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and 

P. Krishnaswamy, D. Rudland, and G. M. Wilkowski 

Abstract 

In response to the vessel head event at the Davis–Besse reactor, the NRC formed a 
Lessons Learned Task Force (LLTF).  Four action plans were formulated to respond to the 
recommendations of the LLTF.  The action plans involve barrier integrity, stress corrosion 
cracking (SCC), operating experience, and inspection and program management.  One part of 
the action plan on barrier integrity is an assessment to identify potential safety benefits from 
changes in requirements pertaining to leakage in the reactor coolant system (RCS). In this 
report, experiments and models were reviewed to identify correlations between crack size, 
crack–tip–opening displacement (CTOD), and leak rate in the RCS.  Sensitivity studies using 
SQUIRT (Seepage Quantification of Upsets In Reactor Tubes) were carried out to correlate crack 
parameters, such as crack size and CTOD, with leak rate for various types of crack 
configurations in RCS components.  A database that identifies the leak source, leak rate, and 
resulting actions from RCS leaks discovered in U.S. light water reactors was developed.  For 
each leak event, the database provides information on what equipment detected the leakage, 
how it was determined that the leakage was through the pressure boundary, and what caused 
the leakage.  The sensitivity, reliability, response time and accuracy of each type of leakage 
detection system were evaluated.  Acoustic emission crack monitoring systems for the detection 
of crack initiation and growth before a leak occurs were also considered.  New approaches to 
the detection of a leak in the reactor head region by monitoring boric–acid aerosols were also 
considered.  Infrared spectroscopy could be used for this purpose.  The focus of the report is on 
the available technologies.   
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Executive Summary 

In response to the vessel head event at the Davis–Besse reactor, the NRC formed a 
Lessons Learned Task Force (LLTF).  The LLTF conducted an independent evaluation of the 
NRC’s regulatory processes related to ensuring reactor vessel head integrity in order to identify 
and recommend areas of improvement applicable to the NRC and the industry.  Four action 
plans were formulated to respond to the recommendations.  The plans involve barrier integrity, 
stress corrosion cracking (SCC), operating experience, and inspection and program 
management.   

This report is intended to provide a technical basis for determining the technical 
feasibility of implementing recommendation LLTF: 3.2.1(1) – Improve the requirements 
pertaining to leakage detection to ensure that RCS [reactor coolant system] unidentified leakage 
can be discriminated from RCPB (reactor coolant pressure boundary) leakage and provide 
reasonable assurance that plants are not operated at power with RCPB leakage.  It does not 
include safety or cost analyses.  The structural calculations provide insights into the degree of 
defense in depth provided by leak detection systems.  This provides a technical basis for 
assessing the potential benefit of improved leak detection and thus addresses LLTF: 3.1.5(1) – 
Determine whether PWR (pressurized water reactor) plants should install on–line enhanced 
leakage detection systems on critical plant components, which would be capable of detecting 
leakage rates significantly less than 0.063 kg (1 gpm).  

A database that identifies the leak source, leak rate, and resulting actions from RCS leaks 
in U.S. LWRs was developed.  For each leak event, the database describes the (a) Licensee 
Event Record (LER) number if an LER is the source of information, (b) location of leak, (c) leak 
rate [actual leak rate if known; however, for many cases the actual leak rates are small 
(<0.0006 kg/s; 0.01 gpm) and not known precisely, although some qualitative information 
(“slowly dripping”, etc.) are available], (d) operation of reactor when leak was detected, (e) how 
the leak was detected, (f) the basis for the decision that a leak has occurred, (g) time required 
to recognize there was a unidentified leak, (h) action that was taken, (i) relevant nondestructive 
and destructive evaluation reports, (j) cause of leak, (k) leakage requirements, (l) crack type and 
size if crack was cause of leak, and (m) any environmental impact.  The database also includes 
information on the leak detection systems, including (a) method of detection, (b) vendor for 
system, (c) sensitivity, (d) reliability, (e) response time, (f) accuracy, (g) estimated false alarm 
rate, (h) area of coverage, (i) maintenance required, (j) training required for its implementation, 
(k) calibration procedures, (l) site validation procedure, (m) experience under field conditions, 
and (n) source of information.   

The analysis of leak events show that (a) many leaks reported are very small 
(<0.0006 kg/s; 0.01 gpm) are detected visually, and are reported as drips, weeping, seepage, 
“very small” boric acid deposits, etc., (b) large leaks have been detected primarily through 
inventory balance, change in pressure, rise in sump level, or radiation alarms, (c) almost 20% 
of the leaks in the database involved a weld with about 8% of the leak events reviewed involving 
the control rod drive mechanism (CRDM), usually detected through visual detection of boric 
acid crystals, and (d) cracks were involved with leaks about 40% of the time with a wide range 
of leak rates (<0.0006 kg/s to >6.3 kg/s; <0.01 gpm to >100 gpm).   

The capabilities of each type of leakage detection system currently considered acceptable 
in Regulatory Guide (RG) 1.45 were evaluated to determine their sensitivity, reliability, 
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response time, and accuracy.  Although not currently included in RG 1.45, an acoustic 
emission crack monitoring system capable of detecting crack initiation and growth before a 
leak occurs was also evaluated.  In addition, technology that can monitor or detect other 
(noncracking) degradation modes such as boric acid corrosion or erosion/corrosion was 
studied.   

These evaluations show that leak detection technology is available that can be used to 
provide greater detection sensitivity and more accurate determination of leakage locations.  
Even some of the existing systems have sufficient sensitivity to detect unidentified leakage of 
0.032 kg/s (0.5 gpm) or even less. 

Experiments and models for RCS leak rate were reviewed to identify correlations between 
crack size, crack–tip–opening displacement (CTOD), and leak rate.  Sensitivity studies using 
SQUIRT (Seepage Quantification of Upsets In Reactor Tubes) were carried out to correlate crack 
parameters such as crack size and CTOD and leak rate for various types of crack 
configurations in RCS components.  

Results from validation of the SQUIRT code are presented.  For leak rates greater than 
0.02 kg/s (0.32 gpm) most of the deviations between the data and the SQUIRT predictions are 
bounded by a factor of 2.  Leak rates from tighter cracks are predicted less accurately.  For 
leak rates less than 0.02 kg/s (0.32 gpm), the differences between the data and the SQUIRT 
predictions are bounded by factors of +10 and –5.  Factors describing the roughness and 
tortuosity of the crack are part of the input to SQUIRT.  For very tight cracks, these parameters 
are dependent on the crack opening displacement (COD), but the relations between these 
factors and the crack opening displacement are not precisely known.  

The results obtained for crack lengths at various leak–rate values were compared to the 
critical crack length for which the specified value of the bending moment represents the 
maximum load to obtain a “margin of safety” against additional crack growth.  Calculations 
giving the percent of critical crack length versus diameter for boiling water reactor (BWR) cases 
at 50% Service Level A stresses and leak rates versus percent of critical crack lengths were 
carried out for this study.  Such calculations give an estimate of the margins of safety for 
typical piping joints under normal operating loads.   

For most piping systems, the model calculations show that the current technical 
specification limits on unidentified leakage provide a significant margin against gross 
structural failure.  However, a bounding analysis of the leakage from a CRDM annulus for 
circumferential cracks above the J–weld shows that the typical 0.063-kg/s (1 gpm) leakage 
specification would not be exceeded even for cracks large enough for incipient CRDM tube 
failure.  

Although the current requirements provide margin against gross structural failure in 
most cases, a 0.063 kg/s (1 gpm) leak could correspond to a crack of length from 26 to 460 
mm (1.0 to 18.1 in.) for stainless steel piping and 51 to 310 mm (2.0–12.2 in.) for carbon steel 
piping, depending on pipe diameter and the loading during normal operation.  Because the 
throughwall crack length corresponding to a given leak rate, Q, varies as ≈ Q0.24, decreasing 
the threshold leak rate by a factor of 2, decreases the possible crack lengths by only about 
20%.   
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Localized leak detection systems such as acoustic emission and humidity monitors as 
well as video systems would be required to obtain significant additional margin for those 
portions of the RPCB for which global leakage monitoring may give very little assurance against 
a significant loss-of-coolant accident (LOCA) and to provide a high degree of assurance that 
leak rates are low enough to minimize high corrosion rates due to boric acid corrosion.  Such 
localized leak systems would also help discriminate between RCS and RCPB leaks. 

Significant improvements in leak detection capability will require new systems which are 
sensitive and accurate, and which provide the location of leaks and thus help to minimize 
unnecessary shutdowns.  Newer, commercially available systems (with vendor reported 
sensitivity) include acoustic emission (AE) monitoring [ALUS; 0.0002 to 0.016 kg/s (0.003 to 
0.25 gpm)], humidity sensors [FLUS; 0.0003 to 0.032 kg/s (0.005 to 0.5 gpm)], and air 
particulate detectors [ARMS; <0.006 kg/s (0.1 gpm)].  Instrumentation of the pressure vessel 
head with an acoustic emission (AE) system has a demonstrated capability to detect leaks as 
small as 0.0003 kg/s (0.005 gpm).  While additional technologies for leak detection, such as 
the detection of boric acid leaks by using infrared (IR) spectroscopy to detect boric acid vapor in 
the vessel head (VH) region, may be possible, existing technologies, especially AE, already offer 
demonstrated capability and great flexibility.  There is little need for additional research on 
fundamentally different approaches to leak detection technology at this time.   

