displacements at nodes 3-11
and 4-12 are constrained to be equal in the X direction, but are allowed

to have different vaTuesrin the Y direction. Peisson's ratio is taken

as 0.5 so as to avoid small errors which would otherwise be induced by

intermediate yielding within an increment.

Results are summarized in Table 9.2-1 for six increments, and the BOPACE
input listing and printed output results are included at the end of

this section. The mechanical loading is applied during the first

increment and it then remains on the structure. In the second increment
the thermal heating load is applied, and it results in plastic fiow within
the right side of the structure. Each succeeding heating and cooling cycle
(two increments) results in continuing plastic flow and an increase of

0.5 in displacement. Note that this occurs even though a part of the
structure is always elastic, because yielding occurs during alternate
1ncrehents in the left and right sides, This type of behavior must be

considered in thermal-mechanical cycling of engines.

9.24]
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PLATE = 2.0 x 1.0
THICKNESS = 10.0
TENSILE YIELD POINT = 1.0
THERMAL COEFFICIENT

OF EXPANSION = 1.0

12

1N

@) E)

@ FORCE = 7.5

FIGURE 9.2-1: THERMAL RATCHET PROBLEM

TABLE 9.2-1: THERMAL RATCHET DATA

INCREMENT DISPLACEMENT TEMP. 1 & 2 TEMP, 11°& 12

i 0.7% 0 0
2 2.0 1.5 0
3 1.5° 0 0
4 2.5 1.5 0
5 2.0 0 0
6 3.0 1.5 4]

9.2-2
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—STARTING PRARLEM

THERMAL RATCHEY PROBLEM {W[TH CONSTRAINED DNFY

yns nefz2a/72

SOLUTION METHCD COCE = 3
MAXTIMUM ND, STIFFNFSS UPNATES PER INCREMENT =
MAXTMUM_TOYAL JTERATIONS PER_ TNC REMENT = 19

MAXIMUM ELASTIC ITERATIONS PER INCREMENT =
MAXTMUM MAGMITUDE FDR ELAST IC~PLASTIC SUM CNDE =

MAXIMUM REDUCTIONS = 1

CONVERGENCE REDUCTIAN FACTAL = 0. 50009F 00

MAXIMUM SPECIFIFD ERROR NORM = Q4,10C00E-04

FRACTION FROM END DNF TNCREMENT T EYALURTE SLAOPE = 0,10000E N

_PLANE-STRESS PROBLEM

NO. OF MATERIALS = 1
DEFAUL T THICKNESS = (0, 10000F 02

FABRICATTON TEMPERATURE = Q.0
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0.0 0.0
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0.0 0.5000F 0Q

- 3w 8




. _MATERIAL NO.  1,PLASTICITY TYPE 7K INEMATIC (CNONE ]
MATERTA) NO, 1l; TEMPERATUYRE = 0,0
____PARAMETER ISHTROPIC STRESS

0.0
Q.,10000F Q3

0. 10000E OL.
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o
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MATERIAL NGO, 1. LREEP TYPE 1 "~
TIME CREEP STRAIN
G.0 0.0,
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CREEP FACTDOR
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0,1000FE 01 Q.0




_ _CARTESIAN _COGRDINATL SYSTEMS DEFINEN

NUMBER  X~AXIS ANGLF
*% NODE ** e
NO, [.Ms LEONRD X (R} CY (THETA) ICONRY
1 1 0 0.0 Da0 0
] 2 0 0.0 g. toogon o1 0
. 3 3 0 0.100000 01 0.0 g
4 4 % 0.100000 a1 0.100000 01 0
5 11 0 0.10000D 01 0.0 0
6 12 0 0.10000D 91 0.100090 01 0
7 13 Q0 0.,200000 Q1 .0 0
8 14 0 0.200000 51 0.100000 D1 a
- ELEMENT
NOe T.D. MATER TAL THICKNESS NDDE 1 NNAE 2 NADE T 4RER
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~ . : x
S
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LCAD REFERENCE CURVWE Nfl. 1
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- 3 . 1 0,75000€ 01
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Nfl. CF LDAD INCREMENTS = 6
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0 ELEMENIS DPLASTIC TD

ELASTIC DURING THIS TMERCMENT
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CUMUL_ATIVE THERMAL L0OADS AND 2 0A0S FOP 10AN INCREMOMT

" IMCREMENT 2 (H0T }

ELEMENT 1.D. 1 i 11 CoR2
— TEMP. .. Q.15000€ 01 Q. 15000F Q1 Q.0 0.0 _
o}

T-LNAD 0.0 0.0 0.0 a,

ITERATIVE ERROR
ITERATIVE ERRCR

0. 12500F 01
0.062744E-05

ITERATIVE ERROA
——JTERATIVE ERROR

0. 35355F 00
0,35356E 0Q

ITERATIVE ERRDR
__ITERATIVE ERROR

0. 35356E 00
0y 23570F 00

ITERATIVE ERRCR
_ITERATIVE ERROR

J.14142E OO0
0, TB574E-01

FTERATIVE ERROR
. ITERATIVE ERRGOR

0,41599€-01
U, 2E435F-01

ITERATIVE ERROR
ITERAYIVE ERRCR

D4 56389E~-05
0.,32200E-05

{1 T TN O O O T AR A [ T ']

ENO OF LBAD T MCREMENT 2

INCREMENT 2 (0T )

MECHANMICAL LOAD CURVE FACTORS =  0.1000E 01, 0,0

CREEP TIME TMCREMENT = 0.0
NO. ELASTYIC ELEMENTS = 2y NO. PLASTIC FLEMENTS = ?

LL-2°6

2 ELEMENTS HAVE CHANGED ELASTIC T0 PLASTIC, 3 R

SPECIFIED MAX, NO, STIFFNESS UPDATES = 2y NNy UPJQATYES PERENRMED = 1

TEUEMENTS PLASTIC TN FLASTIL BURING THIS

INEREMENT

SPECIFIED MAX. ND, ITFRATINNS PER UPRATE = 10, NN

TTERATIONS DERFIRMEN STWCE
SPECTIFIED MAX. UMRALANCED=-FORCE ERROR = 0, 1000E-0é4, ACTIAL FRENE =  9.7220f-05

LAST UPRATE

dEwkknt CUMULATIVE [NTERNAL FORCES ANMD DISPLANEMERTS s taw

FORCES  kxdrtkdea *zxtt NISPLAZSMINTS  avncne

*0 NODE %% TRR AL LR

M.  1.Da 1 1Y} : U ¥
1 1 -0.2500002FE 01 0.6228571£-05% D0 Du O N
2 7 =0.2499904F 01 -0,67551R7C-08 0.0 Q4 1243932¢F
-3 3  0.2500001€ Q1 _Q,526614955-06 0., 200070005 @1 -0, #1ASQ04F -7
4 4 0. 24999G64F G 0.0 (. 1899982F (] 9, 12ROINHLFE N1
5 11 0,49959999F Ol =0,80460F6E-05 0, 2Q820000F 01 -0, 3663335 F -0
& 12 0.4999996F 0l 0.1162230E-D% 0, 13729995 01 {), AGQRRCGLE N

— 1 13 -0,4999998E Q1 (.3525893E-05 0,0 0s 0

2 14 -0.499999TE (Ol =0,398357%E-05 0,0 GRS - —

LS TR TER LRI, Y



kA Rk a R T Gk A e Rk ko v L

FLASTIC

STRAENS

L T T TR e s T 1 2 T TS

ELEMENT

%%% THERMAL STRAING #%®

e e i py o hoke 2rade ko ok AT REMENT A L e Lk P ] e ek doge E e ﬁU“.T_l‘JT‘V: mE AR TR ARE RS Ry
NOw  FuD. INCREMENTAL CUMULATIVE XX YY 27 XY XX Yy 17 XY
, 1 .1 0.150QE 01 G.1500F Q1 =~C.25008F 30 0.1°537 20 0.1250F 90 -0,3705¢-05  0,5000° 00 -0,°50032 00 -9, 28005 00 -0.315%E-06
2 2 0.15C0FE 01 0.1500F 01 -0Q,2500E 00 0.1750F 20 D.1760F 00 QueT4%F<0A 0, 50000 00 -D.7507F 00 -0.2500F M 0.4768F-06
—_ 3 11 GC.0 0.0 ‘=0.,2500€ 00 0,125QF 92 A,12760f 70 -0.2385E-07 -0,1GDN° 01  0.5300° 00 0.5000° 00 0.9538€-07
4 12 0.0 [t =0425008 Q0 0.12505 90 0.17%07 00 -0, 52f2E-nT  —p.1000T 01 0,007t AN 2,57007 00 =~0.2027E-06

