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ABSTRACT

In this report, the SIE ASME (Structural Integrity Evaluations by ASME-NH)
(Revision 1.0), which has a computerized implementation of ASME Pressure Vessels
and Piping Code Section Il Subsection NH rules, is developed to apply to the next
generation reactor design subjecting to the elevated temperature operations over 500°C

and over 30 years design lifetime, and the user’s manual for this program is described in
detail.
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1. Introduction and Overview

In most LMR(Liquid Metal Reactor) design, the operating temperature is very high
over 500°C and the design lifetime is much more than 30 years. Therefore, the time-
dependent creep rupture, excessive creep deformation, cyclic creep ratcheting, creep-
fatigue, creep crack growth and creep buckling become very important in reactor
structural design. Unlike with conventional PWR, the normal operating conditions can be
basically dominant design loading because the hold time at elevated temperature
condition is enough long to result in severe creep damage during total service lifetime.
For the purpose of the high temperature structural integrity evaluation in design of
nuclear power plants, the worldwide design codes and assessment procedures such as
ASME-NH(USA), RCC-MR(France), R5(UK), and DDS(Japan) are developed or under
development status.

This report provides the user guidance for a high temperature structural integrity
evaluation computer program(SIE ASME-NH Code), which has a computerized
implementation of ASME Pressure Vessels and Piping Code Section 11l Subsection NH
rules, for the time-dependent primary stress limits, total accumulated inelastic strain
limits, and the creep-fatigue damage evaluations in structural mechanical design of
nuclear power plants operating with high temperatures over creep temperature zone at
normal operating conditions for both base metal and weldment. Actually it is very
complicate to completely apply the ASME-NH design rules by hand calculation step by
step to evaluate the high temperature structural integrity using the results of elastic
analysis, especially when there are multi-transient cycle types for whole design lifetime.
As an example for the creep ratcheting limit evaluations using simplified inelastic
analysis rules the creep ratcheting strain should be calculated for each temperature-time
block through the entire service life time. To do this the isochronous stress and strain
curves entering at the initial strain accumulated throughout the prior load history have to
be regenerated by appropriate curve fitting method corresponding to the time block
period and temperature. SIE ASME-NH Code can provide the design by analysis tools to
carry out the high-temperature structural integrity evaluation for the design of the next

generation nuclear power plant.



This program is developed as modular type therefore it is very easy to expand and
include another ASME Code rules. Especially the additional material database module
can be developed and added into this program separately. Developed SIE ASME-NH
Code can be used to evaluate multi-transient operating cycles and multi-evaluating points
simultaneously with results of elastically or inelastically calculated stress and strain for
each cycle type.

SIE ASME-NH (Revision 1.0) Computer Code consists of following main modular

programs as;

- Main Program

- Input Data Control Program

- Primary Stress Limit Evaluation Program

- Total Inelastic Strain Limit Evaluation Program

- Creep-Fatigue Evaluation Program by Elastic Analysis Method

- Creep-Fatigue Evaluation Program by Inelastic Analysis Method
- Material Database Programs

- Material Data Evaluation Program

The main program controls the evaluating option and dynamic arrays for most variables
required in structural integrity evaluation.

In input data control program, the input data such as elastic stress, strain, metal
temperature, and so on, will be read and stored in array by control commands. The work
process of SIE ASME-NH Code is a direct batch job and does not require an interactive
procedure unlike CHECK-ASME. Therefore, users have to prepare the input file using
with simple commands defined in this code.

Time-dependent primary load limits for design condition, service level A, B, C and D
can be selectively checked by the primary stress limit evaluation program. This
evaluation includes the primary membrane stress intensity limits, primary membrane plus
bending stress intensity limits, primary membrane plus modified-bending stress intensity

limits and the use-fraction sum corresponding to service levels.



The deformation and strain limits for structural integrity can be checked by using both
the elastic analysis approach and the simplified inelastic analysis approach. The
calculated effective creep ratcheting strains for each cycle types in this evaluation
procedure will be used in next creep-fatigue evaluation.

The creep-fatigue damage evaluation can be carried out step by step in detail with
compliance of ASME-NH rules. The total strain range including the elastic-plastic strain
range and the creep strain increments will be calculated with the elastic analysis results
and be used in fatigue damage evaluations. The fatigue damages at the evaluation points
of structures are linearly summed for each cycle type as given in damage equation of
ASME-NH. The creep damage evaluation during the steady state elevated temperature
operation with multiple transient operating conditions having different peak metal
temperature, duration, and primary loads can be performed by the method of
stress/temperature time history envelop in ASME-NH non-mandatory appendix T rules.
Actually the maximum dwell stress might occur during the transient duration and relax
during the steady state normal operation. This stress levels, transient durations, and over
temperatures larger than normal operation may seriously affect the creep damage.
According to ASME-NH rules, the composite stress/temperature history will be divided
into q time intervals and treated as a step-wise function of time. During each of these
time intervals, the stress and temperature are assumed to be constant. Therefore, the user
should be careful in selecting the time step size for the creep evaluation.

This report presents the user’s manual for the SIE ASME-NH (Revision 1.0) computer

code and various examples of application.

2. Review of ASME-NH Design by Analysis Rules

At temperatures and loading conditions where creep effects are significant, the design
by analysis shall consider the time-dependent material properties and structural behavior
by guarding against the failure modes such as the ductile rupture from short-term
loadings, the creep rupture from long-term loadings, the creep-fatigue damage, the gross

distortion due to incremental collapse and ratcheting.
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In evaluating the structural integrity for elevated temperature, it can be checked by
four-quantities broadly such as 1) the load-controlled stress, 2) the total accumulated
inelastic strain, 3) creep-fatigue damage, and 4) buckling instability.

In this chapter, the contents and the application procedures of the ASME-NH will be
investigated to be implemented as the basis of the SIE ASME-NH program.

2.1 Limits for Load-Controlled Stresses

The primary stress intensity limits shall be satisfied for base metal and at weldments.
To assure the high temperature structural integrity for the base metal, allowable stress
limit values are defined: time-independent limit(Sy), long-time service at elevated
temperature(Sp), and a temperature and time-dependent limit obtained from long-term,
constant load, and uniaxial tests(Sy).

The priority work to carry out the structural integrity evaluation when using the elastic
analysis is to derive the stress intensities from the results of the elastic stress analysis.
This shall be calculated by the rules of ASME NH-3215(b), which requires the six scalar
quantities of the stress components for each type of loading at critical locations cross the
thickness of the structural section. The selection of the critical location and the cross
section will mostly depend on the stress analysis results and the engineering experience.
That means there are no precise rules in selecting the critical locations, therefore the
designer should do it carefully with his own responsibility.

When the evaluation points are at weldments, Sy shall be taken as the lower of the Sy
values or 0.8S; x R, where S; is the value obtained from the expected minimum stress-to-
rupture strength(Table 1-14.6) and R is the appropriate ratio of the weld metal creep
rupture strength to the base metal creep rupture strength(Table 1-14.10). The values of S;
should be taken as the same way of Sy

Since ASME NH does not provide the inelastic analysis rules for satisfying the primary

stress limits, these rules are basically carried out with the elastic analysis method.

2.1.1 Design and Service Limits

11



The stress calculations required for the analysis of Design Loadings shall be based on a
linearly elastic material model. The calculated stress intensity values shall satisfy the

limits of following rules.

General Primary membrane Stress Intensity Limit:

P <S, (1)

Where S, is the maximum allowable stress intensity value for design conditions.

Primary Membrane plus Bending Stress Intensity Limit:

P +P, <158, @)

In calculating the left side of Eq. (2), it should be noted that P_ and Py represent as many

as six quantities and be separately summed to calculate the stress intensity.

2.1.2 Level A and B Service Limits

The stress calculations required for the analysis of Level A and B Service Loadings are
based on a linearly-elastic material model.

The calculated stress intensity values obtained in range of elevated temperature shall

satisfy the following conditions.

General Primary Membrane Stress Intensity Limit:

P,<S

m

mt ©)

From Eq.(3), Sm is determined for the time, t, corresponding to the total duration of the
particular loading during the entire service life, and for temperature, T, corresponding to

the maximum wall-averaged temperature that occurs during the particular loading event.
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Note that when the critical location are in the vicinity of a weld (defined by +3 times
the thickness to either side of the weld centerline), the limit Sy, shall be taken as the lower

of the S, values or 0.8S, x R.

Primary-Membrane plus Bending Stress Intensity Limit:

P,+P, <KS, 4)
P,+R /K, <S, (5)

St is a temperature and time-dependent stress intensity limit. This limit is determined
for the time corresponding to the total duration of the combined stress intensity and the
maximum wall averaged temperature during the entire service life of the component.

The factor K; accounts for the reduction in extreme fiber bending stress due to the effect

of creep. This factor is given by the following:

K,=(K+1)/2, (6)

where the factor K in above equation is the section factor for the cross section being
considered. It is the ratio of the load set producing a fully plastic section to a load set
producing initial yielding of the extreme fiber of the cross section. In evaluating across-
the-wall bending of shell type structures, K=1.5 (for rectangular section) shall be used.
Thus, for across-the-wall shell bending, K is 1.25 in Eq.(6).

Note that the left-hand side of Egs. (3), (4) and (5) shall be obtained with representation
of the stress components as many as six quantities as described in NH-3215(b). When the
critical location are the weldment, the limit S; shall be taken as the lower of the S; values
or 0.85, x R.

2.1.3 Level C Service Limits

The stress calculations required for the analysis of Level C Service Loadings are

based on a linearly-elastic material model.

13



The calculated stress intensity values obtained in range of elevated temperature shall

satisfy the following conditions.

General Primary Membrane Stress Intensity Limit:

1.2S,
Pn < (7)
1.08,

When the critical locations are the weldment, the limit S; shall be taken as the lower of
the S;values or 0.8S; x R.

Limit of Use-Fraction Sum Associated with Py, :

z[t‘_] <8, ©

where B is the use-fraction factor and is equal to 1.0 or less if so specified in the Design
Specifications, t; is the total duration of a specific loading, Pn;, at elevated temperature
during the entire service life of the component, and ti, is the maximum allowed time
obtained from Si-vs-time data under the load stress intensity, Pp;.

The key consideration in this time fraction evaluation is the reduction in life due to
different loads for different times as a short time transient load at higher temperatures
than normal operating conditions. This condition is considered in SIE code by separating
the total service life of components into two parts of total hours of the transient duration

for each cycle with transient temperatures and the duration of the normal operation.

Primary Membrane plus Bending Stress Intensity Limit:

P +P, <12KS,_ )
P +P /K, <8, (10)

14



When the critical locations are the weldment, the limit S; shall be taken as the lower of
the S;values or 0.8S; x R.

Limit of Use-Fraction Sum Associated with (P + Pp/K) :

Z[t—'J <1.00 , (11)

i ib

where t; is the total duration of a specific loading, (Pmi + Ppi/Ky), at elevated temperature
during the entire service life of the component, and tj, is the maximum allowed time
obtained from Si-vs-time data under the load stress intensity, (Pmi + Ppi/Ko).

The total service life time including the time at higher temperatures than normal

operating conditions is considered in SIE code same as calculated in Eq.(8).

2.1.4 Level D Service Limits

This rule shall be applied in all in cases as required by public health and safety
considerations for specific components or systems. However, this load controlled
condition D will be not considered in evaluating the strain based damage evaluations

such as the ratcheting and the creep-fatigue described in Appendix T.

General primary membrane Stress Intensity Limit:

Limit in Appendix F for P,
0.67S, , (12)
0.8RS,

where R is the appropriate ratio of the weld metal creep fatigue strength to the base metal
strength from Tables 1-14.10 and S, is the expected minimum stress-to-rupture in time t
taken from Figs. 1-14.6 in ASME-NH.

15



Limit of Use-Fraction Sum Associated with Pp:

In above limit rule, B, is the use-fraction factor and is equal to 1.0. t; is the total duration
of a specific loading, Pni, at elevated temperature, T;, during the entire service life of
component. t; is the maximum allowed time under the load stress intensity 1.5Pp,; for
base metal or, for weldments, the higher of 1.5P,; and (1.25/R)Pn;.

Primary Membrane plus Bending Stress Intensity Limit:

r (13)

where t; is the total duration of loading at temperature, t;, and tj,, is the maximum allowed
time at a value of stress equal to 1.5(Pn, + Pu/K;) for base metal or higher of 1.5(Pn, +
Pu/K:) and 1.25(Pn, + Py/Ky)/R for weldment.

When evaluating by Section 111, Appendix F, the yield strength and tensile strength
values shall be multiplied with the strength reduction factors, which are functions of the

accumulated time-temperature history given in Table NH-3225.

2.2 Limits for Deformation and Strain

In this evaluation, the Design Loading and the Service Level D are exempted from

deformation and strain limits but the Test Level shall be included in Level B Service

16



Loadings.

2.2.1 Limits for Inelastic Strains
In regions expecting elevated temperatures the maximum accumulated inelastic strain
shall not exceed the following values.

(a) Strains averaged through the thickness, 1% : Membrane ¢, <1.0%

(b) Strains at the surface, due to an equivalent linear distribution of strain through the
thickness, 2% : Bending &, < 2.0%

(c) Local strains at any point, 5% : Local &, <5.0%

Actually when creep effects are presumed significant, the above inelastic strain limits
are required to be checked by the detail inelastic analysis. However, in order to reduce the
number of evaluation points in a structure subjecting the elevated temperature, the elastic
and simplified inelastic methods of analysis are provided in ASME NH Nonmandatory

Appendix T with conservative bounds.

2.2.2 Elastic Analysis Method

The strain limits of T-1310 are considered to have been satisfied if the limits of any one
of Test No. A-1, Test No. A-2, or Test No. A-3 are satisfied.

The metal temperatures used in this rule are the wall averaged temperatures, which can
give more conservative results.

To establish the appropriate cycle to be evaluated in Test Nos. A-1 and A-2, an
individual cycle, as defined in the DS(Design Specification) can not be split into
subcycles to satisfy these requirements because the maximum range of the secondary
stress intensity during the cycle may not be selected in the split subcycles. And at least
one cycle must be defined that includes the maximum value of (P, + Py/K;) which occur
during all level A, B, and C Service Loadings.

The stress indices to be used in Test Nos. A-1 and A-2 are defined as follows:

XE(Pm+Pb/Kt)max+Sy' YE(QR)max+Sy

17



Note that Sy is the average of the Sy values at the maximum and minimum wall-averaged
temperatures during the cycle being evaluated. The value of (Qr)max IS the maximum
range of the secondary stress intensity during the cycle being considered.

The limit rules are as follows;

Test No. A-1

X+Y<S,/S, (T-1)
where S, = Min[1.25St=10"rs, Tmax » Sy 1.

Test No. A-2
X+Y<1 (T-2)

Test No. A-3
For Test No. A-3, the limits of NB-3222.2 (Limits of primary plus secondary stress
intensity), NB-3222.3(Limits of expansion stress intensity), and NB-3222.5(Limits of
thermal stress ratchet) shall be met and, in addition, the requirements of the following

rules shall be satisfied.

(@) Sum of the Use-Fractions
Dot/ <0.1

where t; is the total duration of time during the service lifetime that the metal is at
temperature, T; and tjg is the maximum allowable time as determined by the stress-to-

rupture value at temperature T; and a stress value of 1.5Sr;.

(b) Creep Strains

18



D &<0.2%

where & is the creep strain that would be expected from a stress level of 1.25S,|r; applied
for the total duration of time during the service lifetime that the metal is at T;. The total

times to enter the isochronous stress-strain curves shall sum to the total service lifetime.
(c) 3Sm Limits
In compliance with NB-3222.2 and NB-3222.3 of ASME Code Subsection NB, the

maximum range of the linearised primary plus secondary stress shall be satisfied the rule

as follows;
A(P, +P, +Q)<3S,
In above rule, the modified 3S,, values shall be determined as follow:

- When only one extreme of the stress difference occurs at the elevated

temperature:
3S, =(5S, +S,)
- When both extremes of the stress difference occur at the elevated temperature:
3S, =(S. +Sw),

where S,y and Sy are the relaxation strengths associated with the temperatures at the hot
and cold extremes of the stress cycle. These relaxation strengths may be determined by
performing a pure uniaxial relaxation analysis starting with a initial stress of 1.5S;, and
holding the initial strain throughout the time interval equal to the time of service above
425°C for the austenitic stainless steel and 375° C for 2(1/4)Cr-1Mo and 9Cr-1Mo-V.

19



Appendix A is an example of a pure uniaxial relaxation analysis for 316 SS material by

using the creep equation provided from ANSYS program.

2.2.3 Using Simplified Inelastic Analysis

The limits for inelastic strains are considered to have been satisfied if the limits of any
one of the following Test No.B-1, Test No.B-2 or Test No.B-3 are satisfied.

The metal temperatures used in this rule are the hot and cold temperatures
corresponding to the extremes of the stress cycle, which can reflect more realistic metal
temperature conditions during the stress cycle.

Test No.B-1 can be used only for the axisymmetric structures subjected to
axisymmetric loadings and away from local structural discontinuities, or general
structures in which the peak through-the-wall thermal stress is negligible (i.e., the thermal
stress distribution is linear through the wall). Test No.B-2, which is more conservative, is
applicable to any structure and loadings. Test No.B-3 may be used for cycles in regimes
R; and R; in Bree Diagram, which is applicable to axisymmetric shell structures subjected
to internal pressure and thermal stresses caused by a linear through-thickness temperature
gradient. This procedure may also be applied to cycles in the S;, Sy, and P regimes in
order to minimize the conservatism in calculated strains when there are a few relatively
severe cycles.

Note that in calculating the primary stress index X, the secondary stresses with elastic
followup (i.e., pressure-induced membrane and bending stresses and thermal-induced
membrane stresses) are classified as primary stresses for purposes of this evaluation. In
calculating the stress indices of X and Y, the Sy, value shall be used instead of S, for Test
Nos, B-1 and B-2.

One important thing kept in mind using this rule is that the time to enter the
isochronous curves for individual time blocks shall always sum to the entire life
regardless of whether all or only part of the cycles are evaluated under this rule. To do
this the load history should be defined first for the entire design lifetime and they may be
subdivided into the appropriate temperature-time blocks. The individual cycles or time

blocks may differ from those for the creep-fatigue evaluations.

20



Test No. B-1 and B-2

This rule can be available only when the average wall temperature at one of the stress
extremes defining each secondary stress intensity range Qg is below the applicable
temperature of Table 1.

The elastically calculated primary and secondary stress intensities are used to determine
an effective creep stress,

(7(; = ZSyL

which in turn is used to determine a total ratcheting creep strain. The dimensionless
effective creep stress parameter Z for any combination of loading, which is determined by
the calculated stress indices of X and Y, is given in Fig. 1 for Test No B-1 and Test No
B-3, and Fig. 2 for Test No B-2.

Table 1. Applicable Temperature

Material Temperature, °C
Type 304 SS 509
Type 316 SS 544
Alloy 800H 573
2(1/4)Cr-1Mo 427
9Cr-1Mo-V 504

In Fig. 1, the parameter Z can be obtained as follows;

(@) inregimes S, and P ;
Z=X-Y (T-3)

(b) in regime Sy ;

Z=Y+1-2J0-X)Y (T-4)

(c) inregime E ;

21



an

o

-
e

§ecoadary Streas Paremetsr ¥

- 13

a4 o
- g2 % § Z-0B
i
ol 1

0.0 0z DA 08 08 kR

Primary Stress Parsmerar X

T-1332:1 EFFECTIVE CREEP STRESS PARAMETER Z FOR SIMPLIFIED INELASTIC ANALYSIS USING
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Fig. 1 Bree Diagram for Effective Creep Stress Parameter Z for Test Nos. B-1 and B-3

The creep-ratcheting strain is determined by multiplying o by 1.25 and evaluating the
creep strain associated with the 1.25¢¢ stress held constant throughout the temperature-
time history of the entire service life. The isochronous stress-strain curves shall be used
to obtain the creep-ratcheting strain. The creep strain increment for each time block can
be calculated separately with a general concept shown in Fig. 3. As shown in figure, the
calculating procedure is very complicated. The different isochronous curves should be
entered for each different temperature-time block and start at the initial strain
accumulated throughout the prior load history. To do this a complicated interpolation
techniques are required to find the appropriate isochronous curves from the given data of
ASME-NH Appendix T. As mentioned previously the times used in selecting the

isochronous curves shall sum to the total service life.
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Fig. 2 Effective Creep Stress Parameter Z for Test No. B-2

The calculated each creep-ratcheting strain shall be summed and limited to 1% for
parent metal and 1/2% for weld metal.

Note that Test No B-1 can only be applied when o is less than the yield stress of Syn.

Test No. B-3

When the calculated effective creep stress parameter Z is in regimes R; and R, where
Test No B-1 is not applicable due to a few relatively severe time blocks, then the Test No
B-3 can be used and the inelastic strains may be evaluated separately using the given
equations. This method is applicable only to axisymmetric structures subjected to
axisymmetric loadings and away from local structural discontinuities. Recently, studies
are being carried out to apply this rule to the general structures extensively.

The total inelastic strains accumulated in the lifetime of the component are given by:

th =Zv+277+25 (T-5)
Each component of Eq.(T-5) is obtained from the followings.
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@ Zn = the plastic ratchet strain increments occurring for only [oc ] = Syn

= Ei[acm—syH)+<[acH]—syL>] for, <10 (T-6)
1 1
= - ([ou]-$,) + £ ([0w] - S,) forzi>10 (T-7)

where [oz] and [own] are the effective stresses for cold and hot extremes of the cycles as

given by [oc ] = Z.SyL and [oeH] = ZkSyH respectively.

(b) 25 = the enhanced creep strain increments due to stress relaxation

1 SSH _O-cz
>5=—""_ "% forcycles where [ ] > Sy (T-8)
E, o,
2" 2
= Lloul —oe g cycles where [o] < Syn (T-9)
= o,

where o is the effective creep stress for the next time block. Unless sequence of loading
is specified, the lowest o calculated in Test No B-1 or B-2 should be used. All values in
equations of the enhanced creep strain are related to the load cycle (n). And only positive

on increments should be considered.

(c) ZV = the inelastic strains obtained from the isochronous curves in Test No. B-1
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Changing Isochnonous Interpolation Technique
Stress-Strain Curves

for Each Time Block

- Same initial strain but
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Z(Time block duration); = Total life time
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Fig. 3 General Concept of Creep Ratcheting Strain Calculations

2.2.4 Inelastic Analysis Method

The main intension of the ASME-NH is to restrict the maximum accumulated inelastic
strain averaged across a wall thickness to 1% or less during whole service lifetime. When
the elastic method can not satisfy the design rules, the inelastic analysis shall be used to

demonstrate the deformation limits for functional requirements.
2.3 Limits for Creep-Fatigue Damage

The accumulated creep and fatigue damage shall satisfy the following relation for the

combination of Levels A, B, and C Service Loadings.

Zp:(Nlj +§q:(§j <D (T-10)

where
D = total creep-fatigue damage

P = number of different cycle types
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(n); = number of applied repetitions of cycle type, j
(Ng); = number of design allowable cycles for cycle type, j
g = number of time intervals for the creep damage calculation

(Tq)x = allowable time duration determined from the stress-to-rupture curves

The total damage, D, shall not exceed the creep-fatigue damage envelope curves given

in Fig. 4.

0.8 304 and 316 SS
At
at 2(1/4)Cr-1Mo and
T 06 (1/4)
Ni-Fe-Cr Alloy 800H
0414 9Cr-1Mo-V
0.2 |3
0
02 04 06 08 10
N
Nd

Fig. 4 Creep-Fatigue Damage Envelope

2.3.1 Fatigue Damage

An equivalent strain range is used to evaluate the fatigue damage sum for both elastic
and inelastic analysis.

The general procedures for the fatigue damage evaluation using the elastic analysis
method are as follows;

@ Step 1 : Calculate Elastic Strain Time History for Each Cycle Type, j
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@ Step 2 : Select One of Extreme Time Points for the Cycle (Set Subscript 0)
@ Step 3 : Calculate Strain Ranges for All Components at Each Time Point As

Agyi =& — & Ay =&, — &, €I

X0! yo!

@ Step 4 : Calculate the Equivalent Strain Range for Each Point in Time As

\/E 5 5 3 , , , 1/2
gequi,i :m (Agxi _Agyi) +*(Agxi _Agyi + (Agxi _Agyi) +7(A7/xyi + Aj/yzi + A7/z><i)
where v = 0.3 for Elastic Analysis

v" = 0.5 for Inelastic Analysis

® Step 5: Definep. - MAX (Ac

@ Step 6 : Modifyp e with Local Geometric Stress Concentration and Multiaxial
Effects

@ Step 7 : Calculate Total Strain Range As

equiv,i)

& =K Ag 4 +KAg,
@ Step 8 : Find Allowable Number of Cycles, Ng from Design Fatigue Curves
Corresponding to 5

t

@ Step 9 : Calculate the Fatigue Damage by

For the fatigue damage evaluation, it is required the maximum elastic strain range and
the creep strain increment. The maximum elastic strain range can be obtained from the
extreme time points in the elastic strain components calculated for each time point, i, for
the complete cycle. After one of the extreme time points sets as a reference strain

condition, the equivalent elastic strain range shall be calculated for each point, i, in time

V 2 2 2
Asgivi = ——-l(Ag,; —Ag,;)” +(Ag,; —Ag,)" +
equiv,i 2(1+V ) [( y ) ( y )

(T-11)
3
(Agzi _Agxi)z +E(A7>§yi + A7/§zi + A7/22xi )]1/2
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where v = 0.3 when using the elastic analysis and v = 0.5 when using the inelastic
analysis.

The maximum elastic strain range, A&max, IS defined as the maximum value of the above
calculated equivalent strain ranges, As&quiv,i-

Note that the strain components to be used in calculating A&max do not include the local
geometric stress concentration effects. Therefore, the modified maximum equivalent
strain range Aé&mod including this effect shall be calculated as using any one of Eq.(T-12),
Eq.(T-13), or Eq.(T-14).

