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ABSTRACT 
 
 
This report documents the basic models and parameters utilized for estimating the probability of 
steam generator tube rupture (SGTR) during normal operation, design basis accidents (DBAs), 
and the severe accident scenarios.  The report also contains the user guide for Version 1.5b of 
the software developed as a part of this project and documents the results from several related 
case runs. 
 
This work drew upon various U.S. Nuclear Regulatory Commission (NRC) research projects 
performed in the past decade.  The vast amount of information generated from these research 
projects was reviewed, cross-checked, and integrated in a concise and coherent manner to 
provide the basis for the models and parameters reported here. 
 
The formal treatment of uncertainties of the models and data was recommended by the 
previous studies as well as the members of Advisory Committee on Reactor Safeguards 
(ACRS).  This work allocated significant effort and emphasis on addressing these uncertainties 
within the current version of software.  Further development and better understanding of the 
various sources of uncertainties, including the supporting thermal hydraulic uncertainties, could 
therefore be easily incorporated as an input variables into the structure of the current versions of 
the software. 
 
The use of this software for estimating the consequential steam generator tube rupture 
(C-SGTR) requires modeling of the failure time of other reactor coolant system (RCS) 
components.  The current version of software has built in models for failure of hot leg and surge 
line due to creep rupture failure mechanism.  The scope of the models currently includes new 
SG tube materials and the associated property data for both thermally treated Inconel 600 and 
690.  Use of this software for other types of SG materials would require examination of the 
material properties and possibly some adjustments to model parameters.   
 
This software is designed to support the probabilistic risk assessments that address the risk 
associated with SGTR scenarios; as an initiator, as a consequence of plant transients (DBA 
scenarios), and as a result of core damage sequences (Consequential SGTR).  Plant specific 
material properties, plant specific SG tube flaw data, and scenario specific TH input are required 
for use of this software to support PRA analysis.  
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ACRONYMS 
 

ACRS  Advisory Committee on Reactor Safeguards 
ANL  Argonne National Laboratory 
ASME  American Society of Mechanical Engineers 
ATWS anticipated transients without scram 
 
C  Celsius 
CE  Combustion Engineering 
CFD  computational fluid dynamics 
cm  centimeter(s) 
COA  crack opening area 
COA-AEQ  equation set for crack opening area for axial flaws 
COA-CEQ  equation set for crack opening area for circumferential flaws 
COD  crack opening displacement 
CR  creep rupture 
CRCOA-EQ equation set for creep rupture critical opening area 
CRTF-EQ equation set for creep rupture tube failure  
C-SGTR consequential steam generator tube rupture 
 
DBA  design basis accident 
 
FRF  flow reduction factor 
FSAR  final safety analysis report 
 
gpm  gallons per minute 
GUI  Graphic User Interface 
 
ISL  Information System Laboratories, Inc. 
 
LER  licensee event report 
LERF  large early release frequency 
LM  Larson-Miller 
LRF  large release frequency 
 
K Kelvin 
ksi  kilo pound per square inch 
 
mm millimeter 
MPa  Mega Pascal 
MSIV  main steam isolation valve 
MSLB main steam line break 
 
NRC  Nuclear Regulatory Commission 
 
PC  Plastic Collapse 
PRA  probabilistic risk assessment 
psi  pounds per square inch 
P-T pressure-temperature 
PTW  part-through wall 
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PTWLP-AEQ  Equation set for part through wall leak pressure for axial flaws 
PTWLP-CEQ Equation set for part through wall leak pressure for circumferential flaws 
PWR  pressurized water reactors 
PWSCC  primary water stress corrosion cracking 
 
RCP reactor coolant pump 
RCS  reactor coolant system 
 
SBO station blackout 
SCC  stress corrosion cracking 
SG  steam generator 
SGTR  steam generator tube rupture 
SI  International System 
 
TDAFW  turbine driven auxiliary feedwater 
TH  thermal hydraulic 
TSP  tube support plate 
TTS  tube thermal sheet 
TW  through wall 
TWBP-AEQ equation set for through wall burst pressure for axial flaws 
TWBP-CEQ equation set for through wall burst pressure for circumferential flaws 
 
UNS  Unified Numbering System 
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EXECUTIVE SUMMARY 
 
 
The U.S. Nuclear Regulatory Commission (NRC) has been conducting studies to evaluate the 
risk associated with consequential steam generator tube rupture (C-SGTR) during severe 
accidents in pressurized water reactors (PWRs) employing U-tube-type steam generators 
(SGs).  NUREG-1570, “Risk Assessment of Severe Accidents – Induced Steam Generator Tube 
Rupture,” provided some guidance on how to address its risk related issues.  The discussion 
and guidance provided in NUREG-1570 was generic and did not address plant-specific 
features.  The study however, recognized that SG tube degradation and the risk of containment 
bypass could vary across plants depending on plant-specific design features, the age of the SG, 
and the condition of the SG tubes. 
 
A more recent study by Sandia National Laboratories (LaChance, 2008) incorporated the new 
technical information that was generated up to the beginning of 2005, into estimates of the 
probability of large early release frequency (LERF) due to the C-SGTR.  This study was mainly 
geared to demonstrating the feasibility of incorporating the new information into NUREG-1570 
guidance.  This study performed a representative calculation using Surry plant data.  It indicated 
that some existing plants could be vulnerable to containment bypass resulting from tube failure 
during severe accidents.  It further emphasized that a more definitive analysis with formal 
treatment of uncertainties would be required to better address the plant-specific and 
design-specific issues. 
 
During the 566th meeting of the Advisory Committee on Reactor Safeguards (ACRS), 
October 8-10, 2009, ACRS closed out several tasks in the SG action plan but recommended 
that additional research needed in this area can be identified through the normal “user need” 
process.  More specifically, they stated that: 

 
Closure of items in the Steam Generator Action Plan does not imply that there is 
no further need for investigation.  Closure simply means that the pertinent issues 
have been explored sufficiently.  Further research should be undertaken 
following the usual user need process and should be tailored to facilitate the 
regulatory process.  Research in the future should address quantifying 
uncertainties in predictions of phenomena. 

 
To partly address the ACRS recommendation, as well as follow through the recommendation 
from the Sandia study, the NRC initiated a technical assistance program with Information 
System Laboratories, Inc. (ISL) to develop a framework and a tool where the results of 
additional research could be integrated. 
 
This report documents the basic models and parameters utilized for estimating the probability of 
SGTR during design basis accidents (DBAs) and the severe accident scenarios.  The report 
also contains the user guide for Version 1.5b of the software developed as a part of this project 
and documents the result from several related case runs. 
 
This work drew upon various NRC research projects performed in the past decade.  The vast 
amount of information generated from these research projects were reviewed, cross-checked, 
and integrated in a concise and coherent manner to provide the basis for the models and 
parameters reported here. 
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The formal treatment of uncertainties was recommended by the previous studies as well as the 
members of the ACRS.  This work allocated significant effort and emphasis on addressing the 
uncertainties of the models and data.  Although the framework of the formal uncertainty analysis 
was developed and incorporated into the software, the quantification of uncertainty, in the 
current version of the software, was limited.  Future development and understanding of the 
various sources of uncertainty, including the thermal-hydraulic uncertainties associated with the 
severe accidents, could be utilized within the software when it becomes available. 
 
The current version of the software accepts the flaw parameters via an input file.  Multiple flaws 
and the associated characteristics based on the generically available flaw density and flaw 
intensity characteristic distributions for a given type of SG can be used as the input to the code.  
 
The risk significance of the C-SGTR would diminish if the tube failures occur after the failure of 
other RCS components.  The use of this software for estimating the C-SGTR would, therefore, 
require modeling of the failure time of other RCS components.  This version of software 
incorporates the failure models for hot-leg and surge-line; the two major RCS components. 
 
The current version of software models pristine tube, flawed tubes with circumferential or axial 
cracks, and flawed tubes with volumetric or wear flaws.  This version of software also models 
the current material data for both Inconel 600 and 690 thermally treated. 
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1.0 ... Introduction 
 
The U.S. Nuclear Regulatory Commission (NRC) has been conducting studies to evaluate the 
risk associated with consequential steam generator tube rupture (C-SGTR) during severe 
accidents in pressurized water reactors (PWRs) employing U-tube steam generators (SGs).  
NUREG-1570, “Risk Assessment of Severe Accidents – Induced Steam Generator Tube 
Rupture,” (NRC, 1998) presented a comprehensive discussion of the issues related to the 
C-SGTR, and provided some guidance on how to address its risk-related issues.  The 
discussion and guidance provided in NUREG-1570 was generic and did not address 
plant-specific features.  The study however, recognized that SG tube degradation and the risk of 
containment bypass could vary across plants depending on plant-specific design features, the 
age of the SG, and the condition of the SG tubes.  
 
NUREG-1570 assumed containment bypass via C-SGTR if the SG tube failed prior to the failure 
of other reactor coolant system (RCS) components.  The guidance did not address the impact of 
the magnitude and duration of the releases on the potential large early release frequency 
(LERF) probability.  Although the study restricted quantitative analysis to C-SGTR, hot leg, and 
surge line, it recognized that there are other RCS components that could be threatened under 
severe accident conditions.  The study examined the failures of hot leg piping and the 
pressurizer surge line piping since they could depressurize the primary system and lead to the 
discharge of fission products into the containment (i.e., the containment will not bypassed).   
 
Significant progress and improved understanding of the C-SGTR scenarios have been gained 
through recent studies since the inception of NUREG-1570.  Improvements in thermal hydraulic 
(TH) codes and updates of their embedded parameters using the results from computational 
fluid dynamics (CFD) runs have resulted in more defensible pressure and temperature time 
histories for the SG tubes and various RCS components.  Better understanding of flaw 
distributions, more accurate models of leak areas, both under plastic collapse and load limit 
conditions, and increased understanding of the potential failure mechanisms for other RCS 
components (e.g., safe-end issue) can provide additional risk-informed understanding of the 
C-SGTR issues.  Improved consequence analysis code allowing multiple releases and 
durations, a better understanding of the timing of release paths, a more precise definition of 
LERF/large release frequency (LRF), updated accident progression timing including improved 
understanding of possible human actions, and the extension of methods to Combustion 
Engineering (CE) and new reactors could provide the foundation for a better risk-informed 
characterization of the C-SGTR.   
 
A recent study by Sandia National Laboratories (LaChance, 2008) incorporated the new 
technical information that was generated up to the beginning of 2005, into estimates of the 
probability of LERF due to C-SGTR.  This study was mainly geared to demonstrating the 
feasibility of incorporating the new information into the NUREG-1570 guidance.  This study 
performed a representative calculation using Surry plant data, which indicated that some 
existing plants could be vulnerable to containment bypass resulting from tube failure during 
severe accidents.  It further emphasized that a more definitive analysis with formal treatment of 
uncertainties would be required to better address plant-specific and design-specific issues. 
 
During the 566th meeting of the Advisory Committee on Reactor Safeguards (ACRS), 
October 8-10, 2009, the ACRS closed out several tasks in the SG action plan but recommended 
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that additional research needed in this area can be identified through the normal “user need” 
process.  More specifically, they stated that: 

 
Closure of items in the Steam Generator Action Plan does not imply that there is 
no further need for investigation.  Closure simply means that the pertinent issues 
have been explored sufficiently.  Further research should be undertaken 
following the usual user need process and should be tailored to facilitate the 
regulatory process.  Research in the future should address quantifying 
uncertainties in predictions of phenomena. 

 
To partly address the ACRS recommendation as well as follow through with the 
recommendation from the Sandia study, the NRC initiated a technical assistance program with 
Information System Laboratories, Inc. (ISL) to develop a framework and tool where the results 
of additional research could be integrated. 
 
In accordance with the examination of the information generated post 2005 and in light of the 
insights gained from the more formal approach described in the Sandia report, several 
additional areas have been identified where further studies may be required.  An update of the 
C-SGTR evaluation, taking into account all the new information that would be generated, 
developing the needed tools, and applying the methodology on a plant-specific basis, is 
considered as a possible path forward for developing an updated guidance document for 
C-SGTR risk. 
 

1.1 Objectives 
 
The objectives of this report are as follows: 
 

(1) To document the current models that could be used to estimate the probability of SGTR 
and the associated leak areas during normal operation, design basis accident (DBA) 
scenarios, and severe accidents for a plant and design-specific condition.  To identify 
gaps and technical issues related to the induced C-SGTR that have not yet been 
addressed formally, or the models and data that can significantly benefit from additional 
improvement and enhancement.  
 

(2) To document the technical basis, assumptions, structure, data utilized for the 
development of the C-SGTR calculation tool (software) for estimating the probability of 
SGTR during Normal operation, DBA scenarios, and severe accidents.   

 
(3) To develop a formal structure for uncertainty evaluation of models and data to assist in a 

better understanding of major contributors and the areas for research focus. 
 

(4) To document example input data on plant information, SG design, material properties, 
TH predictions, and the model and parameter uncertainties. 

 
This report is organized around the objectives identified above. 
 
Section 2 provides an overview of the SGTR probability calculator; describing its use, specifying 
the assumptions, and providing an integral view of all different modules in the code.   
 
Section 3 describes the tube failure models at temperatures below 600°Celsius (C) due to 
stresses in excess of the material flow stress value (referred to as pressure induced failures). 
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Section 4 discusses the creep rupture models, which are more appropriate at temperature or 
greater than 600°C (referred to as creep rupture (CR) failures).   
 
Section 5 describes the preliminary models for evaluating the failure probability of surge line and 
hot leg during severe accidents.  This section also describes the parameters and the 
uncertainties associated with these models from open literatures.  
 
Section 6 discusses the technical basis and various sources utilized to develop the input data 
on plant information, SG design, material properties, TH predictions, and the model and 
parameter uncertainties.  
 
Section 7 documents the results of example case runs using the C-SGTR calculation tool.  
 
Concluding remarks are provided in Section 8, followed by the compilation of references in 
Section 9.   
 
A copy of the code user guide is included in Appendix A.  Appendix B documents the comments 
generated from the earlier review of this document, and discusses their resolutions.  This 
appendix is compiled to document the review performed by Dr. Majumdar of Argonne National 
Laboratory (ANL) of the earlier version of this report.  
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2.0 C-SGTR – An Overview 
 

2.1 Summary of Application Areas 
 
It has been postulated that C-SGTR could occur, albeit with some probability, in two types of 
scenarios.  In pressure induced scenarios, which involve plant transients where the pressure 
difference (ΔP) across the tube walls becomes significantly higher than normal operating ΔP 
and the tube temperature does not exceed 600°C; the threshold for CR (Majumdar, 2010).  
Examples of the transients that could contribute to the pressure induced failures are:  main 
steam line break (MSLB), spurious opening of multiple turbine bypass valves, or anticipated 
transients without scram (ATWS). 
 
A C-SGTR could also occur during severe accidents where the primary temperature, 
consequently the SG tube wall temperature, is at or above 600°C.  In such cases, the ΔP across 
the tube wall specifies the level of stress that the tube experiences; however, the tube failure is 
expected to be gradual and due to CR, rather than instantaneous due to pressure induced 
stresses.  The temperature-induced or the CR failures of the tubes in severe accidents are 
differentiated from those caused by pressure induced failures typically because of the following: 
 

 The CR failures do not occur instantaneously at a given stress level, rather the failure 
occurs gradually due to accumulation or integration of thermal effect. 
 

 The effect of sustained exposure of the tube materials to a high temperature and its 
effect appear to delay the tube failure and opening of the crack area (Majumdar, 2010). 

 

 The set of equations describing the CR failure and the associated leak areas are 
different than those for pressure induced tube failures failure.  The existing test data 
suggests that at high temperatures (temperatures greater than 600°C), the CR model is 
a better predictor of the tube failure and should be used in lieu of the pressure induced 
models. 

 
Generally, for low temperatures, those experienced in plant transients and normal plant 
operation, the pressure induced failure mechanism will be the dominating reason for tube 
failures.  For high temperatures, similar to those that could be experienced during severe 
accidents, potential tube failure would be the result of a CR mechanism.  It is shown 
experimentally that the CR model is more appropriate for temperatures greater than 600°C.  
 

2.2 Major Assumptions in Developing the C-SGTR Calculator 
 
Two sets of assumptions were utilized in this study:  (1) those that were quantified via 
uncertainty evaluation; and (2) those that were resolved based on consensus and qualitative 
evaluation.  These assumptions included the current limitations of the models and data.  
Assumptions were quantified via uncertainty analysis when the stylized model predictions and 
their comparison to the real-life observations were available.  Assumptions that were not 
subjected to uncertainty evaluation were those where either the needed experimental 
data/observations were lacking, or the models could not explain the observation by 
incorporating a single error term.  An example of such a case is when the uncertainty terms 
varied in different experiments and/or different regions of the same experiment. 
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The following major assumptions were made in developing the C-SGTR calculator: 
 

 Two types of stylized flaws were assumed:  cracks and volumetric flaws/wears.  
Volumetric flaws/wears represented the SG tube degradations, such as wall thinning, 
denting, pitting, etc.  All flaws were considered standardized; as an example, wears and 
volumetric flaws were all assumed to be large enough such that the effect of the width 
and length would be negligible for failure prediction, although the flaw length was used in 
estimating the leak areas resulting from the failure.  Cracks were stylized as single 
circumferential or axial cracks.  Multiple shallow cracks were not included in the models 
explicitly although they can be simulated by an approximate representation via the two 
types of stylized cracks.  

 

 Up to two symmetric circumferential cracks were considered.  A single circumferential 
crack is referred to as type 1; whereas, the two symmetric circumferential cracks is 
referred to as type 2 circumferential cracks.  

 

 Axial cracks were characterized by a length and a depth.  Volumetric or wear flaws were 
characterized by depth and length.  The models currently use the depth characteristics 
for tube failure determination and the length characteristic for estimating the leak area 
for the tubes with volumetric/wear flaws.  An error distribution could be specified for each 
flaw representing the variability of flaw length and depth (see Section 4 on uncertainty 
analysis).  The error is sampled for a flaw length and depth using a correlated sampling 
scheme.  In this correlated sampling scheme, the same error factor is applied to both the 
length and the depth.   

 

 Flaws were not assumed to grow in length (arcs) during analysis.  As an example for 
calculating the leak area for an axial flaw, the length of the crack post failure was 
assumed to be the same as the length of the flaw prior to failure; therefore, the leak area 
was estimated based on crack opening displacement (COD), which strongly depends on 
the axial flaw length or circumferential flaw arc. 

 

 Flaw growth during normal plant operation was not considered.  A flaw discovered at the 
beginning of an operating cycle can grow during the operation.  A time dependent 
growth of the flaw is not currently modeled although it is considered for the future version 
of the software. 

 

 It was assumed that the leak area associated with pressure induced failure can increase 
after the first instant of the tube failure.  Subsequent increases in delta P across the tube 
were assumed to widen the crack (to increase COD).  This assumption is made since 
most of the laboratory experiments were terminated as soon as the tube failed.  
Therefore, there is currently no experimental evidence available to support the models.   

 

 Increased leakage subsequent to a pressure induced failure of a tube could also occur 
due to CR (i.e., creep rate).  The approach taken was to estimate the leak area from 
both pressure induced and CR failure and take the larger value of the two leak areas. 

 



 

Page 7 of 157 
 

There were also several assumptions that did not affect the results significantly.  These are 
noted below: 
 

 The tube stresses for circumferential cracks were estimated based on the summation of 
the 80 percent of the stresses if the tube was assumed constrained plus 20 percent of 
the stresses when the tube was assumed to be free bending (See Figure A-13 in 
NUREG/CR-6935, “Main Steam Line Break and Other Secondary Side Depressurization 
Events,” Majumdar, 2007). 

 

 For circumferential flaws where the crevice accumulation (sludge) was expected around 
the tubes and tube support plate (TSP) or tube thermal sheet (TTS), the tube leak rate 
was assumed to be reduced significantly (Majumdar, 2009, NUREG/CR-6879, “Steam 
Generator Tube Integrity Issues:  Pressurization Rate Effects, Failure Maps, Leak Rate 
Correlation Models, and Leak Rates in Restricted Areas,” Section 4.5).  This effect is 
modeled by a flow reduction factor, which is specified by the user as input.  If the user 
choose the flow reduction factor of 1 (default value), no reduction in flow area is 
accounted for sludge accumulation.  

 

 The Paris-Tada model is used to predict the leak area associated with the failure of SG 
tubes due to circumferential flaw.  The Paris-Tada model for a leak area is more suitable 
for circumferential flaws with total of arc angle of about 200 degrees (see 
Section 3.2.2.1).  The Paris-Tada leak area equation is used in the software and applied 
for all arc angles up to almost full circumferential flaw.  However, the maximum arc angle 
is set to about 342 degrees to prevent any unrealistic results that could be generated by 
the model. 

 

 The values for λ and γ parameters used for predicting the pressure induced failure of 

Inconel 600/690 (Section 3.2.5) tubes are set to 2.0  .  Although, it is customary to 

use these values for modeling of tube failures due to circumferential flaws in 
Inconel 600/690, these empirical values are estimated for stainless steel 304 (SS304) 
tubes.   

 

 The uncertainties associated with TH predictions have not yet quantified in detail.  The 
TH uncertainties; however, could be specified for two regions; prior to significant zircaloy 
steam reaction (primary temperature below 600°C) and post zircaloy reaction.  The TH 
uncertainties in these two regions are currently modeled in the code and can be sampled 
in an appropriate manner. 

 

2.3 Structure of C-SGTR Calculator 
 
2.3.1 Structure of C-SGTR Calculator 
 
To simplify the description of the structure of the C-SGTR calculator, we first step through the 
process for a single iteration (referred to as a trial).  A trial constitutes one complete sample set 
of input for a case run, which includes one TH table of time, pressures, and temperatures, one 
sample set of the material properties, one sample set of the flaw characteristics (for all the flaws 
in the input file), and one sample set of modeling errors (accounting for modeling uncertainties).  
In short, a trial is one sample of calculations, which is done deterministically.  The software is 
generally run for a number if trials (e.g., 1000 runs) to establish the statistics and estimate the 
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probabilities of cumulative leak area across all flaws.  The following steps are utilized to 
generate a single trial. 
 
Step 1:  For each time step specified by the TH information: 
 

1) Get the information for the TH conditions at a time step.  Each TH condition 
includes the following values: 
a) Time [s] 
b) Primary Pressure [Pa] 
c) Surge Line Temperature [°K] 
d) Hot Leg Surface Temperature [°K] 
e) Hot Tube Temperature [°K] 
f) Cold Tube Temperature [°K] 
g) Secondary Side Pressure [Pa] 

 
2) Get randomizing values for temperature and pressure using the error 

distributions contained in the calculation constants file.   
 
3) Randomize the TH values using the appropriate uncertainty value.  The random 

sampling is restricted to ensure that the pressure and temperature trends in 
consecutive time steps are maintained. 

 
4) Use the sampled temperature values for the hot tube and the cold tube and the 

material property table to interpolate values for the materials at a time step. 
 
5) Apply uncertainties to the material properties values.  Two sets of material 

properties values are saved for each time step.  One set for hot tubes and one 
set for cold tubes. 