In addition to early detection of leaks, AE sensors can be used on components of special 
interest to detect crack initiation and growth during plant operation.  This use is already 
incorporated in the ASME Pressure Vessel Code Section XI as a substitute for ultrasonic 
monitoring of known non–throughwall cracks.  AE systems have been installed in operating 
reactors and have been shown to tolerate reactor environments, including significant radiation 
fields.   Broader demonstration of AE capability and implementation of AE monitoring of crack 
growth during plant operation could have significant advantages over current inspection and 
monitoring approaches.  Cracks in targeted areas could be detected prior to leakage.  On–line 
monitoring of cracks could replace periodic ultrasonic technique (UT) inspections, which could 
result in significant cost savings.  Cracks could be detected at locations not normally 
inspected, or in materials where UT inspection has not been appropriately demonstrated (i.e., 
cast stainless steels).  With greater assurance that no cracks of significant size exist, current 
leak–before–break requirements could be relaxed.  

If RG 1.45 is revised, then inclusion of acoustic emission monitoring as an acceptable 
method for leak detection should be considered.  Because of the reductions in coolant activity 
levels, the value of monitoring gaseous radioactivity is greatly diminished.  Elimination of 
gaseous radioactivity monitoring should be considered in any revision of RG 1.45, as it can no 
longer be considered an adequate substitute for particulate monitoring.  

 



 xvi  



 xvii  

Acknowledgments 

The authors gratefully acknowledge the contributions, suggestions, and guidance of 
Cayetano Santos, Makuteswara Srinivasan (program manager), and Dr. Joseph Muscara 
(Senior Technical Advisor).  The authors also acknowledge the contributions of Jonathan  
Meagher.  This work was sponsored by the Office of Nuclear Regulatory Research, U. S. Nuclear 
Regulatory Commission, under Job Code Y6869. 

 



 xviii  



 xix  

Acronyms and Abbreviations 

ADAMS (U.S. NRC) Agency–wide documents access and management system 
AE Acoustic emission 
AEM Acoustic emission monitoring 
ALUS Acoustic leak detection system 
ANL Argonne National Laboratory 
ARMS Airborne Particulate Radioactivity Monitoring 
ASME American Society of Mechanical Engineers (Boiler & Pressure Vessel Code) 
BWR Boiling water reactor 
CFM Computational fluid mechanics 
COD Crack opening displacement 
CRDM Control rod drive mechanism 
CTOD Crack–tip–opening displacement 
DOP Dioctyl phthalate 
DPZP Dimensionless plastic zone parameter 
EdF  Electricité de France 
EPRI Electric Power Research Institute 
FLÜS Humidity–leakage monitoring system 
GDC General Design Criteria 
gpm Gallons per minute 
IGSCC Intergranular stress corrosion cracking 
IR Infrared 
ISA Instrument Society of America 
LB Licensing basis 
LBB Leak before break 
LER Licensee event report 
LLTF Lessons Learned Task Force 
LOCA Loss of coolant accident 
LWR Light water reactor 
NRC U.S. Nuclear Regulatory Commission 
NRCPIPE Code for predicting crack–opening displacement for circumferential cracks 
PICEP Pipe Crack Evaluation Program 
PNNL Pacific Northwest National Laboratory 
PWR Pressurized water reactor 
PWSCC Primary water stress corrosion cracking 
PZT Piezoelectric transducer 
RCPB Reactor coolant pressure boundary 
RCS Reactor coolant system 
RG Regulatory guide 
RPV Reactor pressure vessel 
RVH Reactor vessel head 
SCC Stress corrosion cracking; stress corrosion cracks 
SKI Swedish Nuclear Power Inspectorate (Statens Kärnkraftinspektion) 
SQUIRT Seepage Quantification of Upsets In Reactor Tubes 
SS Stainless Steel 
T/H Thermal/hydraulic 
UT Ultrasonic (technique) inspection 



 xx  

VHP Vessel head penetration 
VICNIS Vessel Integrity Control using Nitrogen–13 Sensor 
 

 



 1  

1. Introduction 

In light water reactors, the integrity of the reactor coolant pressure boundary (RCPB) is 
important to safety because it forms one of the three defense–in–depth barriers to the release of 
radioactivity.  General Design Criteria (GDC) 14, 30, and 32 of Appendix A to 10 CFR Part 50 
specify the following requirements for the RCPB: 

GDC 14 states in part that; “the reactor coolant pressure boundary shall be designed, 
fabricated, erected, and tested so as to have an extremely low probability of abnormal 
leakage.”   

GDC 30 states in part that; “means shall be provided for detecting and, to the extent 
practical, identifying the location of the source of reactor coolant leakage.”   

GDC 32 states in part that; “components which are part of the reactor coolant pressure 
boundary shall be designed to permit periodic inspection and testing of important areas 
and features to assess their structural and leak–tight integrity.” 

One of the primary challenges to the integrity of the RCPB is stress corrosion cracking 
(SCC).  Primary water stress corrosion cracking (PWSCC) of Alloy 600 nozzles was first 
observed in pressurizer instrument nozzles in a number of U.S. reactors in 1986.  In 1991, 
similar cracking was found in vessel head penetration (VHP) nozzles at a French plant (Bugey).  
At the time, it was thought that circumferential cracking of Alloy 600 nozzles was unlikely.  
However, in 2001, inspections at the Oconee Nuclear Station revealed significant 
circumferential cracks in VHP nozzles.  As a result of the Oconee event and some subsequent 
findings at other reactors, the NRC issued Bulletin 2001–01 requesting information to verify 
that licensees were in compliance with existing regulations with respect to the integrity of the 
RCPB. 

In March 2002, while inspections were underway in response to Bulletin 2001–01, three 
control rod drive mechanism (CRDM) nozzles with indication of through–wall axial cracking 
that resulted in RCPB leakage were identified at the Davis-Besse Nuclear Power Station.  
During the nozzle repair activities, the licensee removed boric acid deposits from the reactor 
vessel head (RVH), conducted a visual examination of the area, and identified a cavity (178 
mm) by 102-127 mm)] at the widest part that extended down to the stainless steel cladding on 
the downhill side of nozzle 3.  The extent of the damage indicated that it had occurred over an 
extended period, and that the licensee’s programs to inspect the reactor pressure vessel (RPV) 
head and to identify and correct boric acid leakage were ineffective. 

In response to the Davis-Besse event, the NRC formed a Lessons Learned Task Force 
(LLTF).  The LLTF conducted an independent evaluation of the NRC’s regulatory processes 
related to ensuring RVH integrity in order to identify and recommend areas of improvement 
applicable to the NRC and the industry.  Four action plans were formulated to respond to the 
recommendations.  The action plans involve barrier integrity, stress corrrosion cracking, 
operating experience, and inspection and program management.  One part of the action plan 
on barrier integrity is an assessment of potential safety benefits of changes in requirements 
pertaining to leakage in the reactor coolant system (RCS).   
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Leakage limits alone cannot be relied upon to ensure the RCPB integrity.  Detectable 
leakage could indicate the pressure boundary has already been breached, although the 
pressure boundary may still be able to perform its intended safety functions.  In addition, the 
leakage expected from stress corrosion cracks in susceptible RCPB components may result in 
leak rates too small to be detected (in some cases, no leakage would occur under normal 
operating conditions).   

To prevent a breach (through–wall flaw) of the RCPB, we currently rely on periodic 
inspection of RCPB components.  An additional approach would be to monitor continuously the 
RCPB (or critical locations or components) by methods capable of detecting material 
degradation before leakage occurs.  The two approaches could be implemented in combination 
to provide greater assurance of barrier integrity. 

From a practical standpoint, the RCPB cannot be made completely leak–tight because 
some leakage will occur through pump and valve seals, etc.  However, as part of a defense–in–
depth philosophy for ensuring the integrity of the RCPB, improved leakage requirements (e.g., 
establishment of action requirements based on increases in unidentified leak rates, and more 
accurate identification, measurement, and collection of leakage from known sources to 
minimize interference with the detection of leakage from unknown sources) could better 
identify RCPB breaches.  This knowledge would allow reactor operators to take action to 
prevent additional degradation of the pressure boundary.  Such improvements could be 
achieved through additional requirements on the use of existing leak detection systems [e.g., 
reductions in the global leakage limits to 0.032 kg/s (0.5 gpm).  However, existing systems may 
not be adequate to provide assurance that leakage is low enough to avoid boric–acid induced 
corrosion of carbon and low alloy steel components.   

