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Preface

This report presents the methodology for evaluating fiight readiness developed by
the Jet Propulsion Laboratory (JPL) under NASA RTOP 553-02-01 sponsored by the
Office of Space Flight (OSF), NASA Headquarters. This methodology was developed
as a part of the Certification Process Assessment task initiated by OSF due to concern
about criteria for certifying flight readiness of the Space Shuttle propulsion system.

An early phase of this work included an extensive review of certification and failure
risk assessment approaches used by the aerospace industry and government
agencies. Based on the findings of this review, further work was focused on defining,
developing, and demonstrating an improved technical approach for failure risk
assessment that can incorporate information from both test experience and engineer-
ing analysis to obtain a quantitative failure risk estimate. This approach, called
Probabilistic Failure Assessment (PFA), is of particular value when information
relevant to failure prediction, including test experience and knowledge of parameters
used in engineering analyses of failure phenomena, is expensive or difficult to acquire.
Under such constraints, a quantitative evaluation of failure risk based on the informa-
tion available from both engineering analysis and operating experience is needed to
make effective risk management decisions and utilize financial resources efficiently.

The PFA methodology is applicable to failure modes that can be characterized by
analytical or empirical modeling of failure phenomena and is especially useful when
models or information used in analysis are uncertain or approximate. PFA can be
applied at any time in the design, development, or operational phases of a program
to quantitatively estimate failure risk based on the information available at the time of
the risk assessment and can be used to evaluate and rank alternative measures to
control risk, thereby enabling the more effective allocation of limited financial
resources.

The work documented in this report was carried out by a multidisciplinary team of
JPL technical personnel, which was managed by N. R. Moore. This team was
composed of individuals with expertise in statistics, systems modeling, and engineer-
ing analysis. D. H. Ebbeler formulated and structured the statistical methodology and
directed its implementation. L. E. Newlin formulated and implemented probabilistic
engineering models and implemented the statistical methodology. S. Sutharshana

1 See [3] of Section 1.0 references.



formulated probabilistic engineering analysis methods and models. M. Creager2
made major contributions to defining and formulating the probabilistic modeling
approach and engineering analysis procedures used in this work. Present or former
JPL personnel who made substantial contributions in early phases of this work include
D. L. Schwartz, W. E. Edmiston, and L. J. Grondalski. D. Goode and J. Ramsay
typeset the manuscript, including graphics, using computerized desktop publishing
methods, and E. Reinig edited the manuscript.

in developing the PFA methodology, the JPL team interacted with aerospace
system manufacturers, the Marshall Space Flight Center, and the Lewis Research
Center. Individuals of these organizations generously shared information and spent
significant amounts of time with the JPL team. In particular, Rocketdyne, Canoga
Park, California, and Pratt & Whitney, West Paim Beach, Florida, collaborated in
performing the application examples given herein. In addition, technical comments
on certification approaches and failure modeling were provided by the above-listed
organizations and by General Electric, Cincinnati, Ohio; the Federal Aviation Ad-
ministration; and the Wright-Patterson Air Force Base.

The PFA methodology, examples of its application to spaceflight components, and
computer software used to implement PFA are documented in the three volumes of
this report. Volume | documents the PFA methodology and the application examples,
including the rationale for PFA and the analysis procedures used in the examples.
Volume |l contains user's guides and flowcharts for the computer software used to
implement PFA in the application examples. Volume lil presents the structure and
listings of the computer programs.

2 Currently of Structural Integrity Engineering, Chatsworth, CA.
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Abstract

An improved methodology for quantitatively evaluating failure risk of spaceflight
systems to assess flight readiness and identify risk control measures is presented.
This methodology, called Probabilistic Failure Assessment (PFA), combines operating
~ experience from tests and fiights with engineering analysis to estimate failure risk.
The PFA methodology is of particular value when information on which to base an
assessment of failure risk, including test experience and knowledge of parameters
used in engineering analyses of failure phenomena, is expensive or difficult to acquire.

The PFA methodology is a prescribed statistical structure in which engineering
analysis models that characterize failure phenomena are used conjointly with uncer-
tainties about analysis parameters and/or modeling accuracy to estimate failure
probability distributions for specific failure modes. These distributions can then be
modified, by means of statistical procedures of the PFA methodology, to reflect any
test or flight experience. Conventional engineering analysis models currently
employed for design or failure prediction are used in this methodology.

The PFA methodology can be applied at any time in the design, development, or
operational phases of a program to quantitatively estimate failure risk based on the
information available at the time failure risk is assessed. Sensitivity analyses con-
ducted as a part of PFA can be used to evaluate and rank such alternative measures
to control risk as design changes, testing, or inspections, thereby enabling limited
program resources to be allocated more effectively.

PFA is generally applicable to failure modes that can be characterized by analytical
or empirical models of failure phenomena and is especially useful when models or
information used in analysis are uncertain or approximate. Such failure modes
include, but are not limited to, fatigue, flaw propagation, rupture, degradation and
wear, and malfunction of mechanical or electrical systems.

It is often not feasible to acquire enough test experience to establish high reliability
at high confidence for spaceflight systems. Moreover, the results of conventionally
performed engineering analyses of failure modes can be subject to serious
misinterpretation when uncertain or approximate information is used to establish
analysis parameters and calibrate the accuracy of analysis models. Under these
conditions, a quantitative evaluation of failure risk based on the information available
from both test or flight experience and engineering analysis is needed to make
effective risk management decisions.
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This report describes the PFA methodology and presents examples of its applica-
tion. Conventional approaches to failure risk evaluation for spaceflight systems are
discussed, and the rationale for the approach taken in the PFA methodology is
presented. The statistical methods, engineering models, and computer software
used in fatigue failure mode applications are thoroughly documented.
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Section 4.1
Materials Characterization Software

4.1.1 Introduction

This section presents a description of the computer program which implements the
materials characterization model discussed in Section 2.1.2. MATCHR, the code for
simulating the cyclic fatigue behavior of a material, is described here. This code
contains both the stress and strain formulations of the materials characterization
model in a stand-alone form." Its purpose is to facilitate the characterization of a
materials data set for a component before performing the probabilistic failure model-
ing. The overall layout of the program is described using a master flowchart that refers
to other flowcharts which describe the subprograms in greater detail. The random
variate generators are described in Section 4.4. The relevant user’s guide for running
this code is given in Section 6.3, and alist of subprograms, a definition of key variables,
and the complete source listing are given in Section 7.3. A glossary of standard
flowchart symbols is given for the reader’s benefit in Appendix 5.A.

4.1.2 MATCHR Program

The materials characterization model is implemented as the FORTRAN program
MATCHR. The flowchart for the MATCHR program is given in Figure 4-1. The program
starts by opening the following input and output files:

NAME TYPE ___|CONTENTS

SPECFD Input Simulation parameters and specific material data
SPECFO Output Input data echo

DUMP Output Results of simulation

IOUTPR Output Run information and intermediate calculations

The simulation parameters which specify the run options are read from the SPECFD
file. An echo of these parameters is written to IOUTPR. The required number of trials
is set according to the type of variation specified. If the truncated Normal variation
and its corresponding empirical median curve are specified, then the number of
MATCHR iterations can be set to 2000; for all other cases only one MATCHR iteration
is needed. The formulation of the materials characterization model is then determined.

1 The materials characterization models contained within the Probabilistic Failure
Models are subsets of MATCHR.

2 The value of 2000 is more than adequate for a simulation size of 200,000 trials to obtain
an accurate median value of the materials curve shape parameter. This value can be
considerably smaller, depending on the accuracy desired for that median value.

gigg‘.ﬁ/._\, IRTERTIIN 5 E 55 4-3
PREGEDMNG PAGE PLARK NOT FEMED



OPEN FILES
SPECFD AND SPECFO

l

INPUT
RUN OPTIONS

EMPIRICAL

YES
MEDIAN
?
NO
NTRIAL =1 NTRIAL = 2000
L |
STRESS OR STRAIN

STRAIN
?

STRESS

INPUT STRESS

1

INFAGG

INFORMATION AGGREGATION
(See Section 4.1.3)

Figure 4-1 Main Flowchart for the Materials Characterization

Model Program MATCHR




Y

DON—1

TONTRIALBY 1 ~

PAREST

PARAMETER ESTIMATION
(See Section 4.1.5)

PROCESS
VARIATION
?

NO

OBTAIN LOGNORMAL Z VALUE
NORMGN

SELECT NORMAL VARIATE
(See Section 4.4.3)

WEIBGN

SELECT ¢ VALUE
(See Section 4.4.6)

|
®

Figure 4-1 Main Flowchart for the Materials Characterization

Model Program MATCHR (Cont'd)



NO

YES
KOMO

CALCULATE m, & K,
(See Section 4.1.6)

L
-

GTUFE

CALCULATE UIFE
(See Section 4.1.8)

]

EMPIRICAL
MEDIAN
?

SORTM

SORT m's FOR EACH REGION
(See Section 4.1.10)

L
EXPCTD

CALCULATE PARAMETER VALUES FOR
EMPIRICAL MEDIAN S/N CURVE
(See Section 4.1.3.12)

N

Figure 4-1 Main Flowchart for the Materials Characterization
Model Program MATCHR (Cont'd)



@
[ ]

DECOMP

STRAIN DECOMPOSITION
INFORMATION AGGREGATION

(See Section 4.1.4)

I
Do — 1

TO NTRIAL BY 1/

I

PAREST

PARAMETER ESTIMATION
FOR PLASTIC COMPONENTS
(See Section 4.1.5)

i

ADJSTM

ENSURE mp < mg  AFTER
SELECTION OF m,
(See Section 4.1.7)

1

PAREST

PARAMETER ESTIMATION
FOR ELASTIC COMPONENTS
(See Section 4.1.5)

®

Figure 4-1 Main Flowchart for the Materials Characterization

Model Program MATCHR (Cont'd)




?

CALCULATE B,
I

WEIBGN

SELECT ¢ VALUE
(See Section 4.4.6)

PROCESS
VARIATION
?

OBTAIN LOGNORMAL Z VALUE

NORMGN

SELECT NORMAL VARIATE
(See Section 4.4.3)

I
—

GTUF2

SOLVE FOR UFE
(See Section 4.1.9)

|

EMPIRICAL
MEDIAN
?

Figure 4-1 Main Flowchart for the Materials Characterization

Model Program MATCHR (Cont'd)

4-8



SORTM

SORT my's AND m,'s
(See Section 4.1.10)

EXPCTD

CALCULATE EMPIRICAL
MEDIAN S/N CURVE
FOR PLASTIC COMPONENTS
(See Section 4.1.3.12)

EXPCTD

CALCULATE EMPIRICAL
MEDIAN S/N CURVE
FOR ELASTIC COMPONENTS

(See Section 4.1.3.12)

{ sTOP )

Figure 4-1 Main Flowchart for the Materials Characterization
Model Program MATCHR (Cont'd)



4.1.2.1 Stress Formulation

The stress/life characterization of fatigue failure of materials begins by reading the
value of stress for which a fatigue life is desired. The material data input and
information aggregation calculations are performed by subprogram INFAGG
described in Section 4.1.3.3 INFAGG also calculates the median S/N curve when
Uniform variation of the shape parameters is specified.

A DO loop is required to obtain a median S/N curve when truncated Normal variation
of the shape parameters is specified. The PAREST routine controls the calculations
for estimating the parameters for the S/N model. Routine PAREST is described in
Section 4.1.5.* Materials process variation can be included by calling the NORMGN
routine and then transforming the resulting Normal variate to the Lognormal variate
Z in Equation 2-48. A call to WEIBGN provides materials intrinsic variability ¢. The
random variate routines NORMGN and WEIBGN are described in Sections 4.4.3 and
4.4.6.

When all the S/N model parameters have been selected for the reg;ons with S/N
data, the S/N curve can be tied to a tensile point S, by routine KOMO.” The value of
stress read from file SPECFD earlier is used by subprogram GTLIFE to calculate a
fatigue life using the randomly selected S/N curve. Subprograms KOMO and GTLIFE
are described in Sections 4.1.6 and 4.1.8.

if the truncated Normal distribution was used for the materials shape Earameter m,
the empirical median S/N curve will be calculated upon user request.” The routine
SORTM is called to sort the values of m and the routine EXPCTD calculates the median
S/N curve. Sections 4.1.10 and 4.1.3.12 describe the routines SORTM and EXPCTD.

4.1.2.2 Strain Formulation

The strain/life characterization of fatigue failure of materials begins by reading the
value of strain for which -a fatigue life is desired. The material data input, strain
decomposition and information aggregation calculations are performed by sub-
program DECOMP described in Section 4.1.4.3 DECOMP also calculates the median
S/N curve when Uniform variation of the shape parameters is specified.

A DO loop is required to obtain a median S/N curve when truncated Normal variation
of the shape parameters is specified. The PAREST routine controls the calculations

The information aggregation calculations are discussed on Pages 2-6 through 2-14.
The parameter estimation calculations are discussed on Pages 2-15 through 2-18.
Extension of the S/N curve to the left is discussed on Page 2-17.

The median S/N curve for the truncated Normal case is discussed on Page 2-15.

N 0 a W
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for estimating the parameters for the S/N model. 7 PAREST is called twice, first for the
plastic strain components and then for the elastic strain components. In between the
calls to PAREST, routine ADJSTM ensures mp < mg. Materials process variation can
be included by calling the NORMGN routine and then transforming the resulting
Normal variate to the Lognormal variate Z in Equation 2-50. A call to WEIBGN provides
¢ based on g, defined as the average of those derived from the plastic and elastic
strain component analyses. The materials characterization routines PAREST and
ADJSTM are described in Sections 4.1.5 and 4.1.7. The random variate routines
NORMGN and WEIBGN are described in Sections 4.4.3 and 4.4.6.

When both of the S/N model parameters have been selected for the plastic and
elastic S/N data, the value of strain read from file SPECFD earlier is used by
subprogram GTLIF2 to calculate a fatigue life using the randomly selected S/N curve.
Subprogram GTLIF2 is described in Section 4.1.9.

If the truncated Normal distribution was specified for the materials shape
parameters mp and mg, the empirical median S/N curve will be calculated upon user
request.? The routine SORTM is called to sort the values of mp and mg and the routine
EXPCTD calculates the component median curves. Sections 4.1.10 and 4.1.3.12
describe the routines SORTM and EXPCTD.

4.1.3 INFAGG Routine

The flowchart for the INFAGG routine is given in Figure 4-2. The routine controls
the calls to the data input and information aggregation calculation routines. INFAGG
starts by opening the following input and output files:

NAME TYPE CONTENTS
RELATD Input Related material data input
RELATO Output Related material data echo

The arrays are then set to their default or initial values by routine INIT. Routine RCE
reads the data from files SPECFD and RELATD, transforms (or converts) the stresses
to an equivalent stress ratio of R = — 1.0, and echoes the data to files SPECFO and
RELATO. Routines INIT and RCE are described in Sections 4.1.3.1 and 4.1.3.2.

The information aggregation begins with linear regression calculations performed
by routine SW2SU2 on the combined specific and related data. Then the constraints
on the shape parameters {m} implied by the user-provided C, constraint are calcu-
lated by FINDMC. SW2$U2 and FINDMC are described in Sectlons 4.1.3.4 and

7 The parameter estimation calculations are discussed on Pages 2-15 through 2-18.
8 The median S/N curve for the truncated Normal case is discussed on Page 2-15.
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4.1.3.5. The remaining routine calls depend upon the choice of distribution for the
shape parameters.

The Uniform distribution case begins with the confidence interval calculations
performed by INTRVL. By definition, the prior credibility ranges are the confidence
intervals. If materials processes variation is specified, GTPVAR calculates o, Equa-
tion 2-49, the extent of departures from the multiple heat median S/N curve warranted
by the available information. The credibility ranges, C constraint, and the user-
provided range information are combined by routine FNDRNG to obtain posterior
credibility ranges on the shape parameters at(m,).9 The user-supplied m ranges for
the non-data life regions to the right of those with data are added to the array
containing the sz(m;) by routine ADDREG.'® Concavity constraints are applied within
subprogram CONCAV. The results of the calculations above are written to file DUMP.
Finally, the median S/N curve is calculated. The median m’s are found by MEDIAN
and then used by EXPCTD to obtain the median curve parameters which are written
to file DUMP Routines INTRVL, GTPVAR, FNDRNG, ADDREG, CONCAYV, MEDIAN,
and EXPCTD are described in Sections 4.1.3.6, 4.1.3.7, 4.1.3.8, 4.1.3.9, 4.1.3.10,
4.1.3.11, and 4.1.3.12, respectively.

The truncated Normal distribution case begins with the Bayesian analysis per-
formed by MUSIG to find the Normal distribution parameters for the m’s. If materials
process variation is requested, GTPVAR calculates o2, the extent of departures from
the multiple heat median S/N curve warranted by the available information, by using
Equation 2-49. The C constraint and the user provided range information are com-
bined by routine NORRNG to obtain posterior credibility ranges on the shape
parameters :z(m]).9 The user-supplied m ranges and Normal distribution parameters
for the non-data life regions to the right of those with data are added to the arrays
containing the 7z(m,), m,, and 6,2 by routine ADDRGN.'® Concavity constraints are
applied within subprogram CONCAV. Then results of the caiculations above are
written to file DUMP Routines MUSIG, GTPVAR, NORRNG, ADDRGN, and CONCAV
are described in Sections 4.1.3.13, 4.1.3.7, 4.1.3.14, 4.1.3.15, and 4.1.3.10.

4.1.3.1 Routine INIT
The routine initializes the arrays used in the stress formulation information aggrega-
tion routine, INFAGG, to zero.

9 Combining information to obtain the posterior credibility ranges on 7 is discussed on
Page 2-13.

10 No data regions to the right are discussed on Page 2-17.
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4.1.3.2 Routine RCE

The fliowchart for the RCE routine is given in Figure 4-3. The routine controls the
input/output of the specific and related materials data, region information, and
exogenous information. RCE begins by reading the data from file SPECFD which
contains the specific S/N data, region information and exogenous information, and
then RCE echoes the information to file SPECFO. First the general information
pertaining to the specific material data set is read, including the material description,
yield and ultimate strengths, the total number of S/N data points, and the number of
data divisions. A data division is a group of S/N data points having the same stress
ratio and belonging to the same life region. The number of data divisions is stored in
variable NDIV.

The first data division DO loop reads, transforms, and echoes the specific material
S/N data. The transformation is performed when the stress ratio, stored in the variable
RATIO, is not equal to minus one. The transformation is to the equivalent stress for
a stress ratio of minus one, and is performed by routine CONVRT. Also, the S/N data
is partitioned and stored appropriately according to the indicated life region. Routine
CONVRT is discussed in Section 4.1.3.3. ~

When the DO loop is completed, the stress tensile point and region information are
read and echoed next.!! The region information includes the number of life regions
and the upper bounds of those regions.

The last information in file SPECFD used by all stress formulation options is the
implicit and explicit constraints on the shape parameters {m,}. The implicit constraint
is an upper bound, C,, on the coefficient of variation of fatigue strength, C, for the
specific material data set.'2 The explicit constraint consists of a point value or range
of values of the shape parameter for each life region of the specific material dataset.'

When the truncated Normal variation of the shape parameters is specified, RCE
reads and echoes the Bayesian prior information for each life region.14 If the materials
process variation is specified, the process variation information is read and echoed.
Process variation in materials is discussed in Section 2.1.2.3.

11 Extension of the S/N curve to the left is discussed on Page 2-17.

12 The implicit constraint on the materials model shape parameter rovided by prior
igt;on;gtion on the coefficient of variation of fatigue strength is tﬁscusscd on Pages 2-12
through 2-13.

'3 The explicit constraint on the materials model shape parameter provided by prior
information on the materials shape parameter is discussed on Page 2-12.

14 Specification of the Bayesian prior distribution for the truncated Normal case is
discussed on Page 2-14.
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Figure 4-3 Flowchart for Subprogram RCE, Stress Formulation
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Figure 4-3 Flowchart for Subprogram RCE, Stress Formulation
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Figure 4-3 Flowchart for Subprogram RCE, Stress Formulation
(Cont'd) :



Next, RCE reads the data from file RELATD which contains the related S/N data'®
and echoes the information to file RELATO. First the number of related data sets is
read, stored in variable NSETS, and echoed. The outer data set DO loop is performed
for each related data set. The general information pertaining to each related material
data set is read, including the material description, yield strength, and ultimate
strength, the total number of S/N data points, and the number of data divisions.

The inner data division DO loop reads, transforms, and echoes the related S/N data.
The transformation is performed when the stress ratio, stored in variable RATIO, is
not equal to minus one. The transformation is to the equivalent stress for a stress ratio
of minus one, and is performed by routine CONVRT. Also, the S/N data is partitioned
and stored appropriately according to the indicated life region. Routine CONVRT is
discussed in Section 4.1.3.3.

4.1.3.3 Routine CONVRT

The flowchart for CONVRT is given in Figure 4-4. Routine CONVRT performs the
transformation required to obtain an equivalent maximum stress g4, COrresponding
to a stress ratio of minus one. An elastic-perfectly-plastic stress versus strain behavior
is assumed here for the material. First, the alternating stress o, is calculated from the
maximum stress g, and the stress ratio R. This stress is checked against the yield
stress o,. Three different cases occur. If the alternating stress is above the yield, then
the equivalent maximum stress is the alternating stress. If the alternating stress is
below the yield stress and the maximum stress is above the yield stress, then the
equivalent maximum stress is given by

_ Gat
1- 0’, - 0&”
UU

Ogmax =

If both the alternating stress and the maximum stress are below the yield stress, then
the appropriate transformation for the equivalent maximum stress is

o = Tan
°’"3"_1 T+R Omax
— 5

4.1.3.4 Routine SW2sU2

The flowchart for the SW2SU2 routine is given in Figure 4-5. The routine performs
the y on x and x on y regressions to obtain the sample variances S,2, 5,2, and S,,,,
and the residual variances S,;z and S;;2 for each life region. For the calculations, x is

15 Related S/N data is discussed on Page 2-7.
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Figure 4-4 Flowchart for Subprogram CONVRT, Stress Formulation
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Figure 4-5 Flowchart for Subprogram SW2SU2 (Cont'd)
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Figure 4-5 Flowchart for Subprogram SW2SU2 (Cont'd)



equal to In S and y is equal to In N. SW2SU2 starts by initializing the arrays required
for the calculations.

Within the outer region DO loop are two sets of nested DO loops, where the region
counter L = 1, ..., R, and R is the number of life regions with S/N data. 16 |n each set
of DO loops, the outer loop is for each S/N data set, j = 0, ..., P, and the inner DO
loop is for each data point in each data set, k = 1, ..., N;. The ﬁrst step is to calculate
the sample meansx and; for each data setin each reglon Then the sample variances
and degrees of freedom for each region in each data set are calculated as follows:

PN
NSZE=D D - X
j=0 K=1
PN
N Sy2 = 2 Wk — Y,)2
j=0 K=1
P N
NSy = 2 X = X)Wk = V)
j=0 k=1

where Sx , S ,and S, are the sample variance of x, sample variance of y, and sample
covariance ofx andy, and N is the number of degrees of freedom for each life region,
respectively. If S, is non-negative, the data does not support the analysis assump-
tions and the program run will be terminated. The sample variances are used to
calculate the regression parameters d and b of Equations 2-20 and 2-21,

= 2 _ 2
d=S8,,/S, and b =S5, /S, .

The second set of DO loops calculates the residual variances Sz2and S;% for each
life region given by

16 R is equal to one for the strain formulation.



from Equations 2-20 and 2-21.

4.1.3.5 Routine FINDMC

The flowchart for FINDMC is given in Figure 4-6. Routine FINDMC performs the
calculations to obtain the region-dependent constraint on the shape parameter
(me, Mc) implied by the user-supplied constraint, C,, on the coefficient of variation of

fatigue strength. The routine begins by initializing the arrays that are to contain the
results. The remaining calculations are performed for each life region.

If a C constraint has been specified, there are three solutions to Equation 2-28. If
s,2 = C,2, the solution is a lower bound given by Equation 2-30

me > — 5,21 (2Sy).
If sz < Coz, then the solution is also bounded from below and given by Equation 2-31

-8, - [Sxy2 _ S,.,a S2 - Coz)] V2

m, > > -
Sx“ - Co

If-Sx"’ > Coz, then the solution is an interval constraint given by Equation 2-32

v% 2 2 o2 2,1%
. [Sxf _S2(s2- Coz)] L Sy + [s,y -52(52-C, )]
sz - 002 ¢ sz - C02
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me > -S,2/28,,
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TRUE
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FALSE

l

me > (=S, — Arg2 )/Arg1
(Equation 2-31)

( =Sy —Arg2) / Argl <mg < ( =S,y + Arg2 )/Arg1

(Equation 2-32)

( RETURN )

Figure 4-8 Flowchart for Subprogram FINDMC, Stress

Formulation




4.1.3.6 Routine INTRVL

The flowchart for INTRVL is given in Figure 4-7. Routine INTRVL performs the
calculations to obtain the region-dependent point estimates and 95% confidence
intervals on the coefficient of variation of fatigue strength C and shape parameter m
based upon S/N data only. The routine begins by initializing the arrays that are to
contain the results. The remaining calculations are performed for each life region.

The points estimates of m and C are given by Equation 2-22

M=-dand C=S;

The 95% confidence interval on C is given by Equation 2-24

~ 23R v
Io = [C (N /x_9752(N)) ’ C (N /x0252(N)) ] .
The 95% confidence interval on m is given by Equation 2-26

A Sw (A Sy
Jo = [[m = tyos(N) W] , [m + typs5(N) (—N—sz)—g]:' .

4.1.3.7 Routine GTPVAR

The flowchart for GTPVAR is given in Figure 4-8. Routine GTPVAR calculates o?,
the extent of departures from the multiple heat median S/N curve warranted by the
information available by using region-specific parameters defined in Equations 2-49
and 2-50. The routine begins by initializing the arrays that are to be used for
intermediate calculations.

The number of data points in region L, N,, is calculated in the inner DO loop. Then
the total number of points N and T, the sum over regions of the “extent of departures,”
is calculated. Finally o2 is found by dividing T by N.

4.1.3.8 Routine FNDRNG

The flowchart for FNDRNG is given in Figure 4-9. Routine FNDRNG performs the
calculations to obtain the posterior credibility ranges of the shape parameter m for
the Uniform distribution case. These ranges are found by combining the shape
parameter constraints in Equations 2-26 and 2-27 with Equation 2-30, 2-31 or 2-32.
The routine begins by initializing the arrays that are to contain the results. The
remaining calculations are performed for each life region and the posterior credibility
ranges are constrained to be non-negative. The seven different cases that must be
considered are given in Table 4-1.
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Figure 4-7 Flowchart for Subprogram INTRVL, Uniform
Distribution
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Figure 4-9 Flowchart for Subprogram FNDRNG, Uniform
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Figure 4-9 Flowchart for Subprogram FNDRNG, Uniform
Distribution (Cont'd)



Table 4-1 The Seven Cases Considered by Subprogram

FNDRNG
Case| (m,m) (mc, mg)
1 NA
_2— NA Mmc<m
T Mec<m<m,
NA
4 Im=m=m me <m
Mmec<m <mg
_5 | NA
6 |Mm<m<m mec<m
7 Mmec<m <mg

Case 1
There is no user-provided explicit constraint on m or C constraint; therefore the
posterior credibility range will be given by J,.

Case 2

There is no user-provided explicit constraint on m; however, there is an implicit lower
bound provided by the C constraint. If the intersection exists, the lower bound of
a(m) is the maximum of the lower bound of J, and me, and the upper bound of
a(m) is the upper bound of J,,.

Case 3

There is no user-provided explicit constraint on m; however, there is an implicit range
provided by the C constraint. If the intersection exists, the lower bound of z(m) is the
maximum of the lower bound of J, and m¢, and the upper bound of z(m) is the
minimum of the upper bound of J, and m,..

Case 4 :
The user-provided explicit constraint on m is a point value. The explicit value has
priority; therefore z(m) consists only of this point.

Case 5

There is no user-provided C constraint, but there is an explicit constraint on m. If the
intersection exists, the lower bound of zx(m) is the maximum of the lower bound of J,,
and m, and the upper bound of z(m) is the minimum of the upper bound of J,, and m.



Case 6

There is both a user-provided explicit range on m and an implicit lower bound provided
by the C constraint. If the intersection exists, the lower bound of (m) is the maximum
of the lower bound of J,, m, and me, and the upper bound is the minimum of the upper
bound of J,, and m.

Case 7

There is both a user-provided explicit range on m and an implicit range provided by
the C constraint. If the intersection exists, the lower bound of a(m) is the maximum
of the lower bound of J,,, m, and mec, and the upper bound is the minimum of the upper
bound of J,,, m, and m,. :

4.1.3.9 Routine ADDREG

Routine ADDREG adds the user-provided z(m;) ranges for the life regions to the
right without data for the Uniform distribution case of the stress formulation.!’
ADDREG also specifies point values for m in the regions without data for the median
S/N curve calculation.

4.1.3.10 Routine CONCAV

In order to be consistent with the concavity constraints of the stress formulation of
the S/N model, '® it may be necessary to modify the posterior credibility ranges of the
shape parameters. Routine CONCAYV ensures that the upper bounds of the posterior
credibility ranges are consistent with the concavity constraints by setting the upper
bound of the m range in the ith region to be the minimum of the upper bounds in
regions i and i+ 1. If the lower bound in region / should be higher than the upper
bound in region i+1, the program run is terminated. The rest of the concavity
constraints are applied in routine FINDM for the Uniform distribution case and
FINDMN in the truncated Normal distribution case. FINDM and FINDMN are dis-
cussed in Sections 4.1.5.1 and 4.1.5.2.

4.1.3.11 Routine MEDIAN

The flowchart for the MEDIAN routine is given in Figure 4-10. The subprogram
calculates the median m for each life region for the Uniform distribution case of the
stress formulation given by Equation 2-34. The routine begins by initializing the array
that is to contain the median m’s. The remaining calculations are performed for each
life region.

17 No data regions to the right are discussed on Page 2-17.
18 Concavity constraints are discussed on Pages 2-13 through 2-14.
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Figure 4-10 Flowchart for Subprogram MEDIAN, Stress
Formulation, Uniform Distribution



There are three possible cases that must be considered. If the posterior credibility
range has a pomt value, then the median m will have that point value. If the DO loop
counter is on region 1, then the median is given by
E(m1) = (L1 + U1) / 2

otherwise the median minregion/ = 2, ..., R is

E(m) = max [E(m,_1) +U L+ u,]

2 T2

where L, and U, are the lower and upper bounds, respectively, of the posterior
credibility range in region /.

4.1.3.12 Routine EXPCTD

The flowchart for the EXPCTD routine is given in Figure 4-11. The routine controls
the calls to the median curve calculations. The routine uses the point estimates for
the m’s to find the {K } and B, parameters consistent with those m’s and the specific
material data set. The calculations begin by routine TRNSFM transforming the specific
material S/N data.'® The transformation produces the {Z} as a function of the S/N
data, the {mj}, and the life region boundaries. Then the sample mean and variance of
Z are calculated by routine SMNVAR. KBETA computes the estimates of k and B,
Then the {K;} are calculated by routine FINDK using Equations 2-37 through 2-41. The
stress values corresponding to the life region boundaries are obtained from FINDSB.
If the tensile point S, for the stress formulation is being used, then the S/N curve can
be tied to S, by routine KOMO.%° Finally, the results of the calculations are written to
file DUMP. Routnnes TRNSFM, SMNVAR, KBETA, FINDK, FINDSB, and KOMO are
described in Sections 4.1.5.3 through 4.1.5.7 and 4.1.6.

4.1.3.13 Routine MUSIG

The flowchart for the MUSIG routine is given in Figure 4-12. The subprogram
calculates the parameters of the truncated Normal Posterior density of m for each life
region for the truncated Normal distribution case.” The routine begins by initializing
the arrays that are to contain the point estimates of m and C and the parameters
m, and o, 2 for each life region. The remaining calculations are performed for each life
region.

19 The S/N data transformation is discussed on Page 2-16.
20 Extension of the S/N curve to the left is discussed on Page 2-17.

21 The Bayesian analysis to obtain the parameters of the truncated Normal posterior
density is discussed on Page 2-14.
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Figure 4-11 Flowchart for Subprogram EXPCTD



NO

USES,

YES

KOMO

CALCULATE m, & K,
(See Section 4.1.6)

smesk STRAIN

STRAIN
?
STRESS
WRITE TO DUMP WRITE TO DUMP
Bon ko {Ky.mik Sy | m, K. k

]

( RETURN )

Figure 4-11 Flowchart for Subprogram EXPCTD (Cont'd)



INITIALIZE ARRAYS

|
o L—1 N\

TO R BY 1

|

CALCULATE m AND &
(Equation 2-22)

m=—-dANDC =S;

TRUE

3
il
=N

TRUE

|

0= S‘;"’ /(N sz +9)

FALSE

02=02/(NS2+9)

( RETURN )

Figure 4-12 Flowchart for Subprogram MUSIG, Truncated Normal
Distribution



First, the point estimates for m and C are calculated using Equation 2-22. The
parameter m, is calculated next. If the user has not specified a value for ¢, indicated
by 6 = 0, then m, is given by the point estimate m. When a value for 0 has been
provided, then m, is given by

mNS2Z+myd
m,= V]
NS, +6

Finally, the 0,2 is calculated. If the user has not specified a value for o2, indicated by
o2 = 0, then ¢,2 is given by

02=8;2/(NS2+9)
otherwise 0,2 is given by
0.2=02/(NS2+09)

4.1.3.14 Routine NORRNG

The flowchart for NORRNG is given in Figure 4-13. Routine NORRNG performs the
calculations to obtain the posterior credibility ranges of the shape parameter m for
the truncated Normal distribution case. These ranges are found by combining the
shape parameter constraints in Equation 2-27 with Equation 2-30, 2-31 or 2-32. The
routine begins by initializing the arrays that are to contain the results. The remaining
calculations are performed for each life region and the posterior credibility ranges are
constrained to be non-negative. The four different cases that must be considered are
given in Table 4-2.