WK e ek e ek e Y A kR T R R A

DI ASTIC STRAINS

LR e o R TR R R P L T T T Y L

ELEMENT  s$¥&ks WA‘S—TTC WORK *x&k=a rEERkEAL ea iy MO REMEMTY AL ak T A R ABra BT RRE LY CHM)| P TT S M stk Bt kR Rl KRB
N, JaDy INCREMENTAL CUMULATIVE XX Yy L7 XY XX hilkd 7 L4
I 1 0.9 Q.0 . Qu O 0.9 CuD 0.0 0.0 - N. 0 1,1 0.0 -
2 2 0.0 0.0 3.0 [ 0.9 a0 G. 0 0.0 Os0 0.0
— 3 11 = Gl 0,5090% 90 0.5000F 20 $.7792E-07 -0,1000F 01 N.50007 00 2,5000F 80 9.,7TA2F=D7 .
4 12 0.1000f 01 OQLIN00F 01 -0.10008 0L 0,5000% 0D D.5000F D) =0, 1550E-06 ~0,1000F 0! {.5007F G0 N, S000F N0 -0 1950F~ 06
BREX KUK XA REFRA TR L Ak FF LA ek CUVJL " TIVE STRESS QUAMTITIFS wrnedeskdstkabdsmsdn i hier sdhhhw ths
ELEMENT  EFFECTIVE EFFECTIVE axkraraErkEs  STRESS CFMTFER shossd=smtwwksaswy Mk B REY R CA Kk R QTPE €Q kA GRmRR T nh Rk wkg & vk
NO, 1.D4 CENTYER STRESS XX YY I7 L& XX - YY 27 XY -
.~ ™
_w 1 _ 1__0.0 0,5000F 00 _ G, 0O D40 Qe 0 0.0 D.5000E ON -0, 317970k 0,0 ~0.2124E-06 Lr
g 2 2 0.0 Q.5000E DO Qa0 e O 0. 0 M. 0 0.5000FE Q00 —0.10*E=OR 0,0 0,317°F-06& 3_7
_;____3__,_1_]. 0.0 0,1000£ D1 9.0 0.9 .0 0.0 =0 1000F 01 -0, 06186F-0 2.0 0. 5367E-07 >
4 12 0.0 0.1000¢ 01 0. 0 0.0 DeD N.0 =0.1C00F N1 Q.,S73I68E=-07 | 0.0 -0, 1251F-0& 4,
o ELEMENT _E=P _SUM INCREMENTA| TOTAL SURFACF wate FFEECTEWE DLASTIC STRAIMS *#x wawve FEEFCVIVE CAEFEP STRAAJNG s¥#n
N laDse CODE CONDE TEMPERATURE YEMPERATURE YIELD SI7E  TNIREMFMTAL S (M2,  FHMULATIVE TRMOF FMFMTAL M [MOR,  CTHMULATTIVE
1 1 Q -2 0,1500FE €1 0,)%00F 01 0,1000F 01 Qe B PN 2.0 0.0 N, 0.0
2 2 0 ~2 (0.1508% 01 0.15%00F O! 00,1003 0} 0.0 0 0.0 0. 0 a.n c.0
3 11 1 0.0 0.0 0410010 01 N.1040€ 8 0,1000F 01  0,1000F 03 5.0 9.7 2.0
4 12 1 0.0 . ¢.0 0,1003% 01 G.1070E N1 0. 1900E 0 0. 1G00F 01 0.0 n.0 .0

. I atyy 1



TTINCREWENT 3 (CW P

_CUMULATIVE THERMAL

LOADS AND Z-LTIADS EAR FNAR INCFEWINT 2

ELEMENT 1.1, 1 H] 11 Coz i |
_—_IEMP, 0.0 0,0 _ _ _ 0,0 0,0 - e — —
7-LOAD 0.0 0.0 0.0 00

" ITERATIVE FRROR
_ITERATIVE ERR(e

0.12500E 0t
Qelal472E OO

ITERATIVE ERROR
— ITERAYIVE FRROR

|‘ll wonou

0. 12266E-0QF%

0,99194E-06

_ — END 0F L0OAR JNCREMEMT =

INCREMENT '3 {COLD} :
_ MECHANICAL LDAD CURYF FACTORS =  0.1000F 0], 0.0

CREEP TIME INCREMENY = Q.0 . =5
o _NO, ELASTIC ELEMENTS = 2y MO, PLASTIC FLEMENTS = 2 o T
o 2 ELEMENTS HAVE CHANGED ELASTIC TN PLASTIC, 2 FLFMTMTS PLASTIC TN FLASTIC NURING THIS TN REMFNT ~
L_SPECIFIED MAX. NO. STIFFNESS LIPDATES 2y NC, UPDATES PEFELOMED = 0 - ' o . ]
“ SPECIFIEN MAX, NN. ITERATINNS PER UPDATF = 10, NN, TTERATINANG PESENRMEN STNCE LAST UPDATE = “ - “z

— SPECIFIED MAX, UNRALANCED-FORCE FRROR

0, 1000E-Q% , 4CTHA| ERFAOR = 9,3918F~-04

oy Rk ‘

— *rkktnk  CUMILATIVE INTERNAL FORCES AND NTSPLACEMENTS -
*% NODE *x xkkkkded  FORLES  kexiasxidd Ahkwxr  N]SPLAZEMEMTS ahwmps ] ;
NOo  I.D, u v y v ‘
. _ 1L __} =D.500000L€ 01 _ 0Q,268855TE-0T DaD ) L o |
2 2 -=0.4599999F 0l -0.1132491E-05 0.0 -0, T500090F 00 ’ - ]
3 . .2 0,50000Q0€ 0] -0.3404473c-05 0. 1890000 91 0, 25300:6F-Ns o
4 4 0, 4999999 (01 Q.,45L00B0E~-05 015900008 01 -D, 749399)F )
5 _ 11 De 2500003F_01 ~0,3394331F=07 0. 159009005 01 -4 17221532 F -0k :
6 12 0. 2500003E 01 0.6953815E-07 0 1600000F 01 0, 75000)2F 00
¥ _ 13 -0,2500002F 01 _0,73630R9E=-07 0,0 Qa0 o
8  1&¥ -D.2500004F 01 -D.10627496-06 0.0 0, TROACILF 00 T




e B idanditdiob ik dih il bl R A At R L T

FLASTIC STRAINS

R e L L g e e Y Y Lt ELE ]