A distinction should be made between the objectives of this effort to study leakage events 
and the capabilities of leakage monitoring systems and the objectives of leak–before–break 
(LBB) evaluations for piping systems.  The LBB evaluation is used in U.S. nuclear power plants 
to allow the removal or noninstallation of pipe–whip–restraints and jet impingement shields 
designed to mitigate the effects of postulated pipe ruptures.  Before new requirements can be 
implemented, the basis for all existing leakage requirements needs to be reevaluated.  The 
current study entails a survey of plant experiences with RCS leakage, an evaluation of plant 
leakage detection system capabilities, a determination of the abilities of state–of–the–art leak 
detection systems, and an evaluation of critical leak rates.  The capabilities of various systems 
that can continuously monitor or inspect the integrity of fluid pressure boundaries have been 
evaluated, as has been the feasibility of using correlations between leak rate and crack sizes to 
establish leakage limits.  The majority of this effort has involved reviews of operating experience 
and earlier research studies.  Areas where additional analytical or experimental efforts are 
needed have been identified. 

2. Determination of RCS Components Susceptible to Stress 
Corrosion Cracking 

As part of the NRC’s Elicitation Program on the re–definition of large–break loss-of-
coolant accidents (LB–LOCA), a comprehensive table of failure scenarios of RCS components 
was developed.  A compilation of these tables is provided in Appendix A and was used as the 
basis for selecting components for further sensitivity analysis.   
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For the purpose of the sensitivity calculations, the RCS components selected were 
classified into large-, intermediate-, and small-diameter carbon and stainless steel piping 
typically used in BWRs or PWRs.  Table 1 shows the type of piping system represented by the 
various pipe sizes and materials chosen for the sensitivity analyses. 

Table 1. Typical RCS piping used for sensitivity studies (SS = stainless steel, CS = carbon steel, 
IGSSC = intergranular stress corrosion cracking). 

Case Piping System Material Material 
Spec 

Outer 
Diameter 

Wall 
Thickness 

Weld Metal Cracking 
Mechanism 

No.    mm mm   
BWR-1 Side Riser SS TP304 711 36 SS Flux IGSCC 
BWR-2 Main Steam CS A516Gr70 711 36 CS Flux Corr Fatigue 
BWR-3 Recirc Branch Line SS TP304 324 17 SS Flux IGSCC 
BWR-4 Feedwater CS A106B 324 17 CS Flux Corr Fatigue 
BWR-5 Bypass Line SS TP304 114 8.6 SS Flux IGSCC 
BWR-6 Reactor Water Clean-up CS A106B 114 8.6 CS Flux Corr Fatigue 

        
PWR-1 Main Coolant SS CF8M 813 76 SS Flux Thermal Fatigue 
PWR-2 Main Coolant CS A516Gr70 813 76 CS Flux Corr Fatigue 
PWR-3 Surge Line SS CF8M 356 914 SS Flux Thermal Fatigue 
PWR-4 Feedwater CS A106B 356 914 CS Flux Corr Fatigue 
PWR-5 Spray Line SS TP304 114 13 SS Flux IGSCC 
PWR-6 SG Blowdown Line CS A106B 114 13 CS Flux Corr Fatigue 
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3. Review of RCS Leakage Experiments and Leak–Rate Models 

Essentially three major sets of leak–rate experiments are available for comparison with 
predictive models.  The initial sets of data used to validate the SQUIRT code [1], includes the 
Sozzi and Sutherland (1975) data, the Collier (1975) data on tight slits, the Yano (1987) data, 
the Amos and Shrock (1983) data, and the Collier (1984) IGSCC cracked pipe data.  The tight 
slit and IGSCC cracked pipe data of Collier et al. were developed for the Electric Power 
Research Institute (EPRI) [2].  More recent sets of data were developed in Japan by Hitachi [3] 
and in Canada by Ontario–Hydro [4].  All of these tests involved two–phase flow of subcooled 
water through cracks or tight slits to simulate cracks with different roughnesses and crack 
openings.  All the available data have been used to benchmark leak–rate model predictions.   

Figure 1 shows results from the original validation of the SQUIRT code.  The most 
pertinent data are from the Collier IGSCC cracked–pipe tests done at Battelle for EPRI, the 
other data are for slits or capillaries.  Above 0.02 kg/s (0.32 gpm) there is less scatter in the 
data, i.e., most of the data are within a factor of 2 of the predicted values.  Below 
0.02 kg/s (0.32 gpm) the scatter of the data is larger, and the data can differ from the predicted 
values by factors of +10 and –5.  The IGSCC cracks with larger openings (Cases H and I in Fig. 
1) fell within the scatter of the rest of the data, but as expected, the prediction of the leak rates 
from tighter cracks [crack opening displacement (COD) < 0.1 mm] are less accurate.   

The Japanese experiments [3] were conducted primarily using plate test specimens with 
well-defined COD, crack length, and surface roughness values.  Tests were also done with 
water or steam in pipes with fatigue cracks.  These data are compared with the SQUIRT and 
PICEP (PIpe Crack Evaluation Program) codes in Fig. 2.  These are the only data for the flow of 
saturated steam, which is important for the validation of leak–detection models for steam lines.  
SQUIRT and PICEP appeared to give reasonable predictions for leak rates of about 0.02-
0.05 kg/s (0.3 to 0.8 gpm).  At leak rates above ≈ 0.13 kg/s (2 gpm), the analyses underpredict 
the experimental leak rates for a given crack and crack–opening displacement.  PICEP was a 
little more conservative than SQUIRT at the lowest leak rates.  Under–prediction of the leak 
rate is conservative for LBB analyses. 

The Ontario–Hydro experiments [4] employed circumferential crack geometries that were 
precise, smooth–surfaced, straight–sided, and artificial.  Some   single–phase leak rate tests at 
low temperatures were performed.  The experimental results are compared with the SQUIRT 
predictions in Fig. 3.  Most of the test results were predicted well, within a factor of ± 20%, with 
more scatter below a leak rate of 0.15 kg/s (2.3 gpm). 

Leak Rate Models 

The most frequently used software packages for predicting leak rates in RCS piping 
components in the US are the PICEP and SQUIRT codes.  Both use the same Henry–Fauske 
model for flow–though tubes to describe two–phase flow through the crack.  The PICEP [5] 
software code was developed for EPRI by Collier at Battelle.  PICEP can be used to compute 
two–phase flow rates through cracks in LWR piping systems given the material properties of 
the piping, thermo–hydraulic conditions under load, crack geometry, crack type, and 
orientation.  
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Figure 1. Comparison of two–phase flow leak rate tests used to validate the initial SQUIRT model. 

The second software code for predicting leak rates, SQUIRT Version 2.2, was developed by 
Battelle for the USNRC [1].  This software package included improvements in the basic 
thermohydraulic model used in the earlier versions of the code and in the fracture mechanics 
analysis portion of the code, which was derived from the NRC PIPE code for predicting crack–
opening displacement for circumferential cracks in piping [6]. 

As part of the ongoing LB–LOCA program for the NRC, additional improvements have 
been made in SQUIRT.  These included the following [7]: 

•  Upgrading of SQUIRT to operate in an MS Windows environment, 

•  Elimination of duplicate modules within SQUIRT, such as SQUIRT1 and SQUIRT3, 

•  Incorporation of corrections for the effect of weld residual stresses on leak rate, 

•  Setting of default parameters for PWSCC crack morphologies, 

•  Incorporation of the NUREG/CR–6004 Crack Morphology Correction Module [8], and 

•  New Thermal/Hydraulic (T/H) Modules for all liquid and all steam cases. 
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Figure 2. Comparison of PICEP- and SQUIRT-predicted leak rates with experimentally measured leak 
rates from Japanese leak–rate experiments  [3]. 

 

Figure 3. Comparison of SQUIRT-predicted leak rates versus experimentally measured leak rates for 
Ontario–Hydro experiments [4]. 
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Additional comparisons were also made between SQUIRT predictions and existing 
experimental data on leak rates.  Figures 2 and 3 show comparisons for the new version of 
SQUIRT. 

Sensitivity Studies 

Importance of Crack Morphology Parameters and Effect of COD 

Recent NRC studies have shown that the selection of the crack morphology parameters 
describing the crack flow path has a significant impact on predicted leak rates.  The crack 
morphology parameters are the surface roughness, the number of turns the crack takes, and 
the ratio of the actual flow path length to the thickness of the pipe.  Based on a study of 
numerous cracks removed from service, it was determined that the proper values for these 
parameters were dependent on the crack–opening displacement [8].  For a very tight IGSCC the 
appropriate roughness is that along the grain boundary, and as the crack goes from one grain 
to the next there could be a turn.  In such a case the roughness is low, but the number of 
turns is high, and the actual length of the flow path is much greater than the thickness of the 
pipe.  On the other hand, if the crack opening is very large compared to the grain size, then the 
appropriate roughness would be that corresponding to about half of the grain size, there would 
be very few turns, and the length of the flow path would be close to the thickness of the pipe. 