 
After all time steps are completed, a set of TH conditions and material property values is 
now established to be used for calculations. 
 

Step 2.  Calculate hot leg and surge line failure times for this trial. 
 

1) Calculate the randomizing parameters for this trial. 
 
2) For each time step: 

a) Calculate the hot leg creep rupture.  Integrate until failure occurs. 
b) Calculate the surge line creep rupture.  Integrate until failure occurs. 

 
Step 3:  For each flaw in the flaw set: 
 

1) Read the flaw characteristics and generate a random sample from the nominal 
characteristic values provided and the associated error distribution. 

 
2) Decide if the flaw is in the hot side or the cold side.  This determines the flaw 

temperature and the material properties that are used. 
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3) For each time step in the TH condition set: 
a) Calculate the pressure at which the tube would fail (either leak or burst) 

by using the deterministic equation for each time step and the associated 
estimated temperature. 

b) Modify the failure pressure predicted by the models using a random 
sample of the modeling error to account for modeling uncertainty.  
Compare the sampled failure pressure against the TH time pressure 
curve to determine if the tube would fail or not, and, if it failed, was it due 
to burst or leak. 

c) For cases when the flawed tube has failed at a time step, calculate the 
leak area and how it would progress over the remaining time steps.  
Modify the leak areas for the remaining time steps by taking the leak area 
modeling uncertainty into account.  The sampling is restricted and does 
not allow the leak area to decrease at any remaining time step. 

 
Step 4.  If the case has multiple flaws, the cumulative leak area from all flawed tubes is obtained 
as a function of time. 
 
The program performs a large number of trials as specified by the user to establish the statistics 
and the distribution for output parameters.  These statistics are used to empirically estimate the 
tube failure probabilities, and the leak probability distribution function for each flawed tube, and 
the cumulative leak probability distribution function across all tubes.  
 
Figure 1 depicts this top level process, which is currently implemented by the software.  
 
The inner core of the software that performs deterministic analysis can be best illustrated if one 
does not consider the modeling uncertainties.  The steps involved in performing the needed 
calculations are described below:  
 

Step 1:  Determine the status of the flawed tube at time step (n 1).  A flawed tube could 
have maintained is integrity (not failed), failed and burst, or failed and leaked.  At zero time 
step the tube is considered to be not failed. 
 
Step 2:  If the tube status indicates that the tube has not failed, follow the steps below, 
otherwise go to Step 7. 
 
Step 3:  From the tube wall temperature, decide what model to use; CR or pressure 
induced. 
 
Step 4:  If the CR mechanism is dominant (i.e., temperature above 600°C), the program 
uses the CR models for the type of the flaw and specifies if the flawed tube remains intact, 
or fails.  The failure information is maintained for that time step to be used as status for the 
next time step. When the CR mechanism is applicable the failure models for hot leg and 
surge line are also evaluated.   
 
Step 5:  If the pressure induced mechanism is dominant (i.e., temperature below 600°C), the 
program uses the CR models for the type of the flaw and specifies if the flawed tube 
remains intact, fails and leaks, or fails and burst.  Maintain the information for that time step 
to be used as status for the next time step (see Step 1).  
 
Step 6:  Go to Step 1 and redo the calculations for a new time step. 
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Step 7:  The program reaches this step if in Step 2 tube has already failed in the previous 
steps (a leaking tube is a necessary condition to enter this step).  The leak area can always 
grow under a pressure induced mechanism, or under a CR mechanism only if the 
temperature is greater than 600°C.  The leak area will be updated in each time step by 
taking the maximum of the pressure induced and CR leak area, if applicable.  
 
Step 8:  Return to Step 1 in the process for a new time step until all the time steps are 
accounted for. 
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Figure 1.  Process Flow Chart Used for the Calculations 
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The modeling uncertainties are accounted for by modifying the results of each model calculation 
by utilizing a random sample from the model error distribution.  In this manner, two exact 
calculations with the same input could yield different results owing to the modeling uncertainty 
distribution specified as a part of the input library.  
 
Currently the program allows the flaw characteristics to be specified in an input file, and 
accounts for the uncertainties associated with stylized flaw measurements.  However, flaws can 
be generated through Monte Carlo simulations of the distributions that describe the statistical 
characteristics of the flaw sizes, depth, and density accounting for population variability across a 
class of plants.  The population variability could include the variations in plant design, 
operational characteristics, SG design and materials, and the age of the SGs.  The flow chart 
describing the process for generating flaws through the Monte Carlo simulation and linking them 
to the current program is illustrated in Figure 2. 
 
The current software also models the failure probabilities of hot legs and surge line based on 
time, temperature, and pressure data provided by the TH file.  The creep rupture model is 
implemented for failure of hot legs and surge line.  The time of failure of the hot legs and surge 
line is compared to the time of failure of the SG tubes at each sample to decide if the flawed 
tubes have failed prior to hot legs or surge line failures. 
 
The major output of the C-SGTR calculator is the probability of tube failure (leak or burst) and 
the associated leak area as function of time for a specific TH simulation.  For a severe accident 
scenario, as characterized by an input file containing time history of pressures and temperatures 
at the tubes, the calculator estimates the cumulative equivalent break area due to induced 
C-SGTR as a function of time since the initiation of accident:  the uncertainties in the break area 
are also estimated in terms of various percentiles that are reported.  Details of the program 
input/output structure are provided in Appendix A of this report. 
 

 
 

Figure 2.  Monte Carlo Simulation of Flaw Characteristics and Density 
(Note:  the flaw location information is not used in the current version) 
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The software uses correlations discussed in Sections 3 and 4 of this report for its calculations.  
Sections 3 and 4 discuss the models for crack opening areas, for pressure-induced and 
temperature (creep)-induced failure models for axial and circumferential crack types and for 
wear flaws.  The following outline summarizes the references to the equations in Sections 3 
and 4 that are used in the software for calculation of leak and burst pressures and crack areas 
for pressure-induced cases; temperature and crack areas for temperature-induced cases. 
 

Pressure-Induced Cases 

Axial crack To calculate leak pressure 
 
To calculate burst pressure 
 
To calculate crack opening area for leak 
or burst 

Use Equation 3.2 
 
Use Equation 3.1 
 
Use Equation 3.3 

Circumferential crack To calculate leak pressure 
 
To calculate burst pressure 
 
To calculate crack opening area for leak 
or burst 

Use Equation 3.7 
 
Use Equation 3.6 
 
Use Equation 3.8 

Wears/Volumetric 
Flaws 

To calculate failure pressure 
To calculate crack opening area 

Use Equations 3.2 and 3.3 
with mp estimated from 
Equation 3.9 

 
 

Temperature-Induced Cases 

Axial Flaw Determine ΔT, ΔP, and time by solving 
the integral in Equation 4.1 
 
To calculate crack opening area  

Use Equation 4.1 
 
 
Use Equation 4.4 

Circumferential Flaw Determine ΔT, ΔP, and time by solving 
the integral in Equation 4.1 
 
To calculate crack opening area  

Use Equation 4.1 
 
 
Use Equation 4.5 

 
At lower temperatures, the pressure-induced correlations are used; the temperature-induced 
correlations are deemed to underestimate the magnitude of the potential failure of a flaw.  The 
software switches to thermally-induced correlations when a user specified transition 
temperature is reached in the scenario of interest.  The region of temperature where creep 
rupture starts to become effective is 600-800 degrees Centigrade.  The value of 600 degrees C 
is used as the transition between the pressure induced to CR tube failure models.  The default 
user input for the transition temperature is given as 600 degrees Centigrade. 
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3.0 ... Pressure-Induced C-SGTR 
 

3.1 Introduction 
 
The pressure induced SGTRs are postulated to occur prior to core damage and are considered 
for some scenarios, which included MSLB, spurious opening of multiple turbine bypass valves, 
or ATWS scenarios.  For a pristine tube (no flaw) made of Alloy 600, the burst pressure varies 
as a function of tube temperature; it is typically about 65 Mega Pascal (MPa) (9.4 kilo pounds 
per square inch [ksi]) at room temperature and about 58.7 MPa (8.5 ksi) at 500°C.  Therefore, 
there is generally no concern about the burst probability of a flawless tube due to various 
pressure induced scenarios identified by probabilistic risk assessments (PRAs).  However, the 
tube failure and burst pressure drops when there are one or more flaws on the tube wall.  There 
are many different degradation mechanisms that could generate flaws.  As the degradation 
mechanism for a type of flaw is better understood, indebted to information generated from the 
surveillance program in operating reactors, enhancements are identified and implemented to 
limit the number of flaws from that degradation mechanism.  This in the past has resulted in 
changes in plant operational practices, introduction of new tube materials, or other design 
modifications that have been implemented to alleviate the identified issues.  In fact, many plants 
have already replaced their SGs with either Alloy 690 or thermally treated Alloy 600, improved 
their surveillance program, and have enhanced controlling their water chemistry.  As a result, 
there have been no SG tube leaks in the past six years since the 2004 event at Palo Verde, 
according to a licensee event report (LER) search. 
 
Flaws, especially those caused by stress corrosion cracking (SCC) are typically non-planar, 
ligamented, and not strictly speaking axial or circumferential.  Stylized cracks are typically 
formulated to help modeling the pressure induced C-SGTR models.  The cracks were assumed 
to be either axial or circumferential, and they were either through wall (TW) or part-through wall 
(PTW).  The observed or measured flaw characteristics for various degradation mechanisms 
were, therefore, categorized into one of the equivalent stylized groups. 
 
Other type of flaws, such as wear or volumetric flaws have irregular dimensions, but in most 
cases are stylized by flaw depth (or percent reduction in tube thickness as it may apply to pitting 
and tube thinning), and some measure of the intensity such as length and width. 
 
The objective of this section is to describe the current models that can be used to calculate 
C-SGTR for pressure induced scenarios, such as ATWS and large MSLB, and conduct 
preliminary calculations.   
 

3.2 Pressure Induced C-SGTR Models 
 
Two categories of failure modes are normally defined for pressure induced tube failures, namely 
tube burst and tube leak.  Burst of a flawed or unflawed tube is synonymous with “unstable 
burst” of the tube resulting in large leaks (significant portion of tube cross-sectional area]).  For 
axially cracked tubes, burst involves large openings of the cracks (fishmouth).  For 
circumferentially cracked tubes, burst implies large rupture areas and significant bulging of the 
tubes.  In the laboratory, where the inventory of pressurized water is limited, burst is usually 
defined as a failure of a tube with a crack accompanied by crack tip tearing through the full 
thickness material.  Just a wide open crack without some crack tip tearing through the full 
thickness material may not be burst. 
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Leak failure mode is usually precipitated by the through-thickness rupture of a PTW ligament 
(non-leaking) crack so that there is a sudden or gradual onset of leakage after its occurrence.  
For example, a radial ligament rupture event may lead to leakage with or without burst.  If the 
ligament rupture pressure is greater than the unstable burst pressure for the crack of the same 
size, unstable burst occurs immediately after ligament rupture.  Otherwise, the crack remains 
leaking, but stable, after ligament rupture.  In short, the pressure experienced by the tube (Pt) 
will be compared with the following two pressure values: 
 

1) Pressure require for a PTW flaw to become a wall through crack; generally referred to as 
tube failure (or leak) pressure PL; and 

 
2) Pressure require for a TW crack to become unstable and burst, Pb. 

 
If Pt is larger than both PL and Pb, then the burst is assumed.  If Pt is larger than PL and smaller 
than Pb, then a leak is assumed.  It should be noted that in some cases Pb could be less than PL, 
tube failure then can only be realized if Pt is larger than PL and it would always result in a tube 
burst.  
 
The exposure to the pressure was expected to cause the crack to open and sometimes for the 
surrounding area to bulge.  The actual crack opening in terms of COD and crack opening area 
(COA), are modeled via some empirical equations. 
 
For flaws that are not cracks, such as wear or volumetric flaws, no differentiation has been 
made between the leak and burst failures.  The equations governing the tube failures generally 
assume that the failures are due to “unstable burst” conditions.  
 
In summary, for a PTW cracked tube to fail as a result of being exposed to a pressure, the 
pressure should be high enough to cause a transition from PTW to a TW crack.  The type of 
failure could be either burst or leak depending on the predicted leak and burst pressure.  It is not 
necessary for burst pressure to always exceed the leak pressure, although this is generally the 
case for a small and shallow crack.  Generally, a tube could either burst, leak but not burst, or 
not even leak, depending on the magnitude of the exposed pressure.  A high delta P (ΔP) 
across a tube, which has a crack with a specific length and depth, could cause the crack to 
become a TW crack; therefore, it would leak; but the ΔP may not be high enough to cause a 
burst.  Both burst and leak models are, therefore, evaluated for pressure induced analysis of 
C-SGTR.  The following subsections of this report formulate each of these models. 
 
3.2.1 Through Wall (TW) Axial Cracks; Tube Failure/Burst Model 
 
A TW crack, depending on the crack size, could become unstable under certain delta P across 
tubes and make a failure transition to tube burst.  For a thin wall, internally pressurized, 
cylindrical shell with a single TW axial crack, the equations were established by several authors 
and documented in NUREG/CR-6774, “Validation on Failure and Leak-Rate Correlations for 
Stress Corrosion Cracks in Steam Generator Tubes,” (Majumdar, et al., 2002).  This set of 
equations are referred to as through wall burst pressure set for axial flaws (TWBP-AEQ) here 
and are reproduced below: 
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Equation Set TWBP-AEQ 

 
 
 
 
 
 
 
 
 
Where: 
 
 :  is the Poisson ratio, 

YS and US :  are the yield and ultimate stress of the materials, 

 :  is called flow stress, 

R and h:  are the mean radius and the thickness of the tube, 
k:  is an empirical factor that is typically set at 0.5 to 0.6, 
2c:  is the length of axially crack  
 
In addition, the following auxiliary relationships are also used along with the above equations: 
 
 R=(Ro + Ri )/2   where Ro and Ri are the outer and the inner tube radius 
 

The yield and ultimate stresses, and the Poisson ratio (
YS , US , and  ) are all functions of 

temperature YS and US  as a function of temperature for various tube materials (Inconel 600, 

Inconel 690, Stainless Steel 304, etc.) can be stored in the library.  The values for Inconel 600 
and 690 are currently incorporated in this study (see Section 5.0). 
 
For the rolled Alloy 600 bars, these libraries have been fitted to a functional form that provides 
the sum of the yield and ultimate stresses in MPa as a function of temperature in °C.  This 
information was used for verification of the material library for Inconel 600 and it is below: 
 

𝑆̅ ={ 
200°𝐶 < 𝑇 < 870°𝐶     𝑘(1780 − 9.84𝑇 + 0.0352𝑇2 − 5.08𝑥10−5𝑇3 + 2.4𝑥10−8𝑇4)

727°𝐶 < 𝑇 < 1100°𝐶       𝑘(4308.9 − 11.381𝑇 + 1.030𝑥10−2𝑇2 − 3.1734𝑥10−6𝑇3)
 

 
The above relationships are established from the test results.  They are graphically shown in 
Figure 3.  This figure is reproduced from a paper presented by Majumdar, 1996 in the 24th Light 
Water Reactor Safety Meeting.   
 

The equation for Pcr in the Equation set TWBP-AEQ is used to calculate the burst pressure Pb: 

 

Pb = (  h) / (m R) Equation 3.1 
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Figure 3.  Flow Stress Curves for Various Types of Alloy 600 Rods/Plates 
(Reproduced from Paper by S. Majumdar Presented at the 24th Light Water Reactor 

Safety Meeting, 1996) 
 
The measured or empirically estimated model parameters; i.e., the value of “k” in the flow stress 
model is adjusted to get the least deviation from the reported flow stress model when using the 
yield and ultimate stress values from the collected data.  
 
3.2.2 Tube Failure of a Part-Through Wall (PTW) Axial Flaw, Transition to Through 
Wall (TW) Crack 
 
The effect of the PTW crack in terms of the strength of ligaments is reflected in a parameter, 
known as the stress magnification factor, “mp.”  The resulting equations for estimating the critical 
transition pressure for a PTW axial crack to a TW crack (i.e., tube leak pressure).  This set of 
equations is referred to as part through wall leak pressure equation set for axial flaws 
(PTWLP-AEQ) here and are reproduced below: 
 

Equation Set PTWLP-AEQ 
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Where “m” was defined earlier as a part of TW axial crack, “a” is the depth of the flaw, and all 
other parameters were as defined previously.  The value of ΔP that can cause a tube leak (ΔPL); 
(i.e., a TW crack) can be estimated from: 
 

)*/()*( PL mRhP


   Equation 3.2 

 
If ΔP across a tube is greater than both ΔPL and Pb (see the equation for axial TW burst), the 
PTW circumferential crack will burst.  If ΔP across a tube is greater than ΔPL, but less than Pb, 
the PTW axial crack will leak.  If ΔP across a tube is less than both ΔPL and Pb, the PTW axial 
crack will not leak. 
 
3.2.3 Crack Opening Area  
 
For axial crack opening Majumdar (NUREG/CR-6879; 2009) recommends Zahoor’s model for 
an axial TW crack in a thin walled tube.  The proposed equation set is labeled as crack opening 
area for axial flaws (COA-AEQ) and is provided below: 
 

Equation Set COA-AEQ 
 
 
 
 
 
 
 
 
 
 
 
 
Where ΔP is the pressure across the tube wall and E is the Young’s Modulus.  All other 
parameters are as defined before.  The value of ΔP in the above equations could be substituted 
with the critical burst pressure to estimate the minimum value of COA for a burst failure of a wall 
through crack.  
 
The variability associated with Young’s modulus as a function of temperature and the 
associated measurement uncertainties was evaluated (see Section 5.0). 
 
The crack opening area, for both leak and burst failures is calculated by using the last equation 
in the above set, namely 
 
A = 2 * π * Ce

2 * V0 * σ/E Equation 3.3 
 
3.2.4 Through Wall (TW) Circumferential Cracks; Tube Failure/Burst Model 
 
For tubes with TW circumferential cracks, the critical burst pressure estimated from the plastic 
limit loads (collapse) can generally be estimated for two extreme cases.  These are the free 
bending case and fully constrained case.  The fully constrained case is assumed to be a better 
representation of the SG tubes since the tubes are typically fully supported in place with little or 
no ability for free bending motion.  The burst pressure estimated for fully constrained tubes; 

EVCA

V

RhC

SFcC

F

Rhc

hRP

e

eee

ee

Ye

/***2

*10*33873.110*9683.864935.00.1

/

])/(*2/1[

*10*3549.5*10*6905.22987.11

/

/*

0

2

64432

0

2

64422































 

Page 18 of 157 
 

however, is slightly higher than the burst pressure for a free bending tube.  The actual burst 
pressure is expected to be somewhere between the two estimated critical pressures. 
 
The following equations are typically used for estimating the burst pressure for fully constrained 

tubes with a circumferential TW crack with an angular length of 2 .  This set of equations are 

referred to as through wall burst pressure set for circumferential flaws (TWBP-CEQ) here and 
are reproduced below: 
 

Equation Set TWBP-CEQ    (Equation 3.5 for Pb) 
 
 
 
 
 
 
 
 
The equation for Pb is referred to as Equation 3.4. 
 
For a thin wall tube, the value of   would approach 1, and the above equations would reduce to 

the following equation. 

)/1(*)/2(  


RhPb  

 
Similarly, the following equation is proposed for estimating the burst pressure for TW crack of a 
tube that can be treated as a free bending case.  
 

)/]2/)[sin(sin*2/1(*)/2( 1  


 RhPb  Equation 3.5 
 
In this work, the burst pressure is predicted based on the summation of the 80 percent of the 
stresses if the tube was assumed constrained plus 20 percent of the stresses when the tube 
assumed to be free bending (See Figure A-13 in NUREG/CR-6935, Majumdar, 2007): 
 
Pb = 0.8 * Equation 3.4 + 0.2 * Equation 3.5 Equation 3.6 
 
3.2.5 Tube Failure of a Part-Through Wall (PTW) Circumferential Flaw, Transition to 
Through Wall (TW) Crack 
 
The effect of a PTW circumferential crack, in terms of the strength of ligaments, are also 
reflected in a parameter known as the stress magnification factor, “mp.”  The resulting equations 
for estimating the critical transition pressure (ΔPL) for a PTW circumferential crack to a TW 
crack (i.e., causing a tube leak) are given below for a case of a fully restrained tube.  The 
circumferential cracks are generally categorized to a single crack or two symmetric opposing 
cracks.  For the case involving two symmetric opposing cracks, an adjustment is made in the 
parameter “n” by changing its value from 1 to 2.  This set of equations are referred to as a part 
through wall leak pressure equation set for circumferential flaws (PTWLP-CEQ) here and are 
reproduced below: 
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Equation Set PTWLP-CEQ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
If ΔP across a tube is greater than both ΔPL and Pb (see the equation for circumferential TW 
burst), the PTW circumferential crack will burst.  If ΔP across a tube is greater than ΔPL, but less 
than Pb, the PTW circumferential crack will leak.  If ΔP across a tube is less than both ΔPL and 
Pb, the PTW circumferential crack will not leak. 
 

It is customary to use the values of 2.0  .  These empirical values are estimated for 

Stainless Steel 304 (SS304) tubes; however, they are also applied to Alloy 600 tubes.   
 
For circumferential flaws, the leak pressure is calculated by the equation from the above set: 
 
ΔPL = (2 h  / R) / mp Equation 3.7 

 
3.2.6 Crack Opening Area 
 
For circumferential TW cracks Majumdar (in NUREG/CR-6774) recommends Paris-Tada model 
for estimating the COA.  This model is described using the following equation set, which is 
labeled as the equation set for crack opening area for circumferential flaws (COA-CEQ) and is 
provided below: 
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Where all the parameters are as defined before and P is the critical pressure across the tube 
wall.  The ΔP in the above equations could be substituted with the critical burst pressure to 
estimate the minimum value of COA for a burst failure of a TW circumferential crack.  SY and E 
in the above equations are provided as functions of temperature.  Both parameter uncertainties 
as well as the epistemic modeling uncertainties are estimated and incorporated in the 
uncertainty evaluation (Section 5). 
 
For circumferential cracks constrained in tube support plates, the effective flow area could be 
less; up to by a reduction factor of 0.2 is suggested (to account for the sludge accumulation) in 
the literature.  To allow the users of the software described in this report, a “flow reduction 
factor” (FRF) is introduced as a user input in the flaw file of the software.  The value of this 
factor can be 1, for circumferential flaws not constrained in tube support plates; or it can be as 
low as 0.2 otherwise.  With the introduction of this factor, the equation for crack opening area for 
circumferential cracks is as follows: 
 
A = (FRF) * π R2 B * (ΔP / E) Equation 3.8 
 
 
3.2.7 Tube Failure with Existing Wear or Volumetric Flaws 
 
The new SGs made of Inconel 690 have exhibited mostly wear and volumetric flaws rather than 
the traditional cracks caused by primary water stress corrosion cracking (PWSCC).  Wears and 
volumetric flaws have also been experienced in Inconel 600 tubes.  The models developed to 
estimate the critical pressure at which a flawed SG would leak or burst considered the flaws to 
be cracks of certain dimensions and orientations.  These models cannot be directly applied to 
wear marks, and volumetric flaws such as pitting.  Wear and volumetric flaws are characterized 
by depth, length, and width in contrast to cracks that are just characterized by depth and length.  
Wears and volumetric flaws with the same length and depth of axial flaws could be considered 
worse than similar axial flaws since they could have significantly larger width than cracks.  Short 
of developing specific models for wear and volumetric flaws, which accounts for the specific 
degradation mechanisms and their characteristics, we have proposed and implemented a single 
bounding model in the CSGTR calculator software, which could be used for wears, tube 
thinning, and volumetric flaws.  This model is developed regardless of the specific degradation 
mechanism, which was responsible for generating the flaws.  
 