Table 4-2 The Four Cases Considered by Subprogram NORRNG

Case| (m.m) (mc, M)
NA
1 |m=m=m me<m
Mme <m<m,
_2 NA
3 |[m<m<m mc <m
_4— me<m <mg




(  START )
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DO L— 1
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FALSE
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{ RETURN )

Figure 4-13 Flowchart for Subprogram NORRNG, Truncated
Normal Distribution



Case 1
The user-provided explicit constraint on m is a point value. The explicit value has
priority; therefore z(m) consists only of this point.

Case 2
There is no user-provided C constraint, but there is an explicit constraint on m,
therefors, the posterior credibility range will be given by (m, m).

Case 3

There is both a user-provided explicit range on m and an implicit lower bound provided
by the C constraint. If the intersection exists, the lower bound of z(m) is the maximum
of m and mc, and the upper bound is m.

Case 4

There is both a user-provided explicit range on m and an implicit range provided by
the C constraint. If the intersection exists, the lower bound of z(m) is the maximum
of m and me, and the upper bound is the minimum of m and m,..

4.1.3.15 Routine ADDRGN

Routine ADDRGN adds the user-provided x(m;) ranges for the life regions to the
right without data for the truncated Normal distribution case of the strain formulation.Z
ADDRGN also specifies point values for m in the regions without data for the median
S/N curve calculation.

4.1.4 Routine DECOMP

The flowchart for the DECOMP routine is given in Figure 4-14. The routine controls
the calls to the data input, strain decomposition, and information aggregation calcula-
tion routines. DECOMP starts by opening the following input and output files:

NAME TYPE _ CONTENTS
RELATD Input Related material data input
RELATO Output Related material data echo

The arrays are then set to their default or initial values by routine INITD. Routine
RDECHO reads the data from files SPECFD and RELATD and echoes the data to files
SPECFO and RELATO. Routines INITD and RDECHO are described in Sections
4.1.4.1and 4.1.4.2.

The strain decomposition begins with a call to PREP. Routine PREP stores the user-
supplied plastic and elastic strain components into arrays with the data structure

22 No data regions to the right are discussed on Page 2-17.
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Figure 4-14 Flowchart for Subprogram DECOMP, Strain
Formulation
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]

WRITE TO DUMP
PLASTIC: J,, mp, Kp
ELASTIC: J,, mg, Kg

PECOMP

CALCULATE PLASTIC AND ELASTIC STRAIN
COMPONENTS FOR REMAINING TOTAL STRAIN DATA

(See Section 4.1.4.4)

I

PREP

PREPARE DATA FOR DATA
STRUCTURE REQUIRED

(See Section 4.1.4.3)

®

Figure 4-14 Flowchart for Subprogram DECOMP. Strain
Formulation (Cont'd)




TRUNCATED
NORMAL

TYPE OF
VARIATION

?

CALCULATED CALCULATED
PLASTIC ELASTIC
COMPONENTS UNIFORM  COMPONENTS
Swasu2 Swasu2
REGRESSIn Sp ON In N REGRESSIn Sg ON In N
REGRESSIn N ON In Sp REGRESSIn N ON In S¢
(See Section 4.1.3.4) (See Section 4.1.3.4)
INTRVL INTRVL
FIND J,, INTERVAL ESTIMATE FOR mp FIND J,, INTERVAL ESTIMATE FOR m,
AND POINT ESTIMATES mp AND 6,, AND POINT ESTIMATES mg AND 65
(See Section 4.1.3.6) (See Section 4.1.3.6)
FNDRNG FNDRNG
COMPUTE POSTERIOR COMPUTE POSTERIOR
CREDIBILITY RANGE CREDIBILITY RANGE
(See Section 4.1.3.8) (See Section 4. 1.3.8)

WRITE TO DUMP

PLASTIC:  J,, mp RANGE FOR x(mp)
ELASTIC:  J,, Mg, RANGE FOR x(mp)

Figure 4-14 Flowchart for Subprogram DECOMP, Strain
Formulation (Cont'd)



r
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EXPCTD

EXPCTD

CALCULATE PARAMETER VALUES
FOR MEDIAN PLASTIC S/N CURVE
(See Section 4.1.3.12) -

CALCULATE PARAMETER VALUES
FOR MEDIAN ELASTIC S/N CURVE
(See Section 4.1.3.12)

l )
i

CALCULATE 8
FOR MEDIAN S/N CURVE

]
WRITE TO DUMP

Po

PROCESS
VARIATION

GTPVAR

CALCULATE o2
(See Section 4.1.3.7 )

WRITE TO DUMP

0_2

x(mp), (M)
SPECIFIC PLASTIC COMPONENT S/N DATA
SPECIFIC ELASTIC COMPONENT S/N DATA

( RETURN )

Figure 4-14 Flowchart for Subprogram DECOMP, Strain
Formulation (Cont’d)



CALCULATED CALCULATED
PLASTIC ELASTIC
COMPONENTS COMPONENTS
Swasuz Swasu2

REGRESS In Sp ON In N
REGRESS In N ON In Sp
(See Section 4.1.3.4)

REGRESS In Sg ON In N
REGRESS In N ON In Sg
(See Section 4.1.3.4)

MUSIG

MUSIG

PERFORM BAYESIAN ANALYSIS
TO OBTAIN m.p & o,,° FOR
PLASTIC COMPONENTS
(See Section 4.1.3.13)

PERFORM BAYESIAN ANALYSIS
TOOBTAIN m.z & o> FOR
ELASTIC COMPONENTS
(See Section 4.1.3.13)

NORRNG

NORRNG

COMPUTE POSTERIOR
CREDIBILITY RANGE
(See Section 4.1.3.14)

COMPUTE POSTERIOR
CREDIBILITY RANGE
(See Section 4.1.3.14)

WRITE TO DUMP

PLASTIC: @p, J[(mp)
ELASTIC: mg, n(mg)

Figure 4-14 Flowchart for Subprogram DECOMP, Strain

Formulation (Cont'd)




required by those routines shared with the stress formulation calculations. Linear
regressions are performed by routine SW2SU2 on the combined specific and related
plastic strain component data. Routine INTRVL then calculates the median value for
the shape parameter mp. EXPCTD finds the median location parameter K, for the
plastic components. Then SW2SU2, INTRVL, and EXPCTD are called using the elastic
strain components to find the median mg and K. Routines PREF, SW2SU2, INTRVL,
and EXPCTD are described in Sections 4.1.4.3, 4.1.3.4,4.1.3.6,and 4.1.3.1 2, respec-
tively.

The actual strain decomposition is performed by routine PECOMP using the median
mp, Kp, mg, and Kg found above. Routine PREP is used again to store the plastic and
elastic strain component data into the required arrays for the information aggregation
calculations. PECOMP and PREP are described in Sections 4.1.4.4 and 4.1.4.3. The
remaining routine calls depend upon the choice of distribution for the shape
parameters mp and mg. '

The information aggregation for the Uniform distribution case begins with linear
regression calculations performed by routine SW2SU2 on the specific and related
plastic strain components. The confidence interval calculations for the plastic strain
components are performed by INTRVL. The prior credibility range is defined to be the
confidence interval. The credibility range for mp and the user-provided range informa-
tion are combined by routine FNDRNG to obtain the posterior credibility range on the
shape parameter :z(m,,)."'3 The results of these calculations are written to file DUMP.
The median S/N curve is then calculated by routine EXPCTD and written to file DUMP.
The calls to SW2SU2, INTRVL, FNDRNG, and EXPCTD are repeated for the elastic
strain components. 8,, defined as the average of the fo's resulting from the two calls
to EXPCTD, is calculated. Routines SW2SU2, INTRVL, FNDRNG, and EXPCTD are
described in Sections 4.1.3.4, 4.1.3.6, 4.1.3.8, and 4.1.3.12, respectively.

The truncated Normal distribution case begins with linear regression calculations
performed by routine SW2SU2 on the combined specific and related plastic strain
components. A Bayesian analysis is performed by MUSIG to find the Normal distribu-
tion parameters for mp. The user-provided range information is translated by routine
NORRNG into a posterior credibility range on the shape parameter mp. The results
of these calculations are written to file DUMP. The calls to SW2SU2, MUSIG, and
NORRNG are repeated for the elastic strain components. Routines SW2SU2, MUSIG,
and NORRNG are described in Sections 4.1.3.4, 4.1.3.13, and 4.1.3.74, respectively.

23 Combining information to obtain the posterior credibility ranges on m is discussed on
Page 2-13.



For both Uniform and truncated Normal distribution cases, if materials process
variation is requested, GTPVAR calculates o2, the extent of departures from the
multiple heat median S/N curve warranted by the available information, by using
Equation 2-49. Routine GTPVAR is described in Section 4.1.3.7.

4.1.4.1 Routine INITD
The routine initializes the arrays used in the strain formulation information aggrega-
tion routine, DECOMP, to zero.

4.1.4.2 Routine RDECHO

The flowchart for the RDECHO routine is given in Figure 4-15. The routine controls
the input/output of the specific and related materials data, and exogenous information.
RDECHO begins by reading the data from file SPECFD which contains the specific
S/N data, and exogenous information, and echoes the information to file SPECFO.
First, the general information pertaining to the specific material data set is read,
including the material description, the number of S/N data points with plastic and
elastic decomposition information, the total number of S/N data points, and the
number of tensile points.

First the S/N data with decomposition information is read and echoed. The S/N data
is in the form of (S, N, Sp, Sg) quadruplets, where S is the total strain, N is the cyclic
fatigue life, Sp is the plastic strain component, and Sg is the elastic strain component.
Then the remaining S/N data in the form of (S, N) pairs is read and echoed. Next, the
tensile data is read and echoed. Inclusion of tensile data is discussed in Section
2.1.2.2.

The last information in file SPECFD used by all strain formulation options is the
explicit constraints on the shape parameters mp and mg. The explicit constraint
consists of a point value or range of values for each strain component curve of the
specific material data set.2*

When the truncated Normal variation of the shape parameters is specified,
RDECHO reads and echoes the Bayesian prior information for each strain component
curve.® If materials process variation is specified, the process variation information
is read and echoed. Process variation in materials is discussed in Section 2.1.2.3.

24 The explicit constraint on the materials shape parameter provided by prior information
on the materials shape parameter is discussed on Page 2-12.

2 Specifications of the Bayesian prior distribution for the truncated Normal case is
discussed on Page 2-14.



READ AND ECHO SPECIFIC MATERIAL
S/N DATA SET INFORMATION

]
READ AND ECHO
S, N, Sp. AND Sg FOR
GIVEN DECOMPOSITION DATA
|
READ AND ECHO
S, N FOR REMAINING DATA

!
READ AND ECHO
TENSILE POINTS
I

READ AND ECHO
EXPLICIT CONSTRAINTS
ON THE SHAPE PARAMETERS

TYPE OF UNIFORM

VARl»;TION

TRUNCATED NORMAL

READ AND ECHO
BAYESIAN PRIOR INFORMATION

L

PROCESS
VARIQTION

Figure 4-15 Flowchart for Subprogram RDECHO, Strain Formulation
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READ AND ECHO
NUMBER OF RELATED S/N DATA SETS

|
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7

TO NSETS BY 1

|

READ AND ECHO RELATED MATERIAL
S/N DATA SET INFORMATION

|

READ AND ECHO
S, N, Sp, AND S FOR

GIVEN DECOMPOSITION DATA

|

READ AND ECHO
S, N FOR REMAINING DATA

|

READ AND ECHO
TENSILE POINTS

RETURN

Figure 4-15 Flowchart for Subprogram RDECHO, Strain

Formulation (Cont'd)
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Next, RDECHO reads the data from file RELATD which contains the related S/N
data®® and echoes the information to file RELATO. First, the number of related data
sets is read, stored in variable NSETS, and echoed. The data set DO loop is performed
for each related data set. The general information pertaining to the related material
data set is read, including the material description, the number of S/N data points with
plastic and elastic decomposition information, the total number of S/N data points,
and the number of tensile points. The S/N data with decomposition information is read
and echoed. The S/N data is in the form of (S, N, Sp, Sg) quadruplets, where S is the
total strain, N is the cyclic fatigue life, Sp is the plastic strain component, and Sgis the
elastic strain component. Then, the remaining S/N data in the form of (S, N) pairs is
read and echoed. Finally, the tensile data is read and echoed. Inclusion of tensile data
is discussed in Section 2.1.2.2.

4.1.4.3 Routine PREP

The routine stores the plastic and elastic strain component data in arrays with the
data structure required by routines SW2SU2 and EXPCTD. Routines SW25U2 and
EXPCTD are described in Sections 4.1.3.4 and 4.1.3.12.

4.1.4.4 Routine PECOMP
The flowchart for the PECOMP routine is given in Figure 4-16. The routine performs
the calculations to decompose the total strain data into plastic and elastic strain

components. The decomposition is based upon Ky, M, Ke, and fig, estimates of the
location and shape parameters, for the given plastic and elastic strain data. PECOMP
starts by initializing the arrays for the storage of the calculated plastic and elastic strain
components and the given plastic and elastic strain data.

The plastic and elastic strain components are calculated from the total strain and
fatigue life using Equations 2-46 and 2-47, and then stored in the appropriate arrays.
The elastic strain and total strain are calculated for the tensile points, assuming that
the tensile point is the plastic strain at one cycle given by Equation 2-45. Finally, the
results of the decomposition calculations are written to file DUMP.

4.1.5 PAREST Routine

The flowchart for the PAREST routine is given in Figure 4-17. The routine controls
the calls to the parameter estimation calculations. The parameter estimation begins
by selecting the m’s for each region. The m selection is performed by FINDM for the
Uniform distribution case and FINDMN for the truncated Normal distribution case.
Routines FINDM and FINDMN are described in Sections 4.1.5.1 and 4.1.5.2.

26 Related S/N data is discussed on Page 2-7.
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INITIALIZE STRAIN COMPONENT ARRAYS
FOR DECOMPOSITION CALCULATIONS
|

STORE GIVEN DECOMPOSITION DATA
IN STRAIN COMPONENT ARRAYS

!

CALCULATE AND STORE STRAIN COMPONENTS
FOR TOTAL STRAIN / LIFE DATA

(Egs 2-46 & 2-47)
RKe (L _.L
q = - Ni mp me
Ke
L= =2
i 14+ ai
SP/ = Ai S,‘

S

1

=s,'—8p

i

!

CALCULATE AND STORE
SgAND SFOR TENSILE DATA
NOTE: N = 1 CYCLE

Re
X = A
Ke
Sp, = TENSILE POINT
SE; = Spl/a,-
S,' = SPI + SE,

0

Figure 4-16 Flowchart for Subprogram PECOMP, Strain Formulation



WRITE TO DUMP
GIVEN DECOMPOSITION DATA AND
RESULTS OF DECOMPOSITION

{N; S Sp, Se)

( RETURN )

Figure 4-16 Flowchart for Subprogram PECOMP, Strain
Formulation (Cont'd)



( START )

b4 (m l)

TRUNCATED

TYPE OF NORMAL

VARIATION
2 ‘
UNIFORM
FINDM FINDMN
SELECT m; SELECT m;
(See Section 4.1.5.1) (See Section 4.1.5.2)
|
TRNSFM
TRANSFORM S/N DATA LIFE REGION BOUNDARIES

INTO {z,} SPECIFIC S/N DATA

(See Section 4.1.5.3)

SMNVAR

COMPUTE Z AND S7
(See Section 4.1.5.4)

KBETA

COMPUTE ESTIMATES FOR
k AND B,
(See Section 4.1.5.5)

Figure 4-17 Flowchart for Subprogram PAREST




FINDK

COMPUTE (K]}
(See Section 4.1.5.6)

FINDSB

CALCULATE §;;,, FORUSE
IN LIFE CALCULATION

(See Section 4.1.5.7)

Bor (K . Sjj

( RETURN )

Figure 4-17 Flowchart for Subprogram PAREST (Cont'd)



The remaining calculations find the {K}} and B, parameters consistent with the
randomly selected {m;} and the specific material data set. The calculations begin by
routine TRNSFM transforming the specific material S/N data.?’ The transformation
produces the {Z} as a function of the S/N data, the {m;}, and the life region boundaries.
Then, the sample mean and variance of Z are calculated by routine SMNVAR. KBETA
computes the estimates of k and 8,. Then, the {K}| are calculated by routine FINDK
using Equations 2-37 through 2-41. Finally, the stress values corresponding to the life
region boundaries are obtained from FINDSB. Routines TRNSFM, SMNVAR, KBETA,
FINDK, and FINDSB are described in Sections 4.1.5.3 through 4.1.5.7.

4.1.5.1 Routine FINDM

The flowchart for the FINDM routine is given in Figure 4-18. The routine performs
the random selection of the {m} off the z(m,) for the Uniform distribution case. The
subprogram begins by initializing the array that is to contain the {m,}. The remaining
calculations are performed for each life region.

There are three possible cases that must be considered. If the range for r(m) has
a point value, then the m in that life region will have that point value. If the DO loop
counter is on region 1, then m, will be randomly selected off of U(L,, U,) where L, is
the lower bound of a(m,) and U, is the upper bound of z(m,). Otherwise, m, is
randomly selected off of U(max [m,_4, L], U,), where m,_, is the randomly selected
m in region /-1, L, is the lower bound of z(m,), and U, is the upper bound of z(m,).

4.1.5.2 Routine FINDMN '

The flowchart for the FINDMN routine is given in Figure 4-19. The routine performs
the random selection of the {m/} off the zz(m)) for the truncated Normal distribution
case. The subprogram begins by initializing the array that is to contain the {m,]. The
remaining calculations are performed for each life region.

There are three possible cases that must be considered. If the range for z(m) has
a point value, then the m in that life region will have that point value. If the DO loop
counter is on region 1, m, will be randomly selected off of N(m,,, 0,12), then FINDMN
checks to see if the selected m is within the range of z(m,) given by [L,, U,], where
L, is the lower bound of n(m,) and U, is the upper bound of z(m,). If the randomly
selected m is not in the range, values are selected until a value is found within the
range. If z(m,) is not a point and / is not 1 then, m, is randomly selected off of
N(m,,, a_,z), then FINDMN checks to see if the selected m is within the interval
[ max(m,_,, L,), U]], where m,_, is the randomly selected m in region /-1, L, is the

27 The S/N data transformation is discussed on Page 2-16.



( START )

INITIALIZE ARRAYS

DOL—1 N\

TO R BY1

YES

RANDOM

PICK  my~ ULy, Uy)

RANDOM

PICK m, ~ U(max [m, -1 L,], U,)

( RETURN )

Figure 4-18 Flowchart for Subprogram FINDM, Uniform Distribution



( START )

INITIALIZ|

E ARRAYS
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TOR BY1
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®

Figure 4-19 Flowchart for Subprogram FINDMN, Truncated

Normal Distribution
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NORMGN

PICK m, ~ N(m,. 0.5

TRUE

m; € [max(m,_4, Ly), U]l

FALSE

( RETURN )

Figure 4-19 Flowchart for Subprogram FINDMN, Truncated Normal
Distribution (Cont'd)



lower bound of #(m;), and U, is the upper bound of z(m). If the randomly selected m
is not in the range, values are selected until a value is found within the range.

4.1.5.3 Routine TRNSFM

The flowchart for the TRNSFM routine is given in Figure 4-20. The routine performs
the transformation, Equations 2-39 and 2-40, which produces the {Z,} as a function
of the S/N data, the {m}}, and the life region boundaries {N;_;,}. The subprogram
begins by initializing the array that is to contain the {Zk}. The remaining calculations
are performed as follows. First, calculate Z, for each data point in region /, / = 1,
. R

1.
Z,=In (sk N:")

Then for each life region to the left /I, Il = 2, ...,/

.{ﬁ-#)

Zy=ZIn (Sk Ni—u

4.1.5.4 Routine SMNVAR
The flowchart for the SMNVAR routine is given in Figure 4-21. The routine performs
the calculations to obtain the sample mean and variance of the {Z,,} given by the

following equations:
] N,
1 2 z
No i=1 i

I =

for the mean Z =

No
for the variance 822 = N, 1_ ” ;:1(2, - 22,

4.1.5.5 Routine KBETA
KBETA calculates k and 8, using Equation 2-42 and the sample mean and variance
obtained in routine SMNVAR where

I?=§ and ﬁ°=—s—%.
V4

4.1.5.6 Routine FINDK

The flowchart for the FINDK routine is given in Figure 4-22. The routine performs
the calculations of Equations 2-41 and 2-37 to obtain the {K} as a function of k, B,,
the {m,}, and the life region boundaries {N,‘_,_,}. The subprogram begins by initializing



INITIALIZE ARRAYS
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TO R BY 1
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|
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|
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L I
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*

Zy=2In (sk Nu-1,n

( RETURN )

Figure 4-20 Flowchart for Subprogram TRNSFM
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|
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]
i
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RETURN

Figure 4-21 Flowchart for Subprogram SMNVAR



INITIALIZE ARRAYS

|

CALCULATE K,

1
Ky = (n 2)B;exp(k +ﬁ';)

1

DOL—2 N\

| < TO R BY1
l
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'
RETURN

Figure 4-22 Flowchart for Subprogram FINDK



the array that is to contain the {K;}. The remaining calculations are performed as
follows. First, calculate K, given by Equation 2-41

Ky = (In2)% exp (k + ﬁ’;)

where y is Euler’s Constant. Then, using Equations 2-37 for each life region /, | = 2,

Ky = Ki—1 Ni_q

4.1.5.7 Routine FINDSB

Subprogram FINDSB calculates the life region “tie-points”, or stress values S°,
which correspond to the “life boundaries” conditional on the randomly selected {m},
the {K}}, Bo and k using Equation 2-11, with/ = 1, ..., R

31 =K N, o (=1m)
Note: If N = « indicated by 10%, then Sj = 0.

4.1.6 Routine KOMO

The KOMO routine calculates K, and m,, for the zero region, the no-data region to
the left of the first data region, and extends the S/N curve consnstent with the tensile
point at S, for the stress formulation of the materials model. 28 The subprogram begins
by setting K, equal to the value of S,. Then, the S/N curve parameters are checked
and adjusted to maintain consistency with S,,. Finally, m, is caiculated according to
the following relation

m an1 |nS°+|n((p).KZ)
o~ ™ InS, — In Sy

4.1.7 Routine ADJSTM

Routine ADJSTM adjusts the posterior credibility range for the elastic shape
parameter mg to be consistent with the concavity constraints of the strain formulation
of the S/N model. ADJSTM set the lower bound of the m, range to be the maximum
of the lower bound of x(mg) and mp.

28 Extension of the $/N curve to the left is discussed on Page 2-17.



4.1.8 Routine GTLIFE

Routine GTLIFE calculates the fatigue life (cycles) given by Equation 2-48 at a user-
provided stress level for the stress formulation of the materials characterization model.
The subprogram begins by checking to see if the tensile point S, is being used. If
S, is being used, the subprogram checks to see if the stress S is greater than or equal
to So, then the life N will be set to one cycle. Otherwise the life is calculated as

N=K"S™™ " [A;(z]'" .

When process variation is not in use the paremeters Ay and Z are defined to be one.
Routine GTLIFE has another implementation for use with the PFM’s. This implemen-
tation differs in that the K and ¢ parameters are raised to the m power by the PFM
before GTLIFE is called.

4.1.9 Routine GTLIF2

Routine GTLIF2 provides the fatigue life (cycles) at a user-provided strain level S
for the strain formulation of the materials characterization model. The fatigue life is
obtained by solving Equation 2-50 for N using Newton's method. The initial value
provided to the Newton’s method routine NEWTON is given by the elastic strain
component

N = [K,:-fp,l,‘(Z/S]m‘.

When process variation is not in use, the parameters Ax and Z are defined to be one.
Subprogram NEWTON is described in Section 4.1.9.1.

4.1.9.1 Routine NEWTON
Routine NEWTON is a modified version of subroutine RTNI taken from |IBM

; , Program Number 360-CM-03X, Page 220. The estimates of
the life N for each iteration are obtained by a call to routine FCT discussed in Section
4.1.9.2.

4.1.9.2 Routine FCT

Routine FCT is used by subprogram NEWTON to calculate the value of the function
and its derivative at the value N, in order to find the solution of the strain formulation
S/N curve. The function is Equation 2-50, rewritten so as to find the zero,

F= [k N~ 4 Ke NV o % z) -s
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and the derivative is given by

gf__ L(E -1 = 1/mp) i(f_ -1 - 1mg) »
dN ~ [mpN( +mEN( e [1k2] .

Routine NEWTON is discussed in Section 4.1.9.1.

4.1.10 Routine SORTM

The flowchart for the SORTM routine is given in Figure 4-23. The routine sorts the
m values in increasing order for each life region or strain component for the truncated
Normal distribution case.?®

4.1.11 Routine TRMNAT

Subprogram TRMNAT performs the premature termination of the program when
the program has detected a fatal error during execution.

29 The need for saving m’s is discussed on Page 2-15.
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Figure 4-23 Fiowchart for Subprogram SORTM (Cont'd)






Section 4.2
Prior Distribution Parameter Estimation Software

4.2.1 Introduction

This section presents a description of the computer programs which implement the
prior failure distribution parameter estimation and assurance calculation discussed in
Section 2.1.1. The programs are described in detail using flowcharts. The user's
guide for running these programs is given in Section 6.4, and the source listings,
including a definition of key variables, are given in Section 7.4. A glossary of standard
flowchart symbols is given for the reader’s benefit in Appendix 5.A.

4.2.2 BFIT Program

The prior failure distribution parameter 8 estimation procedure of Section 2.1.1 is
implemented as the FORTRAN program BFIT. This program can be used to estimate
the prior failure distribution parameter 8, based on failure lives generated by the
appropriate probabilistic failure modeling. The flowchart for the BFIT programis given
in Figure 4-24. The program starts by opening the input and output files. They are:

NAME TYPE QONTENTS

BFITD Input Analysis indices

LOWLIF Input Sonted fatigue lives

BFITO Output Results

IOUTPR Output User-requested information

The indices which define the data base used to estimate g are read from file BFITD.
Then the failure times are read from file LOWLIF, and the values of

Y;=1In ( -In[1 - F(N,)])
are calculated for each failure time.

The estimation of 8 by b is performed by subprogram LLS described in Section 4.2.2.1.
LLS utilizes a linear least squares algorithm to perform the parameter estimation using
N simulated failure lives. The results are then written to the output file BFITO.
4.2.2.1 LLS Routine

The flowchart for the LLS routine is given in Figure 4-25. The routine uses linear
least squares regression of In ( — In [1 — F(N)]) on In(N) to estimate 8 by b where

XI = ln Nl

Y; = In ( -In[1- F(N,-)]).
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Figure 4-24 Flowchart for the Prior Failure Distribution Parameter 8
Estimation Program BFIT
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Figure 4-25 Flowchart for Subprogram LLS




LLS starts by _initializing the arrays required for the calculations. Then the sample
means X and Y are calculated. The sample variances are calculated as follows:

ol G
NSw= 3 (4-%) (n-7

where N = END - START, and sz and Syy are the sample variance of X, and sample
covariance of X and Y, respectively. The sample means and variances are used to
calculate the regression parameters b and In ¢ of Equations 2-9,

b =Sy/S, and Inc =Y — bX
f is estimated by b and In ¢ is computed for the user’s information only.

4.2.3 ABTFIT Program

The prior failure distribution parameters @ and 6 estimation procedure of Section
2.1.1 is implemented as the FORTRAN program ABTFIT. This program is used to
estimate a and 6, given 8 = b, based on the failure lives produced by the probabilistic
failure modeling. The flowchart for the ABTFIT program is given in Figure 4-26. The
program starts by opening the input file PARAMS, reading the least squares
parameters, and then closing PARAMS. If IOUT is equal to 10 or 20, then file IOUTPR
must be opened. The input file LOWLIF is opened, the failure times are read, the value
of

Y;=—In[1-F(N)]
is calculated for each failure time and LOWLIF is closed.

The estimate of 8 is provided exogenously or by the program BFIT described in
Section 4.2.2. The estimates of the parameters a and 8 using the N simulated failure
lives are performed by the nonlinear least squares IMSL subprogram DUNLSJ.
Subprogram DUNLSJ is described in “User’s Manual,” IMSL Math/Library FORTRAN

i i ications MALB-USM-UNBND-EN8901-1.1, Version
1.1, Volume 3, IMSL Inc., January 1989, pp. 841-846. The results are then written to
the output files ABTOUT and BAYESD.
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Figure 4-26 Flowchart for the Prior Failure Distribution Parameter
Estimation Program ABTFIT
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FUNCTION EVALUATION
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(Equation 2-10)
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JACOBIAN EVALUATION
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OPEN ABTOUT

®

Figure 4-26 Flowchart for the Prior Failure Distribution Parameter
Estimation Program ABTFIT (Cont'd)
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Figure 4-268 Flowchart for the Prior Failure Distribution Parameter
Estimation Program ABTFIT (Cont'd)



4.2.3.1 ABT Routine
Routine ABT performs the function evaluation for each failure time required by
DUNLSJ. The function to be evaluated is given by Equation 2-10

b
f=Y—aln[1 ""NG_]

4.2.3.2 JABT Routine

Routine JABT performs the Jacobian evaluation for each failure time required by
DUNLSJ. The Jacobian to be evaluated is given by the partial derivatives with respect
to 8 and « of the function in Equation 2-10

of _ aN®

a6 ~ N
621+T

o _ _nl4 N®

c="M1+7g)

4.2.4 LZERO Program

The assurance calculation of Section 2.1.1 is implemented as the FORTRAN
program LZERO. This program is used to calculate 4, in Equation 2-5 for a specified
assurance level A. The flowchart for the LZERO program is given in Figure 4-27. The
program starts by opening the input and output files. They are:

NAME __|TYPE _ |CONTENTS

BAYESD Input Failure distribution parameters
LDAT Input Assurance level and 1 bounds
LOUT Qutput Results

IOUTPR Output User-requested information

LZERO reads from file BAYESD the parameters a and 6 derived for the failure life
distribution using the program ABTFIT. Then IOUT, the desired assurance level A,
and the bounds, A, and 4, on 4, are read from file LDAT. if IOUT is equal to 10,
then file IOUTPR is opened and the intermediate calculations are written in the file.

F(A,) and F(4,,) are evaluated in routine GAMMA and written to file LOUT. If the
desired assurance is not bounded by these two values the routine TRMNAT is called
to terminate the program run. Subprograms GAMMA and TRMNAT are described in
Sections 4.2.4.1 and 4.2.4.5. If the desired assurance is bounded by F(1,) and
F(4,) then the assurance is obtained by using Mueller’s iteration method performed
by routine MUELLR. MUELLR is described in Section 4.2.4.3. The results are then
written to the output file LOUT.
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Figure 4-27 Flowchart for the Assurance Calculation Program
LZERO
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Figure 4-27 Flowchart for the Assurance Calculation Program
LZERO (Cont'd)



4.2.4.1 Routine GAMMA

The cumulative distribution function F(x) for a Gamma variate is calculated in this
routine. This is done by integrating the Gamma density function, Equation 2-1, by
using a series representation given as follows:

- ! @)
F = (@0 exp(= 69 3, TeriTh

and for ease of calculation, F(x) may be approximated as a finite sum in the form

NS (4-2)
Fx) = exp(-—ln[l‘(a+1+l)]+(l+a)ln[0x]—-0x)
i=0

The flowchart for the GAMMA routine is given in Figure 4-28. The routine DLGAM
calculates the logarithm of the gamma function.

4.2.4.2 Routine DLGAM
This routine calculates the double precision value of the gamma function (i.e.,
ln I'[X]). tis a modlf ed versnon of subroutlne DLGAM taken from LB_M_Appm;a:m

M_anuaL Program Number 360 CM-03X, Page 362 ‘

4.2.4.3 Routine MUELLR

Routine MUELLR is a modified version of subroutine DRTMI taken from |BM
Application P System/360 Scientific Sut ine_Pacl version 1ll
Programmer’s Manual, Program Number 360-CM-03X, Page 219. The estimates of
the assurance for each iteration are obtained by a call to routine FCT discussed in
Section 4.2.4.4.

4.2.4.4 Routine FCT

Routine FCT is used by subprogram MUELLR to calculate the value of the function
at the value x, in order to find the desired assurance level. The function is written so
as to find the zero

f=FX) -

where F(x) is the cumulative distribution function for a Gamma variate and A is the
desired assurance level. Routine MUELLR is discussed in Section 4.2.4.3.

4.2.4.5 Routine TRMNAT

Subprogram TRMNAT performs the premature termination of the program when
the program has detected a fatal error during execution.
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Figure 4-28 Flowchart for Subprogram GAMMA
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Section 4.3
Bayesian Statistical Procedure Software

4.3.1 Introduction

This section presents a description of the computer program that implements the
Bayesian procedure described in Section 2.1.1. The program is described below in
detail using a flowchart. The user’s guide for running this program is given in Section
6.5, and the complete source listing, including a definition of key variables, is given in
Section 7.5. A glossary of standard flowchart symbols is given for the reader’s benefit
in Appendix 5.A.