ELEMENT %%% THEDMAL STRAING m#w dfmnkhhektRnk [N REMENT AL S #asswtnsmstehd e ErnnmwtanEnsin CUMULATIVE  BF anzame  EmmEE E Rk
NOe JoQe INCREMENTAL CUMUL AT IVE XX Yv r? Xy XX ¥y 17 XY
— 1 1 =0.15Q0FE 01 Q.0 . — - €.50006 00 -0,253CF 1) -0.2500F B0  D.243)1F-05 0,1000F 0 -0,5000% 00 -9,50C0° 00 -0.557T5F-0T
2 2 -0,1500€ 01 0.0 0.5000E 00 -042570E 00 ~047500F D0 -0.RG4IE-pT 0, 1000F 01 =0,5009F 0N -2,50005 00 0.3374FE-06
3 11 Q.0 | 0.0 Qa &1 50QE 25Q0F 20 -9 0E-06 =0,5000F GC D, ?53G9F 00 0. 2500F 00 =0u1554F=07F
4 12 0.0 0.0 C. 50008 Q0 -C.2500% 00 -0. 25008 20 0,29%F-06  «0,5000F 00 0,2500F 00 0N,2800% 0N 0.5960F=08 |
o .tt#tt#ﬁttt*#****“kﬂ**#n*itﬁ**‘ﬁ*t*tk PLASTIL STRAINS LRl ALt g b R EERE T R R EFES FE 21T DAY )
-_—-E—I:EE'E—NkT_-:‘{;qﬁ’I'_ﬁn_S_Y'IC WORK R axie WA AT N INC BEMEMT AL HRamAmERT e M RR R AL MEREATL LRt CPMULATI YD SAms et thmashkay
__NDO, JaDe INCREMENT AL  CLUMUL ATIVE XX YY 17 XY XX ¥Y 17 XY
- 1 }__0,5000F 00 0.,5C000E Q0 0.5000E Q0 -0,2500F 00 —-0.2500F 00 -N,5512F-97 D,S00DE 0O -0, 2509F 39 -2, ?SQ0F QN -0.54612F-07 |
2 -2 0,5000f 00 0.5000E 00 0, 5000F 00 -0, 2590% 00 -0.25030F N9 Q. ROL]E-NT 0, 5CONE 33 =2, 230%F 07 =0.7500F N0 D.A941F-07
-3 11l 0.0 0,10300E Q01 Q.0 0.0 D.1 Qa0 -0,1300F 01 4, +000% 99 0.5239C5 00 0.7782F=-07 |
4 12 0._0 0, 1300E 01 0.0 0y D S D 0.0 =0.1009€ 01  G.5000F G0 A.5700F 40 -0, 1550F-068 )
e BEFFIFF R G IR axAn g brhnnsk  CUMHILATIVE STRESS QUARTITIFS Féndy awskantnkeAthetns sk atRa g
ELEMENT EFFECTIVE EFFECT IVE eekphsadkohk  GTRESS CENTER  sms wamsedkuvol wkaoks REFrEpRERTEnr  CQTACCE rwapdkhk 2 kaARgEeney
Ny 1.0 CEMYER _STRESS XX Yy 7r Xy X% - YY Iz XY _
o
o 1 1_ 0.0 o 0 1000F 01 0.0 0.0 3.3 2.0 D.1009F 01 0.5£27E-06 .0 -0, 371 7E-07 E
;;o 2 2 0.0 J0.1000E 01 2.0 0,0 Qs 3 Qe 0 0., 1000 31 0.3L72E-~07 9.0 0.250 3E-06 3_
7:__3_1 0, 50 0,0 0.0 Q.0 0.0 —0s503IF N0 -0, 28RIE-07  G. 0 —0.1109F-07 o
L 12 0.0 0.5700F 00 0. 0 0.0 T D G =0.5000F 00 Q. T93E=07 0.1 0. 3074F-08 . A, {
ELEMENT E-P _ SuUM INCREMFNT AL TOTAL SURFACE zxrx CPEECTIVE PLASTIC STRAINS *wx FELEx TEEECTIVE (REEP STRATNS *xax
MO 1.De CODE CODE TEMPERATURE TEMPERATURE YIFLD SIFE  [NCEEMFNTAL SUM TMNCFP,  FRIMULATIVE THNLREMPMTS) SUM O INCP,  CUMULATIVE
1 1 1 2 =-0.15008 01 0,90 0.3000F 01 0,5000= 10  1,5000° 23  0,5000F 00 Jd.0 0.0 0,0
2 2 1 ¢ -0.1500E 01 0.0 0.1000F 01 3. 500NE D0 1.S000F 03 (3, 500CGF 00 A. 0 2 0.2
_ . 3 11 =1 =2 9.0 0, 0 0.100095 01 0, N 0.17030 o1 0,10000 91 Q.1 S, 0,0
4 12 ~1 =2 D.0 0.0 D,1000° 01 Q.0 0. 1nonr ot 53, 1000F 01 a.n .9 ’ 1.0

A

. s



_ CAmMLIL A HER’MA ap NO Z=)0a0S FNR INATR [NOREYTENT &

" INCREMENT 4 (tOT)

ELEMENT I.D, 1 2 ’ 11 R
_ _TEMP., _ 0, 1900Qf 01 C.0%000F 01 Gu0 = 0,0 _ -
1-LDABR 0.0 0.0 | 0.0 0.0

TTITERATIVE ERROR
L TERATIVE ERARQCR

d.12500E 01
0,36616E-05

ITERATIVE ERROR
__ . ITERATIVE _ERRCR

0. 141428 QO
0,14143E 09

ITERATIVE ERRCR
_ _ATERAT IVE ERROR

0. 14143E GO
0, 10874E-0%

TR LTI A U N P

_LTERATIVE ERRDR 0.17333E-05

END DF LOAD [ NCREMFENT .

___INCREMENT 4 ¢HOT) :

MECHANICAL LDAD CURVE FACTORS =  0.1000€ 0l 0.0
___CREEP TIME INCREMENT = 0,0 _—

NO. ELASTIC ELEMENTS = 2y NC. PLASTIC ELFMENTS = 2 o
i 2 _ELEMENTS HAVE CHANGED ERLASTIC TN _PLASTIC, 3 FLEMENTS PLASTIC Ty ELASTIC NURING THIS JNCREMENT Aa__
r> SPECIFIED MAX, NO. STIFFNESS UPHATES = 2, MO, UPTATES DFRINRMED = a ] =
5 _SPECIFIED MAX. NO. ITEPATINNS PER UPDATF = 10, N0, TTERATIANS BERFNRYER SINCE LAST UPDATE = 7 o

o
]
(]

SPECIFIED MAX, UNBALANCED-FDRCE ERROR = 0, 10C0F-04, AL TUAL EFFAR = Q. 1723E-0F

|
f

|

Fxdakkhk CUMGLATIVE INTEFRNA{L FNRCES AND DTS2 ATTMENTS  ## shmdxw

=% NODE *% wxxkxekkd  FORCES #kxwwmkss Ehunk DISPLALC SMENTS  Awwwms

NO, laDa u v 0] 2
1 1 -0, 2499999 0] 0,7309830%-05 T D40 0,0 ) ) )
2 2 -0.2499997F 0] -0.7490318E-05 0.9 0,999992805 (0 E—
3 2 0.2499999F §1 _0.2028175F=-05 04 25909005 N} -9, 30201 22F=-04 ,,
4 & 0u 2499997F 01 -04} E6TT49E=-05 0,2572009% 21 0,1293093E Q1
s 11 0,493999099F D)l =-0,156124%K=-0%F 0, 25000005 0 -0, 2505917E-07
-3 12 0. 4599594F 01 a2 296018E-05 N.2500000E N D, I2600%7F O

