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ABSTRACT

The DATING (Determining Allowable Temperatures in Inert and Nitrogen
Gases) code can be used to calculate allowable initial temperatures for dry
storage of light-water-reactor spent fuel. The calculations are based on the
Tife fraction rule using both measured data and mechanistic eguations as
reported by Chin et al. {1986). The code is written in FORTRAN and utilizes
an efficient numerical integration method for rapid calculations on IBM-
compatible personal computers. This report documents the technical basis for
the DATING calculations, describes the computational method and code
statements, and includes a user's guide with examples. The scftware for the
DATING code is available through the National Energy Software Center operated
Dy Argenne National Laboratory, Argonne, I1lincis 60439,
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INTRODUCTION

BACKGROUND

Creep rupture has been identified as the principal failure mechanism for
spent fuel cladding during dry storage in inert or nitrogen gas. The
temperatures and stresses during dry stcorage must be maintained low enough to
prevent significant creep during storage. A maximum temperature limit, based
on accumulated strain to fracture, has been recommended (Cunningham 1987) for
storage of spent fuel; however, the temperature limit required to ensure that
the cladding remain intact is dependent upon characteristics of the fuel and
design of the dry storage systenm.

Chin et al. (1986) developed a technical basis ‘or calculating limits
based on specific fuel and dry storage system designs. The technical
approach for calculating the temperature 1imit used a creep-rate- and creep-
rupture-map concept in which changes in mechanism with decreasing temperature
could be accounted for when caiculating creep strain and rupture lifetimes.
The creep rupture model has been presented and verified previously {Chin et
al. 1886; Levy et al. 1987); however, this numerical computer mode! required
hours of computation time and, hence, was not practical for determining
temperature Timits for the wide variety of conditions of interest for
evaluating dry storage options. Furthermore, the code was written in the
Hewlett-Packard language and could be used only on Hewlett-Packard computers.

The DATING Code was developed to provide a method of incorporating the
Chin model on IBM-compatible perscnal computers. DATING is written in the
FORTRAN computer language and can be compiled and executed on any computer
which is compatible with the FORTRAN language. The code is being made
available to the public for evaluation of dry storage options and to ensure
compliance with NUREG 10CFR Part 72, Licensing Requirements for the Storage
of Spent Fuel in an Independent Spent Fuel Storage Installation (ISFST).

OVERVIEW OF LIFE FRACTION CONCEPT

The DATING computer code is based on calculating Timiting conditions for
dry storage of spent fuel based on creep-strain limits for fuel cladding and
does not include other failure mechanisms such as those related to hydrogen.
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Metallurgical tests for Creep-sirain limits are typically performed at
constant temperature, whereas cladding-creep strain occurs during cooling
{governed by radicactive decay) of spent fuel in storage. The constant
temperature test data cannct be used directly to accurately predict creep
strain and temperature limits. Variahle conditions during dry storage,
therefore, are accounted for by using a cumulative life-fraction medel.

The cumulative Tife-fraction mode] assumes that the creep-rupture limit
during temperature and stress transients can be estimated by summing damage
which occurs in increments of time. The fraction of life consumed at the
temperature and stress during each time increment is calculated and summed.
The creep-rupture Timit is assumed to be achieved when the sum of the
incremental life fractions eguals unity. The DATING computer code uses the
Tife-fraction model to evaluate cladding integrity during dry storage of
spent fuel.

Initial conditions (temperature and stress) are assumed and the fraction
of cumulative damage occurring in each time step is integrated to a given
time of storage. If the fraction is less than unity for the assumed initial
temperature and stress, that condition is considered allowable for the dry=-
storage time considered. The maximum temperature for a given stress that
results in a damage fraction equal-to or less-than unity is defined as the
maximum allowable temperature for dry storage. The calculated rupture
Tifetime in DATING is adjusted to account for the reduced Zircaloy cladding
ductility associated with the radiation damage. Radiation is assumed to
reduce the rupture lifetime by a factor of ten. Annealing of radiation
damage is calculated and the penalty on rupture time is reduced in proportion
to the calculated fraction of damage annealed during storage.

The maps of creep-strain and creep-ryupture time, which are included in
the DATING model, allow the rupture Tifetime to be calculated using the
appropriate limiting creep mechanism (fastest creep) and limiting rupture
mechanism (usually, the least time). The mechanistic equations have been
adjusted to fit published creep-rate and rupture-time experimental data.
Similarly, the annealing kinetics for radiation damage are based on published
annealing kinetics experimentally determined by Steinberg, Weidinger, and
Schaa (1984).



Analytical integration of the life fraction cannot be obtained because
of the complicated forms of equations for temperature decay, creep rate,
rupture life time, and radiation-damage annealing. Therefore, numerical
methods are required to integrate the life fraction over time. The numerical
computer code developed by Chin et al. (1986) uses a constant time step.

The DATING numerical method uses a variable time step selected by the
computer package called GEAR (Hindmarsh 1974). The computational efficiency
for the variable time-step method greatly exceeds that for a constant time-
step method while providing the same accuracy.

The calculation of life fraction during dry storage requires consider-
ation of time-dependent temperature decay, and the time and temperature
dependent effects of creep and annealing of radiation damage. These rate
effects are described in the next section.



RATE EFFECTS

TEMPERATURE DECAY

The decay of radioisotopes during dry storage results in a decreasing
temperature of the fuel cladding and, consequently, decreasing internal
pressure and cladding-hoop stress level with increasing storage time. Thus,
the rate of temperature decay is required for calculating creep rate and
rupture time as a function of fuel storage time; the temperature decay is
also dependent on the heat-transfer characteristics of the dry storage
system. The temperature-time history of the fuel can be input through
equations, such as those used for storage in helium or nitrogen, or in user-
specified tabular form provided by the file, HIST.

Storage in Helium

For spent fuel stored in helium gas, DATING assumes a temperature decay
function, derived by Levy et al. (1987), which has a two-parameter fit, i.e.,
the temperature is assumed to be the maximum of two temperatures (T1 or T2},
where

Ty = Ta (t/ty)-0.34 (1)
Tp = Tp (t/ty)-C.084 @)

76.084 \
Tp = Tq == 3)
0 @ 7C.34 3)

The constant Ty is determined by the fuel temperature in the storage
system. Time, t, is expressed in years after discharge from reactor, ty is
1 year, and temperature is expressed in K. At times less than 7 years, T1 is
used. Whereas, at times longer than 7 years, T2 applies. A fuel burnup of
30 MWd/kgM is assumed.

Storage in Nitrogen

For storage in nitrogen gas, the time dependence of temperature is
assumed to have the following form for a fuel burnup of 30 MWd/kgM:

In(T-273) = ag + a1 » In{time) (4)



ne coefficients ag and a3 depend on burnup, B in MWd/kgU, and time in years.

T
For times from 2 to § years,

i

ap(8)
a1(8)

exp[1.455 + 0.204 = 1n(B) - 0.2391 o 10-1 » 1n(B)2] (5
~1.0339 + 0.0094 - B ' (6)

N

i

For times greater than 5 years,

ag(B) = exp[1.167 + 0.169 n{8}] (7
a1(B) = -0.51391 « 10-1 - 0.98780 o 102 o B + 0.92362 o 10-4 o 32 (8)

As for the helium gas case, the larger of the two temperatures is used by
DATING.

CREEP RATE

The dominant creep rate mechanism depends on temperature and stress as
seen in Figure 1. The creep rate is calculated for each of the five
mechanisms, and the maximum rate is selected as the appropriate dominant rate
for calculated cumulative-damage fraction. The temperature at each time is
compared to the temperature limit for athermal creep. If the cladding
temperature is below the athermal 1imit, then the creep rate is calculated
based on the temperature at the atherma)l 1imit, not on the actual cladding
temperature which is below the limit.

Creep mechanisms are known to depend on stress and temperature levels.
At Tow stress levels, diffusional créep processes dominate. Whereas, at
high-stress and high-temperature levels, dislocation climb is the rate
controlling creep process. At high stresses, dislocation climb controls the
creep rate. At Tow stresses, grain boundary sliding is the contreiling creep
mechanism. At stresses above 100 MPa, the temperature decay associated with
dry storage results in conditions at which the creep is controlled initially
by dislocaticn climb and is controlled at later times by grain boundary
stiding.
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FIGURE 1. Creep-Rate Mechanism Map

The equations for the relevant creep mechanisms are given below for
high-temperature climb, low-temperature climb, grain boundary sliding,
Nabarro-Herring creep, and Coble creep. The equations are expressed in their
reduced form as used in DATING. The corresponding mechanism equations and
parameter values are given by Chin et al. (1986) which excludes calculating a
creep rate for grain boundary lattice diffusion control. Therefore, DATING
cutputs a value of zero for that mechanism.

High-Temperature Climb:

T™
In gyt = 5 ¢ In{o/E) + 55.75 - 14.15(—) + In(=) + In{—> (%)
- -



Low-Temperature Climb:

£

In g1 =7 ¢ In(c/E) + 55.18 - Z§.29{Eﬁ) + ?n(z%) + En(——z} (10}
H T e

Grain Boundary Sliding:

T
In 2685 = 2  In(o/E) + 20.74 - 8.9200(~) + (L + 3n(—§2) (11)
T T 10

Nabarro Herring:

T T
10 2NK = In(o/E) + 18.25 - 14.15(-%) + () + 1n(E (12)
T T 104
Coble:
T
In &0 = Tn(o/E) + 11.03 - 9.9200(-) + (Y Tn(—5) (13)
T T 104
where ¢ = creep rate, s-1
¢ = stress, MPa
£ = elastic modulus, MPa
T4 = meiting temperature, X
T = cladding temperature, X

CREEP RUPTURE

The creep-rupture mechanisms also depend on temperature and stress as
shown in Figure 2. Cavitation-rupture mechanisms control lifetimes for dry-
stcrage temperatures and stresses. At low stresses {approximately less than
100 MPa), cavitation-diffusion-controlied rupture dominates. At high
stresses, cavitation-power-law rupture dominates. A transition from
diffusion control to power-law control of the rupture mechanism occurs during
dry storage for initial stresses above 100 MPa. Additional creep-rupture
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FIGURE 2. Creep-Rupture Mechanism Map

mechanisams for Zircaloy cladding include transgranular cracking near the
yield stress and triple-point-cracking, also at high stresses. These latter
two mechanisms are included in DATING for compieteness but are not expected
to occur for typical dry sicrage temperatures and stress conditions.

The rupture mechanism equations used in DATING are given below for
transgranular cracking, triple-point-cracking, cavitation-power-Taw, and
cavitation-diffusion-controlied rupture. The reduced equatiocns are given and
are based on mechanism equations and parameters described by Chin et al.
(1886). The rupture time, tf, is in seconds.

Transgranular:

In t£76G = 21,797 - 1n ¢ (14)



Triple Point Cracking:

In t¢lP = 25562 - In ¢ - In(o/E) - n(E/104) {

ok
N
Nt

Cavitation Diffusion:

In t£C0 = 4.15 - In gggs + Tn(c/E) (16)
where gGgS s the grain boundary sliding creep rate in s-1.

Cavitation Power Law:

In t¢0P = -1.587 - In¢ (173

ANNEALING OF RADIATION DAMAGE

Radiation damage is assumed to reduce the ductility of the cladding and,
hence, its rupture lifetime compared to the unirradiated cladding. At
elevated temperature, the radiation damage can anneal out and restore the
ductility to that of unirradiated cladding. The assumption is made that
radiation damage reduces the ductility and, hence, the Creep-rupture time to
10% of its unirradiated ductility. With increasing time-at-temperature, more
radiation damage is assumed to anneal out unti] the full unirradiated
ductility is restored. The annealing rate is assumed to follow the
temperatu?e-éependent equation shown below for the dimensionless recovery
factor, r:

r=1-0.9 ! (18)
1+ % 6teRe exp(-4e 104/T)

i=1

i MM

The rate constant, R, is 2.332 x 1017 s-1 and T is the absolute temperature
in K. The time increment for summation is 5t in s.

10



COMPUTATICONAL METHOD

The cumulative-damage fraction is integrated from the specified initial
fuel age to the specified end-of-1life age for a given temperature and stress
nistory using the creep rate and rupture-time equations. The time step for
the integration is contreclled by the GEAR subroutine package (Hindmarsh
1674), and is adjusted to provide a solution with a minimum number of time
steps while maintaining control of the numerical error. The allowable
temperature/stress limit for storage corresponds to a damage fraction of
unity for a specified initial temperature and stress.