4.3.2 BAYES Program

The Bayesian statistical procedure of Section 2.1.1 is implemented as the
FORTRAN program BAYES. This program is used to combine operating experience
with the prior failure distribution obtained from probabilistic failure modeling. The
flowchart for the BAYES program is given in Figure 4-29. The program starts by
opening the following input and output files:

NAME TYPE CONTENTS

BAYESD Input Prior failure distribution parameters and operating experience
BAYESO Output Echo of input data and results of analysis

UBAYES Output Posterior failure distribution parameters

The array for storing the operating experience is initialized and the input data is read
from the BAYESD file. The parameters of the posterior failure distribution a’ and 6’
are calculated by means of Equation 2-2, using the parameters of the prior failure
distribution and the operating experience. Then B-lives™ for both the prior and the
posterior failure distributions are calculated using Equation 2-6. The parameters of
the posterior failure distribution 8, ', and a’ are written on file UBAYES. Finally, an
echo of the input information, the posterior distribution, and the calculated B-lives are
written to file BAYESO.

30 A B-life is the value of the failure parameter (c.g., time) at a failure probability specified
as a percent: e.g., B.1is the failure time at a probability of 0.001 or 0.1%.
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Figure 4-29 Flowchart for the Bayesian Statistical Procedure
Program BAYES
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Section 4.4
Random Number Generation Software

4.4.1 Introduction

This section presents a description of the random number generation routines
mentioned throughout Sections 4, 5, and 7. The complete source listings, including
the definitions of key variables, are given in Section 7.6.

4.4.2 RANDOM Routine

The Uniform(0,1) random number generation is implemented as the FORTRAN
routine RANDOM. The random variates are generated using the Linear Congruential
Algorithm described in [1].

4.4.3 NORMGN Routine

The Normal(u, 02) random number generation is implemented as the FORTRAN
routine NORMGN. The random variates are generated using the “Direct Method,”
Abramowitz and Stegun [2], pg. 953.

4.4.4 GAM Routine

The Gamma(a) random number generation is implemented as the FORTRAN
routine GAM. The random variates are generated using an “Acceptance/Rejection
Method,” Fishman [3].

4.4.5 BETAGN Routine

The Beta(x; a, b, p, 8) random number generation is implemented as the FORTRAN
routine BETAGN. A standard Beta random variate is defined by

X1
Xy + X5

Y =

where X; ~ Gamma(a) and X, ~ Gamma(g) are independently distributed, Johnson
and Kotz [4], pp.181-182.

g<y)=y“"(1-y)ﬁ"§((g)—}§l) O<ys<

That standard Beta distribution can be related to the Beta distribution we use,
Equation 2-54



x—ayém-x)(-»° T(6 + 2)
b-a’t’ T 6+ 1)T[(1-p)6+1]

fx) =

asxsb O0sp=<si1 620
by the transformations

X=a+(bfa)Y

a=p6+1

B=(1-p)06+1

4.4.6 WEIBGN Routine

The Weibull(8, 7) random number generation is implemented as the FORTRAN
routine WEIBGN. This Weibull distribution is implemented with the median con-
strained to be 1, which implies dependence between # and 8 given by

1=y (n2)"%
A Weibull random variate is obtained with the “Inverse Transformation Method” by

solving the Weibull cumulative distribution function for N, where F(N) is treated as a
Uniform(0,1) variate

e1-osl- (3]



Section 4.5
Reference Time History Generation Software

4.5.1 Introduction

This section presents a description of the computer program that was used to
generate the reference time histories which are required as inputs to the HCF
computer codes described in Section 5.1 in order to construct the stress-time
histories used in the HCF analyses. Since each stress-time history component
(random or sinusoidal) is a scalar multiple of a corresponding reference time history
component, we have used a computer code that has the capability to compute
stress-time history components with all scale factors set to one in order to generate
reference time history components. The pertinent methodology is given in Section
2.1.4. The program is described in detail using a flowchart. The random variate
generators are described in Section 4.4. The user’s guide for running this program
is given in Section 6.6, and a list of subprograms, a definition of key variables, and
the complete source listing are given in Section 7.7. A glossary of standard flowchart
symbols is given for the reader’s benefit in Appendix 5.A.

4.5.2 NBSIN Program

The reference time history generation is implemented using the stress-time history
generation FORTRAN program NBSIN. The flowchart for the NBSIN program is given
in Figure 4-30. The program uses the following input and output files:

NAME TYPE CONTENTS

NBSIN Input Generation parameters

IOUTPR Output Intermediate caiculations

User-Specified |Output Narrow-band and sinusoidal time histories

The input data is read from the NBSIN file; the angular frequencies and phase angles
are calculated for the sinusoidal reference time histories, then file NBSIN is closed.
The time increment and the parameters for each of the narrow-band reference time
histories to be generated are subsequently calculated.

Generation of the narrow-band reference time histories begins by initializing the
AR(1) process.?! Two independent draws from the N(0, 1) distribution are obtained
by calling subroutine NORMGN for each set of loads in a given direction. Since NBSIN
has the ability to compute stress-time history components, the Normal variates can
be transformed to N(O, aNkz) variates; however, for reference time histories the

31 The AR(1) process is described in Section 2.1.4.
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/ READ INPUT DATA /
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1
At = NF (Eq.2-60)
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w°k=27zfok k=1....,R

NORMGN

INITIALIZE NARROW-BAND PROCESSES
244, 242 Zo1s 2320 231, Z32: 241, 242 ~ N(OLY)

Figure 4-30 Flowchart for the Time History Generation Program
NBSIN
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Figure 4-30 Flowchart for the Time History Generation Program
NBSIN (Cont'd)
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Figure 4-30 Flowchart for the Time History Generation Program
NBSIN (Cont'd)
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CALCULATE SINUSOIDAL PROCESSES
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STORAGE FILES

TRUE

t<T

FALSE

STOP

Figure 4-30 Flowchart for the Time History Generation Program
NBSIN (Cont'd)



transformation is an identity transformation, so a~K2 = 1is required. After initialization
of the AR(1) process, the files for the narrow-band reference time history storage are
opened.

The narrow-band reference time history is generated by obtaining two independent
N(0, 1) random variates from NORMGN for each set of loads in a given direction,
transforming them to pairs of N(O, ock"’) random variates, and then calculating the
cosine and sine components N(t) and Ng(t). respectively. The narrow-band
reference time histories N,{(t;) are then obtained using Equation 2-57. NBSIN provides
the option to clip peaks at a user-specified level in order to limit them to finite bounds.
Finally, the values of N (t;) are written to their corresponding storage files. When all
the narrow-band reference time histories have been generated and written to their
files, the files are closed.

The sinusoidal reference time histories are generated next. The reference time
history storage files are opened, then the sinusoids Sy(t;) are calculated at the same
times as the narrow-band processes and written to their corresponding storage files.
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Section 5.1
High Cycle Fatigue Analysis Software

5.1.1 Introduction

The codes for analyzing the HPOTP main discharge duct, the LPFTP turbine drive
duct, and the HPOTP HEX coil small tube outlet are described here. The pertinent
HCF methodology is given in Section 2.2.1. Alist of subroutines and the key variables
along with the complete source listing are given in Section 7.1. The relevant user's
guides for running these codes are given in Section 6.1.

Figure 2-18 shows a general schematic for the HCF analysis. Two stand-alone
programs, namely the DCTHCF and HEXHCF, were developed for the HCF analyses.
The DCTHCF has the capability for analyzing elbow ducts with welds and was used
for the study of the main discharge duct and the turbine drive duct. HEXHCF can
analyze straight ducts with welds having large temperature differences across the
duct wall. The HEXHCF program was used for analyzing the HEX coil. From the
description given below, it will become clear to the reader that both of these programs
share many subroutines, including the S/N materials characterization modules. The
reason for developing them as separate programs is to demonstrate the probabilistic
fatigue analysis methodology using efficient software for specific case studies.

The two programs are described here by the use of algorithmic flowcharts. A
glossary of standard flowchart symbols is given for the reader’s benefit in Appendix
5.A. The overall layout of the programs is described using the main flowcharts.
Reference is made in the main flowcharts to other secondary flowcharts which
describe subprograms. Flowcharts for the input, output, and driver transformation
subprograms are given here. However, the subprograms related to materials char-
acterization and general purpose probability distribution routines are described in
Section 4.1 and Section 4.4, respectively.

When describing FORTRAN statements that relate to the equations given in the
methodology section, a one-to-one correspondence is established in most cases.
Equation numbers are given in parentheses where applicable. A single equation may
result in several FORTRAN statements. Sometimes this is done for reasons of
efficiency. Also, the codes have been written to exploit vector processing.

e
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5.1.2 DCTHCF Program

The HCF analyses of the HPOTP main discharge duct and the LPFTP turbine drive
duct are implemented as the FORTRAN program DCTHCF. Figure 5-1 shows the
structure of the Probabilistic Failure Model (PFM) for the ducts. This section provides
the description and flowcharts for program DCTHCF.

5.1.2.1 Main Routine
The main flowchart for the DCTHCF program is given in Figure 5-2. The program
starts by opening the input and output fles.! They are:

NAME TYPE ___|CONTENTS

DCTHCD Input Analysis data

DCTHCO Output Input data echo, results

RELATD Input Related material data input

RELATO Output Echo of information in RELATD

DUMP Output Results of materials characterization calculations
IOUTPR Qutput Run information and user-requested information
LOWUF Output First one percent of sorted fatigue lives
User-Specified |Input Random and sinusoidal reference time histories

The arrays and variables are then set to their default or initial values. The input data
is read from the DCTHCD file. An echo of the input data is written onto DCTHCO.
The related materials data is read from the file RELATD and processed in the INFAGG
routine. INFAGG controls the materials information aggregation and is described in
Section 4.1.3.

The selection of hyperparameters2 is performed in the outer DO loop of the
simulation. This includes calling the RANDOM and PRYRV subroutines to set up the
p and 6 parameters for drivers with Beta distributions. The PAREST routine controls
the calculations for estimating the parameters for the S/N model. Routine PAREST is
described in Section 4.1.5. Materials process variation may be included in the S/N
model on request.

Theinner DO loop for the simulation performs the driver draws. Drivers are selected
by caling BETAGN, NORMGN and PRYRV, which draw from Beta, Normal, and
Uniform distributions, respectively. The region-dependent S/N curve is calculated by
scaling the median S/N curve with a random draw from a Weibull distribution by using
WEIBGN. The general purpose probability distribution subroutines RANDOM,
BETAGN, NORMGN, WEIBGN, and PRYRV are described in Sections 4.4 and 7.6.

1 Files RELATD and RELATO are opened in INFAGG.
2 Hyperparameters are discussed in Section 2.1 1



o PROBABILISTIC CHARACTERIZATION

OF DRIVER UNCERTAINTIES

o NOMINAL LOADS AND ENVIRONMENT

o GEOMETRIC PARAMETERS

o MATERIALS DATA

© REFERENCE TIME HISTORIES

P MATERIALS MODEL
1 INFORMATION AGGREGATION
DISTRIBUTION SELECTION
RANDOM SELECTION OF PROBABILITY '
DISTRIBUTIONS FOR MATERIALS MODEL
DISTRIBUTIONS A PARAMETER ESTIMATION
OFF ’"T1 ™12 “Daanoow “ Dsinusoioa ﬁO' K]' m]

| SELECTED
DRIVER SELECTION —————  MEDIAN S/N CURVE

RANDOM SELECTION OF VALUES FOR .
Worr: Kt K12 4p +Ap + Aovap SELECTION OF MATERIAL
Ast: ApYNg: AsTw Ciz 8fy- Cer Ecy' Aorr Adam RANDOM VARIABLE, ¢
4
DUCT
HCF FAILURE SIMULATION
LOOP  TIMES PREDICTED FAILURE TIME
LOOP N TIMES
ACCUMULATE SMALLEST
n x N /100 FAILURE TIMES

Figure 5-1 Structure of the Probabilistic Failure Model for the
Elbow Ducts with Welds



START

OPEN INPUT AND
OUTPUT FILES

1

INITIALIZE ARRAYS
AND SET DEFAULTS

I
READ AND ECHO
INPUT DATA
1

INFAGG

PERFORM MATERIALS
INFORMATION AGGREGATION

(See Section 4.1.3)
1

TO NYPHER BY 1
OUTER LOOP

!
RANDOM, PRYRV

OBTAIN (0.6) AND (,0)
PAIRS FOR DISTRIBUTION
SELECTION OF INNER

LOOP CALCULATIONS
(See Sections 4.4.2 and 7.6.6)

[
PAREST

PERFORM MATERIALS
PARAMETER ESTIMATION
(See Section 4.1.5)

OPTIONAL

SELECT MATERIALS
PROCESS VARIATION

T

®

fmmm e mm——
IR

Figure 5-2 Main Flowchart for the Duct Analysis Program
DCTHCF
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Figure 5-2 Main Flowchart for the Duct Analysis Program
DCTHCF (Cont'd)
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The routine ELWELD performs the driver transformation and calculates the fatigue
life. The flowchart for ELWELD is given in Figure 5-3 and the routine is described
below.

Once a fatigue life is calculated in ELWELD, itis sorted and savedin a list containing
the lowest fifty percent of the lives. The INSORT routine performs an insertion sort
with the new fatigue life. When the two simulation DO loops are completed, a list of
lives representing the left-hand tail of the failure distribution is written to the file LOWLIF.

Finally, if truncated Normal variation was used for the materials shape parameter
m, an empirical median S/N curve may be calculated on request. The routine SORTM
is called to sort the m values and routine EXPCTD calculates the median S/N curve.
Saection 4.1.10 and 4.1.3.12 describe the routines SORTM and EXPCTD, respectively.

5.1.2.2 ELWELD Routine

The flowchart for the ELWELD routine is given in Figure 5-3. The routine essentially
controls the calls to the stress and fatigue life calculation routines based on the critical
location. The routine NARBN1 calculates the fatigue life and is described below. The
stress magnitudes are calculated for the different locations by calling the following
routines.

LOCATION POSITION ROUTINE
1 Exterior Surface M2L1
2 Interior Surface M2L2

Both stress routines are called when fatigue life is calculated for both locations and a
critical location is identified as the one having the lowest life.

5.1.2.3 M2L1 Routine

The stress influence coefficients for the critical location on the exterior surface and
the outer bend of the elbow are calculated within M2L1. The coefficients vary for the
different locations but the layout for routine M2L2 is similar to M2L1. Hence, only
M2L1 is described.

The flowchart for the M2L1 routine is given in Figure 5-4. First, the stress concentra-
tion factor Koer due to weld offset is calculated by using Equation 2-73. The equation
numbers referenced here are contained in the HCF methodology Section 2.2.1.3.
The elbow effects are given by Equations 2-74 through 2-80. The stress increase due
to the torus effect B is calculated by using Equation 2-79. Equation 2-80 gives the
decay rate Qy for the torus effect. Then the ovality stress effect coefficients y;, vz, i
and y,, of Equations 2-74 through 2-77 and the associated decay rate Q, of Equation
2-78 are calculated. Finally, routine CALCS is called to obtain the stress magnitudes.
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LOCATION IS
EXTERIOR SURFACE

MaL1

STRESS TERM CALCULATIONS
FOR LOCATION 1
(See Figure 5-4)

i
NARBN1

CALCULATE COMPOSITE STRESS

TIME HISTORY AND FATIGUE LIFE
(See Figure 5-6)
| &

LOCATION IS
INTERIOR SURFACE

M2L2

STRESS TERM CALCULATIONS
FOR LOCATION 2
(Similar to M2L1)

|
NARBN1

CALCULATE COMPOSITE STRESS

TIME HISTORY AND FATIGUE LIFE
(See Figure 5-6)

( RETURN )

Figure 5-3 Flowchart for the Subprogram ELWELD
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START

CALCULATE STRESS CONCENTRATION FACTOR
DUE TO ECCENTRICITY OF THE WELD

I

CALCULATE THE STRESS INCREASE
DUE TO TORUS EFFECT
B=1+0Q; 8 - 1] (Eq. 2-79)

g - 2P0+ Fnsing)
2(Rg + Rpsing)
Qr=1- -,":—D (Eq. 2-80)
m

I

CALCULATE THE STRESS INCREASE
DUE TO OVALITY EFFECT

Yiz = Aoyar [SIN @ + Q (Cpz 7' — sin¢)] (Eq. 2-74)
Yez = Aovat Qo Cez Yer (Eq. 2-75)

iy = Aoval [cos¢ + Q, (Cy 7y’ — cOS ?) (Eq. 2-76)

Yey = Aoval Qo Ccy }'cy' (Eq. 2-77)
= Wp
Q=1-2r. ~ (Eq. 2-78)
l
CALCS
CALCULATE THE STRESSES
(See Figure 5-5)

C RETIURN )

Figure 5-4 Flowchart for the Subprogram M2L1
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5.1.2.4 CALCS Routine

Figure 5-5 gives the flowchart for the CALCS routine. Equations 2-68, 2-69, 2-71
and 2-72 are used to derive the four stress components. The input to this routine
includes the coefficients y;, y¢,. Yy, ¥y, and the angular position ¢. Also, radius R in
the stress equations is equal to R, for the interior surface and R, for the exterior
surface. First, the static stress components are calculated. The ducts had no external
pressure or thermal gradient. Thus, both p, and o;,, are zero in Equations 2-68, 2-69,
2-70, and 2-71. Next, the non-time-varying stress magnitudes are calculated for each
dynamic load component. The dynamic stresses are not affected by static internal
pressure, external pressure, and temperature difference across the wall.

5.1.2.5 NARBN1 Routine

The flowchart for the NARBN1 routine is given in Figure 5-6. The composite stress
history, which is a summation of the static, random and sinusoidal loads, is derived
in this routine. First, the static stresses are assigned to the four stress component
histories. Then, the reference time histories for each load component are scaled by
the non-time-varying dynamic stress magnitudes and added to the stress time history
components, as given by Equation 2-82. Next, the four stress components are
collapsed to a single equivalent von Mises stress by using Equation 2-84. The
resulting equivalent stress history is assigned the algebraic sign of the maximum
principal stress (in this case the axial stress). Finally, the RAINF1 routine is called.
This routine performs a rainflow cycle count and derives the fatigue life.

5.1.2.6 RAINF1 Routine

The flowchart for RAINF1 is given in Figure 5-7. First, the equivalent stress history
is scanned to identify the largest stress and its location. The history is resequenced
such that the largest stress is placed at the beginning and end of the stress array.
Then, the intermediate points in the history are filtered leaving only the peaks and
troughs. This is done by testing for a sign change in the gradients of adjacent
segments. Next, the counting of the cycles begins. Consecutive peaks and troughs
are added to a holding array, each time checking whether the new peak-trough
segment is greater than the previous one; if so, then a cycle has been closed. Then,
the peak and trough corresponding to the closed cycle are removed from the holding
array. The cycle is saved if it is large enough, i.e., larger than a user-specified
threshold. The procedure is repeated by adding new peaks and troughs to the
holding array until another cycle is identified.

Once all the cycles have been identified, the alternating and mean values of each
stress cycle are calculated. An equivalent mean stress is calculated for the entire
history based on the mean of the biggest cycle. The routine PGETSM, described
below, is called to estimate the mean stress. The alternating stresses for each cycle
are adjusted to equivalent zero-mean stresses using the Goodman relation given by
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CALCULATE STATIC STRESSES

P M,

sy = Kry Kore {%ﬂ"y (—1;&— (Eq. 2-68)
R2+R?
=K RE (RG+RY) , 269
Os12 ™2 {p (pl Rz(Rg—Rf) (Eq )
0'31-3 = - p; (Eq 2'71)
M,

Osra = —-;s,—’ﬁ - (Eq. 2-72)

]

DO | — 1
TO NUMBER OF LOAD

COMPONENTS NLOAD

l

CALCULATE NON-TIME-VARYING DYNAMIC STRESSES
_ Pi MyR £

T = Ky Ko Z""’Iy T (Eq. 2-68)

Myi R

Iz = Kpz { Yoy (—,L- (Eq. 2-69)

Opw =00 (Eq. 2-71)
- MdR _ y

T =5 ~ (Eq. 2-72)

]

Figure 5-5 Flowchart for the Subprogram CALCS
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DOJ— 1

TO NUMBER OF REFERENCE
TIME HISTORY POINTS M

|

ASSIGN THE STATIC STRESSES

o =0sp  (k=1234)

pol — 1

TO NUMBER OF LOAD
COMPONENTS NLOAD

/ oo.sl-— 1

TO NUMBER OF REFERENCE
TIME HISTORY POINT M

|

SCALE THE REFERENCE HISTORIES

k =1,234)

I

®

Figure 5-8 Flowchart for the Subprogram NARBN1
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P

DOJ — 1

TO NUMBER OF REFERENCE
TIME HISTORY POINTS M

|

CALCULATE VON MISES EFFECTIVE
STRESS AND ASSIGN IT THE ALGEBRAIC
SIGN OF THE MAXIMUM PRINCIPAL STRESS

FATLUIF = RAINF1

PERFORM RAINFLOW COUNTING AND
CALCULATE FATIGUE LIFE

(See Figure 5-7)

Figure 5-8 Flowchart for the Subprogram NARBN1 (Cont'd)
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/ DOl — 1

TO NUMBER OF STRESS
HISTORY POINTS M BY 1

RECORD THE LARGEST o,4 AND
ITS LOCATION

Teftmax = eff;

JMAX = |

T

o

Y
DO — 1

TO (M—JMAX+1)y

|

J=JMAX -1 +1

%p; = et

|

3

DO 1| — (M = JMAX + 2)

TO M BY1

®

Figure 5-7 Flowchart for Subprogram RAINF1
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¥

J=J+1

Tp; = e

1
i
DO1— 2 N\

TOM BY 1

l

SET UP TWO TEST ARRAYS TO
ELIMINATE INTERMEDIATE POINTS

TESTY; = Op,_, — %,

TEST2, = TEST1’ (UP’ - aP/4.1)

|
H

DOJI — 2

TOM BY 1

TESTY; = 0 and
TEST2, < 0

IDENTIFY THE LOCATIONS OF THE
PEAKS AND TROUGHS

K=K+1
INDEX , = |

:

Figure 5-7 Flowchart for Subprogram RAINF1 (Cont'd)
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TOTAL NUMBER OF POINTS

IN ARRAY

NEWTOT =K + 1
INDEX \pyror = M + 1

|

DOI — 1

TO NEWTOT BY 1

I

SET UP THE PEAK-TROUGH ARRAY
K = INDEX;

O'I = oPk

]
}

INITIALIZE COUNTERS
l=0J=0K=20

1 ®
INCREMENT COUNTERS
Jd=J +1

K=K+ 1

TRUE
©

J > NEWTOT

FALSE

Figure 5-7 Flowchart for Subprogram RAINF1 (Cont'd)
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¢

COPY STRESS POINTS TO A HOLDING ARRAY
Ek = 0]

|

SINCE CYCLE IS LARGE ENOUGH TO SAVE
1 =1 +1
Oofr 1, = MaX [Ex_y, Ex—21]

Ooff2, = min [Ek—1' Ek—Z]

|
i

DISCARD POINTS K-t AND K-2 AND
DECREMENT THE COUNTER

Ex—2=Ex

K=K-2

®

Figure 5-7 Flowchart for Subprogram RAINF1 (Cont'd)
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O

RECORD THE FINAL NUMBER
OF CYCLES FOUND

N =1
I

TO NUMBER OF CYCLES N V
]

OALT, = (Ogtt 1, — Dot 2, )20 (Eq. 2-85)
OMEAN, = (Teft 1, — Tt 2, )/20 (Eq. 2-86)
1
SM = PGETSM

CALCULATE EQUIVALENT MEAN STRESS
(See Figure 5-8)

I
DOl — 1

TO NUMBER OF CYCLES N V

3
CALCULATE THE EQUIVALENT STRESS
USING GOODMAN RELATION

_ OALT,
%= . _SM (Eq. 2-90)
~our

T
3

DO I— 1 \

TO NUMBER OF CYCLES N BY 1

®

Figure 5-7 Flowchart for Subprogram RAINF1 (Cont'd)
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¥ Y

LIFE; = GTUFE

CALCULATE THE FATIGUE LIFE
FROM THE S/N CURVE

(See Section 4.1.8)

]
:

TO NUMBER OF CYCLES N BY 1

|

INVERT THE UFE

INVUIF, = m'%-
i

~ 1
l

DOl — 1 \

TO NUMBER OF CYCLES N BY 1

|

SUM THE DAMAGE FRACTIONS

SUMDAM = SUMDAM -+ INVLIFi

T
}
RAINF1 = PERIOD/SUMDAM

Figure 5-7 Flowchart for Subprogram RAINF1 (Cont'd)




Equation 2-90. The life corresponding to each stress cycle is obtained from the S/N
curve by calling the GTLIFE routine. The GTLIFE routine is described under materials
characterization in Section 4.1.8. Miner's rule is used to accumulate the damage due
to each cycle. There are four separate DO loops over the number of cycles in the
last four steps starting with the Goodman transformation. This was done to enable
vectorization of the DO loops. For running on a scalar machine, these four steps may
be embedded within a single DO loop.

5.1.2.7 PGETSM Routine

The flowchart for PGETSM is given in Figure 5-8. An elastic-perfectly-plastic stress
vs. strain behavior is assumed here for the material. First, the total stress is calculated
by summing the alternating and mean stress of the largest cycle. This stress is
checked against the yield stress. Three different cases occur, as given by Equation
2-87. If the total stress is below yield, then the mean stress is unchanged. If it is
above the yield stress, then the adjusted mean stress is the yield stress minus the
alternating stress. If the alternating stress alone is larger than the yield stress, then
the mean stress is set to zero.

5.1.3 HEXHCF Program

The HCF analysis of the HPOTP heat exchanger (HEX) coil small tube outlet is
implemented as the FORTRAN program HEXHCF. Figure 5-9 shows the structure of
the Probabilistic Failure Model (PFM) for the coil. This section provides the description
and fiowcharts for program HEXHCF.

5.1.3.1 Main Routine
The main flowchart for the HEXHCF program is given in Figure 5-10. The program
starts by opening the input and output files.2 They are:

NAME TYPE CONTENTS

HEXHCD input Analysis data

HEXHCO Output input data echo, results

RELATD Input Related material data input

RELATO Output Echo of information in RELATD

DUMP Output Results of materials characterization calculations
IOUTPR Qutput Run information and user-requested information
LOWLIF Output First one percent of sorted fatigue lives
User-Specified |Input Random and sinusoidal reference time histories

The arrays and variables are then set to their default or initial values. The input data
is read from the HEXHCD file. An echo of the input data is written onto HEXHCO.
The related materials data is read from the file RELATD and processed in the INFAGG

3 Files RELATD and RELATO are opened in INFAGG.



CALCULATE THE TOTAL STRESS

or =Ky (Op 1+ Oyean)

FALSE
TRUE ELASTIC CASE
PLASTIC CASE PGETSM = opean

oy =Kp-opy

PGETSM =

PGETSM =0

( RETURN )

Figure 5-8 Flowchart for Subprogram PGETSM



e PROBABIUISTIC CHARACTERIZATION

OF DRIVER UNCERTAINTIES
o NOMINAL LOADS AND ENVIRONMENT
o GEOMETRIC PARAMETERS
o MATERIALS DATA
¢ REFERENCE TIME HISTORIES
AN MATERIALS MODEL
] INFORMATION AGGREGATION
————— DISTRIBUTION SELECTION ———1
RANDOM SELECTION OF PROBABILITY MATERIALS MODEL
DISTRIBUTIONS FOR PARAMETER ESTIMATION —
Worr: K1 K12: Dis t, Apguncur ADsmussoon Tir Tor Pr Bo. Kj. m;

| SELECTED
DRIVER SELECTION MEDIAN S/N CURVE

RANDOM SELECTION OF VALUES FOR '
Worr K11 K120 Dot Ap oo *Dsmussounn Tt Tor P SELECTION OF MATERIAL
Apaencr ASTaeno' ADYNw AAERO W A0FF: Anew Adam RANDOM VARIABLE, ¢

|

DUCT
HCF FAILURE SIMULATION
LOOP n TIMES PREDICTED FAILURE TIME
LOOP N TIMES
ACCUMULATE SMALLEST
n x N /100 FAILURE TIMES

Figure 5-9 Structure of the Probabilistic Failure Model for Straight
Ducts with Welds and Temperature Differences
Across the Wall



OPEN INPUT AND
OUTPUT FILES
i

INITIALIZE ARRAYS
AND SET DEFAULTS

I
READ AND ECHO
INPUT DATA
I
INFAGG
PERFORM MATERIALS
INFORMATION AGGREGATION
(See Section 4.1.3)
I
DO J — 1

TO NYPHER BY 1
OUTER LOOP

I
RANDOM, PRYRV

OBTAIN (0.6) AND (u,0)
PAIRS FOR DISTRIBUTION
SELECTION OF INNER
LOOP CALCULATIONS
(See Sections 4.4.2 and 7.6.6)

[
PAREST

PERFORM MATERIALS
PARAMETER ESTIMATION
(See Section 4.1.5)

OPTIONAL

SELECT MATERIALS
PROCESS VARIATION

s mm—y

Figure 5-10 Main Flowchart for the HEX Coil Analysis Program
HEXHCF



@ {

DO — 1

TO NLUIFE BY 1
INNER LOOP

BETAGN, NORMGN, PRYRY
DRIVER SELECTION
(See Sections 4.4.5, 4.4.3& 7.6.6)
!
WEIBGN

SELECT MATERIALS FATIGUE
LFE PARAMETER ¢
(See Section 4.4.6)

I

CALCULATE REGION-DEPENDENT
S/N CURVE

!
THWELD

PERFORM DRIVER
TRANSFORMATION AND
CALCULATE FATIGUE LIFE

(See Figure 5-11)

I
INSORT

SAVE AND SORT THE LOWEST
FIFTY PERCENT OF LIVES
(See Appendix 5.B)

OPTIONAL

WRITE B-LIVES IN FILE HEXHCO
AND THE LIST OF LIVES IN FILE
LOWLIF

IF TRUNCATED

i

VARIATION CALCULATE MEDIAN S/N CURVE

ONm WAS (See Sections 4.1.10 & 4.1.3.12)
: USED .

STOP

Figure 5-10 Main Flowchart for the HEX Coil Analysis Program
HEXHCF (Cont'd)
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routine. INFAGG controls the materials information aggregation and is described in
Section 4.1.3.

The selection of hyperparameters“ is performed in the outer DO loop for the
simulation. This includes calling the RANDOM and PRYRV subroutines to set up the
p and @ parameters for drivers with Beta distributions. The PAREST routine controls
the calculations for estimating the parameters for the S/N model. Routine PAREST is
described in Section 4.1.5. Materials process variation may be included in the S/N
model on request.

The inner DO loop for the simulation performs the driver draws. Drivers are selected
by caling BETAGN, NORMGN and PRYRV, which draw from Beta, Normal, and
Uniform distributions, respectively. The region-dependent S/N curve is calculated by
scaling the median S/N curve with a random draw from a Weibull distribution by using
WEIBGN. The general purpose probability distribution subroutines RANDOM,
BETAGN, NORMGN, WEIBGN, and PRYRV are described in Sections 4.4 and 7.6.

The routine THWELD performs the driver transformation and calculates the fatigue
life. The flowchart for THWELD is given in Figure 5-11 and the routine is described
below.

Once a fatigue life is calculated in THWELD, it is sorted and saved in a list containing
the lowest fifty percent of the lives. The INSORT routine performs an insertion sort
with the new fatigue life. When the two simulation DO loops are completed, a list of
lives representing the left-hand tail of the failure distribution is written to the file LOWLIF.

Finally, if truncated Normal variation was used for the materials shape parameter
m, an empirical median S/N curve may be calculated on request. The routine SORTM
is called to sort the m values and the routine EXPCTD calculates the median S/N
curve. Sections 4.1.10 and 4.1.3.12 describe the routines SORTM and EXPCTD,
respectively.

5.1.3.2 THWELD Routine

The flowchart for the THWELD routine is given in Figure 5-11. The routine
essentially controls the calls to the stress and fatigue life calculation routines, based
on the critical location. The routine NARBN2 calculates the fatigue life and is
described below. The stress magnitudes are calculated for the different locations by
calling the following routines.

4 Hyperparameters arc discussed in Section 2.1.1.
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LOCATION IS
EXTERIOR SURFACE

M4L1

STRESS TERM CALCULATIONS
FOR LOCATION 1
(See Figure 5-12)

|
NARBN2

CALCULATE COMPOSITE STRESS

TIME HISTORY AND FATIGUE LIFE
{See Figure 5-13)

T

LOCATION IS
INTERIOR SURFACE

M4L2

STRESS TERM CALCULATIONS
FOR LOCATION 2
(Similar to M4L1)

|
NARBN2

CALCULATE COMPOSITE STRESS

TIME HISTORY AND FATIGUE UIFE
(See Figure 5-13)

(  RETURN )

Figure 5-11 Flowchart for Subprogram THWELD




LOCATION POSITION ROUTINE
1 Exterior Surface M4L1
2 interior Surface M4L2

M4L1 and M4L2 routines are called when fatigue life is calculated for both locations
and a critical location is identified as the one associated with the lowest life.