Figure 4 illustrates the two situations.  When the COD is comparable to the grain size, 
the local surface roughness is that along the grain boundary for an IGSCC, and the number of 
turns is large.  For the case when the COD is large compared to the grain size, the roughness is 
on the order of the mean grain size, and the number of turns is much smaller. 

Before the publication of NUREG/CR–6004 [8], the crack–morphology parameters were 
considered to be independent of COD.  In NUREG/CR–6004, it was recognized that the 
appropriate roughness should be large (global) or small (local) depending on whether the COD 
is large or small.  In this report, the dependence of surface roughness, µ, and other crack 
morphology parameters on COD was assumed to be piecewise linear.  The roughness, µ, is 
given by Equation 1.* The dependence of µ, the number of turns, and flow path to the 
thickness ratio on COD is shown in Fig. 5.  The key scale parameter is the ratio of the crack–
opening displacement (δ) to the global surface roughness (µ), which is comparable to the grain 
size.  As given in Equation 1 and shown in Fig. 5, if the COD is larger than the global 
roughness, then the global roughness should be used.  If the COD is much smaller than the 
global roughness, then the local roughness should be used.  The use of COD–dependant 
relationships like that in Equation 1 is needed to get reasonable results from the leak–rate 
models for very tight cracks.  Figure 3 shows that predictions using the COD–dependent 
relationships are in agreement with experimental data even for leak rates 
<0.013 kg/s (0.2 gpm).   

The piecewise linear models shown in Fig. 5 were developed by Dr. G. Wilkowski and Dr. 
D. Paul and are based on engineering judgment.  Predictions from these models agree with the 
                                                

* Equations similar to Equation 1 exist for the number of turns and actual flow path to pipe 
thickness ratio.  These are illustrated in Figure 5. 
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limited data available for tight geometries.  The models are thought to be conservative for LBB 
analyses, i.e., they will underpredict the leakage through tight cracks. 

 

Figure 4. Local and global surface roughness and number of turns. 
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Figure 5. Crack morphology variables versus normalized COD. 
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However, the transition values of δ/µG could be better defined either by experiments or 
computational fluid dynamics (CFD) analysis.  Some initial CFD analyses were undertaken to 
see if this could be done.  Figure 6 shows some initial CFD results.  The leak rate from the CFD 
models can be normalized and compared to the results of approximate equations like Equation 
1.   

 

 

 
 

(a) (b) 

 
 

(c) (d) 

Figure 6. Fluid flow velocity field inside crack: (a) δ/µG = 0.5, (b) δ/µG = 1.0, (c) δ/µG = 3.0,  and (d) δ/µG = 
5.0.  Flow conditions:  P = 2250 psi (15.5 MPa), T = 550°F (288°C), pipe thickness = 1 in. 
(25.4 mm).  Single–phase all liquid water flow, and no local surface roughness. 

From the results for the large crack opening, it appears that a better normalizing 
parameter might be µG/(δ − µG) rather than µG/δ.    The development of the CFD model and a 2–
D analysis for an improved basis for modeling crack morphology parameters are described in 
Appendix C.   

Variation in Leak Rate due to Statistical Variation of Crack Morphology Parameters  

In order to understand what information a leak rate provides about the cracks that may 
be present in the RCPB, it is important to understand how the crack morphology parameters 
can affect the leak rate through a crack of a given size.  In NUREG/CR–6004 [8], statistical 
distributions for the roughness (local and global), number of turns (local and global), and 
actual flow path to thickness ratios (local and global) were determined from studies of service–
removed cracks.  Such distributions were developed for several types of cracks, but the effort 
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focused on IGSCC in BWR piping and corrosion fatigue cracks.  More recently, distributions for 
the morphology appropriate for PWSCC in Alloy 600 and 82/182 welds were developed[9].  If 
the crack grows through the main part of the Alloy 82/182 weld, then the crack morphology 
parameters in Table 2 are applicable.  Cracks in the weld butter regions can grow 
perpendicular to the weld, and in the only service crack case available, the crack had a much 
higher global roughness and actual flow path to thickness ratio than indicated by the crack 
morphology parameters in Table 2. 

Table 2. Estimated Mean and standard deviation of crack morphology parameters. 

Corrosion 
Fatigue 

 
IGSCC 

PWSCC – Alloy 
600 Base 

PWSCC – 
Welda 

 
 

Crack 
Morphology 

Variable 
Mean 

Standard 
Dev. 

Mean 
Standard 

Dev. 
Mean 

Standard 
Dev. 

Mean 
Standard 

Dev. 

µL, µm 8.814 2.972 4.70 3.937 10.62 9.870 16.86 13.57 

µG, µm 40.51 17.65 80.0 39.01 92.67 65.26 113.9 90.97 

nL, mm–1 6.730 8.070 28.2 18.90 8.043 2.043 5.940 4.540 

KG 1.017 0.0163 1.07 0.100 1.060 0.095 1.009 0.011 

KG+L 1.060 0.0300 1.33 0.170 1.327 0.249 1.243 0.079 

aCrack growth parallel to long direction of dendritic grains, i.e., not in buttered region of pipe 
girth weld. 

Figure 7 shows the variability in leak rate that can be observed when the crack length is 
held constant and the crack morphology parameters are independently varied based on the 
statistical distributions in Table 2.  The ratio between the mean value and the 2–percent upper 
fractile is typically a factor of ~2.  For the relatively large leak rate shown in Fig. 7, the 
variability in leak rates due to the variability in the crack morphology parameters is consistent 
with the scatter in the observed and predicted results shown in Fig. 1.  The variability in the 
leakage rate due to variation in the morphology parameters is not sufficient to account for the 
scatter in the data at lower leak rates.  For small cracks additional factors such as the effect of 
the difference between actual crack shape and the rectangular crack assumed in the model 
may have a significant effect.  

Relative Leakage Crack Lengths due to Different Crack Morphology Parameters 

In a study for the NRC on the effects of PWSCC cracks on LBB analyses [9], a 
comparison was made between the crack size used in actual LBB submittals (which assumed 
air-fatigue cracks with no turns so the crack length was quite short for the given leak rate) and 
the crack sizes that would be determined for PWSCC using the parameters in Table 2.  Figure 8 
compares the lengths of corrosion cracks with the lengths of air–fatigue cracks with the same 
leak rate.  The results show that for a given leak rate, corrosion fatigue cracks would have to be 
1.43 times longer than air–fatigue cracks, IGSCC cracks would have to be 1.89 times longer 
than air-fatigue cracks, and PWSCC cracks (growing parallel to the dendritic grains) would 
have to be 1.69 times longer than air-fatigue cracks.  Hence, PWSCC cracks growing parallel to 
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the dendritic grains are bounded by IGSCC cracks.  This is the direction that a PWSCC crack 
would grow in the main part of the weldment of a bimetallic weld, as shown in Fig. 9. 

As noted previously, cracks in the butter region can grow perpendicular to the long 
dendritic grains in the weld.  The only service-crack case of this type of cracking that has been  

 

Figure 7. Histogram of leak rate at 50% Service Level A for case BWR–1 in NUREG/CR–6004 (IGSCC 
crack case). 
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Figure 8. Length of leaking corrosion cracks along with the length of air–fatigue cracks for actual LBB 
submittal cases. 

analyzed is shown in Fig. 10.  The flow path length is tortuous.  The length of the PWSCC crack 
is 2.2 times greater than that of the air–fatigue crack, which is much worse than the IGSCC 
crack.  (However, the crack growth rate in this direction is probably slower than when the 
crack is growing parallel to the dendritic grains.) 

In the analyses discussed in Section 4, the COD–dependent crack–morphology 
relationships illustrated in Fig. 5 are used with the default values in the SQUIRT code, i.e., the 
mean values in Table 2.  The PWSCC values used were those for cracks growing in the main 
part of the weldment, not in the butter region.  For the same leak rate, leaking PWSCC cracks 
in the butter region would be approximately 30% longer (2.2/1.69 – 1) than the PWSCC cracks 
growing parallel to the weld. 

Leaks in CRDM Nozzle  

In Ref. 10, leakage from a CRDM annulus was calculated for circumferential cracks above 
the J–weld.  This calculation requires a leakage analysis that accounts for the pressure drops 
through both the circumferential crack and the annular region to the outside of the RPV head.  
The solution for the flow through the crack could not be obtained using the SQUIRT and PICEP 
leak–rate codes, because the leakage through the crack did not result in critical flow at the exit 
plane of the circumferential crack going into the annular region.  The requirement of a critical 
flow velocity at the exit plane is a basic assumption of the Henry–Fauske analysis.  A bounding 
value for the leak rate was obtained by assuming that the pressure drop in the crack could be 
ignored, and only the pressure drop though the annular region need be considered.  Known 
values for the average shrink fit and detailed 3D finite–element analyses of the CRDM nozzle 
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deformations were used to determine the annular gap at the operating temperature.  For these 
gap dimensions and typical surface roughness values for the ground tube and the reamed hole 
in the RPV head, the leak rate was below 0.063 kg/s (1 gpm).  Since this was a bounding 
analysis that should overestimate the leak rate, the typical 0.063 kg/s (1 gpm) leakage 
specification would not appear to be exceeded even for cracks large enough to result in a limit–
load failure of the CRDM tube.   