CUMULATIVE-DAMAGE FRACTION

For a given initial stress and temperature, DATING calculates the time
dependence of cumulative-damage fraction. The temperature and stress at each
time step are calculated analytically from the equations for the decay of
temperature and stress. The creep rate and annealing rate are calculated *o
obtain the estimated rate of accumuiating damage fraction. The initial time
step is 100 s. If that is toc large for control of error, then GEAR aute-
matically reduces the initial time step until it is small enough to pass the
error-control test. The time step is adjusted Dy GEAR to be as large as
possible while maintaining appropriate control of the error,

The creep rate and rupture mechanisms depend cn temperature and stress
as seen in Figures 1 and 2. The creep rate is calculated for each of the
five mechanisms and the maximum rate is selected as the appropriate dominant
rate for calculated cumulative-damage fraction. The temperature at each time
is compared to the temperature limit for athermal creep. If the cladding
temperature is below the athermal Timit, then the creep rate is calculated
based on the temperature at the athermal Timit, not the actual cladding
temperature which is below the limit.

Similarly, the rupture time depends on temperature and stress. The
rupture time used in the cumulative-fraction calculation is generally
obtained by determining the mechanism exhibiting the minimum rupture time for
the temperature and stress of interest. Exceptions to this rule exist for
high temperature and/or nigh stress. Specifically, at temperatures greater

11



than 435°C, the rupture time is assumed to be the minimum of the trans-
granular rupture time and the cavitation-diffusion-controlled rupture time.
Also, triple-point cracking was not allowed to be the controlling mechanism
near the yield stress. Therefore, the mechanism boundary between trans-
granular fracture and triple-point-cracking was adjusted in the temperature
range from 258 to 435°C as indicated in Figure 2. At stresses above the
indicated boundary, the transgranuiar-fracture rupture times are assumed to
dominate for the calculation of cumuiative-damage fraction.

The radiation-damage annealing rate is assumed %o be independent of
stress and dependent on temperature as indicated in Equation 8. The accumu-~
lated annealing fraction is calculated, and used to estimate the reduction in
rupture Tifetime. The rupture life for cold-worked, irradiated Zircaloy is
assumed to be 10% of that of the unirradiated material.

DETERMINATION OF TEMPERATURE LIMIT

The allowable temperature limit is determined by estimating the maximum
temperature for which the cumulative fraction does not exceed unity at the
specified end-of-1ife, nominally 40 years. Ffor a given stress, there is a
temperature which corresponds to a cumulative fraction of unity as seen in
Figure 3. DATING uses a numerical search procedure to determine this
temperature.

To establish an initial estimate of ailowable temperature, the cumu-
iative fraction is initially calculated at 340°C and 360°C. Based on the
cumuliative fraction at those two temperatures, a linear relationship is
established between reciprocal temperature and cumulative-damage fraction. A
new estimate of temperature corresponding to a cumulative fraction of unity
is calculated. The correct cumulative fraction is then caleulated for that
revised temperature. If the correct cumulative fraction is greater than
unity, an updated linear relationship is established based on the revised
temperature and the revised temperature less 20°C. If the correct cumulative
fraction is less than unity, then the relationship is based on the revised
temperature and the revised temperature plus 20°C.

With each iteration an improved estimate of the temperature corre-
sponding to a cumulative fraction of unity is obtained. When the newer

12
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FIGURE 3. Cumulative Damage-Fraction Versus Temperature and Stress

estimate of temperature is less than 1°C different from the previocus esti-

mate, the search is concluded, and the temperature is output as the temper-
ature Timit for the assumed stress. At low {emperatures, where cavitation-
diffusion control dominates, the temperature limit is determined with enly

three calculations of cumulative fraction. At higher temperatures, as many
as ten calculations of cumulative-damage fraction may be necessary.



OESCRIPTION OF CODE

The DATING code computes creep behavior of Zircaloy cladding for time-
dependent temperature and stress histories. Creep strain, radiation-damage
annealing, and cumulative life-fraction are integrated for user-specified
temperature and stress histories. The temperature must be below the
alpha/beta transition temperature, 800°C, for Zircaloy. The stress must be
below the yield stress. Note that Figure 1 indicates that the Nabarro-
Herring creep mechanism dominates only for temperatures above 80C°C and
therefore is not allowed in DATING calculations.

Although the principal purpose of the code is to provide estimates of
allowable temperature limits, the code also provides estimates for creep
strain, annealing fraction and life fraction as a function of storage time.
Equations for the temperature of spent fuel in inert and nitrogen gas storage
are included explicitly in the code; however, an option is included for a
user-specified cocling history in tabular form. Also, an option is contained
in the DATING code for creating tables of the temperature and stress
dependencies of creep-strain rate and creep-rupture time for Zircaloy at
constant temperature and constant stress or constant ratio of stress/modulus.

The DATING code consists of three compenents: &) the MAIN program,
b) the DIFFUN subroutine, and ¢) the GEAR package. In addition, the file
COMMON.FCR contains common statements used in MAIN and OIFFUN. The MAIN
program establishes input parameters, initial conditions, GEAR options, and
output of data. The DIFFUN subroutine contains the rate equations which are
simultaneously integrated using the GEAR package. The GEAR package is a set
of subroutines for the numerical solution of the rate equations specified in
DIFFUN. The rate equations include the creep rate, the rate of radiation
damage annealing, and the rate of accumulating creep damage. Lastly, the
user must supply a data input file, HIST, for the case of the user-specified
temperature history or temperature and stress history.

The results of the time-dependent cumulative damage-fraction calcu-
Tations can be plotted using the BASICA program DPLOT.BAS. This program is
written in BASICA language, and plots the time dependence of the calculated
cumulative damage fraction, Creep strain, radiation damage recovery, and the
temperature decay.



MAIN PROGRAM

The MAIN program contains the input options, calls subroutines SIFFUN
and DRIVE (in GEAR}, and outputs results of calculations. The input data is
entered from the keyboard and the output data is written to the file
DATING.CUT on the default drive. The user-specified temperature or temper-
ature and stress history is read from the MAIN program. Specific lines and
their functions are described in Table 1. Error messages result if the
assumed stress is above the yield stress or if the temperature is above the «
{c B transition temperature.

DIFFUN SUBRQUTINE

The DIFFUN subroutine contains the rate equations used for the inte-
gration of creep strain, radiation-damage fraction annealed and accumulated
Creep-damage fraction. The paramelers in the DIFFUN subroutine call inciude
the number of rate equations NEQ, the time TT, the array Y and the array
YO0T. The arrays Y and YDOT are the integrated values and the rates of
change of the values being integrated. The DIFFUN subroutine is called from
GEAR to perform the integration. Also, the subroutine is called from the.
MAIN program when the verification option is selected. Specific lines and
their functions are described in Table 2.

CCMMON STATEMENTS

COMMON statements used in MAIN and DIFFUN are included in the file named
COMMON.FOR. Variables shared in common between the two program units are
contained in this file.

GEAR PACKAGE

Details of the GEAR method options are discussed by Hindmarsh (1974 .
The GEAR package can be obtained from the National Energy Software Center at
Argonne National Laboratory.

The DRIVE statement in the MAIN program calls on the GEAR package. The
MAIN program also provides input options to run GEAR. These options include
the initial time step, HO, the error-control parameter, EPS, and the method

16



TABLE 1. MAIN Program's Specific Lines and Their Functions

Line Numbers Function

itot Cefine program and compile options. ,

7 to i1 Define precision, dimension variables, and define COMMON
statements.

12 to 19 Open output files.

20 to 26 Define array for yield stress calculation.

27 to 34 Initialize flags for output.

35 to 37 Define alpha-beta phase transition temperature.

38 to 83 Input options for DATING output.

84 to SC Input options for verifying creep rate and rupture time

calculations using DATING (IRUN = 2).

81 to 216 Calculate creep rate/mechanism and rupture time/mechanism
for a selected range of temperatures at constant stress or
stress/modulus ratio (IOUT = 1 or 2). DIFFUN called at line
152.

220 to 371 Calculate creep rate/mechanism and rupture time/mechanism
for a selected range of stresses or ratios of stress/modulus
at constant femperatures. DIFFUN called at line 253
(IOUT = 3) of at line 332 (IQUT = 4.

372 to 420 Output creep and rupture mechanism.

421 to 43¢ Initialize GEAR options (IRUN = 1 or 3).

440 to 571 Select temperature/stress history and eptions; read HIST.

572 to 756 Integrate CF or determine allowable temperature limit.
DRIVE called at line 652; DRIVE calls DIFFUN and GEAR.

757 to 777 Output GEAR run statistics, fuel age, and warning of
athermal creep calculations.

778 to 793 Cutput HIST Table if used.

794 to 798 Stop and end run.

17



TABLE 2. DIFFUN Subroutine's Specific Lines and Their Functions

Line Numbers Function

1 to 4 Compile options and definition of subroutine.

5tc7 Specify precision, dimension variables, and define COMMON
statements.

8 to 64 Calculate temperature and stress.

65 to 69 Set NFLAGS if stress exceeds yield stress.

7C to 72 Calculate EM, elastic modulus.

73 to 132 Calculate reduced creep rate.

133 to 157 Calculate rupture time.

158 to 177 Define MFLAG for creep and rupture mechanisms.

178 to 185 Calculate rates of creep, radiation damage annealing, and

cumulative creep damage.

187 to 188 Return and end subroutine.

flag, MF. The initial time step is set at 100 s in MAIN. If 2 smailer time
step is required, then GEAR will reduce the time step by an order of magni-
tude repeatedly until the time step satisfies the error-control criteria.

The EPS parameter is set at 0.0001 in the MAIN program, and has been
found to be appropriate for the present applications. Larger values for EPS
could result in unstable solutions; whereas, smaller values resuits in more
integration steps without significant improvement in accuracy.

The method flag is set at 22 which causes the solution to be obtained
using the backward-differentiation-formula method and the cord method with
the Jacobian generated internally for the corrector iteration methed.

HIST FILE

The user-specified temperature or temperature and stress history is
coentained in the file HIST. The first line in the file states the number
(integer) of values of time that are in the Tist. A maximum of 50 values are
allowed in the file. Each subseguent Tine contains the time, temperature and

i8



stress written with a decimal point. Numbers must be included in the stress

column even when only the temperature history is used for the

history option,
“TABLE FORM.™®



USER'S GUIBE

The DATING code is run from keyboard input, and the output is written to
a file on disk as well as to the screen. The purpcse of this chapter is to
describe the input options and to give example runs with output. The disc
containing the DATING program may be placed in any drive, but the output will
be written to the default drive. If the user wishes to write the output date
on the same disc that contains DATING, then the user should place the DATING
program disc in the default drive. To write the output on another drive,
place the data disc in the desired default drive, and execute DATING with the
specification of which drive DATING is on.

RUN GPTIONS

The 1input options are in two categories: 1) selection of output
parameters and 2) selection of assumed values for temperature, stress or
temperature-stress history. The first user option is to select whether
1) the allowable temperature limit for dry storage is desired, or 2} the
creep rate and rupture magnitudes are to be verified, or 3) the cumulative
fraction as a function of time is desired. These options appear on the
screen as follows:

1. TEMPERATURE STRESS LIMIT
2. VERIFY CREEP RATE, RUPTURE TIME
3. CUMULATIVE DAMAGE FRACTION VS TIME

Each of these options lead to subsequent options for desired temper-
atures, stresses, or temperature/stress transients. Note that the ahove
options must be entered as integers. A flow chart of DATING for options one
and three is shown in Figure 4 and for option 2 the flow chart is shown in
Figure 5.

The output examples in this section are for use in verifying that the
program is producing the correct results on the user’s computer. One example
for each type of output option is given, namely, for the temperature limit,
for the verification calculations, and for the cumuliative-damage calcu-
lations.
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Temperature Limit Exampie

For calculations of the temperature-stress Timit, the minimum stress,
maximum stress, and stress interval are input as they are prompted on the
screen.  The stress is in units of MPa. The fuel age in years also has tc be
entered. Note that each Input parameter is entered as an integer. Typi-
cally, the run time to determine the allowable temperature for one stress is
about 1 min. An example of the input and output format is shown in Table 3;
the fuel age is 5 years, the storage is in helium, and the limit is output
from 20 to 120 MPa at 20 MPa intervals. The results are plotted in Figure 6
and show excellent agreement with results reported by Chin et al. (1985)
shown in Figure 7.