5.1.3.3 MaAL1 Routine

The flowchart for the M4L1 routine is given in Figure 5-12. This contains stress
component calculations for the exterior surface. The routine M4L2 is similar to M4L1,
and it calculates the stresses for the internal surface. First, the stress concentration
factor Koer due to weld offset is calculated by using Equation 2-73. Then, Equations
2-68 through 2-72 are used to calculate the four stress components. These stress
equations are for a general elbow case. The HEX was treated as a straight cylinder
and the coefficients y, = sin @, yy, = COS @, Yoz = Yoy = 0, and 8 = 1 and the equa-
tions reduce to the standard pressure vessel case. For the exterior surface, the radius
Ris setto R,

First, the static stress components are calculated. Then, the non-time-varying
stress magnitudes are calculated for each dynamic load component. The dynamic
stresses are not affected by static internal pressure p;, external pressure p,, and
temperature difference AT.

5.1.3.4 NARBN2 Routine

The flowchart for the NARBN2 routine is given in Figure 5-13. The composite stress
history, which is a summation of the static, random, sinusoidal and aerodynamic
loads, is derived in this routine. First, the static stresses are assigned to the four
stress component histories. Then, the reference time histories for each load com-
ponent are scaled by the non-time-varying dynamic stress magnitudes and added to
the stress time history components as given by Equation 2-82. Next, the four stress
components are collapsed to a single equivalent von Mises stress by using Equation
2-84. The resulting equivalent stress history is assigned the algebraic sign of the
maximum principal stress (in this case, the axial stress). Finally, the RAINF2 routine
is called. This routine performs a rainflow cycle count and derives the fatigue life.

The NARBN2 routine performs the same caiculations as the NARBN1 routine
employed in DCTHCF. The only difference between the two is that RAINF1 is called
by NARBN1 for the rainflow counting and fatigue life derivation.

5.1.3.5 RAINF2 Routine

The flowchart for RAINF2 is given in Figure 5-14. First, the equivalent stress history
is scanned to identify the largest stress and its location. The history is resequenced
such that the largest stress is placed at the beginning and end of the stress array.



(  START )

CALCULATE STRESS CONCENTRATION FACTOR
DUE TO ECCENTRICITY OF THE WELD

Koer = Aoee (1 + 3F; Wog) (Eq. 2-73)

|

CALCULATE STATIC STRESSES
Pst . MysTR
Osry= Kry Kore {T + =L 24in6... (Eq. 2-68)

_ . |2pR} _  (R3+RD)
Osr2 K”{nﬁ-n;" Po D (Eq. 2-69)

9s13 = Po (Eq. 2-71)
Mxsth
Osa = T° -... (Eq. 2-72)
|
DO I — 1
TO NUMBER OF LOAD
COMPONENTS NLOAD

I

CALCULATE NON-TIME-VARYING DYNAMIC STRESSES

— Pi . MyiRo

35y = Kpy Kowe {X + = sine... (Eq. 2-68)
3 = 0.0 (Eq. 2-69)
Opa = 0.0 (Eq. 2-71)
MR

Opa =gy = (Eq. 2-72)

(  RETURN

Figure 5-12 Flowchart for Subprogram M4L1




DO J — 1 \

TO NUMBER OF REFERENCE
TIME HISTORY POINTS M

ASSIGN THE STATIC STRESSES

Ty =TTk k=1234)

DO|°—1_X

TO NUMBER OF LOAD
COMPONENTS NLOAD

|

DOJ — 1

TO NUMBER OF REFERENCE
TIME HISTORY POINTM

l

SCALE THE REFERENCE HISTORIES
O'ik = alk + U_-Dk; . ail (Eq. 2'82)
k =1234)

]

®

Figure 5-13 Flowchart for the Subprogram NARBN2
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DOJ— 1

TO NUMBER OF REFERENCE
TIME HISTORY POINTSM

|

CALCULATE VON MISES EFFECTIVE
STRESS AND ASSIGN IT THE ALGEBRAIC
SIGN OF THE MAXIMUM PRINCIPAL STRESS

./ —_ 2 5
o; Ial_”\/(aﬂ ai2) + ... (Eq. 2-84)

FATLIF = RAINF2

PERFORM RAINFLOW COUNTING AND
CALCULATE FATIGUE UIFE

(See Figure 5-14)

RETURN

Figure 5-13 Flowchart for Subprogram NARBN2 (Cont'd)



START

DOl — 1

TO NUMBER OF STRESS

HISTORY POINTS M BY 1

TRUE

RECORD THE LARGEST o, AND
ITS LOCATION

Oofimax — Peff;

JMAX = |

T
1
DO — 1

TO (M -JMAX +1) BY1

1

J=JMAX -1 +1

O'P, = aeﬂl

1
i

DO 1 — (M — JMAX + 2)

TO M BY 1

o

Figure 5-14 Flowchart for Subprogram RAINF2
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J=J+1

GP‘ = U.”l

]
i

DOI— 2 \_

TO M BY 1 }

l

SET UP TWO TEST ARRAYS TO
ELIMINATE INTERMEDIATE POINTS

TESTY; = %, ,~ %

i

TEST2,- = TEST1, (aPl - aPl#I)

]
1
DOl — 2

TOM BY 1

TEST1; = 0 and
TEST2, < O

IDENTIFY THE LOCATIONS OF THE
PEAKS AND TROUGHS

K=K+1
INDEX , = |

*

Figure 5-14 Flowchart for Subprogram RAINF2 (Cont'd)




@

TOTAL NUMBER OF POINTS
IN ARRAY

NEWTOT =K + 1
INDEX ppypor = M + 1

|

DOl — 1

TO NEWTOT BY 1

|

SET UP THE PEAK - TROUGH ARRAY

K = INDEX;
;= UP.

|
i

INITIALIZE COUNTERS
1=0J=0K-=20

T

4

INCREMENT COUNTERS
J =

K =

J + 1
K+ 1

TRUE

J >NEWTOT

FALSE

Figure 5-14 Flowchart for Subprogram RAINF2 (Cont'd)



® ®
COPY STRESS POINTS TO A HOLDING ARRAY
Ek = 0]

|

SINCE CYCLE IS LARGE ENOQUGH TO SAVE
I =1 +1
Ot 1, = Max [Ey_1q, Ex_21]

Ogpr2, = Min [Ey_y, Ep_5 ]

T

:
DISCARD POINTS K-1 AND K-2 AND
DECREMENT THE COUNTER

E2=E

K=K-2

®

Figure 5-14 Flowchart for Subprogram RAINF2 (Cont'd)



RECORD THE FINAL NUMBER
OF CYCLES FOUND
N=I

|
DO I — 1

TO NUMBER OF CYCLES Nay

I

aALT[ = (Uoﬂ 14, ~ 00”2’ ) /20 (Eq. 2‘85)

OMEAN; = (09” 1 + 0.”2’) /2.0 (Eq. 2-86)

]

'Y

SM = NEUBER

CALCULATE EQUIVALENT MEAN STRESS
(See Figure 5-15)

|
DO1— 1

TO NUMBER OF CYCLES N y

l

CALCULATE THE EQUIVALENT STRESS
USING GOODMAN RELATION

OALT,
o = T (g 2:90)
V= Gur

]

']

POl — 1

TO NUMBER OF CYCLES Ny

Figure 5-14 Flowchart for Subprogram RAINF2 (Cont'd)
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Y

LUFE; = GTUFE

CALCULATE THE FATIGUE UFE
FROM THE S/N CURVE
(See Section 4.1.8)

]

i

DOl — 1 \

TO NUMBER OF CYCLES N BY 1

1

INVERT THE UFE

1

i

]

i
DOt — 1

TO NUMBER OF CYCLES N BY 1

I

SUM THE DAMAGE FRACTIONS

SUMDAM = SUMDAM + INVLIF;

I
i

RAINF2 = PERIOD/SUMDAM

RETURN

Figure 5-14 Flowchart for Subprogram RAINF2 (Cont'd)



Then, the intermediate points in the history are fitered leaving only the peaks and
troughs. This is done by testing for a sign change in the gradients of adjacent
segments. Next, the counting of the cycles begins. Consecutive peaks and troughs
are added to a holding array, each time checking whether the new peak-trough
segment is greater than the previous one; if so, then a cycle has been closed. Then,
the peak and trough corresponding to the closed cycle are removed from the holding
array. The cycle is saved if it is large enough, i.e., larger than a user-specified
threshold. The procedure is repeated by adding new peaks and troughs to the
holding array until another cycle is identified.

Once all the cycles have been identified, the alternating and mean values of each
stress cycle are calculated. An equivalent mean stress is calculated for the entire
history based on the mean of the biggest cycle. The routine NEUBER, described
below, is called to estimate the equivalent mean stress. The alternating stresses for
each cycle are adjusted to equivalent zero-mean stresses by using the Goodman
relation given by Equation 2-90. The life corresponding to each stress cycle is
obtained from the S/N curve by calling the GTLIFE routine. The GTLIFE routine is
described under materials characterization in Section 4.1.8. Miner’s rule is used to
accumulate the damage due to each cycle. There are four separate DO loops over
the number of cycles in the last four steps, starting with the Goodman transformation.
This was done to enable vectorization of the DO loops. For running on a scalar
machine, these four steps may be embedded within a single DO loop. :

The RAINF2 performs the same caiculations as RAINF1, which is used in DCTHCF.
The only difference is that RAINF1 calls PGETSM and RAINF2 calls NEUBER for the
equivalent mean stress calculation.

5.1.3.6 NEUBER Routine

The flowchart for NEUBER is given in Figure 5-15. The total stress is calculated by
summing the mean stress and the alternating stress with the algebraic sign of the
mean applied to the latter. The stress-strain product is calculated next. The goal is
to find the intersection of the stress vs. strain curve to the hyperbola, given by Equation
2.88, which represents the constant stress-strain product. First, the product is
checked as to-whether it is in the elastic region; if so, then the stress is unchanged.
Otherwise, the intersection of the stress vs. strain curve with the hyperbola is
determined by checking through the segments of the curve. The intersection defines
the desired Neuber stress value. The new mean stress is the Neuber stress minus
the alternating stress, as given by Equation 2-89.
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Figure 5-15 Flowchart for Subprogram NEUBER







Section 5.2
Low Cycle Fatigue Analysis Software

5.2.1 Introduction

This section presents a description of the computer program which implements the
LCF analysis discussed in Section 2.2.2.2. The code for analyzing the ATD-HPFTP
second stage turbine disk is described here. The overall layout of the program is
described by using a main flowchart that refers to other flowcharts, which describe
subprograms and key portions of the main program in greater detail. The materials
characterization subprograms and those subprograms that are of a generic nature,
such as the random variate generators, are described in Section 4.7 and Section 4.4,
respectively. The relevant user’s guide for running this code is given in Section 6.2,
and a list of subprograms, a definition of key variables, and the complete source code
listing are given in Section 7.2. A glossary of standard flowchart symboils is given for
the reader’s benefit in Appendix 5.A.

5.2.2 TRBPWA Program

The LCF analysis of the ATD-HPFTP second stage turbine disk is implemented as
the FORTRAN program TRBPWA. Figure 5-16 shows the structure of the Probabilistic
Failure Model (PFM) for the disk. This section provides the description and flowcharts
for program TRBPWA.

5.2.2.1 Main Routine
The main flowchart for the TRBPWA program is given in Figure 5-17. The program
starts by opening the following input and output files:>

NAME TYPE CONTENTS

TRBPWD Input Analysis data

TRBPWO Qutput Input data echo, results

RELATD Input Related material data input

RELATO Output Echo of information in RELATD

DUMP Output Results of materials characterization calculations
IOUTPR Output Run information and user-requested information
LOWLIF Output First one percent of sorted fatigue lives

The arrays and variables are then set to their default or initial values. The input data
is read from the TRBPWD file. An echo of the input data is written onto TRBPWO.
The related material S/N information is read from the file RELATD and processed in

5 Files RELATD and RELATO are opened in INFAGG.
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o PROBABILISTIC CHARACTERIZATION OF
DRIVER UNCERTAINTIES
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Figure 5-186 Structure of the Probabilistic Failure Model for the
ATD-HPFTP Second Stage Turbine Disk
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Figure 5-17 Main Flowchart for the ATD Disk LCF Analysis
Program TRBPWA
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Figure 5-17 Main Flowchart for the ATD Disk LCF Analysis
Program TRBPWA (Cont'd)
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the INFAGG routine. INFAGG controls the materials information aggregation and is
described in Section 4.1.3.

The selection of hyperparameters6 is performed in the outer DO loop of the
simulation by calling the RANDOM and PRYRYV routines to obtain the Beta distribution
parameters p and 6 for ATy, it is the only driver whose probability distribution is
described by Beta distributions. The PAREST routine controls the calculations for
estimating the parameters for the S/N model. Routine PAREST is described in Section
4.1.5. If materials process variation is included, the materials parameter Z in Equation
2-48 is selected by calling the NORMGN routine and then transforming the resulting
Normal variate to a Lognormal variate.

The inner DO loop for the simulation performs the driver selection. The drivers w,
ATy, Ax, and A, are selected by calling NORMGN, BETAGN, and PRYRYV, which draw
from Normal, Beta, and Uniform distributions, respectively. The random variate
routines RANDOM, BETAGN, NORMGN, and PRYRYV are described in Sections 4.4
and 7.6.

In the symmetry DO loop, the materials model parameter ¢ is found from the
minimum of 50 draws of a Weibull distribution. Calls to WEIBGN provide the 50 values
of ¢. Subroutine WEIBGN is described in Sections 4.4.6.

When all the S/N model parameters have been selected for the region with S/N
data, the S/N curve is tied to the tensile point S, by routine KOMO. The driver
transformation, discussed in Section 5.2.2.2, is then performed. The result of the
driver transformation is the reference stress Sp used by subprogram GTLIFE to
calculate a fatigue life by using the randomly selected S/N curve. Subprograms
KOMO and GTLIFE are described in Sections 4.1.6 and 4.1.8, respectively.

The fatigue lives are arranged in ascending order in a list containing the lowest fifty
percent of the lives. The INSORT routine performs an insertion sort with each new
fatigue life. When the outer DO loop is completed, the list of lives representing the
left-hand tail of the failure distribution is written to file LOWLIF. Subprogram INSORT
is described in Appendix 5.B.

If a truncated Normal distribution was used for the materials shape parameter m,
the empirical median S/N curve will be calculated upon user request. The routine
SORTM s called to sort the values of m and the routine EXPCTD calculates the median

6 Hyperparameters are discussed in Section 2.1.1.



S/N curve. Sections 4.1.10 and 4.1.3.12 describe the routines SORTM and EXPCTD,
respectively.

5.2.2.2 Driver Transformation

The flowchart for the driver transformation discussed in Section 2.2.2.2 is given in
Figure 5-18. The driver transformation is performed in several steps. The first step
is to calculate Cg, 4, and 1 by using the parametric relationships of Equations 2-94
through 2-98 and the values of @ and AT;. Then Csg, Am, AG; the nominal stresses

Sm, Sm, @nd Sg,; and the model accuracy factors i, and 4., are combined by using

Equation 2-103. The resultis the reference stress Spforthe single-cycle stress history,
which is then used in the low cycle fatigue life calculation.
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Figure 5-18 Flowchart of Driver Transformation






Appendix 5.A
Program Flowchart Symbols

The symbols employed in the flowcharts are given in Figure 5-19.

[/

INPUT/OUTPUT PROCESS
FLOWLINE L_f\l
DOCUMENT
DECISION DOl —— M
< TONBY 1 )
DO LOOP PREPARATION

(INCREMENT I BY 1 FROM M TO N)

- )

START, STOP, RETURN

SUBROUTINE, FUNCTION

FLOWLINE CONTINUATION
IDENTIFIERS

Figure 5-19 Program Flowchart Symbols
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Appendix 5.B
INSORT Routine

The flowchart for the FORTRAN routine INSORT is given in Figure 5-20. The routine
performs an insertion sort on the failure times provided by the Probabilistic Failure
Models (PFMs). Only the lowest fifty percent of the failure times are saved.

CALCULATE NUMBER OF LIVES TO BE SAVED
NUM = TOTAL NUMBER OF LIVES / 2

‘.

DO I — 1 N\

TO NUM BY 1
FALSE
TRUE
INSERT X AT
PLACE = |
Figure 5-20 Flowchart for Subprogram iINSORT
RECEDNH, PROE s NNT FEMEL
5- 51 )
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TO NUM BY 1

MOVE ENTRIES > X
TO TEMPORARY ARRAY
Y(1) = LFE(I1)

INSERT X
LIFE(PLACE) = X

DO |— PLACE + 1

TO NUM BY 1

RESTORE ENTRIES FROM
TEMPORARY ARRAY

WFE(1) = Y(1)

( RETURN )

Figure 5-20 Flowchart for Subprogram INSORT (Cont'd)
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Section 6.1
High Cycle Fatigue Analysis User’s Guides

The user's guides for running the two high cycle fatigue (HCF) analysis codes
DCTHCF and HEXHCF are given here. The HCF methodology is discussed in Section
2.2.1, the program descriptions and flowcharts are presented in Section 5.1, and the
code structures and listings are provided in Section 7.1.

6.1.1 DCTHCF Program

The DCTHCF program was used to analyze high cycle fatigue failure of the HPOTP
main discharge duct and the LPFTP turbine drive duct. The dynamic load input for
the program consists of narrow-band and sinusoidal reference time histories. These
reference time histories are generated using the program NBSIN. The output of
DCTHCEF includes the simulated B-lives and a list of the lowest one percent of lives.
The list of lives may be used as input to the regression programs of Section 4.2 to
compute the parameters of the Bayesian prior failure distribution. This prior distribu-
tion and success/failure data are used as input to the Bayesian updating program
BAYES to obtain a posterior failure distribution.

6.1.2 How To Use Program DCTHCF

The program DCTHCF is intended to be run in batch (i.e., background) mode.
DCTHCEF requires two input data files: DCTHCD and RELATD. The materials char-
acterization model portion of the program requires both files for all runs, even when
no related S/N data is used. DCTHCF also uses a set of load data files containing
the reference time histories. The names of the load data files must be defined by the
user. The file DCTHCD contains the analysis control parameters, driver distributions,
engineering analysis parameters, and specific and exogenous materials information.
The file RELATD contains the related materials information. A complete description
of the input data for the DCTHCD and RELATD data files is given in Section 6.1.3.

The results from the DCTHCF program are written to five output files: DCTHCO,
RELATO, DUMP, IOUTPR, and LOWLIF. DCTHCO contains the echo of the informa-
tion in DCTHCD, the results of any stress ratio transformations performed on specific
materials data, and the results of the simulation. RELATO contains the echo of the
information in RELATD and the results of any stress ratio transformations performed
on related materials data. The results of the materials characterization calculations
are primarily given in DUMP. These calculations include point and interval estimates
for S/N curve parameters m and C, posterior credibility ranges for m, and an estimate
of the median S/N curve. File IOUTPR contains an echo of the analysis parameters
and, if requested, a dump of intermediate calculations. If the program terminates
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prematurely, an error message will be printed in the IOUTPR file. A list of error
messages and possible remedies for the problems is given in Section 6.1.6. LOWLIF
contains the first one percent of the lives of the simulated failure distribution.

6.1.3 Description of Input Data Files

Annotated examples of the complete data file format structure for DCTHCD and
RELATD are presented in Figures 6-1 and 6-2, respectively. The data lines of the input
files are given in boxes, with a description of each data line located adjacent to each
box. The specific input parameters of Figures 6-1 and 6-2 are individually defined in
Sections 6.1.3.1 and 6.1.3.2. Input parameter values given in Figures 6-1 and 6-2 are
not necessarily those used in the application case studies of Section 3.7.

The input data is read by free format statements from files DCTHCD and RELATD.
Thus, the numbers may be provided sequentially on a line up to 80 characters in
length, with each number separated by a blank character or comma. Each number
may also be on a separate line in the file. However, itis recommended that the input
format suggested in Figures 6-1 and 6-2 be followed whenever possible.

6.1.3.1 Input File DCTHCD

The required data for the DCTHCD file is divided into the four blocks shown in Figure
6-3: analysis parameters, driver information, load and geometry, and materials
information. The analysis parameters block contains the analysis parameters and the
keys to select the program options. The driver information block contains the
parameters that define the driver distributions. The number of dynamic loads, the
magnitudes of the dynamic loads, the load file names, the static loads, and duct
geometry are given in the load and geometry block. The materials information block
contains the specific material S/N data, including the yield and ultimate strengths,
stress ratio, the S/N data points, life region boundaries, and materials characterization
model parameter constraints.

The input parameters are described below by using the following convention: the
input variable names are indicated by BOLD UPPERCASE letters; the variable types
are specified as character [CHRY], integer {INT], real [RE], and double precision real
[DRE]; the function of the variable is underlined and followed by a description and a
list of options, when appropriate; the program and file names are indicated by
UPPERCASE letters. A consistent set of units is given in parentheses for specifying
dimension, load, and stress input parameters. All character strings must be enclosed
by 'single quotes’. The user is reminded about the difference between the number
“0” and the letter “O” when preparing the input files.



675 Random number seed

0 Output dump controller

1 Inner loop size

20000 | Outer loop size

2 Type of S/N variation

0 Request for truncated Normal median S/N curve
0 Controls materials process variation

10 Number of Bives

Decimal equivalent of percentages for B-lives

[ 0001 0002 0003 0004 0005 0006 0007 0008 0009 0010 |
Weld offset two Beta distribution information
0.13 0.13 0.00 000 00 0.0
0.00 0.00 0.00 000 00 0.0
1.00
Outer diameter weld axial stress concentration factor Beta distribution information
| 120 350 0.08696 0.3478 10. 10. |
Inner diameter weld axial stress concentration factor Beta distribution information
1104 143 030 070 05 10. |
Outer diameter geometric axial stress concentration factor Beta distribution information
{120 134 030 070 05 10. |
2.00 2.00 0.15 0.866667 Narrow-band random load scale factor
2.00 2.00 0.20 0.933333 Sinusoidal load scale factor
0.90 1.10 Static load scale factor
0.80 1.20 Dynamic stress analysis accuracy factor
0.90 1.10 Static stress analysis accuracy factor
0.40 0.60 In-plane axial stress carryover factor
0.40 0.60 Out-of-plane axial stress carryover factor
0.40 0.60 In-plane circumferential stress carryover factor
0.40 0.60 Out-of-plane circumferential stress carryover factor
0.85 1.15 Ovality effect analysis accuracy factor
0.80 1.20 Weld offset accuracy factor
-1.38629 0.95166 Damage accumulation model accuracy factor
14 Number of dynamic loads

Figure 6-1 Format for File DCTHCD



Static loads: P, My, M,, M, V. V;

| 8130.00 20900.00 42010.00 42010.00 3805.00 3805.00 |

Dynamic loads: file name, load type, P, M,, M,, M,, V. V,

'NBP’ 1 237.675 0.00 0.00 0.00 0.00 0.00
'NBT' 1 0.00 103.41 0.00 0.00 0.00 0.00
'NBM3' 1 0.00 0.00 0.00 626.175 0.00 0.00
'NBVS' 1 0.00 0.00 0.00 0.00 0.00 34.075
"SINTY’ 2 4.889461 1.88731 3.002265 8.618995 13.91015 0.829459
'SIN2’ 2 17.2329 12.6415 0.182346 38.4677 54.89455 2.90558
"SIN3'’ 2 3.117695 2.764815 4.45821 29.7981 4.905385 0.691592
'SIN4’ 2 1.107417 0.856604 1.17435 3.663675 1.350412 0.414575
'SINS’ 2 10.23887 11.81905 137.38 28.5843 6.0813 13.24209
"SIN6’ 2 2.151205 1.62707 0.430078 5.991475 7.077595 0.395232
'SIN7' 2 4.13738 8.500805 5.235795 71.06695 15.61234 1.242015
"SIN8' 2 9.1491 0.904076 5.953345 0.934805 5.04324 0.843876
'SIN9’ 2 32.10965 0.084774 1.236315 23.9187 16.7327 0.162597 .
2

'SIN10’ 79.7046 7.056975 2.48936 35.04565 36.66045 4.07806

1. 1. 1. | Other fatigue stress concentration factors

4675. Inner wall limit pressure, p;

6.0 Elbow bend radius, Rg

112 Weld distance from the elbow tangency line, Wp
4 inside diameter, D;

0.1115 Minimum wall thickness, outer diameter, tw
0.1378 Wall thickness at bend, inner diameter, twp
3.01E+07 Young's modulus of elasticity, E

1 Critical duct location

20. Angular position about the duct circumference, ¢
1.0 Reference time history period, T

0.00 Noise filter

| 20001 Number of points in reference time history

Figure 6-1 Format for File DCTHCD (Cont'd)



0.615 2.00 The ten points of the

0.693 4.80 piecewise linear
0.753 7.20 Fi vs. Rft curve
0.813 9.60

0.873 12.50

0.933 15.80
0.993 20.00

1.029 24.00
1.053 30.00
1.053 200.00

Description of specific material S/N data set

| *.320 HOURGLASS + STRAIGHT' |

Specific materials information: yield and ultimate strengths, number of data dMsidns. and total number
of points in data set .

| 178600. 220400. 1 20 |

Specific materials information for each data division: number of points in data division, stress ratio, and
life region

| 20 005 1 |

Figure 6-1 Format for File DCTHCD (Cont'd)



150000. 65000. Sq. Ny
140000. 261000. So, No
120000.  265000. S3, N3
160000. 377000. S4 Ng
130000.  694000. Ss. Ns
110000. 2175000. Se: Ng
100000. 4198000. S7. Ny
105000. 5053000. Sg Ng
92000. 9210000. Sa. Ng
95000. 9667000. S0 Nio
150000. 418000 S11. Ny
140000. 732000. 812, N12'
130000.  740000. Si3 Nqa
120000. 859000. Si4 Nia
110000. 1181000. 815, N15
100000. 4020000. Sie Nis
92000. 5917000. Sq7. Nq7
94000. 6522000. Sia Nig
90000. 6891000. S1a Nyg
86000. 4460000. So0. Nog
0.00 Stress tensile point
10 Number of life regions with and without data
1.0E +36 Life boundary
0.00 C constraint
|2 3.596_5.874 Prior information on m

o0 0.0 0.0 ] Bayesian prior distribution information

0.0 0.0 Materials process variation information

Figure 6-1 Format for File DCTHCD (Cont'd)



[] Number of related data sets

L'TITANIUM, 423F_ 0.14 Fe' ] Description of related material S/N data set

Related materials information: yield and ultimate strengths, number of data divisions, and total number
of points in data set

| 201700. 215300. 2 10 |

Related materials information for data division 1: number of points in data division, stress ratio, and life
region

la o010 1 |

140000. 38000. S1. Ny
130000. 30000. So, Np
130000.  713000. S3. Na
130000.  310000. Sq Ny
6 0.10 2 Number of points in division 2, stress ratio, region
120000. 72000. S5, Ns

110000.  3224000. | Sg. Ng
100000.  910000. | S; N7
100000.  3230000. | Sg, Ng
120000.  665000. | Sg, Ng
110000. _ 56000. | S10. Nqg

Figure 6-2 Format for File RELATD

ANALYSIS PARAMETERS

|

DRIVER INFORMATION

|

LOAD AND GEOMETRY

|

MATERIALS INFORMATION

Figure 6-3 Data Blocks for Input File

6-9



Analysis Parameters Block

RAND
[DRE]

Random number seed
Needed by DCTHCF's built-in random number generator.

IouT
[INT]

Output dump controller.
DCTHCF has the ability to write intermediate calculations to file IOUTPR. The following
integer values control the “dump” of DCTHCF's calculations.

IOUT = 0 no intermediate calculation output

IOUT = 10 materlals characterization model calculations

IOUT = 15 driver sampling

I0UT = 20 cycle counting and damage accumulation calculations
IOUT = 25 stress analysis calculations

NLIFE
[INT]

Inner loop number
Size of the inner loop of the Monte Carlo (MC) simulation. A positive value is required.

NHYPER
[INT]

Outer loop number
Size of the outer loop of the MC simulation. The program requires a positive value.

VARY
[INT]

Type of S/N variation’
Controls the type of stochastic variation to be included in the materials charac-
terization model S/N curve.

1 A discussion of the possible stochastic specifications of the materials model shape
parameter m is given in Pages 2-13 through 2-14.
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VARY = 0 no variation will be included
VARY = 1 aliows only intrinsic materials variation

VARY = 2 allows Uniform variation of the materials model shape parameter m
and intrinsic materials variation

VARY =3 allows truncated Normal variation of the materials model shape
parameter m and intrinsic materials variation

NMED
[INT]

Request for truncated Normal median S/N curve
If VARY = 3, then NMED controls the calculation of the empirical median S/N curve.

NMED =0 no median curve calculation is required

2

NMED = 1 median curve calculation is required

MPROC
[INT]

Controls materials process variation
Controls the inclusion of materials process variation (heat-to-heat variation). Process
variation in materials is discussed in Section 2.1.2.3.

MPROC = 0 no variation to be inciuded
MPROC = 1 variation Is to be included

NBLIFE
[INT]

Number of B-lives

The number of B-lives to be provided from the simulated distribution of life. A B-life
is the value of accumulated operating time to failure at a failure probability specified
as a percentage; e.g., B.1 is the failure time at a probability of 0.001 or 0.1%. NBLIFE
must be non-negative and cannot exceed 10.

2 The median S/N curve for the truncated Normal distribution is discussed on Page 2-15.
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BLFPER(1) BLFPER(2) ... BLFPER(NBLIFE)

[RE] [RE] [RE]

B-life percentages

The decimal equivalent of the percentages at which the B-lives are required; e.g., if
the B.1 life is desired, then BLFPER = 0.001. A total of NBLIFE percentages must
be provided. The percentage cannot exceed 50% (BLFPER = 0.50).

Driver Information Block

WEOFA WEOFB WEOFR1 WEOFR2 WEOFT1 WEOFT2

[RE] [RE] [RE] [RE] [RE] [RE]
WEOFC WEOFD WEOFR3 WEOFR4 WEOFT3 WEOFT4
[RE] [RE] [RE] [RE] [RE] [RE]
WEOFE

(RE]

Weld offset Beta distribution information

W In Equation 2-73 is the weld offset and may be characterized by two Beta
distributions. The first two lines are the two Beta distributions, one per line. See
Section 2.1.3.1 and Equation 2-54 for defining parameters for setting up a Beta driver
distribution. The first two parameters are the lower and upper bounds, respectively,
for W, The next two parameters are the lower and upper bounds for the Uniform
distribution on p. Similarly, the last two parameters describe the Uniform distribution
on 6. The third line is the decimal equivalent percentage weight for the first Beta
distribution and must be between 0.00 and 1.00.

WEOFA Woger lower bound of Beta distribution 1

WEOFB Worr upper bound of Beta distribution 1

WEOFR1 p Uniform distribution lower bound of Beta distribution 1 of Woze
WEOFR2 p Uniform distribution upper bound of Beta distribution 1 of Worer
WEOFT1 6 Uniform distribution lower bound of Beta distribution 1 of Woee
WEOFT2 6 Uniform distribution upper bound of Beta distribution 1 of Woer
WEOFC Worr lower bound of Beta distribution 2

WEOFD Wore upper bound of Beta distribution 2

WEOFR3 p Uniform distribution lower bound of Beta distribution 2 of Wor
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WEOFR4 p Uniform distribution upper bound of Beta distribution 2 of Wz
WEOFT3 6 Uniform distribution lower bound of Beta distribution 2 of W
WEOFT4 @ Uniform distribution upper bound of Beta distribution 2 of W

WEOFE decimal equivalent percentage weight occurring in Beta distribution 1

KWODA KWODB  KWODR1 KWODR2 KWODT1 KWODT2
[RE] [RE] [RE] [RE] [RE] [RE]

Outer diameter weld axial stress concentration factor Beta distribution information
The outer diameter weld axial stress concentration factor is characterized by a Beta
distribution. See Section 2.1.3.1 and Equation 2-54 for defining parameters for setting
up a Beta driver distribution. The first two parameters are the lower and upper
bounds, respectively, for the outer diameter weld axial stress concentration factor.
The next two parameters are the lower and upper bounds for the Uniform distribution
on p. Similarly, the last two parameters describe the Uniform distribution on 8. The
outer diameter weld axial stress concentration factor is used to calculate Ky, in
Equation 2-68.

KWODA outer diameter weld axial stress concentration factor lower bound of
Beta distribution

KwWODB outer diameter weld axial stress concentration factor upper bound of
Beta distribution

KWODR1 p Uniform distribution lower bound of Beta distribution of outer

diameter weld axial stress concentration factor

KWODR2 p Uniform distribution upper bound of Beta distribution of outer
diameter weld axial stress concentration factor

KwWODT1 6 Uniform distribution lower bound of Beta distribution of outer
diameter weld axial stress concentration factor
KWODT2 6 Uniform distribution upper bound of Beta distribution of outer

diameter weld axial stress concentration factor

KWIDA KWIDB KWIDR1  KWIDR2  KWIDT1  KWIDT2
[RE] [RE] [RE] [RE] [RE] [RE]

Inner diameter weld axial stress concentration factor Beta distribution information

The inner diameter weld axial stress concentration factor is characterized by a Beta
distribution. See Section 2.1.3.1 and Equation 2-54 for defining parameters for setting
up a Beta driver distribution. The first two parameters are the lower and upper
bounds, respectively, for the inner diameter weld axial stress concentration factor.
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The next two parameters are the lower and upper bounds for the Uniform distribution
on p. Similarly, the last two parameters describe the Uniform distribution on 6. The
inner diameter weld axial stress concentration factor is used to calculate Ky, in
Equation 2-68.