As,, = [%] KZ A, (T-12)
K2S A

Ae,, = 35S, Abw (T-13)
AGmod

Ag g = K, KAg, (T-14)

where S° and S represent the stress indicators and K is the equivalent stress

concentration factor as determined by

_(P+Q+F),
(P+Q)ef‘f .
In Eq.(T-14), K¢ is defined as
. =1 for KAg,, <3S, /E

KAg, E/3S  for KAs, . >3S /E

As shown in above equations from T-12 to T-14 , the Neuber’s rule is introduced to
consider the stress concentrations in local area, which were not considered in total elastic

strain range calculations. Actually for elastic stress conditions, it is satisfied the

28



relationship of =K o, between the local stress, o and the far field stress, o, . The
stress concentration factor has a relationship for elastic regions as K=K_=K,_, where
K is a stress concentration factor and K _is a strain concentration factor. However, when

yielding occurs, these three factors are not linearly related. In local area, the relationship

between stress and strain can be represented by a Ramberg-Osgood relation of the form;
1

o o\n
=g, 46, =—+|— |,
* E (Aj

which can use monotonic or cyclic stress-strain curve. For the plane stress situation, the

Neuber relationship becomes;

K?=K_K

o &

Using the concentration factor, the modified stress and strain range in Fig. 5 can be

written as;

When introducing the Neuber’s rule, K? = K_K, for above equations, the relationship

becomes;

From this relationship, the modified strain range, A¢,,, can be written as the same of

above Eq.(T-12). Therefore, we can see that the Eqg.(T-12) is more conservative than the

EQ.(T-13) and the Eq.(T-14) gives the most conservative results.
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Fig. 5 Stress-Strain Relationship

The stress indicators in EQ.(T-12) and Eq.(T-13) can be determined by using the
composite stress-strain curve constructed by adding the elastic stress-strain curve for the
stress range, Sy obtained from the relaxation strength analysis, to the appropriate time-
independent isochronous stress-strain curve as shown in Fig. 5.

To consider the multiaxial effects in total elastic-plastic strain range, the multiaxial

plasticity and Poisson ratio adjustment factor, K, is introduced as

K, =10+ f (K’ -1.0) (T-15)

where f is the factor determined by using the Triaxiality Factor, T.F., which is defined as
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o, +0, +0,|

T.F.=
71 O, —O0 2+ o, — O 2+ O, —O. 22
/_2 [( 1 2) ( 2 3) ( 3 l) ]1

and K', is the plastic Poisson ratio adjustment factor by using the ratio of

K.KAg, E/3S,,.

max
Finally, the total strain range, &, that is used to enter one of the design fatigue curves of
Fig. T-1420 in ASME-NH, is calculated as

& =K, Ag, g + K Ag, (T-16)

The creep strain increment A&, corresponding to the stress intensity equal to 1.250; as
defined in Test No. B-1, for the stress cycle due to load-controlled stresses can be
determined from the isochronous stress-strain curve. In using the isochronous curve, the
stress cycle time, including hold time between transients, shall be used instead of the
entire service life. Therefore, the Ag equals the sum of the creep strain increment
accumulated in one stress cycle time. Alternatively, the creep strain accumulated during
the entire service life divided by the number of stress cycles during the entire service life
may be used for the creep strain increment As.

For the weldment evaluations, the obtained allowable number of design cycles Ng shall

be one-half the value permitted for the parent material.

2.3.2 Creep Damage

The creep damage term in Eq.(T-10) of the creep-fatigue damage equation is to be
evaluated using the general procedure provided in ASME Code Section Ill, Subsection
NH.

The general procedure can be described step by step as follows;
@ Step 1 : Define total number of hours expended at elevated temperature, ty

@ Step 2 : Define the hold temperature, Tyt

@ Step 3 : Define the average cycle time, t; =t /n;
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@ Step 4 : Determine stress level, S; | &, from time-independent isochronous stress-

strain curve corresponding to Tyt

@ Step 5 : Obtain the stress relaxation time history curve at dwell stress Sj and hold
temperature, Tyt

@ Step 6 : Modify the stress relaxation time history curve with considering the load-
controlled transient effect

@ Step 7 : Define the cycle transient temperature

@ Step 8 : Repeat Step3 through Step 7 to make j=1 to P sets of the stress relaxation
time histories and superpose these to result in the envelope stress-time history

@ Step 9 : Determine integration time step size, (At),, the stress, (S), /K', and
temperature, (T),
@ Step 10 : Obtain the allowable time duration, (T,), for each time interval from the

expected minimum stress-to-rupture curve

To obtain the stress-time relaxation curve which enters to the minimum stress-to-
rupture curve to determine the allowable time duration, the stress level, S; corresponding
to & and Tyt from the time-independent isochronous stress-strain curve shall be obtained
at first. Account for stress relaxation during the average cycle time, the stress relaxation
evaluation is to be performed at the constant temperature equal to Tyr. This relaxed stress

level at time t adjusted for the multiaxial stress state can be calculated using
S, =5,-08G(S,-S,)

where S; is the initial stress level for cycle type j and S, is the relaxed stress level at time
t based on a uniaxial relaxation model as shown in Fig. 6. G is the multiaxiality factor
defined as

[,-0.5(0, +0,)]
[0,-0.3(c,+0;)]
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where o1, o», and o3 are principal stresses defined by |o1| > |o3| > |o3| . The values of G

greater than 1.0 shall be taken as 1.0.

25 S S S S B S SO SR |

20 -

15 4

Stress (ksi)

10 4

T=1000°F

T=1050°F

=
T LG A T T T

5 100 150 200 250
T=1300"F

Time x 10°(hours)

Fig. 6 Stress Relaxation History by Uniaxial Relaxation Analysis Model

The stress relaxation history may be determined alternatively by entering the

appropriate isochronous stress-strain curves at strain level equal to &, and determining

corresponding stress levels at varying times as shown in Fig. 7.
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Fig. 7 Stress Relaxation from Isochronous Stress-Strain Curves

Fig. 8 shows the concept of the stress relaxation limits for creep damage evaluation. As
shown in figure, the stress relaxation process shall not be permitted to proceed to a stress
level less than S g. This lower bound stress level, S, g, is defined to be equal to 1.25¢; that

exits during sustained normal operation.

Stress, o
A

Sj—

Sr

1.25
Sie o

Constant Temperature = Tyt

T
1
1
1
1
1
1
1
1
1
1
1
1
1

Time tj

Fig. 8 Stress-Relaxation Limits for Creep Damage
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When the maximum load controlled stresses exceed the stress-time history within the
transient time duration, further modification of the stress-time history is required by

simple translation in time as shown in Fig. 9.

Stress, o
A

Si—

(StraN);

St

v

(trran)j Time T

Fig. 9 Modification of Stress Relaxation Time History

Note that the maximum cycle transient temperature should be considered in the
subsequent determination of the creep damage during the transient time duration.

For the multi-cycle types, the individual stress relaxation time histories should be
generated and these are to be superimposed to make single representative enveloped
history as shown in Fig. 10 and Fig. 11.

For evaluation of the creep damage, the allowable time duration (Ty)k is obtained from
the expected minimum stress-to-rupture curve using the extrapolation. During each of
time intervals, (At )y, the stress, (S)k, is assumed to be constant and is equal to the value at
the start of that interval. The allowable time duration (Tg)k, shall be obtained using the
(S)« value divided by the stress factor K’ in Table 2.

For the weldment evaluations, the allowable time duration Tq4 shall be determined from
a stress-to-rupture curve obtained by multiplying the parent material stress-to-rupture
values by the weld strength reduction factors.
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Fig. 11 Envelope Stress/Temperature-Time History for Creep Damage Assessment
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2.3.3 Inelastic Analysis Method

The general procedures of the inelastic analysis method are basically same as the elastic
analysis method, which is based on the well-defined cycle types. As the effects of local
geometric stress concentration and the multiaxial behavior are included in the inelastic
analysis, additional modification procedures of the maximum strain range, which are

required in the elastic analysis method, are not necessary.

The fatigue damage can be directly evaluated by entering a design fatigue curve at the
total strain range & which is defined as & = Agmax Obtained by the same procedures of the
elastic method. The maximum metal temperature during the cycle shall be used in
selecting the design fatigue curve.

The general procedures for the fatigue evaluation by the inelastic analysis method are
as follows;

@ Step 1 : Define Complete Load Cycle Types

@ Step 2 : Perform Inelastic Analysis with Well-Proven Constitutive Equations for
Each Cycle Type

@ Step 3 : Find Maximum & = Ag,, Strain Range with the Same Procedures
of Step 1 Through Step 5 in Elastic Analysis Method

@ Step 4 : Find Allowable Number of Cycles, Nq from Design Fatigue Curves
Corresponding to & and the Max Metal Temperature during the Each Cycle

@ Step 5 : Calculate Accumulated Fatigue Damage by

5

To evaluate the creep damage term in Eq.(T-10), the stress-time history corresponding
to the load history shall be calculated for a whole service lifetime by inelastic analysis

with the well-proven constitutive equations.
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The general procedures for the creep evaluation by the inelastic analysis method ar as

follows;

@ Step 1 : Define Load History for Entire Design Life Time

@ Step 2 : Perform Inelastic Analysis with Well-Proven Constitutive Equations

@ Step 3 : Calculate Equivalent Stress-Time History by the Given Equations:

@ Step 4 : Obtain Allowable Time Durations for the Max Stress Divided by the Safety

Factor, K’ during Each Time Interval by Entering the Expected Minimum

Stress-To-Rupture Curves

@ Step 5 : Calculate Creep Damage by Using the Integral tﬂ Form:
0'|'d

For inelastic analysis, the following equivalent stress quantity should be used:

where

J, = Ok G, Oy

/12
S, =[o? + 02 + 2]

o= i[(0-1_02)2 +(0'2 _0'3)2 +(O-3_O-l)2]l/2

N

and o; are the principal stresses. The constant C is defined as follows:

e C=0.24 for Types 304 and 316 SS

e C=0.00 for Alloy 800H

e C=0.16 for 2(1/4)Cr-1Mo and 9Cr-1Mo-V if J1/Ss> 1.0
e C=0.00 for2(1/4)Cr-1Mo and 9Cr-1Mo-V if J1/Ss< 1.0

As the same method of the elastic analysis, the equivalent stress time history shall be

divided into q number of time intervals (each with a unique stress-temperature
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combination) and the allowable time duration T4 is determined by entering the expected
minimum stress-to-rupture curve at that stress value determined by dividing the
maximum stress during each time interval k by the safety factor of K'. The creep damage

term of Eq.(T-10) may have the following integral form;

't
on

Table 2. Safety Factor (K") for Creep Damage Evaluation

Material Elastic Analysis Inelastic Analysis
Type 304 SS 0.9 0.67
Type 316 SS 0.9 0.67
Alloy 800H 0.9 0.67
2(1/4)Cr-1Mo 0.9 0.67
9Cr-1Mo-V 0.9 0.67

39



3. User’s Manual of SIE ASME-NH Code

3.1 Contents of Program

3.1.1 Lists of Main Evaluation Programs

e SIE-ASME-NH.f
e INPUT-DATA.f
e P-LIMITS.f

e S-LIMITS.f

e CF-LIMITS.f

e CF-INELASTIC.f
e MAT-DB.f

: Main program for overall procedures
. Input data control module
: Primary stress limits evaluation module
- Inelastic strain limits evaluation module
. Creep-fatigue evaluation module using elastic analysis
: Creep-fatigue evaluation using inelastic analysis

: Material Database Evaluation module

3.1.2 Lists of Material Database Programs for SIE

e Mat-e.f

e Mat-sy.f
e Mat-so.f
e Mat-sm.f
e Mat-st.f

e Mat-smt.f

e Mat-st-time.f
e Mat-srv.f
e Mat-srv-time.f

e Mat-srv-time-weld.f :

e Mat-srf.f
e Mat-srs.f
e Mat-iso.f

e Mat-iso-strs.f

. Elastic modulus (E)

- Yield strength values (Sy)

. Allowable stress intensity for design condition (S,)

: Time-independent allowable stress intensity values (Spt)
: Time-dependent allowable stress intensity values (S;)

- Lower of two stress intensity values, Sy, and St (Smt)

: Maximum allowable time by Si-vs-time (tim, tib, tir, tior)

. Expected minimum stress-to-rupture values (Sy)

: Allowable time duration for creep by S,-vs-time (Tq)

Allowable time duration for creep at weldment

: Weld strength reduction factor (R)
. Stress relaxation strength by uniaxial analysis (Sr4 , Sr)
: Isochronous stress-strain database

: Isochronous stress-strain values for stress calculation
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e Mat-iso-strn.f : Isochronous stress-strain values for strain calculation

e Mat-iso-time.f - Isochronous stress-strain for time point determination

e Mat-fatigue.f - Allowable number of cycle for fatigue (Ng)

e Mat-cf-fatigue.f : Fatigue Limit from Creep-fatigue damage envelope curves
e Mat-cf-creep.f : Creep Limit from Creep-fatigue damage envelope curves

3.1.3 Lists of Miscellaneous Programs for SIE

e Creep-strain.f : Creep strain increment for creep-fatigue evaluation

e DBree-b1b3.f : Bree diagram for effective creep stress parameter for Test Nos.
B-1 and B-3 (2)

e Bree-b2.f . Bree diagram for effective creep stress parameter for Test No.
B-2 (2)

e Amadj-kvd.f : Adjustment factors for inelastic biaxial Poisson’s ratio (K’v)

o  Amadj-tf.f . Inelastic multiaxial adjustment factors (f)

e Axi-tresca.f . Calculation of Tresca stress intensity for axisymmetric models

e Axi-principal.f : Calculation of principal stresses for axisymmetric models

e (Gen-tresca.f - Calculation of principal stresses for general models

3.1.4 Lists of Complementary Programs

e Max-strn-range.f : Calculation of max-strain range from components time history

e Wall-temp - Calculation of max and min-wall averaged temperature

3.2 Lists of Input Commands

All commands supplied in SIE are using the * commands. Under these command lines
the input values are required to be written sequentially.
In following command descriptions, the subscript symbol, “i” and “j” indicate the cycle

types and the evaluation points respectively.
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e *SIE : start of structural integrity evaluation
1. (INDEX, NCT)
2. (INDEX, NEP)

< DATA Line Meanings >
INDEX = user defined arbitrary index
NCT = total number of cycle types

NEP = total number of evaluation points

When starting the structural integrity evaluation by SIE ASME-NH code, “*SIE”
command should be announced at first in input deck with the data of the total number
of cycle types and evaluation points.

If user want to perform the material data evaluation, the first command line should
be start with “*MATDB” in the input deck (see *MATDB command).

e *TITLE : user-defined evaluation title
1. (TITLE)

The title description can be written up to 80 characters. The default title is “High-
Temperature Structural Integrity Evaluation by ASME-NH”.

e *MAT : structural material option for base metal
1. OPTION [ 304S, 316S, 800H, 2QCR1MO, 9CR1IMOV ]

< OPTION Meanings >

304S = 304 stainless steel
316S = 316 stainless steel (default)
800H = Alloy 800H

2QCR1MO = 2(1/4)Cr-1Mo steel
9CR1MOV = 9Cr-1Mo-V steel
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e *WELDMENT : welding option for weldment evaluation
1. OPTION [ 0, A1,A2,A3,B1,B2,B3,C1,C2,D1,E1]

< OPTION Meanings >

0 = no weldment (default)

Al, A2, A3 =Type 304 SS welded Table A1, A2, and A3 in ASME-NH Code
B1, B2, B3 =Type 316 SS welded Table B1, B2, and B3 in ASME-NH Code

C1,C2 = Alloy 800H welded Table C1 and C2 in ASME-NH Code
D1 = 2(1/4)Cr-1Mo steel welded Table D1 in ASME-NH Code
El = 9Cr-1Mo-V steel welded Table E1 in ASME-NH Code

e *DB-TYPE : material database evaluations
1. OPTION [ MAT-E, MAT-SY, MAT-SO, MAT-SM, etc ]

< OPTION Meanings >

MAT-E = Elastic modulus (E)

MAT-SY = Yield strength values (Sy)

MAT-SO = Maximum allowable stress intensity for design condition
MAT-SM = Time-independent allowable stress intensity values (Smt)
MAT-ST = Time-dependent allowable stress intensity values (St)
MAT-SMT = Lower of two stress intensity values, Sm and St (Smt)
MAT-ST-TIME = Maximum allowable time by St-vs-time (tim, tib, tir, tibr)
MAT-SRV = Expected minimum stress-to-rupture values (Sr)
MAT-SRV-TIME = Allowable time duration for creep by Sr-vs-time (Td)
MAT-SRV-TIME-WELD = Allowable time duration for creep at weldment
MAT-SRF = Weld strength reduction factor (R)

MAT-SRS = Stress relaxation strength values (SrH , SrL) by uniaxial analysis
MAT-ISO-STRS = Isochronous stress-strain values for stress calculation
MAT-ISO-STRN = Isochronous stress-strain values for strain calculation
MAT-ISO-TIME = Isochronous stress-strain for time point determination
MAT-FATIGUE = Allowable number of cycle for fatigue (Nd)

43



MAT-SMT-WELD = Min [ Smt, 0.8Sr X R ]
MAT-ST-WELD = Min [ St,0.8S5r XR ]
MAT-SRELAX = Stress relaxation time history from isochronous curves

e *UMAT : material database evaluation by subroutine program

e *P-CHECK : option for primary stress intensity limits evaluation
1. OPTION[O,1]

< OPTION Meanings >
0 = no check (default)
1 = check

e *S-CHECK : option for inelastic strain limits evaluation
1.OPTIONT[O0,1]

< OPTION Meanings >
0 = no check (default)
1 = check

e *CF-CHECK : option for creep-fatigue damage evaluation
1.OPTION[O,1,2]

< OPTION Meanings >
0 = no check (default)
1 = check with elastic analysis method

2 = check with inelastic analysis method
When OPTION = 2 is used with the inelastic analysis results, the data files of

stress and temperature time histories shall be added in *CF-CHECK command as

follows;
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*CF-CHECK

2
File.* I Stress-time data file name
File.* I Temp-time data file name

OPTION [SEC, MIN, HR] ! Unit of time data

In above input data, the file of the stress-time history shall contain the 4-column
data set with a time and 3 components of principal stresses. The file of
temperature-time shall contain the 2-column data set with a time and temperature.
Note that the time interval points shall be the same in stress-time history and
temperature-time history.

The unit of time data is to convert the time data of first row to the hour unit
compatible to SIE Code. User can just put the data SEC, MIN and HR when the

used unit is second, minute and hour respectively.

e *MODEL : option for structural model type
1.OPTION [0, 1]

< OPTION Meanings >
0 = axisymmetric (default)

1 = general

e *PSTRESS : elastic primary stress components corresponding to stress categories
1. OPTION [ DESIGN, A, B, C, D]
2. (INDEX)
3. (INDEX, PMX, PMY, PMZ, PMXY, PMYZ, PMZX));
4. (INDEX, PBX, PBY, PBZ, PBXY, PBYZ, PBZX) j
5. (INDEX, PFX, PFY, PFZ, PFXY, PFYZ, PFZX )i ;
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< OPTION meaning >
DESIGN = design condition
A = service level A

B = service level B

C = service level C

D = service level D

< DATA Line Meanings >

INDEX = user defined arbitrary index

PMX, - ----- = six-components of primary membrane stress (Pa)
PBX,------ = six-components of primary bending stress (Pa)
PFX,------ = six-components of primary peak stress (Pa)

INDEX in Data Line 2 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

INDEXs in DATA Line 3 to 5 can be also used to identify the stress categories. For
examples are; “PM” for primary membrane, “PB” for primary bending, and “PF” for
primary peak stress.

When MOPT=1 (Axisymmetric), X is the radial stress, Y is the axial stress, and Z is the
hoop stress in the stress components input lines.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for
the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be
followed. The data line 2 to data line 5 has to be repeated for each evaluation point, j and
the cycle type, i sequentially.

For example in case of 2-cycle types and 2-evaluation points;

*PSTRESS

A I service level A condition for cycle type 1
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C1P1 Iarbitrary INDEX ( cycle type 1, evaluation point 1)
PM 0.56E7 ----- I arbitrary INDEX (PM) + membrane stress components
PB 0.22E7 ----- I arbitrary INDEX (PB) + bending stress components
PF 0.29E7 ----- I arbitrary INDEX (PF) + peak stress components

C1P2 Iarbitrary INDEX ( cycle type 1, evaluation point 2)

2 I Service Level A & B for cycle type 2
C2P1 I arbitrary INDEX (cycle type 2, evaluation point 1)

C2P2 Larbitrary INDEX (cycle type 2, evaluation point 2)

e *PDATA : maximum temperature and total duration of specified primary load
conditions
1. (INDEX, PTEMP, PTIME ) j

< DATA Line Meanings >

INDEX = user defined arbitrary index

PTEMP = maximum temperature for the specified cycle type (°C)
PTIME = total duration (hour)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points

with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the

evaluation point 1.
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When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for
the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be

followed.

e *MINQSTRESS : secondary stress components corresponding to stress categories at
the minimum stress time point during the stress cycle
1. (INDEX)
2. (INDEX, QMX, QMY, QMZ, QMXY, QMYZ, QMZX )
3. (INDEX, QBX, QBY, QBZ, QBXY, QBYZ, QBZX )i |
4. (INDEX, QFX, QFY, QFZ, QFXY, QFYZ, QFZX )i ;

< DATA Line Meanings >
INDEX = user defined arbitrary index

QMX, - - - = six-components of secondary membrane stress components (Pa)
QBX, - - - = six-components of secondary bending stress components (Pa)
QFX, - - - = six-components of secondary peak stress components (Pa)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

INDEXs in DATA Line 2 to 4 can be also used to identify the stress categories. For
examples are; “QM” for secondary membrane, “QB” for secondary bending, and “QF”
for secondary peak stress.

When MOPT=1 (Axisymmetric), X is the radial stress, Y is the axial stress, and Z is the
hoop stress in the stress components input lines.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types

including all evaluation points corresponding to it. That means, for example, the data for
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the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be
followed. The data line 1 to data line 4 have to be repeated for each evaluation point, j

and cycle type, i sequentially.

o *MAXQSTRESS : secondary stress components corresponding to stress categories at
the maximum stress time point during the stress cycle
1. (INDEX)
2. (INDEX, QMX, QMY, QMZ, QMXY, QMYZ, QMZX));
3. (INDEX, QBX, QBY, QBZ, QBXY, QBYZ, QBZX);
4. (INDEX, QFX, QFY, QFZ, QFXY, QFYZ, QFZX ); j

< DATA Line Meanings >
INDEX = user defined arbitrary index

QMX; - - - = six-components of secondary membrane stress components (Pa)
QBX, - - - = six-components of secondary bending stress components (Pa)
QFX, - - - =six-components of secondary peak stress components (Pa)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

INDEXs in DATA Line 2 to 4 can be also used to identify the stress categories. For
examples are; “QM” for secondary membrane, “QB” for secondary bending, and “QF”
for secondary peak stress.

When MOPT=1 (Axisymmetric), X is the radial stress, Y is the axial stress, and Z is the
hoop stress in the stress components input lines.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for
the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and

the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be

49



followed. The data line 1 to data line 4 have to be repeated for each evaluation point, j

and cycle type, i sequentially.

e *LOADHISTORY : combination of the temperature-time blocks for a complete
sequential load history generation based on the defined-cycle
types only for Creep Ratcheting Strain Evaluation by
Simplified Inelastic Analysis

1. (NSET)
2. (INDEX, NTBT, NR )i=nser
3. (INDEX, CTN, DUTATION )iznser, jonT8T

< DATA Line Meanings >

NSET = number of load sets

NTBT = number of temp-time block types for each set
NR = number of repetition for each set

CTN = cycle type number

DURATION = duration time (hour)

This command will be only used in the creep ratchet strain limit evaluation using the
rule of the simplified inelastic analysis in ASME-NH Appendix T.

The load history generated in this command should be based on the combinations of
each cycle type selected as the representative load cycles. Actually the determination of
the time durations for each temperature-time block is just on responsibility of the
designer but this can be done by distributing the all transient cycle types uniformly over
the design life time of the plant as described in ASME-NH T-1331(b). Note that the times
to be determined as temperature-time blocks shall always sum to the entire design life

time regardless of whether all or only part of the cycles are evaluated.

o *DESIGNLIFE : the total design life time of class 1 components
1.(TDL)
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< DATA Line Meanings >
TDL = total design life time (hours)

e *CYCLE : number of cycles for each cycle type for Creep-Fatigue Evaluations
1. (INDEX, NCYC ) i=nct

< DATA Line Meanings >
INDEX = user defined arbitrary index
NCYC = total cyclic number for each cycle type

o *WATEMP : the maximum and minimum wall averaged temperature
1. (INDEX, WATEMP-L, WATEMP-H ); ;

< DATA Line Meanings >
INDEX

WATEMP-L
WATEMP-H = maximum wall averaged temperature (°C)

user defined arbitrary index

minimum wall averaged temperature (°C)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for
the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be

followed.

e *HCTEMP : hot and cold temperatures for the stress extremes
1. (INDEX, CTEMP, HTEMP ) ;
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< DATA Line Meanings >

INDEX = user defined arbitrary index
CTEMP = cold temperature (°C)
HTEMP = hot temperature (°C)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for
the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be

followed.

o *EXTEMP : the wall averaged temperatures for the stress extremes defining the
maximum secondary stress range, (Qr)max
1. (INDEX, EXTEMP-L, EXTEMP-H ); ;

< DATA Line Meanings >

INDEX = user defined arbitrary index
EXTEMP-L = lower wall averaged temperature (°C)
EXTEMP-H = higher wall averaged temperature (°C)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for

the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
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the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be
followed.

e *MMTEMP : the maximum metal temperature during the cycle
1. (INDEX, MMTEMP )

< DATA Line Meanings >
INDEX = user defined arbitrary index

MMTEMP = maximum metal temperature during the cycle (°C)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for
the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be
followed.

e *HDTEMP : hold temperature for the normal operation
1. (INDEX, HDTEMP );

< DATA Line Meanings >
INDEX = user defined arbitrary index
HDTEMP = hold temperature for the creep evaluation (°C)

INDEX in Data Line 1 can be used to identify the evaluation points with arbitrary index
by user. For example is; “P1” for the evaluation point 1.
Since the hold temperature is independent of cycle definition, it is necessary to define

the hold temperature only for the evaluation points, j. Therefore, when evaluating the
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multi-evaluation points, input data should be sequentially prepared with the increasing

order of specified evaluation points.

e *STRAIN-C : elastic strain components for calculating the maximum strain range
1. (INDEX )
2. (INDEX, SX1, SY1, S7Z1, SXY1, SYZ1,SZX1) j
3. (INDEX, SX2, SY2, SZ2, SXY2, SYZ2, SZX2)

< DATA Line Meanings >
INDEX = user defined arbitrary index

SX1,- - - = six-strain components at minimum extreme time point during the
cycle (m/m)

SX2, - - - = six-strain components at maximum extreme time point during the
cycle (m/m)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

INDEXs in DATA Line 2 and 3 can be also used to identify the extreme time points
which can be the minimum or the maximum for the cycle. For examples are; “MIN” for
the minimum extreme time point and “MAX” for the maximum extreme time point.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for
the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be
followed. The data line 1 and 2 have to be repeated for each evaluation point, j and cycle
type, i sequentially.

If the user can have the data of the maximum elastic strain ranges rather than the strain
components, *STRAIN-R command can be used for the evaluation instead of *STRAIN-

C command.
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e *STRAIN-R : the maximum elastic strain range for creep-fatigue evaluation
1. (INDEX, SRANGE ) j

< DATA Line Meanings >
INDEX = user defined arbitrary index

SRANGE = maximum strain range for the cycle (m/m)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for
the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be
followed.