Verification Example

The verification calculations can be made over selected ranges of
temperatures or stresses. The purpcse of the verification option is to
demonstrate that the creep mechanisms are predicted in the same manner
reported by Chin. Alsc, this option can be used to generate tables of
expected creep rates and rupture times for uses other than for dry storage.
A maximum of 100 values of creep rate and rupture time can be calculated for
the table. Options exist o generate tables based on variable temperature or
variable stress. Furthermore, the stress range can be displayed as the L0G
of stress normalized by the elastic modulus. The verification example in
Table 4 is for a constant temperature, and the stress varies from 20 MPa to
200 MPa in intervals of 20 MPa.

Cunulative-Damage Fraction Example

The cumulative-damage fraction option requires entering the number of
time steps which should he outputted, the time increment in years between
outputted values, the initial temperature in °C, the initial stress in Mpa,
and the fuel age in years. Each value is entered as an integer except for
the time increment which is a floating point variable. The run time for a
typical damage-fraction integration to forty years takes as Tittle as 0 s,
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TABLE 3. Example Output of Temperature/Stress Limit

X% DATING 1.0 *%*=*
*** Determination of Allowable Temperature in Inert and Nitrogen Gases ***

ENTER RUN OPTICNS
1 - TEMPERATURE/STRESS LIMIT
2 - VERIFY CREEP RATE, RUPTURE TIME
3 - CUMULATIVE FRACTION VS TIME
SELECTED OPTION=? i

ENTER TEMP/STRESS HISTORY
1 - HELIUM
2 - NITROGEN
3 -~ TABLE FORM
4 - TABLE VALUES
SELECTED HISTORY=? i

ENTER FUEL AGE IN YEARS? 5
ENTER YEARS OF STORAGE? 40

ENTER MINIMUM STRESS? 40
ENTER MAXIMUM STRESS? 7C
ENTER STRESS INTERVAL? it

*** PLEASE WAIT - CALCULATING TEMPERATURE LIMIT *kx
STRESS  TCLIMIT DAMAGE STRAIN RECOVERY
-4000E+02 .4094E+03 .1015E+01 .4556E-02 .15905+00
-5000E+02 .4016£+03 .1038E+01 .5078E-02 .1322E+00
-6000E+02 .3964£+03 .1021E+01 .5780E-02 .1196E+00
-70C0E+02 .3924E+03 .1012E+01 .7788E-02 .1135E+00

RUN AGAIN? ENTER 0 OR 1 FOR NC OR YES ¢
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TABLE 4. Example Output of Verify Creep Rate, Rupture Time

FEE DATING 1.0 **+
*** Determindtion of Allowable Temperature in Inert and Nitrogen Gases *%*

ENTER RUN OPTIONS
1 - TEMPERATURE/STRESS LIMIT
2 - VERIFY CREEP RATE, RUPTURE TIME
3 - CUMULATIVE FRACTION VS TIME
SELECTED OPTION=? 2

ENTER TEMPERATURE OR STRESS RANGE
1 - VARY TEMPERATURE; CONSTANT STRESS
2 - VARY TEMPERATURE; CONSTANT LOG(STRESS/EM)
3 - VARY STRESS; CONSTANT TEMPERATURE
& - VARY LOG(STRESS/EM); CONSTANT TEMPERATURE
SELECTED OPTION FOR RANGE=? 1

ENTER CONSTANT STRESS, MPA? 50
ENTER MINIMUM TEMPERATURE, C? 300
ENTER MAXIMUM TEMPERATURE, C? 400
ENTER TEMPERATURE INTERVAL, C? 25

CREEP RATES 1/SEC

TC LOG(ST/E) HTC L7C GBS GBL NH Co
ATHERMAL
300 -.737E+01 .7588E-13 .409E-13 -126E-11 .000E+00 .255E-16 .121E-12
.000E+00
325 -.735E+01 .707E-12 .211£-12 -369E-11 .Q00E+00 .219E-15 .540E-12
.C0CE+00
350 -.734E+01 .548E-11 .961E-12 -22SE-10 .000E+00 .158E-14 .213E-11
.000E+00 ,
375 -.732E+01 .364E-10 .393£-11 -825E-10 .000E+00 .979E-14 .756E-11
.00CE+CC
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TABLE 4. Continued

400 -.730E+01 .211E-09 .146E-10 .271E-09 .000E+00 .528E-13 .244E-10
.COCE+Q0

RUPTURE TIMES

TC TG TP Co cp
300 .132E+12 .554E+12 .318E+11 .183E+12
325 .2Q1E+11 .122E+12 .712E+10 .359E+11
350 .725E+10 .304E+11 .180E+10 .894E+10
375 .201E+10 .842E+10 .508E+09 .248F+10
400 .612E+09 .257E+10 .158E+09 .7555+09

SUMMARY OF DOMINANT CREEP AND RUPTURE MECHANISMS

iC CREEP RATE RUPTURE TIME MECHANISM

300 .126E-11 .318E+11 33
325 .56GE-11 L712E+10 33
350 . .228E-10 .180E+10 33
375 .825E-10 .50GE+09 33
40C .271E-08 .158E+09 33

MECHANISM CODE = NM

N = CREEP MECHANISM M = RUPTURE MECHANISM
N=1 - HIGH TEMP CLIMB M=1 - TRANSGRANULAR
2 - LOW TEMP CLIMB 2 - TRIPLE POINT
3 - GRAIN B. SLIDING 3 - CAV. DIFFUSION
4 - GRAIN B. LATTICE & - CAV. POWER LAW
5 - NABARRO HERRING
6 - COBLE
7 - ATHERMAL

RUN AGAIN? ENTER 0 OR 1 FOR NO OR YES ¢
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The example of cumulative-damage fraction, as a function of storage time
in years, is shown in Table 5. The initial fuel age, temperature, and stress
are 5 years, 380 °C, and 70 MPa, respectively. The data are output at
intervals of two years. An example of calculated cumulative fraction is

plotted in Figure 8.

DPLOT BASICA ROUTINE

The output of the cumuliative damage-fraction calculation, i.e., run
option 3, can be plotted on the screen using the DPLOT.BAS program. The user
must have the necessary BASICA files on the disk being used. DPLOT.BAS reads
the DATING.OUT file after running option 3 for only one case. If more than
one case is run, DPLCT.BAS only reads the output from the first case.

Options for plotting are displayed on the screen. The parameter TH defines
the thermal history option used for the calculation. Figure 8 is an example
plot using DPLOT.BAS.



TABLE 5. Example Output of Cumulative Fraction Versus Time

FxX* DATING 1.0 ***
*** Determination of Allowable Temperature in Inert and Nitrogen Gases ***

ENTER RUN OPTIONS
1 - TEMPERATURE/STRESS LIMIT
2 - VERIFY CREEP RATE, RUPTURE TIME
3 - CUMULATIVE FRACTION VS TIME
SELECTED QPTION=? 3

ENTER TEMP/STRESS HISTORY

1 - HELIUM

2 - NITROGEN

3 - TABLE FORM
4 - TABLE VALUES

SELECTED HISTORY=? 2

ENTER FUEL AGE IN YEARS? i0
ENTER YEARS OF STORAGE? 40

INPUT TOTAL TIME STEPS FOR QUTPUT? 10

ENTER TMAX Cz 39
ENTER MAX STRESS MPA? 35

YEARS DAMAGE STRAIN RECQOVERY TEMPC STRESS
-100E+02  .000E+0C .000E+00 .100E+00 .3S50E+03 .350E+02
-1608+02 .157E+01 .618E-02 .164E+00 .359E+03 .338E+02
-180E+02 .208E+01 .856E-02 .174E+00 .354E+03 .331E+02
-2208+02  .232E+01 .973E-02 .177E+00 .343F+03 .325E+02
-260E+02  .246E+01 .104E-01 .178E+00 .334E403 .321E+02
-300E+02  .255E+01 .108E-01 .178E+00 .327E+03 .317E+02
3408402 .261E+01 .111E-01 .179E+00 .321E+03 -314E+02
-3808+02  .265E+01 .113E-01 .179E+00 .316E+03 -311E+02
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TABLE 5. C(Continued

-420E+02 .268E+01 .114E-01 .179E+00 <311E+03
.480E+02 .271E+01 .115E-01 .179E+00 .307E+03
-500E+02  .273E+01 .116E-01 .1798+00 .304E+03

INTEGRATION WAS COMPLETED USING

TIME STEPS= 50 FIRST STEP(SEC)= .100E+03
.127E+(0S

RUN AGAIN? ENTER 0 OR 1 FOR NO OR YES ¢
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LISTING OF MAIN PROGRAM LINES




U O3 S ON U D A 4t
ts 8o s

LISTING OF MA

IN _PROGRAM LINES

s*C |

DATING DETERMINES MAXIMUM ALLOWABLE TEMPERATURES IN INERT
: C AND NITROGEN GASES
: C THIS IS VERSION 1.0
: SNOFLOATCALLS
: CSSTORAGE:2
: C$DEBUG
PROGRAM MAIN
IMPLICIT REAL*8(A-H,0-Z), INTEGER*4(N)
DIMENSION Y(3),YDOT(3)
DIMENSION SAVE1(100,7),NSAV1(10C,2)
: $INCLUDE: *COMMON.FOR!
C *********************************************************************
C *** FILE "DATING.OUT® DUPLICATES THE SCREEN FOR POST RUN ANALYSIS *==
C *********************************************************************
0?5%(5,?22E=‘§A?ENG.OU?‘,STA?§S=‘N£%‘)
C *************************
C *%* INITIALIZE VALUES %%
C *************************

NPTS=(
YSA{1)=387.100
YSA(2)=313.500
YSA(3)=245.0D0
YSA{4)=194.0D0
YSA(5)=56.200
YSA(6)=58.700
YSA(7)=46.100
NFLAG=0
KFLAG=0
LFLAG=0
NFLAGT=0
NFLAGS=0
MFLAG=0
IHIST=0
TKOLD=0.00
TEMPAB=800.00
A BETA TEMP C AND MELTING
T™=2125.2800

- C % e S de g g e de g do e do g R de e R kv ko do

2 C *** SELECT OPTIQNS **
: C **********************
WRITE (*,2045)
WRITE (5,2046)
2046 FORMAT (/,'*** DATING 1.
A Temperature in Inert and
WRITE (*,1000)
WRITE (*,1001)
WRITE (*,1002)
WRITE (*,1040)
WRITE (5,1000)

2006

: C ALPH

A.

TEMP K

O ***t [, i*** Determination of Allowable
Nitrogen Gases ***xi)

i



1000
1001
1002
1040

2000

i0

WRITE (5,1001)

WRITE (5,1002)

WRITE {5,1040)

FORMAT {/,2X,*ENTER RUN OPTIONS')

FORMAT (4X,*1 - TEMPERATURE/STRESS LIMIT')
FORMAT (4X,'2 - VERIFY CREEP RATE, RUPTURE TIME')
FORMAT (4X,'3 - CUMULATIVE FRACTION VS TIME')
WRITE (*,2000)

WRITE(5,2000)

FORMAT (2X, "SELECTED OPTION=7 *,\)

READ (*,10) IRUN

WRITE(5,10) IRUN

FORMAT (I5)

IF (IRUN.NE.2) GO TO 1003

. C e e S e e e e % Fe e e e R e K% e v e ek ok e e

. C KKK

VERIFICATION QOPTIQONS **x

: C ****************************

1004
1005
10C6
1607
1608

2038

1016

IRIST=1

WRITE (*,1004)

WRITE (*,1005)

WRITE (*,1006)

WRITE (*,1007)

WRITE (*,1008)

WRITE (5,1004)

WRITE (5,1005)

WRITE (5,1006)

WRITE {5,1007)

WRITE (5,1008)

FORMAT (/,2X,"ENTER TEMPERATURE OR STRESS RANGE')
FORMAT (4X,*1 - VARY TEMPERATURE: CONSTANT STRESS')
FORMAT (4X,'2 - VARY TEMPERATURE; CONSTANT LOG(STRESS/EM) 1)
FORMAT (4X,'3 - VARY STRESS: CONSTANT TEMPERATURE®)
FORMAT (4X,°4 - VARY LOG{STRESS/EM): CONSTANT TEMPERATURE")
WRITE(*,2038)

WRITE(5,2038)

FORMAT (2X, *SELECTED OPTION FOR RANGE=? )

READ (*,10) I0UT

WRITE(5,10) I0UT

17=0.00

DC 1016 INITIAL=1,3

Y(INITIAL)=0.D0

IF (IOUT.GT.2) GO TO 1011

IF (IOUT.EQ.1) THEN

: C *****************************************************

M C L

CONSTANT STRESS, VARIABLE TEMPERATURE OPTIONS **+

. C *****************************************************

2038

WRITE (*,2039)