- 7 13 ~0.4999997F 0] -—0.2820906F-07 0s 9 n, 0 -

B 14 =0. 52909092 F (Ol =0.706562RE=0A 0,0 ' 0, 12500000 07 -




Aoty S b N Mk ke ok ok Rk R R kR kR E

ELARTIC STRATINS

TEAE LR M R ok N Ak R e e o a2 o i e o ot Y i o o A W

ELEMENT *%% THERMAL STRAINS #*x SRR AR TR EE [N AFMEMTA[ S rEnmhrsass b wh ko sEREmern v EAR R CHAQL AT IVE  SEawsafhe sukeindans
NOy _ 1oDe INCREMENTAL CUMULATIVE XX hid 27 XY XX YY 77 XY
—_ 1 1 0,1500F OF Q,1500€ 0! -0.5000F 00 0.2570F 00 0. 2500F 00 ~0.2?F74AF-15 0.5000F Q0 -0,2500% OO -2.25005 30 =-0.3333F-06
2 2 0.1500E 01 0.,15%00FE 01 =0.5000E 00 0.2500F 03 0.2500F 00 0.0 3. 5000F 00 -0, 2500F 00 —10,7500F 00 Q.38 74E=-06
3 11 4.0 0.0 -0.5000E 00 _Q,2500E 090 0.,25%GE 00 -0,30777-07 -0,10000 01 Q.5000F 00 Q.5000F N0 =-0.4721F-07
& 12 0.0 0.0 ~0.,5000E 00 0.2%00E 00 0.2500f 00 ~0.17926-06 =0,1040F 01 0,8009F 00  J,5000F 00 -3,1732f-05
~ EEERTRERTERRHY T TR MG TR AT G AR AN E P ASTIS STRAINS FRRASmmmdfon 4 eolm miox x KAk acd e oo & ook dok ot
ELEMENT %k PLASTIC WORK ickd Wk akhkkk  TNCREMENTA|  suksddrdpndrhhias ErrwkasLaddis UL ATIVE  wswis s ehka kv efkans
NOs 1,0, INCPEMENTAL CUMULATTVE XX YY 77 XY L4 Y 134 XY
1 l 0.0 . 0,5000F GQ 0.0 0, 0 0.0 0.0 0,5001%E 00 =0.2509F 00 =0.2500F N0 ~0.561ZE-07
2 2 0.0 0.5000€ 00 0.0 0.0 0. 0 0.0 0.5000F 00 -0.2500E 00 -0,2300E 30 0.,89%41F-07
‘3 11 0.,5000€ 00 Q.I500F Ol -Q.5000F Q0 0,2520% 00 0,2500E 00 -0, 60RE-0T7 -0,1500F 0! 0,7T500F 00 9.7500F 00  0.6173E-07
& 12 D0,5000E 00 0.1500€ 0L -0.5000€ 00 0.2500F 00 0. ?S00% 00 =0, ?943E-07 =0, 1500F Gl 0.7500F 00 0.7500F D0 —0.1844E-06
PRk kRt Rk Tk kK CUMULATIVE STRESS QUANTITIES A AT S N ok A W R kA ok ok kR K Rk !
ELEMENT = EFFECTIVE EFFECTIVE Rk dkhhakhr  STRESS CENTER  dxaskeasdasskkss whEFkukrakanakd  GTRESS  So&dbmionkndokddhonkkonk
—g—NTs  I.D. CENTER STRESS xx vy 17 XY X4 kAl 7 xy a_
~a .~ b
4 1 1 0,0 _.0D,5000E QO 0s O 0. O G. 0 0.0 0.5000F 90 ~0.A?2TRE-06 0.0 =0, 2222F-06 §W
o 2 2 0.0 0.5000E 00O 0.0 0.0 0,0 0.0 0.5000E OO0 =0.1743F=N5 0,0 0.25R83E~-06 =3
3 11 0,0 0,19000F 01} Q.0 0.0 0.0 0.0 ~0.,1000F Ol -0, 2583E-07 0.0 —0. 314 TE-O7 b
L) 12 0.0 0.1000F 01 0.0 0.0 0.0 0.0 -0, 1000f 01 0.3427F=06 .0,0 =0.1155F=-0%
ELEMENT E-F SUM INCREMENTAL TOTAL SURFALE *¥=ye CPEECTIVE PLASTIC STRAINS *== Fhtwd CFFECTIVE CREEP STRATNG ¥k
NOe JTeDe COCE CODE TEMPERATURE TEMPERATURE YIELD SIZF  INCOEMENTAL SUM INFE, CUMILATIVFE TNCF EMENT 4} SUM TNCR, CUMYLATIVE
1 1 =1 ~2 0,1500E 0] 0,1500F D01 (0,1000F 01 0.0 0. FADOF Q0 0, 50001 00 0.0 G.0 0,0
2 2 -1 -2 0.1500F CI 0.,1500E 01 0.1000F 01 0,0 0. 870itF 00 0.5090F 00 0.0 0.7 0.0
3 11 i 2 0.0 0.0 0. 10005 01 N, FONGF N0 D, 1800F N}  0.1I500F M 0.0 (L)) 0.0
& 12 1 2 0.0 0.0 0.,1000F 01 0.5000E D0 215000 g1 0. 15008 11 . Q 0.0 0,0

g S5



CUMULATIVE THERMAL | DANS AND 7-10ADS ENE L0af IMORFFEMINT 5

INCREMENT 5 (COLD)

ELEMENT 1.0. 1 2 11 12
YEMP. . 0.0 2.0 Oy C 0,0
I-L0AD 0.0 0.0 t.0 0.0

0.12500E 01 .
0. 141428 0Q

~ ITERATIVE ERRCR
_ ITERATIYE ERRCR

ITERAT IVE ERROR
___IYERATIVE ERROR

0.10623E-05
0,83051F~-08

END OF 1L OAD T NERF®®MT c

INCREMENT 5 (COLDI

MECHANICAL LOAD CURVE FACTORS = Qs I1000F 01, 0,0

CREEP TIME INCREMENT = 0,0
— ND. ELASTIC ELEMENTS = ‘2, MO, PLASTIC ELEMENTS = 2

2 FELEMENTS HAVE CHANGED ELASTIC TN PLASTIC, 7 CLEMEMTS BLASTIC TN SLASTIL DURING THIS TNERRMEMT
— SPECTFIED Max, NO. STIFFNESS UPDATES - 2y NO. UPNATES PFREFIOMED = 1]

SPECIFIFD MAX, NO, ITFRATIONS PER UPNATE = 10, NO. TTERATIONG PERENEMED SINCE |LAST UPDATF = “

SPECIFIED MAX, UNRAL ANCED-FARCE ERROR = (0,t000F-04, ACTyal fRPNR = 0, 2305E-0% R
_\D ———— —
ra
L Fxgxiokk  CUMH) ATIVE IMTERNAL FORCES AMNN DITSPLACFMENTS wkrxsxx-
~ &% NODE =*= aaxdugxedd  FORCES  w¥emkavdks Fhxrxk PSP ACTMENTS 4% dwaw

MO, 1.0, [y} ¥ ¥ A
1 1 -0, 5C00000F 0] -0.8030302E-06 0.0 3.0
2 2 —0,.4999999C 0] -0,2111097F=-0A 0.0 -0, 10307000F 01

- . .3 .2 0. 45999599 0] -0,188909%E=-05 0, ?070000F 0] -0,510AR33F=07 =

4 % D. SO00000F C1  0.2903234E-05 0.207100901F (31 =1,9909933F (N
5 1} 0. 2500004F 01 Q437212307 Cy 2000000F N1 -0, 19744L33F -7
& 12 0. 25Q00004E 01 Qa1117496E-07 G.2000201F 01 O, 1H00anE ot
7 13 -0,2500002E 0l ~0.43718776-07 0.0 N 0
a 14 =0, 25000056F 01 -0,1117336E-07 0.9 0, 100N009F O

B-FBZL['SG

=N ety 5



I e A M A R TR R Iy thoh ko o e e ok T

Fers s dech b g

Ft ASTIr STRATMS

~E g 3o

xRk mm kA ko

ELEMENT wxk THERMAL STRA[N'-; & Ak ey ke Ak kR THIOEMENT AL vt i e i Vel e W e et ok L e R ML AT Iy = FE e RERA ST S
NOy §aDo JNCREMENTAE  CUMU| ATEVE XX YY 727 iY XX Yy 77 XY
- ) 1 -0,1500E 0] 0.0 - o 5000E Q0 -0. 25005 00 -9, 8008 00 0.7NA0F-N&  0,1000F 01 =G.5000E 00 —-0,R001(E 0N —0,2731F-07
2 2 =0.15C0F 01 0,0 0.5000E 00 -0.2%905 9% —0.2500% N0 =0.°%58ear-n7 Qu IOO0F D1 -C.EN00F 0 =3, 59035 00 0.331£F=04
3 11 Q.C 0.0 CeBO0QF 00 -0,2930F 09 ~0,25008 30 =N,46537-98  =0,5079F 10 0,28007 00 0,75005 20 -0, 51966-0T
& 12 0.0 [ G.5000E Q0 -0N.2500F A0 -0.2500F 00 ML 70NAAF-0D =0.5000F 00 O,350F 00 1, 26008 10 (.3530F=07
e b ta it i 3R Rt L LR R AT 2 LT s L L e PLASTEC STRAINS Rt e Y gt R e R T E YT et
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9.3 STAINLESS STEEL HYSTERESIS LOOPS

This example is intended to aid the user in reducing cyclic test data into
a form suitable for BOPACE input. The stainless steel specimen used in
the example exhibits a pronounced variation in isotropic and kinematic
hardening as the cycling progresses, and thus provides a severe test of

the BOPACE capability for combined hardening,

The cyclic test data are shown in Figure 9.3-1 by the solid Tines.* The
plotted points and dashed lines represent the analytical results obtained
from a BOPACE run. The hysteresis loops are denoted by dash numbers,
with the first number denoting the cycle number and the second denoting

the 1st and 2nd half of the cycle.

Because of the obvious varjation in magnitude of kinematic hardening over

the test cycles, the BOPACE option for variable kinematic hardening was
employed in addition to the usual combined isotropic and kinematic hardening.
The assumed hardening curves are given in Figure 9.3-2, and the BOPACE

input data are 1isted at the end of this section., A summary of the analy-

tical results is shown in Table 9.3-1.