To prepare SRANGE data values, the complementary program of MAX-STRN-
RANGE can be used. This program requires the strain time history data file containing
each component which has the free format type such as (time strn-x strn-y strn-z strn-xy
strn-yz strn-zx). Each data field shall be separated with the delimiter of space.

If the user can have the data of the strain components at the extreme time points rather
than the maximum elastic strain range for the cycle, *STRAIN-C command can be used

for the evaluation instead of *STRAIN-R command.
e *STRAIN-T : direct input of total strain range for creep-fatigue evaluation with only
cycle types

1. (INDEX, SRANGE ) i=ncT

< DATA Line Meanings >
INDEX = user defined arbitrary index

55



SRANGE = total strain range for each cycle type (m/m)

This command is only available to evaluate the creep-fatigue damage without
modification of the maximum strain range with multiaxial effects and stress

concentration effects.

e *TRDATA : the maximum transient temperature and duration
1. (INDEX, TRTEMP, TRTIME );

< DATA Line Meanings >
INDEX = user defined arbitrary index
TRTEMP = maximum metal temperature during transient operation (°C)

TRTIME = total hours of transient operation (hour)

INDEX in Data Line 1 can be used to identify the cycle types and the evaluation points
with arbitrary index by user. For example is; “C1P1” for the cycle type 1 and the
evaluation point 1.

When evaluating the multi-cycle types and, or the multi-evaluation points, input data
should be repeatedly prepared with the increasing order of specified transient cycle types
including all evaluation points corresponding to it. That means, for example, the data for
the evaluation points j=1, 2, 3,...,n for cycle type 1 have to be written sequentially and
the next data set for the evaluation points j=1, 2, 3,...,n for cycle type 2 have to be

followed.

o *DTCREEP : time step size for integration of the creep damage
1.(TSC)

< DATA Line Meanings >
TSC = time step size (hour)
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Note that the time step size can significantly affect the calculation results of the creep
damage. Larger time step size may results in a very conservative evaluation and smaller
makes the computing time much longer. However, since the creep damage value can be
converged with proper smaller value, user might use the engineering experience in

selecting the time step size. Recommended value is 1.0 hour or less.

e *OUTRES : control data for the stored output data points on output files
1. (NSC)

< DATA Line Meanings >
NSC = time step size (hour)

The output files affected by this command are “SRTH.OUT”, “ENVSTR.OUT”, and
“CREEP.OUT”. The default value is 1. When using NSC=1 for all time step points, the
output file size can be very large due to so long service lifetime over 200,000 hours in

most high temperature reactor structures being developed now.

e *END : indicator of the end of input data (mandatory)

This command will complete the reading and storing the input data and make return to

the main evaluation procedures.
3.3 Evaluation Procedures
3.3.1 Overall Procedures

The general procedures for high-temperature structural integrity evaluations using the
SIE code are as follows;

@ Step 1 : Determine the representative primary loads for the specified service levels
@ Step 2 : Primary stress analyses

@ Step 3 : Determine the representative thermal cycle types for the structural design
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@ Step 4 : Transient temperature distribution analyses for each specified cycle type

@ Step 5 : Thermal stress analysis for each cycle type

@ Step 6 : Determine the stress cycle indicating the extreme stress and strain time
points during the cycle

@ Step 7 : Determine the evaluation sections at time corresponding to the maximum
stress time point

@ Step 8 : Extract the input data required in the SIE code for the evaluation points at
the time corresponding to the extreme stress and the strain time points from
the analysis results

@ Step 9 : Prepare the SIE input data file

@ Step 10 : Run the SIE code

@ Step 11 : Review the evaluation results in output files

In above step 7, the total stress intensity contour is very helpful to determine which
locations can be taken as the critical evaluation sections. The recommendation notices to
be considered in selecting the critical locations are as follows

* Weld zone

* Maximum stress level

* Maximum Stress range

* Maximum temperature level

* Hold time at maximum temperature level

In above step 8, the input data required in the SIE code are the stress components and
the metal temperatures at the extreme stresses during the stress cycle, the maximum and
the minimum wall averaged temperature, the strain components at the extreme strains
during the strain cycle, and the maximum metal temperature during the cycle.

In most cases, to extract the maximum elastic strain range in above step 8, user can
look for the strain cycle and determine the extreme strain time points. Using the elastic

strain components at these two extreme time points the maximum strain range can be
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easily extracted instead of following the complex procedure of ASME-NH T-1413 Step 2
and Step 3.
Fig. 11 shows the overall application procedures of SIE ASME-NH Code.

3.3.2 Initial Input Data
The numbers of the cycle types and the evaluation points have to be included in the SIE

input file in locations of first and second data lines respectively as follows;

*INDEX, number of cycle types

*INDEX, number of evaluation points

INDEX in data line can be used to identify the data type with arbitrary index by user.
For example are; “NCYC” for the number of cycle types and “NPNT” for the number of

the evaluation points.

Thermal Analysis

Elastic/Inelastic Structural Analysis

J

Generation of Input Data for
SIE ASME-NH Code

Run ]
Material Dada B:
SIE ASME-NH Code
|
v ) ¥
Primary Stress Limits Inelastic Strain Limits Creep-Fatigue Limits

Results of Structural Integritg-

Fig. 11 General Procedures of SIE ASME-NH Code

3.3.3 Metal Temperature Data
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For the evaluation of the high-temperature structural integrity by the rules of ASME-

NH, several kinds of the metal temperature data at the evaluation points, obtained by the

thermal analysis, are required as follows;

Maximum and minimum wall averaged metal temperatures during the cycle
(*WATEMP Command):

These temperatures are used in the rules of the inelastic strain limit using the
elastic analysis method with consideration of the conservatism such as the
primary stress limits and the total inelastic strain limits using the elastic analysis
approach. The values such as the yield strength(S,), time-independent and time-
dependent allowable stress intensities(Sm, S), stress-to-rupture time(S,-vs-time),

and isochronous stress-strain curve are determined with these temperature data.

Hot and Cold temperatures during the cycle (*HCTEMP Command):

These temperatures are used to determine the stress relaxation strength (Syy, Sri).
The hot and the cold temperature are defined as the temperatures corresponding to
the two stress extremes in the stress cycle respectively. These are not wall
averaged values but at local points, therefore different from below of the hot and
cold end temperature(*EXTEMP).

Wall averaged metal temperatures for the stress extremes defining the maximum
secondary stress range, (Qr)max (*EXTEMP Command):

These temperatures are used in the rules of the strain limits using the simplified
inelastic analysis method. As the purpose of this rule is to reduce the
conservatism of the code rules, more realistic temperature data are used. The yield
strengths(Sy., Syn) and elastic modulus(En, E.) are determined with these

temperature data. These are called as the hot and the cold end temperature.
Maximum metal temperature during the cycle (*MMTEMP Command):

This temperature is used in the rule of the fatigue damage evaluation. The

values such as the stress relaxation strengths(Syy), time-independent allowable
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stress intensities(Sy), elastic modulus(E), isochronous stress-strain, allowable

number of cycle for fatigue are determined with these temperature data.

e Hold Temperature (*HDTEMP Command):
This temperature is used in the rule of the creep damage evaluation.

e Transient Temperature (*TRDATA Command):
This temperature is used in the rule of the creep damage calculation to consider
the maximum transient metal temperature during the cycle. This value is to be

equal to the maximum metal temperature during the cycle type(*MMTEMP).

These metal temperature data may significantly affect the evaluation results of all
primary stress limits, inelastic stain limits, and creep-fatigue limits. Therefore, it is

required to define the metal temperature data from the thermal analysis results in detail.

The general procedures to obtain the maximum and the minimum wall averaged

temperature are as follows;

@ Step 1 : Select Evaluation Section

@ Step 2 : Obtain the Temperature Time History for Both Inner and Outer Surface
Points

@ Step 3 : Find Max & Min Temperature Time Points for Both Side

@ Step 4 : Obtain Temperature Values Through Section for Max & Min Time Points
as shown in Fig. 12

@ Step 5 : Calculate Wall Averaged Temperatures by

n-1
Z d; (T, +T.,,)
2D

TAVG =

@ Step 6 : Minimum Wall Averaged Temp = Minimum Value of TAVG
Maximum Wall Averaged Temp = Maximum Value of TAVG

61



D

&
<«

) 4

Evaluation Section
2

Inner Surface T, | T, Ti!; T,  Outer Surface
Point

M Point

d.

Fig. 12 Temperature Distribution Points through Evaluation Section

3.3.4 Load History Concepts

The complete load history of a component should be defined to evaluate the design
integrity for a whole service lifetime. Actually the whole load history may be
complicated and it can be difficult to delimit each operating cycle type. Therefore, it is
required to simplify the load history to apply the structural integrity evaluations. To do
this, user should resolve load history into well-defined cycle types as same way of R5
code before entering into the structural integrity evaluations. The representative cycle
types with number of occurrence, which can cover all kinds of the design operating
conditions for design life time, should be clearly defined.

Actually, the concepts of the load history required in the creep ratcheting stain limit
evaluation and the creep-fatigue evaluation are basically different in ASME-NH code. In
the strain limit evaluation, the temperature-time block concepts are introduced to be able
to evaluate the cyclic creep ratcheting strain accumulation for each cycle of the time
block. However, in creep-fatigue damage evaluations, the representative cycle types are
required to calculate the maximum elastic-plastic strain ranges and the creep strain
increments for each cycle type. The creep strain increment for each cycle type shall be

obtained by the same rules used in the inelastic strain limit evaluation.
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To avoid the confusion and keep the consistency with ASME-NH in using the defined
load cycle types, the load history required in total inelastic strain limit evaluation can be
constructed by the combination of the representative cycle types used in all SIE
evaluations as shown in Fig. 13. To simplify the construction of a whole load history, the
concept of the load sets which consist of several number of cycle types is introduced in
SIE ASME-NH program.

For example, when there are 4 cycle types for whole design lifetime of 300,000 hours
and assume that there are 2 sets, where the set 1 consists of 2 cycle type and repeat 10
times and the set 2 consists of 3 cycle types and repeat 5 times. Then, it can be

constructed by the combination of load sets as follows;

*DESIGNLIFE

300000

*LOADHISTORY

2 (Total load sets)

SET1 2 10 (for set 1 including 2 cycle types with 10 times)
SET2 3 5 (forset 2 including 3 cycle types with 5 times)
S1C1 1 15000. (cycle type 1 and 15000 h duration for set 1)
S1C2 2 5000. (cycle type 2 and 5000 h duration for set 1)
S2C1 1 15000. (cycle type 1 and 15000 h duration for set 2)
S2C3 3 2000. (cycle type 3 and 2000 h duration for set 2)
S2C4 4 3000. (cycle type 4 and 3000 h duration for set 2)

Note that the total time durations used in load history generation shall not be less than

the design life time.
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Fig. 13 Exampled Load History Constructed by Cycle Types

3.3.5 Weldments Evaluation

When the evaluation points are in the vicinity of a weld (defined by + 3 times the
thickness to either side of the weld centerline), the rules for weldment have to be applied.
In SIE code, the command *WELDMENT is provided to support this rule.

For example of Type 316 SS welded with SFA-5.22 E 316T, the command line can be

used as follows;

*WELDMENT
B3

For each base metal, the various weld metal options are provided as follows;

N = no weldment (default)
Al, A2, A3 =Type 304 SS welded Table A1, A2, and A3 in ASME-NH Code
B1, B2,B3 =Type 316 SS welded Table B1, B2, and B3 in ASME-NH Code

C1,C2 = Alloy 800H welded Table C1 and C2 in ASME-NH Code
D1 = 2(1/4)Cr-1Mo steel welded Table D1 in ASME-NH Code
El = 9Cr-1Mo-V steel welded Table E1 in ASME-NH Code

3.3.6 Inelastic Analysis Method for Creep-Fatigue
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At first, for the fatigue damage evaluation using the inelastic analysis method, the input
data of strain components at extreme time points(*STRN-C command) or the maximum
equivalent strain ranges(*STRN-R command) are required for each cycle type as same of
the elastic analysis method. To do this the inelastic analysis shall be performed with the
well-proven constitutive equations. After calculating the strain-time history for the
evaluation points, user can run the MAX-STRN-RANGE program to obtain the
maximum equivalent strain range from the calculated strain-time history data files for
each cycle type. This procedure will reduce the efforts to find the extreme time points of
the maximum and minimum strain occurrence during the cycle and simplify the SIE input
data file with *STRN-R command. The temperature entering into the allowable fatigue
curve should be the maximum metal temperature(*MMTEMP) during the cycle.

The strain-time history data file has a free format with 7 data columns. Each field
should be separated by the space delimiter. The first column shall be time data and the

rests are strain components data as follows;

(Time) (STRN-X) (STRN-Y) (STRN-Z) (STRN-XY) (STRN-YZ) (STRN-ZX)

Second, for the creep damage evaluation by the inelastic analysis approach, the stress
and the temperature-time history data files are required for a whole load history. To do
this, the inelastic stress analysis should be performed with the well-proven constitutive
equation for the specified load history. The data file of the stress-time history should have
4-columns data with a free format. The first column shall be time data and the rest 3
columns shall the principal stresses. The temperature data file has two columns. The first
column shall be time data and the second column shall be temperature data. These

information should be put with *CF-CHECK command as follows;

*CF-CHECK
2

(Stress-time data file name)
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(Temp-time data file name)
(Unit of time data) [SEC, MIN, HR]

3.3.7 Piping Evaluation

See Appendix B

3.4 Input Formats

3.4.1 Limits for Primary Stress Intensity

*SIE

NCT -
NEP -
*TITLE

;MAT
;WELDMENT
;MODEL
;P—CHECK

1
*PSTRESS

*PDATA

*END

I number of cycle types
I number of evaluation points

I title of evaluation

I structural material name

I weld metal table name

I analysis model type

I primary stress limit check on

I service level for i-cycle type and j-point

I user defined index for i-cycle type and j-point
I 6-primary membrane stress intensity components for 1i-

cycle type and j-point

I 6-primary bending stress intensity components for i-

cycle type and j-point

I 6-primary peak stress intensity components for i-

cycle type and j-point

index, max temp. and duration of elevated temp for i-

) cycle type and j-point

3.4.2 Limits for Inelastic Strain

*SIE

NCT -
NEP -
*TITLE

I number of cycle types
I number of evaluation points

I title of evaluation
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*MAT
- ! structural material name
*WELDMENT

- I weld metal name

*MODEL

- I analysis model type

*S-CHECK

1 ! inelastic strain limits check on

*PSTRESS

- I service level

- ! user defined arbitrary index

e I 6-primary membrane stress intensity components
PB - - - - - - I 6-primary bending stress intensity components
PF - - - - - - I 6-primary peak stress intensity components
*MINQSTRESS

- I user defined index for i-cycle type and j-point
M - - = - - - I 6-secondary membrane stress intensity components
B ------ I 6-secondary bending stress intensity components
QF - = = = - - I 6-secondary peak stress intensity components
*MAXQSTRESS

- ! user defined index for i-cycle type and j-point
M - - = - - - I 6-secondary membrane stress intensity components
B ------ I 6-secondary bending stress intensity components
QF - = = - - - I 6-secondary peak stress intensity components

*DESIGNLIFE

- I total service life time

*LOADHISTORY

- ! number of sets

- - - I index, number of cycle types, number of repetitions
for k-set

- - - I index, cycle type number, duration corresponding to
each set type

*WATEMP

- - - I Index, max and min wall averaged temp for i-cycle
type and j-point

*HCTEMP

- - - I index, hot and cold temp for i-cycle type and j-point

*EXTEMP

- - - I index, extreme temperatures for i-cycle type and j-
point

*MMTEMP

- - I index, max metal temperature for i-cycle type and j-
point

*HDTEMP

- - I index, Hold temperature for j-point

*TRDATA

- - - I index, Transient temp, and transient duration for i-
cycle type and j-point

*END

3.4.3 Creep-Fatigue Limit Evaluations by Elastic Analysis Method

*SIE
NCT - I number of cycle types
NEP - I number of evaluation points
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*TITLE
;MAT
;WELDMENT
;MODEL
;CF—CHECK

1
*PSTRESS

*PDATA

*MINQSTRESS

*DESIGNLIFE
*CYCLE

*WATEMP

*HCTEMP

*EXTEMP

*MMTEMP

*HDTEMP

*STRAIN-C

*TRDATA

*DTCREEP

I title of evaluation

I structural material name

I weld metal name

I analysis model type

! creep-fatigue limit check on by elastic analysis
I service level for i-cycle type and j-point

I user defined index

I 6-primary membrane stress intensity components

I 6-primary bending stress intensity components
I 6-primary peak stress intensity components

index, max temp. and duration of elevated temp for i-

- cycle type and j-point

I user defined index for i-cycle type and j-point
I 6-secondary membrane stress intensity components
I 6-secondary bending stress intensity components
I 6-secondary peak stress intensity components

I user defined index for i-cycle type and j-point
I 6-secondary membrane stress intensity components
I 6-secondary bending stress intensity components
I 6-secondary peak stress intensity components

1 total service life time

index and number of cycles for each i-cycle type

index, max and min wall averaged temp for i-cycle

: type and j-point

index, hot and cold temp for i-cycle type and j-point

index, extreme temperatures for i-cycle type and j-

point

index, max metal temperature for i-cycle type and j-

point

index, Hold temperature for j-point

! user defined index
I 6-strain components at one extreme time point for i-

cycle type and j-point

I 6-strain components at another extreme time point for

i-cycle type and j-point

index, Transient temp, and transient duration for i-

) cycle type and j-point

I Time step size for creep calculation
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*OUTRES

*END

stored output results every defined step size

3.4.4 Creep-Fatigue Limit Evaluations by Inelastic Analysis Method

*SIE

NCT -
NEP -
*TITLE
*MAT
*WELDMENT
*MODEL

*CF-CHECK
2

*DESIGNLIFE
*CYCLE

*MMTEMP

*HDTEMP

*STRAIN-C

*DTCREEP
*OUTRES

*END

number of cycle types
number of evaluation points

title of evaluation

structural material name

weld metal name

analysis model type

creep-fatigue limit check on by inelastic analysis
stress data file name

Temp data file name

unit of time data

total service life time

index and number of cycles for each i-cycle type

index, max metal temperature for i-cycle type and j-
point

index, Hold temperature for j-point

user defined index

6-strain components at one extreme time point for 1i-
cycle type and j-point

6-strain components at another extreme time point for
i-cycle type and j-point

Time step size for creep calculation

stored output results every defined step size

3.4.5 Material DB Evaluations

*MATDB
*MAT

*DB-TYPE

*END

structural material name

name of material DB
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The design material data provided in ASME-NH rules can be digitized and put into
data file to evaluate the material database specified in *DB-TYPE command. When
executing the input deck with the format of above procedures, the pop-up window will be
appear on screen to request additional interactive input data. After completing trhe
process, the results file with the file name of “MAT.out” will be generated in working

directory. Various examples of application are presented in section 4.5.
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4. Examples of Application

4.1 Elastic Structural Analyses

4.1.1 Analysis Model

As an example of application, the head-to-shell type structure with gross structural
discontinuity is selected. Fig. 14 shows the analysis model, an axisymmetric cylindrical
vessel having a geometric discontinuity at the bottom junction part. The radius of the filet
size at the junction part is assumed to be the same as the vessel thickness. It is expected
that the stress and the strain concentrations might occur at this part. The used structural
material is a Type 316 austenitic stainless steel with a required design lifetime of 240,000

hours(about 28 years) at the elevated temperature operation.

Fig.14 Axisymmetric Finite Analysis Model
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The boundary conditions for the mechanical loads and thermal loads are shown in Fig.
15. The bulk temperature of the outer side of the cylindrical vessel is assumed to be
maintained 300°C during all transient operating cycles. The inner surface of the
cylindrical vessel is subjected to the transient bulk temperature and a constant pressure of
10 bar. For the stress analysis, the vertical displacement degree of freedom is only
constrained at the upper end of the cylindrical vessel, therefore the structure can be freely

expanded to the radial and vertical directions.

T, = Constant

T; = Variation
=300°C

P; = Internal Pressure

Fig. 15 Analysis Boundary Conditions

4.1.2 Thermal Transient Operating Cycles

The assumed representative thermal transient operating cycle type used in this example
is shown in Fig. 16. The normal operating temperature T is assumed as 550°C. During
the transient, the coolant temperature starts to decrease down to T; during t; time from
the steady state normal temperature T¢ and next gradually increase up to T, during (t, —

t;) time and again decrease to the normal operating temperature during (t3 — t,) time.
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>

Time

Fig. 16 Assumed Representative Thermal Transient Operating Cycle

4.1.3 Load Controlled Stress Analysis

For the design mechanical load, the maximum internal pressure is assumed as 10 bar
for the total service life time.

Fig. 17 shows the calculated stress intensity contour. The maximum total stress

intensity is 35 MPa and occurs at the inner surface of the junction part.
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Fig. 17 Stress Intensity Contour for Internal Pressure Load
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4.2 Example 1: Single Operating Cycle Type

4.2.1 Temperature Distribution Analysis

The cycle type 1 used in this evaluation is shown in Fig. 16. In figure, the coolant
temperature starts to decrease down to 500 °C from the normal operating temperature,
550°C for 5 hours and next gradually increase to 650°C for 5 hours and recovers again the
normal operating temperature after 5 hours. Therefore, total transient duration is 15 hours.

The duration of the cycle type 1 is assumed as 20000 hours and the number of

occurrence is 12 cycles, which is complied with the assumed total design lifetime,

240,000 hours.

Fig. 18 and Fig. 19 show the temperature distribution for the time points occurring the

extreme thermal stresses respectively.
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Fig. 18 Temperature Distributions at Time = 18000 Seconds
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Fig. 19 Temperature Distributions at Time = 36000 Seconds

4.2.2 Thermal Stress Cycles

Fig. 20 shows the thermal stress time histories for each stress component at an arbitrary
inner surface point of the junction part. As shown in the results, the axial component is
dominant and the maximum and minimum extreme stresses occur in time points of 18000
seconds and 36000 seconds respectively. These extreme time points are almost same for
any nodal points at the junction part. Therefore these time points will be used to calculate

the maximum range of the secondary stress intensity at the evaluation points.
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Fig. 20 Stress Time History for Each Component
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4.2.3 Define Critical Locations

To determine the critical locations for the representative high temperature structural
evaluations, the stress contours for the primary stress and the secondary stress intensity
are investigated as shown in Fig. 17 and Fig. 21. From figures, the maximum primary
stress occurs at the junction part and also the maximum secondary stress intensity occur
almost the same location of that of the primary stress at the extreme time points.
Therefore, the evaluation section is selected between the inner surface node number 200
and the outer surface node number 186, which is expected to give the maximum

membrane stress intensity value.

AN JUN 20 2005
14:35:17
NODAL SOLUTION
ATEP=Z2z01
HUE =1
TIME=18000
BINT (AVG)
PowerGraphics
EFACET=1
AVREZ=Mat
DMZ =.020244
SMN =25517
sMx =.230B+08
Zv =1
DIST=1.15
XF =.523505
YF =.954607
. Z-BUFFER
Evaluation | | 25517
. | | R
Section | B siseeor
| B esp+nr
\ ez 1 ioze+os
e
> I
____________ = L1 i7sm+0s
B zose+os
| B oogpioz
e X
ELAZSTIC ZTRESZ ANALYSIIS

Fig. 21 Thermal Stress Intensity Contour and Evaluation Section

4.2.4 Input Data

In this example, the number of the cycle type is 1 and the number of evaluation points
is 2, i.e., inner and outer points on the selected evaluation section.

The structural material is 316SS and the evaluation points are assumed to be far away

from the welding zone.

The required metal temperature data determined at the evaluation points are as follows;
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e Atevaluation point 1:

- Maximum wall averaged temperature =604.0°C
- Minimum wall averaged temperature =512.3°C
- Hot extreme metal temperature = 605.5°C
- Cold extreme metal temperature =512.1°C

Maximum metal temperature during the cycle = 611.2°C
Hold temperature =546.8°C

e Atevaluation point 2 :

- Maximum wall averaged temperature = 604.0°C
- Minimum wall averaged temperature =512.3°C
- Hot extreme metal temperature =602.4°C
- Cold extreme metal temperature =512.5°C

Maximum metal temperature during the cycle = 610.1°C
Hold temperature =546.1°C

The transient duration is 15 hours and the time step size is selected as 1.0 hour to

integrate the creep damage from the stress relaxation time history.

The prepared final SIE input data is shown in Table 1.

Table 1. Input Data Lists for Example 1

*SI1E

NCT 1 I 1 cycle type

NEP 2 I 2 evaluation points

*TITLE

EXAMPLE 1 for 1-Cycle Types and 2-Evaluation Points
*MAT

316S I Structural material = 316 austenitic stainless steel
*WELDMENT

N I For base metal

*MODEL

0 I Axisymmetric model

*P-CHECK

1 ! Primary stress limit check
*S-CHECK

1 I Inelastic strain limit check

77



*CF-CHECK

1 ! Creep-fatigue damage limit check

*PSTRESS

C I Service level C

C1P1

PM 0.8050E+06 0.9378E+07 0.1330E+07 0.2726E+07 0.000 0.000
PB 0.2867E+06 0.2046E+08 0.6240E+07 0.2466E+07 0.000 0.000
PF -0.5594E+06 0.3543E+07 0.9807E+06 0.5433E+06 0.000 0.000
C1pP2

PM 0.8050E+06 0.9378E+07 0.1330E+07 0.2726E+07 0.000 0.000
PB -0.2867E+06 -0.2046E+08 -0.6240E+07 -0.2466E+07 0.000 0.000
PF -0.2182E+06 0.1084E+07 0.3168E+06 0.2989E+06 0.000 0.000
*PDATA

C1P1 611.2 240000.

C1P2 610.1 240000.