 

 

Figure 9. Schematic showing long direction of dendritic grains in the buttered regions and main butt 
weld fill beads. 

New acoustic, radiation, and humidity systems for leak detection can have leak rate 
sensitivities on the order of 0.0003 kg/s (0.005 gpm).  However, based on the volumes of boric 
acid that have been associated with most CRDM nozzle leaks, through–wall cracks up to 165° 
in extent can have much lower leak rates than this.  Thus, it is not clear whether even such 
systems would provide substantial defense–in–depth against CRDM nozzle failure.   

 

 

 

 

 

Weld 

Base 

metal 

 

 

Figure 10. PWSCC growth across the long direction of the dendritic grains. 

Crack growth and shortest path leakage direction 
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Determination of Leak Rates Expected from Typical SCC in RCS Components 

Table 3 lists the various material, geometrical, and thermohydraulic parameters for BWR 
and PWR components that control leak rates and the range of values considered for these 
parameters in leak–rate computations.  Tables 4 and 5 show the crack geometries that were 
investigated for BWR and PWR stainless steel piping with circumferential through–wall 
cracks (IGSCC for BWR and PWSCC for PWR).  In all cases, the COD–dependent crack–
morphology option in SQUIRT was used.  As noted previously, using the COD–dependent 
parameters option gives better agreement with available data for low leak rates.  In these 
calculations, the rotation of the crack faces due to residual stresses, which creates a diverging 
flow channel, was ignored, because prior studies showed this was not a large effect.   

In Tables 4 and 5, a leak rate (such as 0.006, 0.063, 0.63 or 6.3 kg/s; 0.1, 1, 10 or 
100 gpm) was specified for each run, and the total circumferential through-wall crack length 
was obtained as an output from SQUIRT.  For some of these cases involving large leak rates 
[usually 6.3 kg/s (100 gpm) and in some cases 0.63 kg/s (10 gpm), problems occurred with 
numerical convergence for the algorithm within SQUIRT.  For each pipe size the crack lengths 
were determined for three loading conditions corresponding to 25%, 50%, and 100% of normal 
operating stress at Service Level A (per ASME Section III).  These should span the range of 
expected operating stresses, with the 50% Service Level A values representing the “typical” 
value. 

The results obtained for crack lengths at various leak–rate values are compared to the 
critical crack length for which the specified value of the bending moment represents maximum 
load.  These values were computed using NRCPIPE Version 3.0 and the dimensionless–plastic–
zone–parameter (DPZP) analysis [11].  This computer code [6] was developed at Battelle for the 
NRC to predict moment–rotation behavior of circumferential through–wall–cracked piping 
under combined pressure–and–bending loads.  The value of this critical crack length is also 
shown in Tables 4 and 5.  The ratio of the crack length for the given leak rate to the critical 
crack length for the specified moment represents a “margin of safety” against additional crack 
growth.  Note, however, that only Service Level A loads are considered in these calculations.  
The margins could be substantially smaller for accident or earthquake loads.   
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Table 4.  PWR stainless steel piping cases with PWSCC degradation mechanism. 
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PSL-25-1C 0.81 76.2 5313.8 30.1 25% 73.1 2.8 0.0063 314.2 27.6% 
PSL-25-2C 0.81 76.2 5313.8 30.1 25% 73.1 2.8 0.063 460.5 40.5% 
PSL-25-3C 0.81 76.2 5313.8 30.1 25% 73.1 2.8 0.63 724.4 63.7% 
PSL-25-4C 0.81 76.2 5313.8 30.1 25% 73.1 2.8 6.3 969.0 85.2% 
PSL-50-1C 0.81 76.2 5313.8 30.1 50% 1376.8 46 0.0063 51.8 6.2% 
PSL-50-2C 0.81 76.2 5313.8 30.1 50% 1376.8 46 0.063 135.6 16.2% 
PSL-50-3C 0.81 76.2 5313.8 30.1 50% 1376.8 46 0.63 331.0 39.6% 
PSL-50-4C 0.81 76.2 5313.8 30.1 50% 1376.8 46 6.3 536.7 64.2% 
PSL-100-1C 0.81 76.2 5313.8 30.1 100% 3984.4 134 0.0063 17.8 5.0% 
PSL-100-2C 0.81 76.2 5313.8 30.1 100% 3984.4 134 0.063 47.8 13.4% 
PSL-100-3C 0.81 76.2 5313.8 30.1 100% 3984.4 134 0.63 107.4 30.2% 
PSL-100-4C 0.81 76.2 5313.8 30.1 100% 3984.4 134 6.3 240.0 67.5% 

           
PSM-25-1C 0.36 35.8 982.6 27.3 25% 13.9 5.5 0.0063 158.8 29.2% 
PSM-25-2C 0.36 35.8 982.6 27.3 25% 13.9 5.5 0.063 242.6 44.6% 
PSM-25-3C 0.36 35.8 982.6 27.3 25% 13.9 5.5 0.63 361.4 66.4% 
PSM-25-4C 0.36 35.8 982.6 27.3 25% 13.9 5.5 6.3  0.0% 
PSM-50-1C 0.36 35.8 982.6 27.3 50% 128.7 49 0.0063 43.9 10.1% 
PSM-50-2C 0.36 35.8 982.6 27.3 50% 128.7 49 0.063 106.7 24.6% 
PSM-50-3C 0.36 35.8 982.6 27.3 50% 128.7 49 0.63 225.3 51.9% 
PSM-50-4C 0.36 35.8 982.6 27.3 50% 128.7 49 6.3  0.0% 
PSM-100-1C 0.36 35.8 982.6 27.3 100% 358.4 137 0.0063 14.2 5.3% 
PSM-100-2C 0.36 35.8 982.6 27.3 100% 358.4 137 0.063 37.6 14.1% 
PSM-100-3C 0.36 35.8 982.6 27.3 100% 358.4 137 0.63 83.8 31.2% 
PSM-100-4C 0.36 35.8 982.6 27.3 100% 358.4 137 6.3  0.0% 
           
PSS-25-1C 0.11 13.5 93.0 21.8 25% 1.05 11 0.0063 75.4 40.7% 
PSS-25-2C 0.11 13.5 93.0 21.8 25% 1.05 11 0.063 102.1 55.1% 
PSS-25-3C 0.11 13.5 93.0 21.8 25% 1.05 11 0.63 NC  
PSS-25-4C 0.11 13.5 93.0 21.8 25% 1.05 11 6.3 NC  
PSS-50-1C 0.11 13.5 93.0 21.8 50% 5.29 54 0.0063 33.0 21.4% 
PSS-50-2C 0.11 13.5 93.0 21.8 50% 5.29 54 0.063 65.0 42.1% 
PSS-50-3C 0.11 13.5 93.0 21.8 50% 5.29 54 0.63 NC  
PSS-50-4C 0.11 13.5 93.0 21.8 50% 5.29 54 6.3 NC  
PSS-100-1C 0.11 13.5 93.0 21.8 100% 13.75 142 0.0063 10.7 9.7% 
PSS-100-2C 0.11 13.5 93.0 21.8 100% 13.75 142 0.063 26.4 24.1% 
PSS-100-3C 0.11 13.5 93.0 21.8 100% 13.75 142 0.63 NC  
PSS-100-4C 0.11 13.5 93.0 21.8 100% 13.75 142 6.3 NC  
NC indicates that no convergence was achieved in the run and the crack length could not be determined.  
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Table 5. BWR stainless steel piping cases with PWSCC degradation mechanism. 
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BSL-25-1C 0.71 35.8 2325.8 30.6 25% 96.4 7.9 0.0063 170.18 16.52% 
BSL-25-2C 0.71 35.8 2325.8 30.6 25% 96.4 7.9 0.063 372.61

8 
36.18% 

BSL-25-3C 0.71 35.8 2325.8 30.6 25% 96.4 7.9 0.63 593.09 57.58% 
BSL-25-4C 0.71 35.8 2325.8 30.6 25% 96.4 7.9 6.3 NC  
BSL-50-1C 0.71 35.8 2325.8 30.6 50% 631.9 51.7 0.0063 71.882 9.45% 
BSL-50-2C 0.71 35.8 2325.8 30.6 50% 631.9 51.7 0.063 191.26

2 
25.14% 

BSL-50-3C 0.71 35.8 2325.8 30.6 50% 631.9 51.7 0.63 345.44 45.41% 
BSL-50-4C 0.71 35.8 2325.8 30.6 50% 631.9 51.7 6.3 NC  
BSL-100-1C 0.71 35.8 2325.8 30.6 100% 1703.2 139.3 0.0063 24.257 7.35% 
BSL-100-2C 0.71 35.8 2325.8 30.6 100% 1703.2 139.3 0.063 58.166 17.62% 
BSL-100-3C 0.71 35.8 2325.8 30.6 100% 1703.2 139.3 0.63 NC  
BSL-100-4C 0.71 35.8 2325.8 30.6 100% 1703.2 139.3 6.3 NC  