KWIDA inner diameter weld axial stress concentration factor lower bound of
Beta distribution

KwiDB inner diameter weld axial stress concentration factor upper bound of
Beta distribution

KWIDR1 p Uniform distribution lower bound of Beta distribution of inner
diameter weld axial stress concentration factor

KWIDR2 p Uniform distribution upper bound of Beta distribution of inner
diameter weld axial stress concentration factor

KWIDT1 6 Uniform distribution lower bound of Beta distribution of inner
diameter weld axial stress concentration factor

KWIDT2 6 Uniform distribution upper bound of Beta distribution of inner

diameter weld axial stress concentration factor

KGODA KGODB KGODR1 KGODR2 KGODT1 KGODT2
[RE] [RE] [RE] [RE] [RE] {RE]

Outer diameter geometric axial stress concentration factor Beta distribution information
The outer diameter geometric axial stress concentration factor is characterized by a
Beta distribution. See Section 2.1.3.1 and Equation 2-54 for defining parameters for
setting up a Beta driver distribution. The firsttwo parameters are the lower and upper
bounds, respectively, for the outer diameter geometric axial stress concentration
factor. The next two parameters are the lower and upper bounds for the Uniform
distribution on p. Similarly, the last two parameters describe the Uniform distribution
on 6. The outer diameter geometric axial stress concentration factor is used to
calculate Ky, in Equation 2-68.

KGODA outer diameter geometric axial stress concentration factor lower
bound of Beta distribution

KGODB outer diameter geometric axial stress concentration factor upper
bound of Beta distribution

KGODR1 p Uniform distribution lower bound of Beta distribution of outer
diameter geometric axial stress concentration factor

KGODR2 p Uniform distribution upper bound of Beta distribution of outer
diameter geometric axial stress concentration factor

KGODT1 8 Uniform distribution lower bound of Beta distribution of outer
diameter geometric axial stress concentration factor
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KGODT2 6 Uniform distribution upper bound of Beta distribution of outer
diameter geometric axial stress concentration factor

LAMNA  LAMNB  LAMNC  LAMND
[RE] [RE] [RE] [RE]

Narrow-band random load scale factor distribution information
This line contains the parameters to define the narrow-band random load scale factor
ADruoow In Equation 2-81. See Section 2.1.3.2 on load scale factors for a detailed

description of the parameters k, coefficient of variation C, and strain gage factor d.

LAMNA lower bound of Uniform distribution of k for the narrow-band random
load scale factor

LAMNB upper bound of Uniform distribution of k for the narrow-band random
load scale factor

LAMNC coefficient of variation C for the narrow-band random load scale factor

LAMND strain gage factor d for the narrow-band random load scale factor

LAMSA  LAMSB  LAMSC  LAMSD
[RE] (RE] [RE] [RE]

Sinusoidal load scale factor distribution information
This line contains the parameters to define the sinusoidal load scale factor Apgwsons

in Equation 2-81. See Section 2.1.3.2 on load scale factors for a detailed description
of the parameters k, coefficient of variation C, and strain gage factor d.

LAMSA lower bound of Uniform distribution of k for the sinusoidal load scale
factor

LAMSB upper bound of Uniform distribution of k for the sinusoidal load scale
factor

LAMSC coefficient of variation C for the sinusoidal load scale factor

LAMSD strain gage factor d for the sinusoidal load scale factor

LAMSTA LAMSTB

[RE] [RE]

Static load scale factor distribution information

g7 in Equation 2-81. This is the static load scale factor and it is characterized by a
Uniform distribution.
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LAMSTA static load scale factor Uniform distribution lower bound
LAMSTB static load scale factor Uniform distribution upper bound

DSTRA DSTRB
[RE] [RE]

Dynamic stress analysis accuracy factor Uniform distribution information
ADYNsy, IN EQuation 2-81. This is the dynamic stress analysis accuracy factor and it is

characterized by a Uniform distribution.

DSTRA dynamic stress analysis accuracy factor Uniform distribution lower
bound

DSTRB dynamic stress analysis accuracy factor Uniform distribution upper
bound

SSTRA SSTRB
[RE] [RE]

Static stress analysis accuracy factor Uniform distribution information
IsT., N Equation 2-81. This is the static stress analysis accuracy factor and it is

characterized by a Uniform distribution.

SSTRA static stress analysis accuracy factor Uniform distribution lower bound
SSTRB static stress analysis accuracy factor Uniform distribution upper bound
CLZA cLZB CLYA CLYB
[RE] [RE] [RE] [RE]
CCzZA CcCzB CCYA CcCyYB
[RE] [RE] [RE] [RE]

Stress carryover factors

The stress carryover factors Cp, Cy, C.,, and C, in Equations 2-74 through 2-77.
They are characterized by Uniform distributions. The stress carryover factors are
required to evaluate the stresses at the elbow-straight pipe junction, given the stresses
on the elbow away from end-effects.

CLZA in-plane axial stress carryover factor C, Uniform distribution lower
bound
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cLZB in-plane axial stress carryover factor C, Uniform distribution upper

bound

CLYA out-of-plane axial stress carryover factor C,y Uniform distribution lower
bound

CLYB out-of-plane axial stress carryover factor C,y Uniform distribution
upper bound

CcCza in-plane circumferential stress carryover factor C, Uniform distribu-
tion lower bound

cCzB in-plane circumferential stress carryover factor C., Uniform distribu-
tion upper bound .

CCYA out-of-plane circumferential stress carryover factor Ccy Uniform dis-
tribution lower bound

CCyYB out-of-plane circumferential stress carryover factor Ccy Uniform dis-
tribution upper bound

OVALA OVALB
[RE] [RE]

Ovality effect analysis accuracy factor Uniform distribution information
Aovar iN Equations 2-74 through 2-77. This is the ovality effect analysis accuracy factor
and it is characterized by a Uniform distribution.

OVALA Aovgy Uniform distribution lower bound
OVALB Aoy Uniform distribution upper bound

LAMWA LAMWB
[RE] [RE]

Weld offset accuracy factor Uniform distribution information
AoeeiN Equation 2-73. This is the weld offset eccentricity stress concentration accuracy
factor and it is characterized by a Uniform distribution.

LAMWA Ao,_.,_. Uniform distribution lower bound
LAMWB Aogr Uniform distribution upper bound

GAMA GAMB
[RE] [RE]
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Damage accumulation model accuracy factor distribution information
This line contains the Uniform distribution bounds in loge space for the damage

accumulation model accuracy factor A 4, in Equation 2-91. See Section 2.2.1.4fora
discussion of the damage accumulation calculations.

GAMA lower bound of damage accumulation accuracy factor
GAMB upper bound of damage accumulation accuracy factor
Load and Geometry block
NLOAD
[INT]

Number of dynamic loads
Total number of dynamic or time-varying loads. NLOAD cannot exceed 16.

PSTAT TSTAT MSTAT(1) MSTAT(2) VSTAT(1) VSTAT(2)

[RE] [RE] [RE] [RE] [RE] [RE]
Static loads
This line contains the six beam-end force components due to static loads.
PSTAT P (Ibs) in Equation 2-68, the static axial load component
TSTAT M, (in.-Ibs) in Equation 2-72, the static torsional load component
MSTAT(1) My (in.-bs) in Equation 2-68, the static moment load component about
the y axis
MSTAT(2) M, (in.-bs) in Equation 2-68, the static moment load component about
the z axis
VSTAT(1) Vy (Ibs) in Equation 2-72, the static shear load component along the y
axis
VSTAT(2) V, (bs) in Equation 2-72, the static shear load component along the z
axis

LDNAME(l) TYPE() P T  MAD M) V() V()
[CHR] [INT] [RE] [RE] [RE] [RE] [RE] [RE]

Dynamic loads

This line contains the dynamic load file names, load types, and the six components
of the beam-end force magnitudes. A total of NLOAD lines must be specified (i.e.,
the value of | goes from 1 to NLOAD).
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LDNAME(]) File names containing the reference time history for load I. The file
name cannot be more than six characters long and must be enclosed
by single quotes.

TYPE(N) Load-type of load |, used to assign the appropriate load scale factor
TYPE(l) = 1 Narrow-band random load
TYPE(l) = 2 Sinusoidal load

P(l) P (Ibs) in Equation 2-68, the dynamic axial load magnitude for load |

T() M, (in.-bs) in Equation 2-72, the dynamic torsional load magnitude for
load |

M(1,1) My (in.-Ibs) in Equation 2-68, the dynamic moment load magnitude
about the y axis for load |

M(2,1) M, (in.4bs) in Equation 2-68, the dynamic moment load magnitude
about the z axis for load |

v(1,l) Vy (Ibs) in Equation 2-72, the dynamic shear load magnitude along the
y axis for load |

V(2,l) V, (Ibs) in Equation 2-72, the dynamic shear load magnitude along the

2 axis for load |

KGID KT(2,1) KT(2,2)
[RE]  [RE] [RE]

Fatigue stress concentration factors

Inner diameter geometric axial and hoop fatigue stress concentration factors. The
geometric axial stress concentration factors are used to calculate the total axial stress
concentration factor, K, in Equation 2-68, by the multiplication of the geometric
factors KGOD and KGID, and the weld factors KWOD and KWID, specified above.

KGID inner diameter axial geometric stress concentration factor
KT(2,1) outer diameter hoop stress concentration factor K in Equation 2-69
KT(2,2) inner diameter hoop stress concentration factor K, in Equation 2-69
LIMPR
[RE]

Limit pressure
p; (psi) in Equation 2-68, the inner wall limit pressure.

BNRD
[RE]
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Bend radius
Rg (in.) in Equation 2.74, the elbow bend radius.

WEDS
[RE]

Weld distance
W,, (in.) in Equation 2-78. This is the weld distance from the elbow tangency line.

IDWE
[RE]

Inside diameter
D; (in.) the duct inside wall diameter is used to calculate R; in Equation 2-68.

MNWT
[RE]

Minimum wall thickness
tw, (in.) the duct minimum wall thickness assumed to occur at the bend outer diameter
is used to calculate t,, and other geometric quantities in Equations 2-68 through 2-80.

WTID
[RE]

wall thickness at bend
tw, (in.) the duct wall thickness at the bend inner diameter is used to calculate t,, and
other geometric quantities in Equations 2-68 through 2-80.

EMOD
[RE]

Elastic modulus
E (psi) in Equation 2-70. This is Young's modulus of elasticity for the component material.

LOCAT

[INT]

Critical location

Critical location of interest on the duct.
LOCAT =1 outer wall
LOCAT = 2 inner wall




ANGLE

Critical angle
¢ (degrees) in Equation 2-68. This is the angle measured counterclockwise from the
Z-direction to the critical circumferential location of the duct.

PERIOD
[RE]

Period
T (sec) in Equation 2-91. This is the period of the reference time histories, and it is
required so that life may be provided in seconds.

TRUNC
(RE]

Noise filter
Value (psi) used to filter out the insignificant cycles in the composite stress-time history
during rainflow cycle counting. '

NRAN
[RE]

Number of history points
Number of points in the reference time history files for the dynamic loads. NRAN
cannot exceed 24,000.

FK(1) RT(l)
[RE] [RE]

Fx versus R/t curve

F, versus R/t points for each segment of the curve are used by Equation 2-73 in the
weld offset eccentricity stress concentration calculations. A block of 10 segments
must be provided (i.e., the value of 1 goes from 1 to 10). Both FK and RT must be
positive and increase with increasing | (i.e., 1 = 1 is the lower bound of the first
segment and | = 10 is the upper bound of the last segment).

FK(1) Fi(R/t) value
RT(l) R/t value




Materials Information Block

DESCRP(0)
[CHR]

Description of specific material S/N data set
Name and test environment for the specific material S/N data. This is a character
string no more than 40 characters long, enclosed by single quotes.

FTY FTU NDIV  NPTS(0)
[RE] [RE] [INT]  [INT]

Specific materials information

Yield strength, ultimate strength, number of divisions of data, number of points in S/N
data set. The data may be divided when they are assigned to a different life region
or have different stress ratios. NPTS(0) cannot exceed fifty. The next two data sets
have to be provided for each data division. '

FTY yield strength corresponding to the specific material data set (psi)
FTU ultimate strength corresponding to the specific material data set (psi)
NDIV number of data divisions for the specific material data set
NPTS(0) total number of points in the specific material S/N data set

NUM RATIO REG

[INT] [RE] (INT]

Materials information for each data division of the specific S/N data set
Number of points, stress ratio, and the life region of interest for each data division.
This line must be provided for each data division.

NUM number of S/N data points in the data division
RATIO stress ratio for the data in the data division
REG life region number to be assigned to the data in the data division

RAWSTR(1,0) RAWNF(1,0)
[RE] [RE]



Specific material S/N data points
Stress versus fatigue life data points for each data division. A block of NUM lines
must be specified (i.e., the value of | goes from 1 to NUM). This block must be
provided for each data division.

RAWSTR(1,0) stress value (psi)

RAWNF(,0) fatigue life value (cycles)

SZERO
[RE]

Tensile point3
Stress tensile point S, (psi). Must be non-negative. A value of zero indicates no tensile

point. For HCF applications, this aspect of the materials model has been disabled,
however, a value of SZERO must be provided.

NUMREG NNODAT
[INT] [INT]

Data regions*

Number of life regions that are data-determined and not data-determined. NUMREG
+ NNODAT cannot exceed three. NUMREG must be 1, 2, or 3, and NNODAT must
be non-negative, and should be 0 or 1.

NUMREG number of life regions determined by data
NNODAT number of life regions (to the right) not determined by data

NBND(L)
(RE]

Life Boundaries®

The upper boundaries of the life regions are specified (cycles). The value of L goes
from ZROREG to the total number of regions (equal to NUMREG + NNODAT). ifa
non-zero tensile point is specified, then ZROREG = 0 else ZROREG = 1. The
program expects the upper bound of the last life region to be 10%, a proxy for o,

3 Extension of the S/N curve to the left is discussed on Page 2-17.
4 Extension of the S/N curve to the right is discussed on Page 2-17.
S Life region boundaries are discussed on Page 2-15.



CZERO
[RE]

Prior information on coefficient of variation of fatigue strengh6

Information in the form of a constraint on the coefficient of variation of fatigue strength
C for the specific material S/N data set. Value must be non-negative and a value of
zero indicates that CZERO is not in use.

MPNT(L) MZERO(1,l)  MZERO(2,L)
[INT] [RE] [RE]

Prior information on the materials shape parameter m’
The number of MZERO values in each life region, and the lower and upper bound for
the range of m. The value of L goes from 1 to (NUMREG + NNODAT). If VARY =
3 is specified (truncated Normal distribution on m), then a prior range of m must be
specified for each region.

MPNT(L) The number of points, 0, 1, or 2 (no prior onm, a point prior onm, ora

prior over a range of m, respectively), in MZERO( ) for each region.
MZERO(1,L) The lower bound on the range of m or the value of the point prior for m.

MZERO(2,L) The upper bound on the range of m. Program requires that the value
be zero if a point prior for m is specified.

DELTA(L)  MO(L)  SIGMA2(L)
[RE] [RE] [RE]

information on the Bayesian prior distribution for the truncated Normal distribution®

If VARY = 3, then the materials model uses the truncated Normal distribution. The
truncated Normal distribution requires some prior information on the Normal distribu-
tion parameters because a Bayesian analysis is performed. The information is
required for each life region. The value of L goes from 1 to (NUMREG + NNODAT).

DELTA(L) The shape parameter  of the Bayesian prior distribution is used to
compute the Bayesian posterior distribution parameters. Value must
be non-negative, a value of zero indicates a diffuse prior distribution.

6 The implicit constraint on the materials shape parameter provided by prior information
on the coefficient of variation of fatigue strength is discussed on Pages 2-12 through 2-13.

7 The explicit constraint on the materials shape parameter provided by prior information
on the materials shape parameter is discussed on Page 2-12.

8 Specification of the Bayesian prior distribution for the truncated Normal case is
discussed on Page 2-14.



MO(L) Location parameter m,, of the Bayesian prior distribution of the shape
parameter m. Must be positive. Required when DELTA(L) is non-zero.

SIGMA2(L) o 2, the known variance of in (fatigue /ife), V(In N | In S). Must be
non-negative.

KRATIO LAMN
[RE] [RE]

Materials process variation information

If MPROC = 1, then specification of KRATIO and LAMN is required. KRATIO is ,1,‘(,
the ratio MED K*/MED K where MED K* is the median value over all heats for the stress
(psi) at a life of one cycle, and MED K is the median value for the specific S/N data for
the stress (psi) at a life of one cycle. LAMN is the ratio of the variance of In(/ife)
conditional on stress over all heats to the intrinsic materials variation for the given S/N
data conditional on stress. Process variation in materials is discussed in Section
2.1.23.

6.1.3.2 Input File RELATD

The input data for file RELATD, which contains the related materials information,
is given below. The data format is similar to that used to specify the S/N data in the
specific materials information block in the DCTHCF file.

9

NSETS
[INT]

Number of related data sets

Number of related material S/N data sets. The following data groups have to be
repeated as a block for each data set. The value of J varies from 1 to NSETS. If
there is no related data, then file RELATD will only contain the number “0”. NSETS
cannot exceed five.

DESCRP(J)
[CHR]

Description of related material S/N data set
Name and test environment for related material S/N data set J. This is a character
string no more than 40 characters long, enclosed by single quotes.

9 Related S/N data is discussed on Page 2-7.



FTY FTU NDIV  NPTS(J)
[RE] [RE]  [INT] [INT]

Related materials information
Yield strength, ultimate strength, number of divisions of data, number of points in S/N

data set. The data may be divided when they are assigned to a different life region
or have different stress ratios. If all the data has a stress ratio of —1.0, then the yield
and ultimate strengths are not required, but zero values must be specified as
placeholders. NPTS(J) cannot exceed fifty. The next two data sets have to be
provided for each data division.

FTY yield strength corresponding to related material data set J (ps)
FTu ultimate strength corresponding to related material data set J (psi)
NDIV number of data divisions for related material data set J

NPTS(J) total number of points in related material S/N data set J

NUM RATIO REG
[INT]  [RE] [INT]

Materials information for each data division of the related S/N data set
Number of points, stress ratio, and the life region of interest for each data division.

This line must be provided for each data division.

NUM number of S/N data points in the data division
RATIO stress ratio for the data in the data division
REG life region number to be assigned to the data in the data division

RAWSTR(l,J) RAWNF(l,J)
[RE] [RE]
Related material S/N data points

Stress versus fatigue life data points for each data division. A block of NUM lines
must be specified (i.e., the value of | goes from 1 to NUM). This block must be

provided for each data division.
RAWSTR(l,J) stress value (psi)
RAWNF(I,J) fatigue life value (cycles)




6.1.3.3 Reference Time History Files

The data format for the reference time history files is given below. There must be
NLOAD files with the same names, as specified by LDNAME(I) in fiie DCTHCD.
Reference time histories are typically generated by program NBSIN described in
Sections 4.5, 6.6, and 7.7.

STRHIS(I,J)
[RE]

The points of the Ith reference time history
The points of the time hlstory specified by LDNAME(]). The data is entered one point
per line ford = 1, ..., NRAN.

6.1.4 Options and Capabilities

DCTHCF is a Monte Carlo simulation program which generates a sequence of
component lives for a particular failure mode, where life is defined as the accumulated
operating time at failure. The simulation has a double-loop structure with NHYPER
outer loops and NLIFE inner loops. The simulation size is dependent on the failure
probability at which a life estimate is desired and the precision desired. Forthe HPOTP
main discharge duct and LPFTP turbine drive duct applications, single-loop runs with
NHYPER = 20,000 and NLIFE = 1 were used to characterize component reliability,
and single-loop runs with NHYPER = 1000 and NLIFE = 1 were used for the marginal
analysis to assess the importance of drivers.

During a run, it may be desirable to “hold” a driver at a fixed value. This may be
the nominal or median value of the driver. This is done for drivers with a Beta or a
Uniform distribution by merely specifying both the upper and lower bounds to be the
desired value. For drivers with a Normal distribution, the standard deviation o, or
coefficient of variation C, is set at zero and the mean u is set at the desired value.

The procedure of holding certain drivers at fixed values while letting the other drivers
vary according to their probability distributions may be used for driver variation
sensitivity studies. That is, the effect on life of driver variation may be evaluated by
letting it vary while holding other drivers at fixed values. Each driver variation
sensitivity was determined in the case studies of this report with the intrinsic variation
of the fatigue life of the material included (VARY = 1).

A printout of intermediate calculations in various parts of the program may be
obtained via the IOUT option. This output will be printed in the IOUTPR file. It is
recommended that such output not be requested when the simulation size is large
since the information will be dumped during every simulation loop. The NMED option
provides for calculation of an empirical median S/N curve if the truncated Normal
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distribution is employed.'® In this case, the median S/N curve is based on the
empirical median m from all the shape parameters used in the simulation. The
MPROC option activates the computations for the process variation feature of the
materials characterization model, as discussed in Section 2.1.2.3.

6.1.5 Code Execution Example

The following example run of the HCF analysis code DCTHCF was carried out with
random variation of all drivers for the HPOTP main discharge duct. In this example run,
1000 lives were simulated (NLIFE = 1 times NHYPER = 1000) by using Uniform shape
parameter variation VARY = 2 and NMED = 0; and no materials process variation,
MPROC = 0. The B-lives'" to be provided are B.1, B.2, B.3, B.4, B.5, B.6, B.7, B.8, B9,
and B1 (NBLIFE = 10, BLFPER(1) = 0.001, BLFPER(2) = 0.002, BLFPER(3) = 0.003,
BLFPER(4) = 0.004, BLFPER(5) = 0.005, BLFPER(6) = 0.006, BLFPER(7) = 0.007,
BLFPER(8) = 0.008, BLFPER(9) = 0.009, BLFPER(10) = 0.01). The user may refer
to Section 2.2.1.5 for additional information on the engineering analysis and to Section
3.1 for the results of the case study for this component.

Figure 6-4 shows the component in detail and the location of the critical weld,
designated as A. The bend radius for the elbow BNRD is 6.0 inches, and the weld

distance from the elbow tangency line WEDS is 0.112 inches. The minimum wall
316"

Figure 8-4 Detali of the HPOTP Main Discharge Duct, Near Weld 6

10 The truncated Normal distribution for the materials model shape parameter m is
discussed on Page 2-14.

11 A B-life is the value of accumulated operating time to failure at a failure probability
specified as a percent; e.g., B.1 is the failure time at a probability of 0.001 or 0.1%.



thickness MNWT is 0.1115 inches, and the wall thickness at the bend inner diameter
is 0.1378 inches. The duct inside wall diameter IDWE is 4.00 inches.

The drivers for the HCF failure of a welded duct are as follows:

DRIVER DISTRIBUTION

1. Weld Offset Beta

2. Ky Weld and Geometry Factors Beta

3. Dynamic Load Scale Factors Normal
4, Static Load Scale Factor Uniform
5. Dynamic Stress Analysis Accuracy Uniform
6. Static Stress Analysis Accuracy Uniform
7. Axial Stress Carryover Factors Uniform
8. Circumferential Stress Carryover Factors Uniform
9. Ovality Effect Analysis Accuracy Uniform
10. K; Weld Offset Eccentricity Accuracy Uniform
11. Damage Accumulation Model Accuracy - Uniform

The rationale for the specification of the driver distributions is given in Section 3.1.3.
The weld offset was held at 13% by fixing the upper and lower bounds of the
distribution at WEOFA = WEOFB = 0.13.

In addition to the static loads, there were two narrow-band random loads and one
sinusoidal load. The three dynamic loads (NLOAD = 3) used here are a subset of
the significant loads for this component. The procedure for identifying the significant
loads is described in Sections 2.2.1.5 and 2.3.7. The three reference time histories
are in the files named NBP NBM3, and SIN10, and the contents of these input files
are given below. The reference time histories have five points (NRAN = 5) and
represent 0.00025 seconds (PERIOD = 0.00025) of the loading. The reference time
histories used for the case studies of the discharge duct givenin Section 3.1 consisted
of 20,000 points. Shorter histories are used here to permit their inclusion in this
example. The critical location is the outer-wall at an angle of 20° counterclockwise
from the crown (LOCAT = 1, ANGLE = 20) at weld 6.

Twenty S/N data points, NUM = 20 with a stress ratio of 0.05 (RATIO = 0.05) are
provided. The number of regions with data, NUMREG, is 1, and there are no regions
to the right without data, NNODAT = 0. The data is in one division, NDIV = 1, and
the total number of points is twenty, NPTS(0) = 20. No related data is provided.
Thus, the RELATD file is empty, except for a single entry to indicate NSETS = 0. i
further explanation of file DCTHCD is required, refer to Section 6.1.3.1 and Figure 6-1.



The echo of the input data is in the output file DCTHCO. The simulated B-lives are
also given for the component. For instance, the B.1 life is 1.8x10° seconds. This
value is different from the B.1 life obtained during the case study of this component
as given in Section 3.1.5 because the number and size of the reference time histories
and the number of simulation trials have been reduced to facilitate the example run.
There are only three time histories with just five points each used here, and therefore
they do not properly represent the loads. Also, the F, versus R/t curve is only an
example curve.

The IOUTPR file gives an echo of the analysis parameters. The dump parameter
IOUT is zero; therefore, no other output is in this file. The LOWLIF file contains the
lowest one percent of the 1000 simulation lives. Finally, the DUMP file contains the
results of the materials characterization model information aggregation calculations. '

Input File - DCTHCD

675

0.13 0.13 0.00 0.00 0.0 0.0
0.00 0.00 0.00 0.00 0.0 0.0

1.20 3.50 0.08696 0.3478 10. 10.
1.04 1.43 0.30 0.70 0.5 10.
1.20 1.34 0.30 0.70 0.5 10.
2.00 2.00 0.15 0.866667

2.00 2.00 0.20 0.933333

0.90 1.10
0.80 1.20

0.90 1.10

12 The information aggregation calculations are discussed on Pages 2-6 through 2-14.



0.40 0.60

0.40 0.60

0.40 0.60

0.40 0.60

0.85 1.15

0.80 1.20

-1.38629 0.95166

3

8130.00 20900.00 42010.00 42010.00 3805.00 3805.00

'NBP’ 1 237.675 0.00 0.00 0.00 0.00 0.00
'NBM3’ 1 0.00 0.00 0.00 626.175 0.00 0.00
'SIN10’ 2 79.7046 7.056975  2.48936 35.04565 36.66045 4.07806
1.

1.

1.

4675.

6.0

.112

4.

0.1115

0.1378

3.01E+07

1

20.

0.00025

0.00

5

0.615 2.00

0.693 4.80

0.753 7.20

0.813 9.60

0.873 12.50
0.933 15.80
0.993 20.00
1.029 24.00
1.053 30.00
1.053  200.00
*-~320 HOURGLASS + STRAIGHT'
178600. 220400. 1 20
20 0.05 1
150000. 65000.
140000. 261000.
120000. 265000.
160000. 377000.
130000. 694000.
110000. 2175000,
100000. 4198000.
105000. 5053000.
92000. 9210000.
95000. 9667000.



150000. 418000.
140000. 732000.
130000. 740000.
120000. 859000.
110000. 1181000.
100000. 4020000.
92000. 5917000.
94000. 6522000.
90000. 6891000.
86000. 4460000.
0.00

1 0

1.0E+36

0.00

0 0.00 0.00

Input File - RELATD

0

Input File - NBP

0.629458884176211
0.596733661621406
-0.119721868089590
-0.820795694851671
-1.16311124100903

Input File - NBM3

-0.645335663562470
-0.592612186107565
-0.570937436536749
-0.532482208042243
~0.797739965345054

Input File - SIN10

0.973888469945478

0.921335424736327

0.516863543379789
-0.850326546259054D-001
-0.654449266970346



Output File - DCTHCO

Copyright (¢) 1990, california Institute of Technology. U.S. Government
Sponsorship under NASA Contract NAS7-918 is acknowledged.

INPUT DATA
DRIVERS PARAMETER DISTRIBUTIONS
RHO THETA

WELD OFFSET (%) Be(0.13, 0.13) U(0.00000, 0.00000) u( 0.0, 0.0)

Be(0.00, 0.00) U(0.00000, 0.00000) U( 0.0, 0.0)

TEST = 1.00
K WELD (OD) Be(1.20, 3.50) U(0.08696, 0.34780) U(10.0, 10.0)
K WELD (ID) Be(1.04, 1.43) U(0.30000, 0.70000) u( 0.5, 10.0)
K GEOM (OD) Be(1.20, 1.34) U(0.30000, 0.70000) U( 0.5, 10.0)
LAMBDA RANDOM k: U(2.00000, 2.00000)

COEFFICIENT OF VARIATION: 0.150
STRAIN GAGE FACTOR: 0.8666670

LAMBDA SINE k: U(2.00000, 2.00000)
COEFFICIENT OF VARIATION: 0.200
STRAIN GAGE FACTOR: 0.9333330

LAMBDA STATIC U( 0.90000, 1.10000)
DYNAMIC STRESS ANALYSIS U( 0.80000, 1.20000)
STATIC STRESS ANALYSIS U( 0.90000, 1.10000)

STRESS CARRYOVER FACTORS

IN-PLANE AXIAL U( 0.40000, 0.60000)
OUT-OF-PLANE AXIAL U( 0.40000, 0.60000)
IN-PLANE CIRCUMFERENTIAL U( 0.40000, 0.60000)
OUT-OF-PLANE CIRCUMFERENTIAL U( 0.40000, 0.60000)
OVALITY ANALYSIS FACTOR U( 0.85000, 1.15000)
LAMBDA KOFF U( 0.80000, 1.20000)



DAMAGE MODEL ACCURACY U(ln 0.25000, ln 2.59001)

LOADS INPUT

P LOADS T LOADS M2 LOADS M3 LOADS V2 LOADS V3 LOADS
(LBS)  (IN.-LBS) (IN.-LBS)  (IN.-LBS) (LBS) (LBS)
STATIC

8130.0000 20900.0000 42010.0000 42010.0000 3805.0000 3805.0000
NBP

237.6750 0.0000 0.0000 0.0000 0.0000 0.0000
NBM3
0.0000 0.0000 0.0000 626.1750 0.0000 0.0000
SIN10O
79.7046 7.0570 2.4894 35.0457 36.6604 4.0781

GEOMETRIC AND OTHER INPUT

K GEOM (ID) 1.00
K HOOP (OD) 1.00
K HOOP (ID) 1.00
LIMIT PRESSURE, PSI 4675.
BEND RADIUS, IN. 6.00
WELD DISTANCE FROM ELBOW TANGENCY LINE, IN. 0.112
DUCT INSIDE DIAMETER, IN. 4.00
_MINIMUM WALL THICKNESS, IN. 0.1115
WALL THICKNESS AT BEND (ID), IN. 0.1378
ELASTIC MODULUS, PSI 0.301E+08
ANALYSIS LOCATION 1
ANGLE PHI (DEG) 20.0



STRESS-TIME HISTORY PERIOD, SEC 0.00

STRESS-TIME HISTORY NOISE FILTER, PSI 0.0
NUMBER OF TIME-VARYING LOADS 3
NUMBER OF POINTS IN HISTORIES 5

MATERIAL INPUT

DESCRIPTION: =320 HOURGLASS + STRAIGHT

YIELD STRENGTH 0.17860E+06

ULTIMATE STRENGTH 0.22040E+06

NUMBER OF POINTS 20

ORIGINAL S/N STRESS TRANSFORMED S/N
STRESS LIFE RATIO REGION STRESS LIFE

0.15000E+06 65000. 0.05 1 0.11086E+06 65000.
0.14000E+06 261000. 0.05 1 0.99773E+05 261000.
0.12000E+06 265000. 0.05 1 0.79814E+05 265000.
0.16000E+06 377000. 0.05 1 0.12280E+06 377000.
0.13000E+06 694000. 0.05 1 0.89449E+05 694000.
0.11000E+06 2175000. 0.05 1 0.70802E+05 2175000.
0.10000E+06 4198000. 0.05 1 0.62353E+05 4198000.
0.10500E+06 5053000. 0.05 1 0.66510E+05 5053000.
0.92000E+05 9210000. 0.05 1 0.55964E+05 9210000.
0.95000E+05 9667000. 0.05 1 0.58323E+05 9667000.
0.15000E+06 418000. 0.05 1 0.11086E+06 418000.
0.14000E+06 732000. 0.05 1 0.99773E+05 732000.
0.13000E+06 740000. 0.05 1 0.89449E+05 740000.
0.12000E+06 859000. 0.05 1 0.79814E+05 859000.
0.11000E+06 1181000. 0.05 1 0.70802E+05 1181000.
0.10000E+06 4020000. 0.05 1 0.62353E+05 4020000.
0.92000E+05 5917000. 0.05 1 0.55964E+05 5917000.
0.94000E+05 6522000. 0.05 1 0.57532E+05  6522000.
0.90000E+05 6891000. 0.05 1 0.54416E+05 6891000.
0.86000E+05 4460000. 0.05 1 0.51374E+05  4460000.