*MINQSTRESS

CiP1

QM -0.2266E+06 0.1390E+06 -0.2350E+08 0.3067E+07 0.000 0.000
QB -0.2767E+06 -0.2107E+08 -0.1297E+08 -0.9762E+06 0.000 0.000
QF 0.8746E+05 -0.7344E+06 -0.1998E+07 -0.2599E+07 0.000 0.000
C1p2

QM -0.2266E+06 0.1390E+06 -0.2350E+08 0.3067E+07 0.000 0.000
QB 0.2767E+06 0.2107E+08 0.1297E+08 0.9762E+06 0.000 0.000
QF -0.1943E+05 0.6906E+05 -0.1721E+07 -0.2192E+07 0.000 0.000
*MAXQSTRESS

C1P1

QM -0.3923E+06 -0.2548E+06 0.1558E+08 -0.2275E+07 0.000 0.000
QB -0.1584E+06 -0.1426E+07 0.1233E+07 -0.4098E+06 0.000 0.000
QF 0.1981E+06 -0.7047E+06 0.5818E+06 0.8781E+06 0.000 0.000
C1pP2

QM -0.3923E+06 -0.2548E+06 0.1558E+08 -0.2275E+07 0.000 0.000
QB 0.1584E+06 0.1426E+07 -0.1233E+07 0.4098E+06 0.000 0.000
QF 0.1188E+06 -0.3200E+06 0.5541E+06 0.8426E+06 0.000 0.000
*DESIGNLIFE

240000. I total service life = 240000 hours
*LOADHISTORY 1 specify load history

1

SET1 1 12 I number of cycle type=1l, repeat=12 for set 1
S1C1 1 20000. I seq. no = 1, cycle type = 1, duration = 20000 hours
*CYCLE

Cl 12 I number of cycles

*WATEMP

C1P1 512.3 604.0 ! max and min wall averaged temperature at point 1
C1P2 512.3 604.0 ! max and min wall averaged temperature at point 2
*HCTEMP

C1P1 512.1 605.5 ! cold and hot temperatures at point 1

C1P2 512.5 602.4 ! cold and hot temperatures at point 1

*EXTEMP

C1P1 512.3 604.0 ! wall averaged extreme temperatures at poi 1
C1P2 512.3 604.0 ! wall averaged extreme temperatures at point 2
*MMTEMP

C1P1 611.2 I max metal temperature at point 1

C1P2 610.1 I max metal temperature at point 2

*HDTEMP

P1 546.8 I Hold temperature for point 1

P2 546.1 I Hold temperature for point 2

*STRAIN-C
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C1P1

MIN 0.11910E-03 -0.64670E-04 -0.21002E-03 -0.87877E-05 0.00 0.00
MAX -0.31131E-04 -0.47836E-04 0.11477E-03 -0.29705E-04 0.00 0.00
C1P2

MIN -0.18102E-04 0.16565E-03 -0.12426E-03 0.32013E-04 0.00 0.00
MAX -0.31070E-04 -0.23128E-04 0.92396E-04 -0.16819E-04 0.00 0.00
*TRDATA

C1P1 611.2 15.0 ! Transient temp= 624.5°C, transient duration=2 hours
C1P2 610.1 15.0 ! Transient temp= 624.3°C, transient duration=2 hours
*DTCREEP

1. I Time step size for creep calculation = 0.1 hour
*OUTRES

10 I Stored output results every 10 steps

*END

4.2.5 Evaluation Results and Discussions

Appendix B shows the output results of the high-temperature structural integrity
evaluations for the example 1 by the SIE code. In output lists, the bullet mark, “*”
indicates the given input data, “-” indicates the calculated more important result value,
no-bullet mark indicates calculated values, and [CHK] shows the checking results

whether the code rules are satisfied or not for the base metal and the weldment.

4.2.5.1 Primary Stress Limits

As assumed in the SIE input data, the used primary load is taken as the service level C
condition.

At evaluation point 1, the calculated general primary membrane stress intensity, Py, is
10.2 MPa, which satisfies the time-dependent allowable stress intensity limit 1.0S;= 49.0
MPa at the maximum metal temperature, 611.2°C with enough design margin. The
obtained use-fraction sum associated with the general primary membrane stress is almost
0.23, therefore, this rule satisfies the limit of B=1.0.

The calculated primary membrane plus bending stress intensity, (Pm + Py) is 30.6 MPa,
which satisfies the time-independent allowable stress intensity limit multiplied with
section factor, 1.2KS,=180.6 MPa. The calculated primary membrane plus bending stress
intensity modified with the bending stress reduction factor due to the effects of creep, (Pn
+ Pu/Ky) is = 26.4 MPa, which satisfies the time-dependent allowable stress intensity limit,

St = 49.0MPa. The obtained use-fraction sum associated with the stress level of (P +
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Pu/K;) = 26.4 MPa is 0.34. This value also satisfies the limit of 1.0 with enough design
margin.

The calculated bending stress intensity at the evaluation point 2 is much smaller than
that of the evaluation point 1. Therefore, all primary stress limits can be satisfied at this

point with enough design margins as shown in Appendix B.

4.2.5.2 Total Inelastic Strain Limits

Actually total inelastic strain limit rule is intended to prevent the progressive ratcheting
strain under consideration of the creep conditions. ASME-NH Appendix T provides two
ways to evaluate this undesirable inelastic strain accumulation during total service life
time of the components. One is the elastic analysis, which is simple but very conservative
the other one is the simplified inelastic analysis, which is very complicated but less
conservative.

When using the elastic analysis, the total inelastic strain limits, i.e., the creep ratcheting
limits, will be satisfied if one of Test Nos, A-1, A-2, and A-3 is satisfied. For the
evaluation points 1 and 2, the calculated primary stress parameter, X is 0.229 and 0.067
and the secondary stress parameter, Y is 0.472 and 0.404 respectively. The calculated
parameter values are located in regime E in the Bree diagram. Therefore, from the Test
Nos. A-1 or A-2 no ratcheting is expected in this evaluation points.

For Test No. A-3, the limits of NB-3222-2(3Sm limit), NB-3222-3(Expansion stress
intensity limit), and NB-3222.5(Thermal stress ratchet limit) were checked to be satisfied
for both two points with the rules, therefore the additional requirements for Test No A-3
such as (1) the use-fraction sum, (2) the creep strain limit, and (3) 3Sm limits were
checked out. In this evaluation, only 3Sm limits are satisfied at both evaluation points 1
and 2 but the limits of the use-fraction sum and the creep limits are not satisfied. In
calculation of the use-fraction sum, the total duration is separated by the total transient
time, 15 hours x 12 cycles = 180 hours, and the rest normal operation time, (240,000
hours — 180 hours) = 239820 hours. For the transient operation of Point 1, the maximum
allowable time corresponding to the temperature T=610.4 °C and a stress value of
1.5Sy|T (169.8 MPa) is obtained as 1216.4 hours from the expected minimum stress-to-
rupture values of ASME-NH Table 1-14.6A. Therefore, the use-fraction sum is calculated
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as 0.148 for the transient operation. However, for the normal operation, the maximum
allowable time corresponding to the temperature 546.8°C and a stress value of 1.5Sy|T
(174.2 MPa) is 44647.1 hours. This results in a large use-fraction sum of 5.37 due to a
long normal operation time of 239820 hours. Therefore, the total use-fraction sum
becomes 5.52 and significantly exceeds the limit value of 0.1. Also for the creep strain
limits, the required stress level of 1.25S,|T is too much conservative. The stress level of
1.25S|T (142.5MPa) for normal operation with a total service lifetime of 239820 hours
results in over creep strain value beyond the data range of the isochronous stress-strain
curve provided in ASME-NH Appendix T. For the 3Sm limit rules, the calculated
maximum range of (PL + Pb + Q) is 54.5 MPa, which satisfies the 3Sm = 216.6 MPa
with enough margin.

In conclusion, it is not possible to satisfy the rule of Test No. A-3 in design of any high-

temperature reactor structures having a long service life time over 30 years.

Next, when using simplified inelastic analysis, the total inelastic strain limits are
satisfied if one of the limits of Test Nos, B-1 and B-2, and B-3 are satisfied. These rules
are restricted in using only when the averaged wall temperature at one of the stress
extremes defining each secondary stress range Qg is below the temperature ranges given
at Table T-1323 in ASME-NH. In this example, these tests are available since the cold
temperature in defining each secondary stress range Qg is 512.1°C, which is below the
applicable temperature, 544°C for Type 316 SS, of Table T-1323 in ASME-NH.

Exampled analysis model is axisymmetric, therefore the Test Nos. B-1 or B-3 can be
used. One of important rules in this evaluation is that the secondary stress with the
thermal induced membrane stresses should be classified as primary stresses. And another
one is that in calculating the stress parameters, X and Y the yield strength value Sy has to
be replaced by the Sy value which corresponding to the lower of the wall averaged
temperatures for the stress extremes defining the secondary stress range, Qr. Complying
with this rule the primary stress parameter X is calculated as 0.385 for the evaluation
point 1 and 0.248 for the evaluation point 2 respectively and the secondary stress

parameter Y is 0.166 for both the evaluation point 1 and 2. In these calculations the
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primary stress index X at inner surface(pointl) is higher than that at the outer
surface(point 2). All calculated stress index values are located in regime E of the Bree
diagram, therefore the creep stress parameter Z is the same as those of the X values, i.e. 0.
385 for point 1 and 0.248 for point 2. The yield strength value(Sy ) at the cold
temperature is 117.5 MPa. From the above determined values, the effective creep
ratcheting stress 1.25Sc is calculated as 56.6 MPa at the evaluation point 1 and 36.5 MPa
at the evaluation point 2 respectively. To calculate the total accumulated creep ratcheting
strain, it is necessary to specify the load history for the whole design life time. In this
evaluation, only one representative cycle type is assumed, therefore, no load history is
defined. The calculated effective creep ratchet stress will be entered to the isochronous
stress-strain curve with the total duration of 240,000 hours and the maximum wall
averaged temperature of 604.0 °C to calculate the total creep ratcheting strain. The
determined total inelastic strain is 0.211 % at the evaluation point 1 and 0.0349 % at the
evaluation point 2 respectively, which satisfy the total inelastic strain limits of 1.0 % for
the base metal and 0.5 % for the weldment. Actually to reduce the conservatism, the
metal temperatures entering the isochronous stress-strain curve shall be selected in the
temperature-time history within each temperature-time block but in this report, the
maximum wall averaged temperature during the cycle is used to consider the
conservatism.

Additionally, when using the Test No B-3, which can separately evaluate the inelastic
strains due to any number of selected operational cycles, the calculated enhanced creep
strain increment and the plastic ratchet strain increment are all the same as those of Test
No A-2 calculations as all zero as shown in the detailed output lists of Appendix C.

Therefore, the total inelastic strains are the same as those calculated by Test B-1.

4.2.5.3 Creep-Fatigue Damages

In this evaluation, the maximum metal temperature occurring during the cycle shall be
used in stead of the wall averaged temperature.

First, to evaluate the fatigue damage, the total numbers of cycle is assumed to be 12,
which has the duration of 24000 hours for each cycle. The calculated elastic strain ranges
are 0.0321 % for point 1 and 0.0273 % for point 2. These values are defined as the
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maximum elastic strain range Ae¢, .. The modified maximum equivalent strain range,

Ag is obtained as by the Eq.(21), which is based on the Neuber’s rule. The equivalent

mod !
stress concentration factors defined as the effective(von Mises) primary plus secondary
plus peak stress divided by the effective primary plus secondary stress are calculated as
1.12 for point 1 and 1.06 for point 2. This result means that the stress concentration is so
small because the evaluation points are almost the end of the fillet region, however this is
slightly larger at inner surface than at the outer surface due to a global geometric
discontinuity region of inner surface. The modified strain ranges are 0.036 % for point 1
and 0.029 % for point 2. As shown in the output lists, the determined multiaxial
adjustment factors are 1.0, then the multiaxial plasticity and the Poisson ratio do not
affect the modified strain range. The creep strain increments multiplying with the
equivalent stress concentration factor for single cycle duration are 0.0229 % for point 1
and 0.0037 % for point 2. Therefore the total strain ranges obtained for the fatigue
damage are 0.0588 % for point 1 and 0.0325 % for point 2. These total strain ranges are
very small under the data range of the fatigue damage-strain curves provided by ASME-
NH code at given temperature. Therefore, the fatigue damages corresponding to the total
strain range are 0.4E-5 for Point 1 and 0.3E-5 for Point 2 respectively.

For creep damage evaluation, the total hold time is defined as 240000 hours and the
hold temperature is 546.8°C for point 1 and 546.1°C for point 2. The number of the cycle
is assumed to be 12, then the averaged cycle time is 20000 hours. The stress level
corresponding to the total strain range previously obtained is 81.4 MPa for point 1 and
44.6 MPa for point 2. By entering these stress levels as the initial values to the
isochrounous stress-strain curves, the stress relaxation time history curves can be
obtained as Fig. 22 and Fig. 23. The lower bound stresses S g for each point are 56.6
MPa and 36.5 MPa respectively, which are much lower than the stress relaxation data
curves. To obtain the creep damage corresponding to the stress relaxation time history
from the expected minimum stress-to-rupture curves, the integration time step size is
selected to be 1.0 hours. To consider the transient conditions in calculating the creep
damage, the stress relaxation time history can be modified with the load controlled
stresses. During the transient condition of 15.0 hours, the maximum primary stress
intensity is 30.56 MPa for point 1 and 11.61 MPa for point 2, which are so lower than
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those of the stress relaxation time histories. Therefore, no further modification of the
stress-time history is required. However, the maximum transient temperatures during the
transient conditions have to be considered in calculating the creep damage. Finally the
stress-time history data should be divided by the safety factor 0.9 for the austenitic
stainless steel before entering to the expected minimum stress-to-rupture curve. Fig. 24
shows the cumulative creep damage curve for a cycle. The obtained total creep damages
are 0.3188 for point 1 and 0.2345 for point 2, which satisfy the creep-fatigue interaction

limit curves as shown in Fig. 25.
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Fig. 23 Obtained Stress Relaxation Time History for Evaluation Point 2
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Fig. 24 Creep Damage Curve for a cycle at Point 1
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Fig. 25 Check of Creep-Fatigue Interaction Curve

Table 2 shows the summary of the structural integrity evaluations of point 1 for the
example 1.
Table 2. Summary of Evaluation Results for the Example 1

Evaluation Items Calculated Limit value Check

O Primary Stress Limits (Level C)

Pm 10.16 MPa 48.97 MPa OK
S(t/ t) 0.23 1.0 OK
P +Pg/t 26.44 MPa 48.97 MPa OK
S(t/ tg) 0.34 1.0 OK

O Inelastic Strain Limits
Elastic Approach 0.7012 0.9005 OK
Simplified Inelastic Approach 0.211 % 1.0% OK

[ Creep-Fatigue Limits

Fatigue Damage 0.4E-5 0.292 OK

Creep Damage 0.3188 1.0 OK
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4.3 Example 2: Two Operating Cycle Types

The exampled structural model is the same as that of used in example 1.

4.3.1 Defined Cycle Types

In this example, two representative cycle types are assumed during the life time. One is
the same cycle type as used in example 1, the other one is that the coolant temperature
starts to decrease down to 400 °C from the normal operating temperature, 550°C for 5
hours and next increase up to 600°C for 5 hours and recovers again the normal operating
temperature after 5 hours. The total transient duration is 15 hours as same as that of the
cycle type 1.

To define the load history for the total creep ratcheting strain calculation, it is assumed
that two cycle types are uniformly distributed over the design life time and have the same
hold temperature, then a set with two cycles repeatedly occur 10 times with duration of
6000 hours for Cycle Type 1 and 18000 hours for Cycle Type 2 respectively. Therefore,
the total temperature-time block used in the evaluation is sequential 20 time blocks and
the total times used in selecting the isochronous curves exactly sum to the total service
life.

The number of each cycle type for the creep-fatigue damage evaluations are defined to
be 10 times for the cycle type 1 and 10 times for the cycle type 2.

The primary cycle types are assumed as the same in both cycle types with the internal
pressure of 10 bars.

4.3.2 Input Data List
The critical points for the evaluation are the same used in example 1. The input data

used in evaluation is shown in Table 2.

Table 2. Input Data Lists for Example 2
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EXAMPLE 2 for 2-Cycle Types and 2-Evaluation Points

*MAT

316S

*WELDMENT

N

*MODEL

0

*P-CHECK

1

*S-CHECK

1

*CF-CHECK

1

*PSTRESS

C

C1P1

PM  0.8050E+06
PB 0.2867E+06
PF -0.5594E+06
C1P2

PM  0.8050E+06
PB -0.2867E+06
PF -0.2182E+06
2

C2P1

PM  0.8050E+06
PB 0.2867E+06
PF -0.5594E+06
C2P2

PM  0.8050E+06
PB -0.2867E+06
PF -0.2182E+06
*PDATA

C1P1 611.2 240000.
C1P2 610.1 240000.
C2P1 563.6 240000.
C2P2 562.7 240000.

*MINQSTRESS
c1pP1

QM -0.2266E+06
QB -0.2767E+06
QF 0.8746E+05
c1pP2

QM -0.2266E+06
QB 0.2767E+06
QF -0.1943E+05
C2P1

QM -0.2813E+06
QB -0.3455E+06
QF 0.6825E+05
c2pP2

QM -0.2813E+06
QB 0.3455E+06
QF -0.9134E+05
*MAXQSTRESS
c1P1

QM -0.3923E+06

-9378E+07
.2046E+08
-3543E+07

-9378E+07
.2046E+08
-1084E+07

.9378E+07
.2046E+08
-3543E+07

-9378E+07
.2046E+08
-1084E+07

-1390E+06
-2107E+08
- 7344E+06

-1390E+06
-2107E+08
-6906E+05

-1607E+06
.2238E+08
-1709E+07

-1607E+06

.2238E+08
-5160E+06

-2548E+06

-0.
-0.
.1998E+07

-0.
-1297E+08
-0.

-0.
-0.
-0.

-1330E+07
.6240E+07
-9807E+06

.1330E+07
.6240E+07
.3168E+06

-1330E+07
.6240E+07
-9807E+06

.1330E+07
.6240E+07
.3168E+06

2350E+08
1297E+08
2350E+08
1721E+07
2327E+08

1499E+08
2912E+07

-2327E+08
.1499E+08
-2332E+07

.1558E+08
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0.2726E+07
0.2466E+07
0.5433E+06

0.2726E+07

-0.2466E+07

0.2989E+06

0.2726E+07
0.2466E+07
0.5433E+06

0.2726E+07

-0.2466E+07

0.2989E+06

0.3067E+07

-0.9762E+06
-0.2599E+07

0.3067E+07
0.9762E+06

-0.2192E+07

0.3355E+07

-0.1272E+07
-0.2866E+07

0.3355E+07
0.1272E+07

-0.2442E+07

-0.2275E+07

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000

0.000
0.000

0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000

0.000
0.000

0.000



QB -0.1584E+06
QF 0.1981E+06
C1P2

QM -0.3923E+06
QB 0.1584E+06
QF 0.1188E+06
C2P1

QM -0.4519E+06
QB -0.5051E+05
QF 0.2675E+06
C2P2

QM -0.4519E+06
QB 0.5051E+05
QF 0.2304E+06
*DESIGNLIFE
240000.
*_OADHISTORY

1

SET1 2 10

S1C1 1 6000.
S1C2 2 18000.
*NCYC

C1 10

C2 10
*WATEMP
C1P1 512.3
C1P2 512.3
C2P1 443.3
C2P2 443.3
*HCTEMP
C1P1 512.1
C1P2 512.5
C2P1 442.1
C2P2 444.5
*EXTEMP
C1P1 512.3
C1P2 512.3
C2P1 443.3
C2P2 443.3
*MMTEMP
C1P1 611.2
C1P2 610.1
C2P1 563.6
C2P2 562.7
*HDTEMP

P1 546.8
P2 546.1
*STRAIN-C
C1P1

604 .
604 .
549.
549.

605.
602.
551.
547.

604 .
604 .
549.
549.

-0.
.7047E+06 O.

-0.
-1426E+07
-0.3200E+06 O.
-0. 0]

-1127E+08 O.
-0. 0

ARPRhOl wwoOO

Wwwoo

MIN 0.11910E-03
MAX -0.31131E-04

C1P2

MIN -0.18102E-04
MAX -0.31070E-04

C2P1

MIN 0.12456E-03
MAX -0.11621E-03

-0.
-0.

-0
-0.

1426E+07 O.

2548E+06 O.

4949E+06

2791E+06

-4949E+06 O.
-0.
-0.

1127E+08

3572E+06 O.

64670E-04
47836E-04

0.16565E-03
-23128E-04

-71803E-04
31387E-04

89

1233E+07 -0.4098E+06 0.000 0.000
5818E+06 0.8781E+06 0.000 0.000
1558E+08 -0.2275E+07 0.000 0.000
.1233E+07 0.4098E+06 0.000 0.000
5541E+06 0.8426E+06 0.000 0.000
.3849E+08 -0.5582E+07 0.000 0.000
1055E+08 0.1012E+06 0.000 0.000
-2436E+07 0.3083E+07 0.000 0.000
3849E+08 -0.5582E+07 0.000 0.000
.1055E+08 -0.1012E+06 0.000 0.000
2079E+07 0.2778E+07 0.000 0.000
-0.21002E-03 -0.87877E-05 0.00 0.00
0.11477E-03 -0.29705E-04 0.00 0.00
-0.12426E-03 0.32013E-04 0.00 0.00
0.92396E-04 -0.16819E-04 0.00 0.00
-0.21666E-03 -0.13167E-04 0.00 0.00
0.29258E-03 -0.37911E-04 0.00 0.00



C2P2

MIN -0.22601E-04 0.16232E-03 -0.11135E-03 0.36632E-04 0.00 0.00
MAX -0.34228E-04 -0.12880E-03 0.20472E-03 -0.45988E-04 0.00 0.00
*TRDATA

C1P1 611.2 15.0

C1P2 610.1 15.0

C2P1 563.6 15.0

C2P2 562.7 15.0

*DTCREEP

1.

*OUTRES

4.3.1 Creep Ratcheting Evaluations

The overall output lists of the evaluation results are shown in Appendix D.

When using the elastic analysis rules, the calculated sum of the stress parameters (X +
Y) at evaluation point 1 is 0.6997 for the cycle type 1 and 0.9715 for the cycle type 2.
These satisfy the limit value of Sa/Sy = 0.9512 for the cycle type 1 and Sa/Sy = 1.0 for
the cycle type 2 in Test No A-1. The evaluation point 2 also satisfies the creep ratcheting
limit rules with enough margins.

When using the simplified inelastic analysis rules, the obtained effective creep ratchet
stresses for each evaluation point and cycle type are assumed to be remained constant

throughout each block service time defined in the evaluation. These are listed as follows;

PointNo= 1, Cycle Type= 1: 1.25Sc = 56.59(MPa)
Point No= 1, Cycle Type= 2: 1.25Sc = 56.52(MPa)
Point No= 2, Cycle Type= 1: 1.25Sc = 36.45(MPa)
Point No = 2, Cycle Type= 2: 1.25Sc = 55.82(MPa)

The above effective creep ratchet stresses are so small that the shake down might be
expected. As shown in the output lists, the inelastic strains occur during first a few time
blocks but no more after that. The calculated total creep ratchet strains are 0.1281 % for
point 1 and 0.0382 % for point 2, which are very small quantities compared with the

inelastic strain limits for the base metal 1.0 % or 0.5 % for the weldment.
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When using the Test No B-3 for individual strain calculations, the total enhanced creep
strain increments occur during the time blocks corresponding to the cycle type 1, which
has higher metal temperature over 605°C, but is very small as 8.053e-6 for each time

block and can hardly affect the total inelastic strains.

4.3.2 Creep-Fatigue Evaluations

The calculated fatigue damages are negligible for both cycle types at each evaluation
point as shown in the output lists of Appendix D. The obtained total strain ranges are too
small to invoke the fatigue damages. Therefore, the fatigue damages are negligible at
both evaluation points.

To evaluate the creep damages, the enveloped stress relaxation time history should be
generated for the cycle type 1 (10 cycle times) and cycle type 2 (15 cycle times) during
an entire life time. Fig. 26 shows the obtained envelope stress relaxation time history at

evaluation point 1 including the safety factor K’=0.9.
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=
[
(53}
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5 B

100 +
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0.0E+00 4.0E+04 8.0E+04 1.2E+05 1.6E+05 2.0E+05 2.4E+05

Time, Hours

Fig. 26 Envelope Stress Relaxation Time History

As shown in figure, the obtained the envelope stress relaxation time history is very
complicated and during the stress relaxation time of the cycle type 1 the stress level of the
cycle type 2 makes the stress level increase enough to affect the creep damage occurrence.
This stress envelop procedure of ASME-NH enables the designer to treat any kind of

temperature and stress increments occurring intermediate operating time following the
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severe transient operation on the creep damage evaluations. In figure, no further
modification of the stress time history is done on the stress time history curve during the
transient time of 15.0 hours due to less primary stress than those in stress curve, but the
maximum transient metal temperature is included in compliance with the ASME-NH
rules. As shown in the enveloped stress relaxation time history curve, the stresses are
significantly relaxed at the beginning time of the dwell stress. This phenomenon will
keep the creep damage from severely increasing during the maximum transient
temperature operation. This is due to the low dwell stress level. However, when the initial
stress level is much higher, then the trend of significant reductions of the initial stress at
the beginning stage will be reduced. Actually as we investigate the characteristics of the
isochronous curves in detail, we can see that the slopes of the hot tensile stress-strain
curves less than the strains of 0.2% and the stress less than 138 MPa are so steep for most
temperature ranges. This means that the dwell stresses can be significantly reduced at the
beginning stage of the relaxation for these stress and strain ranges. All stress levels in the
obtained stress time history are higher than that of the lower bound level, 56.6 MPa for
point 1 and 55.8 MPa for point 2.

The calculated creep damages are 0.3168 for point 1 and 0.2704 for point 2. Instead of
the enveloped stress method provided in ASME-NH, if we calculate the creep damage
individually for both cycle types and linearly sum these with assumption that each cycle
type is repeated throughout the entire design life time, then the creep damages at point 1
will be 0.3188 for the cycle type 1 and 0.3098 for the cycle type 2, which results in total
creep damage, 0.6286. This estimation method is simple but results in greatly
overestimated creep damage. Therefore, it should be careful to define the cycle types and
their time durations, which sum to the entire design life time.

Table 3 shows the summary of the structural integrity evaluations of point 1 for the

example 2.
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Table 3. Summary of Evaluation Results for Example-2

Evaluation Items Calculated | Limit value Check
O Primary Stress Limits (Level C)
P 10.16 MPa 48.97 MPa OK
St/ tm) 0.23 1.0 OK
P +Pg/t 26.44 MPa 48.97 MPa OK
2(t/ tg) 0.34 1.0 OK
O Inelastic Strain Limits
Elastic Approach 0.6997 0.9512 OK
Simplified Inelastic Approach 0.2181 % 1.0% OK
O Creep-Fatigue Limits
Fatigue Damage 0.9E-5 0.2928 OK
Creep Damage 0.3168 1.0 OK

4.4 Parametric Studies Using SIE ASME-NH Code

All data such as the model and the operating cycle types used in these evaluations are

based on a previous example 2.

4.4.1 Evaluations for Weldment

When assuming the evaluation points are the part welded with SFA-5.22 E 316T, then
the input data corresponding to the command *WELDMENT can be used to evaluate the
high temperature structural integrity evaluations. The calculated creep ratcheting strain
0.1544% satisfies the limit value of 0.5% and the fatigue damages are still negligible.
However, the creep damages are calculated to be 2.8467 for point 1 and 1.1535 for point
2, which are greatly over the limit value of 1.0. Compared these results with those of the
base metal case, the creep values significantly increase due to the stress rupture factors
given in Table 1-14.10 of ASME-NH.
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4.4.2 Effects of Time Step Size for Creep Calculation

In calculating the creep damage from the stress relaxation time history, it is important
to select the time step size which will be used to integral the time fraction. According to
the ASME-NH, the stress (S)x and Temperature (T)x are assumed to be constant during

each of time interval (At), .