           
BSM-25-1C 0.32 17.4 474.71 28.3 25% 12.5 10.2 0.0063 119.88

8 
23.53% 

BSM-25-2C 0.32 17.4 474.71 28.3 25% 12.5 10.2 0.063 239.77
6 

47.06% 
BSM-25-3C 0.32 17.4 474.71 28.3 25% 12.5 10.2 0.63 337.82 66.30% 
BSM-25-4C 0.32 17.4 474.71 28.3 25% 12.5 10.2 6.3 NC  
BSM-50-1C 0.32 17.4 474.71 28.3 50% 66.0 54.1 0.0063 58.928 14.48% 
BSM-50-2C 0.32 17.4 474.71 28.3 50% 66.0 54.1 0.063 139.95

4 
34.39% 

BSM-50-3C 0.32 17.4 474.71 28.3 50% 66.0 54.1 0.63 223.52 54.93% 
BSM-50-4C 0.32 17.4 474.71 28.3 50% 66.0 54.1 6.3 NC  
BSM-100-1C 0.32 17.4 474.71 28.3 100% 173.1 141.7 0.0063 19.837

4 
7.99% 

BSM-100-2C 0.32 17.4 474.71 28.3 100% 173.1 141.7 0.063 47.345
6 

19.06% 
BSM-100-3C 0.32 17.4 474.71 28.3 100% 173.1 141.7 0.63 NC  
BSM-100-4C 0.32 17.4 474.71 28.3 100% 173.1 141.7 6.3 89.662 36.09% 
           
BSS-25-1C 0.11 8.56 53.69 18.9 25% 1.376 19.7 0.0063 70.358 36.84% 
BSS-25-2C 0.11 8.56 53.69 18.9 25% 1.376 19.7 0.063 121.66

6 
63.70% 

BSS-25-3C 0.11 8.56 53.69 18.9 25% 1.376 19.7 0.63 NC  
BSS-25-4C 0.11 8.56 53.69 18.9 25% 1.376 19.7 6.3 NC  
BSS-50-1C 0.11 8.56 53.69 18.9 50% 4.445 63.5 0.0063 42.926 27.13% 
BSS-50-2C 0.11 8.56 53.69 18.9 50% 4.445 63.5 0.063 84.328 53.29% 
BSS-50-3C 0.11 8.56 53.69 18.9 50% 4.445 63.5 0.63 NC  
BSS-50-4C 0.11 8.56 53.69 18.9 50% 4.445 63.5 6.3 112.52

2 
71.11% 

BSS-100-1C 0.11 8.56 53.69 18.9 100% 10.58 151.1 0.0063 15.367 14.04% 
BSS-100-2C 0.11 8.56 53.69 18.9 100% 10.58 151.1 0.063 NC  
BSS-100-3C 0.11 8.56 53.69 18.9 100% 10.58 151.1 0.63 NC  
BSS-100-4C 0.11 8.56 53.69 18.9 100% 10.58 151.1 6.3 64.008 58.47% 
NC indicates that no convergence was achieved in the run and the crack length could not be determined. 

Review of Leak Rates from Non–SCC Type of Cracking and Other Variables 

The only non–SCC type of cracking studied so far has been corrosion fatigue of carbon 
steel piping in both BWRs and PWRs.  A matrix similar to that shown for stainless steel piping 
(Table 5) was developed for these cases, and SQUIRT runs combined with PIPE were performed.  
These results are shown in Tables 6 and 7 for PWRs and BWRs, respectively.   
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Table 6. PWR carbon steel piping cases with corrosion fatigue degradation mechanism. 
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PCL-25-1C 0.81 76.2 5313.8 30 25% 276.9 9.7 0.0063 151.6 12.4% 
PCL-25-2C 0.81 76.2 5313.8 30 25% 276.9 9.7 0.063 309.6 25.3% 
PCL-25-3C 0.81 76.2 5313.8 30 25% 276.9 9.7 0.63 589.3 48.2% 
PCL-25-4C 0.81 76.2 5313.8 30 25% 276.9 9.7 6.3 812.3 66.4% 
PCL-50-1C 0.81 76.2 5313.8 30 50% 1784.5 60 0.0063 49.3 5.2% 
PCL-50-2C 0.81 76.2 5313.8 30 50% 1784.5 60 0.063 133.9 14.2% 
PCL-50-3C 0.81 76.2 5313.8 30 50% 1784.5 60 0.63 297.9 31.5% 
PCL-50-4C 0.81 76.2 5313.8 30 50% 1784.5 60 6.3 594.4 62.9% 
PCL-100-1C 0.81 76.2 5313.8 30 100% 4799.6 161 0.0063 31.2 6.0% 
PCL-100-2C 0.81 76.2 5313.8 30 100% 4799.6 161 0.063 85.3 16.5% 
PCL-100-3C 0.81 76.2 5313.8 30 100% 4799.6 161 0.63 176.8 34.1% 
PCL-100-4C 0.81 76.2 5313.8 30 100% 4799.6 161 6.3 438.2 84.6% 

           
PCM-25-1C 0.36 35.8 982.6 28 25% 31.9 12 0.0063 108.5 18.8% 
PCM-25-2C 0.36 35.8 982.6 28 25% 31.9 12 0.063 201.4 34.8% 
PCM-25-3C 0.36 35.8 982.6 28 25% 31.9 12 0.63 323.3 55.9% 
PCM-25-4C 0.36 35.8 982.6 28 25% 31.9 12 6.3 NC  
PCM-50-1C 0.36 35.8 982.6 28 50% 164.6 63 0.0063 42.9 9.0% 
PCM-50-2C 0.36 35.8 982.6 28 50% 164.6 63 0.063 107.7 22.6% 
PCM-50-3C 0.36 35.8 982.6 28 50% 164.6 63 0.63 217.9 45.8% 
PCM-50-4C 0.36 35.8 982.6 28 50% 164.6 63 6.3 NC  
PCM-100-1C 0.36 35.8 982.6 28 100% 430.1 164 0.0063 26.7 8.2% 
PCM-100-2C 0.36 35.8 982.6 28 100% 430.1 164 0.063 71.6 22.0% 
PCM-100-3C 0.36 35.8 982.6 28 100% 430.1 164 0.63 158.8 48.8% 
PCM-100-4C 0.36 35.8 982.6 28 100% 430.1 164 6.3 NC  

           
PCS-25-1C 0.11 13.5 93.0 22 25% 1.72 18 0.0063 62.5 32.0% 
PCS-25-2C 0.11 13.5 93.0 22 25% 1.72 18 0.063 98.3 50.3% 
PCS-25-3C 0.11 13.5 93.0 22 25% 1.72 18 0.63 158.8 81.3% 
PCS-25-4C 0.11 13.5 93.0 22 25% 1.72 18 6.3 NC  
PCS-50-1C 0.11 13.5 93.0 22 50% 6.61 68 0.0063 34.0 20.5% 
PCS-50-2C 0.11 13.5 93.0 22 50% 6.61 68 0.063 71.6 43.1% 
PCS-50-3C 0.11 13.5 93.0 22 50% 6.61 68 0.63 113.5 68.2% 
PCS-50-4C 0.11 13.5 93.0 22 50% 6.61 68 6.3 NC  
PCS-100-1C 0.11 13.5 93.0 22 100% 16.39 170 0.0063 21.6 17.3% 
PCS-100-2C 0.11 13.5 93.0 22 100% 16.39 170 0.063 50.8 40.7% 
PCS-100-3C 0.11 13.5 93.0 22 100% 16.39 170 0.63 83.8 67.1% 
PCS-100-4C 0.11 13.5 93.0 22 100% 16.39 170 6.3 NC  
NC indicates that no convergence was achieved in the run and the crack length could not be determined. 
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Table 7. BWR carbon steel piping cases with corrosion fatigue degradation mechanism. 
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BCL-25-1C 0.71 35.8 2326.0 30 25% 180.1 14 0.0063 125.5 11.3% 
BCL-25-2C 0.71 35.8 2326.0 30 25% 180.1 14 0.063 273.8 24.6% 
BCL-25-3C 0.71 35.8 2326.0 30 25% 180.1 14 0.63 484.6 43.6% 
BCL-25-4C 0.71 35.8 2326.0 30 25% 180.1 14 6.3 NC  
BCL-50-1C 0.71 35.8 2326.0 30 50% 799.4 66 0.0063 55.9 6.5% 
BCL-50-2C 0.71 35.8 2326.0 30 50% 799.4 66 0.063 150.6 17.5% 
BCL-50-3C 0.71 35.8 2326.0 30 50% 799.4 66 0.63 286.0 33.2% 
BCL-50-4C 0.71 35.8 2326.0 30 50% 799.4 66 6.3 NC  
BCL-100-1C 0.71 35.8 2326.0 30 100% 2038.0 167 0.0063 36.1 7.6% 
BCL-100-2C 0.71 35.8 2326.0 30 100% 2038.0 167 0.063 95.8 20.0% 
BCL-100-3C 0.71 35.8 2326.0 30 100% 2038.0 167 0.63 200.7 41.9% 
BCL-100-4C 0.71 35.8 2326.0 30 100% 2038.0 167 6.3 NC  