WRITE(5,2039)

FORMAT(/,2X, "ENTER CONSTANT STRESS, MPA? “\)
READ (*,10) NSTIN

WRITE(5,10) NSTIN

STIN=NSTIN

A.2



148:
14G:
150:

151

152:
i53:

ELSE
WRITE (*,1009)
WRITE(5,1009)

READ (*,1010) STEMLOG
WRITE(5,2040) STEMLOG

2040 FORMAT(F7.2}

1010 FORMAT (£10.3)
STEM=DEXP({STEMLOG)
ENDIF
WRITE (5,1012)

WRITE (*,1012)

READ (*,10) MINT
WRITE(5,10) MINT
WRITE (*,1013)
WRITE(5,1013)

READ (*,10) MAXT
WRITE(5,10) MAXT
WRITE (*,1014)
WRITE(5,1014)

READ (*,10) INTT
WRITE(5,10) INTT
NTEMP=(
WRITE(*,2011)
WRITE(5,2011)

IF(IOUT.EQ.1) THEN
WRITE(5,2010)
WRITE(*,2010)

x>

ELSE
WRITE(*,2013)
WRITE(5,2013)

I

ENDIF

NTEMP=NTEMP+1
TMAX=LTEMP

TMTK=TM/ (TMAX+273.1600)
IF (I0UT.EQ.2) THEN

ENDIF

2013 FORMAT (/,4X,*TC*,3X,' STRESS®
‘GBS',6X, "GBLY,7X, 'NH, X, 1 CO¢

0C 1015 LTEMP=MINT,MAXT,INTT

1009 FORMAT (/,2X,*ENTER WITH DECIMAL POINT LOG{STRESS/EM

1012 FORMAT (2X,*ENTER MINIMUM TEMPERATURE, (? N\

1013 FORMAT (2X,*ENTER MAXIMUM TEMPERATURE, €2 *,\)

1014 FORMAT (2X,*ENTER TEMPERATURE INTERVAL, C? *,\)

2011 FORMAT(/,2X,'CREEP RATES 1/SEC')

,6X, THTCY 86X, 'LTCt,6X,
1X, "ATHERMAL®)

: C CONVERT LOG(STRESS/MODULUS) TO STRESS
STIN=STEM*(11.0900-11.67D0/TMTK)*1.D4
IF (TMTK.GT.4.0600) STIN=STEM*(11.81D0-14.59D0/TMTK)*1.04

: C CALCULATE CREEP RATES AND RUPTURE TIMES FROM DIFEUN

IF (IOUT.EQ.1) THEN

CALL DIFFUN (NEQ,TT,Y,YDOT)

A3

370N

2010 FORMAT (/,QX,‘?C‘,EX,’LOG(S?/E}‘,ﬁX,’ﬁ?C‘,éX,‘iTC‘,ﬁX,
’685‘,6X,’GB{‘,7X,‘&H’,7X,’CO‘,ZX,‘ATHERMA2‘)



* Fe %
%Kk
x K %
L 4
* %k
% o v
* k%
% ke ke
* Kk

*8 & es 24 3 e *s 20 @
OIIDIIIIYEI

1017

1015

2012

2014

018
i01¢

IF (TMTK.GT.4.06D0) THEN

STEM&OG=LOG(STIN/((El.8150~24.5990/?M?K)*Z.D@))
ELSE

STEMLOG=20@(STEN/((23.8950—21.67@0/?MTK)*2.B@}}
F

ENDI

*******************************************

NOTE THAT THE GRAIN BOUNDARY LATTICE DIFFUSION CONTROLL

OIFFUSION RATE ER(4)
IS ZERO IN THE QUTPUT BELOW.

A PARAMETER TO BE CONSISTENT W
8Y CHIN ET AL. PNL-5998, 1085.

***************************************

THE ATHERMAL CREEP RATE
STRESS HAVE VALUES WHICH
THE CREEP MECHANISM MAP

***********************************************

IS NOT CALCULATED IN

DIFFUN AND THERFORE
IT HAS BEEN INCLUDED AS
ITH CONVENTIONS ESTABLISHED

ARITE (*,1017) L?EMP,STEMLGG,ER(E},ER(Z},ER(B),ER(@),ER(S),

A ER(6},ER(7}

WRITE (5,1017) 2TEMP,STEMLOG,ER{Z),ER(Z),ER(B),ER{@},EQ(S),

A ER(8) ,ER(7)
ELSE

WRITE (*,1017)

LTEMP,STIN,ER(1
A ER(6) ,ER(7)

),ER(Z),ER(3},ER(%},ER(S},

WRITE (5,1017) LTEM?,S?E&,ER{E},ER(Z),EQ{B),ER(@},ER(S),

A ER(6),ER(7}

FORMAT (1X,15,E10.3,7E9.3)
ENDIF

SAVEL(NTEMP,1)=TF(1)
SAVEL(NTEMP, 2} =TF (2)
SAVEL(NTEMP,3)=TF(3)
SAVEI(NTEMP,4)=TF(4)
SAVEI(NTEMP,5}=EDOTR
SAVET{NTEMP,6)=TMINR
NSAVI(NTEMP, 1) =MFLAG
NSAVI(NTEMP,2}=LTEMP
CONTINUE
WRITE(*,2012)
WRITE(S,2012)
FORMAT (/,2X,
WRITE(*,2014)
WRITE(5,2014)
FORMAT (/,4X,'TC',7X
D0 1019 LTEMP=1,NTEMP

WRITE (*,1018) NSAVI{LTEMP,2),
A SAVET{LTEMP,1)
B ,SAVEL(LTEMP,4)
WRITE (5,1018) NSAVI(LTEMP,2).

‘RUPTURE TIMES')

TR, TX, TR TX,

0D, 7X,CeY)

,SAVEZ{L?EMP,Z),SAVEE(LTEMP,B)

A SAVEE(LTEMP,Z),SAVEE(&?EMP,Z},SAVEZ(&?EM?,B)
4

B ,SAVEI(LTEMP,4)
FORMAT (1X,15,4£9.3)
CONTINUE
WRITE(*,2015)

A.4

********************

***************************

* Kk
* Kk
bk £
*® k%
* %%

****************************

IS NONZERC ONLY IF THE TEMPERATURE AND **x
CORRESPOND TO THE ATHERMAL REGION OF  »xxx

% k%

* Kk



206: WRITE(5,2015)
207: 2015 FORMAT(/,3X, 'SUMMARY OF DOMINANT CREEP AND RUPTURE MECHANISMS ')
208: WRITE(*,2016)

209: WRITE(5,2016)

210: 2016 FORMAT(/,4X,'TC',2X,* . CREEP RATE',2X,'RUPTURE TIME®,2X,
211: A*MECHANISMY)

212: 0O 2017 LTEMP=1 NTEMP

213: WRITE(*,2018) NSAVZ(A?EM?,Z),SAVEE(LTEMP,S},SAVEE(&TEMP,é},
214: ANSAVI(LTEMP, 1)

215: WRITE(5,2018) NSAVZ(L?EMP,Z},SAVEE(L?EMP,S},SAVEZ(L?EMP,S),
216: ANSAVI{LTEMP, 1)

217: 2018 FORMAT (2X,15,E13.3,E14.3,111)
218: 2017 CONTINUE
219: GC TC 2018

22(}. C ***********‘k****************************’k*********‘k**
221: C *** CONSTANT STRESS, VARIABLE TEMPERATURE OPTIONS ***
222: C *****‘k****‘k*****************‘k************************
223: 1011 CONTINUE

224: WRITE (*,1020)

225: WRITE(5,1020)

226: 1020 FORMAT (/,2X,'ENTER TEMPERATURE,C? "\J

227 READ (*,10) KMAX

228: WRITE(5,10) KMAX

22G: TMAX=KMAX

230C: IF (IOUT.EQ.3) THEN

231: WRITE (*,1021)

232: WRITE(5,1021)

233: 1021 FORMAT (2X,*ENTER MINIMUM STRESS, MPA? “\)

234: READ (*,10) MINST

235: WRITE(5,10) MINST

236: WRITE (*,1022)

237 WRITE(5,1022)

238: 1022 FORMAT (2X,*ENTER MAXIMUM STRESS, MPA? A\

2389: READ (*,10) MAXST

240: WRITE(5,10) MAXST

241 WRITE (*,1023)

242: WRITE(5,1023)

243: 1023 FORMAT (2X,'ENTER STRESS INTERVAL, MPA? * \)

244: READ (*,10) INTST

245: WRITE(5,10) INTST

246: NTEMP=0

247: WRITE (*,2011)

248: WRITE (*,2029)

248: WRITE (5,2011)

250: WRITE (5,2029)

251: 2029 FORMAT(/,' STRESS®,! LOG(ST/E)*,4X, "HTC,6X,LTCH,
252: ASX,‘GBS‘,6X,‘GBL’,7X,‘N%‘,7X,‘CO‘,ZX,‘ATHERMAL‘)
253: D0 1024 KSTIN=MINST,MAXST,INTST

254: NTEMP=NTEMP+1

255: STIN=KSTIN

256: TMTK=2125.00/ (TMAX+273.16D0)

257 IF (TMTK.GT.4.06D0) THEN
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258:
25G:

S?EM&OG=LOG{S?EN/((EZ.BZBG—EQ.SQDO/TMTK)*E.84)}
ELSE
S?EMLOG=AOG(STEN/((EE.GQDG-EE.57QO/TMTK)*E.84}}
ENDIF

: C CALCULATE CREEP RATES AND RUPTURE TIMES FROM DIFFUN

CALL DIFFUN (NEQ,TT,Y,YDOT)
WRITE (*,1028) STIN, S?EM&OG,ER(I},ER(Z),ER(3),€R(4),ER(S),
A ER(6),ER(7)
WRITE (5,1029) STIN, S?EM&OG,ER(E},ER(Z),ER(3},ER(4),ER{S},
A ER(8) ,ER(7)
102G FORMAT {1X,F5.G,F10.2,759.3}
SAVEL{NTEMP, 1)=TF (1)
SAVEI(NTEMP,2)=TF(2)
SAVEL(NTEMP,3)=TF(3)
SAVEL{NTEMP,4)=TF (4)
SAVEL(NTEMP,5)=EDOTR
SAVEL(NTEMP,5)=TMINR
NSAVI(NTEMP,1)=MFLAG
NSAVI(NTEMP,2) =KSTIN
1024 CONTINUE
WRITE (*,2030)
WRITE(5,2030)
2030 FORMAT(/,SX,‘?C‘,SX,‘TG’,7X,‘?P‘,7X,’CB‘,?X,‘CP‘)
OC 1031 LTEMP=1,NTEMP
WRITE (*,1018) NSAVI{LTempP,2),
A SAVEE(&TE%P,}},SAVEE(%TEM?,Z},SAVEZ(ATEMP,B)
8 ,SAVEI(LTEMP,4)
WRITE (5,1018) NSAVI(LTEMP,2),
A SAVEZ(&TEMP,E},SAVEZ(&TEMP,Z},SAVEZ(%?EM?,B)
B ,SAVEI(LTEMP,4)
1031 CONTINUE
WRITE(*,2015)
WRITE(*, 2033)
WRITE(5,2015)
WRITE(5,2033)
2033 FORMAT(/,4X,'ST" ,3X,' (CREEP RATE',3X,
A'RUPTURE TIME®,! MECHANISM')
DO 2031 LTEMP=1,NTEMP
WRITE(*,2032) NSAVE(&?EMP,Z},SAVEI(L?EMP,S},SAVEE{L?EMP,&},
ANSAVI(LTEMP, 1)
WRITE(5,2032) %SAVE(&?EM?,Z),SAVEE(&TEM?,S},SAVEE(&?EMP,6},
ANSAVI(LTEMP, 1)
2032 ?ORMAT(EX,ZS,£25.3,£35.3,EEG}
2031 CONTINUE
ELSE
WRITE (*,1025)
WRITE(5,1025)
1025 FORMAT (2X,'ENTER WITH DECIMAL POINT LOG(ST/EM) MINIMUM? \)
READ (*,1010) STEMIN
WRITE(5,2040) STEMIN
WRITE (*,1026)
WRITE(5,1026)
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1026 FORMAT (2X,'ENTER WITH DECIMAL POINT LOG(ST/EM) MAXIMUM? "\)