Fig. 27 shows the effect of the time step size on the creep damage calculation in the
previous example 2. As shown in result, the calculated creep damages increase from
when the time step size is larger than 10 hours. This is due to the assumption of the
maximum stress value to be constant during the time step size. Especially when
considering the transient time of 15 hours, which has higher temperature conditions, the
larger time step size may result in much conservative or overestimated creep damage
values in this time interval. Therefore, to minimize the conservatism in calculating the
creep damage, it is recommended that the time step size should be less than the transient

time interval at least.

Creep Damages

02 f -

Time Step Size, Hours

Fig. 27 Time Step Size Effects on Creep Calculation
4.4.3 Effects of Primary Load on Creep Damage

Actually the creep damage is primarily invoked by the load-controlled stresses under

high temperature conditions. Fig. 28 shows the effect of the load-controlled stresses,
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which are calculated for the variation of the internal pressure in previous example 2, on
the creep damages using the ASME-NH rules. As shown in figure, the creep damages
start to increase significantly when the internal pressure reach to a certain level. From
these results, we can see that even slightly increasing the primary loads at a certain level
subjected with the elevated temperature may result in unexpected severe creep damage

rather than any other design factors.

Creep Damages

0.4 0.6 0.8 1 1.2 14 1.6

Internal Pressure Load, MPa

Fig. 28. Primary Load Effects on Creep Damage

4.4.4 Number of Cycle Effect on Creep Damage

When there are several kinds of the representative cycle types, the enveloped stress
relaxation time history can be complicated and the occurrence number of the short period
transient operations during the longer transient operating cycles can affect the total
accumulated creep-fatigue damages. In this investigation, it is assumed that the cycle type
1 is a long period transient cycle occurring 10 times and the cycle type 2 is a short period
transient cycle with varying cycle numbers but the individual operating cycle shall sum to
the total design life time of 240000 hours. Fig. 29 shows the results of the calculated
creep damages versus the numbers of the cycle type 2. As shown in figure, as numbers of

the cycle type 2 increase the creep damages become larger. This means that as many as
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high transient temperature occurrences and enhancement of the stress level by the

following transient cycle types can significantly affect the creep damages.

0.510

0.500 A

0.490 -

0.480 -

Creep Damages
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0 200 400 600 800 1000 1200

Number of Cycle Type 2

Fig. 29 Effects of Number of Cycles on Creep Damage

4.4.5 Load History Effects on Creep Ratchet Strains

To investigate the load history effects on creep ratchet strain, it is assumed that the
cycle type 1 and the cycle type 2 repeatedly occur with the same time intervals. For
example of two time blocks, the cycle type 1 occurs 1 cycle with 120000 hours and the
cycle type 2 with 120000 hours occurs 1 cycle with following the cycle type 1. The each
time block sum to the total design service life time of 240000 hours.

Fig. 30 shows the results of this evaluation. As shown in figure, the total accumulated
creep ratchet strain decrease as the numbers of time block increase. This result gives the
rational of the general requirements of the rule T-1331 (b) where the individual cycles or

time blocks defined in the design specification can not be split into sub-cycles.
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Fig. 30 Load History Effects on Accumulated Total Inelastic Strain

4.4.6 Normal Temperature Effects

4.4.7 Effect of Structural Discontinuity

4.4.8 Effects of Short Time Primary Loads

4.4.9 Creep-Fatigue Evaluations Using Total Strain Input Data

4.5 Examples of Material DB Evaluations

4.5.1 Yield Strength

Input Deck Lists (file name = MAT.TXT)

*MATDB

*MAT
304S
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*DB-TYPE
MAT-SY
*END

Interactive Process

D' dWD-dataWCODEWSIE ASME-N CodeWsIEWDebugWsIE.

INPUT FILE
MAT . TXT

(@A» READING INPFUT DATA —2> on excuting
WAIT ¢t

- MATERIAL 3845

- DATABASE MAT-E

= TEMPERATURE RANGE & INCREAMENT = ? [TP1 TP2 DIFPI
H 1688 1

COMPLETED *

Press any key to continueg

500
4 ——304SS

] —316SS
400 N ALLOY 800H

1 —— 2(1/4)CR-1MO

©

g %07 N | —ocrwmov |
& 300

iS) E \\\

S 250

S 200 %

@ 4

> 150 =

~
100 \ ]
50 ] %

0 N

0 100 200 300 400 500 600 700 800 900 1000

Temperature, °C
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4.5.2 Design Stress Intensity

Input Deck Lists (file name = MAT.TXT)
*MATDB

*MAT

304S

*DB-TYPE

MAT-SM

*END

Interactive Process

D:¥WdWD-dataWCODEWSIE ASME-NH1.0 CodeWSIE¥WDebug¥sIE.exe”™

(B> READING IHPUT DATA —> on excuting
WAIT ¢

— MATERIAL 3@4s

— DATABASE MAT-SH

= TEMPERATURE RANGE & INCREAMENT = 7 [TP1 TP2 DIFP]
B 16608 1

COMPLETED *

Press any key to continueg

300

——304SS
250 316 SS B
ALLOY 800H
: —— 2(1/4)CR-1MO
——9CR-1IMO-V [
—_

150 . \
100 \\&\
50 . N

N\

o IND N

0 100 200 300 400 500 600 700 800 900 1000

Design Stress Intensity (S ), MPa

Temperature, °C
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4.5.3 Time Dependent Stress Intensity Limit

Input Deck Lists (file name = MAT.TXT)
*MATDB

*MAT

304S

*DB-TYPE

MAT-ST

*END

Interactive Process

DWW dWD-dataWCODEWSIE ASME-NH1.0 CodeWSIEWDebugWSIE. exe”

IMPUT FILE = 7
MAT . THT

<@A> READIMG INFUT DATA —>* on excuting
wAIT *

— MATERIAL 3848

— DATABASE MAT-ST

DO ¥OoU WANT ISOTHERMAL CONDITIOW ¥
L3
= TEMPERATURE UALUE = ? [TP1
558
= TIME RAMGE & IMCREAMENT = 7 L[TM1 THM2 DIMI]
3 1.E6 188
OUTPUT CTRL MWUMBER OF POINT = 7 [MPTI]
il

COMPLETED *

Press any key to continue

200
180 ——304SS
] ——316SS
160 ALLOY 800H
] —— 2(1/4)CR-1MO
140 —— 9CR-1MO-V

120 .
| =
100 \

80

=\

ol AN

Time, hour

Allowble Stress Intensity (S), MPa
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D:WdWD-dataWCODEWSIE ASME-NH1.0 CodeWSIE¥WDebugWSIE.exe”

IMPUT FILE = 7
MAT .TXT

<A> READIHG IHPUT DATA —> on excuting
WAIT *

— MATERIAL 3845

— DATABASE MAT-ST

DO ¥OU WANT ISOTHERMAL CONDITION 7
M

= TIME UALUE = 7 [TH]

i -E4

= TEMPERATURE RANGE & IMCREAMENT = 7 [TP1 TP2 DTPI]

naa 788 1
OUTPUT CTRL MUMBER OF POINT = 7 [NPTI1
il

COMPLETED *

Press any key to continue_

E Type 316 SS '

160

427°C

Extrapolation

-

140 =

120

t—___510°C

100 = ST

566°C

°C

80 —

60

1 700°C
40

Allowble Stress Intensity (S), MPa
/
/m
N

20

=

0 T T T

10 10° 10° 10 10°

Time, hour

4.5.4 Expected Minimum Stress-to-Rupture Value

Input Deck Lists (file name = MAT.TXT)
*MATDB

*MAT

304S

*DB-TYPE

MAT-SRV

*END
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Interactive Process

INPUT FILE
MAT . TXT

¢@> READING INPUT DATA -——> on excuting
WAIT ¢

- MATERIAL SCR1MOU

- DATABASE = MAT-SRU

DO ¥OU WANT ISOTHERMAL CONDITION 7
¥
» TEMPERATURE UALUE = 7 [TP1
558

» TIME RANGE & INCREAMENT = 7 [TM1 THM2 DTMI]
A 1.E6 188

OUTPUT CTRL NUMBER OF POINT = 7 [NPT1
188

COMPLETED ¢

Preszs any key to continueg

1000

9Cr.1|\/|w i Extra)

olation

r

—427°C__|
— | s10%C

[ 566 | N

-
N

=
o
o
../

650°C

Exp. Min. Stress-To-Rupture Values (S), MPa

|
: \ 700°C \
Extrapolgtion
10 4
1 -
10 10° 10° 10° 10°

Time, hour

4.5.5 Allowable Creep Time for Weldment

Input Deck Lists (file name = MAT.TXT)
*MATDB
*MAT
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316

*WELDMENT

Bl

*DB-TYPE
MAT-SRV-TIME-WELD
*END

Interactive Process

dWD-dataWCODEWSIE ASME-NH1.0 CodeWSIEWDebugWSsIE. exe”

INPUT FILE
MAT . TKT

¢A> READIMG INPUT DATA ——> on excuting
WAIT ¢

— MATERIAL 3168

— DATABASE = MAT-SRU-TIME-UELD

* TEMPERATURE VALUE = 7 [TP1
558
#* STRESS RANGE & INCREAMENT = 7 [STRS1 STRS2 DSTRE1]
8 488 1
OUTPUT CTRL NUMEER OF POINT = 7 [NPT1
il

COMPLETED *

Prezs any key to continue

10 I i | \_ Extrapolation
] Weldment 316 SS with 1
s 308 Series

2 107+
3 3 \ 450°C
I ]
[0} 4
E 1073
= ] 500°C
o 4
8 10°
S 550°C
2 , ] 621°C
©
% 10 700°C|
< 800°C B

10 T 850°CI\

1 Extrapolation
70 N A | S Wi

0 50 100 150 200 250 300 350 400 450 500
Stress, MPa
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4.5.6 Stress Relaxation Strength

Input Deck Lists (file name = MAT.TXT)
*MATDB

*MAT

9CR1MOV

*DB-TYPE

MAT-SRELAX

*END

Interactive Process

ataWCODEWSIE ASME-NH1.0 CodeWSIEWDebugWSIE. exe”™

INFUT FILE
MAT _TXT

<A>» READIHG IHPUT DATA — 2> on excuting
WAIT *

— MATERIAL FCR1IMOU

— DATABASE MAT—SRELAX

= TEMPERATURE UALUE = 7 [TFP1
w58
= TIME RANGE & IMCREMENT = 7 [THMi1i THM2 DTMI]
B 1 _E&c 180
= STRESE UALUE = 7 [ETRE1]
afsis)
OUTPUT CTRL HUMBER OF POINT = 7 [HPTI]
il

COMPLETED *

Press any key to continue

300
0] it arc
240
220
200
180
160 4
140
120
100
80
60 650°C

40 -] I—
20

TH

510|C

545°C

600°C

Stress Relaxation Strength (S ), MPa

Time, hour
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4.5.7 Fatigue Curve

Input Deck Lists (file name = MAT.TXT)
*MATDB

*MAT

316S

*DB-TYPE

MAT-FATIGUE

*END

Interactive Process

"D:WdWD-dataWCODEWSIE ASME-NH1.0 CodeWSIEWDebugWSIE.exe”

<@A> READIHG IWMFUT DATA —* on excuting
WAIT *

— MATERIAL 2CR1MOU

— DATABASE MAT—SRELAX

= TEMPERATURE VALUE = ? [TP1
=58
= TIME RANGE & INCREMENT = 7 [TMi THMZ DTMI
W 1_.E6 188
= STRESS UALUE = ? [STRS1
i 68
OUTPUT CTRL NHUMBER OF POINT = 7 [HWHPTI1
nl

COMPLETED *

Press any key to continue

10
° 40°C
X 425°c|
G \ / 480°C
2 1 510°C
S 3 595°C
8 - \% 705°C
= 1 \
=
0 0.14
© ]
& ]
e ]
— .
{1316 SS
0.01 ——rrr ——rrrr ——rrr ——rrr ——rrr

4

10 10 10° 10 10

Number of Allowable Cycles, Nd
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4.5.8 Isochronous Stress-Strain Curve

Input Deck Lists (file name = MAT.TXT)
*MATDB

*MAT

316S

*DB-TYPE

MAT-FATIGUE

*END

Interactive Process

D:¥WdWD-dataWCODEWSIE ASME-NH1.0 CodeWSIEWDebugWSIE. exe®

¢8> READING INPUT DATA —> on excuting
WAIT t

— MATERIAL 3165

— DATABASE MAT-IS0—STRS

= TEMPERATURE UALUE = ? [TFP1
538
= TIME UALUE = 7 [TM]
1 .E4
= STRAIN RANGE & INCREAMENT = 7 [STRN1 STRN2Z DSTRNI
B 2.2 8.1
OUTPUT CTRL WUMBER OF POINT = 7 [NPT1
il

COMPLETED *

Press any key to continueg
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220

200 ; 3x10 hr

Hot tensile to 10° hr //103
180 ’:;9/ 5’3403
_ |t _— 1
160 ,’/7:/’/”_—‘ S
| I— 5
R = muE
© 77 — 3x10
S ] / / L ///
= 120 — — R
) |
[%] 1 L
£ 100 Extrapolation
(%)) E L]

\

80 /
60

40

Material - 316 SS 1

i Temperature - 538°C

0 G

00 02 04 06 08 10 12 14 16 18 20 22
Strain, %

20

4.6 Creep-Fatigue Evaluation for Long-Term Fuel Cycle Reactor

To investigate the creep-fatigue interaction effects on long-term fuel cycle reactor, the
damage evaluations are carried out with the command of *STRAIN-T. The used total
strain ranges are 1% and 5% for the structural material of 9Cr-1Mo-V steel. The total
service lifetime is 300,000 hours and the hold temperature is 510°C. In this evaluation,

the multiaxial effect, stress concentration effect, and safety factors are not considered.

Input Deck Lists (file name = MAT.TXT)

*SIE

NCT 1

NEP 1
*TITLE
EXAMPLE OF CREEP-FATIGUE EVALUATION
*MODEL

1

*MAT
9CR1IMOV
*CF-CHECK

1
*DESIGNLIFE
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300000.

*CYCLE
C1 100
*MMTEMP
C1510.
*HDTEMP
C1510.
*STRAIN-T
C10.01
*TRDATA
C1510.0.001
*DTCREEP
1.
*OUTRES
1
*END
10° e SESEs
- Dia ASME (316 SS) B (=100h
10* 4— Dia ASME (9Cr-1Mo-V) n=3,000
o — : 8;02 u tr;,:;(,)%OOh
— ‘F t,=10,000h
° a2 n=30
% 10 & :{':;go,ooo §§ tH—::O,OOOh
% . n=60,000 il n=
g 10 3 t-10n a7
_g 3 n=s0000
% 100 Ao \ =
0 3 2000 N
O 10t A0 ,=1,000n N
n=300
- t,=10,000h
10 n=30 -
pL oo 550°C E
10° T I
10° 10" 10° 10” 10™ 10° 10*

Fatigue Damage (D)
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5. Conclusions

This report is rewritten for revision of the KAERI/TR-3161/2006 document to
provide the user’s manual of SIE ASME-NH (Revision 1.0) computer code. In this
revision, the load history concept for the simplified inelastic analysis method and the
creep-fatigue evaluation are mainly upgraded. And the material DB and evaluation
functions are newly added. Much more examples of application are also included in

report for user’s manual.
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Appendix A : Creep Equations for a Pure Stress Relaxation Strength
Analysis for 316SS

The two relaxation strengths, S;y and Sy, may be determined by performing a pure
uniaxial relaxation analysis starting with an initial stress of 1.5S, and holding the initial
strain throughout the time interval equal to the time of service above 427°C. In symbols,
the subscripts H and L represent the temperatures at the hot and cold extremes of the
stress cycle respectively.

The constitutive equation for the primary creep of 316SS is used as follows:

Ae,, =C, (ai] At
ot

where
C-P-t

E, =&yt
@+Pt)

c

InC = -1.35 — 5620/T — 50.6x10° o+ 1.918 In(71000)
InP = 31.0 - 67310/T + 330.6x10°% - 885.0x10™"? &
Ing, = 43.69 — 106400/T + 294.0x10° o+ 2.596 In(71000)

The units in above equation should be only absolute temperature, hours, pounds and
inches. The valid temperature ranges for above equation are from 800°F to 1300°F and
the valid stress range is 0.0 psi < o < 45 ksi. If the temperature T is less than 800°F, then
no creep is expected.

The secondary creep equation of 316SS is given as

Ag, =C, e “e /T At

where ois the equivalent stress.
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Appendix B : Summary of Piping Design

0 NH-3610 GENERAL REQUIREMENTS

U NH-3611 Acceptability
- Wk NH-3100(General Requirements for Design), NH-3200 (Design by Analysis),
Z128]31 NH-3600(Piping Design)o] M2 &%+ Wo] S 49-oE NH-
3600 = Uk
- Pipe Fitting ©ll t ¥+ Dimensional Standards = # 4 779k A|ojslar A z}sk
A7t s Hofof & Aol = A AT HA FAE ARl oF &

0 NH-3612 Pressure-Temperature Ratings for Piping Components
- B TE S Aol MEAAE 52 & gy 2raddd el AAE

%A S AL AN AES BEEL7] 93 Relief device b Safety

HEEE we B o5 Zbl A Arjehel e AU ES WAook T,

U NH-3620 DESIGN CONSIDERATION

U NH-3622 Dynamic Effects
- Impact, Earthquake, Vibration

U NH-3623 Weight Effects

U NH-3624 Loadings, Displacements, and Restraints

U NH-3636 Special Drainage Problems
- Drain ©] &% &= v #Al= -2 A8l = MAA A EE Abeld A2 H 7)<
A %l (Sag) @< e e of 3.
- FXF B 3120 4] Drain 3k #j A o] e A= o] 2713} # ¥ Load
Cycles & A 7ol areafof &

O NH-3627 Considerations for Liquid Metal Piping

U NH-3627.1 Location
- 571 =l Tl ol AR =4

U NH-3627.2 Heat Tracing
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[ <
rlo
oo
oo
ox
=
!
1o
1)
2
Al
b
ftlo
do
)
et
+
%0,
rlr
I
D
=
_|
2
=
«
f

A x| afoF 3
- o] ujl Heat tracing S 913l 57|14 & A8 4.
- Heat Tracing & 8§33 0 & 13k 3ol A X7} L Q.
stal A ERsg oy 25 A8 A & 251K FEF Fof 3t
0 NH-3627.3 Filling and Draining
- BE A FE58]IE-S Drain Reservoirs ol TH 02 oA mlEE 5 I F
=3

BAPAA S Sl oF &t Bx v E o] AR

U NH-3640 PRESSURE DESIGN OF COMPONENTS
U NH-3641.1 Straight Pipe

- 4 9] #F7] > tm (= NH-3222.1 Design Limit o] u}2}A] 2 4)
- Note: NB-3641.1 2 &2 o] u}-2 A A 77
0 NH-3642 Curved Segments of Pipe
O NH-3642.1 Pipe Bends
- Pipe Bend A A= NH-3200 4] & 718 wk=&f of 3},
-Bend &) 7124 (17, FA, FANA) 2ol AAAE 78 A A Bl
o] A G 3} Irregularity & 3¢ 8 oF 8L s 4 & & o]l it A7 E
Aol 8ok g,
- 53] ek Aol aelsok & Abah s
(a) w3 -sAS WA A H FA R ZA] F AL
(b) Wall Thinning and Thickening (Table NH-3642.1-1)
(c) Ovality
(d) Wrinkling < 3%
(e) Surface irregularities
( Note: Elbows o] o+ 7+ o] §1&)
U NH-3642 Intersection
- NH-3642 71 & 2 © 2 NH-3200 2.7 F-&-3}= al Aol A g & e F

A BEE ST S UES 5§,



U NH-3643.1 General Requirements
(@) Opening < 98, B} 9 s = A3 == AUE dAS 2H= gl 2 Ay 9
WA O 2 7|95 of W g 4folofof gk
(b) o] T8 T2 8ol talA= A5 E AYstile BF x5 484,

(c) Opening < Welded joint o] $1 %] & 4= 3 &

LA}

(d) NB-3643.3(Reinforcement for Openings)2] 271 & ©] NH-3643.2(b), (c), (d)°ll
A A % Branch Connections ol o3l RF=3loF & o, o] ull = Sm th4] So &
AH-&-3l oF gt
U NH-3643. 2 Branch Connections
- 8] 24 Al o] A Branch Connections th&-% 2] slU 2 e 4= &
(a) Flanged, Butt Weld, 5=+= Socket Weld (ANSYS Standards: Table NB-3132-1)
(b) Contour outlet fittings having integral reinforcement and attached by butt welding,
or Flanged ends for attachment to the branch pipe
(c) An extruded outlet at right angles to the run pipe (3 H< F-A1 Sk 4= A& 4 9)
U NH-3644 Miters
U NH-3645 Attachments
U NH-3646 Closures
U NH-3647 Flanged Joints

U NH-3648 Reducer
U NH-3649 Pressure Design of Other Pressure Retaining Components

- Table NB-3132-1 (Dimensional Standards)®ll 3 g} %] =] ¢k ¢F =5
3200 o] 8315 RESehH AR = QL=

- Note: NB Il A Expansion Joints = vl 4 Al o] 4 -8-3}7] 9]+ 114 o] € A)
NSl e v NH ol A = o] 9178 mhed el o gk A 5o] 3l

£ 5% NH-

i

U NH-3650 ANALYSIS OF PIPING COMPONENTS
U NH-3651 General Requirements
g A8 A o] vhdE o) 744 et 22 s a1 ES Al e .

(a) T30 4) & NH-3200 2710 A= o= B3tajol o (3] 4], A&, = )
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(b) NB-3600 ol] =] %1 &-##]5* (B, C)+= NH-3220( Y =}-5- = Al| gh) ) T-
1320(*H @ & A ghyoll AH-& 71 38kaL, & 3 %5 (NB-3684, NB-3685, NB-

3338) 0. & 13l S8 AR ELS B4 i v e A S A8 e g Y

(
Tl

-3 2 A ghf A (T-1320, T-1330, T-1430)°l A&7}

() Al freta asiA

A

oL

U NH-3660 DESIGN OF WELDS
- dukd o & Socket weld <} Seal welded threads = 3137l of] 3] & ¢+, Socket
weld 91 7 $-ol NB ol| A 2 inch o] &} vl #of vt 5] -85
- 22} 7} Junction of] thal S 4 @ A ES W=
(NCA-3250)2] U 42 EW3] 7]& 1w 2 -9 = 3]

2174& 1inch o]}l

m 7}7}+9] % -8-o] Design Spec.

a1
&3, o] 49 3-8 Joint 2]

KeN
= v

U NH-3670 SPECIAL PIPING Requirements

O NH-3671 Nonwelded Piping Joints

0 NH-3672 Expansion and Flexibility
-NB ¢} 59, et e e d e tha) g, At e 2
47373 &l vl & Configuration A Al ol 122 & o] of 3t

U NH-3674 Design of Piping Supports
- W A A E A A= NF of] whebA] shA| Rk g2 8lf 4 2 NH-3200 of] whe}A] aff oF

Sk
or.
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Appendix C : Output Lists of Example 1

R R R e e S o R o e R R AR AR AR R R S e e e e e R R R R R SR e R S R AR AR AR R R e e e e

B o o b R R R R R e e e e R S S R R R R S S S e S S S R

SIE ASME-NH 1.0 CODE
(DEC. 01, 2007)

High Temperature Structural Integrity Evaluations
According to
The ASME Boiler and Pressure Vessel Code
Section 111, Division 1 -Subsection NH
Class 1 Components in Elevated Temperature Service
2004 Edition

A R R S o o R S S S R S R R S R R AR AR R R S R S e R R R R AR R

B o R R R e e e R S S R R R e e S e S R S e

* TITLE = EXAMPLE 1 for 1-Cycle Types and 2-Evaluation Points

* ANALYSIS MODEL= AXISYMMETRIC

* BASE MATERIAL = 316S

* APPLICATION = BASE METAL
* TOTAL CYCLE TYPES = 1
* TOTAL EVALUATION POINTS = 2

* TOTAL SERVICE LIFE TIME 240000.0000(HOURS)

EVALUATION OF PRIMARY STRESS INTENSITY LIMITS

NH-3220 Design Rules and Limits for
Load Controlled Stresses iIn Structures
Other Than Bolts

*

SERVICE LEVEL - C

* CYCLE TYPE = 1

* POINT NO = 1

* MAX TEMP = 611.200000000000 C

* TOTAL DURATION = 240000 .000000000 HOURS
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EQ(7) GENERAL PRIMARY MEMBRANE SI1 LIMITS

[CHK] Pm = 0.10160E+02 < 1.0St = 0.48969E+02 :

EQ(8) USE-FRACTION SUM ASSOCIATED WITH

Total Duration of a Loading, ti
Maximum Allowed Time(Fig.-1-14.4), tim

[CHK] UFS(ti/tim) = 0.22992E+00 < B = 1.