           
BCM-25-1C 0.32 17.4 474.6 28 25% 20.9 17 0.0063 95.5 17.5% 
BCM-25-2C 0.32 17.4 474.6 28 25% 20.9 17 0.063 187.2 34.4% 
BCM-25-3C 0.32 17.4 474.6 28 25% 20.9 17 0.63 287.5 52.8% 
BCM-25-4C 0.32 17.4 474.6 28 25% 20.9 17 6.3 NC  
BCM-50-1C 0.32 17.4 474.6 28 50% 82.8 68 0.0063 48.0 10.7% 
BCM-50-2C 0.32 17.4 474.6 28 50% 82.8 68 0.063 119.6 26.7% 
BCM-50-3C 0.32 17.4 474.6 28 50% 82.8 68 0.63 210.8 47.0% 
BCM-50-4C 0.32 17.4 474.6 28 50% 82.8 68 6.3 NC 0.0% 
BCM-100-1C 0.32 17.4 474.6 28 100% 206.5 169 0.0063 30.7 10.1% 
BCM-100-2C 0.32 17.4 474.6 28 100% 206.5 169 0.063 79.8 26.3% 
BCM-100-3C 0.32 17.4 474.6 28 100% 206.5 169 0.63 154.2 50.7% 
BCM-100-4C 0.32 17.4 474.6 28 100% 206.5 169 6.3 NC  

           
BCS-25-1C 0.11 8.6 53.8 19 25% 1.85 26 0.0063 60.5 29.9% 
BCS-25-2C 0.11 8.6 53.8 19 25% 1.85 26 0.063 102.9 50.9% 
BCS-25-3C 0.11 8.6 53.8 19 25% 1.85 26 0.63 NC  
BCS-25-4C 0.11 8.6 53.8 19 25% 1.85 26 6.3 NC  
BCS-50-1C 0.11 8.6 53.8 19 50% 5.40 77 0.0063 39.6 23.1% 
BCS-50-2C 0.11 8.6 53.8 19 50% 5.40 77 0.063 84.1 49.1% 
BCS-50-3C 0.11 8.6 53.8 19 50% 5.40 77 0.63 NC  
BCS-50-4C 0.11 8.6 53.8 19 50% 5.40 77 6.3 NC  
BCS-100-1C 0.11 8.6 53.8 19 100% 12.50 179 0.0063 26.2 20.6% 
BCS-100-2C 0.11 8.6 53.8 19 100% 12.50 179 0.063 58.9 46.4% 
BCS-100-3C 0.11 8.6 53.8 19 100% 12.50 179 0.63 NC  
BCS-100-4C 0.11 8.6 53.8 19 100% 12.50 179 6.3 NC  
NC indicates that no convergence was achieved in the run and the crack length could not be determined. 

To help illustrate the results from Tables 4 to 7, a summary table (Table 8) was created 
for the 50% Service Level A cases, which are assumed to represent “normal” loading.  The 
values in Table 8 were then used to create Figs. 11 and 12, which show the ratio of the crack 
length necessary to produce a given leak rate, the “leakage crack length”, to the critical crack 
length as a function of pipe diameter for two leak rates.  This ratio is a measure of the margin 
of safety provided by the limit on leakage.  The two leak rates are the Tech. Spec. (TS) leak rate 
for PWRs (0.063 kg/s;1 gpm) and BWRs (0.32 kg/s; 5 gpm), as well as a lower leak rate of 
0.006 kg/s (0.1 gpm) for both types of plants. 
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As expected, the ratio of the leakage crack length to the critical crack length increases as 
the diameter decreases, i.e., the margin for LBB gets smaller for smaller pipes.  For BWRs, 
which have a higher TS leak rate than for PWRs, the leakage crack length is from ≈40 to ≈60 
percent of the critical crack length at normal operating loads for pipes from 711 to 102 mm   
(28 to 4 in), respectively.  

For the PWRs, which have a lower TS leak rate, the leakage crack length at normal 
operating loads is from ~15 to ~40 percent of the critical crack length for pipes from 813 to 102 
mm (32 to 4 in.), respectively.  

At the 0.0063-kg/s (0.1 gpm) leak rate, the leakage crack length is about 5 to 20% of the 
critical crack size at normal operating conditions.  The leakage crack sizes are a smaller 
percent of the critical crack size at a transient load, like N+SSE (normal plus safe shutdown 
earthquake) loading or startup/shutdown transients for a surge line. 

The calculations in Tables 4–8 are for idealized circumferential through–wall cracks.  This 
type of crack gives the smallest size for a given leak rate.  In reality, the crack will likely be 
longer on the inside surface.  For some IGSCC cracks that have been observed in the field, 
part–throughwall cracks on the inner surface extend completely around the pipe in the same 
circumferential plane as the through–wall portion of the crack.  Such cracks have been called 
compound or complex.  

Additional calculations on the relationship between crack length and leak rate are 
presented in Appendix D.  These include the effects of complex cracks as well as residual 
stresses. 

The fracture mechanics solutions discussed thus far focus on the possibility of structural 
failure by crack growth.  Another possibility is that boric acid leakage could cause substantial 
corrosion such as occurred on the reactor vessel head at Davis-Besse.  Dry boric acid results in 
very low corrosion rates [12,13].  However, with moisture present, concentrated boric acids at 
temperatures of 90–160°C can produce very high corrosion rates (up to 15 cm/y).   

At the extremely low leak rates (≈10–7 to 10–6 kg/s; ≈10–6 to 10–5 gpm) such as have been 
observed in most leaking CRDM nozzles, the leaking flow completely vaporizes to steam 
immediately downstream from the principal flashing location.  This results in a dry condition 
and no loss of material, although some dry boric acid may accumulate.  At the other extreme is 
a situation where liquid boric acid solution is concentrated through boiling and enhanced by 
oxygen available directly from the ambient atmosphere. 

Local cooling can create conditions for rapid corrosion by allowing aerated, concentrated 
boric acid solution to form on surfaces.  The extent of cooling due to the leak is primarily a 
function of the leak rate since the rate of heat transfer required to completely vaporize the 
effluent is directly proportional to the leak rate.  In Ref. 14 a simple enthalpy balance was used 
to estimate the potential loss of heat from the surface of the head as a function of the leak rate  
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and the steam quality or superheat of the escaping steam.  It was assumed that the flow exits 
to atmospheric pressure.   

For leaking primary water at 316°C, 45% of the effluent will flash to steam without any 
heat input.  Heat transfer from the head to the effluent will increase the quality to saturated 
conditions and then superheat the steam back to a temperature of 316°C.  The amount of heat 
required to bring the exit flow to the superheated condition provides an estimate of the heat 
lost from the head due to the leak, and its effects on the surface temperature can be calculated  
[14].   

For a leak rate of 0.00006 kg/s (0.001 gpm), the vaporization of the effluent will result in 
a heat loss of roughly 316 kJ/h.  The extent of cooling of the head surface due to this heat loss 
is relatively small, on the order of 6°C.  For a leak rate of 0.00063 kg/s (0.01 gpm), the 
corresponding heat loss is 3160 kJ/h, and the resultant surface cooling is about 55°C, still not 
enough to create conditions on the surface that would result in high corrosion rates.  However, 
a leak rate of 0.0063 kg/s (0.1 gpm) was calculated to be sufficient to cool the local metal 
surface to temperatures below the boiling point of water at atmospheric pressure [14].  Because 
this degree of cooling would conflict with the assumption complete vaporization occurs in the 
in the annulus region, it cannot actually occur.  Instead, the steam quality exiting the annulus 
would be less than 100%, indicating development of a liquid pool on the head surface [14].   

Although the precise values of the leak rate needed to lower metal surface temperatures 
to the 100–160°C range associated with high boric acid corrosion rates will depend on details of 
the actual geometries involved, the calculations in Ref. [14] suggest that the critical leak rates 
needed to produce high corrosion rates, are of the order of 0.00063 to 0.0063 kg/s (0.01 to 
0.1 gpm), well below the current TS limit.  Such rates are probably also at or below the 
resolution limit for unidentified leakage of sump flow monitors.   
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Figure 11. Percent of critical crack length versus diameter for BWR cases at 50% Service Level A 
stresses. 

 

Figure 12. Percent of critical crack length versus diameter for PWR cases at 50% Service Level A 
stresses.  
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4.  Leakage Operating Experience 

A leakage operating experience database has been developed for this research program.  
The database contains information on LWR leak events and leak detection systems back to 
1970.  The software chosen for the database is FileMaker Pro 6. 