READ (*,1010) STEMAX
WRITE(5,2040) STEMAX
WRITE (*,1027)
WRITE(S,1027)

1027 FORMAT (ZX 'ENTER WITH DECIMAL POINT LOG(ST/EM) INTERVAL? '\)

READ (*, EGEO} STEINT
WRITE(5,2040) STEINT

E%TSTE=EQEN?((S?EMAX—S?EMEN}/S?EZNT)+1

NTEMP=(

WRITE(*,2011)
WRITE(*,2029)
WRITE(5,2011)
WRITE(5,2029;

0C 1028 LSTEM=1,INTSTE
NTEMP=NTEMP+1
XSTEM=LSTEM-1

STEM=STEMIN+XSTEM*STEINT

TMTK=TM/ (TMAX+273.1600)

STIN=DEXP(STEM)*(11.09D0-11.67D0/TMTK)*1.04
IF (TMTK.GT.4.0600) STIN=DEXP(STEM)*{11.81D0-14.5900/TMTK)*1.D4
C CALCULATE CREEP RATES AND RUPTURE TIMES FROM DIFFUN

CALL DIFFUN(NEQ,TT,Y,YDOT)

WRITE (*,1029) STIN,STEM,ER(1),ER(2),ER(3),ER(4),ER(5),

A ER(5),ER(7)

WRITE (3 1028) STIN,STEM,ER(1),ER(2),ER(3),ER(4),ER(5),

A ER(S), ER(7}
SAVEZ(N?EMP 13=TF(1)
SAVEZ(NTEMP,2}=T?(2}
SAVEL(NTEMP,3}=TF(3)
SAVEL(NTEMP,4;=TF(4)
SAVEL(NTEMP,5)=EDOTR
SAVEL(NTEMP,6)=TMINR
NSAVI(NTEMP,1)=MFLAG
SAVEL(NTEMP,7)=STEM

1028 CONTINUE
WRITE(*,2034)
WRITE(S, 283@)

2034 FOR%A?{/ SX, 'STEM' ,7X, TG, 7X,'TP* ,7X,'CD ,7X,'CP")

DO 1035 LTEMP= 1, NTEMP

WRITE (*,1030) SAVEZ( TEMP,7) .
A SAVEE(LTEM?,Z),SAVEE(&TEM?,Z),SAVEE{&?EMP,3}

8 ,SAVEL(LTEMP,4)

WRITE (5,1030) SAVEI(LTEMP,7),
A SAVELI{LTEMP,1) SAVEI{LTEMP,2),SAVEI(LTEMP,3)

B ,SAVEI(LTEMP,4)
1030 FORMAT (1X,53ES.3)
1035 CONTINUE '

WRITE{*,2015)
WRITE(*,2035)
WRITE(5,2015)
WRITE(5,2035)

AT



362: 2035 FORMAT(/,3X, 'STEM® ,3X,* (REEP RATE"®, 3X,

363: A'RUPTURE TIME! ¢ MECHANISM®)

364: D0 2036 LTEMP=1 NTEMP

365: WRITE (*,2037) SAVEE(&?EMP,7),SAVEE(L?EMP,S),
366: ANSAVI(LTEMP, 1)

367: WRITE (5,2037) SAVEE(L?EM?,7),SAVEE{L?EMP,S),
368: ANSAVI(LTeEMP, 1)

369: 2037 FORMAT( 1X,F6.2,2515.3, 110)
370: 2035 CONTINUE
371+ ENDIF

372: C ***********************************************

373: C *** SUMMARY OF CREEP AND RUPTURE MECHANISMS *xx

374: C ***********************************************

375: 2019 CONTINUE

SAVEL(LTEMP, ),
SAVEL(LTEMP,5),

376: WRITE(*,2020)
377: WRITE(5,2020)

378: 2020 FORMAT(/,2X, 'MECHANISM CODE = NM*Y)
378G: WRITE(*,2021)

380: WRITE(5,2021)

381: 2021 FORMAT (2X,'N = CREEP MECHANISM! ,9X,'M = RUPTURE MECHANISM®)
382: WRITE(*,2022)

383: WRITE(*,2023)

384: WRITE(*,2024)

385: WRITE(*,62025)

386: WRITE(*,K2026)

387: WRITE(*,2027)

388: WRITE(*,2028)

389: WRITE(5,2022)

390: WRITE(5,2023)

361: WRITE(S,2024)

362: WRITE(5,2025)

393: WRITE(5,2026)

384: WRITE(5,2027)

385: WRITE(5,2028)

396: 2022 FORMAT(2X,'N=1 - HIGH TEMP CLIMB M=1 -

397: 2023 FORMAT(2X, "
398: 2024 FORMAT (2X,*
399: 2025 FORMAT(2X,
400: 2026 FORMAT(2X, "

LOW TEMP CLIMB

GRAIN B. SLIDING
GRAIN B. LATTICE
NABARRO HERRING')

SN
t

NN O W N
'

TRANSGRANULAR®)
TRIPLE POINTY)

CAV. DIFFUSION')
CAV. POWER LAW®)

401: 2027 FORMAT(2X,' 6 - COBLE')

502: 2028 FORMAT(2X,* 7 - ATHERMAL®)

403: IF (TMAX.GT.TEMPAB) THEN

404 WRITE (*,311)

405: WRITE (5,311}

406: 311 FORMAT (/,2X,'** ERROR ** TEMPERATURE EXCEEDS ALPHA/BETA
407 A TRANSITION')

408: ENDIF

409: LTMAX=IDINT (TMAX/100.D0)

410+ TMAXL=LTMAX*100

411: YS=YSA(LTMAX}+(TMAX—TMAXL}*(YSA{LTMAX+Z}—YSA{ETMAX))/EGO.GO
412: IF (TMAX.LT.100.00) YS=-0.73500%TMAX+460.600

413; IF (TMAX.GT.700.00) YS=-0.12500*TMAX+134. 300
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4i4:
415:
416:
417:
£18:
41G:
420:
4211
422:
£23:
424
425:
£26:
427:
428:
429:
430:
431:
432:
433:
4£34:
435:
436:
437
£38:
438G:
440:
447
442:
443:
444
445:
446
447
448:
448
£50:
451:
452:
453:
454;
455;
456
4587:
458:
458:
460:
461:
462:
463:
464
465:

IF (STIN.GT.YS) THEN
WRITE (*,76)
WRITE (5,76)
76 FORMAT (/,2X,'** ERROR ** STRESS EXCEEDS THE YIELD',/,
Al4X,‘THE STRESS MUST BE LESS THAN THE YIELD®)
ENDIF
GC 10 77

**************************************
**************************************

**%  BEGIN CUMULATIVE FRACTION ol

* %k AN@ ¥k ke
*** TEMPERATURE LIMIT CALCULATIONS *%=
C***************************************
C **************************************

1003 CONTINUE

C **************************************

C **x INITIALIZE PARAMETERS FOR GEAR ***

C******************f********************

IO

C HO IS THE INITIAL TIME STEP

C IF NECESSARY GEAR WILL REDUCE THE TIME STEP
HC=1.02

C EPS IS THE ERROR CONTROL PARAMETER FOR GEAR
EPS=1.D0-4

C MF IS THE GEAR METHOD PARAMETER
MF=22
HOSAVE=HQ

C **********************************

C *** SELECT TEMP/STRESS HISTORY *%+*
C **********************************

WRITE(*,86)
WRITE(5,86)
WRITE (*,87)
WRITE (*,88)
WRITE (*,89)
IF (IRUN.EQ.3) WRITE(*,93)
WRITE (5,87)
WRITE (5,88)
WRITE (5,89)
IF (IRUN.EQ.3) WRITE(5,93)

86 FORMAT (/,2X,'ENTER TEMP/STRESS HISTORY')

87 FORMAT (7X,* 1 - HELIUM®)

88 FORMAT (7X,' 2 - NITROGEN')

89 FORMAT (7X,' 3 - TABLE FORM')

93 FORMAT (7X,’' 4 - TABLE VALUES')
WRITE (*,2001)
WRITE(5,2001)

2001 FORMAT (2X,'SELECTED HISTORY=? ' \)

READ (*,10) IHIST
WRITE(5,10) IHIST
IF_(IHIST.GT.2 .AND. NPTS.EQ.0) OPEN(3,FILE='HIST' STATUS='0LD')
WRITE (*,84)
WRITE(5,84)
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466:
467
488:
45G:
470:
471
472:
473:
474
475:
476:
477
478:
478:
480:
481:
482:
483:
484
485:
486
487:
488:

84 FORMAT(/,2X,'ENTER FUEL AGE IN YEARS? ' \)

READ(*,10) NAGE
WRITE(5,10) NAGE

TIN=NAGE

WRITE(*,70)

WRITE(5,70)

FORMAT (2X, "ENTER YEARS OF STORAGE? ' ,\)
READ (*,10) NYEARS

WRITE(5,10) NYEARS

YEARS=NYEARS

IF (IRUN.EQ.1) THEN

DTIME=YEARS

NT=1

60 TC 321

ENDIF

WRITE (*,15)

WRITE(5,15)

FORMAT (/,2X,'INPUT TOTAL TIME STEPS FOR QUTPUT? Ry
READ (*,10) NT

WRITE(5,10) NT

DTIME=YEARS/DBLE(NT)

CONTINUE

IF (IHIST.LT.3) 60 TO 90

489: C **************************************************

490: C *** READ TEMP STRESS FROM TABLE IN FILE “HISTH #%x

@91: C **************************************************

482:
483:
4984
485
4886
487
4G8:
499:
5300:
501
502:
503:
504:
505:
506:
507:
508:
506:
510:
511:
512:
513:
514:
515:
516:
517:

IITI

IF (NPTS.GT.0) GO TO 94

READ (3,*) NPTS

NPTSM1=NPTS-1

D0 81 NTBL=1,NPTS

READ (3,*) %?EME(%TB&),H?C(&?S&},HS?(N?BL)
CONTINUE

0C 3310 1P=1,NPTSMI

IF (?EN.&E.H?E%E(ZP+Z}} G0 TO 3311
TCC=HTC(NPTS)

STTBL=HST(NPTS)

TZTBL=TCC+273.1600

GG TC 3312
SLOPE=(HTC(Z?+E)-H?C(E?))/{HTIME(ZP+1}—HTEME(ZP})
?C?BL=HTC(E?)+S&O?E*{?EN-H?IME(Z?}}
TZTBL=TCTBL+273.1600
SLOPES=(HS?(EP+E)-HS?(ZP))/(H?EME(Z?+Z)-HTZME(E?)}
S?TBL=HS?{ZP}+SLO?ES*(TZN-HTZME(ZP}}
NSTIN=IDINT(STTBL)

CONTINUE

IF (IRUN.EQ.1) GO TO 320

IF (IHIST.EQ.4) GO TO 300

**********************************************

*x* SELECTE INITIAL TEMPERATURE AND STRESS ***

FOR CUMULATIVE FRACTION CALCULATION = wxx

**********************************************

WRITE(*,19)
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526:
527:

537:
538:
536:
540
541
542:
543:
544
545;
546:
547
548:
549:
550:
551:
552:
553:
554
5558;
556:
557:
558:
558:
560:
561:
362:
563:
564:
565:
566:
567:
568:
56G: 2007 FORMAT (/,6X,’STRESS’,3X,’?CL§MZT*,@X,‘BAMAGE‘,QX,‘S?RAZN’,

YICIT

WRITE(5,19)
19 FORMAT(/,2X, 'ENTER TMAX C? *,\)

READ(*,10) NTMAX
WRITE(5,10) NTMAX
WRITE(*,21)
WRITE(5,21)

21 FORMAT (2X,'ENTER MAX STRESS MPA? * \)
READ (*,10) NSTIN
WRITE(5,10) NSTIN

'f(****************************‘k****‘k**

¥**  SELECT STRESS RANGE FOR  **x

**+ TEMPERATURE LIMIT CALCULATION **

*************************************
GO TO 300

320 WRITE(*,80)
WRITE(5,80)

80 FORMAT(/,2X, 'ENTER MINIMUM STRESS? *,\)
READ(*,10) MINST
WRITE(5,10) MINST
WRITE(*,82)
WRITE(5,82)

82 FORMAT(2X, ' ENTER MAXIMUM STRESS? *,\)
READ(*,10) MAXST
WRITE(5,10) MAXST
IF (MINST.NE.MAXST) THEN
WRITE(*,83)
WRITE(5,83)