0.24000E+06
0.10438E+07

0 : OK

EQ(9)(10) PRIMARY MEMBRANE+BENDING SI LIMITS

Section Factor, K
Bending Stress Reduction Factor, Kt

Inn
[eNe)

[CHK] (PL + Pb) =0.30564E+02 < 1.2KSm

-15000E+01
-12500E+01

0.18159E+03

[CHK] (PL+Pb/Kt) = 0.26438E+02 < St = 0.48969E+02

METAL

EQ(11) USE-FRACTION SUM ASSOCIATED WITH EQ(10)

Total Duration of a Loading , ti
Maximum Allowed Time(Fig.1-14_.4), tib

0.33962E+00 < 1.0

[CHK] UFS(ti/tib)

* CYCLE TYPE = 1
* POINT NO = 2
* MAX TEMP 610.100000000000

* TOTAL DURATION 240000.000000000

0.24000E+06
0.70666E+06

HOURS

EQ(7) GENERAL PRIMARY MEMBRANE SI1 LIMITS

[CHK] Pm = 0.10160E+02 < 1.0St = 0.49492E+02 :

EQ(8) USE-FRACTION SUM ASSOCIATED WITH

Total Duration of a Loading, ti
Maximum Allowed Time(Fig.-1-14.4), tim

118

0.24000E+06
0.10437E+07

OK for BASE METAL

- OK

. OK for BASE

- OK

OK for BASE METAL



[CHK] UFS(ti/tim) = 0.22995E+00 < B = 1.0

EQ(9)(10) PRIMARY MEMBRANE+BENDING SI LIMITS

0.15000E+01
0.12500E+01

Section Factor, K
Bending Stress Reduction Factor, Kt

[CHK] (PL + Pb) = 0.11612E+02 < 1.2KSm = 0.18171E+03

[CHK] (PL+Pb/Kt) = 0.77142E+01 < St = 0.49492E+02
BASE METAL

EQ(11) USE-FRACTION SUM ASSOCIATED WITH EQ(10)

0.24000E+06
0.10937E+07

Total Duration of a Loading , ti
Maximum Allowed Time(Fig.1-14.4), tib

[CHK] UFS(ti/tib) = 0.21945E+00 < 1.0

DEFORMATION AND STRAIN LIMITS

T-1300 Deformation and Strain Limits
for Structural Integrity

(1) USING ELASTIC ANALYSIS

* CYCLE TYPE = 1
* POINT NO = 1

* MIN WALL AVG. TEMP = 511.800000000000 C

* MAX WALL AVG. TEMP = 610.400000000000 C

* COLD TEMPERATUE = 512.100000000000 C

* HOT TEMPERATURE = 605 .500000000000 C
Yield stress at min wall averaged temp, SyL = 117
Yield stress at max wall averaged temp, SyH = 113
Averaged yield stress, Sy = 115
Max primary stress intensity, (Pm+Pb/Kt)max = 26
Max range of secondary SI, (QR)max = 54

Primary Stress Parameter, X 0.229204065955426

Secondary Stress Parameter, Y 0.472028564066886

(T-1322) TEST NO. A-1
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- OK

- OK

OK

- OK

.5280 MPa
-1680 MPa
-3480 MPa
-4382 MPa
-4476 MPa

for



[CHK] (X + Y) = 0.7012 < Sa/Sy= 0.9005 : OK

(T-1323) TEST NO. A-2

[CHK] (X + Y) = 0.7012 < 1.0 - OK

* CYCLE TYPE = 1

* POINT NO = 2

* MIN WALL AVG. TEMP =  511.800000000000 C
* MAX WALL AVG. TEMP =  610.400000000000 C
* COLD TEMPERATUE =  512.500000000000 C
* HOT TEMPERATURE =  602.400000000000 C

117.5280 MPa
113.1680 MPa

Yield stress at min wall averaged temp, SyL
Yield stress at max wall averaged temp, SyH

Averaged yield stress, Sy 115.3480 MPa
Max primary stress intensity, (Pm+Pb/Kt)max 7.7142 MPa
Max range of secondary SI, (QR)max 46.5471 MPa

6.687721113776959E-002
0.403536503903491

Primary Stress Parameter, X
Secondary Stress Parameter, Y

(T-1322) TEST NO. A-1

[CHK] (X + Y) = 0.4704 < Sa/Sy= 0.9005 : OK

(T-1323) TEST NO. A-2

[CHK] (X + Y) = 0.4704 < 1.0 - 0K

(T-1324) TEST NO. A-3

(1) LIMIT OF NB-3222.2 FOR 3Sm CHECK
POINT NO: 1, CYCLE TYPE: 1: (P+Q) RANGE = 54 _.4476 MPa
* MAX(P+Q)RANGE = 54.4476 > 3Sm = 302.8022 MPa : OK

POINT NO: 2, CYCLE TYPE: 1: (P+Q) RANGE = 46.5471 MPa
* MAX(P+Q)RANGE = 46.5471 > 3Sm = 302.8022 MPa : OK

(2) LIMIT OF NB-3222.3 EXPANSION STRESS INTENSITY

(NOTE ' This rule is not applicable to vessels: Pe in Fig.NB-
3222-1)

(3) LIMIT OF NB-3222-5 THERMAL STRESS RATCHET

POINT NO: 1, CYCLE TYPE: 1:
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X =0.0881 ,Y =11.3534
* THERMAL STRESS RANGE = 55.8869 > ALLOBLE RANGE =1309.5946
MPa : OK

POINT NO: 2, CYCLE TYPE: 1:

X =0.0881 ,Y =11.3534

* THERMAL STRESS RANGE = 47.9783 > ALLOBLE RANGE =1309.5946
MPa :© OK

(4) ADDITIONAL REQUIREMENTS OF (A) THROUGH (D)

* POINT NO = 1

(A) USE-FRACTION SUM
- FOR TOTAL TRNASIENT OPERATION

* CYCLE NO = 1

Max Wall Average Temperature, Ti
Stress Level, 1.5Sy]Ti
Number of Hours (Transient time)
Allowable Hours (TABLE 1-14.6)

610.4000 C
169.7520 MPa
180.0000 HOURS
1216.3852 HOURS

- FOR TOTAL STEADY STATE OPERATION

546.8000 C
174.1920 MPa
239820.0000 HOURS
44647 .0588 HOURS

Normal Metal Temperature Ti
Stress Level, 1.5Sy|Ti
Number of Hours (Normal Time)
Allowable Hours (TABLE 1-14.6)

[CHK] UFS(ti/tid) = 5.5194 > 0.1 : NOT OK
(B) CREEP STRAIN LIMITS
- FOR TOTAL TRNASIENT OPERATION
* CYCLE TYPE = 1
Max Wall Average Temperature, Ti

Stress Level, 1.25Sy|Ti
Number of Hours (Transient Time)

610.4000 C
141.4600 MPa
180.0000 HOURS

Creep Strain (FIG. T-1800) 0.6636 %

- FOR TOTAL STEADY STATE OPERATION
Normal Metal Temperature, Ti 546.8000 C
Stress Level, 1.25Sy|Ti 145.1600 MPa

239820.0000 HOURS
3.1746 %

Number of Hours (Normal Time)
Creep Strain (FIG. T-1800)

[CHK] TOTAL CREEP STRAIN FOR 1.25Sy|Ti = 3.8382 % > 0.2 : NOT OK
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(C) 3Sm LIMITS
* CYCLE TYPE = 1

Cold Temp at Extreme Stress Cycle, Tcold
Hot Temp at Extreme Stress Cycle, Thot
Stress Relax. Strength at Cold Temp, SrL
Stress Relax. Strength at Hot Temp, SrH
Modified-3Sm = SrL + SrH = 216.5461
3Sm = 303.7027

[CHK] MAX RANGE OF (PL + Pb + Q) = 54.448

* POINT NO = 2

(A) USE-FRACTION SUM
- FOR TOTAL TRNASIENT OPERATION

* CYCLE NO = 1

Max Wall Average Temperature, Ti
Stress Level, 1.5Sy]Ti
Number of Hours (Transient time)
Allowable Hours (TABLE 1-14.6)

- FOR TOTAL STEADY STATE OPERATION

512.1000 C
605.5000 C
139.9133 MPa
76.6328 MPa

< 3Sm = 216.546

610.4000 C
169.
180.0000 HOURS
1216.3852 HOURS

7520 MPa

Normal Metal Temperature Ti = 546.1000 C
Stress Level, 1.58y]|Ti = 174.2340 MPa
Number of Hours (Normal Time) = 239820.0000 HOURS
Allowable Hours (TABLE 1-14.6) = 48033.6538 HOURS
[CHK] UFS(ti/tid) = 5.1407 > 0.1 : NOT OK
(B) CREEP STRAIN LIMITS

- FOR TOTAL TRNASIENT OPERATION
* CYCLE TYPE = 1
Max Wall Average Temperature, Ti 610.4000 C

Stress Level, 1.25Sy|Ti
Number of Hours (Transient Time)

141.4600 MPa
180.0000 HOURS

Creep Strain (FIG. T-1800) 0.6636 %

- FOR TOTAL STEADY STATE OPERATION
Normal Metal Temperature, Ti = 546.1000 C
Stress Level, 1.258y|Ti = 145.1950 MPa
Number of Hours (Normal Time) = 239820.0000 HOURS
Creep Strain (FIG. T-1800) = 3.1247 %
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[CHK] TOTAL CREEP STRAIN FOR 1.25Sy|Ti = 3.
(C) 3Sm LIMITS
* CYCLE TYPE = 1

Cold Temp at Extreme Stress Cycle, Tcold
Hot Temp at Extreme Stress Cycle, Thot
Stress Relax. Strength at Cold Temp, SrL
Stress Relax. Strength at Hot Temp, SrH
Modified-3Sm = SrL + SrH = 219.2078
3Sm = 304.2724

[CHK] MAX RANGE OF (PL + Pb + Q) = 46.547

(2) USING SIMPLIFIED INELASTIC ANALYSIS

(T-1332) TEST NOS. B-1 and B-2

* POINT NO
* CYCLE TYPE

Inn
=

* MIN WALL AVG. TEMP
* MAX WALL AVG. TEMP

511.800000000000
610.400000000000

* LOWER EXTREME TEMPERATURE = 512.1000
* HIGHER EXTREME TEMPERATURE = 605.5000
Primary SI, (Pm + Pb/Kt) + Qm = 45.2730
Secondary S1 Range, QR = 19.5585
Yield Stress at Cold Temp, SyL = 117.516
Primary Stress Parameter, X = 0.38525
Secondary Stress Parameter, Y = 0.16643
Creep Stress Parameter, Z = 0.38525
Effective Creep Stress, Sc = 45.273
* POINT NO 2

* CYCLE TYPE 1

* MIN WALL AVG. TEMP
* MAX WALL AVG. TEMP

511.800000000000
610.400000000000

* LOWER EXTREME TEMPERATURE
* HIGHER EXTREME TEMPERATURE

512.5000
602.4000
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7883 % > 0.2 : NOT OK

512.5000 C
602.4000 C
139.5438 MPa
79.6641 MPa

< 3Sm = 219.208 :© OK

C
C

00000000 C
00000000 C

965931277 (MPa)
325709778 (MPa)
000000000 (MPa)

0490087543
2933140830

0490087543

0965931277 (MPa)

C
C

00000000 C
00000000 C



Primary SI, (Pm + Pb/Kt) + Qm
Secondary S1 Range, QR

29.1602172758127 (MPa)
19.5585325709778 (MPa)

Yield Stress at Cold Temp, SyL 117.500000000000 (MPa)

0.248172061921811
0.166455596348747

Primary Stress Parameter, X
Secondary Stress Parameter, Y

0.248172061921811

Creep Stress Parameter, Z
Effective Creep Stress, Sc = 29.1602172758127 (MPa)
- EFFECTIVE CREEP RATCHET STRESSES :

POINT NO
POINT NO

1, CYCLE TYPE

) 1: 1.25Sc
2, CYCLE TYPE

1: 1.25Sc

56.591(MPa)
36.450(MPa)

* LISTS OF SEQUENCE OF LOAD HISTORIES

SEQUENCE NO. CYCLE TYPES DURATION OF TEMP-TIME BLOCKS

OCoO~NOUThWNPE

10
11
12

RPRRRPRRRRRRRRR
N
o
o
o
o
o
o
o
o

TOTAL SUM OF TIME BLOCKS = 240000.0000 > DESIGN LIFE=
240000.0000 : OK

- CALCULATED CREEP STRAIN INC FOR EACH TIME BLOCK

* POINT NO = 1
(SEQ NO) (CREEP STRN INC)  (TEMP)

1 0.102028 605.500

2 0.009905 605 .500

3 0.009905 605.500

4 0.009905 605.500

5 0.009905 605.500

6 0.009905 605 .500

7 0.009905 605.500

8 0.009905 605 .500

9 0.009905 605 .500

10 0.009905 605 .500



11 0.009905 605.500

12 0.009905 605 .500

[CHK] TOTAL CREEP RATCHETING STRAIN = 0.2110 % < 1.0 % : OK for

BASE METAL

* POINT NO = 2

(SEQ NO) (CREEP STRN INC)  (TEMP)
1 0.028704 602.400
2 0.002024 602.400
3 0.001641 602.400
4 0.000276 602.400
5 0.000276 602.400
6 0.000276 602.400
7 0.000276 602.400
8 0.000276 602.400
9 0.000276 602.400
10 0.000276 602.400
11 0.000276 602.400
12 0.000276 602.400

[CHK] TOTAL CREEP RATCHETING STRAIN = 0.0349 % < 1.0 % : OK for
BASE METAL

(T-1333) TEST NO. B-3

* POINT NO = 1

* TEMP-TIME BLOCK NO = 1

XL = 0.385250490087543 , XH = 0.398671157037053

YL = 0.166432933140830 , YH = 0.172230825739502

ZL = 0.385250490087543

ZH = 0.398671157037053

Yield Stress at Cold End, SyL = 117 .516000000000 (MPa)
Yield Stress at Hot End, SyH = 113.560000000000 (MPa)
EFff Creep Stress at Cold End, ScL = 45.2730965931277 (MPa)
Eff Creep Stress at Hot End, ScH = 45.2730965931277 (MPa)
EFfFf Creep STR for Next Cycle, Sc = 45.2730965931277 (MPa)

-ENHANCED CREEP STRAIN INCREMENT
-PLASTIC RATCHET STRAIN INCREMENT

0.000000000000000E+000 %
0.000000000000000E+000 %

-INELASTIC CREEP STRAIN 0.102027509727608 %
* TEMP-TIME BLOCK NO = 2
XL = 0.385250490087543 , XH = 0.398671157037053
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YL

0.166432933140830 ,

ZL = 0.385250490087543
ZH = 0.398671157037053
Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 3

XL
YL

0.385250490087543 s
0.166432933140830 ,

ZL
ZH

0.385250490087543
0.398671157037053

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 4

XL
YL

0.385250490087543 s
0.166432933140830 ,

ZL
ZH

0.385250490087543
0.398671157037053

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT

* TEMP-TIME BLOCK NO = 5
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YH

XH
YH

XH
YH

0.172230825739502

117.516000000000
113.560000000000
45.2730965931277
45_.2730965931277
45.2730965931277

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.904732860127385E-003 %

0.398671157037053
0.172230825739502

117.516000000000
113.560000000000
45.2730965931277
45.2730965931277
45.2730965931277

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.904732860127441E-003 %

0.398671157037053
0.172230825739502

117.516000000000
113.560000000000
45.2730965931277
45.2730965931277
45.2730965931277

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.904732860127385E-003 %



XL =  0.385250490087543 ,

YL = 0.166432933140830 ,

ZL = 0.385250490087543

ZH = 0.398671157037053

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

EFff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 6

XL
YL

0.385250490087543 ,
0.166432933140830 .

ZL
ZH

0.385250490087543
0.398671157037053

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 7

XL
YL

0.385250490087543 :
0.166432933140830 s

ZL
ZH

0.385250490087543
0.398671157037053

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT
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XH
YH

XH
YH

XH
YH

117.516000000000
113.560000000000
45.2730965931277
45.2730965931277
45.2730965931277

0.398671157037053
0.172230825739502

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.904732860126941E-003 %

117.516000000000
113.560000000000
45.2730965931277
45_.2730965931277
45.2730965931277

0.398671157037053
0.172230825739502

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.904732860128718E-003 %

117.516000000000
113.560000000000
45.2730965931277
45.2730965931277
45.2730965931277

0.398671157037053
0.172230825739502

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.904732860121612E-003 %



* TEMP-TIME BLOCK NO = 8

XL = 0.385250490087543
YL = 0.166432933140830
ZL = 0.385250490087543
ZH = 0.398671157037053
Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 9

XL
YL

0.385250490087543 ,
0.166432933140830 =

ZL
ZH

0.385250490087543
0.398671157037053

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 10

XL
YL

0.385250490087543 s
0.166432933140830 .

ZL
ZH

0.385250490087543
0.398671157037053

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN INCREMENT
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XH
YH

YH

YH

0.398671157037053
0.172230825739502

117.516000000000
113.560000000000
45.2730965931277
45_.2730965931277
45.2730965931277

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.904732860036347E-003 %

117.516000000000
113.560000000000
45.2730965931277
45.2730965931277
45.2730965931277

0.398671157037053
0.172230825739502

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.904732860377408E-003 %

117.516000000000
113.560000000000
45.2730965931277
45_2730965931277
45.2730965931277

0.398671157037053
0.172230825739502

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %



-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

* TEMP-TIME BLOCK NO = 11

XL
YL

ZL
ZH

0.385250490087543
0.166432933140830

0.385250490087543
0.398671157037053

Yield Stress at Cold End,
Yield Stress at Hot End,
EFff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End,
EFff Creep STR for Next Cycle,

-ENHANCED CREEP STRAIN

-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

* TEMP-TIME BLOCK NO =

XL
YL

ZL
ZH

12

0.385250490087543
0.166432933140830

0.385250490087543
0.398671157037053

Yield Stress at Cold End,
Yield Stress at Hot End,
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End,
Eff Creep STR for Next Cycle,

-ENHANCED CREEP STRAIN

-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

- TOTAL ENHANCED CREEP STRAIN

- TOTAL PLASTIC RATCHET STRAIN
- TOTAL

INELASTIC CREEP STRAIN =

[CHK] TOTAL INELASTIC STRAIN =
METAL

* POINT NO = 2

* TEMP-TIME BLOCK NO = 1

XL
YL

0.248172061921811
0.166455596348747
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INCREMENT =  0.000000000000000E+000 %
=  9.904732860377408E-003 %
) XH =  0.398671157037053
) YH = 0.172230825739502
SyL = 117.516000000000 (MPa)
SyH =  113.560000000000 (MPa)
= 45.2730965931277 (MPa)
ScH =  45.2730965931277 (MPa)
Sc = 45.2730965931277 (MPa)
INCREMENT =  0.000000000000000E+000 %
INCREMENT =  0.000000000000000E+000 %
= 9.904732862196397E-003 %
. XH =  0.398671157037053
: YH = 0.172230825739502
SyL =  117.516000000000 (MPa)
SyH =  113.560000000000 (MPa)
= 45.2730965931277 (MPa)
ScH = 45.2730965931277 (MPa)
Sc =  45.2730965931277 (MPa)
INCREMENT =  0.000000000000000E+000 %
INCREMENT =  0.000000000000000E+000 %
= 9.904732840368524E-003 %
INCREMENT =  0.0E+000 %
INCREMENT =  0.OE+000 %
0.210979571171724 %
0.2110 % < 1.0 % OK for BASE
) XH =  0.256222912939448
YH = 0.171855516053158



ZL = 0.248172061921811
ZH = 0.256222912939448
Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 2

XL
YL

0.248172061921811 i
0.166455596348747 ,

ZL
ZH

0.248172061921811
0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 3

XL
YL

0.248172061921811 ,
0.166455596348747 s

ZL
ZH

0.248172061921811
0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EfFf Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT

* TEMP-TIME BLOCK NO = 4
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YH

YH

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
2.870351363226709E-002 %

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
2.023621686852085E-003 %

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.641176691453958E-003 %



XL 0.248172061921811 ,

YL 0.166455596348747 ,

ZL = 0.248172061921811

ZH =  0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

EfFf Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 5

XL
YL

0.248172061921811 s
0.166455596348747 ,

ZL
ZH

0.248172061921811
0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EfFf Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 6

XL
YL

0.248172061921811 s
0.166455596348747 :

ZL
ZH

0.248172061921811
0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT
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XH
YH

XH
YH

XH
YH

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
2.764678083229805E-004 %

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
2.764678083229666E-004 %

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
2.764678083229388E-004 %



* TEMP-TIME BLOCK NO = 7

XL = 0.248172061921811 .

YL = 0.166455596348747 ,

ZL = 0.248172061921811

ZH = 0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 8

XL
YL

0.248172061921811 .
0.166455596348747 ,

ZL
ZH

0.248172061921811
0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EfFf Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 9

XL
YL

0.248172061921811 ,
0.166455596348747 s

ZL
ZH

0.248172061921811
0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN

INCREMENT
INCREMENT
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XH
YH

XH
YH

XH
YH

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
2.764678083229666E-004 %

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
2.764678083229111E-004 %

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %



-INELASTIC CREEP STRAIN

* TEMP-TIME BLOCK NO = 10

XL = 0.248172061921811 .

YL = 0.166455596348747 .

ZL = 0.248172061921811

ZH = 0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 11

XL
YL

0.248172061921811 =
0.166455596348747 s

ZL
ZH

0.248172061921811
0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 12

XL
YL

0.248172061921811 ,
0.166455596348747 .

ZL
ZH

0.248172061921811
0.256222912939448

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EfFf Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc
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XH
YH

YH

XH
YH

2.764678083231331E-004 %

117 .500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
2.764678083249095E-004 %

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
2.764678083195804E-004 %

117.500000000000
113.808000000000
29.1602172758127
29.1602172758127
29.1602172758127

0.256222912939448
0.171855516053158

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)



-ENHANCED CREEP STRAIN INCREMENT
-PLASTIC RATCHET STRAIN INCREMENT
-INELASTIC CREEP STRAIN

0.000000000000000E+000 %
0.000000000000000E+000 %
2.764678083195804E-004 %

- TOTAL ENHANCED CREEP STRAIN INCREMENT
- TOTAL PLASTIC RATCHET STRAIN INCREMENT
- TOTAL INELASTIC CREEP STRAIN

0.0OE+000 %
0.0OE+000 %
3.4856E-002 %

[CHK] TOTAL INELASTIC STRAIN = 0.0349 % < 1.0 % : OK for BASE
METAL

I
I\
=
N
o
o
O
Ey
m
m
v
T
>
et
)]
(-
m
m
<
>
—
c
>
e
o
=

I

* POINT NO = 1

(1) FATIGUE DAMAGE EVALUATION

* CYCLE NO = 1

* MAX METAL TEMP = 611.200000000000 C

* CYCLE DURATION = 20000 .0000000000 HOURS

* NUMBER OF CYCLES = 12

Max Elastic Strain Range, Emax = 0.0321 %
Equi. Stress Concentration Factor, K = 1.1189
Stress Indicator, S* = 48.1647 MPa
Stress Indicator, S bar = 53.8929 MPa
Modified Strain Range, Emod = 0.0360 %
Triaxiality Factor, T.F.= 1.9413
Factor by Triaxiality Factor, f = 0.8978
Modified 3Sm Value Modified-3Sm = 216.5461 MPa

KEmax =0.0004 < Modified-3Sm/E =0.0014

Stress Ratio Factor at Yield, Ke = 1.0000
Factor, (Ke)(K)(Emax)(E)/Modified-3SM = 0.2489
Plastic Poisson Ratio Adj Factor, Kv* = 1.0000
Mutiaxial Adjustment Factor, Kv = 1.0000
- ELASTIC-PLASTIC STRAIN RANGE, Eep = 0.0360 %
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- CREEP STRAIN INCREMENT, Ec = 0.0229 %
- TOTAL STRAIN RANGE, Et = 0.0588 %
Design Number of cycle, n = 12.
Allowable Number of cycle, Nd = 2770211.
- FATIGUE DAMAGE = 0.000004 for CYCLE NO = 1

- TOTAL FATIGUE DAMAGE, Df = 0.000004 for BASE METAL

(2) CREEP DAMAGE EVALUATION

* CYCLE NO = 1

(STEP
(STEP

(STEP

(STEP

(STEP

(STEP

(STEP

(STEP

[CHK] FATIGUE(CREEP)=

D
2)
3)

4)

5)

6)

7)

8)

DEFINE TOTAL HOLD TIME, tH
DEFINE HOLD TEMPERATURE, THT

DEFINE AVERAGE CYCLE TIME, tj

DEFINE NUMBER OF CYCLE, nj
STRESS LEVEL, SJ
TOTAL STRAIN, Et

STRESS RELAXATION TIME HISTORY

LOWER BOUND STRESS, SLB
TIME STEP SI1ZE FOR CREEP, DT

OUTPUT FILE = SRTH.OUT

12

81.3627
0.0588

GENERATION

56.5914
1.0000

NOT-MODIFIED WITH TRANSIENT PRIMARY STRESS

AT TRANSIENT TIME = 15.00 HOURS
(PMB= 30.56 MPa  SR= 80.26 MPa)

DEFINE CYCLE TRANSIENT TEMPERATURE

TRNASIENT DURATION, (tTRAN)j
TRNASIENT TEMPERATURE, (TTRAN)j}

REPETITION OF STEP 3 THROUGH 7
DWELL STRESS, SJ/K*
SAFETY FACTOR, K*

OK for BASE METAL
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FOR J=

15.0000
11.2000

1 T0

90.4031
0.9000

0.0000 < FATIGUE-LIMIT=

240000.0000 H

546.8000 C

20000.0000 H

MPa
%

MPa

O

MPa

0.2920



[CHK] CREEP(FATIGUE)=
OK for BASE METAL

* POINT NO = 2

(1) FATIGUE DAMAGE EVALUATION

* CYCLE NO = 1

0.3188 < CREEP-LIMIT=

* MAX METAL TEMP = 610.100000000000 C

* CYCLE DURATION = 20000 .0000000000 HOURS

* NUMBER OF CYCLES = 12

Max Elastic Strain Range, Emax = 0.0273
Equi. Stress Concentration Factor, K = 1.0561
Stress Indicator, Ske= 40.9214
Stress Indicator, S bar = 43.2165
Modified Strain Range, Emod = 0.0288
Triaxiality Factor, TesEmm 0.2101
Factor by Triaxiality Factor, f = 0.0546
Modified 3Sm Value Modified-3Sm = 219.2078
KEmax =0.0003 < Modified-3Sm/E =0.0015
Stress Ratio Factor at Yield, Ke = 1.0000
Factor, (Ke)(K)(Emax)(E)/Modified-3SM = 0.1971
Plastic Poisson Ratio Adj Factor, Kv* = 1.0000
Mutiaxial Adjustment Factor, Kv = 1.0000
- ELASTIC-PLASTIC STRAIN RANGE, Eep = 0.0288
- CREEP STRAIN INCREMENT, Ec = 0.0037
- TOTAL STRAIN RANGE, Et = 0.0325
Design Number of cycle, n = 12.
Allowable Number of cycle, Nd = 4011837.
- FATIGUE DAMAGE = 0.000003  for CYCLE NO = 1

%

MPa
MPa

%

MPa

%
%

%

- TOTAL FATIGUE DAMAGE, Df = 0.000003 for BASE METAL

(2) CREEP DAMAGE EVALUATION
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* CYCLE NO = 1

(STEP
(STEP

(STEP

(STEP

(STEP

(STEP

(STEP

(STEP

[CHK] FATIGUE(CREEP)=

D
2)
3)

4)

5)

6)

7

8)

DEFINE TOTAL HOLD TIME, tH
DEFINE HOLD TEMPERATURE, THT

DEFINE AVERAGE CYCLE TIME, tj

DEFINE NUMBER OF CYCLE, nj
STRESS LEVEL, SJ
TOTAL STRAIN, Et

STRESS RELAXATION TIME HISTORY

LOWER BOUND STRESS, SLB
TIME STEP SIZE FOR CREEP, DT

OUTPUT FILE = SRTH.OUT

240000.0000

546.1000

20000.0000

12

44 5692
0.0325

GENERATION

36.4503
1.0000

NOT-MODIFIED WITH TRANSIENT PRIMARY STRESS

AT TRANSIENT TIME = 15.00 HOURS
(PMB= 11.61 MPa  SR= 44.57 MPa)