The étest/analysis correlation is quite good, and could be further improved
if one were willing to accept some amount of non-smoothness in the input
hardening curves of Figure 9.3-2., An exact match would require hardening

curves with discontinuous slopes at points corresponding to the strain

* The test hysteresis loops were furnished by Dr, R, H. Mallett of the

Advanced Reactor Division, Westinghouse Electric Corp.

9.3-1
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9.3 (Continued)

range used in the cyclic test. This is not justifiable in general,
because a proper test/analysis match would not result for other strain
ranges. Although the test/analysis correlation is considered to be
very satisfactory, cyclic results for other strain ranges would have

to be compared before any definite conclusions can be drawn.

9.3-2
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FIGURE 9.3-2: STAINLESS STEEL HARDENING ASSUMPTIONS
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TABLE 9.3-1: RESULTS FOR STAINLESS STEEL HARDENING

3
INCR. CYCLE  DISPLACEMENT 7KK Ox¥ |o-a] ITERATIONS
1 ¢-2 .05 0.00 8.90 11.00 1
2 0-2 2 0.70 15.33 14.64 13
3 0-2 .4 1.74 17.94 - 16.20 8
4 0-2 7 3.27 20.44 17.17 7
5 0-2 1.04 4.97 22.80 17.82 7
6 1-1 9 4.97 ~2.12 17.82 1
7 1-1 .8 3.38 -14.50 17.88 9
8 1-1 .6 D.1C -18.02 18.12 8
9 i-1 2 -2.66 -21.17 18.50 7
10 1-1 -.4 -5.95 ~25.01 15.06 7
N 1-1 -1.04 -9.48 -28.97 19.4% 7
12 1-2 -.9 -5.48 -4.05 19.49 1
13 1-2 -.8 -7.84 11.65 ©19.50 7
14 1-2 -.6 1.05 20.65 19.60 9
15 1-2 -.2 5.89 25.69 © 19.82 8
16 1-2 .4 8.59 28.70 20.11 7
17 1-2 1.04 10.83 3t.25 20.42 7
18 2-1 .9 10.83 6.33 20.42 1
19 2-1 .8 9.85 -16.57 20.42 7
20 2-1 b -2.58 -23.07 20.49 9
21 2-1 .2 -8.64 -29.31 20.67 8
22 2-1 -.4 -10.54 -31.43 20.89 7
23 2-1 =1.04 -12.34 -33.45 21.11 7
24 2-2 -.9 -12.34 -8.53 21.11 1
25 2-2 -.8 -12.06 9.05 21.11 5
26 2-2 -.6 2.28 23.43 21.15 10
27 2-2 -.2 9.10 30.38 21.27 7
28 2-2 .4 11.00 32.46 21.46 7
29 2-2 1.04 12.35 33.97 21.63 7
30 31 .9 12.35 9.06 21.63 1
31 3-1 .8 12.35 -8.74 21.63 1
32 3-1 .6 -2.80 -24.45 21.66 11
33 3-1 .2 -9.98 -31.73 21.76 8
34 3-1 -.4 -11.n -33.62 21.91 7
35 3-1 -1.04 -13.09 -35.17 22.08 7
36 3-2 -.9 -13.09 -10.25 22.08 1
37 3.2 -.8 -13.00 7.55 22.08 1
38 3-2 -.6 2.25 24,36 22.1 12
39 3-2 -.2 9.83 - 32.03 22.20 B
40 3-2 .4 11.49 33.79 22.30 7
4] 3-2 1.04 12.70 35.70 22.40 7

9.3-5
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9.4 TYPICAL ENGINE ANALYSIS

The BOPACE program has been directed toward thermo-structural analysis
of thrust chamber liners in the Space Shuttle Main Engine (SSME) and
in other scale model engines. This section describes a typical analysis

for the SSME.

Figure 9.4-1 shows a cross section of the SSME 470K thrust chamber.

For the present demonstration a generalized plane-strain analysis is
performed for a radial segment at a station 25.4 mm (1.0 inch) up-
stream of the throat. Details of this segment are given in Figure 9.4-2,
The finite element wmodel isAshown in Figure 9.4-3. Because this is a
demonstration problem and because several loading cycles aﬁe'ana1yzed,
the selected mesh is fairly crude (only about 250 degrees of freedom).
However the results appear to be quite good and indicate that a very

fine mesh may not be needed for this type of analysis.

The demonstration problem is summarized as follows.

1. Three cycles at the given station in the SSME 470K engine are

analyzed.

2. Each cycle is defined by a start transient, sustained burn and
shutdown, Sustained burn will Tast 500 seconds and shutdown 55
defined in the detaiied report of the demonstration prob1em

(Document D5-17266-3).

3. For demonstration purposes, the following are included.

9.4-1
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9.4 (Continued)
a. Creep behavior based on Boeing test data for NARLOY-Z.
b. Estimated cyclic behavior of NARLOY-Z.

c. 3Specified variation of z-strain from the inside of the liner

to the outside of the structural jacket.

d, Local tangential slip is allowed between the liner and Inconel

jacket,

A listing of the input data is included at the end of this section. In
order to avoid unnecessary duplication, the listing includes thermal

and z-load data for only the 1st increment (involving only thermal

loads) and the 5th increment {involving both thermal and imposed z-strain

loads ).

9.4-2
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FIGURE 9.4-2: THRUST CHAMBER SEGMENT FOR ANALYSIS
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MATERIAL PROPERTY DATA
— {EDN7 )

| _MATERIAL PROPERTY DATA
(INCONEL 718)

Il

2-99¢L1-50



A M

02847
D.
02847
0.
.02851

C.
« 02851

« 0194

» 0459

(LN ]

w o

(Y4

3.1

45
.98

811,
BO.T
AS. 4

313,09

22
« 956

922,
46,8
47.4
0.
33.23

1.0

33.
&2,1
103, 4

a4,
48.3

0.
1.0

294.
41.4
68,9

4T8,
3Ja, 5

T
34,5

144,
310.

a.
262,

294,

+.04837
L0038
L4837

- 00383
« 048462

.00333‘

« 04852

.00303
» Q4047

. 00395

04853

00395
04853

.001395
04853

.10
» 0011
3486
.10
.00121
0488
.10
,00133
« 049
Y

00157
[RAEA 1

. L0

+0028
.10

5%.98

» 55
.99

81.3

88.3

24,13
37,58

.52
1.0
45,3

49.0

21. 24
33.78

- 66
1

62.1
68, 2
137.9
48.3
a2.1
119.3
41.4

4. B
1.

34.5

17.9
44,1

310.

[C3.
262,

- 0683
LO0AT]
- 0682
+ 00855

07

00866
07

LO0848
.07

- Q08R3
«06AN2

«D03E3
06852

. D0RA2
06852

» 008
+ 0685

« 00413
0687

» 00425
0689

-00451
L0693

+ Q075

82.1
3.8

29,44
38,82

8l.%
162. 0

73.1
137. =

55.2
106. 2

25.5
49.6

155.

-10
.0L855
- 10
-01858

.10

«0l8%8
.10

01858
.10
2018568
.10

.01848
-10

< 0ldss
.10

00895

.10

+ Q0906
.10

0092
10

D094k
.10

L0271

56,38

a3.7
B3. 8

32.06
9.

465
43,3

29.37
34,132

35
1. 0

92.4
163. 0

B2.0
140G,

621
107.

31.
50.