A limited survey of the models developed to treat wear marks was performed under this study.  
One of the models that appeared promising was reported in a paper by Hu Hui (Hu Hui, 2010).  
This paper focuses on the failure models for local tube thinning and proposed that wall thinning 
models could be extrapolated to evaluate the tube failures due to a stylized wear or volumetric 
flaw.  This local tube thinning similar to wear was ideally characterized by a length, depth, and 
circular mouth as shown below: 
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Other literatures have also characterized a wear by a length, depth and a width.  The width can 
be thought of in this model as the largest width of the mouth of the wear mark (i.e., 2ΘR). 
 
Wear flaws can be treated as wall thinning failure mechanism as long as x/√Rt is greater 
than 2 and θ/Π is greater than 0.25 (see Hu Hui, 2010).  Smaller wear marks exhibit 
proportionally a higher failure pressure up to a factor of 2.  
 
The C-SGTR software treats the wear marks as if they are all larger than threshold specified 
earlier; therefore, they are modeled equivalent to a wall thinning condition.  In this manner we 
can apply the burst pressure model of the tubes but assuming a thinner wall thickness due to 
wear flaws.  Such a model, although conservative, can generically be applied to volumetric 
flaws, wear marks, pitting, or tube thinning as well.  The easiest way to do such modeling with 
the current calculator is to utilize the equations for tube failures of pristine tubes with a smaller 
wall thickness.  This is equivalent to applying a stress magnification factor shown below to the 
burst failure model of a tube with the original wall thickness.  This stress magnification factor is 
simply defined as: 
 
mp = t/(t-z) Equation 3.9 
 
The definitions of “t” and “z” are pictorially shown in the above figure.  The leak areas are 
estimated similar to an equivalent axial crack flaw with the same value of mp in C-SGTR 
software.  
 
3.2.8 Leak Area from Wear or Volumetric Flaws 
 
Although wear and volumetric flaws have irregular shapes, it is assumed that the axial direction 
represents the major axis of the flaw.  The leak area after the tube failures then can be modeled 
similar to that of axial cracks.  For axial crack opening Majumdar (NUREG/CR-6879; 2009) 
recommends Zahoor’s model for an axial TW crack in a thin walled tube.  The proposed 
equation set discussed earlier in Section 3.2.3 as crack opening area for axial flaws (COA-AEQ) 
is implemented for estimating the leak areas associated with wear and volumetric flaws. 
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3.3 Preliminary Results and Case Runs 
 
Some example calculations were performed and the results were presented graphically.  This 
helps to visualize what the equations portray and provide a better understanding of the 
numerical results one may expect.  Since the model equations for wear and volumetric flaws 
rely mostly on the equations for cracks, most of the example case runs are provided for cracks.  
The examples also provide couple of comparative examples between cracks and wear flaws to 
demonstrate the impact of bounding analysis for wear and volumetric flaws. 
 
3.3.1 Examples of Burst vs. Leak Pressure for Axial Cracks 
 
Figure 4 shows the pressure induced failure of a tube (a PTW flaw transition to a TW crack) with 
an axial crack with a varying length and depth.  The burst pressure is also superimposed on the 
graph to explicitly show that most of the flaws could actually result in a TW crack and tube leak, 
but not necessarily a tube burst.  However, for long flaws in excess of 2.5 centimeters (cm) in 
length, the pressure required to burst could be below the pressure for leak if the flaw depth is 
less than 80 percent wall through.  It should be noted that if the pressure is high enough to 
cause a pressure induced failure of cracks with a depth of 70 percent or less, it would be 
expected to be sufficient to cause the tube to burst as well.  The curves shown in Figure 4 are 
the based on the mean or expected values when uncertainties are accounted for.  Deterministic 
analysis results, not accounting for uncertainties, should show similar trends albeit slightly 
different values. 
 
 

 
 
Figure 4.  Pressure Induced Failure of a Flawed Tube with Axial Flaws and the Associated 

Burst Pressure 
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3.3.2 Examples of Leak Areas for Axial Cracks 
 
Figure 5 shows an example of a leak area associated with a failed tube at a pressure of 
3000 pounds per square inch (psi).  The burst pressure of 3000 psi for an axial TW crack 
corresponds to a crack length of 2.1 cm and longer (see Figure 4).  The leak area below this 
crack length is estimated as a function of the crack length.  The leak area is limited to the 
maximum of two cross sectional area of a single SG tube (at about 6.8 cm2).  The leak area 
would grow somewhat rapidly for crack sizes greater than 1.6 cm, and reaches the maximum 
area at crack length close to that with burst pressure of 3000 psi.  The leak area will be limited 
to twice the tube area for crack sizes of 2 cm or more due to hydraulic limitations.  The graphs 
also emphasize the importance of the flaw sizes that are large (greater than 1.6 cm) and, 
therefore, highlight the importance of the tail behavior of the flaw size distribution.  In summary, 
it appears that the SG leak area for pressure induced failures is mostly driven by a few large 
flaw sizes rather than number of small flaws.  This conclusion will be implemented in the next 
version of the code to limit the number of flaws for which analysis should be performed in detail 
(screening process).   
 
 

 
 

Figure 5.  Leak Area at 3000 psi Pressure Across the Tubes 
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3.3.3 Examples of Burst vs. Leak Pressure for Circumferential Cracks 
 
Figure 6 shows the pressure induced failure of a tube with a circumferential crack of varying arc 
lengths and depths.  The burst pressure (estimated from the restricted tube; i.e., no bending) is 
also superimposed on the graph to explicitly show that some flaws could actually result in a TW 
crack and tube leak, but not necessarily a tube burst.  Tube leaks during normal operation are 
expected for circumferential flaw sizes of 240 degrees or more in arc length and depth of about 
90 percent or more.  Figure 6 also shows that the possibility of a tube burst is quite low for 
circumferential flaws at pressures less than 2000 psi.  This implies that most of the tube failures 
with circumferential cracks will leak rather than burst.  This is shown next in the discussion of 
the leak areas associated with circumferential cracks. 
 
 

 
 
Figure 6.  Pressure Induced Failure of a Flawed Tube with Circumferential Flaws and the 

Associated Burst Pressure 
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3.3.4 Examples of Leak Areas for Circumferential Cracks 
 
Figure 7 shows the leak area associated with a failed tube for three different pressures; 1000, 
2000, and 3000 psi.  The burst pressure of 3000 psi for a circumferential TW crack corresponds 
to an arc length of about 180 degrees, under a free-bending assumption.  Similarly, the burst 
pressure of 3000 psi for a restrained tube with a circumferential TW crack corresponds to an arc 
length of about 290 degrees.  The actual leak rate approaches twice the tube cross-sectional 
area at about 220 degrees for the case shown for 3000 psi pressure curve.  This could suggest 
that the burst pressure for given circumferential crack characteristics is somewhere between the 
free-bending and the restrained assumption.  The software currently takes the weighted 
average of the free-bending and restrained bending assumption for burst pressure.  The 
weighting fractions used in the software are 0.8 for restrained bending and 0.2 for free-bending 
assumption.  These weighting factors were selected since most of the circumferential flaws 
observed in the past were around the tube sheet where sludge could accumulate.  This 
indicates that treating tubes as restrained could be a more proper assumption.  Furthermore, 
sludge accumulation has also been considered as a reason why the expected leak rates are 
significantly lower than what is estimated by the models.  Figure 7 also shows that tubes with 
circumferential flaws only leak at operating pressures and no tube bursting is expected even if 
there is a 360-degree circumferential flaw going all the way around the tube (see the curve 
associated with 1000 psi ΔP).   
 
 

 
 

Figure 7.  Leak Areas for Circumferential Flaws and the Associated Flaw Arcs 
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3.3.5 Example of Failure Pressure for Wear or Volumetric Flaws 
 
To provide a comparison of the pressure at which a wear or a volumetric flaw can fail in 
comparison to an equivalent axial flaw, the following case run was performed.  The failure 
pressure of a tube with a 50 percent deep 3 cm long axial crack was compared to a 
wear/volumetric flaw of the same axial length and depth.  The case run was performed for both 
600 TT and 690 TT tube materials.  This case run was performed by assuming for normal 
operating temperature (~320°C) and ramp pressure from 1150 to 8000 psi with secondary at 
atmospheric pressure. 
 
The graphical result shown in Figure 8 indicates that for axial crack the failure is around 
4000 psi and for wear is around 3000 psi (corresponding to 50 percent chance of failure).  This 
figure also shows that the tube failure probability is higher for wear/volumetric flaws than for 
cracks; to some extent indebted to bounding conservative assumptions have made for failure 
models for wear and volumetric flaws.  This is consistent with previous results and generally 
indicates that for all DBA scenarios except ATWS (where peak pressure can be as high as 
3200 psi), the probability of SG tubes that have flaws with less than 50 percent deep is 
negligible.  
 
 

 
 

Figure 8.  Probability of Tube Failure for Comparable Wear and Cracks—600TT 
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A comparison was made to see if there are any significant differences between the Inconel 600 
and 690.  No differences were found for cracks and flaws that were less than 50 percent deep.  
A case run was done by increasing the flaw/cracks depth to 70 percent to see the difference 
between the two materials.  This is shown in Figure 9.  This figure basically demonstrates that 
there is little or no differences for tube failure pressure thresholds as a result of pressure 
induced failure mechanisms for tubes made of Inconel 600 and 690. 
 
 

 
 

Figure 9.  Probability of Tube Failure for Comparable 3 cm Long and 70 Percent Deep 
Wear and Cracks for Inconel 600 and 690 

 
 
3.3.6 Example of Leak Areas for Wear or Volumetric Flaws 
 
A graph of the cumulative leak area as a function of increasing pressure is shown in Figure 10.  
This case run is performed for a case that the flaw/crack was 3 cm long and 50 percent deep.  
The pressure was varied and temperature was set around 340°C.  The tube material for this 
case run is Inconel 690.  Similar results can be found for Inconel 600.  Similar to tube failure 
probability, the expected leak area, which is the product of the tube failure probability multiplied 
by the conditional average leak area, is larger for wear than for cracks as expected.  Figure 11 
shows the five percent lower bound, mean, and the 95 percent upper bound for the leak areas 
from the same case runs. 
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Figure 10.  Average Leak Area as a Function of Delta Pressure across the Tube—
Inconel 690, 3 cm Long, 50 Percent Deep 

 
 

 
 
Figure 11.  Five Percent Lower Bound, Average, and 95 Percent Upper Bound of the Leak 

Area as a Function of Delta Pressure across the Tube—Inconel 690, 3 cm Long, 
50 Percent Deep 
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4.0 ... Thermally Induced C-SGTR 
 
There are number of severe accident scenarios that could expose the SG tube walls to high 
temperatures for a long enough period of time such that the likelihood of the tube failures could 
be governed by CR models rather than a pressure induced mechanism.  Such a tube failure 
mechanism is generally referred to as a thermally-induced tube failure in contrast to the earlier 
pressure induced failure mechanism discussed in Section 3.  For thermally-induced failures to 
occur within the duration of an accident, relatively high delta P is required across the tube wall.  
The scenarios where thermally-induced failures were considered to be of concern, are 
traditionally categorized as High-Dry-Low scenarios, standing for high primary pressure, dry 
SGs (no feed water or auxiliary feedwater), and low secondary loop pressure.  Many of these 
scenarios are covered under the station blackout (SBO) event tree.   
 
The deterministic equations needed for estimating the time it would take for a tube with an 
existing flaw to fail and the estimate of the associated leak area are provided in this section of 
the report.  The probabilistic models and the associated parameter and modeling uncertainties 
will be discussed in the next section (Section 5). 
 

4.1 Thermally Induced SGTR Failure Models 
 
At high temperature, around 600°C and above, the SG tubes failure correspond more closely to 
the failure time, pressure, and temperature predicted by CR models rather than those that are 
predicted by pressure induced models.  The CR failure mechanisms are generally modeled via 
a Larson-Miller (LM) parameter.  The time to a tube failure is estimated using the following 
equations; referred to as the equation set for creep rupture tube failures (CRTF-EQ): 
 

Equation Set CRTF-EQ 
 

 
ft

pR mTt

dt

0
1

),(      (4.1) 

 
where: 
 
T = the absolute temperature experienced by the tubes in degrees Kelvin (K) (a 

function of time and location within the tube). 

σ = the stress on the ligament, estimated using the following equation. 

hRP m /).( ; with h to be the tube thickness and Rm is the average tube radius. 

mp  =  flaw stress magnification factor, which is set to 1 for a pristine tube and defined 
earlier in Section 3. 

tf    =  the failure time (the time at which the equality is satisfied). 
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The function tR is estimated by using the LM parameter as shown in the following equation. 
 

15
T

P

R

LM

10t


  (4.2) 

 
where the mean value for the LM parameter, PLM, is given by the following correlation for 
Alloy 600.  It should be noted that the equation for PLM is specific to the Inconel 600 alloy.  When 
using the following equations and units, the resulting value of “tR” will be in unit of hours.  This is 
not yet done as a part of this project.  
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Similar equations are developed for Inconel 690 (see Section 6.1.3).  For Inconel 690, the 
equation for LM would be: 
 

310))log(84786.121759.66(  pLM mP  

 
Where mp σ is in Mpa, the value of tR for Inconel 690 is also estimated from the following 
equation when the temperature T is in Kelvin: 
 

20
*80.110
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P

R

LM

t
 

 
In the above equations, the general modeling assumption is that the pop-through of a tube with 
a flaw follows the same formulation as the pristine tube.  The effect of the reduced material 
strength resulting from the flaw is accounted for by a modified stress magnification factor, which 
is used to estimate the overall tube hoop stress σ (in Mpa unit for the above equations).  
Different equations are used for the stress magnification factor and ligament stress depending 
on whether the crack is an axial or a circumferential crack.  The stress magnification factors 
defined in Section 3 for a pressure induced failure mechanism are used here as well.  The 
above equation is then used to predict the mean failure time tf by solving the integral equation 
given in 4.1.  
 
Once a ligament pop-through has occurred, the crack may widen due to creep.  The leakage 
area can expand as a function of CR over time governed by the CR crack opening formulation.  
An analysis of crack opening and tube rupture is described in the following section.  
 
4.1.1 Models for Crack Opening Area 
 
When high temperatures are experienced by the tubes during severe accident conditions, TW 
flaws will open wider due to creep.  Models for crack opening due to creep have been 
developed by Argonne National Laboratory (ANL) and have been benchmarked against test 
data (Majumdar et al., 2002).   
 



 

Page 31 of 157 
 

In the following correlation developed by ANL for the creep rate of Alloy 600 (and shown in 
Figure 12 below), an empirical relationship is established, which can be used to calculate the 
creep rate at a given temperature and pressure.  A similar relationship for Inconel 690 has not 
yet been established.  
 
The correlation graphically shown in Figure 12 can be expressed by the following equations 
referred to as the equations set for creep rupture critical opening area (CRCOA-EQ): 
 

Equation Set CRCOA-EQ 
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where: 
 

  = the creep rate in s-1 

R = Universal gas constant, 1.987 cal/mole/K 
T = temperature (K) 
 

 
 

Figure 12.  Empirical Relationship between the Creep Rate and the Normalized Ratio of 
Stress over Young’s Modulus 
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 = calculated stress in ksi 
E(T) = Young’s modulus in ksi 
 
For axial cracks the mouth opening rate can be calculated by the following equation:  
 

 
n

pmnbcch ),/(2    

 
Similarly for circumferential cracks, the following equation is used: 
 

 

n

nbchc 
















2
),/(2

  

 
where: 
 

  = the creep rate in s-1 

c = crack length in m 
b = is a stylized normalization length defined later.  

n = the exponent on the /E(T) term in Equations 8a and 8b 
h2(0,n) = 6.16 if n = 3.7 and 7.03 if n = 6.1 (from Figure 7b of Majumdar, 2002) 
mp = the stress magnification factor  
 
For an axial crack, the normalization length is defined as one-half the tube length, which is 
much larger than one-half the crack length or “c.”  Therefore, for axial cracks, it is customary to 
set the value of “c/b” equal to zero.  On the contrary, for the circumferential crack, the value of b 
would be one-half the tube perimeter (π*R) and the total flaw angular size for each single radial 
flaw or both of the symmetric flaws is considered to be 2θ; therefore, one-half the flaw length 
would be ((θ)*R).  Therefore, for the circumferential cracks, the value of b/c would be: 
 

 // bc  

 
For example, c/b = 0.25 for a 45°symmetric crack (both arcs’ angular size 2θ is 90°).  Empirical 
correlations for h2(c/b, n) for the two values of n are given by the following correlations (derived 
using Figure 10 of Majumdar, 2002) and are duplicated below in Figure 13: 
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Figure 13.  Empirical Correlation for h2 Duplicated from NUREG/CR-6756 
(Majumdar, 2002) 

 
The COA for an axial crack with a length 2c is approximated by the following equations (no 
curvature is assumed at crack boundaries): 
 

cCOAaxial *
 Equation 4.4

 

 
Similarly, the COA for circumferential flaws with a length 2θ is estimated using the following 
equation: 
 

 ** RCOAcirc   Equation 4.5
 

 
The COD denoted by δ will grow over time with its associated creep rate until it reaches a 
maximum value or the overall COA approaches the hydraulic flow area of one tube.  For the 
axial crack, the maximum COD is assumed to correspond to a maximum crack opening angle 
(i.e., the angle formed at the crack tip as the crack widens) estimated using the following 
equation:  
 

)2/tan(**2 maxmax  c  

 
The maximum crack opening angle is considered to be between 60 and 90 degrees, which 
approximately sets the value of δmax between c to 2c.  The former value is the maximum angle 
observed in the tests at ANL (Majumdar et al., 1998).  The larger angle is provided as an 
alternative because the ANL tests could not maintain pressures after tube failure.  Thus, it is 
possible that a larger crack opening angle would have occurred had the pressure been 
maintained. 
 
As discussed before, most of the circumferential cracks are located at either the top of the tube 
sheet or at the tube support plates; it is likely that they would be surrounded by a buildup of 
sludge.  Tests at ANL have shown that this sludge may significantly restrict flow through the flaw 
(Majumdar, 2004, and Majumdar 2009, Section 4.5 of NUREG/CR-6879).  The maximum COA 
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for the circumferential cracks is reduced by a factor to reflect the reduced leakage flow expected 
due to the restrictive nature of the sludge at the tube sheet and support plates.  The value for 
this reduction factor is user specified input for each circumferential flaw.  A default value of one 
will be used if no information is entered.   
 
The ANL crack opening models predict slow crack opening rates at low temperatures but very 
rapid opening at high temperatures.  At the temperatures of greatest interest (above 
1100 degrees Kelvin) cracks tend to open very rapidly, reaching their maximum crack opening 
displacement in less than 1 to 2 minutes.   
 

4.2 Examples of Tube Failures Due to Creep Rupture 
 
Although creep rupture (thermally-induced) failures of SG tubes become a good predictor of the 
tube failures at high temperatures, the time to tube failure is a strong function of the stresses; 
therefore, the pressure difference across the tube wall.  During a severe accident, depending on 
the pressure history of the accident, the tubes could fail due to pressure induced stresses early 
in the accident when the temperature threshold for CR has not yet reached.  In such cases, the 
CR mechanism could only contribute to a potential increase in leakage area of the failed tube 
later during the high temperature phase of the severe accident.  If the tubes have not failed 
early in the accident due to a pressure induced mechanism, the CR could govern both the tube 
failure probability as well as the associated leak rate.  The time of CR failure is also a strong 
function of pressure.  A higher pressure in a severe accident would result in a higher value of 
the tube stress level (σ), which directly affects the value of PLM and the resulting integral for 
failure time.  Therefore, pressure plays an important role in thermally-induced failures of the SG 
tubes.  Finally, some recent data presented by Majumdar (Majumdar, 2009) shows that the CR 
models can also perform quite accurately under the varying and dynamic changes of pressure 
and temperature as those expected during severe accidents. 
 
The exposure time to high pressure and temperature required for failure of a pristine 
Inconel 690 tubes is illustrated using the equations described earlier in Figure 14.  These curves 
are generated using the deterministic methods without accounting for any uncertainties.  They 
explicitly show that for temperatures greater than 1000°C and delta pressure of about 1000 psi, 
the Inconel 690 tubes will fail in a few seconds.  This basically indicates that even the pristine 
tube will not survive extended core damage unless the vessel is depressurized below 500 psi.  
 
Table 1 shows the time to failure from CR mechanisms for Inconel 600 and for a flaw that is 
3 cm long with varying depth at pressure of 2250 psi and varying constant temperature.  As 
shown in the table, the tube failures cannot be relied on for temperatures beyond 950°C. 
 
An illustrative example of the behavior of the CR failure mechanism as modeled by the current 
version of the software is shown in Figures 15 and 16 for Inconel 600.  For this case, one axial 
flaw with a length of 3 cm and a depth of 30 percent and one circumferential flaw with an arc of 
250 degrees and a depth of 30 percent was modeled.  The TH time, temperature, and pressure 
history considered for these illustrative example were a constant temperature of 900°C, and a 
pressure of 750 psi.  Figure 17 shows the probability of tube failure due to CR for both the axial 
and circumferential flaws for Inconel 600.  Both flaws have more than 50 percent chance of 
failure in less than 45 minutes.  The probabilistic leak area distribution is estimated based on the 
probability of tube failure multiplied by the resulting leak rate.  It generally appears that the 
example axial flaw would fail earlier and result in a relatively higher probabilistic leak area.  
However, the probabilistic leak rates and the failure probabilities for both axial and 
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circumferential become comparable after being exposed to a severe accident environment after 
temperature reaches over 950°C.    
 