THERE IS 1 REGION(S) WITH DATA



AND O REGION(S) TO THE RIGHT WITHOUT DATA
THE UPPER BOUND(S) OF THE REGION(S) ARE (CYCLES):

0.100E+37

EXOGENOUS INFORMATION

CONSTRAINT ON COEFFICIENT OF VARIATION, C: 0.0000

EXPLICIT CONSTRAINT ON m FOR EACH REGION:

REGION # OF POINTS LOWER BOUND UPPER BOUND
1 0 0.0000 0.0000

B LIVES: EMPIRICAL

0.00100 0.178612E+07

0.00200 0.454616E+07

0.00300 0.490656E+07

0.00400 0.495901E+07

0.00500 0.508289E+07

0.00600 0.583508E+07

0.00700 0.645511E+07

0.00800 0.701038E+07

0.00900 0.716342E+07

0.01000 0.757381E+07

0.50000 0.315738E+10

Output File - RELATO

NUMBER OF DATA SETS: 0

NOTE: ALL Kt ASSUMED TO BE 1.0

TRANSFORMED DATA

Output File - DUMP

copyright (C) 1990, california Institute of Technology. U.S. Government
sponsorship under NASA Contract NAS7-918 is acknowledged.
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RESULTS OF INFORMATION AGGREGATION CALCULATIONS

95% CONFIDENCE INTERVALS ON C AND m FOR EACH REGION

REGION: 1 Io = (0.092758540, 0.181539600)
Jo { 3.596348000, 5.874000000)

POINT ESTIMATES OF C AND m FOR EACH REGION

REGION E(C) E(m)

1 0.122759400 4.735174

POSTERIOR CREDIBILITY RANGE ON m FOR EACH REGION

REGION LOWER BOUND UPPER BOUND

1 3.5963 5.8740

PARAMETER VALUES FOR MEDIAN S/N CURVE

NUMBER OF REGIONS: 1 E(BETAO) = 9.6555 E(k) = 14.2292
REGION m K LIFE BOUND STRESS BOUND
1 4.73517 0.15458E+07 0.100E+37 0.00000E+00
Output File - IOUTPR
RANDOM NUMBER SEED = 675.000000000000
IOUT (MATCHR = 10, DCTHCF = 15, ELWELD = 25)= 0
INNER LOOP SIZE = 1
OUTER LOOP SIZE = 1000
TYPE OF S/N VARIATION DESIRED = 2



NORMAL MEDIAN CURVE (0 - NO, 1 - YES) = 0
MATERIALS PROCESS VARIATION DESIRED

(0 - NO, 1 - YES) = 0
Output File - LOWLIF
1 0.100000E-02 0.178612E+07
2 0.200000E-02 0.454616E+07
3 0.300000E-02 0.490656E+07
4 0.400000E-02 0.495901E+07
5 0.500000E-02 0.508289E+07
6 0.600000E-02 0.583508E+07
7 0.700000E-02 0.645511E+07
8 0.800000E-02 0.701038E+07
9 0.900000E-02 0.716342E+07
10 0.100000E-01 0.757381E+07

6.1.6 Error Messages and Possible Remedies

The following messages, when applicable, will appear in file IOUTPR. These
messages are primarily generated by the materials characterization model (MATCHR)
portion of DCTHCF. An error message stating that a limit has been exceeded will
require that the user increase those limits, as directed, and reviewing or consulting
Section 7.3.1.3 is desirable. The messages are listed in alphabetical order for the
convenience of the user.

ERROR: BAD VALUE FOR DELTA OR VALUE OF MO INCONSISTENT WITH
DELTA IN REGION 'L’
Fatal This error can occur during the use of the truncated Normal variation
option of the materials characterization model for two reasons. First, the
value of 8 may be negative. Second, a value of § was specified, but the
value for m, is not positive. Check file DCTHCD.

ERROR: CANNOT FIND CULPRIT LOCATION
Fatal Program error in identification of culprit failure location for LOCAT = 0.
Please take note of all input parameters for this run and contact the analyst.

ERROR: CANNOT OPEN FILE, ‘filename’ DOES NOT EXIST
Fatal DCTHCF attempted to open the indicated file, however the file did not
exist. Check the directory for existence of the file and also check file
DCTHCD for correct spelling of the filename.



ERROR: Co TOO LOW
Fatal The constraint, C,, imposed on the coefficient of variation of fatigue
strength is inconsistent with the observed S/N data.

ERROR: EXCEEDED LIMIT ON DEGREES OF FREEDOM IN CHI-SQUARE
TABLE, IN REGION 'L’
Fatal As implemented, the credibility interval calculations can handle no
more than 150 degrees of freedom, and the amount of data in the region in-
dicated requires more. The xz tables of routine INTRVL must be increased.
See Sections 4.1.3.6 and 7.3.1.3 for more information.

ERROR: EXCEEDED LIMIT ON NUMBER OF REGIONS
Fatal The materials characterization model can handle no more than 3 life
regions. Check file DCTHCD because the sum of the number of regions
with data and the number of regions without data is greater than 3.

ERROR: INVALID RESPONSE TO NORMAL MEDIAN CURVE QUESTION
Fatal NMED can only have the integer value 0 or 1. Check file IOUTPR for
the value used.

ERROR: INVALID TYPE OF MATERIALS PROCESS VARIATION DESIRED
Fatal MPROC can only have the integer value 0 or 1. Check file IOUTPR for
the value used.

ERROR: INVALID TYPE OF S/N VARIATION DESIRED
Fatal VARY can only have the integer value 0, 1, 2, or 3. Check file IOUTPR
for the value used.

ERROR: INVALID VALUE FOR RATIO: 'RATIO’
Fatal An invalid value for the stress ratio has been declared for the specific
material data set. Only values between —1.0 and + 1.0 inclusive, are pos-
sible. Check file DCTHCD.

ERROR: INVALID VALUE OF RATIO: 'RATIO’
Fatal An invalid value for the stress ratio has been declared for a related
material data set. Only values between —1.0 and + 1.0 inclusive, are pos-
sible. Check file RELATD.

ERROR: LOAD INCORRECTLY TYPED
Fatal  TYPE(I) can only have the integer value 1 or 2. Check file DCTHCD
for the value used.



ERROR: LOCATION INCORRECTLY SPECIFIED
Fatal LOCAT can only have the integer value 0, 1, or 2. Check file DCTHCD
for the value used.

ERROR: NO INTERSECTION BETWEEN Jo AND Mc

ERROR: NO INTERSECTION BETWEEN Jo AND Mo

ERROR: NO INTERSECTION BETWEEN Jo, Mo, AND Mc

ERROR: NO INTERSECTION BETWEEN Mo AND Mc
Fatal - These errors indicate that the specified C constraint and/or prior
credibility range on m do not agree with each other and/or the observed
S/N data.

ERROR: NORMAL VARIATION REQUIRES A PRIOR RANGE ON M
Fatal The truncated Normal variation option of the materials characterization
model requires a prior range on m. The number of points for the prior range
on m has been incorrectly specified. Check file DCTHCD to verify that the
number of points indicated for each range has an integer value of 1 or 2.

ERROR: NUMBER OF POINTS PER DIVISION INCORRECTLY SPECIFIED IN SET'J
Fatal The materials characterization model has been given conflicting infor-
mation about the number of points in one of the related S/N data sets.

Check file RELATD to compare for each related data set the total number of
points declared with the sum of the numbers of points in each data division.

ERROR: NUMBER OF POINTS PER DIVISION INCORRECTLY SPECIFIED IN
SPECIFIC DATA SET
Fatal The materials characterization model has been given confiicting infor-
mation about the number of points in the specific S/N data set. Check file
DCTHCD, since the total number of points in the specific data set declared
and the sum of the numbers of points in each data division do not agree.

ERROR: OVERALL PRIOR RANGE INCORRECTLY SPECIFIED IN REGION
WITHOUT DATA
Fatal The prior credibility range on m in one of the regions without data has
been incorrectly specified. Check file DCTHCD to verify that either more
regions without data have been indicated than intended or that the number
of points in the prior on m in a region without data has been incorrectly
specified. Only the integer vaiue O, 1, or 2 is acceptable.

ERROR: OVER LIMIT ON NUMBER OF POINTS IN SET 'J’
Fatal The materials characterization model cannot accept more than 50 S/N
points in any related material data set. Check file RELATD for the total num-



ber of points in each related data set declared, or there may be more than
50 S/N points with an incorrect total declaration. It is suggested that the
number of S/N data points in each related set be recounted. If more than
50 points are desired, the parameter MAXDAT must be increased. Refer to
Section 7.3.1.3 for the routines involved.

ERROR: OVER LIMIT ON NUMBER OF RELATED DATA SETS
Fatal The materials characterization model allows up to 5 related data sets.
Check file RELATD to determine if more than 5 related data sets were
specified. The parameter MAXSET must be increased. Refer to Section
7.3.1.3 for the routines involved.

ERROR: OVER NUMBER OF POINTS LIMIT IN SPECIFIC MATERIAL
Fatal The materials characterization model cannot accept more than 50 S/N
points in the specific material data set. Check file DCTHCD for the total
number of points in the specific data set declared, or there may be more
than 50 S/N points with an incorrect total declaration. If more than 50 points
are desired, the parameter MAXDAT must be increased. Refer to Section
7.3.1.3 for the routines involved. ’

ERROR: OVER REGION LIMIT IN RELATED MATERIAL 'J’
Fatal No more than 3 life regions are allowed, and an attempt has been
made to place some S/N data in a region number greater than 3. Check file
RELATD for.an invalid region number immediately following the stress ratio
value in the data set indicated.

ERROR: OVER REGION LIMIT IN SPECIFIC DATA SET
Fatal No more than 3 life regions are allowed, and an attempt has been made to
place some S/N data in a region number greater than 3. Check file DCTHCD
for an invalid region number immediately following the stress ratio value.

ERROR: POSTERIOR INTERVAL IN REGION 'L’ IS INCONSISTENT WITH POINT
POSTERIOR IN REGION 'L-1’
Fatal Check file DUMP to verify that the point posterior value of m in region
'L-1" is greater than the upper bound of the pasterior credibility range in
region 'L’. This error indicates a violation of the concavity assumption.

ERROR: POSTERIOR INTERVAL IN REGION 'L’ IS INCONSISTENT WITH THE
POSTERIOR INTERVAL IN REGION ’L-1’
Fatal Check file DUMP to verify that the lower bound of the posterior
credibility range of m in region ‘L-1’ is greater than the upper bound of the



posterior credibility range of m in region 'L’. The data should be checked
for consistency.

ERROR: PRIOR ON M INCORRECTLY SPECIFIED IN 'L’
Fatal The number of points for the specified prior range on m in the indicated
region has been incorrectly specified. Check file DCTHCD to verify that the
number of points indicated for each range has an integer value of O, 1, or 2.

ERROR: STRESS-TIME HISTORY TOO LARGE
Fatal No more than 24,000 points are allowed for a reference time history,
and an attempt has been made to use a larger history. Check file DCTHCD
for a value of NRAN larger than 24,000.

ERROR: SXY> = 0 IN REGION 'L’
Fatal  During the linear regression calculations for the region indicated, the
resulting value of the sample covariance S,, was found to be non-negative.
This suggests that the data is specified erroneously or is inadequate for
analysis, since life increasing with increasing stress contradicts the true
fatigue behavior of materials.

ERROR: TOO FEW POINTS FOR REGRESSION IN REGION 'L’
Fatal The materials characterization model does not have the required mini-
mum number of points in the region indicated to perform a linear regression.
If there are no related data sets, then there must be at least 3 points in each
region. If there are N related data sets, then the total number of points in
each region (specific and related combined) must be at least N + 3.

IMPOSSIBLE M RANGE IN REGION 'L’
Fatal Concavity constraints during the random m selection have required an
impossible range on m for the region indicated.. Take note of all input
parameters for this run, and consult Sections 4.1.5.1, 4.1.5.2, and 7.3 to aid
in identification of the cause of this error.

NOTE: E(m) IS NOT IN THE POSTERIOR RANGE ON m IN REGION 'L’
Warning  This means that the estimate of m based on the S/N data only, in
the region indicated, is outside the range indicated by the specified con-
straints on m and C.

PROGRAM EXECUTION TERMINATED
Fatal This message is produced by routine TRMNAT and follows all other
fatal messages.



WARNING: LAMBDA < .16 DURING OVALITY CALCULATIONS
Warning  During the ovality effect calculations, the resulting value of 4, Equa-
tions 2-74 through 2-77, was found to be less than 0.16. This suggests that
the following stress calculations may be invalid.

6.1.7 Summary of Input/Output Files
Input Files

DCTHCD

This file is opened in DCTHCF. It contains all parameters for the run options; driver
distributions; engineering analysis parameters; and the specific and exogenous
materials input, including yield and ultimate strengths (psi), stress ratio, S/N data
points, life (cycles) boundaries, region information, coefficient of variation constraint,
C, and prior ranges on the materials shape parameter m for each region.

RELATD

This file is opened in subroutine INFAGG. It contains the related material data input,
including yield and ultimate strengths (psi), stress ratio, S/N data points, and region
information.

User Specified
These are the reference time history files and are opened in DCTHCF. They contain
the time histories generated by program NBSIN.

Output Files

DCTHCO
This file is opened in DCTHCF. It contains the echo of the information contained in
DCTHCD, and provides the simulated failure distribution B-iife information. '

RELATO
This file is opened in subroutine INFAGG. It contains the echo of the information
contained in RELATD.

DUMP
This file is opened in DCTHCF. It contains the results of the information aggregation
portion of the materials model calculations, such as /, and J,; the point estimates of

13 A B-life is the value of accumulated operating time to failure at a failure probability
specified as a percent; e.g., B.1 is the failure time at a probability of 0.001 or 0.1%.



m and C; posterior credibility ranges for m; and a list of the estimated values for all
S/N curve parameters. See Section 4.1.

IOUTPR

This file is opened in DCTHCF. it contains information on the particular run that is not
echoed to DCTHCO and the data dump provided when the variable IOUT is equal to
10 (materials characterization calculations), 15 (Monte Carlo simulation and driver
transformation calculations), 20 (rainflow cycle counting and damage accumulation
calculations), or 25 (stress analysis calculations).

LOWLIF

This file is opened in DCTHCF. It contains the first one percent of the calculated lives
used by the software described in Section 4.2to calculate a, 8, and 6, the parameters
of the Bayesian prior failure distribution.

6.1.8 HEXHCF Program

The HEXHCF program was used to analyze high cycle fatigue failure of the HPOTP
heat exchanger coil small tube outlet. The dynamic load input for the program
consists of narrow-band, sinusoidal, and aerodynamic reference time histories.
These reference time histories are generated using the program NBSIN. The output
of HEXHCF includes the simulated B-lives and a list of the lowest one percent of lives.
The list of lives may be used as input to the regression programs of Section 4.2 to
compute the parameters of the Bayesian prior tailure distribution. This prior distribu-
tion and success/failure data are used as input to the Bayesian updating program
BAYES to derive a posterior failure distribution.

6.1.9 How To Use Program HEXHCF

The program HEXHCF is intended to be run in batch (i.e., background) mode.
HEXHCF requires two input data files: HEXHCD and RELATD. The materials char-
acterization model portion of the program requires both files for all runs, even when
no related S/N data is used. HEXHCF also uses a set of load data files containing
the reference time histories. The names of the load data files must be defined by the
user. The file HEXHCD contains the analysis control parameters, driver distributions,
engineering analysis parameters, and specific and exogenous materials information.
The file RELATD contains the related materials information. A complete description
of the input data for the HEXHCD and RELATD data files is given in Section 6.1.10.

The results from the HEXHCF program are written to five output files: HEXHCO,
RELATO, DUMP, IOUTPR, and LOWLIF. HEXHCO contains the echo of the informa-
tion in HEXHCD, the results of any stress ratio transformations performed on specific
materials data, and the results of the simulation. RELATO contains the echo of the
information in RELATD and the results of any stress ratio transformations performed
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on related materials data. The results of the materials characterization calculations
are primarily given in DUMP. These calculations include point and interval estimates
for S/N curve parameters m and C, posterior credibility ranges for m, and an estimate
of the median S/N curve. File IOUTPR contains an echo of the analysis parameters
and, if requested, a dump of intermediate calculations. If the program terminates
prematurely, an error message will be printed in the IOUTPR file. A list of error
messages and possible remedies for the problems is given in Section 6.1.13. LOWLIF
contains the first one percent of the lives of the simulated failure distribution.

6.1.10 Description of Input Data Files

Annotated examples of the complete data file format structure for HEXHCD and
RELATD are presented in Figures 6-5 and 6-2, respectively. The data lines of the input
files are given in boxes, with a description of each data line located adjacent to each
box. The specific input parameters of Figure 6-5 are individually defined in Section
6.1.10.1. Input parameter values given in Figures 6-2 and 6-5 are not necessarily
those used in the application case study of Section 3.2.

The input data is read by free format statements from files HEXHCD and RELATD.
Thus, the numbers may be provided sequentially on a line up to 80 characters in
length, with each number separated by a blank character or comma. Each number
may also be on a separate line in the file. However, it is recommended that the input
format suggested in Figure 6-5 be followed whenever possible.

6.1.10.1 Input File HEXHCD

The required data for the HEXHCD file is divided into the four blocks shown in Figure
6-3: analysis parameters, driver information, load and geometry, and materials
information. The analysis parameters block contains the analysis parameters and the
keys to select the program options. The driver information block contains the
parameters that define the driver distributions. The number of dynamic loads, the
magnitudes of the dynamic loads, the load file names, the static loads, and duct
geometry are given in the load and geometry block. The materials information block
contains the specific material S/N data, including the yield and ultimate strengths,
stress ratio, S/N data points, life region boundaries, and materials characterization
model parameter constraints.

The input parameters are described below by using the following convention: the
input variable names are indicated by BOLD UPPERCASE letters; the variable types
are specified as character [CHR], integer [INT], real [RE], and double precision real
[DRE]; the function of the variable is underlined and followed by a description and a
list of options, when appropriate; the program and file names are indicated by
UPPERCASE letters. A consistent set of units is given in parentheses for specifying
dimension, load, and stress input parameters. All character strings must be enclosed



675 Random number seed

Output dump controller

Inner loop size

Outer loop size

Type of S/N variation

Request for truncated Normal median S/N curve
Controls materials process variation

Number of B-lives

U\OOI\)%-‘O

Decimal equivalent of percentages for B-lives

[0.0001_ 00005 0001 0005 001 |

Weld offset two Beta distribution information

0.06 0.06 0.00 0.00 00 00
0.00 0.00 0.00 0.00 0.0 0.0
1.00

Outer diameter weld axial stress concentration factor Beta distribution information

Moo 100 o000 000 00 00 |

Inner diameter weld axial stress concentration factor Beta distribution information

[120 3s0 01304 05652 10. 10. |

Duct inside diameter Beta distribution information

[o1885 01915 050 o050 05 20. |

Wwall thickness Beta distribution information

[0.0113 0.0157 0.27273  0.27273 0.5 20.]

2.00 2.00 0.15 1.00 Narrow-band random load scale factor
2.00 2.00 0.20 1.00 Sinusoidal load scale factor

486. 666. 29, 56.5 | Inner wall temperature Normal distribution information
799. 908. 495 48. Outer wall temperature Normal distribution information
3808. 4177. 69. 69. Internal pressure Normal distribution information

Figure 6-5 Format for File HEXHCD



0.50 1.50
0.80 1.20
0.80 1.20
0.90 1.10
0.80 1.20
0.60 1.40

3

-1.38629 0.95166

Static aerodynamic load: P, M,, M, M, V., V.

Dynamic aerodynamic load scale factor
Static aerodynamic load scale factor
Dynamic stress analysis accuracy factor
Aerodynamic stress analysis accuracy factor
Weld offset accuracy factor

Neuber’s rule accuracy factor

Damage accumulation model accuracy factor
Number of dynamic loads

y 'z
{000 000 007214 000 000 000 |
Dynamic loads: file name, load type, P, M,, M, M,, V,, V,
'NBM3' 1 000 0.00 0.00 0.355475  0.00 0.00
"SINT’ 2 0.027374 0.000451 0.001621 0.082116 0.205288 0.005789
'AERO1’ 3 0.00 0.00 0.00 0.07179 0.00 0.0
1.0 1.0 1.0 1.0 | Other fatigue stress concentration factors
3640. External pressure, p,,
2 Critical duct location
180. Angular position about the duct circumference, ¢
1.0 Reference time history period, T
0.0 Noise filter
20001 Number of points in reference time histories
29000000. 8.8E-06 0.30 E anv
0.615 2.00 The 10 points of the
0.693 4.80 plecewise linear
0.753 7.20 Fi vs. Rt curve
0.813 9.60
0.873 12.50
0.933 15.80
0.993 20.00
1.029 24.00
1.053 30.00
1.053 200.00
6 Number of segments in oe vs. £ curve
21.95 0.001 0481, &4
55.77 0.002 0'2 82, €2
144.85 0.005 03 63, 83
322.73 0.010 O4 84, &4
1945.90 0.050 Os €5, €5
50688.0 0.660 06 CG, €g
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Description of specific material S/N data set

70 F 321 STAINLESS STEEL ALLOY - WELDED' _ |

Specific materials information: yield and ultimate strengths, number of data divisions, and total number
of points in data set

[27900. 76800. 1 13 |

Specific materials information for each data division: number of points in data division, stress ratio, and
life region

{13 10 1 |

40000. 1000. | Sy Ny

40000. 2000. So, Np

40000. 3000. Sa, N3

40000. 4000. S4 Ny

40000. 6000. Se Ng

30000. 23000. S7. Ny

30000. 66000. Sg Ng

25000. 72000. Sg. Ng

25000. 190000 S0 N1o

20000. 789000. | Syq. Ny

20000. 1070000. Sy2. Nq2

20000. 1450000. S13, N13

0.00 Stress tenslle point
1 0 Number of life regions with and without data
1.0E+36 Life boundary

0.00 C constraint

0 0.000 0.000 Prior information m

l 0.00 _ 0.00 | Materials process variation information

Figure 6-5 Format for File HEXHCD (Cont'd)



by single quotes’. The user is reminded about the difference between the number
“0” and the letter “O" when preparing the input files.

Analysis Parameters Block

RAND
[DRE]

Random number seed
Needed by HEXHCF’s built-in random number generator.

IoUT
[INT]

Output dump controller
HEXHCF has the ability to write intermediate calculations to file IOUTPR. The following
integer values control the “dump” of HEXHCF’s calculation.

IOUT = 0 no intermediate calculation output

IOUT = 10 materials characterization modef calculations

IOUT = 15 driver sampling

IOUT = 20 cycie counting and damage accumulation calculations

IOUT = 25 stress analysis calculations

NLIFE
[INT]

Inner loop number
Size of the inner loop of the Monte Carlo (MC) simulation. A positive value is required.

NHYPER
[INT]

Outer loop number
Size of the outer loop of the MC simulation. The program requires a positive value.

VARY
[INT]



Type of S/N variation'*
Controls the type of stochastic variation to be included in the materials charac-
terization model S/N curve.

VARY =0 no variation will be included
VARY. = 1 allows only intrinsic materials variation

VARY =2 allows Uniform variation of the materials model shape parameter m
and intrinsic materials variation

VARY = 3 allows truncated Normal variation of the materials model shape
parameter m and intrinsic materials variation

NMED
[INT]

Request for truncated Normal median S/N curve'®
If VARY = 3, then NMED controls the calculation of the empirical median S/N curve.

NMED =0 no median curve calculation is required
NMED =1 median curve calculation is required

MPROC
[INT]

Controls materials process variation
Controls the inclusion of materials process variation (heat-to-heat variation). Process
variation in materials is discussed in Section 2.1.2.3.

MPROC = 0 no variation to be included
MPROC = 1 variation is to be included

NBLIFE
[INT]

Number of B-lives

The number of B-lives to be provided from the simulated distribution of life. A B-life
is the value of accumulated operating time to failure at a failure probability specified
as a percentage; e.g., B.1 is the failure time at a probability of 0.001 or 0.1%. NBLIFE
must be non-negative and cannot exceed 10.

14 A discussion of the possible stochastic specifications of the materials model shape
parameter /m is given in Pages 2-13 through 2-14.

15 The median S/N curve for the truncated Normal distribution is discussed on Page 2-15.



BLFPER(1) BLFPER(2).. BLFPER(NBLIFE)
[RE] [RE] [RE]

B-life percentages

The decimal equivalent of the percentages at which the B-lives are required; e.g., if
the B.1 life is desired, then BLFPER = 0.001. A total of NBLIFE percentages must
be provided. The percentage cannot exceed 50% (BLFPER < 0.50).

Driver Information Block

WOFFA WOFFB WOFFR1 WOFFR2 WOFFT1 WOFFT2

[RE] [RE] [RE] [RE] [RE] [RE]
WOFFC WOFFD WOFFR3 WOFFR4 WOFFT3 WOFFT4
[RE] [RE] [RE] [RE] [RE] [RE]
WOFFE

[RE]

Weld offset Beta distribution information

W,r in Equation 2-73 is the weld offset and may be characterized by two Beta
distributions. The first two lines are the two Beta distributions, one per line. See
Section 2.1.3.1 and Equation 2-54 for defining parameters for setting up a Beta driver
distribution. The first two parameters are the lower and upper bounds, respectively,
for Woge. The next two parameters are the lower and upper bounds for the Uniform
distribution on p. Similarly, the last two parameters describe the Uniform distribution
on 6. The third line is the decimal equivalent percentage weight for the first Beta
distribution and must be between 0.00 and 1.00.

WOFFA Worr lower bound of Beta distribution 1
WOFFB Wors upper bound of Beta distribution 1
WOFFR1 p Uniform distribution lower bound of Beta distribution 1 of Worr
WOFFR2 p Uniform distribution upper bound of Beta distribution 1 of W
WOFFT1 6 Uniform distribution lower bound of Beta distribution 1 of W
WOFFT2 6 Uniform distribution upper bound of Beta distribution 1 of W
WOFFC Wors lower bound of Beta distribution 2
WOFFD Wore upper bound of Beta distribution 2



WOFFR3 p Uniform distribution lower bound of Beta distribution 2 of W
WOFFR4 p Uniform distribution upper bound of Beta distribution 2 of W

WOFFT3 6 Uniform distribution lower bound of Beta distribution 2 of W
WOFFT4 6 Uniform distribution upper bound of Beta distribution 2 of W
WOFFE decimal equivalent percentage weight occurring in Beta distribution 1

of the weld offset, Woer

KWODA KWODB KWODR1 KWODR2 KWODT1 KWODT2
[RE] [RE] [RE] [RE] [RE] [RE]

Outer diameter weld axial stress concentration factor Beta distribution information
The outer diameter weld axial stress concentration factor is characterized by a Beta
distribution. See Section 2.1.3.1 and Equation 2-54 for defining parameters for setting
up a Beta driver distribution. The first two parameters are the lower and upper
bounds, respectively, for the outer diameter weld axial stress concentration factor.
The next two parameters are the lower and upper bounds for the Uniform distribution
on p. Similarly, the last two parameters describe the Uniform distribution on 6. The
outer diameter weld axial stress concentration factor is used to calculate K, in
Equation 2-68.

KWODA outer diameter weld axial stress concentration factor lower bound of
Beta distribution

KwODB outer diameter weld axial stress concentration factor upper bound of
Beta distribution

KWODR1 p Uniform distribution lower bound of Beta distribution of outer
diameter weld axial stress concentration factor

KWODR2 p Uniform distribution upper bound of Beta distribution of outer
diameter weld axial stress concentration factor

KWODT1 6 Uniform distribution lower bound of Beta distribution of outer
diameter weld axial stress concentration factor

KWQODT2 8 Uniform distribution upper bound of Beta distribution of outer
diameter weld axial stress concentration factor

KWIDA KWIDB KWIDR1 KWIDR2 KWIDT1 KWIDT2
[RE] [RE] {RE] [RE] [RE] [RE]

Inner diameter weld axial stress concentration factor Beta distribution information
The inner diameter weld axial stress concentration factor is characterized by a Beta
distribution. See Section 2.1.3.1 and Equation 2-54 for defining parameters for setting



up a Beta driver distribution. The first two parameters are the lower and upper
bounds, respectively, for the inner diameter weld axial stress concentration factor.
The next two parameters are the lower and upper bounds for the Uniform distribution
on p. Similarly, the last two parameters describe the Uniform distribution on 6. The
inner diameter weld axial stress concentration factor is used to calculate K, in
Equation 2-68.

KWIDA inner diameter weld axial stress concentration factor lower bound of
Beta distribution

KWIDB inner diameter weld axial stress concentration factor upper bound of
Beta distribution

KWIDR1 p Uniform distribution lower bound of Beta distribution of inner
diameter weld axial stress concentration factor

KWIDR2 p Uniform distribution upper bound of Beta distribution of inner
diameter weld axial stress concentration factor

KWIDT1 6 Uniform distribution lower bound of Beta distribution of inner
diameter weld axial stress concentration factor

KWIDT2 6 Uniform distribution upper bound of Beta distribution of inner

diameter weld axial stress concentration factor

DIA DIB DIR1 DIR2 DIT1 DIT2
[RE] [RE] [RE] [RE] [RE] [RE]

Duct inside diameter Beta distribution information

D; (in.) the duct inside diameter is used to calculate R; in Equation 2-68 and is
characterized by a Beta distribution. See Section 2.1.3.1 and Equation 2-54 for
defining parameters for setting up a Beta driver distribution. The first two parameters
are the lower and upper bounds, respectively, for the duct inside diameter. The next
two parameters are the lower and upper bounds for the Uniform distribution on p.
Similarly, the last two parameters describe the Uniform distribution on 6.

DIA D; lower bound of Beta distribution
DiB D; upper bound of Beta distribution
DIR1 p Uniform distribution lower bound of Beta distribution of D;
DIR2 p Uniform distribution upper bound of Beta distribution of D;
DIT1 6 Uniform distribution lower bound of Beta distribution of D;
DIT2 8 Uniform distribution upper bound of Beta distribution of D;



THICA THICB THICR1 THICR2 THICT1 THICT2
[RE]  [RE]  [RE] [RE] [RE] [RE]

wall thickness Beta distribution information

f(in.) the duct wall thickness is used to calculate the area and calculate R, in Equation
2-68 and is characterized by a Beta distribution. See Section 2.1.3.17 and Equation
2-54 for defining parameters for setting up a Beta driver distribution. The first two
parameters are the lower and upper bounds, respectively, for the wall thickness. The
next two parameters are the lower and upper bounds for the Uniform distribution on
p. Similarly, the last two parameters describe the Uniform distribution on 6.

THICA t lower bound of Beta distribution
THICB t upper bound of Beta distribution
THICR1 p Uniform distribution lower bound of Beta distribution of t
THICR2 p Uniform distribution upper bound of Beta distribution oft
THICT1 8 Uniform distribution lower bound of Beta distribution of t
THICT2 8 Uniform distribution upper bound of Beta distribution of t

LAMNA LAMNB LAMNC LAMND
[RE] [RE] [RE] [RE]

Narrow-band random load scale factor distribution information
This line contains the parameters to define the narrow-band random load scale factor
ADpwoou iN Equation 2-81. See Section 2.1.3.2 on load scale factors for a detailed

description of the parameters k, coefficient of variation C, and strain gage factor d.

LAMNA lower bound of Uniform distribution of k for the narrow-band random
load scale factor

LAMNB upper bound of Uniform distribution of k for the narrow-band random
load scale factor

LAMNC coefficient of variation C for the narrow-band random load scale factor

LAMND strain gage factor d for the narrow-band random load scale factor

LAMSA LAMSB LAMSC LAMSD
(RE] [RE] [RE] [RE]



Sinusoidal load scale factor distribution information

This line contains the parameters to define the sinusoidal load scale factor Apgusone
in Equation 2-81. See Section 2.1.3.2 on load scale factors for a detailed description
of the parameters k, coefficient of variation C, and strain gage factor d.

LAMSA lower bound of Uniform distribution of k for the sinusoidal load scale
factor

LAMSB upper bound of Uniform distribution of k for the sinusoidal load scale
factor

LAMSC coefficient of variation C for the sinusoidal load scale factor

LAMSD strain gage factor d for the sinusoidal load scale factor

TIMUA TIMUB TISIGA TISIGB
[RE] [RE] [RE] [RE]

Inner wall temperature Normal distribution information
T; (°R) the inner wall temperature is used to calculate the temperature difference

across the wall of the duct, AT (°R) in Equation 2-70, and is characterized by a Normal
distribution.

TIMUA # Uniform distribution lower bound of Normal distribution of 7;
TIMUB u Uniform distribution upper bound of Normal distribution of 7
TISIGA o Uniform distribution lower bound of Normal distribution of 7;
TISIGB o Uniform distribution upper bound of Normal distribution of T;

TOMUA TOMUB TOSIGA TOSIGB
[RE] [RE] [RE] [RE]

Outer wall temperature Normal distribution information
T, (°R) the outer wall temperature is used to calculate the temperature difference

across the wall of the duct, AT (°R) in Equation 2-70, and is characterized by a Normal
distribution.

TOMUA u Uniform distribution lower bound of Normal distribution of T,
TOMUB u Uniform distribution upper bound of Normal distribution of 7,
TOSIGA o Uniform distribution lower bound of Normal distribution of 7,
TOSIGB o Uniform distribution upper bound of Normal distribution of 7,
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PCMUA PCMUB PCSIGA PCSIGB
[RE] [RE] [RE] [RE]

Inner wall pressure Normal distribution information
p; (psi) in Equation 2-68. This is the inner wall pressure and it is characterized by a

Normal distribution.

PCMUA u Uniform distribution lower bound of Normal distribution of p;
PCMUB « Uniform distribution upper bound of Normal distribution of p;
PCSIGA o Uniform distribution lower bound of Normal distribution of p;
PCSIGB o Uniform distribution upper bound of Normal distribution of p;

AERDA AERDB
[RE] [RE]

Dynamic aerodynamic load scale factor distribution information
2D.ero IN Equation 2-81. This is the dynamic aerodynamic load scale factor and it is

characterized by a Uniform distribution.

AERDA dynamic aerodynamic load scale factor Uniform distribution lower
bound

AERDB dynamlb aerodynamic load scale factor Uniform distribution upper
bound

AERSA AERSB
[RE] [RE]

Static aerodynamic load scale factor distribution information
AsT.no IN Equation 2-87. This is the static aerodynamic load scale factor and it is

characterized by a Uniform distribution.
AERSA static aerodynamic load scale factor Uniform distribution lower bound
AERSB static aerodynamic load scale factor Uniform distribution upper bound

DSTRA DSTRB
[RE] [RE]



The dynamic stress analysis accuracy factor Uniform distribution information
ADyng, in Equation 2-81. This is the dynamic stress analysis accuracy factor and it is
characterized by a Uniform distribution.