83 FORMAT(2X, 'ENTER STRESS INTERVAL? *,\)
READ(*,10) INTST
WRITE(5,10) INTST
ELSE
INTST=1
LST=(MAXST-MINST) /INTST+1
WRITE(5,2045) KST

2045 FORMAT (2X,'NUMBER OF STRESSES= ', 15)
ENDIF

300 CONTINUE
ITEST2=2
IF (IRUN.EQ.3) THEN
MAXST=NSTIN
MINST=NSTIN
INTST=NSTIN
ITEST2=1
T1=NTMAX
ELSE
WRITE(*,2008)
WRITE(5,2008)

2008 FORMAT (/,2X,"*** DPLEASE WAIT - CALCULATING TEMPERATURE LIMIT

A e

ARITE(*,2007)
WRITE(5,2007)
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570:
571:
572:
573:
574:
575:
578:
577:
578:
57¢:
58G:
581:
582:
583:
584:
585:

586:

587:

588:
589:
590:
501:
582:
583:
594:
585:
586:
567:
508:
588:

860G

601:

602:
603:
504:
6C5:
506:
507:
608:
6GS:
510:
611:
612:
613:
£14:
815:
£i6:

AIIIDICIIODD O

A2X, 'RECOVERY!)
ENDIF

*****************************

**% LOOP FOR STRESS RANGE %%

*****************************

**************************************************************

*** NOTE DO 61 AND DO 62 ARE ONLY PASSED THROUGH ONCE *xx
¥x* FOR_IRUN = 3 ,1.E., THE CULMULATIVE FRACTION *ex
** VS TIME OPTION FOR WHICH ONLY ONE STRESS IS SPECIFIED. **
**************************************************************

DO 61 KSTIN=MINST,MAXST,INTST

NSTIN=KSTIN

TMAX=NTMAX

IF (TMAX.GT.TEMPAB) THEN

WRITE (*,311)

WRITE (*,311)

G0 T0 77

ENDIF

T1=340.00

IF (IRUN.EQ.3) T1=NTMAX
301 CONTINUE

D0 62 ITEST=1,ITEST2

IF (ITEST.EQ.1) TMAX=TI

IF (ITEST.EQ.2) TMAX=T2

IF (IHIST.EQ.4) TMAX=TCTBL

STIN=NSTIN

IF (IHIST.EQ.4) STIN=STTBL

LTMAX=IDINT (TMAX/100.D0)

TMAXL=LTMAX*100
CHECK IF YIELD STRESS IS EXCEEDED

¥S=YSA(LTMAX) + (TMAX-TMAXL) * (YSA(LTMAX+1) -YSA(LTMAX) ) /10000

IF (TMAX.LT.100.D0) YS=-0.735D0*TMAX+460.5D0

IF (TMAX.GT.700.00) YS=-0.126D0*TMAX+134.300

IF (STIN.GT.YS) THEN

WRITE (*,76)

WRITE (5,76)

G0 TO 77

ELSE

ENDIF

T0=0.D0

NEQ=3

INDEX=1

HO=HOSAVE

Y{1)=0.00

Y(2)=0.D0

Y{3)=0.00

617: C CONSTANTS FOR NITROGEN COOLING HISTORY

§18:
651G
§20:
£21:

8N=30.00
AOZ=DEXP(Z.45580+G.20480*8LOG{BN}-G.Z32929-2*BLGG{8N)**2}
A06=DEXP(1.167BO+O.269DO*OLOG(8&)}
Al2=-1.0333D0+0.005400*8N
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Al6=-0.51391D-1-0.98789D-2*8N+0.923620-4*BN**2

623: NTM1=NT-1

624: IF (IRUN.EQ.1) GO TO 2009

625: WRITE (*,2002)

626 WRITE(S,2002)

627: 2002 FORMAT (/,7X, YEARS' 4X,*DAMAGE',4X, 'STRAIN',2X,'RECOVERY'
628 ASX,'TEMPC®,4X, 'STRESS')

629: REC0=0.100

630: IF(IHIST.EQ.4) THEN

631: TMAX=TCTBL

632: STIN=STTBL

633: ENDIF

634: WRITE (*,100) TIN,Y(3),Y(1),RECO,TMAX,STIN

635: WRITE (5,100) TIN,Y(3},Y(1),RECO,TMAX STIN

636: 100 FORMAT (2X,6£10.3)

637: 2009 CONTINUE

638: C LOCP FOR CALCULATING CUMULATIVE FRACTION VS TIME

639 DO 50 I=1,NT

640 TI=I

541 TOUT=TI*3.153600D7*DTIME

642: C ***************************************************************
643: C *** CALL DRIVE INTERGRATES VALUES TO TIME TOUT USING GEAR %%+
644: C x%x GEAR USES RATES DEFINED IN DIFFUN *xk
645: C ***************************************************************
646: C *** GEAR SELECTS TIME STEPS FOR INTEGRATION BY CALCULATING %+
647: C *** RATES OF CHANGE IN THE PARAMETERS STRAIN, RECOV ok
648: C *** AND DAM DIFINED IN DIFFUN. INTEGRATION PROCEEDS UNTIL ***
64G: C *** THE TIME EXCEEDS TOUT AND THE VALUES ARE THEN *xk
650: C *** INTERPOLATED TO TOUT FOR OQUTPUT. sk
652: C ***************************************************************
652: CALL DRIVE (NEQ,TO,HO,Y,TOUT,EPS,MF, INDEX)

653: IF (NFLAGS.GT.0) THEN

654: WRITE (*,310)

655 WRITE (5,310}

656: 310 FORMAT (2X,'ERRCR - STRESS EXCEEDS THE YIELD STRESS')

657: ELSE

658: ENDIF

659: IF (NFLAGT.GT.0) THEN

660: WRITE (*,311)

651: WRITE (5,311)

662: ELSE

663: ENDIF

664+ FLTEST=NFLAGT+NFLAGS

6651 IF (FLTEST.NE.Q) G0 TO 77

656: STRAIN=Y(1)

667 RECOV=1.00-0.900/ (1.D0+Y(2))

668: DAM=Y (3)

659+ TY=TOUT/3.15360007

670: IF (IRUN.EQ.1) G0 TO 50

67}: C ***************************************************

672: C ***  CALCULATE TEMP AND STRESS FOR PRINT QUT  *%+

673: C ***************************************************
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674: C *** THE TEMPERATURE AND STRESS HISTCRY ookl

675: C *** EQUATIONS ARE IDENTICAL TO THOSE IN DIFFUN. **=*
676: C *** THEY ARE REPRODUCED HERE T0 CALCULATE THE  #*x
677: C *** THE TEMPERATURE AND STRESS AT TOUT. il
678: C *** GEAR INTERPOLATES STRAIN, RECOV AND DAM AT %=
679: C *** TOUT BUT DOES NOT INTERPOLATE TEMPERATURE  xxx
680: C *** AND STRESS BECAUSE THEY ARE NOT CALCULATED #*=
681: C *** FROM RATE EQUATIONS IN DIFFUN. *k %
682: C ***************************************************
683: IF (IHIST-2) 5301,5302,5303

684: 5301 ?Z=(?MAX+273.2580}*(?2&*22.80)**(0.3490)

6851 IF (TIN.GT.7.D0) ?Z=(TMAX+273.2600}*84.38**.3458/
686 A_84.D0**(0.084D0* (TIN*12.D0)**0. 08400

687: TB=?Z*8@.GG**(-.3@DG}/(84.38**{—8.08488})

£88: ?CA=TZ*(?IN*EZ.GO+TY*§2.BG}**(—0.3480)

689: TCB=?8*(TZN*ZZ.BG+?Y*ZZ.OO}**{-0.08486)

690 TK=DMAX1(TCA,TCB)

691: TC=TK-273.1600

692: ST=STIN*TK/(TMAX+273.16D0)

693: GO 70 5304

684: 5302 TZ=DEXP({AQ2+A12*DLOG(TIN))+273.16D00

695: IF{TIN.GT.5.629D0) TZ=DEXP(AC6+A16*DLOG(TIN) )+273.1600
696: ?KA=(DEXP(AOZ+AZZ*D£GG{?EN+?Y}}+273.1690}/?2*(TMAX+273.1680}
6G7: ?K8=(QEX?(A06+A26*8£OG{?EN+TY)}+273.ES@G}/?Z*{?MAX+273.EﬁDG}
658 TK=DMAX1({TKA, TKB)

669: TC=TK-273.1600

700: ST=STIN*TK/(TMAX+273.16D0)

701: G0 TO 5304

702: 5303 NPTSMI=NPTS-1

703: 0O 5310 IP=1,NPTSMI

7C4: EF(TY+?ZN.LE.H?ZME(E?+Z}} GC 10 5311

705: 5310 CONTINUE

706: TCC=HTC(NPTS)

707: ST=HST(NPTS}

7083 G0 TO 5312

709: 5311 SLOPE=(H?C(EP+E}-HTC{E?})/(HTEME(IP+Z}-H?IME(E?))
710: ?CC=%TC(ZP)+SLOPE*(TY+?E&-H?ZME(I?})

711z SLOPES={HS?(E?+E}—%ST(EP))/(H?EME(Z?+1)—HTEME(Z?)}
712: S?=HS?(EP)+SLOPES*(TY+?EN-H?EME(Z?})

713: 5312 CONTINUE

714: IF (IHIST.EQ.4) TZTBL=TMAX+273.1600

715: ?K=(TMAX+273.ZGDG)/TZ?BL*(TCC+273.1580}

716: IF (IHIST.EQ.3) ST=STIN*TK/ (TMAX+273.1600)

717: TC=TK-273.1600

718: 5304 CONTINUE

719: C *********************************************************

720: C *** QUTPUT FOR CUMULATIVE DAMAGE FRACTION CALCULATIQN *#x

722: C *********************************************************

722: C YEARAGE IS INITIAL FUEL AGE PLUS STORAGE TIME

723: YEARAGE=TIN+TY
724: WRITE(*,100) YEARAGE, DAM, STRAIN,RECOV,TC,ST
725: WRITE(5,100) YEARAGE, DAM, STRAIN,RECOV,TC,ST
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763:

50

CONTINUE
IF (IRUN.EQ.3) GO TO 61

- C **********************************************************************
.

. C o ek

TEST FOR CONVERGENCE OF CF TO UNITY FOR TEMP LIMIT CALCULATION **x

. C **********************************************************************
.

62

302

IF (ITEST.EQ.1) THEN

CFi=DAM

STRFIN=STRAIN

RECFIN=RECOV

ELSE

CF2=DAM

ENGIF

IF (CF1.LT.1) T2=T1+20.D0

IF (CFL.ET.1) T2=T1-20.00

IF (CF1.EQ.1) GOTO 302

CONTINUE
SiP={DLOG(CF2)—DLOG(CFI})/(E.DO/(TE+Z73.1680)-Z.OO/(T2+273.15803)
TKNEW=SLP/(DLOG(CF2)+SLP/(T2+273.1600})
TKTEST=DABS (TKOLD-TKNEW)

IF (TKTEST.LT.1.D0) GOTC 302
T1=TKNEW-273.1600

TKOLD=TKNEW

G070 301

TCFINAL=TKNEW-273.16D0

. C ************************************************

. C % %%

OUTPUT FOR TEMPERATURE LIMIT CALCULATION ***

. € ************************************************

36
61

2003

2004

764:

765:

766
767
768

771

77

WRITE(5,36) STIN,TCFINAL,CF1,STRFIN,RECFIN
WRITE(*,38) STIN, TCFINAL,CF1,STRFIN,RECFIN
FORMAT(2X,5£10.4)

CONTINUE

IF{IRUN.EQ.1) GO TO 77

WRITE(5,2003)

WRITE (*,2003)

FORMAT (/,2X, 'INTEGRATION WAS COMPLETED USING')
WRITE (*,2004) NSTEP,HOSAVE,HUSED

WRITE (5,2004) NSTEP,HOSAVE,HUSED

FORMAT (2X,'TIME STEPS=',I5,5X, 'FIRST STEP(SEC)=",E10.3,

ASX, 'LAST STEP(SEC)=',E10.3)

CONTINUE

- C **********************************************

: C ek

END OF PROGRAM AND OPTION TO RUN AGAIN *%*

. C **********************************************
.