 
 
 

Figure 14.  Time to Tube Failure as a Function of Delta Pressure Across the Tubes for 
Inconel 690 
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Table 1.  Creep Rupture Failure Times at 2250 PSI for 3 cm Axial Flaw at Varying Depths 

and Temperature 
 

    Flaw Depth       

Temperature   0% 25% 50% 75% 

600 0.05 >8 hours >8 hours >8 hours >8 hours 

  0.5 >8 hours >8 hours >8 hours >8 hours 

  0.95 >8 hours >8 hours >8 hours >8 hours 

650 0.05 >8 hours >8 hours 6.61 hrs 8 min 

  0.5 >8 hours >8 hours >8 hours 20 min 

  0.95 >8 hours >8 hours >8 hours 43 min 

700 0.05 >8 hours 7.17 hrs 1.03 hrs 2 min 

  0.5 >8 hours 7.97 hrs 1.35 hrs 3 min 

  0.95 >8 hours >8 hours 1.72 hrs 8 min 

750 0.05 4.03 hrs 1.17 hrs 10 min <1 min 

  0.5 4.25 hrs 1.33 hrs 15 min <1 min 

  0.95 4.47 hrs 1.5 hrs 20 min 2 min 

800 0.05 43 min 13 min < 1 min <1 min 

  0.5 48 min 17 min 3 min <1 min 

  0.95 53 min 20 min 5 min <1 min 

850 0.05 8 min 2 min <1 min <1 min 

  0.5 10 min 3 min <1 min <1 min 

  0.95 13 min 5 min <1 min <1 min 

900 0.05 2 min <1 min <1 min <1 min 

  0.5 2 min <1 min <1 min <1 min 

  0.95 3 min <1 min <1 min <1 min 

950 0.05 <1 min <1 min <1 min <1 min 

  0.5 <1 min <1 min <1 min <1 min 

  0.95 <1 min <1 min <1 min <1 min 

1000 0.05 <1 min <1 min <1 min <1 min 

  0.5 <1 min <1 min <1 min <1 min 

  0.95 <1 min <1 min <1 min <1 min 
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Figure 15.  Illustrative Example of the Failure due to Creep Rupture for a Circumferential 

and an Axial Flaw 
 
 

 
 

Figure 16.  Illustrative Example of the Probabilistic Leak Area (Expected and 
95 Percentile) due to Creep Rupture for an Axial Flaw 
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Figure 17.  Illustrative Example of the Probabilistic Leak Area (Expected and 
95 Percentile) due to Creep Rupture for a Circumferential Flaw 
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5.0 ... Failure Modeling of Surge Line and Hot Legs under Severe 
Accidents 

 
Pending availability of more detail models for failure of RCS components, the following models 
are proposed and have been implemented into the C-SGTR software.  The models developed 
are based on the following formulations: 
 

1. Assume the stress on the hot leg and surge line stems from the pressure inside the pipe 
and the effect of thermal gradient on the stress is minimal due to high thermal 
conductivity of the pipe materials.  The hoop stress (circumferential direction) on the hot 
leg or surge line is, therefore, estimated by: 
 
σc = [(Pi ri

2 - Po ro
2) / (ro

2 - ri
2)] - [ri

2 ro
2 (Po - Pi) / r

2 (ro
2 - ri

2)] Equation (5.1) 
 
where Pi and P0 are the internal and external Pressure, ri and r0 are the inner and outer 
radius, r is the point within the wall where the stress is calculated (for inner tube should 
be set to ri and for outside tube is set to r0).  Similarly the stress in axial (σa) and radial 
(σr) directions can be estimated by: 
 
σa = (Pi ri

2 - Po ro
2 )/(ro

2 - ri
2) Equation (5.2) 

 
σr = [(Pi ri

2 - Po ro
2) / (ro

2 - ri
2)] - [ri

2 ro
2 (Pi – Po) / r 

2 (ro
2 - ri

2)] Equation (5.3) 
 
The LM empirical correlations proposed for estimating the failure of hot leg and surge 
line are established based on the hoop stresses noted as σksi.  These correlations 
reproduced below are reported in EPRI-TR-107623-V1: 
 

2. For Westinghouse hot leg: 
 
PLM = 1000(41.31 ± 0.48 -5.408 Log10 (σksi)) Equation (5.4) 
 

3. For CE and B&W hot leg: 
 
PLM = 1000(42.02 ± 1.09 - 8.477 Log10 (σksi)) Equation (5.5) 
 

4. For surge line, the correlation for SS304, which were developed empirically based on the 
data from low stress condition (σ < 15 ksi) is normally used: 
 
PLM = 1000(50.42 ± 1.25 - 0.833 (σksi)) Equation (5.6) 
 
For all the above materials/equations, the failure time tR in hours is estimated as a 
function of temperature T (in Kelvin): 
 
tR = 10 [PLM 

/(1.80*T)] -20 Equation (5.7) 

 
The uncertainties shown in estimating PLM parameters is treated as the 5 and 
95 percentile bounds for the purpose of evaluating the failure times.  These models are 
incorporated into the software as one means to estimate the time of RCS components 
failures in comparison of the SG tube failures. 

 



 

Page 40 of 157 
 

Figure 18 shows the probability of hot leg and surge line failures as function of time for a 
Westinghouse plant for a case where the primary pressure is at 2250 psi, the secondary 
pressure atmospheric, and the average hot leg and surge line temperature is at 750°C.  Note 
that the hot leg is expected to fail with about 50 percent probability in about 75 minutes; 
however, surge line is not expected to survive beyond 3 hours.  This is the consequence of the 
equations currently available from the EPRI-TR-107623-V1.  These models should be 
independently verified and could be subject to change. 
 

 
 
Figure 18.  Failure Time for Hot Leg and Surge Line when Primary at 2250 psi, Secondary 

at Atmospheric Pressure, and Material Temperature at 750°C 
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6.0 ... Input Data and the Uncertainty Evaluation 
 
Both the parameter and model uncertainties are considered in developing the SGTR software.  
The specific elements within each type of uncertainty are discussed below. 
 

1. Parameter uncertainties:  The SGTR software accepts several types of input data.  
These are: 

 
a) Specifications:  plant name, plant type, number of SGs, number of tubes in 

each SG, SG tube materials and design specifications such as the locations 
of tube support plates and locations of tube thermal sheet, severe accident 
sequence name, etc.  There are no uncertainties associated with these 
parameters. 
 

b) Dimensions and measurements:  these include SG tube inner radius, SG 
tube thickness, hot leg inner radius, hot leg thickness, surge line inner radius, 
surge line thickness.  Some of these parameters could have uncertainties, for 
example the tube thickness could be smaller than what is recorded in the final 
safety analysis report (FSAR) due to potential thinning of the tube wall over 
the plant life.  The hot leg thickness may have uncertainties to reflect the 
effect of weld overlay.  Although there are place holders for these uncertain 
values, they are not currently quantified.  
 

c) Material properties:  the Poisson ratio, the yield stress, the ultimate stress, 
the flow stress coefficient, the Young’s Modulus of Elasticity as a function of 
temperature for each type of material (Inconel 600, 690, SS304, carbon steel, 
etc.) are needed for the evaluation and SGTR modeling.  There are 
uncertainties associated with these parameters, and they are currently 
incorporated into the software.  It should be noted that we have currently 
focused on Inconel 600 with the partial treatment of Inconel 690.  
 

d) TH input file:  the TH input file is generically defined as a temperature and 
pressure time history at different locations of interest.  The locations of 
interest are the SG tubes within the hot plume, primarily, and within the cold 
regions, secondarily.  The counter current flow characteristics in hot leg 
areas, surge line areas, and other potentially susceptible RCS components 
are also of interest.  The uncertainties of the TH results could vary depending 
the phase of accident; i.e., prior to fuel damage and post fuel damage when 
significant exothermic zircaloy oxidation including hydrogen generation is 
expected.  Significant zircaloy oxidation normally starts at about 600°C 
(873°K), and the extent of oxidation could reach 70 percent by the 
temperature of about 1100°K (827°C).  The period from the time that zircaloy 
oxidation starts to the time that core melts is relatively short (order of about 
10 minutes) for some scenarios.  This is when failures of SG tubes or RCS 
components are most expected.  The role of uncertainties in this short period 
of time in severe accidents plays an important role in final predictions. 

 
e) Flaw input:  multiple tubes each with one flaw are defined as an input file for 

the software.  Flaws could be axial or circumferential.  Circumferential flaws 
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could constitute a single arc or double symmetric opposing arcs.  Flaws are 
defined by the size (length for axial, and total arc angle for circumferential), 
and flaw depth.  Flaws on SG tubes are typically quite complex in orientation 
and have varying depth.  Therefore, it would be appropriate to assign 
tolerance or uncertainties to the measured values for the stylized flaw 
dimensions.  A random variable is defined to allow simulation of flaw 
characteristics.  Although an uncertainty distribution can be assigned to each 
flaw, a correlated sample is currently used to generate a sample of length 
(arcs) and depth.  This in effect assumes that if the measure flaw length was 
smaller than the true length, the depth measure is also smaller than the true 
depth.  

 
The parameter (or aleatory) uncertainty estimates are discussed in Section 5.1 of this report. 
 

2. Modeling uncertainties:  the modeling/epistemic uncertainty is above and beyond the 
uncertainty accounted for by parameter uncertainties.  The modeling and parameter 
uncertainties are separated to allow estimates of the portion of the uncertainties 
caused by parameter uncertainties from those caused by modeling uncertainties.  
The modeling uncertainties are generally estimated by comparing the test results in a 
controlled laboratory environment against model prediction.  Under a controlled 
laboratory environment, the aleatory uncertainties associated with the parameter 
uncertainties are assumed to be negligible.  For example, the material parameters 
are measured prior to an experiment for a given sample so population variations due 
to manufacturing, aging or other mechanisms (known as aleatory uncertainty) will not 
contribute to the overall prediction.  There are currently six different models in the 
code, which require some level of modeling uncertainty evaluation.  There are: 
 

a) axial burst and leak pressure 
b) circumferential burst and leak pressure 
c) axial burst and leak areas 
d) circumferential burst and leak area  
e) CR time to failure 
f) CR leak area  

 
The modeling (or epistemic) uncertainties are discussed in Section 6.2 of this report. 
 

6.1 Aleatory Uncertainty 
 
6.1.1 Material Properties 
 
The material properties of interest, as a function of temperature, for modeling SGTR 
probabilities are: 

 
1. Poisson’s Ratio (γ), which is the negative ratio of transverse strain over the axial strain, 

in axial loading.  Poisson’s ratio is unit-less. 
 
2. Young’s Modulus (𝐸), which is the ratio of the linear stress to the linear strain, within the 

limits of elasticity.  Young’s Modulus is unit-less. 
 

3. Yield Stress (𝑆𝑦), which is the stress at which a material begins to deform plastically.  
Yield Stress units used are ksi. 
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4. Ultimate Stress (𝑆𝑢), which is the maximum stress a material can withstand, when being 

pulled lengthwise, before failure.  Ultimate Stress units used are ksi.   
 
Modeling the probability of SGTR due to CR in addition to Plastic Collapse (PC) under pressure 
requires modeling tube exposure to high temperatures over a period of time.  Therefore, the 
properties of the tube materials would be needed for temperatures as high as 1000°C.  
Obtaining the data constitutes a particular challenge, since several of the parameters are only 
tabulated for temperatures up to 500°C in the related American Society of Mechanical 
Engineers (ASME) publication (ASME, 2009b Addenda).  
 
SG tubes in PWRs are made of mill-annealed Inconel 600, thermally-treated Inconel 600 and 
thermally-treated Inconel 690.  During the 1970s, all U.S. PWRs, except one, had mill-annealed 
Inconel 600 SG tubes.  Inconel 600 tubes used in replacement SGs put into service in the early 
1980s were subject to high-temperature treatment to improve their resistance to corrosion.  
Since 1989, primarily thermally-treated Inconel 690 replacement SG tubes were used in plants.  
As for today, approximately 14 percent of PWRs have mill-annealed Inconel 600 SG tubes, 
25 percent have thermally-treated Inconel 600 tubes, and 61 percent have thermally-treated 
Inconel 690 SG tubes (NRC).  Although the original generation of SG tube materials was mostly 
made of Inconel 600 alloy, Alloy 690 is preferred for the newer generators, replacement 
generators, and the new reactors. 
 
This report documents the selection process and the material property values, which includes 
yield stress, ultimate stress, Poisson Ratio and Young Modulus, for Inconel 600 and 
Inconel 690.  
 
6.1.1.1 Composition Inconel 600  
 
Inconel 600 is a nickel-chromium alloy designed for use from cryogenic to elevated 
temperatures (1093°C).  The high nickel content of Alloy 600 provides a level of resistance to 
chloride SCC and to reducing environments, while the chromium content of the material 
provides resistance to weaker oxidizing environments (Sandmeyer Steel Company).  Table 2 
shows the alloy’s composition. 
 

Table 2.  Inconel 600 Composition 

Element Minimum Maximum 

Carbon -- 0.10 

Nickel 72.0 min. 

Chromium 14.0 17.0 

Iron 6.00 10.0 

Silicon -- 0.50 

Manganese -- 1.00 

Sulfur -- 0.015 

Copper -- 0.50 

 
6.1.1.2 Specifications for Inconel 600 
 
Inconel 600 is specified under different codes in various standards.  In the case of the Unified 
Numbering System (UNS), the alloy specification is based on its composition.  For a nominal 
composition of 72Ni-15Cr-8Fe, the specification is N06600.  The ASME specification is based 
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on composition and product form, and for a nominal composition of 72Ni-15Cr-8Fe, the 
denomination SB-168 is used for plates, sheets and strips, SB-167 for seamless pipes and 
tubes, and SB-163 for condenser and heat exchanger seamless tubes.  Inconel 600 is also a 
specification with the following codes (Specialmetals): 
 
Rod, Bar, Wire and Forging Stock:  ASTM B 166, ASTM B 564/ASME SB 564, ASME Code 
Cases 1827 and N-253, SAE/AMS 5665 and 5687, BS 3075NA14 and 3076NA14, DIN 17752, 
17753 and 17754, ISO 9723, 9724, and 9725, MIL-DTL-23229, QQ-W-390. 
 
Plate, Sheet and Strip:  ASTM B 168, ASTM B 906/ASME SB 906, ASME Code Cases 1827 
and N-253, SAE/AMS 5540, BS 3072NA14 and 3073NA14, DIN 17750, ISO 6208, EN 10095, 
MIL-DTL-23228. 
 
Pipe and Tube:  ASTM B 167, ASTM B 163/ASME SB 163, ASTM B 516/ASME SB 516, 
ASTM B 517/ASME SB 517, ASTM B 751/ASME SB 751, ASTM B 775/ASME SB 775, 
ASTM B 829/ASME SB 829, ASME Code Cases 1827, N-20, N-253, and N-576, 
SAE/AMS 5580, DIN 17751, ISO 6207, MIL-DTL-23227 
 
Other:  ASTM B 366/ASME SB 366, DIN 17742, ISO 4955A, AFNOR NC15Fe 
 
6.1.1.3 Yield Stress for Inconel 600 
 
Table Y-1 of the ASME Boiler and Pressure Vessel Code (ASME, 2009b Addenda) provides 
yield stress values for SB-163, SB-167 and SB-168 for temperatures below 500°C.  Table Y-1 
also uses the size of the product and its class/condition/temper as parameters to define the 
yield stress.  For a composition of 72Ni-15Cr-8Fe and radius of about 1 cm (≈ 4"), line 11 on 
pages 709.3/4 gives the yield stress values of hot finish annealed SB-167, line 6 on 
pages 712/3 of cold drawn annealed SB-167, and line 1 on page 712/3 of annealed SB-163.  
 
From the specifications cited above, annealed SB-163 was selected for use as the standard 
input to the C-SGTR software, for the following reasons: 
 

1. Its thermal treatment is that of most currently installed Inconel 600 SG tubes. 
 
2. Its product form is that of SG tubes. 
 
3. Ultimate stress values for annealed SB-163 are also available in the ASME Boiler and 

Pressure Vessel Code. 
 
4. Annealed SB-163 values are close to Inconel 600 values from other references. 

 
SB-163 is tabulated by ASME up to only about 500°C.  For higher temperatures, several 
sources of SB-168 data are available instead.  SB-163 and SB-168, for equal thermal 
treatments, present equal temperature-dependent yield stress values in the ASME Code.  
Therefore, for temperatures over 500°C, SB-168 data was used as reference (Sandmeyer Steel 
Company).  Since SB-168 data comes from a different source, discrepancies were smoothed by 
making a linear approximation of the ratio between the ASME Code and Sandmeyer data, using 
two points known for both sources (316°C and 427°C).  Since ASME Code values are the more 
conservative of the two, the temperature-dependent ratio was applied to Sandmeyer’s 
high-temperature data to equate them to ASME Code values. 
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Using ASME Code yield stress values on the 0-427°C range and Sandmeyer’s ASME-equated 
values on the 427-1000°C range, several approximations to these data (exponential, linear, 
logarithmic, polynomial up to sixth degree, power, and moving average) were evaluated.  The 
best fits turned out to be fifth-degree and fifth-degree polynomial approximations.  For 
temperatures between 0°C and 700°C, a sixth degree polynomial approximation constitutes the 
best fit to the data, while for temperatures over 700°C and up to 1000°C, the fifth degree 
polynomial approximation constitutes the best fit (Figure 19).  
 

 

 
Figure 19.  Inconel 600 Yield Stress Data 

 
Values of the yield stress for temperatures on the 0-1000°C range, in 50°C intervals, were 
generated using the degree 6 polynomial approximation for temperatures between 0°C and 
700°C, and the degree 5 polynomial approximation for temperatures over 700°C and up to 
1000°C.  Column 4 on Table  shows the set of data obtained, to be used as input to the 
C-SGTR software.  
 
Uncertainties of the original data were disregarded.  As for the error between the data and its 
polynomial approximation, there is no evident trend.  The maximum error is located at 649°C, 
with a deviation of 1.2 ksi from the nominal value of 26.2 ksi.  The tolerance bound is, therefore, 
considered to be additive and it is estimated at about ±1.2 ksi.  A normal error distribution with a 
mean of zero and a standard deviation of 0.6 ksi (assuming ±1.2 ksi constitute the 5th and 
95th percentiles) is proposed for the uncertainty analysis. 
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Table 3.  Input to C-SGTR Software 
 

$T 
Poisson’s 

Ratio 
Ultimate 

Stress Yield Stress 
Young 

Modulus 

$(deg. C) (no unit) (ksi) (ksi) (ksi) 

0 0.325 79.3 37.8 31226 

50 0.322 80.2 33.9 30840 

100 0.319 80.1 32.0 30455 

150 0.316 79.7 31.1 30069 

200 0.313 79.5 30.6 29680 

250 0.310 79.7 30.3 29283 

300 0.307 80.3 29.9 28878 

350 0.304 80.8 29.6 28460 

400 0.301 80.9 29.3 28029 

450 0.300 81.6 29.0 27580 

500 0.299 79.3 28.5 27111 

550 0.299 74.6 27.8 26620 

600 0.301 67.2 26.7 26104 

650 0.303 57.5 25.0 25560 

700 0.307 46.3 22.5 24986 

750 0.312 34.6 18.4 24379 

800 0.318 23.6 14.6 23736 

850 0.325 14.7 10.7 23055 

900 0.331 8.9 7.2 22333 

950 0.336 7.0 4.7 21567 

1000 0.339 8.6 4.0 20755 
 
 
6.1.1.4 Ultimate Stress for Inconel 600 
 
Table U of the ASME Boiler and Pressure Vessel Code (ASME, 2009b Addenda) provides 
ultimate stress values for SB-163, SB-167 and SB-168 for temperatures below 500°C.  Table U 
also uses the size of the product and its class/condition/temper as parameters to define the 
yield stress.  For a composition of 72Ni-15Cr-8Fe and radius of about 1 cm (≈ 4"), line 20 on 
page 549 gives the ultimate stress values of hot finish annealed SB-167, line 26 on pages 712/3 
gives the yield stress values of cold drawn annealed SB-167, and line 21 on page 712/3 gives 
the yield stress values of annealed SB-163.  All three specifications present equal 
temperature-dependent yield stress values for the range 0-500°C.  For the sake of clarity, and 
only in Section 2.4, SB-163 was used to denote all three specifications. 
 
SB-163 is tabulated on the ASME Code up to only about 500°C.  For temperatures over 500°C, 
the same source was used for ultimate stress that was used for yield stress (Sandmeyer Steel 
Company).  To smooth discrepancies between two sets of data originating from two different 
sources, a linear approximation of the ratio between the ASME Code and Sandmeyer data was 
made, using two points known for both sources (316°C and 427°C).  Since ASME Code values 
are the more conservative of the two, the temperature-dependent ratio was applied to 
Sandmeyer’s high-temperature data, to equate them to ASME Code values. 
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Using ASME Code yield stress values on the 0-427°C range and Sandmeyer’s ASME-equated 
values on the 427-1000°C range, several approximations to these data (exponential, linear, 
logarithmic, polynomial up to sixth degree, power, and moving average) were evaluated.  The 
best fits turned out to be fifth and sixth degree polynomial approximations.  For temperatures 
between 0°C and 427°C, a fifth degree polynomial approximation constitutes the best fit to the 
data, while for temperatures over 427°C and up to 1000°C, the sixth degree polynomial 
approximation constitutes the best fit (Figure 20).  
 

 

 
Figure 20.  Inconel 600 Ultimate Stress 

 
Values of the ultimate stress for temperatures on the 0-1000°C range, in 50°C intervals, were 
generated using the degree 5 polynomial approximation for temperatures between 0°C and 
427°C, and the sixth degree polynomial approximation for temperatures over 427°C and up to 
1000°C.  Column 3 on Table  shows the set of data obtained, to be used as input to the 
C-SGTR software.  
 
Uncertainties of the original data were disregarded.  As for the error between the data and its 
polynomial approximation, there is no evident tendency.  The maximum error is located at 
760°C, with a deviation of 5.6 ksi from the nominal value of 26.7 ksi.  The tolerance bound is, 
therefore, considered to be additive and it is estimated at about ±5.6 ksi.  A normal error 
distribution with a mean of zero and a standard deviation of 2.8 ksi (assuming ±5.6 ksi constitute 
the 5 and 95 percentiles) is proposed for the uncertainty analysis. 
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6.1.1.5 Poisson’s Ratio for Inconel 600 
 
Values of the Poisson ratio for Inconel 600 on the 0-1000°C range (Specialmetals) were well 
approximated by a fifth degree polynomial (Figure 21).  The data is not associated to a 
particular thermal treatment because they are not expected to significantly affect Poisson’s 
Ratio.  Uncertainties of the original data were disregarded.  As for the error between the data 
and its polynomial approximation, there is no evident trend.  The maximum error is located at 
700°C, with a deviation of 0.002 from a nominal value of 0.305.  
 
The tolerance bound is, therefore, considered to be additive and it is estimated at about ±0.002.  
A normal error distribution with a mean of zero and a standard deviation of 0.001 (assuming 
±0.002 constitute the 5 and 95 percentiles) is proposed for uncertainty analysis. 
 
Using the fifth degree polynomial approximation, values of the Poisson ratio for temperatures on 
the 0-1000°C range, in 50°C intervals, were generated.  Column 2 on Table  shows the set of 
data obtained, to be used as input to the C-SGTR software. 
 

 

 
Figure 21.  Inconel 600 Poisson's Ratio 

 
 
6.1.1.6 Young’s Modulus for Inconel 600 
 
Values of the Young’s Modulus for Inconel 600 on the 0-1000°C range (Specialmetals) was well 
approximated by a third degree polynomial (Figure 22).  The data is not associated to a 
particular thermal treatment because it is not expected to affect Young’s Modulus in a significant 
manner. 
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Uncertainties of the original data were disregarded.  As for the error between the data and its 
polynomial approximation, there is no evident tendency.  The maximum error is located at 
200°C, with a deviation of 53 from a nominal value of 29733.  The tolerance bound is, therefore, 
considered to be additive and it is estimated at about ±53 ksi.  A normal error distribution with a 
mean of zero and a standard deviation of 27.0 ksi (assuming ±53 ksi constitute the 5 and 
95 percentiles) is proposed for uncertainty analysis. 
 