DEFINE CYCLE TRANSIENT TEMPERATURE

TRNASIENT DURATION, (tTRAN)j
TRNASIENT TEMPERATURE, (TTRAN)j}

REPETITION OF STEP 3 THROUGH 7

DWELL STRESS, SJ/K*
SAFETY FACTOR, K*

OK for BASE METAL

[CHK] CREEP(FATIGUE)=

OK for BASE METAL
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15.0000
610.1000

FOR J= 1 TO

49 .5214
0.9000

0.0000 < FATIGUE-LIMIT=

0.2345 < CREEP-LIMIT=

MPa
%

MPa

MPa

0.4528

1.0000



Appendix D : Output Lists of Example 2
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SIE ASME-NH 1.0 CODE
(DEC 01, 2007)

High Temperature Structural Integrity Evaluations
According to
The ASME Boiler and Pressure Vessel Code
Section 111, Division 1 -Subsection NH
Class 1 Components in Elevated Temperature Service
2004 Edition

A R R S o o R S S S R S R R S R R AR AR R R S R S e R R R R AR R

B o R R R e e e R S S R R R e e S e S R S e

* TITLE = EXAMPLE 2 for 2-Cycle Types and 2-Evaluation Points

* ANALYSIS MODEL= AXISYMMETRIC

* BASE MATERIAL = 316S

* APPLICATION = BASE METAL
* TOTAL CYCLE TYPES = 2
* TOTAL EVALUATION POINTS = 2

* TOTAL SERVICE LIFE TIME 240000.0000(HOURS)

EVALUATION OF PRIMARY STRESS INTENSITY LIMITS

NH-3220 Design Rules and Limits for
Load Controlled Stresses iIn Structures
Other Than Bolts

*

SERVICE LEVEL - C

* CYCLE TYPE = 1

* POINT NO = 1

* MAX TEMP = 611.200000000000 C

* TOTAL DURATION = 240000.000000000 HOURS
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EQ(7) GENERAL PRIMARY MEMBRANE SI1 LIMITS

[CHK] Pm = 0.10160E+02 < 1.0St = 0.48969E+02 : OK for BASE METAL

EQ(8) USE-FRACTION SUM ASSOCIATED WITH EQ(7)

Total Duration of a Loading, ti = 0.24000E+06
Maximum Allowed Time(Fig.1-14.4), tim = 0.10438E+07

[CHK] UFS(ti/tim) = 0.22992E+00 < B = 1.0 : OK

EQ(9)(10) PRIMARY MEMBRANE+BENDING SI LIMITS

Section Factor, K
Bending Stress Reduction Factor, Kt

0.15000E+01
0.12500E+01

[CHK] (PL + Pb) = 0.30564E+02 < 1.2KSm = 0.18159E+03 : OK

[CHK] (PL+Pb/Kt) = 0.26438E+02 < St = 0.48969E+02 : OK for
BASE METAL

EQ(11) USE-FRACTION SUM ASSOCIATED WITH EQ(10)

0.24000E+06
0.70666E+06

Total Duration of a Loading , ti
Maximum Allowed Time(Fig.1-14_.4), tib

[CHK] UFS(ti/tib) = 0.33962E+00 < 1.0 - OK
* CYCLE TYPE = 1

* POINT NO = 2

* MAX TEMP = 610.100000000000 C

* TOTAL DURATION =  240000.000000000 HOURS

EQ(7) GENERAL PRIMARY MEMBRANE SI1 LIMITS

[CHK] Pm = 0.10160E+02 < 1.0St = 0.49492E+02 : OK for BASE METAL

EQ(8) USE-FRACTION SUM ASSOCIATED WITH EQ(7)

Total Duration of a Loading, ti
Maximum Allowed Time(Fig.1-14.4), tim

0.24000E+06
0.10437E+07

[CHK] UFS(ti/tim) = 0.22995E+00 < B = 1.0 : OK
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EQ(9)(10) PRIMARY MEMBRANE+BENDING SI LIMITS

Section Factor, K
Bending Stress Reduction Factor, Kt

0.15000E+01
0.12500E+01

[CHK] (PL + Pb) = 0.11612E+02 < 1.2KSm = 0.18171E+03 : OK

[CHK] (PL+Pb/Kt) = 0.77142E+01 < St = 0.49492E+02 : OK for
BASE METAL

EQ(11) USE-FRACTION SUM ASSOCIATED WITH EQC10)
Total Duration of a Loading , ti = 0.24000E+06

Maximum Allowed Time(Fig.1-14.4), tib = 0.10937E+07

[CHK] UFS(ti/tib) = 0.21945E+00 < 1.0 . OK

* SERVICE LEVEL - A & B (NH-3223)
* CYCLE TYPE = 2
* POINT NO = 1

* MAX TEMP = 563.600000000000 C

* TOTAL DURATION = 240000.000000000 HOURS

EQ(3) GENERAL PRIMARY MEMBRANE SI LIMITS

[CHK] Pm = 0.10160E+02 < Smt = 0.79994E+02 : OK for BASE METAL

EQ(4)(5) PRIMARY-MEMBRANE+BENDING SI LIMITS

Section Factor, K
Bending Stress Reduction Factor, Kt

0.15000E+01
0.12500E+01

[CHK] (PL+Pb) = 0.30564E+02 < KSm = 0.15642E+03 : OK

[CHK] (PL+Pb/Kt) = 0.26438E+02 < St = 0.79994E+02 : OK for BASE
METAL

* CYCLE TYPE = 2

* POINT NO = 2

* MAX TEMP = 562.700000000000 C

* TOTAL DURATION = 240000.000000000 HOURS

EQ(3) GENERAL PRIMARY MEMBRANE SI1 LIMITS
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[CHK] Pm = 0.10160E+02 < Smt = 0.80735E+02

EQ(4)(5) PRIMARY-MEMBRANE+BENDING SI LIMITS

Section Factor, K = 0.15000E+01
= 0.12500E+01

Bending Stress Reduction Factor, Kt

[CHK] (PL+Pb) = 0.11612E+02 < KSm = 0.15652E+03

[CHK] (PL+Pb/Kt) = 0.77142E+01 < St = 0.80735E+02

METAL

: OK for BASE METAL

- OK

DEFORMATION AND STRAIN LIMITS

for Structural Integrity

T-1300 Deformation and Strain Limits

(1) USING ELASTIC ANALYSIS

* CYCLE TYPE
* POINT NO

1
1

* MIN WALL AVG. TEMP
* MAX WALL AVG. TEMP

512.300000000000
604 .000000000000

* COLD TEMPERATUE
* HOT TEMPERATURE

512.100000000000
605 .500000000000

Yield stress at min wall averaged temp, SyL
Yield stress at max wall averaged temp, SyH

Averaged yield stress, Sy

Max primary stress intensity, (Pm+Pb/Kt)max

Max range of secondary SI, (QR)max
Primary Stress Parameter, X

Secondary Stress Parameter, Y

(T-1322) TEST NO. A-1

[CHK] (X + Y) = 0.6997 < Sa/Sy= 0.9512 : OK

(T-1323) TEST NO. A-2
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117
113
115
26
54

0.228716288041131
0.471024022077160

- OK for BASE

.5080 MPa
-6800 MPa
-5940 MPa
-4382 MPa
-4476 MPa



[CHK] (X + Y) = 0.6997 < 1.0 - OK

* CYCLE TYPE
* POINT NO

1
2

* MIN WALL AVG. TEMP
* MAX WALL AVG. TEMP

512.300000000000
604 .000000000000

*

COLD TEMPERATUE
HOT TEMPERATURE

512.500000000000
602.400000000000

*

Yield stress at min wall averaged temp, SyL
Yield stress at max wall averaged temp, SyH

Averaged yield stress, Sy
Max primary stress intensity, (Pm+Pb/Kt)max
Max range of secondary SI, (QR)max

Primary Stress Parameter,

X
Secondary Stress Parameter, Y

(T-1322) TEST NO. A-1

[CHK] (X + Y) = 0.4694 < Sa/Sy= 0.9512 : OK

(T-1323) TEST NO. A-2

[CHK] (X + Y) = 0.4694 < 1.0 - OK
* CYCLE TYPE = 2
* POINT NO = 1

* MIN WALL AVG. TEMP
* MAX WALL AVG. TEMP

443.300000000000
549 .300000000000

* COLD TEMPERATUE
* HOT TEMPERATURE

442 .100000000000
551.100000000000

Yield stress at min wall averaged temp, SyL
Yield stress at max wall averaged temp, SyH

Averaged yield stress, Sy

Max primary stress intensity, (Pm+Pb/Kt)max

Max range of secondary SlI, (QR)max
Primary Stress Parameter, X

Secondary Stress Parameter, Y

(T-1322) TEST NO. A-1
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117.5080 MPa
113.6800 MPa
115.5940 MPa

7.7142 MPa
46.5471 MPa

6.673488719414025E-002
0.402677722479193

121.2680 MPa
116.0280 MPa
118.6480 MPa
26.4382 MPa
88.8326 MPa

0.222829129861662
0.748707141154094



[CHK] (X + Y) = 0.9715 < Sa/Sy= 1.0000 : OK

(T-1323) TEST NO. A-2

[CHK] (X + Y) = 0.9715 < 1.0 : OK
* CYCLE TYPE = 2
* POINT NO = 2

* MIN WALL AVG. TEMP = 443 _.300000000000 C

* MAX WALL AVG. TEMP = 549 _.300000000000 C

* COLD TEMPERATUE = 444 500000000000 C

* HOT TEMPERATURE = 547 .400000000000 C
Yield stress at min wall averaged temp, SyL = 121.2680
Yield stress at max wall averaged temp, SyH = 116.0280
Averaged yield stress, Sy = 118.6480
Max primary stress intensity, (Pm+Pb/Kt)max = 7.7142
Max range of secondary SI, (QR)max = 73.4194
Primary Stress Parameter, X 6.501713092778173E-002

Secondary Stress Parameter, Y 0.618800132314499

(T-1322) TEST NO. A-1

[CHK] (X + Y) = 0.6838 < Sa/Sy= 1.0000 : OK

(T-1323) TEST NO. A-2

[CHK] (X + Y) = 0.6838 < 1.0 - 0K

(T-1324) TEST NO. A-3

(1) LIMIT OF NB-3222.2 FOR 3Sm CHECK

POINT NO: 1, CYCLE TYPE: 1: (P+Q) RANGE = 54 _4476
POINT NO: 1, CYCLE TYPE: 2: (P+Q) RANGE = 88.8326
* MAX(P+Q)RANGE = 88.8326 > 3Sm = 316.0575 MPa : OK
POINT NO: 2, CYCLE TYPE: 1: (P+Q) RANGE = 46.5471
POINT NO: 2, CYCLE TYPE: 2: (P+Q) RANGE = 73.4194
* MAX(P+Q)RANGE = 73.4194 > 3Sm = 316.0575 MPa : OK

(2) LIMIT OF NB-3222.3 EXPANSION STRESS INTENSITY

(NOTE ' This rule is not applicable to vessels: Pe in Fig.-NB-

3222-1)
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MPa
MPa
MPa
MPa
MPa

MPa
MPa

MPa
MPa



(3) LIMIT OF NB-3222-5 THERMAL STRESS RATCHET

POINT NO: 1, CYCLE TYPE: 1:
X =0.0879 ,Y =11.3776

* THERMAL STRESS RANGE = 55.8869

MPa : OK

POINT NO: 1, CYCLE TYPE: 2:
X =0.0856 ,Y =11.6782

* THERMAL STRESS RANGE = 92.4007

MPa : OK

POINT NO: 2, CYCLE TYPE: 1:
X =0.0879 ,Y =11.3776

* THERMAL STRESS RANGE = 47.9783

MPa : OK

POINT NO: 2, CYCLE TYPE: 2:
X =0.085 ,Y =11.6782

* THERMAL STRESS RANGE = 75.5234

MPa : OK

>  ALLOBLE

ALLOBLE

\%

\

ALLOBLE

ALLOBLE

\%

(4) ADDITIONAL REQUIREMENTS OF (A) THROUGH (D)

* POINT NO = 1

(A) USE-FRACTION SUM
- FOR TOTAL TRNASIENT OPERATION

* CYCLE NO = 1

Max Wall Average Temperature, Ti
Stress Level, 1.5Sy|Ti
Number of Hours (Transient time)
Allowable Hours (TABLE 1-14.6)

* CYCLE NO = 2

Max Wall Average Temperature, Ti
Stress Level, 1.5Sy|Ti
Number of Hours (Transient time)
Allowable Hours (TABLE 1-14.6)

- FOR TOTAL STEADY STATE OPERATION

Normal Metal Temperature Ti
Stress Level, 1.5Sy|Ti
Number of Hours (Normal Time)
Allowable Hours (TABLE 1-14.6)

[CHK] UFS(ti/tid) = 5.4600 > 0.1
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604 .0000
170.5200
150.0000
1749.2260

549 .3000
174.0420
225.0000
31386.2952

546.8000
174.1920
239625 .0000
44647 .0588

= NOT OK

RANGE

RANGE

RANGE

RANGE

C

MPa
HOURS
HOURS

c

MPa
HOURS
HOURS

C

MPa
HOURS
HOURS

=1315.1864

=1385.5991

=1315.1864

=1385.5991



(B) CREEP STRAIN LIMITS
- FOR TOTAL TRNASIENT OPERATION

* CYCLE TYPE = 1

Max Wall Average Temperature, Ti
Stress Level, 1.25Sy|Ti
Number of Hours (Transient Time)

604.0000 C
142.1000 MPa
150.0000 HOURS

Creep Strain (FIG. T-1800) 0.5464 %
* CYCLE TYPE = 2
Max Wall Average Temperature, Ti 549_.3000 C

145.0350 MPa
225.0000 HOURS

Stress Level, 1.25Sy|Ti
Number of Hours (Transient Time)

Creep Strain (FIG. T-1800) 0.1131 %

- FOR TOTAL STEADY STATE OPERATION

Normal Metal Temperature, Ti 546.8000 C
Stress Level, 1.25Sy|Ti 145.1600 MPa

239625.0000 HOURS
3.1731 %

Number of Hours (Normal Time)
Creep Strain (FIG. T-1800)

[CHK] TOTAL CREEP STRAIN FOR 1.25Sy|Ti = 3.8326 % > 0.2 : NOT OK
(C) 3Sm LIMITS

* CYCLE TYPE = 1

Cold Temp at Extreme Stress Cycle, Tcold = 512.1000 C
Hot Temp at Extreme Stress Cycle, Thot = 605.5000 C
Stress Relax. Strength at Cold Temp, SrL = 139.9133 MPa
Stress Relax. Strength at Hot Temp, SrH = 76.6328 MPa
Modified-3Sm = SrL + SrH = 216.5461

3Sm = 303.7027

[CHK] MAX RANGE OF (PL + Pb + Q) = 54.448 < 3Sm = 216.546 : OK
* CYCLE TYPE = 2

442 .1000 C
551.1000 C
162.6214 MPa
106.7365 MPa

Cold Temp at Extreme Stress Cycle, Tcold
Hot Temp at Extreme Stress Cycle, Thot
Stress Relax. Strength at Cold Temp, SrL
Stress Relax. Strength at Hot Temp, SrH
Modified-3Sm = SrL + SrH = 269.3578
3Sm = 315.6525

[CHK] MAX RANGE OF (PL + Pb + Q) = 88.833 < 3Sm = 269.358 : OK

* POINT NO = 2
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(A) USE-FRACTION SUM
- FOR TOTAL TRNASIENT OPERATION

* CYCLE NO = 1

Max Wall Average Temperature, Ti
Stress Level, 1.5Sy]Ti
Number of Hours (Transient time)
Allowable Hours (TABLE 1-14.6)

* CYCLE NO = 2

Max Wall Average Temperature, Ti
Stress Level, 1.5Sy]Ti
Number of Hours (Transient time)
Allowable Hours (TABLE 1-14.6)

- FOR TOTAL STEADY STATE OPERATION

Normal Metal Temperature Ti
Stress Level, 1.5Sy|Ti
Number of Hours (Normal Time)
Allowable Hours (TABLE 1-14.6)

[CHK] UFS(ti/tid) = 5.0816 > 0.1
(B) CREEP STRAIN LIMITS
- FOR TOTAL TRNASIENT OPERATION

* CYCLE TYPE = 1

Max Wall Average Temperature, Ti
Stress Level, 1.25Sy|Ti
Number of Hours (Transient Time)
Creep Strain (FIG. T-1800)

* CYCLE TYPE = 2

Max Wall Average Temperature, Ti
Stress Level, 1.25Sy|Ti
Number of Hours (Transient Time)
Creep Strain (FIG. T-1800)

- FOR TOTAL STEADY STATE OPERATION

Normal Metal Temperature, Ti
Stress Level, 1.25Sy|Ti
Number of Hours (Normal Time)
Creep Strain (FIG. T-1800)

604 .0000
170.5200
150.0000
1749.2260

549.3000
174.0420
225.0000
31386.2952

546.1000
174.2340
239625.0000
48033.6538

- NOT OK

604 .0000
142.1000
150.0000

0.5464

549 .3000
145.0350
225.0000

0.1131

546.1000
145.1950
239625.0000
3.1232

[CHK] TOTAL CREEP STRAIN FOR 1.25Sy|Ti = 3.7827

(©) 3Sm LIMITS
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C

MPa
HOURS
HOURS

C

MPa
HOURS
HOURS

C

MPa
HOURS
HOURS

C

MPa
HOURS
%

C

MPa
HOURS
%

C

MPa
HOURS
%

% > 0.2

: NOT OK



* CYCLE TYPE = 1

Cold Temp at Extreme Stress Cycle, Tcold
Hot Temp at Extreme Stress Cycle, Thot
Stress Relax. Strength at Cold Temp, SrL
Stress Relax. Strength at Hot Temp, SrH
Modified-3Sm = SrL + SrH = 219.2078
3Sm = 304.2724

[CHK] MAX RANGE OF (PL + Pb + Q) = 46.547
* CYCLE TYPE = 2

Cold Temp at Extreme Stress Cycle, Tcold
Hot Temp at Extreme Stress Cycle, Thot
Stress Relax. Strength at Cold Temp, SrL
Stress Relax. Strength at Hot Temp, SrH
Modified-3Sm = SrL + SrH = 271.6189
3Sm = 316.4850

[CHK] MAX RANGE OF (PL + Pb + Q) = 73.419

(2) USING SIMPLIFIED INELASTIC ANALYSIS

(T-1332) TEST NOS. B-1 and B-2

* POINT NO
* CYCLE TYPE

I
=

* MIN WALL AVG. TEMP
* MAX WALL AVG. TEMP

* LOWER EXTREME TEMPERATURE
* HIGHER EXTREME TEMPERATURE

Primary SI, (Pm + Pb/Kt) + Qm
Secondary SI Range, QR

Yield Stress at Cold Temp, SyL

Primary Stress Parameter, X
Secondary Stress Parameter, Y

Creep Stress Parameter, Z =
Effective Creep Stress, Sc =
* POINT NO 1

* CYCLE TYPE 2
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512.300000000000
604 .000000000000

512.5000 C
602.4000 C

139.5438 MPa
79.6641 MPa

< 3Sm

444 5000 C
547.4000 C

= 219.208 : OK

162.2538 MPa
109.3651 MPa

< 3Sm

= 271.619 : OK

C
C

512.300000000000
604 .000000000000

45.2730965931277

19.5585325709778

117 .508000000000

0.385276718122406
0.166444263973328

0.385276718122406

45_.2730965931277

(MPa)
(MPa)

(MPa)

(MPa)



*

MIN WALL AVG. TEMP
MAX WALL AVG. TEMP

*

*

LOWER EXTREME TEMPERATURE
HIGHER EXTREME TEMPERATURE

*

Primary SI, (Pm + Pb/Kt) + Qm
Secondary S1 Range, QR

Yield Stress at Cold Temp, SyL

Primary Stress Parameter, X
Secondary Stress Parameter, Y

443.300000000000 C
549 .300000000000 C

443 300000000000
549.300000000000

45.2124069678152
33.4678861755579

121.268000000000

0.372830482631982
0.275982832862403

Creep Stress Parameter, Z#F= 0.372830482631982
Effective Creep Stress, Sc = 45.2124069678152
* POINT NO = 2
* CYCLE TYPE = 1

* MIN WALL AVG. TEMP = 512 .300000000000 C

* MAX WALL AVG. TEMP = 604 000000000000 C

*

LOWER EXTREME TEMPERATURE
* HIGHER EXTREME TEMPERATURE

Primary SI, (Pm + Pb/Kt) + Qm
Secondary Sl Range, QR

Yield Stress at Cold Temp, SyL

Primary Stress Parameter, X
Secondary Stress Parameter, Y

Creep Stress Parameter, Z

Effective Creep Stress, Sc

512.300000000000
604 .000000000000

29.1602172758127
19.5585325709778

117 .508000000000

0.248155166250917
0.166444263973328

0.248155166250917

29.1602172758127

* POINT NO
* CYCLE TYPE

* MIN WALL AVG. TEMP
* MAX WALL AVG. TEMP

2
2

443 _.300000000000
549.300000000000

C
C

* LOWER EXTREME TEMPERATURE
* HIGHER EXTREME TEMPERATURE

Primary SI, (Pm + Pb/Kt) + Qm
Secondary S1 Range, QR
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443.300000000000
549.300000000000

44 6559501777589
33.4678861755579

(MPa)
(MPa)

(MPa)

(MPa)

(MPa)
(MPa)

(MPa)

(MPa)

(MPa)
(MPa)



Yield Stress at Cold Temp, SyL 121.268000000000 (MPa)

0.368241829483120
0.275982832862403

Primary Stress Parameter, X
Secondary Stress Parameter, Y

0.368241829483120

Creep Stress Parameter, Z
Effective Creep Stress, Sc = 44 6559501777589 (MPa)

- EFFECTIVE CREEP RATCHET STRESSES :

POINT NO = 1, CYCLE TYPE = 1: 1.255c = 56.591(MPa)
POINT NO = 1, CYCLE TYPE = 2: 1.25Sc = 56.516(MPa)
POINT NO = 2, CYCLE TYPE = 1: 1.25S5c = 36.450(MPa)
POINT NO = 2, CYCLE TYPE = 2: 1.25Sc = 55.820(MPa)

* LISTS OF SEQUENCE OF LOAD HISTORIES

SEQUENCE NO. CYCLE TYPES DURATION OF TEMP-TIME BLOCKS
1 1 6000.0000
2 2 18000.0000
3 1 6000.0000
4 2 18000.0000
5 1 6000.0000
6 2 18000.0000
7 1 6000.0000
8 2 18000.0000
9 1 6000.0000

10 2 18000.0000
11 1 6000.0000
12 2 18000.0000
13 1 6000.0000
14 2 18000.0000
15 1 6000.0000
16 2 18000.0000
17 1 6000.0000
18 2 18000.0000
19 1 6000.0000
20 2 18000.0000
TOTAL SUM OF TIME BLOCKS = 240000.0000 > DESIGN LIFE=

240000.0000 : OK

- CALCULATED CREEP STRAIN INC FOR EACH TIME BLOCK

* POINT NO = 1
(SEQ NO) (CREEP STRN INC)  (TEMP)

1 0.089943 604 .000

2 0.001095 549300

3 0.005893 604 .000
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4 0.001095 549.300
5 0.002663 604 .000
6 0.001095 549300
7 0.002663 604 .000
8 0.001095 549.300
9 0.002663 604 .000
10 0.001095 549300
11 0.002663 604 .000
12 0.001095 549300
13 0.002663 604 .000
14 0.001095 549.300
15 0.002663 604 .000
16 0.001095 549.300
17 0.002663 604 .000
18 0.001095 549.300
19 0.002663 604 .000
20 0.001095 549.300

[CHK] TOTAL CREEP RATCHETING STRAIN = 0.1281 % < 1.0 % : OK for

BASE METAL

* POINT NO = 2

(SEQ NO) (CREEP STRN INC)  (TEMP)
1 0.027315 604 .000
2 0.001005 549.300
3 0.000093 604 .000
4 0.001005 549300
5 0.000093 604 .000
6 0.001005 549.300
7 0.000093 604 .000
8 0.001005 549.300
9 0.000093 604 .000
10 0.001005 549.300
11 0.000093 604 .000
12 0.001005 549300
13 0.000093 604 .000
14 0.001005 549.300
15 0.000093 604 .000
16 0.001005 549300
17 0.000093 604 .000
18 0.001005 549300
19 0.000093 604 .000
20 0.001005 549.300

[CHK] TOTAL CREEP RATCHETING STRAIN = 0.0382 % < 1.0 % : OK for
BASE METAL

(T-1333) TEST NO. B-3

* POINT NO = 1
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* TEMP-TIME BLOCK NO = 1

XL = 0.385276718122406
YL = 0.166444263973328
ZL = 0.385276718122406
ZH = 0.398250321895916
Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 2

XL
YL

0.372830482631982 ,
0.275982832862403 =

ZL
ZH

0.372830482631982
0.389668071222595

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 3

XL
YL

0.385276718122406 .
0.166444263973328 s

ZL
ZH

0.385276718122406
0.398250321895916

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN INCREMENT
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XH
YH

YH

YH

0.398250321895916
0.172049019801001

117 .508000000000
113.680000000000
45.2730965931277
45_.2730965931277
45.2124069678152

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

8.065120562196273E-007 %
0.000000000000000E+000 %
8.994260524062253E-002 %

121.268000000000
116.028000000000
45.2124069678152
45.2124069678152
45.2730965931277

0.389668071222595
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142332959E-003 %

117.508000000000
113.680000000000
45.2730965931277
45_2730965931277
45.2124069678152

0.398250321895916
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

8.065120562196273E-007 %



-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

* TEMP-TIME BLOCK NO = 4

XL
YL

0.372830482631982 ,
0.275982832862403 s

ZL
ZH

0.372830482631982
0.389668071222595

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EFff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 5

XL
YL

0.385276718122406 s
0.166444263973328 5

ZL
ZH

0.385276718122406
0.398250321895916

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EfFf Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 6

XL
YL

0.372830482631982 ,
0.275982832862403 ,

ZL
ZH

0.372830482631982
0.389668071222595

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc
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XH
YH

XH
YH

XH
YH

0.000000000000000E+000 %
5.893012599207326E-003 %

121.268000000000
116.028000000000
45.2124069678152
45.2124069678152
45.2730965931277

0.389668071222595
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142332959E-003 %

117.508000000000
113.680000000000
45.2730965931277
45_.2730965931277
45.2124069678152

0.398250321895916
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

8.065120562196273E-007 %
0.000000000000000E+000 %
2.663125777352254E-003 %

121.268000000000
116.028000000000
45.2124069678152
45.2124069678152
45.2730965931277

0.389668071222595
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)



-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 7

XL
YL

0.385276718122406 .
0.166444263973328 ,

ZL
ZH

0.385276718122406
0.398250321895916

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EFff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 8

XL
YL

0.372830482631982 ,
0.275982832862403 s

ZL
ZH

0.372830482631982
0.389668071222595

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 9

XL
YL

0.385276718122406 ,
0.166444263973328 s

ZL
ZH

0.385276718122406
0.398250321895916

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
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XH
YH

XH
YH

XH
YH

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142332987E-003 %

117 .508000000000
113.680000000000
45.2730965931277
45_.2730965931277
45.2124069678152

0.398250321895916
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

8.065120562196273E-007 %
0.000000000000000E+000 %
2.663125777352282E-003 %

121.268000000000
116.028000000000
45.2124069678152
45.2124069678152
45.2730965931277

0.389668071222595
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142332987E-003 %

117 .508000000000
113.680000000000
45.2730965931277

0.398250321895916
0.172049019801001

(MPa)
(MPa)
(MPa)



Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 10

XL
YL

0.372830482631982 ,
0.275982832862403 ,

ZL
ZH

0.372830482631982
0.389668071222595

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 11

XL
YL

0.385276718122406 .
0.166444263973328 5

ZL
ZH

0.385276718122406
0.398250321895916

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFfFf Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 12

XL
YL

0.372830482631982 ,
0.275982832862403 s

ZL
ZH

0.372830482631982
0.389668071222595

Yield Stress at Cold End, SyL
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YH

YH

YH

45.2730965931277
45.2124069678152

(MPa)
(MPa)

8.065120562196273E-007 %
0.000000000000000E+000 %
2.663125777352171E-003 %

121.268000000000
116.028000000000
45.2124069678152
45.2124069678152
45.2730965931277

0.389668071222595
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142332987E-003 %

117.508000000000
113.680000000000
45.2730965931277
45_.2730965931277
45.2124069678152

0.398250321895916
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

8.065120562196273E-007 %
0.000000000000000E+000 %
2.663125777352171E-003 %

121.268000000000

0.389668071222595
0.288446635084272

(MPa)



Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 13

XL
YL

0.385276718122406 s
0.166444263973328 .