76Q:
776

78

772:
773:

774:

2005

775:
776:
777

IF {NFLAG.GT.0) WRITE (*,78)

IF (NFLAG.GT.0) WRITE (5,78)

FORMAT (2X,'NOTE ATHERMAL CREEP WAS PREDICTED IN CALCULATIONS ')
WRITE(*,2005)

WRITE(5,2005)

FORMAT (/,2X,*RUN AGAIN? ENTER 0 OR 1 FOR NO OR YES A\
READ(*,10) KRUN

WRITE(5,10) KRUN

IF (KRUN.EQ.1) GO TO 2005
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778
779
780

. C ***********************************

. C %* % %

QUTPUT "HIST" TABLE IF USED *x»

: C ***********************************

782:
783:

784:

2041

785:
786:
787:

788:

2042

78G:
790:

781:
7582:

2044
2043

783:

. C Fe Fe e Yo e e e e e o e e ok e de e ek K Yok ek

764
785
7566

: C %k %

IF(IHIST.GT.2) THEN

WRITE (*,2041) NPTS

WRITE(5,2041) NPTS

FORMAT (2X,'THE FILE "HIST® WAS USED. NPTS=",15)
WRITE(*,2042)

WRITE(5,2042)

00 2043 LPTS=1,NPTS

FORMAT (2X,5X, 'YEARS®,4X, ' TEMP C',1X, *STRESS MpPA*)
WRITE(*,2044) HTEME(LP?S),H?C(LP?S),HST(L?TS}
WRITE(5,2044) H?ZME(&P?S),HTC{LPTS),HS?(&P?S)
FORMAT(2X,3£10.3)

CONTINUE

ENDIF

TERMINATE PROGRAM *%x

. C Fe e e e e e e e e o e ek e d e e gk K ¥ % do ke

787:
768

STCP
END

A.16



APPENDIX B

LISTING OF DIFFUN SUBRQUTINE




LISTING OF DIFFUN SUBROUTINE

1:*SNCFLOATCALLS

2: CSSTORAGE:2

3: CSDEBUG

4 SUBRCUTINE BE??%N(NEQ,??,Y,Y@O?}

5: IMPLICIT REAL*8(A-H,0-Z)

& DIMENSION Y(NEQ),YSO?(NEQ)

7: SINCLUDE: *COMMON.FOR®

8: C TT IS TIME IN SECONDS

S8: C 7Y IS IS YEARS

iG: TY=TT/3.15360007

Zi: C *‘*‘**************************************
12: C *** CALCULATE TEMPERATURE AND STRESS %%
13: C ****‘k**’**‘k*'k‘*******************‘k*****"k**
14: IF (IRUN.EQ.2) THEN

i5: TC=TMAX

iB: TK=TMAX+273.16D0

i7: ST=STIN

i8: GC T0 304

iG: ENDIF
20: IF (IHIST-2) 301,302,303

21: C HELIUM COOLING
22: 301 TZ=(TMAX+273.16D0)*(TIN*12.D0)**(0.3400)

23: IF (TIN.GT.7.D0) TZ=(TMAX+273.16D0)*84.D0%*.34D0/
24 A 84.D0**0.084D0% (TIN*12.00)**0.08400

25: TB=TZ*84.D0**(-.34D0) / (84.D0**(-0.084D0))

26: TCA=TZ*(TIN*12.D0+TT/(2.628000D6) ) ** {~0.34D0)

27+ TCB=TB* (TIN*12.00+TT/(2.62800006) ) ** (~0.084D0)
28:  TK=DMAX1(TCA,TCB)

29: TC=TK-273.16D0

30: TK=TC+273.16D0

31: ST=STIN*TK/{TMAX+273.16D0)

32: G0 TO 304

33: C NITROGEN COCLING
34: 302 TZ=DEXP({AC2+A12*DLOG(TIN))+273.16D00

35: IF{TIN.GT.5.62800) TZ=DEXP(AD6+A16*DLOG(TIN))+273.1600

36: ?KA=(BEXP(AO2+AEZ*8£GG(?E&+?Y}}*273.2680)/?2*(?%AX+273.2680}
37: TK8=(QEXP(A06+A26*SQOG(TEN+?Y})+273.ZSDO)/?Z*(?MAX+273.ZGDO)
38: TK=DMAX1(TKA,TKB)

38: TC=TK-273.16D0

40: ST=STIN*TK/(TMAX+273.16D0)

4l GC 70 304

42: C TABLE TEMPERATURE DEPENDENCE
43: 303 NPTSMI1=NPTS-1

G4 00 31C IP=1,NPTSMI

45: [F(TY+TIN.LE.HTIME(IP+1)) GO TO 311
46: 310 CONTINUE

47: TCC=HTC(NPTS)

48: ST=HST(NPTS)

49: G0 10 312

50: 311 SLOPE=(HTC(IP+1)-HTC(IP) )/ (HTIME({IP+1)-HTIME(
8.1

IP))



I

MY [}

TCC=HTC(E?}+SLO?E*(TY+?EN-HTZME(Z?}}
SLOPES=(HS?(Z?+Z)—HS?(EP))/(H?EME(ZP+2}-HTEME(ZP)}
S?=HST(ZP)+SLO?ES*(?Y+?IN—%?EM€(E?}}
312 CONTINUE
IF (IHIST.EQ.4) TZTBL=TMAX+273.1600
TK=(?MAX+273.1600}/?2?81*(?CC+273.2698)
CALCULATE STRESS CHANGE FROM TEMPERATURE CCOLING FOR IHIST EQ 3
IHIST EQ 4 USES STRESS MAGNITUDES PROVIDED BY THE TABLE
IF (IHIST.EQ.3) ST=STIN*TK/(TMAX+273.1600)
TC=TK-273.1600
304 CONTINUE
IF (TC.GT.TEMPAB) NFLAGT=1
LTMAX=IDINT(TC/100.00)
TMAXL=LTMAX*100
CHECK FOR STRESS GREATER THAN YIELD STRESS
YS=YSA(L?MAX)+(?C—?MAXL}*(YSA{L?MAX+E)-YSA(&TMAX)}/EOG.BO
IF (TC.L7.100.00} ¥$=-0.735D0*TC+460.600
IF (TC.GT.700.00) Y$=-0.126D00*TC+134.300
IF (ST.GT.YS) NFLAGS=1
IF (7C.LT.250.00) EM=(11.8100-14.59D0*TK/TH) *1.04
IF {TC.GE.250.00) EM=(E§.0980-12.6280*?K/?M}*2.94
EMI=DLOG(EM/1.D4)

*****************************

*** CALCULATE CREEP RATES *#*
*****************************
ER(1) = HIGH TEMPERATURE CLIMB
za(z);QEX9(5.a@*aa@@<S?/£M>+55.7sao-za.zsao*(?M/?x)+szae<?M/zx)
A +EM
ER(2) = LOW TEMPERATURE CLIMB
ER{Z);@EXP(7.GG*DLGG(S?/EM}+SS.28@0-2@.19@0*(7M/?K)+8AGG(?M/TK)
A +EMI
ER(3) = GRAIN BOUNDARY SLIDING
ER(3);@EX@(Z.ae*aaoe(5?/£M>+2@.74@@-9.929000*(?M/?K)+DLGG(?M/?K)
A +EM]
ER(4) = GRAIN BOUNDARY LATTICE DIFFUSION CONTROL (NOT CALCULATED)
ER(4)=0.D0
ER(5) = NABORRQ HERRING
ER(S);DEXP(BLOG(S?/EM}+28.2580-14.ZSSO*(TM/?K)+QLOG(?M/TK)
A +EM]
ER(6) = COBLE
ER(é};SEXP(@LOG(S?/EM)+ZZ.0330-9.920680*(TM/?K)+8&OG(?M/?K)
A +EMI
ER(7) = ATHERMAL
ER(7)=0.D0

*************************************

*** DETERMINE DOMINANT CREEP RATE ***
*************%***********************
EDOTR=ER(1)
JJER=10
DO 200 JER=2,6
IF (ER(JER).GT.EDOTR) THEN
EDOTR=ER(JER)

s

o
[AN]



103:

106+

117:

125:
126:

128:
129:
130:

i32:
133:
134:
135:
136:
137:
138:
i3G:
140:
141:
142:
143:
144:
145:
146:
147
148:
148:
15G:
151:
152:
153:
i54:

(] (@] (] IO

JJER=JER*10
ENDIF
200 CONTINUE

27=ST/EM

TMTK=TM/TK

TMTK1=(1.6200-DL0G(ZZ))/1.827D0
IMTK2=(-4.17100-DLOG(ZZ))/0.54700

IF (DLOG(ZZ).GT.-6.644D0) TREN

IF (TMTK.GT.TMTK1) THEN

EMA=(11.09D0-11.61D0/TMTK1)*1.D4

IF(TMTKL.GT.4.0600) EMA=(11.81D0-14.58D0/TMTK1) *1.D4
ZA=ST/EMA
E@OTR=GEX?(7.SO*DiOG(ZA}+55.3880-10.ZQDG*?M?KE+Q&OG(TM?KE}
A +DLOG(EMA/1.D4))

NFLAG=1

ER(7)=EDOTR

JIER=70

ENDIF

FLSE

IF(TMTK.GT.TMTK2) THEN

EMA=(11.09D0-11.61D0/TMTK2)*1.D4

IF(TMTK2.GT7.4.06D0) EMA=(11.81D0-14.5900/TMTK2) *1.D4
ZA=ST/EMA
EBO?R=DEXP(7.0G*BLOG{ZA}+SS.§8GO~EG.EQBO*TMTKZ+DLGG(?MTK1}
A +DLOG(EMA/1.D4))

NFLAG=1

ER(7)=EDOTR

JJER=70

ENDIF

ENDIF

*‘k***’************f***‘k*********

*** CALCULATE RUPTURE TIMES **x
*****‘k:ir************************
TF(1) = TRANSGRANULAR

TF(1)=DEXP(-1.79700-DLOG(EDOTR))
TF(2) = TRIPLE POINT CRACKING

?F(z)=szx9(-s.55290-saea(590?R)»DaOG(EM/zoooa.DO)-aLOG(sr/im))
TF(3) = CAVITATION DIFFUSION CONTROL

TF(3)=DEXP(4.1500-DLOG(ER(3) ) +DLOG(ST/EM) )
TF(4) = CAVITATION POWER LAW

TF (4) =DEXP(-1.587D0-DLOG(ED0TR) )

TMTK=TM/TK

ZZL=DL0G(ZZ)

TFTGR=TF(1)

TFTPR=TF (2}

IF (ZZL.GT.-6.00) TF(2)=1.D30

IF (ZZL.LT.-6.D0) THEN

IF (TMTK.GT.3.00) THEN

TMLIM=(ZZL+6.800) /0.200

IF (TMTK.GT.TMLIM) TF(1)=1.030

IF (TMTK.LE.TMLIM) TF(2)=1.030

ELSE
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155: ENDIF
156: ELSE
157: ENDIF

158: C B e e e ok e e e e e e e sk ke e de e e e e S e Fe g e o ok e e 3 S % e R o e e % Y

158: C *** DETERMINE DOMINANT RUPTURE MECHANISM *%=*

265: C %K e e e de o e e e e e e v e S ok e v s e e R s 9k e o e ko e % ok e % e % e e

161: TMINR=1.D0

162: TR1=DMINI{TFTGR, TFTPR)

163: TR2=DMINI (TFCOR, TFCPR)

164: TMINR=TRI

165: IF(TR2.LT.TR1) TMINR=TR2

165: TMINR=TE(1)

167: JITF=1

168: DO 210 JTF=2,4

169: IF (TF(JTF).LT.TMINR) THEN

170: TMINR=TF (JTF)

171: JITF=JTF

172: ENDIF

173: 210 CONTINUE

174z TF(1)=TFTGR

175: TF(2)=TETPR

176: C MFLAG DEFINES THE CREEP AND RUPTURE MECHANISMS
177: MFLAG=JJER+JJTF

278: C *****************************************

179: C *** CALCULATE RATES REQUESTED BY GEAR ***

180: C *****************************************

181: C YDOT(1) IS THE DCMINANT CREEP RATE

182: YDOT(1)=EDOTR

183: C YDOT(2) IS THE RATE OF RADIATION DAMAGE ANNEALING
184: YDOT(2)=2.331736D17*DEXP (-4.D4/TK)

185: C YDOT(3) IS THE RATE OF ACCUMULATION OF CREEP DAMAGE FRACTION
1852 YDOT(3)=1.D0/ (TMINR*(1.D0-9.D-1*(1.00/ (1.00+Y(2))))}
187: RETURN