224,

I

| PLASTICITY DATA
{EFCu)

| PLASTICITY DATA
(EDNi)

2-992£1~50



0. 276, .10 276.
0. Q. L0029 103. .0078 138. L0274 - 193,
0673 214, .10 214,
4 1 0 -
4 294. , -]
0. 827. .10 B27. .
0. a. 0013 138, . 0048 261, L0145 317, | PLASTICITY DATA
04kl 1R4. .10 400, (INCONEL 718)
1 2 —
0.0 0.0 20. . 00008 60, 00020 180, . 0p029 —|
600. . 00043 1200, « 00054 1800, 00084 3600, « 00075
1 644, 0
0.0 0.0 97.0 0.0 138, 6 0,0 207.0 0.0
s |__CREEP DATA
i8lL.o {NARLOY-Z)
0.0 a.a 97.0 1.0 135.0 Z.0 207.0 5,0
1 522.0
0.0 0.0 97,0 2.0 132, 0 5.0 207.0 20.0
2 2 - )
w 3600. 0.0 ]
I
& 2 922.0 | _CREEP DATA
207.0 0.0 ‘ ~ (EFCu}
3 2 —
31600, 0.0
3 922.0 | CREEP DATA
207.0 0.0 (EDNi )
4 2 :J
1600, 0.0
4 922.0 ~ | CREEP DATA
207.0 C.0 {INCONEL 718)
1 0 133.07054 0.0 1 —}—SPECTAL COCRDINATE SYSTEMS (BLANK CARD)
F4 0 133.07054 -0,15240 1 ]
3 0 133,07054 -0.30480 1
4 0 133,07054 -0,45720 1
5 0 133.07054 ~0.60%60 1
5 0 13207054 =0. 76200 1
7 0 132,07056 -0.91440 1
8 g 132, 06821 -1,07192 1
g 0 133,14674 a.0 1
10 0 133.16674 =0.15240 1

Z-99z2£1~54



6-¥76

OO0 00O eCLoOOOLOCoOUOROOY0ooROLDRCCoOYoOAoPLoORlACoLDLDROoO

13314674
133.14674
133, 14674
133.14874
133. 14674
133.14241
133,27376
133.27376
133.27376
133.27376
133,27376
133.27376
133.27376
133.25942
133.42415
133. 42615
133.42615
133. 42615

133.42615

133, 42615
13342615
133.42181
133, 60394
133, 60394
133.60394
133, 60394
133. 60394
133, 60394
133, 50394
133,59961
133, THL 74
133. 78174
123, 78174
133, 78L7%
133.78174
133, 781 T4
133, 78174
133.78174
133, 77737
123,88336
123,93416
133.93416
133,93416
133. 92979
134,0R655
134,08655
134, 08655
134.08218
134, 34055
134, 34055
134. 34055
136, 33618
134,59456
1344 59456
134,59456
134.59016
134, 84854
134,84854
134, B54864
134. 84415

-0.30480
-0.45T20
=0 6Q%60
-0. 76200
=Q0. 91440
-1, 07254
0.0
~0+ 15240
=04 30480
-0.45720
-0, 0960
-0.76200
-0, 91440
=1, 07358
0.0
-0. 15240
-4 30480
-0, 45720
-0. 60960
~0.76200
-0, 91440
~1.07479
0. O
-0s 15240
=0.30480

=0 45720 °

-0 60960
-0. 76200
=0. 91440
-1.07622
0. G
=-0.15240
-0.30480
=0. 40540
-0.50800
=-0. 60960
~0. 16200
=0.91440
~1. Q7745
-0. 50800
-0, 63500
-0. TG200
-0.91440
-1. 07388
-0. 50800
=-0. 68580
-0. 86350
~-1.08011
-0, 50800
=0, &A5H0
-0. B6360
-1, 08215
-0, 50800
-0. 683580
=0, 86360
-1.08420
~0. 50900
-0, 68580
-0. B&3460
-1.08624

Pt g et g et bl gt e Rt g e b b Bt g A e i Bk e e E s P ot pek e i bt gt et b e b et B e pet e e et B R b [ s P s gl e a et gt ped e b e

——NODE DEFINITIONS

29921790



l-#°6

T
12
73
14
75
16
T7
7A
79
B0
81
82
83
34
85
a6
87
a8
89
90
91
22
93
94
95
96
97
93
a9
100
i01
102
103
104
105
106
1a7
108
109
110
L
210
Z211
112
113
114
115
116
117
118
119
120
121

123
124

—

[« RoR=NeReNel=N=N-JoR-Rs=Nol~N-oRol=Ne R - RN T RFelo Nl Rol- N E=F =R =N Rl RNl =N R WYY e N e N W R W= N e

ot b

135, 10254
135, 10254
135.10254
135, 09816
135, 35455
135. 35555
135, 35455
135.3521%
135,61055
135, 81055
135.561055
135, 60614
135.,86456
135. 84456
135, B6456
135.860Q15
136, 11855
136.,11855

136, 11R55 "

136, 11411
136.42334
1364 42334
136. 42334
136, 42334
136, 42334
136, 423234
136, 41891
136.55024
136.5%034
1364 55034
136.55034
136. 559034
136, 55034
136,54591
136. BRAOSS
136.88055
135, AR0SS
136. 87610
137.145533
137.18533
137,18532
137.18533
137.18532
137.180RB
13161714
137, 61714
137.61266
138, D489%
138,04895
138, 04445
138, 91255
138.90805
139. 77614
139.77159
140. 69055
140. 6B59T

-0, 50800
-0, 68580
~0, 86360
-1.08829
-0, 50800
-0,68580
-0. 86360
-1.09034
-0. 50800
-0, 6B5A0
~0.B6360
-1.09238
-0 50800
-0, 685840
~0, 86360
-1.09443
-0. 50800
~-{s GB53D
=0, 86360
=1. 09648
0.0
-0.17T780
-04 36560
-0.50800
-0, 68580

=0.,86360 -

=1.09893
0. 0
~0.17780
-0 35560
-0.50800
—0. 68580
=0. 86360
=1.0%995
0.0
=0, 35560
~0. 68580
-1. 10261
2.0
=0 35560
=0, 68580
~0.35%60
~0. 68580
~1.10607
2.0
=-0.55%480
-1.10855%
0.0
-0.,55880
-1.11203
0.Q
=l.11998
0.0
=1. 12594
Q.0
-1.13330

2 10
3 11
4 iz

P gt g gl e e s gt e e e e e s e e s g e el e fell S s PR el et B el et e g bt i e gl e e S S i e P el s Bt e P e g e s e

L N —
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Ll-§6

IR N R

10

12
13
1
15
16
17
18
19
20
21
22
23
24
25
28
2T
28
29
30
31
32
33
34
35
36
T
AR
39
40

42
42
44
45
46
47
48
49
5C
51
52
53
54
55
56
57
5R
"9
&0
Al
42
62

e i il T R e el E el e el Tl N N N e

-~ o P

10

12
13
14
15
16
10
11
12
13
1%
15
16
17
15
19
20
21
22
23
17

19
24
21
22
23
24
27
28
29
30
31
32
26
27
28
29
30
31
32
33
34
35
36
37
kL
39
33
A4
44
“5
37
38
39

2-992¢1-40



21-t°6

109
110
111
112
113
114
115
tlé
117
118
119
120
121
122
123

P g g e et et et b e A P e P ey e S e P e e s e e et Pl e et el Bt Rt e B b b R e gt P g et e fes e ek e g b el g ek

42
43
44
36
45
47
58

44
&6
51
48
49
50
51
52
53
51
564
57
53
51
52
53
55
56
57
60
sl
52
60
61
62
&3
64
£5
63
&4
65
69
69
70
&8
69
10
T
72
73
71
72
73
76
77T
78
76
77
78
79
80
a1

~—=~ELEMENT DEFINITIONS

2-992L1-50,



El-t'e

124
125
126
127
128
129
130
131
132
133
134
135
138
137
138
139
140
14t
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
151
162
163
164
165
166
167
148
159
170
171
172
173
174
175
176
177
178
179
180
191
182
183

S PP PrS LR, PR W LWL WP W W WM R RIF R R T R N R R P s e e e e et e B e e

-}
81
82
a3
84
a5
ar
%]
ag
A4
RS
Aé
L]
rg
90
94
95
96
98
G9
100
101
102
103
92
93
94
95
9&
R
108
100
108
102
107
104
106
107
148
106
107
109
109
110
111
113
210
112
114
115
114
115
t1s6
17
ile
118
120
120
121
122

84
85
86
79
80
A1
a3
84
as
88
A9
20
95
96
97

B8
BS
91
92
33
4
98
96
a9

100 -

101
102
103
104

98
136
100
107
102
108
105
106
107
110
111

112

105
106
107
109
111
115
113
114
117
118
113
11s
116
120
119
122
1149
124

z-997¢1-50



Pl-r'6

184

17
25
33
41

k4l
105
109
L13
116
119
121
122

1é
24
12
40
49
54
58
62
66
TO
T4
T8
82
B6
90
7
104
108
112
115
il8
120
122

fe IR A VR R PR U L

o

B PN R P R R P R0 N R P I Rg R IR DI R P ro I R R RS R R R PO RS R R R R R g Ry

O e e R

B R e e

-1
-9
-11
-5
-33
-41
-98
-105
-109
-113
-116
-119
~121
~-123
-8
-16
- 24
-32
-40
-49
=54
-58
-62
- 48
-70
-4
-18
-82
-86
-0
-57
~104
-108
-112
-115
~118
-120
-122
-l124