DSTRA dynamic stress analysis accuracy factor Uniform distribution lower
bound

DSTRB dynamic stress analysis accuracy factor Uniform distribution upper
bound

ASTRA ASTRB
[RE] [RE]

Aerodynamic stress analysis accuracy factor Uniform distribution information
AAEROS, IN Equation 2-81. This is the aerodynamic stress analysis accuracy factor and
it is characterized by a Uniform distribution.

ASTRA aerodynamic stress analysis accuracy factor Uniform distribution
lower bound

ASTRB aerodynamic stress analysis accuracy factor Uniform distribution
upper bound

LAMWA LAMWB
[RE] [RE]

Weld offset accuracy factor Uniform distribution information

Ao In Equation 2-73. This is the weld offset eccentricity stress concentration
accuracy factor and it is characterized by a Uniform distribution.

LAMWA Aopr Unitorm distribution lower bound
LAMWB Aopr Uniform distribution upper bound

NEUBA NEUBB
[RE] [RE]

Neuber’s Rule accuracy factor Uniform distribution information

%o, In Equation 2-89. This is the Neuber’s Rule accuracy factor and it is characterized
by a Uniform distribution.

NEUBA Neuber's Rule accuracy factor Uniform distribution lower bound
NEUBB Neuber's Rule accuracy factor Uniform distribution upper bound
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GAMA GAMB
[RE] [RE]

_Qamgge accumulation model accuracy factor distribution information

This Tine contains the Uniform distribution bounds in loge space for the damage
accumulation model accuracy factor A 4, in Equation 2-91. See Section 2.2.1.4 for a
discussion of the damage accumulation calculations.

GAMA lower bound on damage accumulation accuracy ftactor
GAMB upper bound on damage accumulation accuracy factor
Load and Geometry block
NLOAD
[INT]

Number of dynamic loads
Total number of dynamic or time-varying loads. NLOAD cannot exceed 16.

PSTAT TSTAT MSTAT(1) MSTAT(2) VSTAT(1) VSTAT(2)
[RE] [RE] [RE] [RE] [RE] [RE]

Static loads ‘
This ine contains the six beam-end force components due to static aerodynamic
loads.

PSTAT P (ibs) in Equation 2-68, the static axial load component

TSTAT M, (in.4bs) in Equation 2-72, the static torsional load component

MSTAT(1) My (in.-bs) in Equation 2-68, the static moment load component about
the y axis

MSTAT(2) M, (in.-bs) in Equation 2-68, the static moment load component about
the z axis _

VSTAT(1) Vy (Ibs) in Equation 2-72, the static shear load component along the y
axis

VSTAT(2) V; (Ibs) in Equation 2-72, the static shear load component along the 2
axis



LDNAME() TYPE() P() T({) ML) M2) VI, V@2
[CHR] [INT] [RE] [RE] [RE] [RE] [RE]  [RE]

Dynamic loads

This line contains the dynamic load file names, load types, and the six components
of the beam-end force magnitudes. A total of NLOAD lines must be specified (i.e.,
the value of | goes from 1 to NLOAD).

LDNAME(l) File names containing the reference time history for load 1. The file
name cannot be more than six characters long and must be enclosed
by single quotes.

TYPE(l) Load-type of load |, used to assign the appropriate load scale factor
TYPE(l) = 1 Narrow-band random load
TYPE(l) = 2 Sinusoidal load
TYPE(l) = 3 Dynamic aerodynamic load

P(l) P (Ibs) in Equation 2-68, the dynamic axial load magnitude for load |

T() M, (in.4bs) in Equation 2-72, the dynamic torsional load magnitude for
load | .

M(1,1) My (in.-ibs) in Equation 2-68, the dynamic moment load magnitude
about the y axis for load |

M(2,1) M, (in.bs) in Equation 2-68, the dynamic moment load magnitude
about the z axis for load |

V(1,l) Vy (ibs} in Equation 2-72, the dynamic shear load magnitude along the
y axis for load |

v(2,l) V; (Ibs) in Equation 2-72, the dynamic shear load magnitude along the
z axis for load |

KGOD KGID KT(2,1) KT(2,2)
[RE] [RE] [RE] [RE]

Fatigue stress concentration factors

Geometric axial and hoop fatigue stress concentration factors. The geometric axial
stress concentration factors are used to calculate the total axial stress concentration
factor, K, in Equation 2-68, by the multiplication of the geometric factors KGOD and
KGID, and the weld factors KWOD and KWID, specified above.

KGOD outer diameter axial geometric stress concentration factor
KGID inner diameter axial geometric stress concentration factor
KT(2,1) outer diameter hoop stress concentration factor, Ky, in Equation 2-69
KT(2,2) inner diameter hoop stress concentration factor, Ky, in Equation 2-69
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PCO
[RE]

External pressure
P, (psi) in Equation 2-68. This is the outer wall pressure.

LOCAT
[INT]

Critical location
Critical location of interest on the duct wall.
LOCAT = 1 outer wall

LOCAT =2 inner wall

ANGLE
[RE]

Critical angle -
¢ (degrees) in Equation 2-68. This is the angle measured counterclockwise from the
Z-direction to the critical circumferential location of the duct.

PERIOD
[RE]

Period
T (sec) in Equation 2-91. This is the period of the reference time histories, and it is
required so that life may be provided in seconds.

TRUNC
[RE]

Noise filter
Value (psi) used to filter out the insignificant cycles in the composite stress-time history
during rainflow cycle counting.

NRAN
(RE]

Number of history points
Number of points in the reference time history files for the dynamic loads. NRAN
cannot exceed 24,000.




EM COEXP NU
[RE] [RE] [RE]

Materials information
This line contains the elastic modulus, thermal expansion, and Poisson’s ratio.

EM E (psi) in Equation 2-70, Young's modulus of elasticity
COEXP a (°R) in Equation 2-70, the coefficient of thermal expansion
NU v in Equation 2-70, the materials Poisson'’s ratio

FK(I) RT(I)

[RE] [RE]

Fx versus R/t curve

F, versus R/t points for each segment of the curve are used by Equation 2-73 in the
weld offset eccentricity stress concentration calculations. A block of 10 segments
must be provided (i.e., the value of | goes from 1 to 10). Both FK and RT must be

positive and increase with increasing | (i.e., 1 = 1 is the lower bound of the first
segment and | = 10 is the upper bound of the last segment).
FK(1) Fi(Rft) value
RT() R/t value
NUMSEG
[INT]

Number of segments

The number of piecewise linear segments in the stress-strain versus strain curve
required by Equation 2-88.

SE(J) E(J)
[RE] [RE]

Stress-strain versus strain curve

ot versus ¢ points for each segment of the o vs. € curve are used in the Neuber's Rule
calculations in Equations 2-88 and 2-89. A block of NUMSEG lines must be provided
(i.e., the value of J goes from 1 to NUMSEG). Both SE and E must be positive and
increase with increasing J as HEXHCF assumes that the J = 0 point is at the origin.
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SE(J) value of the product of stress and strain, oz, at the upper end of the
Jth segment of the stress-strain versus strain curve

E(J) value of the strain ¢ at the upper end of the Jth segment of the stress-
strain versus strain curve

Materials Information Block

DESCRP(0)
[CHR]

Description of specific material S/N data set
Name and test environment for the specific material S/N data. This is a character
string no more than 40 characters long, enclosed by single quotes.

FTY FTU NDIV NPTS(0)
[RE] [RE] [INT]  [INT]

Specific materials information ~

Yield strength, ultimate strength, number of divisions of data, number of points in S/N
data set. The data may be divided when they are assigned to a different life region
or have different stress ratios. NPTS (0) cannot exceed fifty. The next two data sets
have to be provided for each data division.

FTY yield strength corresponding to the specific material data set (psi)
FTU ultimate strength corresponding to the specific material data set (psi)
NDIV number of data divisions for the specific material data set

NPTS(0) total number of points in the specific material S/N data set

NUM RATIO REG
[INT] [RE] [INT]

Materials information for each data division of the specific S/N data set
Number of points, stress ratio, and the life region of interest for each data division.
This line must be provided for each data division.

NUM number of S/N data points in the data division
RATIO stress ratio for the data in the data division
REG life region number to be assigned to the data in the data division



RAWSTR(1,0) RAWNF(1,0)
[RE] [RE]

Specific material S/N data points
Stress versus fatigue life data points for each data division. A block of NUM lines
must be specified (i.e., the value of | goes from 1 to NUM). This block must be
provided for each data division.

RAWSTR(I,0) stress value (psi)

RAWNF(1,0) fatigue life value (cycles)

SZERO
[RE]
Tensile point'®

Stress tensile point S, (psi). Must be non-negative. A value of zero indicates no
tensile point. For HCF applications, this aspect of the materials model has been
disabled, however, a value of SZERO must be provided.

NUMREG NNODAT
[INT] [INT]

Data regions17

Number of life regions that are data-determined and not data-determined. NUMREG
+ NNODAT cannot exceed three. NUMREG must be 1, 2, or 3, and NNODAT must
be non-negative, and should be 0 or 1.

NUMREG number of life regions determined by data
NNODAT number of life regions (to the right) not determined by data

NBND(L)
[RE]

Life Boundaries'®
The upper boundaries of the life regions are specified (cycles). The value of L goes
from ZROREG to the total number of regions (equal to NUMREG + NNODAT). Ifa

16 Extension of the S/N curve to the left is discussed on Page 2-17.
17 Extension of the S/N cuve to the right is discussed on Page 2-17.
'8 Life region boundaries are discussed on Page 2-15.



non-zero tensile point is specified, then ZROREG = 0O else ZROREG = 1. The
program expects the upper bound of the last life region to be 10%, a proxy for .

CZERO
[RE]

Prior information on coefficient of variation of fatigue strength'®

Information in the form of a constraint on the coefficient of variation of fatigue strength
C for the specific material S/N data set. Value must be non-negative and a value of
zero indicates that CZERO is not in use.

MPNT(L) MZERO(1,Ll) MZERO(2,L)
[INT] [RE] [RE]

Prior information on the materials shape parameter m>®

The number of MZERO values in each life region, and the lower and upper bound for
the range of m. The value of L goes from 1 to (NUMREG + NNODAT). If VARY =
3 is specified (truncated Normal distribution on m), then a prior range of m must be
specified for each region.
MPNT(L) The number of points, 0, 1, or 2, (no prior on m, a point prior on m, or
) a prior over a range of m, respactively) in MZERO( ) for each region.
MZERO(1,L) The lower bound on the range of m or the value of the point prior for m.

MZERO(2,L) The upper bound on the range of m. Program requires that the value
be zero if a point prior for m is specified.

DELTA(L) MO(L) SIGMA2(L)
[RE] [RE] [RE]

Information on the Bayesian prior distribution for the truncated Normal distribution?'
If VARY = 3, then the materials model uses the truncated Normal distribution. The
truncated Normal distribution requires some prior information on the Normal distribu-
tion parameters because a Bayesian analysis is performed. The information is
required for each life region. The value of L goes from 110 (NUMREG + NNODAT).

9 The implicit constraint on the materials shape parameter provided by prior information
on the coefficient of variation of fatigue strength is discussed on Pages 2-12 through 2-13.

20 The explicit constraint on the materials shape parameter provided by prior information
on the materials shape parameter is discussed on Page 2-12.

21 gpecification of the Bayesian prior distribution for the truncated Normal case is
discussed on Page 2-14.
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DELTA(L) The shape parameter & of the Bayesian prior distribution is used to
compute the Bayesian posterior distribution parameters. Value must
be non-negative, a value of zero indicates a diffuse prior distribution.

MO(L) Location parameter m,, of the Bayesian prior distribution of the shape
parameter m. Must be positive. Required when DELTA(L) is non-zero.

SIGMA2(L) ;2 the known variance of In(fatigue fife), V(In N | In S). Must be non-
negative.

KRATIO LAMN
[RE] [RE]

Materials process variation information

If MPROC = 1, then specfication of KRATIO and LAMN is required. KRATIO is 4,
the ratio MED K*/MED K where MED K® is the median value over all heats for the stress
(psi) at a life of one cycle, and MED K is the median value for the specific S/N data for
the stress (psi) at a life of one cycle. LAMN is the ratio of the variance of In(/ife)
conditional on stress over all heats to the intrinsic materials variation for the given S/N
data conditional on stress. Process variation in materials is discussed in Section
2.1.2.3.

6.1.10.2 Input File RELATD

The input data for file RELATD, which contains the related materials |nformat|on
is given below. The data format is similar to that used to specify the S/N data in the
specific materials information block in the HEXHCD file.

NSETS
[INT]

Number of related data sets

Number of related material S/N data sets. The following data groups have to be
repeated as a block for each data set. The value of J varies from 1 to NSETS. If
there is no related data, then file RELATD will only contain the number “0”. NSETS
cannot exceed five.

DESCRP(J)
[CHR]

22 Related S/N data is discussed on Page 2-7.



Description of related material S/N data set
Name and test environment for related material S/N data set J. This is a character

string no more than 40 characters long, enclosed by single quotes.

FTY FTU NDIV NPTS(J)
[RE] [RE] [INT] [INT]

Related materials information
Yield strength, ulimate strength, number of divisions of data, number of points in S/N data

set. The data may be divided when they are assigned to a different life region or have
different stress ratios. If all data has a stress ratio of —1.0, then the yield and ultimate
strengths are not required, but zero values must be specified as placeholders. NPTS(J)
cannot exceed fifty. The next two data sets have to be provided for each data division.

FTY yleld strength corresponding to related material data set J (psi)
FTU ultimate strength corresponding to related material data set J (psi)
NDIV number of data divisions for related material data set J

NPTS({J) total number of points in related material S/N data set J

NUM RATIO REG
[INT] [RE]  [INT]

Materials information for each data division of the related S/N data set
Number of points, stress ratio, and the life region of interest for each data division.

This line must be provided for each data division.

NUM number of S/N data points in the data division
RATIO stress ratio for the data in the data division
REG life region number to be assigned to the data in the data division

RAWSTR(L,J) RAWNF(l,J)
[RE] [RE]

Related material S/N data points
Stress versus fatigue life data points for each data division. A block of NUM lines

must be specified (i.e., the value of | goes from 1 to NUM). This block must be
provided for each data division.

RAWSTR(l,J) stress value (psi)
RAWNF(l,J) fatigue iife value (cycles)




6.1.10.3 Reference Time History Files

The data format for the reference time history files is given below. There must be
NLOAD files with the same names, as specified by LDNAME(l) in file HEXHCD.
Reference time histories are typically generated by program NBSIN described in
Sections 4.5, 6.6, and 7.7.

STRHIS(1,J)
[RE]

The points of the Ith reference time history
The points of the time history specified by LDONAME(I). The data is entered one point
per line for d = 1, ..., NRAN.

6.1.11 Options and Capabilities

HEXHCF is a Monte Carlo simulation program which generates a sequence of
component lives for a particular failure mode, where life is defined as the accumulated
operating time at failure. The simulation has a double-loop structure with NHYPER
outer loops and NLIFE inner loops. The simulation size is dependent on the failure
probability at which a life estimate is desired and the precision desired. For the HEX
application, single-loop runs with NHYPER = 20,000 and NLIFE = 1 were used to
characterize component reliability, and single-loop runs with NHYPER = 1000 and
NLIFE = 1 were used for the marginal analysis to assess the importance of drivers.

During a run, it may be desirable to “hold” a driver at a fixed value. This may be
the nominal or median value of the driver. This is done for drivers with a Beta or a
Uniforrn distribution by merely specifying both the upper and lower bounds to be the
desired value. For drivers with a Normal distribution, the standard deviation o, or
coefficient of variation C, is set at zero and the mean u is set at the desired value.

The procedure of holding certain drivers at fixed values while letting the other drivers
vary according to their probability distributions may be used for driver variation
sensitivity studies. That is, the effect on life of driver variation may be evaluated by
letting it vary while holding other drivers at fixed values. Each driver variation
sensitivity was determined in the case studies of this report with the intrinsic variation
of the fatigue life of the material included (VARY = 1).

A printout of intermediate calculations in various parts of the program may be
obtained via the IOUT option. This output will be printed in the IOUTPR file. It is
recommended that such output not be requested when the simulation size is large
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since the information will be dumped during every simulation loop. The NMED option
provides for calculation of an empirical median S/N curve if the truncated Normal
distribution is employed.23 in this case, the median S/N curve is based on the
empirical median m from all the shape parameters used in the simulation. The
MPROC option activates the computations for the process variation feature of the
materials characterization model, as discussed in Section 2.1.2.3.

6.1.12 Code Execution Example

The following example run of the HCF analysis code HEXHCF was carried out with
random variation of all drivers for the HPOTP heat exchanger coil small tube outlet.
In this example run, 1000 lives were simulated (NLIFE = 1 times NHYPER = 1000)
by using Uniform shape parameter variation, VARY = 2 and NMED = 0; and no
materials process variation, MPROC = 0. The B-lives® to be provided are B.1, B.2,
B.3, B.4, B5, B.6, B.7, B.8, B.9, and B1 (NBLIFE = 10, BLFPER(1) = 0.001,
BLFPER(2) = 0.002, BLFPER(3) = 0.003, BLFPER(4) = 0.004, BLFPER(5) =
0.005, BLFPER(6) = 0.006, BLFPER(7) = 0.007, BLFPER(8) = 0.008, BLFPER(9)
= 0.009, BLFPER(10) = 0.01). The user may refer to Section 2.2.1.5 for additional
information on the engineering analysis and to Section 3.2 for the results of the case
study for this component.

Figure 6-6 shows the component in detail and the location of the critical weld,
designated as A The external pressure PCO is 3640 psi. All geometric axial and

23 The truncated Normal distribution for the materials model shape parameter m is
discussed on Page 2-14.

24 A B-life is the value of accumulated oFerating time to failure at a failure probability
specified as a percent; ¢.g., B.1 is the failure ime at a probability of 0.001 or 0.1%.



hoop stress concentration factors are one KGOD = KGID = KT(2,1) = KT(2,2) =
1.0. The elastlc modulus EM is 2.9x107, the coefficient of thermal expansion COEXP
is 8.8x107%, and Poisson’s ratio NU is 0.30 for the material.

The drivers for the HCF failure of weld 3 are as follows:

DRIVER DISTRIBUTION

1. Weld Offset Beta

2. Ky Weld Factors Beta

3. Inner Diameter Beta

4. Wall Thickness Beta

5. Random & Sine Load Scale Factors Normal
6. Flow Conditions Normal
7. Ky Weld Offset Eccentricity Accuracy Uniform
8. Neuber's Rule Accuracy Uniform
9. Dynamic Aerodynamic Load Scale Factor Uniform
10. Static Aerodynamic Load Scale Factor Uniform
11. Dynamic Stress Analysis Accuracy Factor Uniform
12. Aerodynamic Stress Analysis Accuracy Factor  Uniform
13. Damage Accumulation Model Accuracy Uniform

The rationale for the specification of the driver distributions is given in Section 3.2.2.
The weld offset was held at 6% by fixing the upper and lower bounds of the distribution
at WOFFA = WOFFB = 0.06.

In addition to the static loads, there were one narrow-band random load, one
sinusoidal load, and one dynamic aerodynamic load. The three dynamic loads
(NLOAD = 3) used here are a subset of the significant loads for this component. The
procedure for identifying the significant loads is described in Sections 2.2.1.5, 2.3.7,
and 3.A.2.5. The three reference time histories are in the files named NBM3, SIN1,
and AERO1, and the contents of these input files are given below. The reference time
histories have five points (NRAN = 5) and represent 0.00025 seconds (PERIOD =
0.00025) of the loading. The reference time histories used for the case studies of the
HEX coil small tube outlet given in Section 3.2 consisted of 17,800 points. Shorter
histories are used here to permit their inclusion in this example. The critical location
is the inner wall (LOCAT = 2) at a circumferential position of ANGLE = 85°.

Thirteen S/N data points, NUM = 13 with a stress ratio of —1.0 (RATIO = —1.0) are
provided. The number of regions with data, NUMREG, is 1, and there are no regions to
the right without data, NNODAT = 0. The data is in one division, NDIV = 1, and the total
number of points is thirteen, NPTS(0) = 13. No related data is provided. Thus, the



RELATD file is empty, except for a single entry to indicate NSETS = O. if further
explanation of file HEXHCD is required, refer to Section 6.1. 10.1 and Figure 6-5.

The echo of the input data is in the output file HEXHCO. The simulated B-lives are
also given for the component. For instance, the B.1 life is 4.5x10° seconds. This
value is different from the B.1 life obtained during the case study of this component
as given in Section 3.2.4 because the number and size of the reference time histories
and the number of simulation trials have been reduced to facilitate the example run.
There are only three time histories with just five points each used here, and therefore
they do not properly represent the loads. Also, the Fy versus R/t curve is only an
example curve.

The IOUTPR file gives an echo of the analysis parameters. The dump parameter
IOUT is zero; therefore, no other output is in this file. The LOWLIF file contains the
lowest one percent of the 1000 simulation lives. Finally, the DUMP file contains the
results of the materials characterization model information aggregation calculations.®

Input File - HEXHCD

675
0

1
1000

(=]

.001
.002
.003
.004
.005
.006
.007
.008
.009
.01
.06 0.06 0.00 0.00 0.0 0.0
.00 .00 .00 0.00 0.0 0.0
.00

.00 1.00
.20 3.50
.1885 0.1915
.0113 0.0157

(=]
o

.00 0.00 0.0 0.0
.1304 0.5652 10. l1o.
.50 0.50 0.5 20.
.27273 0.27273 0.5 20.

OO HHOOOOOODODODOOOOOKHOON

0
0
0
0

25 The information aggregation calculations are discussed on Pages 2-6 through 2-14.



2.00 2.00 0.15 1.00
2.00 2.00 0.20 1.00
486. 666. 29. 56.5
799. 908. 49.5 48.
3808. 4177.  69. 69.
0.50 1.50
0.80 1.20
0.80 1.20
0.90 1.10
0.80 1.20
0.60 1.40
-1.38629 0.95166
3
0.00° 0.00 -0.07214 0.00 0.00 0.00
'NBM3’ 1 0.00 0.00 0.00 0.355475 0.00 0.00
‘SIN1’ 2 0.027374 0.000451 0.001621 0.082116 0.205288 0.005789
‘AEROLl’ 3 0.00 0.00 0.00 0.07179  0.00 0.00
1.0 1.0 1.0 1.0
3640.
2
85.
0.00025
0.0
5
29000000. 8.8E-06 0.30
0.615 2.00
0.693 4.80
0.753 7.20
0.813 9.60
0.873 12.50
0.933 15.80
0.993 20.00
1.029 24.00
1.053 30.00
1.053  200.00
6
21.95 0.001
55.77 0.002
144.85 0.005
322.73  0.010
1945.90 0.050
50688.0 0.660
*70 F, 321 STAINLESS STEEL ALLOY - WELDED'
27900. 76800. 1 13
13 -1.0 1

40000. 1000.
40000. 2000.
40000. 3000.
40000. 4000.
40000. 5000.



40000. 6000.
30000. 23000.
30000. 66000.
25000. 72000.
25000. 190000.
20000. 789000.
20000. 1070000.
20000. 1450000.
0.00

1 0

1.0E+36

0.00

0 0.000 0.000

Input File - RELATD

0

Input File - NBM3

0.9396865670744
0.9325857187916
1.132583595703
1.378186790842
1.546197891515

Input File - SIN1

-0.9766760261059
-0.9310621841538
-0.8625225012037
-0.7727446517203
-0.6639392643142

Input File - AERO1

-1.202208564616
-2.176997589958
-2.250379923423
-1.314959553996
-0.5704567649678



Output File - HEXHCO

Copyright (C) 1990, california Institute of Technology.
Sponsorship under NASA Contract NAS7-918 is acknowledged.

U.S. Government

DRIVERS

WELD OFFSET (%)

K WELD (OD)
K WELD (ID)
INNER DIAMETER

WALL THICKNESS

LAMBDA RANDOM

LAMBDA SINE

INNER TEMPERATURE

OUTER TEMPERATURE

INNER PRESSURE

DYNAMIC AERO LOAD FACTOR

STATIC AERO LOAD FACTOR

DYNAMIC STRESS ANALYSIS

INPUT DATA

PARAMETER DISTRIBUTIONS
RHO THETA
Be(0.06, 0.06) U(0.00000, 0.00000) u( 0.0, 0.0)
Be(0.00, 0.00) U(0.00000, 0.00000) u( 0.0, 0.0
TEST = 1.00
Be(1.00, 1.00) U(0.00000, 0.00000) u( 0.0, 0.0)
Be(1.20, 3.50) U(0.13040, 0.56520)  U(10.0, 10.0)
Be(0.1885, 0.1915) U(0.50000, 0.50000) u( 0.5, 20.0)
Be(0.0113, 0.0157) U(0.27273, 0.27273) u( 0.5, 20.0)
k: U(2.00000, 2.00000)
COEFFICIENT OF VARIATION: 0.150
STRAIN GAGE FACTOR: 1.0000000
k: U(2.00000, 2.00000)
COEFFICIENT OF VARIATION: 0.200
STRAIN GAGE FACTOR: 1.0000000
MU SIGMA
NORMAL: U( 486.0, 666.0) U( 29.0, 56.5)
NORMAL: U( 799.0, 908.0) U( 49.5, 48.0)
NORMAL: U(3808.0, 4177.0) U( 69.0, 69.0)
U( 0.50000, 1.50000)
u( 0.80000, 1.20000)
U( 0.80000, 1.20000)
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AERO STRESS ANALYSIS U( 0.90000, 1.10000)

LAMBDA KOFF u( 0.80000, 1.20000)
NEUBERS RULE U( 0.60000, 1.40000)
DAMAGE MODEL ACCURACY U(ln 0.25000, ln 2.59001)
LOADS INPUT
P LOADS T LOADS M2 LOADS M3 LOADS V2 LOADS
(LBS) (IN.-LBS) (IN.-LBS)  (IN.-LBS) (LBS)

STATIC AERO

0.000000 0.000000 -0.072140 0.000000 0.000000
NBM3 '

0.000000 0.000000 0.000000 0.355475 0.000000
SINl

0.027374 0.000451 0.001621 0.082116 0.205288
AERO1l

0.000000 0.000000 0.000000 0.071790 0.000000

GEOMETRIC AND OTHER INPUT

K GEOM (OD) 1.00
K GEOM (ID) 1.00
K HOOP (OD) 1.00
K HOOP (ID) 1.00
EXTERNAL PRESSURE, PSI 3640.

ANALYSIS LOCATION 2

ANGLE THETA (DEGREES) 85.0
STRESS-TIME HISTORY PERIOD, SEC 0.00
STRESS-TIME HISTORY NOISE FILTER, PSI 0.0

V3 LOADS
(LBS)
0.000000
0.000000
0.005789

0.000000



NUMBER OF TIME-VARYING LOADS 3

NUMBER OF POINTS IN HISTORIES 5

ANGLE THETA (RADIANS) 1.48
ELASTIC MODULUS, PSI . 0.290E+08
COEFF OF THERMAL EXPANSION | 0.88000000E-05
POISSONS RATIO 0.300

STRESS-STRAIN CURVE INPUT

MAXIMUM NUMBER OF SEGMENTS 6
STRESS-STRAIN PRODUCT STRAIN VALUES
21.95 0.00100
55.77 0.00200
144.85 0.00500
322.73 0.01000
1945.90 0.05000
50688.00 0.66000

MATERIAL INPUT

DESCRIPTION: 70 F, 321 STAINLESS STEEL ALLOY - WELDED

YIELD STRENGTH 0.27900E+05
ULTIMATE STRENGTH 0.76800E+05
NUMBER OF POINTS 13
ORIGINAL S/N STRESS TRANSFORMED S/N



STRESS

0.40000E+05
0.40000E+05
0.40000E+05
0.40000E+05
0.40000E+05
0.40000E+05
0.30000E+05
0.30000E+05
0.25000E+05
0.25000E+05
0.20000E+05
0.20000E+05
0.20000E+05

LIFE

1000.
2000.
3000.
4000.
5000.
6000.
23000.
66000.
72000.
190000.
789000.
1070000.
1450000.

RATIO

-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00

THERE IS 1 REGION(S) WITH DATA

AND O REGION(S) TO THE RIGHT WITHOUT DATA

REGION

e e e e b S b e

STRESS

0.40000E+05
0.40000E+05
0.40000E+05
0.40000E+05
0.40000E+05
0.40000E+05
0.30000E+05
0.30000E+05
0.25000E+05
0.25000E+05
0.20000E+05
0.20000E+05
0.20000E+05

THE UPPER BOUND(S) OF THE REGION(S) ARE (CYCLES):

0.100E+37

EXOGENOUS INFORMATION

CONSTRAINT ON COEFFICIENT OF VARIATION, C:

EXPLICIT CONSTRAINT ON m FOR EACH REGION:

REGION

1

B LIVES:

0.00100
0.00200
0.00300
0.00400
0.00500
0.00600
0.00700
0.00800

# OF POINTS

0

EMPIRICAL

0.447327E+10
0.104092E+11
0.191086E+11
0.208025E+11
0.398571E+11
0.662463E+11
0.824330E+11
0.959502E+11

LOWER BOUND

0.0000
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0.0000

UPPER BOUND

0.0000

LIFE

1000.
2000.
3000.
4000.
5000.
6000.
23000.
66000.
72000.
190000.
789000.
1070000.
1450000.



0.00900 0.983484E+11

0.01000 0.103062E+12
0.50000 0.374265E+15
Output File - RELATO

NUMBER OF DATA SETS: 0
NOTE: ALL Kt ASSUMED TO BE 1.0

TRANSFORMED DATA

Output File - DUMP

Copyright (C) 1990, california Institute of Technology. U.S. Government
sponsorship under NASA Contract NAS7-918 is acknowledged.

RESULTS OF INFORMATION AGGREGATION CALCULATIONS
95% CONFIDENCE INTERVALS ON C AND m FOR EACH REGION
REGION: 1 Io = ( 0.047421050, 0.113658400)

Jo = ( 7.136659000, 9.595363000)

POINT ESTIMATES OF C AND m FOR EACH REGION
REGION E(C) E(m)

1 0.066941450 8.366011

POSTERIOR CREDIBILITY RANGE ON m FOR EACH REGION

REGION LOWER BOUND UPPER BOUND

1 7.1367 9.5954

PARAMETER VALUES FOR MEDIAN S/N CURVE
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NUMBER OF REGIONS: 1 E(BETA0) = 19.5380 E(k) = 11.5536
REGION m K LIFE BOUND STRESS BOUND

1 8.36601 0.10528E+06 0.100E+37 0.00000E+00

Output File - IOUTPR
RANDOM NUMBER SEED 675.000000000000
IOUT (MATCHR = 10, HEXHCF = 15, THWELD = 25)
INNER LOOP SIZE
OUTER LOOP SIZE
TYPE OF S/N VARIATION DESIRED
NORMAL MEDIAN CURVE (0 - NO, 1 - YES)
MATERIALS PROCESS VARIATION DESIRED
(0 - NO, 1 - YES)

NN H RN
[

L]
o

Output File - LOWLIF

.100000E-02 0.447327E+10
.200000E-02 0.104092E+11
.300000E-02 0.191086E+11
.400000E-02 0.208025E+11
.500000E-02 0.398571E+11
.600000E-02 0.662463E+11
+700000E-02 0.824330E+11
.800000E-02 0.959502E+11
.900000E-02 0.983484E+11
.100000E-01 0.103062E+12

000 O0CO0OO0O0OO0O0CO

[
O WO NV & WN

6.1.13 Error Messages and Possible Remedies

The following messages, when applicable, will appear in file IOUTPR. These
messages are primarily generated by the materials characterization model (MATCHR)
portion of HEXHCF. An error message stating that a limit has been exceeded will
require that the user increase those limits, as directed, and reviewing or consulting
Section 7.3.1.3 is desirable. The messages are listed in alphabetical order for the
convenience of the user.

ERROR: BAD VALUE FOR DELTA OR VALUE OF MO INCONSISTENT WITH
DELTA IN REGION 'L’
Fatal This error can occur during the use of the truncated Normal variation
option of the materials characterization model for two reasons. First, the
value of 6 may be negative. Second, a value of 6 was specified, but the
value for m, is not positive. Check file HEXHCD.
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ERROR: CANNOT OPEN FILE, ‘filename’ DOES NOT EXIST
Fatal HEXHCF attempted to open the indicated file, however the file did not
exist. Check the directory for existence of the file and also check file
HEXHCD for correct spelling of the filename.

ERROR: Co TOO LOW
Fatal The constraint, C,, imposed on the coefficient of variation of fatigue
strength is inconsistent with the observed S/N data.

ERROR: EXCEEDED LIMIT ON DEGREES OF FREEDOM IN CHI-SQUARE
TABLE, IN REGION 'L’
Fatal As implemented, the credibility interval calculations can handie no
more than 150 degrees of freedom, and the amount of data in the region in-
dicated requires more. The xz tables of routine INTRVL must be increased.
See Sections 4.1.3.6 and 7.3.1.3 for more information.

ERROR: EXCEEDED LIMIT ON NUMBER OF REGIONS
Fatal The materials characterization model can handle no more than 3 life
regions. Check file HEXHCD because the sum of the number of regions
with data and the number of regions without data is greater than 3.