ZL
ZH

0.385276718122406
0.398250321895916

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EFff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 14

XL
YL

0.372830482631982 s
0.275982832862403 5

ZL
ZH

0.372830482631982
0.389668071222595

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT

* TEMP-TIME BLOCK NO = 15

XL
YL

0.385276718122406 s
0.166444263973328 ,

ZL

0.385276718122406
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XH
YH

XH
YH

XH
YH

116.028000000000
45.2124069678152
45.2124069678152
45.2730965931277

(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142332764E-003 %

117.508000000000
113.680000000000
45.2730965931277
45_.2730965931277
45.2124069678152

0.398250321895916
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

8.065120562196273E-007 %
0.000000000000000E+000 %
2.663125777349507E-003 %

121.268000000000
116.028000000000
45.2124069678152
45.2124069678152
45.2730965931277

0.389668071222595
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142333653E-003 %

0.398250321895916
0.172049019801001



ZH = 0.398250321895916

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 16

XL
YL

0.372830482631982 ,
0.275982832862403 4

ZL
ZH

0.372830482631982
0.389668071222595

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 17

XL
YL

0.385276718122406 ,
0.166444263973328 s

ZL
ZH

0.385276718122406
0.398250321895916

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT

* TEMP-TIME BLOCK NO = 18

XL
YL

0.372830482631982
0.275982832862403
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XH
YH

XH
YH

YH

117.508000000000
113.680000000000
45.2730965931277
45.2730965931277
45.2124069678152

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

8.065120562196273E-007 %
0.000000000000000E+000 %
2.663125777360165E-003 %

121.268000000000
116.028000000000
45.2124069678152
45.2124069678152
45_.2730965931277

0.389668071222595
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142340758E-003 %

117.508000000000
113.680000000000
45.2730965931277
45.2730965931277
45.2124069678152

0.398250321895916
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

8.065120562196273E-007 %
0.000000000000000E+000 %
2.663125777417008E-003 %

0.389668071222595
0.288446635084272



ZL = 0.372830482631982
ZH = 0.389668071222595
Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 19

XL
YL

0.385276718122406 5
0.166444263973328 s

ZL
ZH

0.385276718122406
0.398250321895916

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 20

XL
YL

0.372830482631982 ,
0.275982832862403 s

ZL
ZH

0.372830482631982
0.389668071222595

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EfFf Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT

- TOTAL ENHANCED
8.065120562196274E-006 %

CREEP
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YH

YH

STRAIN

121.268000000000
116.028000000000
45.2124069678152
45.2124069678152
45_.2730965931277

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142340758E-003 %

117 .508000000000
113.680000000000
45_.2730965931277
45.2730965931277
45.2124069678152

0.398250321895916
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

8.065120562196273E-007 %
0.000000000000000E+000 %
2.663125777644382E-003 %

121 .268000000000
116.028000000000
45.2124069678152
45.2124069678152
45.2730965931277

0.389668071222595
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
1.094851142170228E-003 %

INCREMENT



- TOTAL PLASTIC RATCHET STRAIN INCREMENT =  0.OE+000 %

- TOTAL INELASTIC CREEP STRAIN = 0.128 %

[CHK] TOTAL INELASTIC STRAIN = 0.1281 % < 1.0 % OK for BASE
METAL
* POINT NO = 2
* TEMP-TIME BLOCK NO = 1

XL = 0.248155166250917 , XH = 0.256511411645080

YL = 0.166444263973328 , YH = 0.172049019801001

ZL = 0.248155166250917

ZH = 0.256511411645080

Yield Stress at Cold End, SyL = 117.508000000000 (MPa)
Yield Stress at Hot End, SyH = 113.680000000000 (MPa)
Eff Creep Stress at Cold End, ScL = 29.1602172758127 (MPa)
EFff Creep Stress at Hot End, ScH = 29.1602172758127 (MPa)
Eff Creep STR for Next Cycle, Sc = 44.6559501777589 (MPa)
-ENHANCED CREEP STRAIN INCREMENT =  0.000000000000000E+000 %
-PLASTIC RATCHET STRAIN INCREMENT =  0.000000000000000E+000 %
—-INELASTIC CREEP STRAIN =  2.731452612338172E-002 %
* TEMP-TIME BLOCK NO = 2

XL = 0.368241829483120 . XH = 0.384872187556098

YL = 0.275982832862403 , YH = 0.288446635084272

ZL = 0.368241829483120

ZH = 0.384872187556098

Yield Stress at Cold End, SyL = 121.268000000000 (MPa)
Yield Stress at Hot End, SyH =  116.028000000000 (MPa)
Eff Creep Stress at Cold End, ScL = 44.6559501777589 (MPa)
Eff Creep Stress at Hot End, ScH = 44.6559501777589 (MPa)
EfFf Creep STR for Next Cycle, Sc = 29.1602172758127 (MPa)
-ENHANCED CREEP STRAIN INCREMENT = 2.513578124701602E-004 %
-PLASTIC RATCHET STRAIN INCREMENT =  0.000000000000000E+000 %
—-INELASTIC CREEP STRAIN = 1.005420582064556E-003 %
* TEMP-TIME BLOCK NO = 3

XL = 0.248155166250917 , XH = 0.256511411645080

YL = 0.166444263973328 , YH = 0.172049019801001

ZL = 0.248155166250917

ZH = 0.256511411645080
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Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 4

XL
YL

0.368241829483120 s
0.275982832862403 ,

ZL
ZH

0.368241829483120
0.384872187556098

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 5

XL
YL

0.248155166250917 5
0.166444263973328 i

ZL
ZH

0.248155166250917
0.256511411645080

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 6

XL
YL

0.368241829483120 s
0.275982832862403 ,

ZL

0.368241829483120
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XH
YH

XH
YH

XH
YH

117 .508000000000
113.680000000000
29.1602172758127
29.1602172758127
44 6559501777589

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.348359229589820E-005 %

121 .268000000000
116.028000000000
44 6559501777589
44 6559501777589
29.1602172758127

0.384872187556098
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

2.513578124701602E-004 %
0.000000000000000E+000 %
1.005420582064556E-003 %

117.508000000000
113.680000000000
29.1602172758127
29.1602172758127
44 6559501777589

0.256511411645080
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.348359229589820E-005 %

0.384872187556098
0.288446635084272



ZH = 0.384872187556098

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 7

XL
YL

0.248155166250917 ,
0.166444263973328 4

ZL
ZH

0.248155166250917
0.256511411645080

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 8

XL
YL

0.368241829483120 ,
0.275982832862403 s

ZL
ZH

0.368241829483120
0.384872187556098

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT

* TEMP-TIME BLOCK NO = 9

XL
YL

0.248155166250917
0.166444263973328
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XH
YH

XH
YH

YH

121.268000000000
116.028000000000
44 6559501777589
44 6559501777589
29.1602172758127

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

2.513578124701602E-004 %
0.000000000000000E+000 %
1.005420582064556E-003 %

117.508000000000
113.680000000000
29.1602172758127
29.1602172758127
44 6559501777589

0.256511411645080
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.348359229588432E-005 %

121.268000000000
116.028000000000
44 6559501777589
44 6559501777589
29.1602172758127

0.384872187556098
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

2.513578124701602E-004 %
0.000000000000000E+000 %
1.005420582064570E-003 %

0.256511411645080
0.172049019801001



ZL = 0.248155166250917
ZH = 0.256511411645080
Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 10

XL
YL

0.368241829483120 5
0.275982832862403 s

ZL
ZH

0.368241829483120
0.384872187556098

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 11

XL
YL

0.248155166250917 ,
0.166444263973328 s

ZL
ZH

0.248155166250917
0.256511411645080

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EfFf Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT

* TEMP-TIME BLOCK NO = 12
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YH

YH

117 .508000000000
113.680000000000
29.1602172758127
29.1602172758127
44 6559501777589

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.348359229588432E-005 %

121 .268000000000
116.028000000000
44 6559501777589
44 .6559501777589
29.1602172758127

0.384872187556098
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

2.513578124701602E-004 %
0.000000000000000E+000 %
1.005420582064487E-003 %

117.508000000000
113.680000000000
29.1602172758127
29.1602172758127
44 6559501777589

0.256511411645080
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.348359229588432E-005 %



XL 0.368241829483120 ,

YL 0.275982832862403 ,

ZL = 0.368241829483120

ZH = 0.384872187556098

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

EfFf Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 13

XL
YL

0.248155166250917 s
0.166444263973328 ,

ZL
ZH

0.248155166250917
0.256511411645080

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EfFf Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 14

XL
YL

0.368241829483120 s
0.275982832862403 :

ZL
ZH

0.368241829483120
0.384872187556098

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT
INCREMENT
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XH
YH

XH
YH

XH
YH

121.268000000000
116.028000000000
44 6559501777589
44 6559501777589
29.1602172758127

0.384872187556098
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

2.513578124701602E-004 %
0.000000000000000E+000 %
1.005420582064542E-003 %

117.508000000000
113.680000000000
29.1602172758127
29.1602172758127
44 6559501777589

0.256511411645080
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.348359229566228E-005 %

121.268000000000
116.028000000000
44 6559501777589
44 6559501777589
29.1602172758127

0.384872187556098
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

2.513578124701602E-004 %
0.000000000000000E+000 %
1.005420582063987E-003 %



* TEMP-TIME BLOCK NO = 15

XL = 0.248155166250917 .

YL = 0.166444263973328 ,

ZL = 0.248155166250917

ZH = 0.256511411645080

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 16

XL
YL

0.368241829483120 .
0.275982832862403 ,

ZL
ZH

0.368241829483120
0.384872187556098

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EfFf Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 17

XL
YL

0.248155166250917 ,
0.166444263973328 s

ZL
ZH

0.248155166250917
0.256511411645080

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN

INCREMENT
INCREMENT
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XH
YH

XH
YH

XH
YH

117.508000000000
113.680000000000
29.1602172758127
29.1602172758127
44 6559501777589

0.256511411645080
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.348359229655046E-005 %

121 .268000000000
116.028000000000
44 6559501777589
44 6559501777589
29.1602172758127

0.384872187556098
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

2.513578124701602E-004 %
0.000000000000000E+000 %
1.005420582064431E-003 %

117.508000000000
113.680000000000
29.1602172758127
29.1602172758127
44 6559501777589

0.256511411645080
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %



-INELASTIC CREEP STRAIN

* TEMP-TIME BLOCK NO = 18

XL = 0.368241829483120 .

YL = 0.275982832862403 .

ZL = 0.368241829483120

ZH = 0.384872187556098

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH

Eff Creep Stress at Cold End, ScL
EFff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 19

XL
YL

0.248155166250917 =
0.166444263973328 s

ZL
ZH

0.248155166250917
0.256511411645080

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
Eff Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
EFfFf Creep STR for Next Cycle, Sc

-ENHANCED CREEP STRAIN
-PLASTIC RATCHET STRAIN
-INELASTIC CREEP STRAIN

INCREMENT

INCREMENT

* TEMP-TIME BLOCK NO = 20

XL
YL

0.368241829483120 ,
0.275982832862403 s

ZL
ZH

0.368241829483120
0.384872187556098

Yield Stress at Cold End, SyL
Yield Stress at Hot End, SyH
EfFf Creep Stress at Cold End, ScL
Eff Creep Stress at Hot End, ScH
Eff Creep STR for Next Cycle, Sc
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XH
YH

YH

XH
YH

9.348359229832681E-005 %

121.268000000000
116.028000000000
44 6559501777589
44 6559501777589
29.1602172758127

0.384872187556098
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

2.513578124701602E-004 %
0.000000000000000E+000 %
1.005420582064431E-003 %

117.508000000000
113.680000000000
29.1602172758127
29.1602172758127
44 6559501777589

0.256511411645080
0.172049019801001

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)

0.000000000000000E+000 %
0.000000000000000E+000 %
9.348359230898495E-005 %

121.268000000000
116.028000000000
44 6559501777589
44 6559501777589
29.1602172758127

0.384872187556098
0.288446635084272

(MPa)
(MPa)
(MPa)
(MPa)
(MPa)



-ENHANCED CREEP STRAIN INCREMENT
-PLASTIC RATCHET STRAIN INCREMENT
-INELASTIC CREEP STRAIN

2.513578124701602E-004 %
0.000000000000000E+000 %
1.005420582067984E-003 %

- TOTAL ENHANCED CREEP STRAIN INCREMENT
- TOTAL PLASTIC RATCHET STRAIN INCREMENT
- TOTAL INELASTIC CREEP STRAIN

2.513E-003 %
0.000E+000 %
3.821E-002 %

[CHK] TOTAL INELASTIC STRAIN = 0.0407 % < 1.0 % : OK for BASE
METAL
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* POINT NO = 1

(1) FATIGUE DAMAGE EVALUATION

* CYCLE NO = 1

* MAX METAL TEMP = 611.200000000000 C

* CYCLE DURATION = 24000 .0000000000 HOURS

* NUMBER OF CYCLES = 10

Max Elastic Strain Range, Emax = 0.0321 %
Equi. Stress Concentration Factor, K = 1.1189
Stress Indicator, S* = 48.1647 MPa
Stress Indicator, S bar = 53.8929 MPa
Modified Strain Range, Emod = 0.0360 %
Triaxiality Factor, T.F.= 1.9413
Factor by Triaxiality Factor, f = 0.8978
Modified 3Sm Value Modified-3Sm = 216.5461 MPa

KEmax =0.0004 < Modified-3Sm/E =0.0014

Stress Ratio Factor at Yield, Ke = 1.0000
Factor, (Ke)(K)(Emax)(E)/Modified-3SM = 0.2489
Plastic Poisson Ratio Adj Factor, Kv* = 1.0000
Mutiaxial Adjustment Factor, Kv = 1.0000
- ELASTIC-PLASTIC STRAIN RANGE, Eep = 0.0360 %
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- CREEP STRAIN INCREMENT, Ec = 0.0217
- TOTAL STRAIN RANGE, Et = 0.0577
Design Number of cycle, n = 10.
Allowable Number of cycle, Nd = 2824543.
- FATIGUE DAMAGE = 0.000004 for CYCLE NO = 1
* CYCLE NO = 2

* MAX METAL TEMP = 563.600000000000 C

* CYCLE DURATION = 16000.0000000000 HOURS

* NUMBER OF CYCLES = 15
Max Elastic Strain Range, Emax = 0.0505
Equi. Stress Concentration Factor, K = 1.0769
Stress Indicator, Ske= 78.1073
Stress Indicator, S bar = 84.1120
Modified Strain Range, Emod = 0.0544
Triaxiality Factor, TesEmm 1.9359
Factor by Triaxiality Factor, f = 0.8884
Modified 3Sm Value Modified-3Sm = 269.3578
KEmax =0.0005 < Modified-3Sm/E =0.0017
Stress Ratio Factor at Yield, Ke = 1.0000
Factor, (Ke)(K)(Emax)(E)/Modified-3SM = 0.3123
Plastic Poisson Ratio Adj Factor, Kv* = 1.0000
Mutiaxial Adjustment Factor, Kv = 1.0000
- ELASTIC-PLASTIC STRAIN RANGE, Eep = 0.0544
- CREEP STRAIN INCREMENT, Ec = 0.0017
- TOTAL STRAIN RANGE, Et = 0.0561
Design Number of cycle, n = 15.
Allowable Number of cycle, Nd = 2898164 .
- FATIGUE DAMAGE = 0.000005 for CYCLE NO = 2

%

%

%

MPa
MPa

%

MPa

%
%

%

- TOTAL FATIGUE DAMAGE, Df = 0.000009 for BASE METAL

(2) CREEP DAMAGE EVALUATION
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* CYCLE NO = 1

(STEP 1)
(STEP 2)

(STEP 3)

(STEP 4)

(STEP 5)

(STEP 6)

(STEP 7)

(STEP 8)

DEFINE TOTAL HOLD TIME, tH
DEFINE HOLD TEMPERATURE, THT

DEFINE AVERAGE CYCLE TIME, tj

DEFINE NUMBER OF CYCLE, nj
STRESS LEVEL, SJ
TOTAL STRAIN, Et

STRESS RELAXATION TIME HISTORY

LOWER BOUND STRESS, SLB
TIME STEP SIZE FOR CREEP, DT

OUTPUT FILE = SRTH.OUT

240000.0000

546.8000

24000.0000

10

79.7527
0.0577

GENERATION

56.5914
1.0000

NOT-MODIFIED WITH TRANSIENT PRIMARY STRESS

AT TRANSIENT TIME =  15.00 HOURS
(PMB= 30.56 MPa  SR= 78.65 MPa)

DEFINE CYCLE TRANSIENT TEMPERATURE

TRNASIENT DURATION, (tTRAN)j
TRNASIENT TEMPERATURE, (TTRAN)j

REPETITION OF STEP 3 THROUGH 7
DWELL STRESS, SJ/K*
SAFETY FACTOR, K*

* CYCLE NO = 2

(STEP 1)

(STEP 2)

(STEP 3)

(STEP 4)

(STEP 5)

DEFINE TOTAL HOLD TIME, tH
DEFINE HOLD TEMPERATURE, THT

DEFINE AVERAGE CYCLE TIME, tj

DEFINE NUMBER OF CYCLE, nj
STRESS LEVEL, Sj
TOTAL STRAIN, Et

STRESS RELAXATION TIME HISTORY

LOWER BOUND STRESS, SLB
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15.0000
611.2000

FOR J= 1 TO

88.6141
0.9000

240000.0000

= 546.8000

16000.0000

15

77.5711
0.0561

GENERATION

= 56.5914

MPa
%

MPa

MPa
%

MPa



TIME STEP S1ZE FOR CREEP, DT = 1.0000 H
OUTPUT FILE = SRTH.OUT
(STEP 6) NOT-MODIFIED WITH TRANSIENT PRIMARY STRESS

AT TRANSIENT TIME = 15.00 HOURS
(PMB= 30.56 MPa  SR= 76.47 MPa)

(STEP 7) DEFINE CYCLE TRANSIENT TEMPERATURE

TRNASIENT DURATION, (tTRAN)j
TRNASIENT TEMPERATURE, (TTRAN)j

15.0000 H
563.6000 C

(STEP 8) REPETITION OF STEP 3 THROUGH 7 FOR J= 2 TO 2

DWELL STRESS, SJ/K*
SAFETY FACTOR, K*

0.9000

(STEP 9) ENVELOPE STRESS RELAXATION TIME HISTORIES
OUTPUT FILE = ENVSTR.OUT

(STEP 10) TOTAL CREEP DAMAGE, Dc = 0.3168 for POINT NO

[CHK] FATIGUE(CREEP)= 0.0000 < FATIGUE-LIMIT=
OK for BASE METAL

[CHK] CREEP(FATIGUE)= 0.3168 < CREEP-LIMIT=
OK for BASE METAL

* POINT NO = 2

(1) FATIGUE DAMAGE EVALUATION

* CYCLE NO = 1

* MAX METAL TEMP = 610.100000000000 C

* CYCLE DURATION = 24000.0000000000 HOURS

* NUMBER OF CYCLES = 10

Max Elastic Strain Range, Emax = 0.0273 %
Equi. Stress Concentration Factor, K = 1.0561
Stress Indicator, S* = 40.9214 MPa
Stress Indicator, S _bar = 43.2165 MPa
Modified Strain Range, Emod = 0.0288 %
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86.1901 MPa

= 1

0.2928

1.0000



Triaxiality Factor, T.F.= 0.2101
Factor by Triaxiality Factor, f = 0.0546
Modified 3Sm Value Modified-3Sm = 219.2078
KEmax =0.0003 < Modified-3Sm/E =0.0015

Stress Ratio Factor at Yield, Ke = 1.0000
Factor, (Ke)(K)(Emax)(E)/Modified-3SM = 0.1971
Plastic Poisson Ratio Adj Factor, Kv* = 1.0000
Mutiaxial Adjustment Factor, Kv = 1.0000
- ELASTIC-PLASTIC STRAIN RANGE, Eep = 0.0288
- CREEP STRAIN INCREMENT, Ec = 0.0041
- TOTAL STRAIN RANGE, Et = 0.0329
Design Number of cycle, n = 10.
Allowable Number of cycle, Nd = 3994271.
- FATIGUE DAMAGE = 0.000003 for CYCLE NO = 1
* CYCLE NO = 2

* MAX METAL TEMP = 562 .700000000000 C

* CYCLE DURATION = 16000.0000000000 HOURS
* NUMBER OF CYCLES = 15

Max Elastic Strain Range, Emax = 0.0409
Equi. Stress Concentration Factor, K = 1.0487
Stress Indicator, S* = 63.2292
Stress Indicator, S bar = 66.3086
Modified Strain Range, Emod = 0.0429
Triaxiality Factor, T.F.= 0.1204
Factor by Triaxiality Factor, f = 0.0313
Modified 3Sm Value Modified-3Sm = 271.6189
KEmax =0.0004 < Modified-3Sm/E =0.0018

Stress Ratio Factor at Yield, Ke = 1.0000
Factor, (Ke)(K)(Emax)(E)/Modified-3SM = 0.2441
Plastic Poisson Ratio Adj Factor, Kv* = 1.0000
Mutiaxial Adjustment Factor, Kv = 1.0000
- ELASTIC-PLASTIC STRAIN RANGE, Eep = 0.0429
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- CREEP STRAIN INCREMENT, Ec = 0.0015 %
- TOTAL STRAIN RANGE, Et = 0.0444 %
Design Number of cycle, n = 15.
Allowable Number of cycle, Nd = 3452960.
- FATIGUE DAMAGE = 0.000004 for CYCLE NO = 2

- TOTAL FATIGUE DAMAGE, Df = 0.000007 for BASE METAL

(2) CREEP DAMAGE EVALUATION

* CYCLE NO = 1

(STEP
(STEP

(STEP

(STEP

(STEP

(STEP

(STEP

(STEP

D
2)
3)

4)

5)

6)

b

8)

DEFINE TOTAL HOLD TIME, tH
DEFINE HOLD TEMPERATURE, THT

DEFINE AVERAGE CYCLE TIME, tj

DEFINE NUMBER OF CYCLE, nj
STRESS LEVEL, SJ
TOTAL STRAIN, Et

STRESS RELAXATION TIME HISTORY

LOWER BOUND STRESS, SLB
TIME STEP SI1ZE FOR CREEP, DT

OUTPUT FILE = SRTH.OUT

240000.0000

546.1000

24000.0000

10

45.0898
0.0329

GENERATION

55.8199
1.0000

NOT-MODIFIED WITH TRANSIENT PRIMARY STRESS

AT TRANSIENT TIME = 15.00 HOURS
(PMB= 11.61 MPa  SR= 45.09 MPa)

DEFINE CYCLE TRANSIENT TEMPERATURE

TRNASIENT DURATION, (tTRAN)j
TRNASIENT TEMPERATURE, (TTRAN)j}

REPETITION OF STEP 3 THROUGH 7
DWELL STRESS, SJ/K*
SAFETY FACTOR, K*

* CYCLE NO = 2
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(STEP 1) DEFINE TOTAL HOLD TIME, tH

240000.0000 H

546.1000 C

(STEP 2) DEFINE HOLD TEMPERATURE, THT

(STEP 3) DEFINE AVERAGE CYCLE TIME, tj

16000.0000 H

DEFINE NUMBER OF CYCLE, nj = 15
(STEP 4) STRESS LEVEL, Sj = 61.1306 MPa
TOTAL STRAIN, Et = 0.0444 %

(STEP 5) STRESS RELAXATION TIME HISTORY GENERATION

LOWER BOUND STRESS, SLB
TIME STEP SI1ZE FOR CREEP, DT

55.8199 MPa
1.0000 H

OUTPUT FILE = SRTH.OUT
(STEP 6) NOT-MODIFIED WITH TRANSIENT PRIMARY STRESS

AT TRANSIENT TIME =  15.00 HOURS
(PMB= 11.61 MPa  SR= 60.78 MPa)

(STEP 7) DEFINE CYCLE TRANSIENT TEMPERATURE

15.0000 H
562.7000 C

TRNASIENT DURATION, (tTRAN)j
TRNASIENT TEMPERATURE, (TTRAN)j

(STEP 8) REPETITION OF STEP 3 THROUGH 7 FOR J= 2 TO 2

DWELL STRESS, SJ/K*
SAFETY FACTOR, K*

67.9229 MPa
0.9000

(STEP 9) ENVELOPE STRESS RELAXATION TIME HISTORIES
OUTPUT FILE = ENVSTR.OUT
(STEP 10) TOTAL CREEP DAMAGE, Dc = 0.2704 for POINT NO = 2

[CHK] FATIGUE(CREEP)= 0.0000 < FATIGUE-LIMIT= 0.3691
OK for BASE METAL

[CHK] CREEP(FATIGUE)= 0.2704 < CREEP-LIMIT= 1.0000
OK for BASE METAL
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