0762
1524
. 1524
21524
<1524
.152¢4
+ 1524
» 0762

~. 0762
~. 15324
-. 127

-. 1016
-.05808
~-0504%
- 1524

121

124

CONSTRAINED DEGREES
OF FREEDOM

| L

| _MECHANICAL LOAD REFERENCE
VECTORS

2-992£1-50



G1-¢°6

55
59
63
&t
71
75
19
83
87
94
LY
93
92
91

2 -.22856
2 —. 254
2 =~.25%
2 ~.254
2 =. 2%
2 —~.254
2 ~.254
2 ~.254
2 -.27%4
1 .0762
2 =.1574
1 .1651
1 .L778
1 .0889
20
«31 1.
.31 1.
] 1.38
1.49 4.83
2.13 6. 89
2.98 9.65
4.15 13, 44
5.32 17.23
6460 21,37
B. 31 26. B9
10.01 32.41
11.93 38.561
12. 11 4}.13
12.71 41.13
12.TL 41.13
12,71 41.13
12.71 4l.13
12. 71 41,13
12.71 41,13
12. 11 41.13
Qe 400 Q% Sk ke ol ok $0K 20 ko SOR ok X
1 257.65 2
5 257.61 b
9 257, 40 10
13 257T.32 1a
17 256,48 " 1n
21 255,64 22
25 256.17 28
2% 255. 43 ig
33 255.07 34
37 254, AR 3a
L3 254,41 4“2
%5 253,67 4t
49 252.96 50
53 252.73 54
a7 2524 20 58
41 250.91 &2
[-}-1 251.30 aé
4G 240,584 70
73 248,309 T4
77 247. 256 78
al 2%5.36 a7
a5 244,16 B
B9 262.97 90

257. 68
257,62
257.39
257 .45
256, 64
254, 34
256.13
2595. 314
254,98
254, 18
254,27
253. 44
253. 30
252.52
251.78
250. 7R
250.93
249.92
247.87
267,26
245 . 46
2a4.ThH
243,31

3

T
11
15
19
23
27
3t
35
39
43
&7
51
55
59
63
6T
k3!
75
19
A3
et
a

257. 54
257.76
257,36
256,15
256.60
256.29
256.04
255.213
2h4.86
P54, 64
254,090
253,30
753.09
252,32
251.51
2h0.51
250.46
249,78
248.27
247,32
245.62
244,81
241,49

L

8
12
16
20
24
2B
32
36
40
44
48
52
54
50
54
6
72
16
RO
B4
AR
92

m****u*tag:**x***t***tm**m***ut*&mtt&*#tx*m**¢m§:

257.63
257.40
2587.3213
2586. 71
256,57
25%6.21
256.13
255.15%
754.97
264 .52
263,71
253,08
252 .94
252,13
251,18
252.00
?50.00
268,42
Z47.949
247.15
245.68
242,53
242 ,04

LI

REMENTAL MECHANICAL LOCAD
DATA {20 INCREMENTS)

Z-99zL1-9d



al-¥'6

93

7
101
108
109
113
117
121
125
129
133
137
141
145
149
153
157
161
165
159
173
177
181

242,38
239,76
Z3R.18
237.75
?35.62
234,93
234,87
233.22
232,87
232.49
231, 79
231,60
231.61
230,97
230,42
231,51
230.97
230.83

231.09°

230.55
23C. 86
230.82
230.81

310. 94
310,76
309.27
308,92
304. 66
304, T5
301.50
2946, 28
294,50
292,76
2930.53
284.98
2A1. 646
279,40
274.39
268. 80
268.62
262, 65
253.26
246. 89
235,24
229,41
222.18
218.93
201, 34
195.30
193, 84
182.3%
179.02
177.80
1T0.43
164.52
167,95
163.57

94

98
Ly?
106
119
1t4
118
122
126
130
13«
138
L42
146
150
154
158
162
166
170
174
178
182

2

-]
10
14
18
22
26
30
34
38
42
46
50
54
58

T

66
70
T4
78
8z
R&
90
94
28

102

1086

110

114

118

127

125

130

134

?39.47
235,51
23A .42
234,03
235.99
235. 11
233.47

233,43

237.97

231.92

231.92
231.93
229.856
2131.27
230.73
230.08
231.12
231,17
230,48
230.30
230. 719
230. 80
230.81

310,97
310.79
309, 24
309, 83
304, 48
3Q02.26
301,28
295.958
294. 01
292.20
289, 34
263,78
281,98
278.5%3
2712.10
26R. 17
256,82
262.98
250. 14
247.07
234,39
232.32
224, 44
204 . 44
203,55
197. 42
184.34
183, 36
180 .78
171.54
171. 54
169,34
164,14
164.19

S5

99
103
107
111
115
119
123
127
121
135
139
143
147
151
155
159
163
167
171
175
179
183

3
7
11
15
19
23
27
1
15
39
43
47
51
55
59
63
£7T
T
15
Te
B3
87
91
a5
Qg
103
107
1
115
119
123
127
131
135

240,37
236,88
237,12
236,40
236.09
234,19
233.76
233.58
232,30
232,19
232.24
231.17
230.27
231.47
2131.498
?30.48
231.39
230.54
230.76
2130.945
230.84
230. 272
230.81

310.91
311.74
in9.11
304.99
304,26
302.0?2
300.92
295.39
292,55
291.T0
286.61
293.39
280,91
277.59
2I0.91
2h6.R5
Z2hEL.TH
262.39
252,16
247,70
237.54
232.92
213,04
Z07T. TR
2056.37
1892.R7
186.560
1as.1%
175,05
172,17
172,38
145,91
146, 0F
145,90

af
100
10%
108
112
1te
120
124
128
137
134
140
144
14R
152
156
160
164
168
172
176
180
184

4
B
12
16
20
24
28
12
35
3]
46
48
52
56
A0
b4
23]
T2
76
an
Bé&
a8
G2
Gh
100
104
108
112
116
120
124
I2R
132
134

240.64
737,85
237T.%%
?35.60
234,58
234450
233.91
232.63
232455
232.24
231 .44
231 .44
230.561
230.04
231.30
230.70
230.314
230.84
230.96
230,75
230.78
23G. 81
230.81

ELEMENT
——TEMPERATURES
1ST INCREMENT

310.84 |
309.31
108,986
3064.90
30414
101.70
101.54
295,03
703,17
291.10
285,02
282,28
2R0.27
276,66
269,71
27261
261,09
255,05
251,79
246.91
238.21
212.08
216.93
208.55
193,82
132.50
187.80
177.59
1LTe.RT
174.01
167.51
147.23
165,79
161.93

) —ELEMENT Z-STRAINS (15T INCREMENT)

2+ 0000* sk dkR Sk i ok ok g dook i ok o ok deoadeok ook ek Bk s s ook dfeote e g okl ok ok ok koW kol ek otk ok Aok kol

| _ FLEMENT TEMPERATURES
{5TH INCREMENT)

2-99241-50



LL-%'6

137
141
148
149
153
157
16l
168
16%
172
177
181

12
17
21
25
2%
33
37
41
45
49
53
57
61
a5
69
73
77
81
85
89
93

101
105
109
113
117
121
125
129
1332
137
141
145
149
153
157
161
168
169
173
177
181

162, 6
162.75
156,489
157.14
162.26
155, 70
159,07
160, 29
198,28
155,24
159,04
159,00

-Q,000077
=-0.400077
-1.000077
=0,00Q077
-G, 000078

-0.000078 "

=0.00007%
=-G. 000080
-0,000080
-0.0040080
=-0,000080
-0, 000081
-0.,000082
~0.000083
~-0.000083
=-0,0040085
=0.00008¢
-0.000085
-0.000035
~0, 000085
~0,000087
-0.000087
-C.0000RY
-0.000039
-0.000092
~1. 000074
~0.000095
-0.000097
-0. 000099
-3.0001G0
-0.000102
=1, 000104
~0.000105
=-0.0001408
-G. DO01D9
-0.000110
=-0.,000112
~0,000112
-0.000112
~0.000114
-0.000113
-0.,000117
=0.0a0121
-0.000172
-0.000125
=0.033139