Using the degree 3 polynomial approximation, values of the Young’s Modulus for temperatures 
on the 0-1000°C range, in 50°C intervals, were generated.  Column 5 on Table  shows the set 
of data obtained, to be used as input to the C-SGTR software. 
 
 

 
 

Figure 22.  Inconel 600 Young's Modulus 
 
 
6.1.1.7 Flow Stress for Inconel 600 
 
Inconel 600 (annealed) flow stress values, as a function of yield stress and ultimate stress 
(Table ), are generated using Equation 1.  
 
Equation 1:  Flow Stress ISL 

𝑆̅ = 𝑘(𝑆𝑦 + 𝑆𝑢) 

𝑆̅ = 𝐹𝑙𝑜𝑤 𝑆𝑡𝑟𝑒𝑠𝑠 
𝑘 = 0.5 𝑡𝑜 0.6 

𝑆𝑦 , 𝑆𝑢 = 𝑌𝑖𝑒𝑙𝑑 𝑎𝑛𝑑 𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑆𝑡𝑟𝑒𝑠𝑠, 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦 

 
Inconel 600 (rolled) flow stress values, as a function of temperature, are generated using 
Equation 2 (SGTR Severe Accident Working Group, 1997). 
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Equation 2:  Flow Stress Majumdar 
 

𝑆̅ ={ 
200°𝐶 < 𝑇 < 870°𝐶     𝑘(1780 − 9.84𝑇 + 0.0352𝑇2 − 5.08𝑥10−5𝑇3 + 2.4𝑥10−8𝑇4)

727°𝐶 < 𝑇 < 1100°𝐶       𝑘(4308.9 − 11.381𝑇 + 1.030𝑥10−2𝑇2 − 3.1734𝑥10−6𝑇3)
 

 

𝑆̅ = 𝐹𝑙𝑜𝑤 𝑆𝑡𝑟𝑒𝑠𝑠 (𝑘𝑠𝑖) 

𝑘 = 0.5 𝑡𝑜 0.6  
𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (℃) 

 
Figure 23 displays the results of Equation 1 and Equation 2 with k=0.55 as used in 
NUREG/CR-6879 (Majumdar, 2009), for temperatures on the 0-1000°C range, in 50°C intervals.  
For temperatures up to about 500°C, Equation 1 consistently results in values lower than 
Equation 2, with the largest difference being 6.7 ksi for a nominal value of 55.1 ksi, at 200°C.  
On most of this range, annealed SB-163 yield stress and ultimate stress values are used for 
Equation 1.  This could give reason to the discrepancy, because SB-163 is an ASME Code 
value, and these are usually conservative, and because the material is annealed, which reduces 
the stress.  On the high-temperature end of the curve, where the second segment of Equation 2 
applies, results from both equations converge.  
 

 

 
Figure 23.  Inconel 600 Flow Stress (k=0.55) 
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To account for these differences, the flow stress is described in the software with a multiplicative 
error: 
 
𝐹𝑙𝑜𝑤𝑆𝑡𝑟𝑒𝑠𝑠 = 0.55 ∗ (𝑆𝑦 + 𝑆𝑢)*(1+ξ) 

 
Where ξ is estimated to be a normal distribution with a mean of +0.054 and standard deviation 
of 0.040.  
 
6.1.1.8 Summary of the Error Parameters for Inconel 600 
 
The following table summarizes the uncertainty values obtained for various material properties 
for Inconel 600 tubes. 
 

Table 4.  Summary of the Error Distributions for the Inconel 600 Material Properties 
 

Material 
Property 

Error Form Distribution Mean 
Standard 
Deviation 

Correlation 

Yield Stress Additive Normal 0.0 0.6 (ksi) None 

Ultimate 
Stress 

Additive Normal 0.0 2.8 (ksi) None 

Young’s 
Modulus 

Additive Normal 0.0 27.0 (ksi) None 

Poisson 
Ratio 

Additive Normal 0.0 0.001 None 

K value on 
flow stress 
equation 

Multiplicative Normal 0.054 
(A mean 

value for K of 
0.58 is used) 

0.040 None 

 
6.1.2 Material Properties for Inconel 690 
 
The information available for Inconel 690 is not as extensive as those for Inconel 600.  A limited 
effort was allocated in this study to develop the basic properties for Inconel 690, including the 
determination of the best estimates for the LM parameters for CR modeling.  The result of this 
effort is documented below.  Due to lack of multiple references we could not explicitly estimate 
the uncertainties associated with the material properties for Inconel 690.  Instead, we have 
assumed and utilized the uncertainties for Inconel 600 as if it applies to Inconel 690.  
 
ASM Specialty Handbook:  Nickel, Cobalt and their Alloys (Joseph R. Davis, ASM International) 
were used to develop the basic material properties for Inconel 690.  The following graph 
(Figure 24) was reproduced from this reference.  
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Figure 24.  Inconel 690 Yield and Tensile Strength 
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We have used the information provided in special metals web site (www.special metals.com), 
and have reproduced the following graph (Figure 25) for yield and tensile strength. 
 

 
 

Figure 25.  Yield and Tensile Stress for Inconel 690 (Special Metals) 
 
 
Yield stress curve developed in accordance with combining different sources to cover a 
complete range of temperature.  This is shown for yield and ultimate strengths below in 
Figures 26 and 27: 
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Figure 26.  Ranges and the Proposed Best Estimate for the Yield Strength of Inconel 690 

 

 
 

Figure 27.  Ranges and the Proposed Best Estimate for the Ultimate Strength of 
Inconel 690 
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Poison ratio for Inconel 690 
 
Figure 28 shows the graph for Poisson ration obtained from the two references discuss earlier.  
This graph is also fitted to a polynomial curve.  
 

 
 

Figure 28.  Proposed Best Estimate for Poisson Ratio as a Function of Temperature for 
Inconel 690 

 
Finally the Young Modulus of elastacity estimated from the noted references is shown below in 
Figure 29: 
 

 
 

Figure 29.  Proposed Best Estimate for Youngs Modulus as a Function of Temperature 
for Inconel 690 
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The following table shows the input data used for Inconel 690 in C-SGTR code.  The same 
uncertainties as those specified earier for Inconel 600 have been applied here. 
 

Temp 
Poisson 

Ratio 
Ultimate 
Stress 

Yield 
Stress 

Young 
Modulus 

(C)  (ksi) (ksi) (ksi) 

0 0.309 80.3 36.78 30047 

50 0.293 85.32 33.89 29725 

100 0.29 85.62 31.63 29374 

150 0.293 83.92 29.93 28997 

200 0.299 81.93 28.72 28593 

250 0.306 80.49 27.94 28165 

300 0.31 79.87 27.51 27712 

350 0.312 79.88 27.35 27237 

400 0.312 80.07 27.38 26741 

450 0.308 79.86 27.51 26224 

500 0.302 78.66 27.63 25687 

550 0.295 75.97 27.66 25133 

600 0.288 71.48 27.49 24561 

650 0.283 65.08 27 23973 

700 0.28 56.94 26.08 23370 

750 0.28 47.49 24.61 22754 

800 0.284 37.46 22.47 22125 

850 0.293 27.81 19.51 21484 

900 0.305 19.69 15.62 20833 

950 0.321 14.39 10.63 20173 

1000 0.337 13.25 4.42 19505 

 
 
6.1.3 Inconel 690 Creep Rupture – Larson Miller Parameters 
 
The information in the special metal web site for Inconel 690 and 693 was used as the reference 
for estimating the CR parameters for Inconel 690 (www.specialmetals.com, INCONEL® 
Alloy 693 - Excellent Resistance to Metal Dusting and High Temperature Corrosion, and 
www.specialmetals.com, INCONEL® Alloy 690).  The LM fit is reproduced in the following graph 
(Figure 30). 
 

http://www.specialmetals.com/
http://www.specialmetals.com/
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Figure 30.  Proposed Best Estimate for Creep Rupture Failure Models of Inconel 690 
Tubes 

 
For Inconel 690, the equation for LM would be: 
 

310))log(84786.121759.66(  pLM mP  

 
Where mp σ is in Mpa, the value of tR for Inconel 690 is also estimated from the following 
equation when the temperature T is in Kelvin: 
 

20
*80.110


 T

P

R

LM

t
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6.2 Epistemic Uncertainty 
 
6.2.1 Uncertainty for Axial and Circumferential Through Wall (TW) Burst Pressure 
 
The results in this case (Figure 1, page 5, NUREG-6774) suggest that the error is random in a 
narrow range.  This figure is reproduced below as Figure 31. 
 

 
 

Figure 31.  Predicted and Measured Unstable Burst Pressure for a TW Crack 
 
The true value of the unstable burst is considered to be a sample from a distribution defined by 
the predicted values multiplied by (1+ε).  The ε is the error term, the observed values of error 
terms was estimated from Figure 31 by: 
 
  ε^ = (T-P)/P 
 
Where P is the predicted values, T is the corresponding true values, and ε^ is the observed 
errors.  The error term is has an estimated mean of -0.0398 and SD 0.078.  Although the best fit 
distribution appears to be a Beta distribution, a normal distribution is currently utilized in the 
software. 
 
There is no data currently available to estimate the error term for unstable burst pressure for 
circumferential TW cracks.  The software currently uses the same uncertainty description as 
those for axial TW cracks.  
 
6.2.2 Uncertainty for Circumferential and Axial Ligament Rupture Pressure; 
Part-Through Wall (PTW) Leak Pressure 
 
Predicted versus observed ligament rupture pressure for ANL tests are shown in Figure 32 
below.  This figure is reproduced from a presentation made by Majumdar at the NRC on 
June 17, 2010 (slide on Page 20). 
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K = 0.55 
 

Figure 32.  Ligament Rupture Pressure; Predicted vs. Observed, for K=0.55 and β=1 
 
The measured errors from this figure appear to be randomly distributed.  Furthermore, the error 
distribution appears to be additive; i.e., the experimental values can be explained by the error 
distribution plus the calculated (or predicted) leak pressure.   
 

T = P+ ε^, or ε^ = (P-T) 
 
The error distribution is assumed Normal with a mean and standard deviation of 0.1 and 0.25, 
respectively. 
 
There is no data currently available to estimate the error term for leak pressure for 
circumferential PTW cracks.  The software currently uses the same uncertainty description for 
circumferential cases as those for axial PTW cracks.  
 
6.2.3 Uncertainty Evaluation for Pressure Induced Leak Area Estimates 
 
The uncertainties associated with leak area prediction are addressed in NUREG/CR-6774 
(Majumdar, 2002).  The results for two samples; i.e., Samples H and J, appear to be most 
appropriate for this analysis.  Sample H is a TW crack of 13 millimeters (mm) (0.5 inches) 
length, and Sample J is a PTW crack of 13 mm (0.5 inches) at 75 percent depth.  The results 
are graphically shown in Figure 33 below. 
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Figure 33.  Predicted and Measured Crack Opening Displacement (COD) as a Function of 

Temperature for Samples J and H 
 
The following conclusions could be gleaned from the above figures: 
 

1. For small leak areas, the model prediction closely follows the measured/observed leak 
areas. 

 
2. The models generally predict a larger leak area at a given delta pressure across the 

tubes for both the TW and PTW cracks.  
 
3. The uncertainties are difficult to quantify, mainly because the model appears to be poor 

in predicting leak areas and have a non-constant bias at different regions.  
 
Further evaluation of the uncertainties based on additional experimental measurements from 
the same document (NUREG/CR-6774) was also examined to better handle the magnitude of 
the uncertainties involved.  These are shown in Figure 34 below: 
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Figure 34.  Predicted vs. Observed COD for Specimens with Rectangular and Triangular 

Notches with Average Depth 50 Percent and with OD Lengths (a) 6 mm [0.25 in.] and 
(b) 38 mm [1.5 in.] 

 
The figure above shows that the models used for the leak rate estimation has varying 
uncertainties for different cases of flaw length, depth, and shape.  It would be difficult for this 
project to estimate the ranges of uncertainties and tailor them for various cases involved.  A 
multiplicative error distribution with a mean of 0.1 and standard deviation of 0.03 is currently 
applied for evaluating the leak rate uncertainties as a result of pressure induced failures.  
 
6.2.4 Uncertainty Evaluation for Creep Rupture Failure 
 
Unlike the flow stress model, the time to failure due to CR is dependent on the history of loading 
through setting a threshold on a time integral, which utilizes the LM parameter.  If we utilize a 
similar approach that was used for other cases; i.e., assigning the uncertainties to the time of 
failure without changing the value of the argument within the integral, it would be problematic.  
The continuity of the integration over time step accounting for uncertainties has to be preserved.  
Therefore, the model uncertainty in this case should be defined for the parameters that are used 
within the CR equation.  Figure 35 below, reproduced from Majumdar presentation (Slide 25) 
shows the bi-linear fit of Log10 (stress) as a function of the LM parameter.  The figure also 
specifies the 95 percent confidence bound interval of the fit to be 0.1009.  
 
For a flawed tube, the stress is defined by the product of the tube stress (σ) multiplied by the 
stress magnification factor (mp).  The 95 percent confidence interval then could be assumed to 
be associated with the “Log10” of this value.  The uncertainties reflected by the 95 percent 
confidence interval is reflected as an error term for “Ln (mp * σ),” considering the equations for 
estimating the time of failure for CR mechanism as discussed in Section 4.2.  All errors were 
converted accounting for the units and the use of natural log rather than Log in base 10.  An 
additive error in the form of normal distribution with a mean of 0.0 and standard deviation of 
0.06 was added to the value of “Ln (mp * σ).”  This error, therefore, is propagated through the 
integration routine to account for uncertainties associated with the time to failure due to CR. 
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Figure 35.  Creep Rupture Bi-Linear Fit and the Associated Uncertainties 
 
The uncertainties associated with CR leak rate were evaluated in accordance with crack 
opening versus time data and prediction in NUREG/CR-6756, “Analysis of Potential for Jet 
Impingement Erosion from Leaking Steam Generator Tubes During Severe Accidents,” 
(May 2002).  The results are reproduced in Figure 36 below. 
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Figure 36.  Predicted Against the Measured Leak Rate Due to Creep Rupture as a 
Function of Failure Time 

 
The evaluation of the errors as measured from the above graph indicates that the true value of 
the leak area could be considered as a sample of the predicted value multiplied by one plus the 
error term (multiplicative behavior).  The error function is considered a normal distribution with 
the estimated mean and standard deviation of 0.069 and 0.09, respectively.   
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7.0 ... Example Case Runs 
 
Several standard case runs were performed to evaluate the reasonableness of the code 
prediction and to examine the code capabilities.  These case runs are documented in this 
section of the report.  The following six case runs will be discussed in this section. 
 

1. Threshold of axial flaws that can leak during normal plant operation, 
2. Thresholds of circumferential flaws that can leak during normal plant operation, 
3. Failure of axial flaws during DBA scenarios (MSLB), 
4. CR failures of axial flaws, 
5. CR failure of circumferential flaws, and 
6. Integrated analysis of a severe accident scenario. 

 
The input for each of the above case runs and the associated output results generated by the 
software is discussed in the following sections. 
 

7.1 Threshold of Axial Flaws that can Leak During Normal Operation 
 
A case run was performed by assigning a constant temperature of 300°C and a constant ΔP of 
1120 psi across the SG tubes.  Three sets of axial flaws were considered for the analysis 
representing deep, not so deep, and shallow flaws.  Within each set three axial lengths 
representing short, medium, and long flaws were selected.  Table 5 shows the characteristics of 
the axial flaws and the associated probability of leak (tube failures) estimated by the software. 
 

Table 5.  Axial Flaw Characteristics and the Probability of Failure During Normal Plant 
Operation 

Length (cm) Depth (% thickness) Probability of Leak 

1 0.95 0.28 

2 0.95 0.68 

3 0.95 0.88 

2 0.75 0.00 

3 0.75 0.00 

5 0.75 0.01 

3 0.5 0 

5 0.5 0 

7 0.5 0 

 
As shown in this table, a flaw should be at least 75 percent deep to have a small probability for 
a failure during normal operation.  Furthermore, one out of one hundred flaws that are 
75 percent deep and about one centimeter (~0.4 inches) in length could leak.  Even under an 
unlikely condition that a flaw with 75 percent depth leaks, the leak area was estimated to be so 
small that it was printed out as a zero cm2 within two decimal points. 
 
In conclusion, the software predicts that axial flaws of 75 percent depth or less may not result in 
a leak during normal operation; therefore, they will not be easily detectable.  Furthermore, for 
SGTR during normal operation, a very deep flaw (~95 percent) should exist.  A smaller flaw 
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(less deep) could have remained undetected during SG tube surveillance, and could have 
grown to the required size during an operating cycle.  
 

7.2 Threshold of Circumferential Flaws that can Leak During Normal 
Operation 
 
Similarly, a case run was performed by assigning a constant ΔP of 1120 psi across the SG 
tubes and a constant temperature of 300°C.  Three sets of circumferential flaws were 
considered for the analysis; deep, not so deep, and shallow.  Within each set, three arcs 
(lengths) representing short, medium, and long flaws were defined.  Table 6 shows the 
characteristics of the circumferential flaws and the associated probabilities of leak (tube failures) 
estimated by the software. 
 

Table 6.  Circumferential Flaw Characteristics and the Probability of Failure During 
Normal Plant Operation 

Angle (degree) Depth (% thickness) Single or Double Probability 

100 0.95 Single 0.47 

120 0.95 Single 0.46 

150 0.95 Double 0.44 

120 0.75 Single 0.134 

150 0.75 Single 0.163 

180 0.75 Double 0.094 

120 0.5 Single 0.0 

150 0.5 Single 0.01 

220 0.5 Double 0.03 

 
As shown in this table, a flaw should have at least a 75 percent depth to have a small probability 
for failure.  Furthermore, the arc angle should be large (>150 degrees) and the flaw depth 
should be greater than 75 percent before there would be any chance of failure.  Even under an 
unlikely condition that a flaw with a 75 percent depth leaks, the leak area was estimated to be 
so small that it was presented as a zero cm2 within two decimal points.  It should also be noted 
that the leak area for circumferential cracks could be reduced by a user specified flow reduction 
factor to account for the sludge accumulation.  
 
In conclusion, the software predicts that circumferential flaws of 75 percent depth or less may 
not result in a leak during normal operation; therefore, they will not be easily detectable.  
Furthermore, for SGTR during normal operation a very deep circumferential flaw (~95 percent 
deep) and an arc length of 150 degrees is needed to create an appreciable amount of leakage.  
A smaller flaw could have remained undetected during SG tube surveillance and could have 
grown during the operating cycle for such event to occur.  
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7.3 Failure of Axial Flaws During DBA Scenarios (Main Steam Line Break) 
 
Three sizes of axial flaws were simulated for a scenario involving MSLB with failure of a main 
steam isolation valve (MSIV) to close.  The graphical representation of the temperature and ΔP 
across the tube is shown in Figure 37.  
 
 

 
 

Figure 37.  Pressure and Temperature History of the MSLB Scenario 
 
The characteristics of the flaws along with the probabilities associated with the failure of the 
flawed tubes, plus the information on the leak sizes are shown in Table 7 below. 
 
Table 7.  Axial Flaw Characteristics and the Probability of Failure during MSLB Accident 

 

Flaw 
Length 

(cm) 

Flaw 
Depth 

(% thickness) 

Max of 
Leak 

probability 

Max of 
Burst 

Probability 

Expected 
Leak Area 

(cm2) 

95% Upper 
Leak Area 

(cm2) 

1.0 85% 0.001 0 0.0001 0.0026 

2.0 85% 0.46 0.03 0.31 1.14 

3.0 85% 0.85 0.31 2.20 4.89 
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Since the probability of the tube failure during MSLB would be the highest when the pressure is 
the highest, the maximum probability of failure is reported here.  It should also be noted that the 
probability of the leak includes the burst probability as well.  For example, for a flaw with 2 cm 
length and 85 percent depth, the probability of failure is about 48 percent, out of which 
34 percent would result in a leak and 14 percent would result in burst.  The mean leak area was 
also provided as well as the 95th percentile upper bound of the estimated leak. 
 
In conclusion, the software predicts that axial flaws of 85 percent depth or less with a length of 
less than 1 cm would survive the MSLB scenarios.  Furthermore, tubes that have flaws, which 
are at least 85 percent deep and have lengths of 2 cm or more, could potentially fail during an 
MSLB.  Smaller flaws that have remained undetected during SG tube surveillance may grow 
during the operating cycle to the extent that they could fail during MSLB scenarios.   
 

7.4 Creep Rupture Failures of Axial Flaws 
 
To examine the CR modeling of the software, several standardized case runs were performed.  
In most of these case runs the ΔP across the tube was set below 1000 psi and the tube 
temperature was assigned a value greater than 600°C.  For each case, distribution of the time 
to failure was estimated and the associated 95th percentile lower and upper bound were 
determined.  
 
Figure 38 shows the failure probability as a function of time for an axial flaw; 1 cm long and 
50 percent deep, during an accident where the ΔP across the tube was maintained at 750 psi 
and temperature of the tube was set at 850°C.  The graph shows that the 5th and 
95th percentiles of CR failure times are at 16,000 seconds (4.5 hours) and 45,000 seconds 
(12.5 hours). 
 
Figure 39 shows a similar graph for the failure probability due to CR for a flaw, which was set at 
1 cm long and 70 percent depth.  The 5th and 95th percentile for this graph is between 1.4 to 
4.0 hours, respectively. 
 
Figure 40 shows the case of a 1 cm long axial flaw at 70 percent depth exposed to 750 psi at 
900°C (instead of 850°C used before).  In this case, the tubes fail quite rapidly.  The 5th and 
95th percentile for the time to tube failure based on this graph is 21 to 49 minutes (1,300 to 
2,900 seconds), respectively.  This case study demonstrates the sensitivity of the CR failures as 
of temperatures, and shows that this effect is most pronounced for CR failure time when the 
temperature rises above 850°C. 
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Figure 38.  Cumulative Probability Distribution for an Axial Flaw; 1 cm and 50 Percent 
Deep, at 750 psi and 850°C 
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Figure 39.  Cumulative Probability Distribution for an Axial Flaw; 1 cm and 70 Percent 
Deep, at 750 psi and 850°C 

 

 
 

Figure 40.  Cumulative Probability Distribution for an Axial Flaw at 750 psi and 900°C 
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The calculations also show that the leak area associated with CR failure increases with 
increasing length of the axial crack.  Figure 41 shows the mean and the lower and upper 5th 
and 95th percentiles for 2-cm long crack.  As it can be concluded from this figure, the software 
currently estimates an error factor of less than 2 for the uncertainties associated with estimating 
the leak area.   
 