188: END
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*

WD 00 ~EON O (WD) s
te a4 se se 33 es e se we

I

EICIIICITIID

LISTING OF COMMON.FOR

COMMON BLOCKS

e ke e e S v e Ao K ke S e g e e He e o ok e de % vt kR K e ke de ke de e S e kR ke e R e e ke ke ke Rk ke

**% BIOCKS GEARG AND EXIT ARE USED BY GEAR, ***
*%% | OUT IS THE QUTPUT UNIT ASSUMED IN GEAR ***
**% FOR QUTPUT OF ERROR MESSAGES. *xx
HEKKIEIKHEREREEKKIRHEKREXELRREIERERTXRT TR RI TR T ** )
COMMON/GEARG/HUSED , NQUSED, NSTEP, NFE, NJE
COMMON/EXIT/LOUT
THKEHRKEEERAIEKAKRIETAR A AR LA ARLR AL R AR RRARRTRR T RT
**% DATE BLOCKS COMMUNICATE INPUT, QUTPUT **+
*** AND CONSTANTS BETWEEN MAIN AND DIFFUN **+
e e g e P T e R K o R R K g de ks de R Rk e ke v v de e e e de vk e e e e e g o kR ke e Yook ke
COMMON/DATEL/TMAX, ST, STIN, TC, TIN, TOUT, IRUN
COMMON/DATE2/YSA(7) , TEMPAB, TH
COMMON/DATE3/HTIME(51) ,HTC{51) ,HST(51), IHIST,NPTS
COMMON/DATEG/AC2,A06,A12,A16, TZTBL
COMMON/DATES/ER(7), TF(4) ,EDOTR, TMINR

e e K e o g e e R ke do e e e ke e ek e vk v e e vk ek ke e R ok S e Sk ke ok S R e e TR e e et ok ke e ke R R R R R ek Rk
**% FLAG BLOCK COMMUNICATES FLAGGED CONDITIONS BETWEEN — *x
*x*% MATN AND DIFFUN b
**x  MFLAG - CREEP RATE AND RUPTURE MECHANISM ok

**%  NFLAG - ATHERMAL CREEP ASSUMED DURING CALCULATION *x*
*%%  NFLAGT - ALPHA/BETA TRANSITION TEMPERATURE EXCEEDED ***
*%%  NFLAGS - YIELD STRESS EXCEEDED *xx
HHAEEKRKREEETRREIKREEIRREILKKRIRITRIERITER IR I LI IR R h Tk kbR AR I r R hR R
COMMON/FLAG/MFLAG, NFLAG, NFLAGT , NFLAGS
LOUT=5

.1



10
20

N

40

50
60
62

4
&

76
86
50
100
11
120
40
130
i60
17¢
18
180
200
205
210
220
230
232
234
235
240
250
250
27C
280
285
280
300
310
320
330
335
340
350
360
376
380
360
430
4:¢
420

LISTING OF DPLOT.BAS

REM PLOT DATING.OUT FROM DATING FOR CUMULATIVE FRACTION GPTICON
CLS
KEY CFF
0IM ?I(ZO@},S?(ZOG),REC(ZGG),CF(EGO),?C(EGO},PAR(é,ZGG),ZSTR(EGG)
OPEN "DATING.OUT® FOR INPUT AS #1I
FOR JLIN=1 70 18
INPUT #1,ZLINS
NEXT JLIN
INPUT #1,ZLINS
YLINS=RIGHTS{ZLINS,5)
HIST=VAL{YLINS)
REM LINE INPUT #1,ZLINS

C LINE INPUT #1,ZLINS

LINE INPUT #1,ZLINS
INPUT #1,ZLINS

YLIN$=RIGHTS(ZLINS,5)

AGEIN=VAL(YLINS)

LINE INPUT #1,ZLINS

LINE INPUT #1,ZLINS

LINE INPUT #1,ZLINS

LINE INPUT #1,ZLINS

LINE INPUT #1,ZLINS

YLINS=RIGHTS(ZLINS,5)

NST=VAL{YLINS)}+1

LINE INPUT #1,ZLINS

JILIN=2

IF HIST=4 THEN JJLIN=1

IF HIST=4 THEN 310

LINE INPUT #1,ZLINS

LINE INPUT #1,ZLINS

YLINS=RIGHTS (ZLINS,5)

TMAX=VAL(YLINS)

LINE INPUT #1,ZLINS

LINE INPUT #1,ZLINS

YLINS=RIGHTS$(ZLINS,5)

STR=VAL{YLINS)

FOR JLIN=1 TO JJLIN

LINE INPUT #1,ZLINS

NEXT JLIN

IF NST>100 THEN NST=100

FOR LSTEP=1 TO NST

INPUT #Z,?E(LSTEP),C?{LS?EP),S?(ASTEP),REC(LS?EP),TC(LS?EP),ZSTR(LS?E?}
PAR(Z,&S?EP}=?E(LSTEP):?AR(Z,LS?EP}=ST(LS?£P}:?AR(3,£STE?}=REC(LS?EP)
PAR(@,LSTEP}=C?(LS?£?):PAR(S,LSTEP}=?C(LS?£P)
NEXT LSTEP

REM INPUT #1,TGEAR,I1GEAR, I2GEAR, I3GEAR, I4GEAR
REM INPUT #1,AGEIN

CLOSE #1

AS="CF¥ L LP=4

0.1



430
440
442
444
450
460

REM GCTC 240

CLS

IF HIST=4 THEN TMAX=TC(1)

IF HIST=4 THEN STR=ZSTR(1)

PRINT “TMAX=";TMAX;" STRESS=";STR

PRINT ”YEAR“;?AB(EO};“STRAIN";?AS(ZS);“RECOVEQY“;TAS(@O);”Cum Frac dam";TAB(55)

C";TAB(65);"STRESS, MpA®

47G
480

AB(6

FOR LSTEP=1 TO NST

PRINT ?I(LSTE?};?AB(ZG);ST{LS?E?);?AB(ZS);REC(LSTEP);TAB(@O);C?(LSTE?);?AB(SS);?C{LS

5) ;ZSTR{LSTEP)

450 NEXT LSTEP

500 LOCATE 25,1

510 INPUT “ENTER PLOT TYPE: CF,ST,REC,TC, TABLE,END? *,A$
520 IF AS="CF" THEN LLP=4

530 IF AS="ST" THEN LLP=2

540 IF AS$="REC" THEN LLP=3

550 IF A$="TC" THEN LLP=5

560 IF AS="END" THEN SYSTEM

570 IF A$="TABLE" THEN 440

580 ?EMAX=TZ{E}:S?MAX=ST(Z}:RECMAX=REC(E):CFMAX=C?(Z):?CMAX=TC(E)
590 ?ZMEN=TI(Z}:STMZN=S?(Z):RECMZN=REC{E}:C?MZN=C?{E}:TCMZN=?C(Z}
600 FOR LSTEP=2 TO NST

610 IF TI(LSTEP)>TIMAX THEN TIMAX=TI(LSTEP)

620 IF TI(LSTEP)<TIMIN THEN TIMIN=TI(LSTEP}

630 IF ST(LSTEP)>STMAX THEN STMAX=ST(LSTEP)

640 IF ST(LSTEP)<STMIN THEN STMIN=ST(LSTEP)

650 IF REC(LSTEP)>RECMAX THEN RECMAX=REC(LSTEP)

660 IF REC(LSTEP)<RECMIN THEN RECMIN=REC(LSTEP)

670 IF CF{LSTEP)>CFMAX THEN CFMAX=CF (LSTEP)

680 IF CF(LSTEP)<CFMIN THEXN CFMIN=CF(LSTEP)

690 IF TC{LSTEP)>TCMAX THEN TCMAX=TC(LSTEP)

700 IF TC(LSTEP)<TCMIN THEN TCMIN=TC(LSTEP)

710 NEXT LSTEP

720 REM END

730 KEY QFF

74C REM DETERMINE NUMBER IN FORM X.XXENN

750 FOR LMAX=1 70 5

760 IF LMAX=1 THEN X1=TIMAX:XMIN=TIMIN

77C IF LMAX=2 THEN X1=STMAX:XMIN=STMIN

780 IF LMAX=3 THEN X1=RECMAX: XMIN=RECMIN

790 IF LMAX=4 THEN X1=CFMAX: XMIN=CFMIN

80C IF LMAX=5 THEN X1=TCMAX:XMIN=TCMIN

810 K=-1

820 IF INT(X1)=0 AND INT(10*X1)<>0 THEN XMAX=X1:G0TO 840
830 IF INT(X1)>0 THEN 830

840 X2=X1

350 X2=X2*10

860 K=K-1

870 IF INT(X2)=0 AND INT(10*X2)<>0 THEN XMAX=X2:60TO 940
880 GOTO 850

890 X2=X1

800 X2=X2/1

(W]
[AM]

:“TEMP,

[ag o R
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510

1250
1260

1330
1340
135C
1360
1370
1380
1380
1400
1410
1420

K=K+1
IF INT(X2)=0 THEN XMAX=X2:G0TO 940

¢ GCTC s0C

REM END ROUTINE
XIMAX=XMAX
XMAX=10*XMAX
REM PRINT X1,XMAX,.K
XXM=2
IF XMAX=<10 AND XMAX>5 THEN XXM=10
IF XMAX=<5 AND XMAX>2 THEN XXM=3
RMAX (LMAX ) =XXM
PMAX (LMAX) =XXM
PMIN(LMAX) =PMAX {LMAX) -RMAX (LMAX)
PKMAX (LMAX) =K
NEXT LMAX
CLS
REM INPUT "LX7%,LX
REM INPUT "LYZ% LY
CLS
GOT0 1140
SCREEN ©

» LOCATE 10,10

PRINT "END"
SCREEN 2

X0=100

Y0=150

DX=440

DY=125

LINE (X0,Y0)-(X0+DX,Y0)

LINE (X0+DX,YO0)-(X0+DX,Y0-DY)
LINE {X0+DX,Y0-DY)-{X0,Y0-DY}
LINE (X0,Y0-DY)-(X0,Y0)

FOR K=X0 TO X0+DX STEP DX/5
LINE (K,Y0)-(X,Y0-3)

LINE (K,Y0-DY)-(K,Y0-DY+3)
NEXT X

FOR K=Y0 TO Y0-DY STEP -DY/5
LINE (X0,K)-(X0+3,K)

LINE (X0+DX-3,K)-{X0+DX,K)
NEXT X

XMIN=0
XMAX=PMAX (1) *10~PKMAX (1)
YMIN=Q
YMAX=PMAX (LLP) *10"PKMAX (LLP)
IF LLP=5 THEN YMAX=PMAX(LLP}*100
DMX=XMAX-XMIN

DMY=YMAX-YMIN

REM PSET (X0,Y0)

FOR KP1=1 TO NST

XX=TI(KP1)

YY=PAR(LLP,KP1)
X=XX/DMX*DX+X0
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1430 Y=YQ-YY/DMY*DY

1440 IF KP1=1 THEN PSET{X,Y)

1450 LINE -(X,Y)

1460 REM PRINT XX,YY,XMAX, YMAX

1470 NEXT KpP1

1480 LOCATE 3,33:PRINT FTMAX="; TMAX; ® STRESS=";STR;*® AGEIN=";AGEIN;® TH=":HIST
1450 LOCATE 3,14

1500 IF LLP=2 THEN PRINT “STRAIN FRACTION®

1510 IF LLP=3 THEN PRINT “RECOVERY FACTOR  ®

1520 IF LLP=5 THEN PRINT "TEMPERATURE, C*

1530 IF LLP=4 THEN PRINT “DAMAGE FRACTION®

1540 LOCATE 12,2

1550 IF LLP=4 THEN PRINT “CF®

1560 IF LLP=2 THEN PRINT “ST*

1570 IF LLP=3 THEN PRINT “RECH

1580 IF LLP=5 THEN PRINT “TC*

1590 REM FOR K=1 TQ 30:PRINT FELINEXT K

1600 LOCATE 15,55:PRINT #*

1610 FOR L=0 7O 5:LOCATE Y0/200*25+1, 12+ *11:PRINT L*PMAX (1) *10"PKMAX{1)/5:NEXT L
1620 IF LLP<>5 THEN FOR L=0 TO 5:L0CATE Y0/200%25-1*3,8:PRINT L*?MAX(L&P}*ZG“PKMAX(&%P)/S:NEXTi
1630 IF LLP=5 THEN FOR L=0 TO 5:LOCATE Y0/200%25-1*3,8:PRINT L¥I00:NEXT L

1640 LOCATE 22,30:PRINT "FUEL AGE IN YEARS®

1650 GOTO 500

1660 END
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