13s
142
146
150
154
158
162
166
170
LT
178
182

10
14
18
2z
26
30
34
aa
42
%8
50
S
58
62
-7:3
Y
Té
78
B2
Bé&
20
4
9B
102
106
110

114

il1s8
122
125
130
134
138
142
148
150
[54
158
162
L4e
170
17
17R
182

164.29
154.66
161,13
158, 58
155.49
160, 41
160,57
157. 49
158,95
158.91
"15B.93
153.99

=0, 000077
-0.000077
=0, 0Q007T
-0.000077
-0.000078
-0.000L79
=0.000078
~ 0. 000040
=0.000080
-G. 200080
-0.000080
=0.000082
~0. 000032
=0.0000%23
-0,000083
=0.000095
-0.000034%
~ 0. 0000Aas
~-0.0000495
~{0. 000036
=0.000Q097
~0.000087
~-0. 000088
~=0.0004091
~0.000092
=-0.000094
~3.0003%6
~ 0. 00097
~0.0004999
~J. 000102
~0.000102
~0.000104
-0. 000107
-0.000108
-0. 000110
~0.000112
~0. 000112
-0. 000112
~0. 003114
=3. 000113
-2.000116
-0.000118
=0.000121
~0.300125
~G. 000131
~0.00014%2

139
143
147
151
155
159
153
167
171
175
179
183

3
N
11
15
19
23
27
21
a5
39
43
47
51
55
5%
63
67
mn
75
79
83
87
51
9%
99
103
107
111
115
ite
123
127
131
125
139
143
147
151
155
1549
1£13
167
17t
175
179
183

1450.65
L56. 47
152.08
150,22
157,47
151,48
157.77
1%8.78
15%. 65
159,15
159,08
159.006

-N. 000077
-0.000077
-0.030077
-0.000078
-0.00007A
=0.000079
-0,.000074
~0.000080
~0.000079
=0.000080
-0.0000A1
-.0006082
=3.000082
=0.000083
-0.000084
=-0.0000RS
=0.00D0A%
-0. 000085
-0.000085
-3.000086
-0.000097
-0.0009R7
-0.,0000G89
=0.000091
=0.,000092
=0.000095
=0.000095
-0.000097
=-0,000100
=0.000102
~0.000102
-0.0030108
- 00107
-0.00019%
~0.000111
=0,000112
=0.000112
=0d.000112
=0.000114
=0.000113
-3.000117
~0.,00011%
-0.0001210
-0.000125%
=0.000130
-0.000148

120
144
148
152
156
180
164
168
172
176
1RO
184

161.88
159,01
155,46
1&l.24
159,48
157.03
159,13
1H9.T0
158.73
158,84
155,99
t%%.00
-

~0.00007T |
-0.000017
-0.000077
-0 000078
-0.700078
-0.000079
-0. 000078
~0,000080
-0, A0D0%0
-0.000080
-0, 000081
-0.000082
~0,000043
-0, 000083
-0.000085
-0, 000NAS
-0.0000R5
-0.000085
-0.0000B%
-0.,000085
-0, D00DAb
-0.000089
-0. 000089
-0. 000091
-3.00009¢
-0.000085
-0.000096
-0, 300099
-0. 000100
~0. 000102
-0, 000104
-0.800105
~0. 000107
-0, 001049
-0.000111
-0, 000112
-0.300112
-0.000112
-0, 000116
-0,000115
-0. 100117
-0.000118
-0.000122
-0, 000126
-0.000133
-0, 00015 1

[——ELEMENT Z-STRAINS (5TH INCREMENT}

NOTE:- THERMAL AND Z-DIRECTION LOAD
+ DATA SHOWN FOR 1ST AND 5TH
INCREMENTS ONLY. COMPLETE
SET OF DATA WOULD INCLUDE
THERMAL AND Z-DIRECTION LOAD
DATA FOR Z0 TNCREMENTS.

2-99241-50
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A.0 INPUTB INTERPOLATION AND DATA GENERATION

Purpose - The program INPUTB was developed to serve as an interface
between thermal analyzers such as BETA (Boeing Engineering Thermal
Analyzer} and BOPACE. For the BETA program the structure is modeled

as a network of lumped masses which in general do not correspond to the
finite element nodes required for BOPACE. To expedite and automate
preparation of thermal input data for BOPACE, INPUTB operates on the
output from BETA to produce element temperatures for input to BOPACE.
The generatioﬁ of thermal data for BOPACE is shown schematically in
Figure A.0-1. Note that the BETA thermal analyzer can be replaced by

any other thermal analyzer (e.g., SINDA, NASTRAN).

However, INPUTB is of a general nature, and it can be used equally well
for interpolation and data generation of the user-prescribed element z-
direction loads. The INPUTB program will be discussed here in terms of
temperature interpolation, but its use in interpolating other quantities

should be obvious.

Method - If temperatures are given as functions of time for some two-
dimensional mesh of points, then the temperature at any other point and

time can be determined by a spatial and temporal interpolation.

The time variations of temperature are computed by a simple linear inter-
polation, while the spatial variations are treated with an area weighting

process equivalent to linear interpolation.
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FIGURE A.0-2: SPATIAL INTERPOLATION

DECK SETUP

FINITE ELEMENT NODAL DATA

FIGURE A.0-3: INPUTB DECK SETUP
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A.0 (Continued)

For the spatial interpolation, refer to Figure A.0-2. Assume that the
temperature is to be computed at point A, Temperatures at all other

points are known. INPUTB logic proceeds as follows.

(1) Find point 1, the point closest to A.

(2) Locate point 2 as the next closest point such that the angle
between lines A-1 and A-2 is greater than 90°.

(3) Locate point 3 as the next closest point such that point A is
within the triangle 1-2-3.

{4) The temperatufe at point A is determined from a weighting of

the temperatures at points 1,2,3 according to areas Al, A2, A3,

i.e.,
) 1
To = (AETA2TA3Y  (ATATHAZRT+A3*T,)

(5) Special cases may arise where no triangle can be found according to

the above procedure. These special cases have been accounted for,

summary of INPUTB Data - A hictoria] of the INPUTB input deck is shown

in Figure A,0-3. The following is a 1isting of the input data by item

(Formats are consistent with FORTRAN IV conventions).

1. Finite Element Nodal Data (BOPACE Format)
e For Each Node: Node I.D.

[.D. of Coordinate System {0-Rectangular,
1-Polar)
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A0 {(Continued)

Nodal Coordinates (X,Y or R,ge)
I.D. of Displacement System (0-Rectangular,
1-Potar)

(215,2F10.0,15)

# Blank Card after Last Node

2. Finite Element Definitions (BOPACE Format)
e Ffor Eaéh Element: Element I.D.
Material Number
Thickness
3 Node Numbers (CCW Order)
(215,F10.0,315)

3. Thermal Node Coordinates
¢ For Each Thermal Node: Node I.D., ICOORD, X(R}, Y(8)
ICOORD = 0 -Rectangular Coordinates
ICOORD = 1 -R,0 Coordinates
Up to 2 Nodes per Cﬁrd
2(215,2F10.0)
o Blank Card After Last Thermal Node

4, Thermal Node Temperatures vs. Time

o Number of Times, Default Temperature (I10,F10.0)

A-5
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{Continued)

o Time (F10.0)

# For Each Thermal Node: Node Number, Temperature
Up to 4 Nodes Per Card 4(110,F10.0)

e Blank Card after Last Node

Repeat for each time up to number of times.

For first time, default temperature will be assigned to
unspecified nodes. For succeeding times, unspecified nodes will

take on value at previous time.

5. Selected Times

For each time (BOPACE Time) at which Element Temperatures are to be

Computed:

Note:

Time, ISTOP (F10.0, I110)

" Note: ISTOP = O,Vexcept on card following last time card

set ISTOP = 9,

Max Input Times = 20
Max Number of BOPACE Times = 12
Max Number of Thermal Nodes = 300 (Max I.D. = 2000)

Max Finite Element Nodes = 500 (Max 1.D. = 2000)
Max Number of Finite Elements = 800 {Max I.D. = 3000)

A-6
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A.0 {Continued)
Output Data - Element Numbers and Temperatures are punched for each of
the selected BOPACE times specified in the input as follows.

o Time (F10.4,70(LH*))

e Element Number, E‘] ement Temperature 4(I10,F10.2)

A-7