 
 
Figure 41.  Mean Plus Lower 5 Percentiles and Upper 95 Percentiles of the Leak Area due 

to Creep Rupture Failure 
 

7.5 Integrated Analysis of a Severe Accident Scenario 
 
An example run was performed to examine the performance of the software under severe 
accident scenarios.  The scenario selected involved an extended SBO scenario with the failure 
of the turbine driven auxiliary feedwater (TDAFW) to start, 21 gallons per minute (gpm) normal 
leakages from the reactor coolant pump (RCP), and the depletion of batteries in four hours.  
This scenario is generally referred to as Case 69.  The average tube temperature and pressure 
difference is shown in Figure 42. 
  
It should be noted that the temperature shown in this figure is the temperature of a hypothetical 
average tube.  This was done by averaging the temperature of the tubes in the hot plume with 
the cold tubes (Fletcher, 2008).  The tubes in hot plume generally can experience a temperature 
that can be about 30 percent higher than the temperature in cold tubes.  
 
In the earlier study, it was assumed that the probability of the flawed tube to be exposed to the 
hottest temperature is 0.22, which accounted for 44 percent for the probability of a tube to be in 
the hot plume and 50 percent chance that the flaw is located in the portion of the tube where the 
hot steam rises before it gets cool.   
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Figure 42.  Average Tube Temperature and delta P for SBO4F-NRCP, Referred to as 
Case 69 

 
Although the current version of SCDAP/RELAP is fully capable of generating the temperature of 
the hottest tube as well as the average tube, for this example we utilize the average tube 
temperature to conduct the case run.  Examining Figure 42, it is interesting to note that a rapid 
rise of temperature around 600°K corresponds to the threshold temperature for the significant 
exothermic zircaloy oxidation. 
 
For the purpose of the simulation, we generated a sample of the 23 flaws similar to the earlier 
study; LaChance (2008) based on the work performed by Gorman (1998).  We then reduced the 
number of flaws down to 19 by removing those very small flaws that were repeated and not 
expected to affect the results.  These flaws could represent a hypothetical Westinghouse plant.  
The listing of these flaws is given in Table 8. 
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Table 8.  Sample Flaws Simulated for the Example Severe Accident (Case 69) 

A for Axial, and C for 
Circumferential 

Length (cm) - Angle 
Degrees 

Depth % 

A 0.05 73.4855118 

A 0.012 49.2352715 

A 0.017 59.029541 

A 0.027219075 79.8379211 

A 0.04332386 78.945549 

A 0.063240558 33.6667023 

A 0.067235692 16.9421082 

A 0.083539435 70.2914429 

A 0.136137335 89.0057755 

A 0.312316041 86.8098145 

A 0.420648061 54.014389 

A 0.612885451 65.4300232 

A 1.003581097 64.3090973 

A 1.905 19.7564545 

A 1.612 60.25 

C 10.44652184 94.2541504 

C 49.62740986 91.6032257 

C 103.6839912 95.0035629 

C 65.00 95.00 

 
Figure 43 shows the cumulative leak area predicted by the software.  This case is provided for 
demonstration purposes only.  The figure shows the mean, 5th percentile, 25th percentile, 
50th percentile, 75th percentile, and the 95th percentile of the cumulative leak rate.  The narrow 
band of the uncertainties of various percentiles indicates that the overall leak area expected 
after 250 minutes (~15000 seconds) is about 4 cm2.  Beyond this point, the cumulative leak area 
behavior slightly changes since CR becomes the dominant failure mechanism. 
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Figure 43.  Cumulative Leak Area Predicted by the Software 
 
One could use such analysis to determine the probability of containment bypass, if an expected 
range of the cumulative leak area where the containment by pass would be possible is defined.  
The leak area corresponding to containment bypass is typically driven by the radiological 
consequences of the accident; therefore, it should also consider the time where other primary 
system components could fail.  Figure 44 shows some examples generated for two different 
limits for the leak areas.  The figure shows a range of critical leak area criteria between 2.5 and 
5 cm2.  Figure 44 could be used to more exactly estimate the probability that the leak area limit 
is exceeded as a function of time.  
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Figure 44.  Probability of Exceeding the 2.5 and 3 cm2 Leak as a Function of Time 
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8.0 ... Concluding Remarks 
 
A framework for the basic models and parameters that are needed for estimating the probability 
of a SGTR during normal operation, DBAs, and the severe accident scenarios were developed 
in a short period of time and in a very efficient manner.  This was possible because a significant 
amount of research studies were conducted by Dr. Majumdar of ANL, Mr. Jeff LaChance of 
Sandia National Laboratories, and many other researchers prior to the inception of this project.  
 
The framework, i.e., the technical basis document and the software, have captured the results 
of most of the previous studies, and more importantly, has established a foundation where the 
results of the future research projects and/or experiments can be incorporated.  However, even 
before expanding the scope of the software to include additional models, new materials, other 
plant and SG designs, other RCS components, and other enhancements, the following issues 
are to be addressed: 
 

1. Comprehensive review of the Technical Basis Document (this report) by other experts to 
be sure that all pertinent information has been incorporated and interpreted properly.  
The incorporation of the review comments and potential recommended enhancement to 
our judgments should have the highest priority. 

 
2. Modify the program such that flaws can be generated from flaw distributions such as 

those estimated by Gorman (1998) rather than entered manually as input. 
 

3. Incorporating the CR properties of SG tubes made of Inconel 690 when the data and 
models become available. 

 
4. Incorporating the failure models for other RCS components such that it would facilitate 

the determination of their failure times in comparison with the time of the SG tube 
failures, when correlated TH data of severe accidents are considered. 

 
5. Establish a process for capturing the user’s feedback and identifying their needs to be 

incorporated in periodic updates of the software. 
 

6. Identifying any additional features require to use the program directly in support of 
Level II PRA evaluation. 
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A.1 Introduction 
 
The C-SGTR Calculator is a probabilistic tool to estimate leakage through SG tubes.  Its 
objective is to estimate the probability of SG tube failures and to determine the probability 
distribution of the resulting primary to secondary leak area.  This appendix describes: 
 

 How to install the calculator tool 

 How to run it 

 The associated input and output files 
 
The technical basis for the code is described in the main body of the report. 
 
This program was written in Java, with compliance to JRE 1.6.  The code is distributed as a jar 
file, which can be executed on any machine where a compatible Java run environment is 
installed (JRE 1.6 or later). 
 

A.2 Code Installation 
 
To install the program, follow the steps below: 
 

1. Create a directory on your drive called SGTR. 
2. Copy the following to the SGTR directory: 
 

a. CSGTR.jar:  The executable jar file. 
 
b. CSGTR.bat – This is a batch file that allocates more than the default amount of 

memory, and then runs the executable jar file. 
 
c. calculation.properties:  This file contains values for the uncertainties used in the 

calculations.  It should not be changed by the casual user (See section A.4.3.1 
Input Files).  
 

d. PlantInformation.txt:  This file contains information for each of the supported 
plants, including the plant type and the material used for the SGs. 
 

e. Material Properties Files:  These two files contain material properties for 
Inconel 600 (Inconel600_MaterialProperties.txt) and Inconel 690 
(Inconel690_MaterialProperties.txt).  One of these will be read by the calculator 
depending on which material has been used for the SG of the plant being 
studied.  The program will select the appropriate one from information in the plant 
file. 
 

f. TH Files:  Input text files with specific accident sequence TH information.  
Sample TH sequence files have been provides.  These files are provided for the 
user’s convenience and do not have to be in this location.  A file selection dialog 
allows the user to read TH input files from any location accessible to the 
computer. 

 
g. Flaw File:  Input text file with flaw information.  A library of flaw files is provided in 

the folder named Flaws and Results.  This folder is provided as a convenience.  
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Flaw information can also be entered using the Flaws panel and a file selection 
dialog allows flaw information to be read from any accessible location. 
 

To run the program, it is recommended to double click on the SGTR.bat file, which contains the 
following command:  java –mx1024m –jar CSGTR.jar.  This command allocates 1024MB of 
memory for the case to be run and then executes the code in the jar file.  The user can modify 
the memory allocation by right clicking on the batch file to edit it, and then change the 
number 1024 to the amount of MB that they would like to allocate for the program (see 
Figure A-1). 
 

 
Figure A-1.1:  First Step 

 

 
Figure A-1.2:  Second Step 

 
Figure A-1.  Editing Memory Allocation 

 
The jar file can also be run independently by double clicking its icon, but in this case the 
memory allocated will probably be insufficient for any realistic case to be run. 
 
 

A.3 Running A Sample Case 
 
This program allows the user to incorporate new scenarios, to add flaws and plants, materials 
and accident sequences, thus personalizing and expanding the software capabilities.  
Nevertheless, the software, as delivered, already includes a library of flaws, plants and 
sequences that are sufficient for the user to run calculations without having to build any new 
input files. 
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After following the steps in Section A.2 to install and run the program, the dialog box in 
Figure A-2 will appear on the screen.  The last tab in this graphical user interface (GUI), Plants 
(see Plants Tab) is provided for users to add new flaw cases to the library.  This tab is optional, 
as a case can be run without modifying any of the information contained there.  The two other 
tabs, Main (see Main Tab, Figure A-2) and Flaws (see Flaws Tab, Figure A-3), collect 
information that the user always needs to provide in order to run a calculation.  The fields in 
these two tabs must be completed for every run. 
 
 

 
 

Figure A-2.  Initial Dialog – Main Tab 
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The toolbar located on the top part of the dialogue box (Figure A-2) is common to most 
programs that run on Microsoft WindowsTM.  Two features particular to this GUI are the Unit 
Choice drop down menu and the lightning image, both located on the top horizontal toolbar.  
Using the Unit Choice drop down menu, the user can specify whether values will be entered in 
International System (SI) or British System units.  All values will be converted to SI for internal 
use, and results will be displayed in SI independent of the units selected for the input.  The 
lightning image is a shortcut that allows the user to run a calculation from any of the four tabs in 
the GUI. 
 
A.3.1 Main Tab 
 
All but one of the fields on the Main Tab must be completed by the user before running a 
calculation. 
 
The Plant Name field is a choice menu that is used to select the plant, for which the study will 
be performed, from the existing list of plants.  The options displayed on the drop down menu are 
those contained on the Plant Information file.  The Plant Information file provided with the 
distribution package supplies information for North Anna, Millstone 2, Surry and Indian 
Point 2 and 3 and a generic test plant named MyPlant.  If the user wants to add a plant to this 
library, this can be done from the Plants Tab (see Plants Tab), or written directly to the Plant 
Information text file (see Plant Information in Section Modifiable Input Files).  After selecting a 
plant from the drop down menu, the following fields will be automatically updated with data of 
the plant in question: 
 

 Plant Type (CE or Westinghouse) 

 Tube Material (Inconel 600 or Inconel 690) 

 No. of SGs in Plant 

 Tube Inner Radius 

 Tube Thickness 

 A0 - this is calculated as twice the inner cross sectional area of a single tube, which 
constitutes the maximum flow area possible for a guillotine break of a tube. 

 
After selecting a plant, the user must select an accident sequence to study.  Use the Select 
button to open a standard file dialog.  Navigate to the folder which contains the TH information 
and double click on the file name. 
 
The field “Critical Area (AC)” determines the threshold tube leak area that constitutes 
containment bypass.  A calculated leak area larger than the value entered for AC is considered 
a containment bypass.  The default value for this field is 10.00 cm2.    
 
The last field to be completed on this tab is the “Number of Trials” that the program will run, 
which has a default value of 1000.  The number of trials impacts the accuracy of the results, 
which could vary from one case run to another.  One thousand (1,000) trials should be adequate 
for most applications.  The user may try a greater or lesser number of trials to ensure that the 
accuracy of the results is within what is expected from the application. 
 
The “Batch File Name” feature enables the user to run multiple cases in a row.  A batch file 
contains sets of file name pairs.  The first file must be a TH file and the second a Flaw file.  The 
file name pairs must be on the same line and separated by a tab.  See the file 



 
 

A-7 

“BatchFileDefinition.txt”, which is included in the distribution for an example.  Batch mode only 
works if the input flaw files are placed in different folders for each case in the batch; otherwise, 
the output files are overwritten during the batch run. 
 
If a batch file has been chosen the calculation is initiated using the “Run Using Batch File” 
button.  In this case no Flaw Set or Sequence File need be selected.  A plant must still be 
selected. 
 
A.3.2 Flaws Tab 
 

 
 

Figure A-3.  Flaws Tab 
 
The “Flaws” tab allows the user to select the flaw file to be used in the calculations.  There is no 
default flaw file.  The user must always select an existing flaw file, or enter flaw data into this 
table.  Selecting an existing file is done using the Select button located at the right hand side of 
the field Flaw Data File (Figure A-3).  This will open a standard file selection dialog so the user 
can navigate to and select any file in the appropriate format. 
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This tab also allows the user to add or delete a flaw from the selected flaw file (Figure A-4) or 
create a flaw file.  Once the appropriate flaw file is open, flaws can be added or deleted using 
the “Add Row” or “Delete Row” buttons at the bottom of the tab.  When adding a row, the user 
must specify the value of the required parameters: 
 

 Flaw Orientation – allowed values are A (Axial) and C (Circumferential) 
 

 Axial Crack Length – specify the length of the crack in cm or inches depending on the 
unit choice.  Circumferential cracks have a value of 0.000 in this field. 
 

 Circumferential Angle – enter the angle span in degrees. 
 

 Depth – enter the flaw depth in percentage of the pipe thickness (i.e., 0.7 is 70 percent 
through). 
 

 Axial Location – The axial location of the flaw on the tube (not currently used). 
 

 Flaw Type – For axial flaws this can be 1 (normal) or 2 (wear), for circumferential flaws 
this can be 1 for a continuous crack or 2 for two opposing symmetric cracks.  For type 2 
circumferential flaws, the circumferential angle entered in column 3 is the sum of the two 
opposing cracks. 
 

 Size SD – the standard deviation used to calculate probabilities for crack length. 
 

 Size Mean – the mean value used to calculate probabilities for crack length. 
 

 Flow Reduction Factor – the tube maximum area is reduced by this factor to account for 
sludge.  Currently, this only works for the circumferential flaws. 

 
Any errors in field data entry will be displayed in the panel at the bottom.  After making the 
desired modifications to the flaw files, these can be saved to a file by pressing the Save to File 
button on the bottom of the screen.  The file selected on this tab is the flaw file that will be used 
to run the calculations. 
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A.3.3 Plants Tab 
 

 
 

Figure A-4.  Plants Tab 
 
This tab was designed for the user to incorporate data for a new plant to the library of plants.  It 
is an optional tab, as enough information is provided with the software to run a calculation 
without modifying this tab.  The information displayed on the Plants Tab comes from the file 
“PlantInformation.txt”, which contains the program’s library of plants. 
 
The user can delete or add a plant to the library using the Add Row or Delete Row buttons at 
the bottom of the tab in Figure A-5.  When adding a plant, the user must specify the value of the 
required parameters (Plant Name, Plant Type, etc.).  Details on these field values are described 
in Section A.4.3.1.  After making the desired modifications, the Save to File button on the 
bottom of the screen must be clicked on to save the changes to the “PlantInformation” file.  The 
name of this file cannot be changed and it must be located in the same directory as the jar file. 
 

A.4 Code Operation 
 
A.4.1 Operational Process 
 
The structure of the code is described and illustrated in Section 2.3 and Figures 1 and 2 of this 
report.  Figure 1 of Section 2.3 is repeated below. 
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A.4.2 Code Output 
 
A Results dialog box and four text files are produced as an output to the code.  These files are 
saved to the folder containing the selected flaw file.  The numbers in the title of the files are the 
time and date of the calculation, in the following format:  YYYYMMDDHHMMSS. 
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Results Dialog Box 
 
The Results dialog box echoes the input to the program and displays a summary of the 
calculated values.  First, the plant name, the name of the selected accident sequence, the date 
and time when the run finished, the software version and its release date, and other case data 
are presented.  Second, the input is echoed to keep track of the case run.  Finally, the results of 
the run are displayed.  These consist of the probability of the leak area being greater at each 
time step than the following percentages of the user inputted Critical Area:  0.5Ac [cm2], 
1Ac [cm2], 1.5Ac [cm2], and 2Ac [cm2].   The information shown on the Results dialogue box is 
also written to the file “CSGTRProbabilityFile”.  Figure A-5 shows an example of results dialog 
box. 
 

 
Figure A-5.1:  Echoed Input Data 

 
Note:  The last column shown above in the TH file is the pressure difference across the SG 
tubes.  It is different from the input TH file, which has the secondary side pressure in its last 
column. The preceding 6 columns are the same between the above data and the input TH file. 
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Figure A-5.2:  Results 

 
Figure A-5.  Results Dialog Box 

 
 
Debug File 
 
The Debug is written during the calculation process.  It is the first file to be created, from which 
all of the other files are derived.  However, as the information it contains is raw data and not 
usually of interest to the analyst, this file is deleted at the end of a run.  Should the user wish to 
see this file, the calculation.properties file must be edited and the value “DEBUG” changed to 
“TRUE”. 
 
The Debug file contains the results; the information is grouped by flaw and trial number.  The 
values of the pressure and temperature used as an input at each time step are echoed, and the 
following results are displayed: 
 

1. Leak Pressure due to pressure induced (PC Fail Pressure) [psi] 
2. Burst Pressure due to pressure induced (PC Burst Pressure) [psi] 
3. Occurrence of Creep Rupture (CR) [True or False] 
4. Leak Area due to pressure induced (Leak Area PC) [cm2] 
5. Burst Area due to pressure induced (Burs Area PC) [cm2] 
6. Leak Area due to creep rupture (CR Leak Area) [cm2] 
7. Maximum Leak Area (Max) [cm2] 

 
 
Intermediate File 
 
The Intermediate file is a text file generated from the Debug file.  This file displays case data 
and echoes the input.  For each flaw, the values obtained for all trials are used to generate a 
frequency distribution and obtain one single value of each calculated parameter.  The 
information that it contains is, therefore, grouped only by flaw.  For each flaw, at each time step, 
the Intermediate file displays the following output: 
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1. The flaw number 

2. Time 

3. Leak Probability due to pressure induced (Pl) 

4. Burst Probability due to pressure induced (Pb) 

5. Probability of failure due to creep rupture (Pcr) 

6. Average Burst Area (Abm) due to pressure induced, and its 5 and 95 percentiles 

(Ab0.05 and Ab0.95) [cm2] 

7. Average Leak Area (Alm) due to pressure induced, and its 5 and 95 percentiles (Al0.05 

and Al0.95) [cm2] 

8. Average Leak Area due to Creep Rupture (Acrm) and its 5 and 95 percentiles (Acr0.05 

and Acr0.95) [cm2] 

 
It should be noted that, since multiple trials are run for each flaw and time step, there could be a 
case when a fraction of the samples leads to one failure mode (e.g., burst), and another fraction 
leads to a different failure mode (e.g., leak).  For example, for a time step, out of 1000 samples, 
25 could result in leak, and none in burst or leak due to CR.  For that time step, the leak areas 
for burst and CR would be indeterminate, and the 5 and 95 percentiles of the leak area for the 
leak failure mode due to pressure induced will be approximated by the smallest and the largest 
value out of the 25 values generated. 
 
The intermediate file shows the probability of failure of the hot leg and the surge line.  At the 
bottom of the intermediate file you will information similar to the following: 
 
 time        HotLeg%   SurgeLine% 
   0.0          0.000       0.000  
   6.0          0.000       0.000  
  12.0         0.000       0.000  
  32.1         0.000       0.000 
…… 
 
12288.1      0.000      0.000  
12432.1      0.000      0.000  
12560.1      0.000      0.000  
12764.1      0.010      0.000  
12926.1      0.293      0.000  
13078.1      0.865      0.000  
13084.1      0.874      0.000  
13216.1      0.997      0.000  
13330.1      1.000      0.000 
 
Cumulative Leak Area File  
 
The Cumulative Leak Area file is a text file generated from the Intermediate file by summing the 
leak area across all the flaws.  Similar to the Results Dialogue Box, the Cumulative Leak Area 
file displays case data and echoes the input.  The following results are displayed: 
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1. Time 

2. Average cumulative leak area (Am) [cm2] 

3. 5, 25, 50, 75 and 95 percentile of the cumulative leak area distribution (A0.05, A0.25, 

A0.5, A0.75, A0.95) [cm2] 

4. Estimated standard deviation of the cumulative leak area distribution (Asd) 

 
 

C-SGTR Probability File 
 
The information written to the C-SGRT Probability file is the same that is displayed on the 
results dialogue box (see Results Dialogue Box in Section A.4.2.  This file is comma delimited 
and does not contain spacing as is intended to be used as an input to a graphing program. 
 
 
 
A.4.2.1 Graphing Results Using Microsoft ExcelTM 
 
The output generated from this code is contained in the text files described above.  The 
information contained in these files can be graphed by importing the files to Microsoft Excel™ 
and making use of Microsoft Excel’s™ graphing capabilities. 
 
The following example is provided as a reference for creating graphs with the mentioned 
program.  If the user wants to generate a graph that displays the probability of a cumulative leak 
area as a function of time, it can be done by following the steps below: 
 

1. Open a blank workbook in Microsoft Excel™.  
2. Select Open and change the file type to All Files, as shown in Figure A-6. 
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Figure A-6.  Open File 
 
 

3. Navigate to the folder where your output files were saved (this is the same folder where 
the flaw file used is located), select the Cumulative Leak Area file, and click on Open. 

 
4. The Text Import Wizard will open.  On the first panel, select Fixed Width for the file type.  

Then scroll down past the echoed input to find the results.  Start the input at the first row 
of results = (See Figure A-7). 
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Figure A-7.  Import Wizard – Step 1 of 3 
 
 

5. Position the delimiters ensuring that they divide each column correctly and click on Next 
(Figure A-8). 
 

 
 

Figure A-8.  Import Wizard – Step 2 of 3 
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6. On the third panel, select General for the Column Data Format.  Click on Finish to import 
the file. 
 

7. The mean area and the 5, 25, 50, 75 and 95 percentiles of the area can be plotted 
against time using the XY Scatter Chart Type of Microsoft ExcelTM.  With the use of the 
graph, it can be seen that there was no appreciable leakage until after 13,190 seconds 
(220 minutes) and the leakage area stabilized around 15,776 seconds (263 minutes) for 
this calculation (Figure A-9). 

 

 
 

Figure A-9.  Cumulative Leak Area 
 
 
A.4.3 Code Input 
 
There are two types of input files that support the execution of the program: 
 

 Files that store material properties, modeling constants, uncertainty parameters, and 
other variables that are estimated outside the code and were discussed in the body of 
this report are sometimes referred to as libraries.  It is not recommended that users 
modify these unless they are fully familiar with the modeling issues related to 
probabilistic evaluation of SGTR. 
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 The other type of input files store information that should be entered by the user; and 
specifies the case run of interest.  These files include such things as flaw characteristics, 
plant information, and TH data file for the specific sequence of interest.  Modifications to 
these files are facilitated by an input panel on the GUI, or are easily formatted text files. 

 
A.4.3.1 Fixed Input/Library Files 
 
Fixed input or library files are discussed below.  
 