ERROR: INVALID LOCATION SPECIFICATION
Fatal LOCAT can only have the integer value 1 or 2. Check file HEXHCD for
the value used.

ERROR: INVALID RESPONSE TO NORMAL MEDIAN CURVE QUESTION
Fatal NMED can only have the integer value 0 or 1. Check file IOUTPR for
the value used.

ERROR: INVALID TYPE OF MATERIALS PROCESS VARIATION DESIRED
Fatal MPROC can only have the integer value 0 or 1. Check file IOUTPR for
the value used.

ERROR: INVALID TYPE OF S/N VARIATION DESIRED
Fatal VARY can only have the integer value 0, 1, 2, or 3. Check file IOUTPR
for the value used.

ERROR: INVALID VALUE FOR RATIO: 'RATIO’
Fatal An invalid value for the stress ratio has been declared for the specific
material data set. Only values between —1.0 and + 1.0 inclusive, are pos-
sible. Check file HEXHCD.



ERROR: INVALID VALUE OF RATIO: 'RATIO’
Fatal An invalid value for the stress ratio has been declared for a related
material data set. Only values between —1.0 and + 1.0 inclusive, are pos-
sible. Check file RELATD.

ERROR: LOAD INCORRECTLY TYPED
Fatal TYPE(l) can only have the integer value 1, 2 or 3. Check file HEXHCD
for the value used. ‘

ERROR: NO INTERSECTION BETWEEN Jo AND Mc

ERROR: NO INTERSECTION BETWEEN Jo AND Mo

ERROR: NO INTERSECTION BETWEEN Jo, Mo, AND Mc

ERROR: NO INTERSECTION BETWEEN Mo AND Mc
Fatal These errors indicate that the specified C constraint and/or prior
credibility range on m do not agree with each other and/or the observed
S/N data.

ERROR: NORMAL VARIATION REQUIRES A PRIOR RANGE ON M
Fatal The truncated Normal variation option of the materigls characterization
model requires a prior range on m. The number of points for the prior
range on m has been incorrectly specified. Check file HEXHCD to verify
that the number of points indicated for each range has an integer value of 1
or2.

ERROR: NUMBER OF POINTS PER DIVISION INCORRECTLY SPECIFIED IN SET 'J’
Fatal The materials characterization model has been given conflicting infor-
mation about the number of points in one of the related S/N data sets.

Check file RELATD to compare for each related data set the total number of
points declared with the sum of the numbers of points in each data division.

ERROR: NUMBER OF POINTS PER DIVISION INCORRECTLY SPECIFIED IN
SPECIFIC DATA SET
Fatal The materials characterization model has been given conflicting infor-
mation about the number of points in the specific S/N data set. Check file
HEXHCD, since the total number of points in the specific data set declared
and the sum of the numbers of points in each data division do not agree.

ERROR: OVERALL PRIOR RANGE INCORRECTLY SPECIFIED IN REGION
WITHOUT DATA
Fatal The prior credibility range on m in one of the regions without data has
been incorrectly specified. Check file HEXHCD to verify that either more
regions without data have been indicated than intended or that the number



of points in the prior on m in a region without data has been incorrectly
specified. Only the integer value 0, 1, or 2 is acceptable.

ERROR: OVER LIMIT ON NUMBER OF POINTS IN SET 'J’
Fatal The materials characterization model cannot accept more than 50 S/N
points in any related material data set. Check file RELATD for the total num-
ber of points in each related data set declared, or there may be more than
50 S/N points with an incorrect total declaration. It is suggested that the
number of S/N data points in each related set be recounted. If more than
50 points are desired, the parameter MAXDAT must be increased. Refer to
Section 7.3.1.3 for the routines involved.

ERROR: OVER LIMIT ON NUMBER OF RELATED DATA SETS
Fatal The materials characterization model allows up to 5 related data sets.
Check file RELATD to determine if more than 5 related data sets were
specified. The parameter MAXSET must be increased. Refer to Section
7.3.1.3 for the routines involved.

ERROR: OVER NUMBER OF POINTS LIMIT IN SPECIFIC MATERIAL
Fatal The materials characterization model cannot accept more than 50 S/N
points in the specific material data set. Check file HEXHCD for the total
number of points in the specific data set declared, or there may be more
than 50 S/N points with an incorrect total declaration. If more than 50 points
are desired, the parameter MAXDAT must be increased. Refer to Section
7.3.1.3 for the routines involved.

ERROR: OVER REGION LIMIT IN RELATED MATERIAL 'J’
Fatal No more than 3 life regions are allowed, and an attempt has been
made to place some S/N data in a region number greater than 3. Check file
RELATD for an invalid region number immediately following the stress ratio
value in the data set indicated.

ERROR: OVER REGION LIMIT IN SPECIFIC DATA SET
Fatal No more than 3 life regions are allowed, and an attempt has been made to
place some S/N data in a region number greater than 3. Check file HEXHCD
for an invalid region number immediately following the stress ratio value.

ERROR: POSTERIOR INTERVAL IN REGION 'L’ IS INCONSISTENT WITH POINT
POSTERIOR IN REGION 'L-1
Fatal Check file DUMP to verify that the point posterior value of m in region
'L-1' is greater than the upper bound of the posterior credibility range in
region 'L’. This error indicates a violation of the concavity assumption.



ERROR: POSTERIOR INTERVAL IN REGION 'L’ IS INCONSISTENT WITH THE
POSTERIOR INTERVAL IN REGION 'L-1’
Fatal Check file DUMP to verify that the lower bound of the posterior
credibility range of m in region 'L-1' is greater than the upper bound of the
posterior credibility range of m in region 'L". The data should be checked
for consistency.

ERROR: PRIOR ON M INCORRECTLY SPECIFIED IN'L’
Fatal - The number of points for the specified prior range on m in the indicated
region has been incorrectly specified. Check file HEXHCD to verify that the
number of points indicated for each range has an integer value of 0, 1, or 2.

ERROR: STRESS-TIME HISTORY TOO LARGE
Fatal No more than 24,000 points are allowed for a reference time history,
and an attempt has been made to use a larger history. Check file HEXHCD
for a value of NRAN larger than 24,000.

ERROR: SXY> = 0 IN REGION 'L’
Fatal During the linear regression calculations for the region indicated, the
resulting value of the sample covariance S,,, was found to be non-negative.
This suggests that the data is specified erroneously or is inadequate for
analysis, since life increasing with increasing stress contradicts the true
fatigue behavior of materials.

ERROR: TOO FEW POINTS FOR REGRESSION IN REGION 'L’
Fatal The materials characterization model does not have the required mini-
mum number of points in the region indicated to perform a linear regres-
sion. If there are no related data sets, then there must be at least 3 points in
each region. If there are N related data sets, then the total number of points in
each region (specific and related combined) must be at least N + 3.

IMPOSSIBLE M RANGE IN REGION °'L’
Fatal Concavity constraints during the random m selection have required an
impossible range on m for the region indicated. Take note of all input
parameters for this run, and consult Sections 4.1.5.1, 4.1.5.2, and 7.3 to aid
in identification of the cause of this error.

NOTE: E(m) IS NOT IN THE POSTERIOR RANGE ON m IN REGION 'L’
Warning This means that the estimate of m based on the S/N data only, in
the region indicated, is outside the range indicated by the specified con-
straints on m and C.



PROGRAM EXECUTION TERMINATED
Fatal This message is produced by routine TRMNAT and follows all other
fatal messages.

THE VALUE PRODCT EXCEEDED STRESS-STRAIN CURVE
Warning The maximum stress has exceeded the stress-strain curve provided
for the Neuber’s rule calculation. The program has assumed the curve to
end at the ultimate strength and hence assigned a value of unity for damage
(the part has failed). If this message is believed to be in error, check the
stress-strain curve provided in file HEXHCD, and/or check that all units for
stress, strain, elastic modulus, geometric parameters, etc., are consistent.

6.1.14 Summary of Input/Output Files
Input Files

HEXHCD

This file is opened in HEXHCF. It contains all parameters for the run options; driver
distributions; engineering analysis parameters; and the specific and exogenous
materials input, including yield and ultimate strengths (psi), stress ratio, S/N data
points, life (cycles) boundaries, region information, coefficient of variation constraint,
C, and prior ranges on the materials shape parameter m for each region.

RELATD

This file is opened in subroutine INFAGG. It contains the related material data input,
including yield and ultimate strengths (psi), stress ratio, S/N data points, and region
information.

User Specified
These are the reference time history files and are opened in HEXHCF. They contain
the time histories generated by program NBSIN.

Output Files

HEXHCO .
This file is opened in HEXHCF. It contains the echo of the information contained in
HEXHCD, and provides the simulated failure distribution B-life information.?®

26 A B-life is the value of accumulated operating time to failure at a failure probability
specified as a percent; e.g., B.1 is the failure time at a probability of 0.001 or 0.1%.



RELATO
This file is opened in subroutine INFAGG. It contains the echo of the information
contained in RELATD.

DUMP

This flle is opened in HEXHCF. 1t contains the results of the information aggregation
portion of the materials model calculations, such as /, and J,; the point estimates of
m and C; posterior credibility ranges for m; and a list of the estimated values for all
S/N curve parameters. See Section 4.1.

IOUTPR A

This file is opened in HEXHCF. It contains information on the particular run that is not
echoed to HEXHCO and the data dump provided when the variable IOUT is equal to
10 (materials characterization calculations), 15 (Monte Carlo simulation and driver
transformation calculations), 20 (rainflow cycle counting and damage accumulation
calculations), or 25 (stress analysis calculations).

LOWLIF

This file is opened in HEXHCF. It contains the first one percent of the calculated lives
used by the software described in Section 4.2to calculate a, 8, and 0, the parameters
of the Bayesian prior failure distribution.



Section 6.2
Low Cycle Fatigue Analysis User’s Guide

6.2.1 TRBPWA Program

A user’s guide for running the low cycle fatigue (LCF) analysis code TRBPWA is
given here. The LCF analysis for the ATD Disk is discussed in Section 2.2.2.2, the
program description and flowcharts are presented in Section 5.2, and the code
structure and listing are provided in Section 7.2.

The TRBPWA program was used to analyze the low cycle fatigue failure of the
ATD-HPFTP second stage turbine disk. The output of TRBPWA includes the simulated
B-lives and a list of the lowest one percent of lives. The list of lives may be used as
input to the regression programs of Section 4.2 to compute the parameters of the
Bayesian prior failure distribution. This prior distribution and success/failure data are
used as input to the Bayesian updating program BAYES to obtain a posterior failure
distribution. _

6.2.2 How To Use Program TRBPWA

The program TRBPWA is intended to be run in batch (i.e., background) mode.
TRBPWA requires two input data files: TRBPWD and RELATD. The materials charac-
terization model portion of the program requires both files for all runs, even when no
related S/N data is used. The file TRBPWD contains the analysis control parameters,
driver distributions, engineering analysis parameters, and specific and exogenous
materials information. The file RELATD contains the related materials information. A
complete description of the input data for the TRBPWD and RELATD data files is given
in Section 6.2.3.

The results from the TRBPWA program are written to five output files: TRBPWO,
RELATO, DUMP IOUTPR, and LOWLIF. TRBPWO contains the echo of the information
in TRBPWD, the results of any stress ratio transformations performed on specific
materials data, and the results of the simulation. RELATO contains the echo of the
information in RELATD and the results of any stress ratio transformations performed
on related materials data. The results of the materials characterization calculations
are primarily given in DUMP. These calculations include point and interval estimates
for S/N curve parameters m and C, posterior credibility ranges for m, and an estimate
of the median S/N curve. File IOUTPR contains an echo of the analysis parameters
and, if requested, a dump of intermediate calculations. If the program terminates
prematurely, an error message will be printed in the IOUTPR file. A list of error
messages and possible remedies for the problems is given in Section 6.2.6. LOWLIF
contains the first one percent of the lives of the simulated failure distribution.
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6.2.3 Description of Input Data Files

Annotated examples of the complete data file format structure for TRBPWD and
RELATD are presented in Figures 6-7 and 6-2, respectively. The data lines of the input
files are given in boxes, with a description of each data line located adjacent to each
box. The specific input parameters of Figure 6-7 are individually defined in Section
6.2.3.1. Input parameter values given in Figures 6-2 and 6-7 are not necessarily those
used in the appliction case study of Section 3.3.

The input data is read by free format statements from files TRBPWD and RELATD.
Thus, the numbers may be provided sequentially on a line up to 80 characters in
length, with each number separated by a blank character or comma. Each number
may also be on a separate line in the file. However, it is recommended that the input
format suggested in Figure 6-7 be followed whenever possible.

6.2.3.1 input File TRBPWD

The required data for the TRBPWD file is divided into the four blocks shown in Figure
6-3: analysis parameters, driver information, load and geometry, and materials
information. The analysis parameters block contains the analysis parameters and the
keys to select the program options. The driver information block contains the
parameters that define the driver distributions. The parametric sensitivity information,
the stress concentration factors, and the nominal stresses are given in the load and
geometry block. The materials information block contains the specific material S/N
data, including the yield and ultimate strengths, stress ratio, the S/N data points, life
region boundaries, and materials characterization model parameter constraints.

The input parameters are described below by using the following convention: the
input variable names are indicated by BOLD UPPERCASE letters; the variable types
are specified as character [CHR], integer [INT], real [RE], and double precision real
[DRE]; the function of the variable is underlined and followed by a description and a
list of options, when appropriate; the program and fle names are indicated by
UPPERCASE letters. A consistent set of units is given in parentheses for specifying
dimension, load, and stress input parameters. All character strings must be enclosed
by single quotes’. The user is reminded about the difference between the number
“0" and the letter “O” when preparing the input files.



675 Random number seed

Value of output dump controller

Inner loop size

Outer loop size

Symmetry number

Type of S/N variation

Request for truncated Normal median S/N curve
Controls materials process variation

Number of B-lives

Decimal equivalent of percentages for B-lives

[0.0001 00005 0001 0005 001 |

AT, two Beta distribution information

-200. 200. 0.50 0.50 0.0 0.0

200. 500. 0.00 0.00 10. 10.

0.95

37592. 507. Rotational speed Normal distribution information
0.80000 1.20000 . | Uniform distribution bounds for 4, d

0.95000 1.05000 Uniform distribution bounds for th

1.41 218  159807. 38600. | Ky Kp Sy, (psi), w, (rPm)

1915.  0.91325 4.4435 | Sy, (Psi), Crppe Cpy (pSIFF)

14749. 004 0.07 101.72 | S, (psi), Cgy. Cgor Cg (PSI°F)

Description of specific material S/N data set

| 'PWA HPFTP 2ND TURBINE DISK’ |

Specific materials information: yield and ultimate strengths, number of data divisions, and total number
of points in data set '

loo000. 198000. 1 9 |

Figure 6-7 Format for File TRBPWD



Specific materials information for each data division: number of points in data division, stress ratio, and
life region

lg 10 1 |

160000. 600. S1. Ny

160000. 700. Sa, Np

160000. 1000. S3, N3

140000. 4800. S4 Ny

130000. 3700. Ss. Ns

130000. 4300. Se Ng

120000. 3800. S7. N7

120000. 11000. Ss. Ng

110000. 40000. So. Ng

198000. Stress tensile point

1 0 Number of life regions with and without data
500. Life boundary of region 0
1.0E+36 ) Life boundary of region 1
0.00 C constraint

0 0.00 ___0.000 Prior information on m

| 0.00 __0.00 | Materials process variation information

Figure 8-7 Format for File TRBPWD (Cont'd)



Analysis Parameters Block

RAND
[DRE]

Random number seed
Needed by TRBPWA's built-in random number generator.

IouT
[INT]

Output dump controller
TRBPWA has the ability to write intermediate calculations to file IOUTPR. The following
integer values control the “dump” of TRBPWA's calculations.

IOUT = 0 no intermediate calculation output
IOUT = 10 materials characterization model! calculations

I0UT = 15 driver sampling and driver transformation calculations

NLIFE
[INT]

Inner Ioop number
Size of the inner loop of the Monte Carlo (MC) simulation. A positive value is required.

NHYPER
[INT]

Outer loop number
Size of the outer loop of the MC simulation. The program requires a positive value.

NSYM
[INT]

Symmetry number
The number of modeling units in the component. A positive value is required.

VARY
[INT]
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Type of S/N variation®’
Controls the type of stochastic variation to be included in the materials charac-
terization model S/N curve.

VARY =0 no variation will be included
VARY = 1 allows only intrinsic materials variation

VARY = 2 allows Uniform variation of the materlals model shape parameter m
and intrinsic materials variation

VARY = 3  allows truncated Normal variation of the materials model shape
parameter m and intrinsic materials variation

NMED
[INT]

Request for truncated Normal median S/N curve®
If VARY = 3, then NMED controls the calculation of the empirical median S/N curve.

NMED =0 no median curve calculation is required
NMED = 1 median curve calculation is required

MPROC
[INT]

Controls materials process variation _
Controls the inclusion of materials process variation (heat-to-heat variation). Process
variation in materials is discussed in Section 2.1.2.3.

MPROC =0 no variation to be included
MPROC =1 variation is to be included

NBLIFE
[INT]

Number of B-lives

The number of B-lives to be provided from the simulated distribution of life. A B-life is
the value of accumulated operating time to failure at a failure probability specified as
a percentage; e.g., B.1 is the failure time at a probability of 0.001 or 0.1%. NBLIFE
must be non-negative and cannot exceed 10.

27 A discussion of the possible stochastic specifications of the materials model shape
paramcter m is given in Pages 2-13 through 2-14.

28 The median S/N curve for the truncated Normal distribution is discussed on Page 2-15.



BLFPER(1) BLFPER(2).. BLFPER(NBLIFE)

[RE] [RE] [RE]

B-life percentages

The decimal equivalent of the percentages at which the B-lives are required; e.g., if
the B.1 life is desired, then BLFPER = 0.001. A total of NBLIFE percentages must
be provided. The percentage cannot exceed 50% (BLFPER < 0.50).

Driver Information Block

DELTA DELTB DELTR1 DELTR2 DELTT1 DELTT2

[RE] [RE] [RE] (RE] [RE] [RE]
DELTC DELTD DELTR3 DELTR4 DELTT3 DELTT4
[RE] [RE] [RE] [RE] [RE] [RE]
DELTE

[RE]

AT, two Beta distribution information

AT, (°F) in Equation 2-95 is the deviation from the nominal coolant fiuid temperature
and is characterized by two Beta probability distributions. The first two lines are the
two Beta distributions, one per line. See Section 2.1.3.1 and Equation 2-54 for defining
parameters for setting up a Beta driver distribution. The Beta distribution format
consists of six parameters. The first two parameters are the lower and upper bounds,
respectively, for AT;. The next two parameters are the lower and upper bounds for
the Uniform distribution on p. Similarly, the last two parameters describe the Uniform
distribution on 6. The third line is the decimal equivalent percentage weight for the
first Beta distribution and must be between 0.00 and 1.00.

DELTA AT, lower bound of Beta distribution 1
DELTB AT; upper bound of Beta distribution 1
DELTR1 p Uniform distribution lower bound of Beta distribution 1 of AT
DELTR2 p Uniform distribution upper bound of Beta distribution 1 of AT
DELTT1 6 Uniform distribution lower bound of Beta distribution 1 of AT,
DELTT2 6 Uniform distribution upper bound of Beta distribution 1 of AT,
DELTC AT lower bound of Beta distribution 2
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DELTD AT, upper bound of Beta distribution 2

DELTR3 p Uniform distribution lower bound of Beta distribution 2 of AT
DELTR4 p Uniform distribution upper bound of Beta distribution 2 of ATy
DELTT3 @ Uniform distribution lower bound of Beta distribution 2 of AT
DELTTA @ Uniform distribution upper bound of Beta distribution 2 of AT
DELTE decimal equivalent percentage weight occurring in Beta distribution 1

of the deviation from nominal coolant fluid temperature, AT,

SPDMU SPDSIG
[RE] [RE]

Rotational speed Normal distribution information
The rotational speed variation is characterized by a Normai(u, o ) distribution. The
mean u is equal to the expected operating speed of the turbopump, and the standard
deviation o is obtained from the engine performance balance. Both the mean and
standard deviation are in rpm.

SPDMU mean u« of Normally distributed speed

SPDSIG standard deviation o of Normally distributed speed

LAMKDA LAMKDB
[RE] [RE]

K, accuracy factor Uniform distribution information
Ak, in Equation 2-103. This is the K, accuracy factor, and it is characterized by a
Uniform distribution.

LAMKDA Ky accuracy factor Uniform distribution lower bound

LAMKDB K4 accuracy factor Uniform distribution upper bound

LAMKTA LAMKTB
[RE] [RE]

K, accuracy factor Uniform distribution information
A, in Equation 2-103. This is the K; accuracy factor, and it is characterized by a
Uniform distribution.




LAMKTA K, accuracy factor Uniform distribution lower bound
LAMKTB K, accuracy factor Uniform distribution upper bound

Load and Geometry Block

KD KT  SMM REFSPD
[RE] [RE] [RE]  [RE]

Stress concentration factors and parametric sensitivity analysis information for the
mechanical stress

The line contains the two stress concentration factors from the engineering analysis:
Ky in Equation 2-102 is the adjustment factor for the 2-D analyses; K; in Equation 2-92
is the local stress concentration factor; Sy, (psi) in Equation 2-94 is the nominal
mechanical stress due to rotor speed effects only; and w,, is the nominal or reference
speed (rpm) corresponding to all nominal stress values.

STM CMF CM
[RE] [RE]  [RE]

Parametric sensitivity analysis information for the thermal stress due to metal
temperature |

The line contains S, (psi) in Equation 2-97, the nominal stress due to metal
temperature only (at the nominal speed and nominal coolant fluid temperature); C,
in Equation 2-95, the sensitivity of metal temperature to deviation from the nominal
coolant fluid temperature; and C,, (psi/°F) in Equation 2-97, the sensitivity of stress to
variation of metal temperature AT,, in Equation 2-95 due to deviation from nominal
coolant fluid temperature.

SG CG1 CG2 CG
[RE] [RE] [RE]  [RE]

Parametric sensitivity analysis information for the thermal stress due to thermal
gradient

The line contains Sg_ (psi) in Equation 2-98, the nominal stress due to the thermal
gradient only (at the nominal speed, nominal coolant fluid temperature, and nominal
thermal gradient); Cg, and Cg, in Equation 2-96 are coefficients characterizing the
sensitivity of the thermal gradient to deviation from nominal coolant fluid temperature;
and Cg (psif°F) in Equation 2-98 is the sensitivity of stress to variation of thermal
gradient due to deviation from nominal coolant fluid temperature.
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Materials Information Block

DESCRP(0)
[CHR]

Description of specific material S/N data set
Name and test environment for the specific material S/N data. This is a character string
no more than 40 characters long, enclosed by single quotes.

FTY FTU NDIV  NPTS(0)
[RE] [RE] [INT]  [INT]

Specific materials information

Yield strength, uitimate strength, number of divisions of data, number of points in S/N
data set. The data may be divided when they are assigned to a different life region or
have different stress ratios. If all data has a stress ratio of —1.0, then the yield and
ultimate strengths are not required, but zero values mustbe specified as placeholders.
NPTS(0) cannot exceed fifty. The next two data sets have to be provided for each
data division.

FTY yield strength corresponding to the specific material data set (psi)

FTU ultimate strength corresponding to the specific material data set (psi)
NDIV number of data divisions for the specific material data set
NPTS(0) total number of points in the specific material S/N data set

NUM RATIO REG
[INT] [RE] [INT]

Materials information for each data division of the specific S/N data set
Number of points, stress ratio, and the life region of interest for each data division.
This line must be provided for each data division.

NUM number of S/N data points in the data division
RATIO stress ratio for the data in the data division
REG life region number to be assigned to the data in the data division

RAWSTR(1,0) RAWNF(1,0)
[RE] [RE]



Specific material S/N data points

Stress versus fatigue life data points for each data division. A block of NUM lines must
be specified (i.e., the value of 1 goes from 1 to NUM). This block must be provided
for each data division.

RAWSTR(1,0) stress value (psi)
RAWNF(1,0) fatigue life value (cycles)

SZERO
[RE]

Tensile point?®
Stress tensile point S, (psi). Must be non-negative. A value of zero indicates no tensile
point.

NUMREG NNODAT
[INT] [INT]

Data regions30

Number of life regions that are data-determined and not data-determined. NUMREG
+ NNODAT cannot exceed three. NUMREG must be 1, 2, or 3, and NNODAT must
be non-negative, and should be 0 or 1.

NUMREG number of life regions determined by data
NNODAT number of life regions (to the right) not determined by data

NBND(L)
[RE]

Life Boundaries®'

The upper boundaries of the life regions are specified (cycles). The value of L goes
from ZROREG to the total number of regions (equal to NUMREG + NNODAT). if a
non-zero tensile point is specified, then ZROREG = 0 else ZROREG = 1. The
program expects the upper bound of the last life region to be 10%, a proxy for o.

28 Extension of the S/N curve to the left is discussed on Page 2-17.
30 Extension of the S/N curve to the right is discussed on Page 2-17.
31 Life region boundaries are discussed on Page 2-15.



CZERO
[RE]

Prior information on coefficient of variation of fatigue strenthh&

Information in the form of a constraint on the coefficient of variation of fatigue strength
C for the specific material S/N data set. Value must be non-negative and a value of
zero indicates that CZERO is not in use.

MPNT(L) MZERO(1,L) MZERO(2,L)
[INT] [RE] [RE]

Prior information on the materials shape parameter m>

The number of MZERO values in each life region, and the lower and upper bound for
the range of m. The value of L goes from 1 to (NUMREG + NNODAT). if VARY =
3 is specified (truncated Normal distribution on m), then a prior range of m must be
specified for each region.

MPNT(L) The number of points, 0, 1, or 2 (no prior on m, a point prior onm, or a
prior over a range of m, respectively), in MZERO( ) for each region.

MZERO(1,L) The lower bound on the range of m or the value of the point prior for m.

MZERO(2,L) The upper bound on the range of m. Program requires that the value
' be zero if a point prior for m Is specified.

DELTA(L) MO(L) SIGMA2(L)
[RE] [RE] [RE]

Information on the Bayesian prior distribution for the truncated Normal distribution®*

If VARY = 3, then the materials model uses the truncated Normal distribution. The

truncated Normal distribution requires some prior information on the Normal distribu-

tion parameters because a Bayesian analysis is performed. The information is

required for each life region. The value of L goes from 1 to (NUMREG + NNODAT).
DELTA(L) The shape parameter J of the Bayesian prior distribution is used to

compute the Bayesian posterior distribution parameters. Value must
be non-negative, a value of zero indicates a diffuse prior distribution.

32 The implicit constraint on the materials shape parameter provided by prior information
on the coefficient of variation of fatigue strength is discussed on Pages 2-12 through 2-13.

33 The explicit constraint on the materials shape parameter provided by prior information
on the materials shape parameter is discussed on Page 2-12.

ol Specification of the Bayesian prior distribution for the truncated Normal case is
discussed on Page 2-14.



MO(L) Location parameter m,, of the Bayesian prior distribution of the shape
parameter m. Must be positive. Required when DELTA(L) is non-zero.

SIGMA2(L) ;2 {hg known variance of In(fatigure /ife), V in N | In S). Must be non-
negative.

KRATIO LAMN
[RE] [RE]

Materials process variation information

if MPROC = 1, then specification of KRATIO and LAMN is required. KRATIO is 4,,
the ratio MED K*/MED K where MED K® is the median value over all heats for the stress
(psi) at a life of one cycle, and MED K is the median value for the specific S/N data for
the stress (psi) at a life of one cycle. LAMN is the ratio of the variance of In(/ife)
conditional on stress over all heats to the intrinsic materials variation for the given S/N
data conditional on stress. Process variation in materials is discussed in Section
2.1.2.3.

6.2.3.2 Input File RELATD

The input data for file RELATD, which contains the related materials information, 3%
is given below. The data format is similar to that used to specify the S/N data in the
specific materials information block in the TRBPWD file.

NSETS
[INT]

Number of related data sets

Number of related material S/N data sets. The following data groups have to be
repeated as a block for each data set. The value of J varies from 1 to NSETS. If there
is no related data, then file RELATD will only contain the number “0”. NSETS cannot
exceed five.

DESCRP(J)
[CHR]

Description of related material S/N data set
Name and test environment for related material S/N data set J. This is a character
string no more than 40 characters long, enclosed by single quotes.

35 Related S/N data is discussed on Page 2-7.

6-97



FTY FTU NDIV NPTS(J)
[RE] [RE] [INT] [INT]

Related materials information
Yield strength, ultimate strength, number of divisions of data, number of points inS/N

data set. The data may be divided when they are assigned to a different life region or
have different stress ratios. If all data has a stress ratio of —1.0, then the yield and
ultimate strengths are not required, but zero values must be specified as placeholders.
NPTS(J) cannot exceed fity. The next two data sets have to be provided for each

data division. :

FTY yleld strength corresponding to related material data set J (psi)
FTU ultimate strength corresponding to related material data set J (psi)
NDIV number of data divisions for related material data set J

NPTS(J) total number of points in related material S/N data set J

NUM RATIO REG
[INT] [RE] [INT]

Materials information for each data division of the related S/N data set
Number of points, stress ratio, and the life region of interest for each data division.

This line must be provided for each data division.

NUM number of S/N data points in the data division
RATIO stress ratio for the data in the data division
REG ife region number to be assigned to the data in the data division

RAWSTR(I,J) RAWNF(l,J)
[RE] [RE]

Related material S/N data points
Stress versus fatigue lite data points for each data division. A block of NUM lines must

be specified (i.e., the value of I goes from 1 to NUM). This block must be provided
for each data division.

RAWSTR(l,J) stress value (psi)

RAWNF(l,J) fatigue life value (cycles)
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6.2.4 Options and Capabilities

TRBPWA is a Monte Carlo simulation program which generates a sequence of
component lives for a particular failure mode, where life is defined as the accumulated
operating time at failure. The simulation has a double-loop structure with NHYPER
outer loops and NLIFE inner loops. The simulation size is dependent on the failure
probability at which a life estimate is desired and the precision desired. For the ATD
Disk application, single-loop runs with NHYPER = 20,000 and NLIFE = 1 were used
to characterize component reliability, and single-loop runs with NHYPER = 1000 and
NLIFE = 1 were used for the marginal analysis to assess the importance of drivers.

During a run, it may be desirable to “hold” a driver at a fixed value. This may be the
nominal or median value of the driver. This is done for drivers with a Beta or a Uniform
distribution by merely specifying both the upper and lower bounds to be the desired
value. For drivers with a Normal distribution, the standard deviation o is set at zero,
and the mean u is set at the desired value.

The procedure of holding certain drivers at fixed values while letting the other drivers
vary according to their probability distributions may be used for driver variation
sensitivity studies. That is, the effect on life of driver variation may be evaluated by
letting it vary while holding other drivers at fixed values. Each driver variation sensitivity
was determined in the case studies of this report with the intrinsic variation of the
fatigue life of the material included (VARY = 1).

A printout of intermediate calculations in various parts of the program may be
obtained via the IOUT option. This output will be printed in the IOUTPR file. It is
recommended that such output not be requested when the simulation size is large
since the information will be dumped during every simulation loop. The NMED option
provides for calculation of an empirical median S/N curve if the truncated Normal
distribution is employed."“s In this case, the median S/N curve is based on the empirical
median m from all the shape parameters used in the simulation. The MPROC option
activates the calculations for the process variation feature of the materials charac-
terization model, as discussed in Section 2.1.2.3.

3 The truncated Normal distribution for the materials model shape parameter m is
discussed on Page 2-14.



6.2.5 Code Execution Example

The following example run of the LCF analysis code for the ATD-HPFTP second
stage turbine disk was carried out with random variation of all drivers. In this example
run, 20,000 lives were simulated (NLIFE = 1 times NHYPER = 20,000) by using
Uniform shape parameter variation, VARY = 2 and NMED = 0; no materials process
variation, MPROC = 0, and a symmetry number of NSYM = 50. The B-lives®” to be
provided are B.1, B.2, B.3, B.4, B.5, B, B.7, B.8, B.9, and B1 (NBLIFE = 10,
BLFPER(1) = 0.001, BLFPER(2) = 0.002, BLFPER(3) = 0.003, BLFPER(4) =
0.004, BLFPER(5) = 0.005, BLFPER(6) = 0.006, BLFPER(7) = 0.007, BLFPER(8)
= 0.008, BLFPER(9) = 0.009, BLFPER(10) = 0.01). The user may refer to Section
2.2.2 for additional information on the engineering analysis and to Section 3.3 for the
results of the case study for this component.

The drivers for LCF failure of the disk are as follows:

DRIVER DISTRIBUTION
1. AT, Two Betas
2.w Normal
3. le Uniform
4, "x. Uniform

The rationale for the specification of the driver distributions is given in Section 3.3.2.

The materials information consists of nine S/N data points, NUM = 9. The S/N data
has a stress ratio of 0.05, but no stress ratio correction is required for use with the
driver transformation so a stress RATIO of —1.0 has been indicated. The number of
regions with data, NUMREG, is 1, and there are no regions to the right without data,
NNODAT = 0. The data is in one division, NDIV = 1, and the total number of points
is nine, NPTS(0) = 9. No related data is provided. Thus, the RELATD file is empty,
except for a single entry to indicate NSETS = 0. No stress tensile point is used,
SZERO = 0, so only one life region upper boundary must be defined, NBND(0) =
1.0E36. If further explanation of file TRBPWD is required, refer to Section 6.2.3.1 and
Figure 6-7.

The echo of the input data is in the output file TRBPWO. The simulated B-lives are