Calculation Properties 
 
The calculation.properties file is a text file containing user-editable input to the program for the 
value of the following statistical parameters and modeling constants:  
 

 Mean of: 
o Flow Stress Factor 
o Default Size Error 

 

 Standard Deviation of: 
o Flow Stress Factor 
o Default Size Error 

 

 Mean of the error of: 
o Axial Burst Pressure 
o Circumferential Burst Pressure  
o Axial Crack Opening Area 
o Circumferential Crack Opening 

Area 
 

 Standard Deviation of the error of: 
o Ultimate Stress 
o Yield Stress 
o Young Modulus 
o Poisson Ration 
o Tube Diameter 
o Tube Wall Thickness 
o Axial Burst Pressure  
o Axial Crack 
o Burst Pressure Circumferential 
o Circumferential Crack 
o TH Pressure Before Core 
o TH Pressure Post Core  
o TH Temperature Before Core 
o TH Temperature Post Core 
o Axial Crack Opening Area 
o Circumferential Crack Opening 

Area 
o Critical Opening Area  

 

 Modeling Constants: 
o Constrained Factor 
o R Gas Constant 
o Gamma Circumferential 
o Lambda Circumferential 
o PLMC1 
o PLMC2 
o Threshold Creep Rupture 
o CR1 
o CR2 
o CR3 
o Th-mpSigma 
o Th-SigmaE 
o N1 
o N2 
o E1 
o E2 

 

 Program Controls: 
o DEBUG 
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A print out of the Calculation.Properties file is provided below: 
 
# 
FlowStressFactor   0.58 
FlowStressFactor_SD  0.040 
UltimateStress_SD  2.80 
YieldStress_SD  0.60 
YoungModulus_SD  27.0 
PoissonRatio_SD  0.001 
TubeDiameter_SD  0.003 
TubeWallThickness_SD  0.001 
BurstPressureAxial_SD  0.078 
BurstPressureAxial_Mean  0.039778 
AxialCrack_SD_dPl  0.25 
AxialCrack_Mean_dPl  0.10 
BurstPressureCirc_SD  0.078 
BurstPressureCirc_Mean  0.039778 
CircCrack_SD_dPl  0.25 
CircCrack_Mean_dPl  0.10 
THPressureBeforeCore_SD  0.001 
THPressurePostCore_SD  0.002 
THTempBeforeCore_SD  0.001 
THTempPostCore_SD  0.003 
SizeError_Mean  0 
SizeError_SD  0.03 
AxialCrackOpeningArea_SD  0.03 
AxialCrackOpeningArea_Mean 0.1 
CircCrackOpeningArea_SD  0.03 
CircCrackOpeningArea_Mean 0.1 
ConstrainedFactor  0.8 
RGasConstant  1.987 
Coa  0.069 
Coa_SD  0.09 
GammaCirc  0.2 
LambdaCirc  0.2 
PLMC1  30.0 
PLMC2  27.8 
ThresholdCreepRupture  780 
CR1  3.0 
CR2  2.4 
CR3  15.0 
Th-mpSigma  9.3 
Th-SigmaE   0.0006 
N1  3.7 
N2  6.1 
E1  2.27e20 
E2  1.26e28 
DEBUG FALSE 
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The last item, “DEBUG” can be set to “TRUE” if the user wants to see the contents of the 
working (Debug) file, see Section A.4.2.  See Tables A-3 and A-4 at the end of Appendix A for 
further information about the statistical parameters and modeling constants. 
 
 
Inconel Material Properties 
 
Two analogous text files contain the values of relevant material properties for Inconel 600 and 
Inconel 690.  The program selects which file to use depending on the material that is used for 
the SG tubes of the plant being modeled.  This is contained in the Plant Information file and 
displayed and editable on the Plants Tab (see Figure A-4). 
 
These files contain values of the temperature dependent variables listed below, within the 0°C – 
1000°C temperature range: 
 

 Temperature [deg. C] 

 Poisson’s Ratio   [no units] 

 Ultimate Stress US  [ksi] 

 Yield Stress 
YS  [ksi] 

 Young’s Modulus 𝐸 [ksi] 

 
A.4.3.2 Modifiable Input Files 
 
Plant Information 
 
The Plant Information file is a text file that is created by the program when the user adds a plant 
to the Plants Tab in the GUI (see Plants Tab, Figure A-4).  The file stores information for all the 
plants entered, and when the user selects a plant to run a calculation, the program extracts the 
plant’s information from this file. 
 
The program initially contains information for North Anna, Millstone 2, Surry and Indian 
Point 2 and 3.  If the user prefers to add a new plant directly to the text file instead of using the 
GUI, they must follow the exact same structure created when inputting using the GUI.  
 
The values required are: 
 

 Plant Name 

 Plant Type 

 No. of SGs 

 No. of Tubes per SG 

 Tube Inner Radius [cm/in]1 

 Tube thickness [cm/in] 

                                                
1
 The user can select between SI unit system and British unit system.  When this guide makes reference 

to a unit that can be changed by the user, the SI unit will be presented first, followed by a forward slash 
and the British unit immediately after. 
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 SG Tube Material 

 Hot Leg Inner Radius [cm/in] 

 Hot Leg Thickness [cm/in] 

 Hot Leg Material 

 Surge Line Inner Radius [cm/in] 

 Surge Line Thickness [cm/in] 

 Surge Line Material 
 
The materials can be selected from Inconel 600 or Inconel 690.  All values must be entered in 
order to run a calculation. 
 
Accident Sequence TH Data 
 
The program initially contains a library of sample accident sequence TH data in the folders 
named TH_Files.  The accident sequence data is selected using a file selection dialog so these 
files can be located anywhere, but it is suggested that they be contained in folders organized by 
plant. 
 
TH data can originate from several NRC approved codes.  Some of these have very small time 
step increments.  In order to reduce the work required to build these files but still have a 
reasonable run time for the calculator, the TH sequence read method will attempt to compress 
the time steps.  If a data line is not significantly different from the preceding line it will be 
eliminated.  The percent difference that is considered significant is defined in the input file (see 
item 2, below).  Note:  If the user wants to use a constant pressure and constant 
temperature ramp, the percent difference must be set to 0.0. 
 
The format for these files is: 
 

a) Any lines that start with a $ in column 1 are comments 
 

b) The first data line contains a single number, which is the percent difference in any 
significant data item that is used to determine if that time step is stored for used.  For 
example - .05.  This number must be between 0.0 and 1.0.  This is used to reduce the 
number of time steps (see above). 
 

c) The second data line contains a single number which is the percent of SG tubes in the 
hot side.  For example .45.  This number must be between 0.0 and 1.0. 
 

d) All other data lines contain 7 columns: 
1) Time [s] 

2) Primary Pressure [Pa] 

3) Surge Line Temperature [°C] 

4) Hot Leg Surface Temperature [°C] 

5) Hot Tube Temperature [°C] 

6) Cold Tube Temperature [°C] 

7) Secondary Side Pressure [Pa] 
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The data lines will be sorted by Time before being processed, so any time step order is 
acceptable. 
 
Flaw File 
 
The program initially contains a library of flaw scenarios.  These files may be created from 
outside the GUI, or they can be created and/or modified using the Flaws Tab in the GUI (see 
Flaws Tab).  The fields required are: 
 

1) Flaw Orientation [A for Axial, C for circumferential] 

2) Axial Crack Length (if axial.  If circumferential, 0 must be entered) [cm/in] 

3) Circumferential Crack Angle (if circumferential can be between 0 and 360.  If axial, 
0 must be entered) [deg]  

4) Depth of the Crack [0 to 1: 0 for 0 percent and 1 for 100 percent] 

5) Axial Location of the Crack (for both axial and circumferential) [cm/in] 

6) Flaw Type (if circumferential:  1 for a continuous crack, 2 for two opposing symmetric 
cracks.  If axial: 1 for normal, 2 for wear.) 

7) Standard Deviation of the Size Error (default value is defined in the Calculation 
Constants file) 

8) Size Error Mean (default value is defined in the Calculation Constants file) 

9) Flow Reduction Factor (default value is 1.0) 

 

A.5 Additional Example Case Runs  
 
The distribution contains some example TH files in the folders TH_Files.  Six scenario TH files, 
which are the output of severe accident progression cases studied for a Westinghouse 4-LOOP 
plant (Zion) by RELAP in November 2008 time frame for the SG Action Plan have been put in 
the format of the C-SGTR Calculator.  Each of these files contains scenario time, pressure and 
temperature values. 
 
These six cases are defined in Table A-1. 

 
Table A-1.  Selected Severe Accident Cases for Westinghouse Plants. 

 Case Name Description Comments 

1 wnewbase 
SBO at time zero, no TDAFW, 0.5 in2 leak area in 
each SG allowing depressurization post dryout.  
RCP seal leakage of 21 gpm/pump. 

 

2 Case-153A 

SBO at time zero, TDAFW runs for 4 hours 
(assumed battery life), 0.5 in2 leak area in each 
SG allowing depressurization post dryout.  RCP 
seal leakage of 21 gpm/pump.  Operator action 
to depressurize SGs at 30 minutes. 

Surry procedures for 
depressurization 
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 Case Name Description Comments 

3 Case-153 

SBO at time zero, TDAFW runs for 4 hours 
(assumed battery life), 0.5 in2 leak area in each 
SG allowing depressurization post dryout.  RCP 
seal leakage of 21 gpm/pump.  Operator action 
to depressurize SGs at 30 minutes. 

Zion procedures for 
depressurization 

4 F2 

SBO at time zero, no TDAFW, 0.5 in2 leak area in 
each SG allowing depressurization post dryout.  
RCP seal leakage of 21 gpm/pump.  Upon 
calculation of hot tube failure (using a stress 
multiplier of 2.0), double-ended rupture of a 
single SG tube is assumed to occur.  Upon 
calculation of hot leg failure, rupture of hot leg is 
assumed to occur (using the flow area of the 
surge line). 

The depressurization 
may prevent hot leg 
failure. 

5 F3 

SBO at time zero, no TDAFW, 0.5 in2 leak area in 
each SG allowing depressurization post dryout.  
RCP seal leakage of 21 gpm/pump.  Upon 
calculation of hot tube failure (assuming a stress 
multiplier of 2.0), double-ended rupture of a 
single SG tube is assumed to occur.   

The depressurization 
may prevent hot leg 
failure.  The hot leg/surge 
line is assumed to remain 
intact. 

6 C21_60_450 

Same as wnewbase but with different RCS seal 
leakage.  Initial leakage is 21 gpm/pump (same 
as wnewbase).  At 13 minutes, leakage is 
increased to 60 gpm/pump.  Finally, when fluid in 
RCPs reaches saturation, leakage is increased to 
450 gpm/pump. 

 

 
 
 
See the attached Figures A-10, A-11, A-12 and A-13 that display some of these P-T scenarios.   
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Figure A-10.  wnewbase 
 

 

 
Figure A-11.  C21_60_450 
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Figure A-12.  Case 153 
 
 

 
 

Figure A-13.  F2  
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A.6 A Cautionary Note 
 
Although the program is currently capable of simulating a large number of trials (the default 
is 1,000) in conjunction with a sequence TH file consisting of 300 time steps and about 50 flaws 
in a reasonable time and with 1024 MB of memory allocation, it is possible for some very large 
simulations the program run time to exceed several hours or the memory allocation to be 
exceeded.  It is a known problem that if the number of flaws X the number of time steps X the 
number of trials exceeds 50,000,000 the program may hang and not complete processing the 
results file. 
 
In such cases; the user could do a progressive analysis (start with a fewer number of flaws and 
perform a second run with additional remaining flaws).  If possible reduce the number of time 
steps by collapsing some time steps; i.e., increasing the time interval between the successive 
pressure and temperature records.   
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Table A-2.  Statistical Parameters in the Calculation.Properties Input File 
 

  
Description [reference to Section/page in 

the document] 
Value 

SD 
Value 

Distribution Error Type Unit 

1 FlowStressFactor  K value in the flow stress equation described in 
a form of a distribution.  See Table 3 in 
Section 5.1.1.8 (p. 41) 

0.58 0.04 Normal NA N/A 

2 SizeError A default error term that will be applied to 
adjust the size and depth of all flaws; 
circumferential or axial, if the flaw specific 
errors are not defined in the flaw input file (see 
Appendix A, Section A.4.3.1, Calculation 
(Page 95)).  For the user defined size error that 
overwrites this default value, see Appendix A, 
Section A.4.3.2, Flaw File (p. A-21) 

Default: 0 Default: 
0.03 

Normal Multiplicative Unitless 

3 UltimateStress Error associated to the fit used for the ultimate 
stress, calculated from the difference between 
the ultimate stress data points and the curve 
used to fit this data. See Section 5.1.1.4 (p. 36) 
and Appendix A, Section A.4.3.1, Calculation 
(p. A-21) 

0 2.8 Normal Additive ksi 

4 YieldStress Error associated to the fit used for the yield 
stress, calculated from the difference between 
the yield stress data points and the curve used 
to fit this data.  See Section 5.1.1.3 (p. 34) and 
Appendix A, Section A.4.3.1, Calculation 
(p. A-21) 

0 0.6 Normal Additive ksi 

5 YoungModulus Error associated to the fit used for the Young 
Modulus, calculated from the difference 
between the Young Modulus data points and 
the curve used to fit this data.  See 
Section 5.1.1.6 (p. 38) and Appendix A, 
Section A.4.3.1, Calculation (p. A-21) 

0 27 Normal Additive ksi 

6 PoissonRatio Error associated to the fit used for the Young 
Modulus, calculated from the difference 
between the Young Modulus data points and 
the curve used to fit this data.  See 
Section 5.1.1.5 (p. 38) and Appendix A, 
Section A.4.3.1, Calculation (p. A-21) 

0 0.001 Normal Additive ksi 
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Description [reference to Section/page in 

the document] 
Value 

SD 
Value 

Distribution Error Type Unit 

7 TubeDiameter Default Standard Measurement Error 
associated to the diameter of the SG tube.  
See Appendix A, Section A.4.3.1, Calculation 
(p. A-21) 

0 0.003 Normal Multiplicative Unitless 

8 TubeWallThickness Default Standard Measurement Error 
associated to the thickness of the SG tube 
wall.  See Appendix A, Section A.4.3.1, 
Calculation (p. A-21) 

0 0.001** Normal Multiplicative Unitless 

9 BurstPressureAxial Modeling error of the Axial Burst Pressure 
(TW).  See Section 5.2.1 (p. 42) and 
Appendix A, Section A.4.3.1 Fixed 
Input/Library Files, Calculation (p. A-21) 

0.03978 0.078 Normal Multiplicative N/A 

10 AxialCrack dPl Modeling error of the Axial Ligament Rupture 
Pressure (PTW).  See Section 5.2.2 (p. 42) 
and Appendix A, Section A.4.3.1 Fixed 
Input/Library Files, Calculation (p. A-21) 

0.1 0.25 Normal Additive dpi 

11 BurstPressureCirc Modeling error of the Circumferential Burst 
Pressure (TW).  See Section 5.2.1 (p. 42) and 
Appendix A, Section A.4.3.1, Calculation 
(p. A-21) 

0.03978 0.078 Normal Multiplicative N/A 

12 CircCrack dPl Modeling error of the Circ Ligament Rupture 
Pressure (PTW).  See Section 5.2.2 (p. 42) 
and Appendix A, Section A.4.3.1 Fixed 
Input/Library Files, Calculation (p. A-21) 

0.1 0.25 Normal Additive dpi 

13 THPressureBeforeCore Modeling error of the primary pressure when 
the primary temperature is below 
600 degrees C (no zircalloy reactions and fuel 
failure).  This is a place holder for the actual 
errors estimated per specific code runs. 

0 0.001 Normal Multiplicative Unitless 

14 THPressurePostCore Modeling error of the primary pressure when 
the primary temperature is above 
600 degrees C (initiation of zircalloy reaction 
and fuel failure).  This is a place holder for the 
actual errors estimated per specific code runs. 

 0.002 Normal Multiplicative Unitless 
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Description [reference to Section/page in 

the document] 
Value 

SD 
Value 

Distribution Error Type Unit 

15 THTempBeforeCore Modeling error of the primary temperature 
when the primary temperature is below 
600 degrees C (no zircalloy reactions and fuel 
failure).  This is a place holder for the actual 
errors estimated per specific code runs. 

 0.001 Normal Multiplicative Unitless 

16 THTempPostCore Modeling error of the primary temperature 
when the primary temperature is above 
600 degrees C (initiation of zircalloy reaction 
and fuel failure).  This is a place holder for the 
actual errors estimated per specific code runs. 

 0.003 Normal Multiplicative Unitless 

17 AxialCrackOpeningArea Modeling error of Axial Crack Area.  See 
Section 5.2.3 (p. 44) and Appendix A, 
Section A.4.3.1, Calculation (p. A-21) 

0.1 0.03 Normal Multiplicative N/A 

18 CircCrackOpeningArea Modeling error of Circ Crack Area.  See 
Section 5.2.3 (p. 44) and Appendix A, 
Section A.4.3.1, Calculation (p. A-21) 

0.1 0.03 Normal Multiplicative N/A 

19 Coa Modeling error of Critical Opening Area.  See 
Section 5.2.4 (p. 45) and Appendix A, 
Section A.4.3.1 , Calculation (p. A-21) 

0.069 0.09 Normal Multiplicative N/A 
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Table A-3.  Modeling Constants in the Calculation.Properties Input File 
 

  
Description [reference to 

Section/page in the document] 
Value SD Value Distribution Error Type Unit 

1 ConstrainedFactor Factor used for restrained bending 
in Circ Cracks for Alloy 600.  See 
Section 3.3.4 (p. 21) and 
Appendix A, Section A.4.3.1, 
Calculation (p. A-21) 

0.8    Unitless 

2 RGasConstant Universal Gas Constant.  See 
Section 4.1.1, equation set 
CRCOA-EQ (p. 24) 

1.987 N/A N/A N/A cal/mole/K 

3 GammaCirc Customary value for exponent in 
eq. set PTWLP-CEQ for stainless 
steel SS304 and applied to 
Alloy 600.  See Section 3.2.5 
(p. 17) 

0.2 N/A N/A N/A Unitless 

4 LambdaCirc Customary value for coefficient in 
eq. set PTWLP-CEQ for stainless 
steel SS304 and applied to 
Alloy 600.  See Section 3.2.5 
(p. 17) 

0.2 N/A N/A N/A Unitless 

5 PLMC1 Coefficient in Larson Miller 
parameter eq. for Alloy 600.  See 
eq. 4.3 in Section 4.1 (p. 23) 

30 N/A N/A N/A N/A 

6 PLMC2 Coefficient in Larson Miller 
parameter eq. for Alloy 600.  See 
eq. 4.3 in Section 4.1 (p. 23) 

27.8 N/A N/A N/A N/A 

7 CR1 Coefficient in Larson Miller 
parameter eq. for Alloy 600.  See 
eq. 4.3 in Section 4.1 (p. 23) 

3 N/A N/A N/A N/A 

8 CR2 Coefficient in Larson Miller 
parameter eq. for Alloy 600.  See 
eq. 4.3 in Section 4.1 (p. 23) 

2.4 N/A N/A N/A N/A 

9 CR3 Coefficient in failure time eq. for 
Alloy 600.  See eq. 4.2 in 
Section 4.1 (p. 23) 

15 N/A N/A N/A N/A 

10 Th-mpSigma Threshold value in failure time eq. 
for Alloy 600.  See eq. 4.2 in 
Section 4.1.1 (p. 24) 

39.3 N/A N/A N/A Mpa 
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Description [reference to 

Section/page in the document] 
Value SD Value Distribution Error Type Unit 

11 Th-SigmaE  Threshold value in eq. set 
CRCOA-EQ for Alloy 600.  See 
Section 4.1.1 (p. 24) 

0.0006 N/A N/A N/A Unitless 

12 ThresholdCreepRupture Temperature threshold where 
creep rupture becomes dominant 
for Alloy 600. 

780 N/A N/A N/A degree C 

13 N1 Exponent in eq. set CRCOA-EQ 
for Alloy 600.  See Section 4.1.1 
(p. 24) 

3.7 N/A N/A N/A Unitless 

14 N2 Exponent in eq. set CRCOA-EQ 
for Alloy 600.  See Section 4.1.1 
(p. 24) 

6.1 N/A N/A N/A Unitless 

15 E1 Coefficient in eq. set CRCOA-EQ 
for Alloy 600.  See Section 4.1.1 
(p. 24) 

2.27E+20 N/A N/A N/A (1/sec) 

16 E2 Coefficient in eq. set CRCOA-EQ 
for Alloy 600.  See Section 4.1.1 
(p. 24) 

1.26E+28 N/A N/A N/A (1/sec) 

 
 



 
 

B-1 

 

APPENDIX B 
 

DOCUMENTATION OF REVIEW COMMENTS MADE BY 
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B.1 Introduction 
 
The original version of this document was reviewed by Dr. S. Majumdar from Argonne National 
Laboratory (ANL).  The earlier version of the report and the calculator software was limited to 
SG tubes made of Inconel 600 and the only tubes with cracks could have been modeled.  The 
review, therefore, did not include the utilization of Inconel 690 tube materials, modeling of wear 
mark and volumetric flaws due to mechanisms such as loose parts and pitting.  It also did not 
include any modeling for surge line and hot leg failure and the associated parameters.  This 
review and the associated comment resolution process yielded some enhancement to the 
earlier report.  The results of this review and the associated comment resolution have been 
documented in this appendix.  
 
Two documents were generated from this review.  One was a series of question and answer 
sessions, which was communicated via emails and phone calls.  The second document was 
prepared by Dr. Majumdar that summarized his review and conclusion.  
 
The questions and answers are documented first followed with a copy of Dr. Majumdar’s report. 
 

B.2 Questions and Answers  
 
Question 1: 
 

In Page 19, what is the basis for the statement “The tube stresses for circumferential 
cracks were estimated based on the summation of the 80 percent of the stresses if the 
tube was assumed constrained plus 20 percent of the stresses when the tube was 
assumed to be free bending.”  For typical spacings between the tubesheet and the first 
TSP, the tubes under internal pressure behave almost like fully clamped.  Figure A13 in 
NUREG-6935 applies to 100%TW cracks only.  I suspect that most tubes with PTW 
cracks behave even more like fully-clamped. 

 
Response to Question 1: 
 

The treatment of burst and failure pressure of the SG tubes and the amount of leakage 
depends on how the tubes are modeled; i.e., free bending or constrained.  As noted 
NUREG/CR-6935, Appendix A shows that the burst pressures are significantly higher 
than those in the case in which the tube is free to bend (zero constraint).  This fact is 
best illustrated in Figure A-13 as noted.  It is also our understanding that TSP-to-Tube 
junction lock by the crevice corrosion is a contributor to this observation which could vary 
per SG EFPY of operation.  Other studies (e.g., “Ligament Rupture and Burst Pressure 
of Mechanical Defects of Steam Generator Tubings,” by Seong Sik Hwang, et al. SMIRT 
18-O04-2, August 7-12, 2005) also imply that the tubes failure behavior is closer to 
prediction by a constrained model but they fall short of recommending 100% constrained 
models for tube burst. 

 
Due to these uncertainties, we noted the use of 20%-80% split between free bending 
and constrained burst pressure, just as a recommendation.  That split parameter is 
currently an input to the code and can be changed by the user.  

 
In summary, I do not have any strong justification for the 20%-80% split.  We modify the 
report to make it clear that it is a user input parameter, and furthermore we recommend 
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that for Westinghouse SGs and per NUREG/CR-6935 test results use of 100% 
constrained model should be considered. 

 
Question 2: 
 

The assumption that “CR mechanism is dominant at temperature above 780°C and 
pressure induced mechanism is dominant ay temperature below 780°C” is probably valid 
for the time-temperature profiles (including the  lure temperatures pressure load) of the 
tests we ran but not necessarily true for any arbitrary time-temperature profile or for 
arbitrary pressure loading.  If you note Figure 20a in NUREG-6575, the flow stress 
model underpredicts the failure temperatures of the tests with INEEL ramp (faster ramp) 
but gives reasonable predictions for the tests with EPRI ramp (slower ramp), suggesting 
that the flow stress is rate-dependent (Figure 32 in NUREG-6575). 

 
Response to Question 2: 
 

We fully agree with your observation and recommendation.  For the purpose of our 
analysis, which is severe accidents, the pressure is mainly constant (let us say around 
2200 psi).  The temperature, however, will rapidly increase once it reaches 700°F, due to 
initiation of exothermic zircalloy reaction.  The expected temperature ramp typically 
exceeds 1100°F in about 40 minutes, shortly then after the core damage and the initial 
gap releases take place (see Figure 29 in our report).  
 
I do believe the condition we have is more compatible with what is called EPRI ramp in 
Figure 14 of NUREG/CR-6575 (5.37°C/min or 10.2°F/min).  So the models should not 
under-predict the creep rupture failure. 
 
We also have tried to capture some of the rate dependent effects with assigning a 
modeling uncertainty distribution for the creep rupture failures.  We are very much 
interested in any comments and suggestion you may have to improve this portion of the 
prediction.  

 
Question 3: 
 

Regarding considering CR damage only above 780Deg C, we have run tests at constant 
pressure and constant temperature (650 Deg C) that failed by ligament rupture.  Flow 
stress model would predict that these test specimens shouldn’t fail, which is wrong.  The 
separation of CR and pressure induced mechanisms is rather artificial (rigorously, it 
cannot be done without taking strain rate effects into account).  My inclination is to use 
both approaches, irrespective of temperature, to predict ligament rupture pressure (or 
temperature) and use whichever gives the more conservative result.  For predicting burst 
of 100% throughwall cracks, flow stress model should be used with a higher flow stress 
than is normally done (see Figure 32 in NUREG/CR-6576) otherwise the predicted burst 
pressure (or temperature) will be significantly underestimated.  Obviously, for MSLB 
conditions only flow stress model should be used. 

 
Response to Question 3: 
 

If I have understood you correctly, you are referring to Figure 32 in NUREG/CR-6575.  
This Figure clearly shows that the use of flow stress values from tensile stress 
measurements would results in lower values of flow stress, therefore, predicting lower 
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pressure for failures of  tubes than is generally observed.  This effect is observed for 
constant temperature tests starting around 600°C.  Furthermore, Figures 20 (a) and 
20 (b) of the same reference shows the effect of the EPRI/INEL ramp on the 
temperature and the time of tube failures.  Finally Figure 8 (b) of the same reference 
shows that for temperature ramps greater than 2°C/min at constant pressure of 2350 psi, 
the flow stress model would estimate failure at much earlier time that it actually occurs 
and predicted by creep rupture model.  For all our high temperature scenarios, we 
expect the temperature ramp to be much larger than 2°C/min.  

 
Given the above discussion we, therefore, would like to propose the following changes to the 
calculator software and the report. 
 

1. The transition temperature between the creep rupture and flow stress should be set at 
600°C and be used only if the temperature ramp is expected to be greater than 2°C/min.   
 

2. All other variations are assumed to be captured by the modeling uncertainties.   
 
We hope this propose changes is consistent with your comments.  We generally do not want to 
be unnecessary conservative by selecting the earliest failure time between pressure-induced 
and creep rupture failure.  Furthermore, such approaches would invalidate our uncertainty 
analysis incorporated in the software, which is based on best estimates of failure times.  We 
hope that we have addressed your concern, please feel free to provide additional clarifications if 
needed. 
 
Question 4: 
 
Regarding the flow stress equation in Section 3.2.1, the first equation is for INCO data and the 
second equation is for INEL data, but there is an additional INEL equation applicable between 20°C 
and 727°C (see Equation 15a in NUREG/CR-6575). 

 
Response to Question 4: 
 
We do agree that we have used two different equations; one from INCO and the other from 
INEL data to represent the flow stress curve.  I also agree that this issue should be explicitly 
discussed in the report.  However, I would like to clarify that we do not actually use these 
equations.  The best values used in the software were directly generated from ASME Section II 
and Sandmeyer’s data.  ASME Section II provides estimates of σU and σY as a function of 
temperature.  The noted graph in the report is just used for comparison and estimating the 
uncertainties in estimated flow stress curve from ASME Section II.  
 
Regardless, there were some reasons behind using the two equations from the two different 
sources.  The figure below is reproduced from Section 5.1.1.7 of the report, with the addition of 
Equation 15a for the range 20°C to 727°C, and a modified legend for more clarity.  Equation 1 is 
what we used in the Calculator, Equation 2 is Equation 3.2.1, and Equation 2 Mod uses 
Equation 15a for the temperature range between 20°C-727°C.  
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As you may note, at room temperature the graph presented by Equation 2 Mod would result in a 
critical burst pressure, which is somewhat lower than what has been observed in various tests 
and predicted by others.  Assuming that the INEL equation for temperature ranges from 
20°C-727°C is correctly represented, we have tried to avoid such conservatism in estimating the 
burst pressure of the pristine tube.  This was the main reason behind mixing and matching the 
two equations from the two sources as shown in ISL’s report.  Finally, we encountered some 
issues to map Equation 15a to the corresponding graph in Figure 9 from NUREG/CR-6575.   
 
Question 5: 
 
Please check Equation 3.4 for burst pressure of TW circ. cracks.  It does not agree with 
Equation 7a in NUREG/CR-6575 and may be wrong, in which case the “burst” curve in your 
Figure 6 needs to be corrected. 
 
Response to Question 5: 
 
The noted equations in NUREG/CR-6575 are reproduced below: 

 
 
For a thin shell tube when γ approaches 1 (i.e., (1+e) when e is very small), Equation (7a) 
approaches zero and it does not approach Equation 7c.  So we felt there might be some terms 
missing in Equation 7a.  Furthermore, Equation 7c indicates that for small values of θ; 
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i.e., somewhat pristine tube, the burst pressure for the tube failing in circumferentially would be 
twice that of axial burst pressure (i.e., if a pristine tube fails, it would most probably fails axially).   
 
We cross checked the equations with other sources, as an example; EPRI-TR-107623-V1, 
Page 104, Equations 5-9 have referred to your earlier work and provided the following 
equations; reproduced below within the quotation marks: 
 

“Similar considerations apply to circumferential cracks.  PROBFAIL assumes that 
the tubes are fully constrained by the support plates.  For this case, manipulating 
the expressions for burst pressure provided in Majumdar yields the “m” for 
through-wall cracks:  

 

 
 
The equations used in our report are consistent with EPRI document, which basically is based 
on your earlier work.  Finally the burst graph in Figure 6 appears to be consistent with these 
equations since for small values of θ, the circumferential burst pressure appears to be twice that 
of axial burst pressure for pristine tubes.  Please note that these graphs are generated for 
illustration purposes only. 
 
Please feel free to provide corrections to our equations if needed, we have tried to use a 
consistent set. 
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B.3 Review Report Prepared by Dr. Majumdar 
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ABSTRACT 

 
 
 
This report summarizes a review of the report entitled "Technical Basis and the Software User 
Guide for Steam Generator Tube Rupture Probability", Report No. ISL-NSAD-TR-10-13 
authored by Ali Azarm, Marcos Oritz, Terry Gitnick, Maria Morell, Selim Sancaktar and Qiming 
He and prepared for the NRC Office of Research, Division of Risk Assessment, PRA Branch.  
The ISL report uses equations for calculating ligament rupture pressure, unstable burst pressure 
and leakage area (needed for calculating leak rate) of steam generator tubes with cracks 
published by the reviewer in an earlier NUREG report (NUREG/CR-6575).  The reviewer 
checked for the accuracy of the equations used in the ISL report and verified that they were 
used correctly.  The portion of the ISL report dealing with the logic and software associated with 
the Calculator was outside the scope of the review and was not reviewed. 
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EXECUTIVE SUMMARY   
 
 
The equations used in the ISL report entitled "Technical Basis and the Software User Guide for 
Steam Generator Tube Rupture Probability", Report No. ISL-NSAD-TR-10-13 were reviewed.  
Four comments were made by the reviewer.  All were resolved to the reviewer's satisfaction. 
 
The first comment is related to the justification for using a 20%-80% split between free bending 
and constrained burst pressure for calculating tube stress.  It was resolved by clarifying that it is 
just a recommendation and that the split parameter is currently an input to the code and can be 
changed by the user. 
 
The second comment questioned the assumption that “CR mechanism is dominant at 
temperature above 780°C and pressure induced mechanism is dominant at temperature below 
780°C”. It was resolved by deciding to implement creep rupture model to calculate ligament 
rupture at T ≥ 600°C irrespective of ramp rates and use flow stress model to calculate unstable 
burst at all temperatures. 
 
The third comment was related to the accuracy of the flow stress equations for the INCO data 
and the INL data used for applying the flow stress model. It was clarified that the calculator does 
not actually use these equations but uses properties from the ASME Code, Section II. 
 
The fourth comment was related to an apparent conflict between the equations for burst 
pressure of TW circumferential cracks recommended by EPRI (and used in the report) and that 
recommended in NUREG/CR-6575.  The conflict turned out to be superficial and the two 
equations were shown to be identical. 
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1.0  INTRODUCTION 

 

1.1  Objective 

 
The objective of this report is to review the ISL report and verify that the equations used in it for 
calculating ligament rupture pressure, unstable burst pressure and leakage area of steam 
generator tubes with cracks are consistent with those reported in NUREG-CR/6575 and used 
correctly.   
 

1.2  Organization of the Report 
 
The report is organized as a series of questions or comments raised by the reviewer, followed 
by the responses of the principal author, follow up questions and responses, if any, and the final 
resolutions of the comments or questions. 
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2.0  QUESTIONS/COMMENTS, RESPONSES AND RESOLUTIONS 

 

2.1  Comment/Question#1 by Reviewer 

 
In Page 19 of the ISL report, what is the basis for the statement “The tube stresses for 
circumferential cracks were estimated based on the summation of the 80 percent of the stresses 
if the tube was assumed constrained plus 20 percent of the stresses when the tube was 
assumed to be free bending”.  For typical spacings between the tubesheet and the first TSP, the 
tubes under internal pressure behave almost like fully clamped.  Fig. A13 in NUREG-6935 
applies to 100%TW cracks only.  I suspect that most tubes with PTW cracks behave even more 
like fully-clamped. 
 
Response by Author 
 
The treatment of burst and failure pressure of the SG tubes and the amount of leakage depends 
on how the tubes are modeled; i.e. free bending or constrained. As noted NUREG/CR-6935, 
Appendix A shows that the burst pressures are significantly higher than those in the case in 
which the tube is free to bend (zero constraint). This fact is best illustrated in Figure A-13 as 
noted. It is also our understanding that TSP-to-Tube junction lock by the crevice corrosion is a 
contributor to this observation which could vary per SG EFPY of operation. Other studies (e.g. 
“Ligament Rupture and Burst Pressure of Mechanical Defects of Steam Generator Tubings,” by 
Seong Sik Hwang, et. al. SMIRT 18-O04-2, August 7-12, 2005) also imply that the tubes failure 
behavior is closer to prediction by a constrained model but they fall short of recommending 
100% constrained models for tube burst. 
 
Due to these uncertainties, we noted the use of 20%-80% split between free bending and 
constrained burst pressure, just as a recommendation. That split parameter is currently an input 
to the code and can be changed by the user.  
 
In summary, I do not have any strong justification for the 20%-80% split. We modify the report to 
make it clear that it is a user input parameter, and furthermore we recommend that for 
Westinghouse SGs and per NUREG/CR-6935 test results use of 100% constrained model 
should be considered. 
 
Resolution to Comment/Question#1 
 
Accepted with the suggested modification by the author. 
 

2.2  Comment/Question#2 by Reviewer 

 
The assumption that “CR mechanism is dominant at temperature above 780°C and pressure 
induced mechanism is dominant at temperature below 780°C” is probably valid for the time-
temperature profiles (including the failure temperature and pressure load) of the tests we ran but 
not necessarily true for any arbitrary time-temperature profile or for arbitrary pressure loading.  If 
you note Fig 20a in NUREG-6575, the flow stress model underpredicts the failure temperatures 
of the tests with INL ramp (faster ramp, 7.5°C/min) but gives reasonable predictions for the tests 
with EPRI ramp (slower ramp, 2°C/min), suggesting that the flow stress is rate-dependent (Fig. 
32 in NUREG-6575). 
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Response by Author 
 
We fully agree with your observation and recommendation. For the purpose of our analysis 
which is severe accidents, the pressure is mainly constant (let us say around 2200 psi). The 
temperature however, will rapidly increase once it reaches 700°F, due to initiation of exothermic 

zircalloy reaction. The expected temperature ramp typically exceeds 1100
o

F in about 40 
minutes, shortly then after the core damage and the initial gap releases take place (see Fig 29 
in our report).  
 

I do believe the condition we have is more compatible with what is called EPRI ramp in 

Figure 14 of NUREG/CR-6575 (5.37 
o

C/min or 10.2
o

F/min).  So the models should not under-
predict the creep rupture failure. 
 
We also have tried to capture some of the rate dependent effects with assigning a modeling 
uncertainty distribution for the creep rupture failures. We are very much interested in any 
comments and suggestion you may have to improve this portion of the prediction. 
 
Follow up Comment/Question by Reviewer 
 
Regarding considering CR damage only above 780Deg C, we have run tests at constant 
pressure and constant temperature (650 Deg C) that failed by ligament rupture.  Flow stress 
model would predict that these test specimens shouldn’t fail, which is wrong.  The separation of 
CR and pressure induced mechanisms is rather artificial (rigorously, It cannot be done without 
taking strain rate effects into account).  My inclination is to use both approaches, irrespective of 
temperature, to predict ligament rupture pressure (or temperature) and use whichever gives the 
more conservative result.   For predicting burst of 100% throughwall cracks, flow stress model 
should be used with a higher flow stress than is normally done (see Fig. 32 in 
NUREG/CR-6576), otherwise the predicted burst pressure (or temperature) will be significantly 
underestimated.  Obviously, for MSLB conditions only flow stress model should be used. 
 
Response by Author 
 
It is our understanding that this comment refers toFigure-32 in NUREG/CR-6575. This Figure 
shows that the use of flow stress values from tensile stress measurements would results in 
lower values of flow stress, therefore predicting lower pressure for failures of tubes than is 
generally observed.  This effect is observed for constant temperature tests starting around 

600
o

 C. Furthermore, Figure 20 (a) and 20 (b) of the same reference shows the effect of the 
EPRI/INL ramp on the temperature and the time of tube failures. Finally figure 8 (b) of the same 

reference shows that for temperature ramps greater than 2
o

 C/min at constant pressure of 
2350 psi, the flow stress model would estimate failure at much earlier time that it actually occurs 
and predicted by creep rupture model. For all our high temperature scenarios, we expect the 

temperature ramp to be much larger than 2
o

 C/min.  
 
Given the above discussion we therefore would like to propose the following changes to the 
calculator software and the report. 
 
 

1 Modify the calculator software to accept the transition temperature as an input. The 
default recommended value for the transition temperature between the creep rupture 
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and flow stress will be at 600° C and the transition to creep rupture is only implemented 
if the temperature ramp is expected to be greater than 2° C/min.  

2 For the default transition, all other variations are assumed to be captured by the 
modeling uncertainties.  

 
We generally do not want to be unnecessary conservative by selecting the earliest failure time 
between pressure-induced and creep rupture failure. Furthermore, such approaches would 
invalidate our uncertainty analysis incorporated in the software which is based on best 
estimates of failure times.  
 
We hope that we have addressed the comment. Please feel free to provide additional 
clarifications if needed. 
 
Follow up Comment by Reviewer 
 
For ligament rupture prediction above 2°C/min, flow stress model is conservative but below 
2°C/min flow stress model is unconservative, including the case of 0°C/min (isothermal creep). 
Creep rupture model does better in all cases.  Considering all the tests at >600°C, creep rupture 
model provides much better best-estimate values for failure conditions than flow stress model. I 
did suggest using both flow stress and creep rupture as a conservative approach.  But if best-
estimate is what you are looking for, then creep rupture model is superior to flow stress model.  
Is the reason you want to hold on to the flow stress model above 600°C because of 
programming issues? In my opinion, Flow stress model, with the proviso of using Fig. 32 of 
NUREG/CR-6576 for flow stress, should be used only for predicting unstable burst. 
 
Resolution/Recommendation to Question#2 by Reviewer 
 
Implement creep rupture model to calculate ligament rupture at T ≥ 600°C irrespective of ramp 
rates and use flow stress model to calculate unstable burst. 
 
Use flow stress model at T< 600°C for calculating ligament rupture and unstable burst. 
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2.3  Comment/Question#3 by Reviewer 

 
Regarding the flow stress equation in Section 3.2.1, the first equation is for INCO data and the 
second equation is for INL data, but there is an additional INL equation applicable between 20C 
and 727 C (see Eq. 15a in NUREG/CR-6575). 
 
Response by Author 
 
We do agree that we have used two different equations; one from INCO and the other from INL 
data to represent the flow stress curve. We also agree that this issue should be explicitly 
discussed in the report. However, we would like to clarify that we do not actually use these 
equations. The best values used in the software were directly generated from ASME section II 
and Sandmeyer’s data. ASME section II provides estimates of σU and σY as a function of 

temperature. The noted graph in the report is just used for comparison and estimating the 
uncertainties in estimated flow stress curve from ASME section II.  
 
Regardless, there were some reasons behind using the two equations from the two different 
sources. The figure below is reproduced from section 5.1.1.7 of the report, with the addition of 
equation 15a for the range 20°C to 727°C, and a modified legend for more clarity. Equation 1 is 
what we used in the Calculator, Equation 2 is equation 3.2.1, and Equation 2 Mod uses 
Equation 15a for the temperature range between 20°C-727°C.  
 

 
 
Figure 1. Variation of flow stress of Alloy 600 with temperature. 
 
At room temperature the graph presented by equation 2 Mod would result in a critical burst 
pressure which is somewhat lower than what has been observed in various tests and predicted 
by others. Assuming that the INL equation for temperature ranges from 20°C-727°C is correctly 
represented, we have tried to avoid such conservatism in estimating the burst pressure of the 
pristine tube. This was the main reason behind mixing and matching the two equations from the 
two sources as shown in ISL report.  Finally, we could not match the equation 15a to the 
corresponding graph in Fig. 9 from NUREG/CR-6575.  This one an additional reason we 
avoided using equation 15a for temperature ranges 20°C-727°C. 
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Resolution to Comment/Question#3 
 
Accepted without modification. 
 

2.4  Comment/Question#4 by reviewer 

 
Please check Eq. 3.4 for burst pressure of TW circumferential cracks.  It does not agree with 
Eq.7a in NUREG/CR-6575 and may be wrong, in which case the “burst” curve in your Fig. 6 
needs to be corrected. 
 
Response by Author 
 
1) The noted equations in NUREG/CR-6575 are reproduced below: 

 
For a thin shell tube when  approaches 1 (i.e. (1+e) when e is very small), equation (7a) 
approaches zero and it does not approach equation 7c. So we felt there might be some terms 
missing in equation 7a. Furthermore, equation 7c indicates that for small values of θ; i.e. 

somewhat pristine tube, the burst pressure for the tube failing in circumferentially would be twice 
that of axial burst pressure (i.e. if a pristine tube fails, it would most probably fails axially).   
 
We cross checked the equations with other sources, as an example; EPRI-TR-107623-V1, 
Page 104, equation 5-9. The following equations and write up is reproduced from this reference 
and it is shown below within the quotation marks: 
 
“Similar considerations apply to circumferential cracks. PROBFAIL assumes that the tubes are 
fully constrained by the support plates. For this case, manipulating the expressions for burst 
pressure provided in Majumdar yields the “m” for through-wall cracks:  
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The equations used in ISL report are consistent with EPRI document as described above. 
Finally the burst pressure graph in Figure 6 appears to be consistent with these equations since 
for small values of θ, the circumferential burst pressure appears to be twice that of axial burst 

pressure for pristine tubes.  Please note that these graphs are generated for illustration 
purposes only. 
 
Please feel free to provide corrections to our equations if needed, we have tried to use a 
consistent set by cross-checking across several sources.  
 
Follow up Comment/Question by Reviewer 
 
I think, unless I am mistaken, Eq. 7c can be derived from 7a by assuming h/Rm to be small.  

See Appendix A.  Actually, I got Eq. 7a from the French and it is rigorously true for thick shells.  
Also, instead of Eq. 5-9 in your write up I get a different equation for m, as shown in Appendix A. 
 
Response by Author 
 
You are correct. It appears to me that the two sets of equations are equivalent. If we call the 
EPRI’s flaw magnification factor m* and yours as m, then we will have the following relations: 
 

m*=( [(γ
2

-1)/(γ+1)
2

]*(2Rm/h)*m=((γ-1)/(γ+1))*(2Rm/h)*m 

 
However we have the following relationship as well: 
 
(γ-1)/(γ+1)=(Ro-Ri)/(Ro+Ri)=h/(2Rm) 

 
Therefore, m* and m would be the same under all conditions. 
 
Resolution to Comment/Question#4 
 
It is agreed that the EPRI equation and the reviewer's equation are equivalent.  No modification 
is necessary. 
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3.0  SUMMARY AND CONCLUSIONS 

 
The equations used in the ISL report were reviewed.  Four comments were made by the 
reviewer.  All were resolved to the reviewer's satisfaction. 
 
The first comment is related to the justification for using a 20%-80% split between free bending 
and constrained burst pressure for calculating tube stress.  It was resolved by clarifying that it is 
just a recommendation and that the split parameter is currently an input to the code and can be 
changed by the user. 
 
The second comment questioned the assumption that “CR mechanism is dominant at 
temperature above 780°C and pressure induced mechanism is dominant at temperature below 
780°C”. It was resolved by deciding to implement creep rupture model to calculate ligament 
rupture at T ≥ 600°C irrespective of ramp rates and use flow stress model to calculate unstable 
burst at all temperatures. 
 
The third comment was related to the accuracy of the flow stress equations for the INCO data 
and the INL data used for applying the flow stress model. It was clarified that the calculator does 
not actually use these equations but uses properties from the ASME Code, Section II. 
 
The fourth comment was related to an apparent conflict between the equations for burst 
pressure of TW circumferential cracks recommended by EPRI (and used in the report) and that 
recommended in NUREG/CR-6575.  The conflict turned out to be superficial and the two 
equations were shown to be identical. 
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APPENDIX A 
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For thin shells, 
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