The fields for LWR leak events include (a) LER number if an LER is the source of 
information, (b) location of leak, (c) leak rate [actual leak rate if known, however, for many 
cases the actual leak rates are small (<0.0006 kg/s (0.01 gpm)) and not known precisely, 
although some qualitative information ("slowly dripping", etc.) may be available], (d) operation 
of reactor when leak was detected, (e) how the leak was detected, (f) the basis for the decision 
that a leak has occurred, (g) time required to recognize there was an unidentified leak, (h) 
action that was taken, (i) relevant nondestructive and destructive evaluation reports, (j) cause 
of leak, (k) leakage requirements, (l) crack type and size if crack was cause of leak, and (m) any 
environmental impact.  The fields for leak detection systems include (a) method of detection, (b) 
vendor for system, (c) sensitivity, (d) reliability, (e) response time, (f) accuracy, (g) estimated 
false alarm rate, (h) area of coverage, (i) maintenance required, (j) training required for its 
implementation, (k) calibration procedures, (l) site validation procedure, (m) experience under 
field conditions, and (n) source of information.  Note that under the field “how the leak was 
detected,” the first method to detect the leak is recorded.  However, other leak detection 
systems that may have responded to the leak and subsequent visual inspections may be 
discussed in the extended input to one or more fields of the leak event.  

Sources used to provide input to the database include Licensee Event Reports and NRC 
Information Notices through 2004 and NRC reports covering prior work such as the 
“Assessment of PWR Primary System Leaks,” NUREG/CR–6582, published in 1998 [15]; 
“Assessment of Leak Detection Systems for LWRs,” NUREG/CR–4813, 1988 [16]; “Research to 
Advance the State–of–the–Art of Acoustic Leak Detection,” NUREG/CR–5134, 1988 [17]; and 
“Validation of the Application of Acoustic Emission to Monitor Nuclear Reactor Pressurized 
Components,” NUREG/CR–5645, 1991 [18].  Literature searches were carried out to identify 
other relevant publications (e.g., articles from Nuclear Safety) and databases such as an EPRI 
report co–sponsored by the Swedish Nuclear Power Inspectorate (SKI) on reactor piping 
failures, 1998 [19].  The Internet search engines Google and Yahoo were used to locate about 
15 leak events not found in other sources.  

Internet access to ADAMS (Agencywide Documents Access and Management System) 
using a desktop computer permitted efficient review of LERs, NRC documents, and plant 
technical specifications.  The database currently contains over 400 events dating from 1970.  
In addition to RCS leaks, three leaks of interest on the secondary side are included in the 
database, but not included in the statistics.  Also, 13 steam generator leaks of interest are 
included in the database, but not included in the statistics.  An example of a database entry is 
shown in Fig. 13.  Each field can be expanded for additional information by clicking on the box 
containing the initial information. 

A discussion of leak detection requires differentiation of identified and unidentified 
leakage.  Leakage to containment that has been located and quantified and is not from a crack 
or other flaw in the RCS is classified as “identified.”  In such cases leakage from an identified 
component is directed to a collection system where it is measured (e.g., leakage from a pump 
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seal, valve packing, gland seals, reactor–head pressure seals, equipment gaskets, and pressure 
relief valves).  Leakage that is not identified is defined as “unidentified” leakage.  Flow rates 
from unidentified leakage are to be monitored separately. 

 

Figure 13. An example of a database entry for a leak.  Each field can be expanded for additional 
information by clicking on the box containing the initial information. 

Basis for RCS Leakage Monitoring Requirements  

The NRC Regulatory Guide (RG) 1.45, issued in 1973, established capabilities for leak 
detection systems acceptable to staff.  It does not define limiting conditions of operation.  RG 
1.45 does note, however, that technical specifications (TSs) that define the limiting conditions 
for operation for identified and unidentified leakage and address the availability of the leak 
detection systems are generally implemented.  RG 1.45 proposes that leaks should be 
monitored to a sensitivity of 0.063 kg/s (1 gpm) or better with at least three detection methods.  
The leak detection system should be able to detect a 0.063 kg/s (1 gpm) leak in less than 1 
hour, and alarms for the leak detection systems should be located in the control room.  Sump 
level and airborne particulate radioactivity monitors are required.  The third method could be 
either a condensate flow monitor or a radiation monitor.  This capability has typically been 
provided through an airborne gaseous radioactivity monitor.  Such monitors do not provide 
leakage rates but have the capability of indicating an increase of 0.063 kg/s (1 gpm) within an 
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hour.  However, because failed fuel is much less likely to occur and primary systems have 
become less contaminated than was the case when RG 1.45 was issued, the value of 
monitoring gaseous radioactivity has been greatly diminished.  In RG 1.45 monitoring of the 
bulk humidity, temperature, and pressure in the containment are considered as indirect 
indications of leakage  

The capabilities considered acceptable for leak detection systems were established 
without a strong technical basis, although the first draft of RG 1.45, based on some analytical 
studies and some experimental data, stated that cracks leaking at a rate of 0.063 kg/s (1 gpm) 
would be smaller than critical size by a factor of at least two.  The assessment of the 
capabilities of the different leak detection systems appears to have been based on an analysis 
of the sensitivities of the sump, particulate, and gaseous detectors as well as condensate flow 
rate and humidity monitors for PWRs.  It appeared that for 1% and 0% failed fuel a particulate 
monitor could detect a 0.063 kg/s (1 gpm) leak within 1 minute for both failed fuel 
assumptions, and that the gaseous monitor could detect a 0.063 kg/s (1 gpm) leak in about 2 
minutes for 1% failed fuel and 100 minutes for 0% failed fuel.  This activity level is very high by 
today’s standards, and hence, actual sensitivities and response times are worse than earlier 
estimates would be.  The sump pump was estimated to be capable of detecting 
0.063 kg/s (1 gpm) leaks within an hour.  The condensate flow rate monitor could detect 
0.063 kg/s (1 gpm) leaks within 10 minutes, and a humidity monitor within 40 minutes (PWR). 
Air particulate monitors could (at that time) detect 0.0013 kg/s (0.02 gpm) within minutes 
when background radiation levels were low.  Since particulate monitors were equally effective 
for BWRs and PWRs and they became required monitors.  With the sump monitor being 
effective for detecting 0.063 kg/s (1 gpm) within an hour under all conditions, it was also 
identified as required.  The water inventory method was introduced in 1972.  

Seven years after NRC Regulatory Guide 1.45 was published, “Standard for Light Water 
Reactor Coolant Pressure Boundary Leak Detection,” ISA–S67.03–1982 [20], was issued by the 
Instrument Society of America (ISA).  It is a detailed, comprehensive document that could be a 
supplement or replacement for RG 1.45.  The ISA position for the detection of leakage changes 
is also based on known capabilities at the time, and specifies that a 0.063 kg/s (1 gpm) 
increase in a PWR leak rate, and a 0.13-kg/s (2 gpm) increase in a BWR leak rate be detected 
within 1 hour.  ISA–S67.03–1982 also provides general equations for measurement sensitivities 
and response times of sump level and leakage flow monitoring.  Equations for sensitivity and 
response times of radiation, humidity, and temperature monitors are also presented.  By 1991, 
acoustic monitors had already been used in the field to monitor valves (Peach Bottom, Dresden, 
and V.C. Summer).  In Germany a reactor used 18 acoustic sensors to monitor the primary line 
and pressure vessel.  Although no leaks were detected or missed (that were detected by other 
means), no false alarms occurred over a two-year period.  Also at that time, EPRI had reported 
that for 15 fossil plant boilers, acoustic systems detected 60% of all reported leaks.  It was 
possible at that time, for BWRs, to recommend that radiation monitors be made mandatory for 
PWRs rather than optional (though high background radiation and false alarm problems 
diminish the effectiveness of radiation alarms), and that acoustic leak detection be added as an 
option to meet the requirement that three methods of leak detection be employed.   

In 1991 a contractor for the NRC recommended that for PWRs, acoustic leak detection 
and inventory balance be added as options to meet the NRC position that three methods be 
employed for leak detection.  In addition, monitoring the rate of change of leakage was 
suggested.  No action followed this recommendation.  
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For a plant, the establishment of leak monitoring systems and protocols for action when 
an anomaly is recognized is governed by TSs.  With respect to leakage, TSs are generally the 
same from plant to plant with some differences in the details (Table 9).  One of the first TS 
limits was for the Monticello BWR in 1969.  An identified limit of 1.6 kg/s (25 gpm) and 
unidentified limit of 0.32 kg/s (5 gpm), based on inventory makeup, was established.  The total 
allowed limit (identified plus unidentified) appears to be based on the inventory makeup 
capability and sump capacity rather than RCS integrity.  No documentation has been found on 
the technical basis used to establish these limits in 1969.  Typical limits used today for PWRs 
are 0.063 kg/s (1 gpm) unidentified leakage and 10 gpm (0.63-kg/s) total identified leakage.  
For BWRs, they are 0.32-kg/s (5 gpm) unidentified and 1.6-kg/s (25 gpm) total identified, with 
a capability to detect a 0.13-kg/s (2 gpm) increase within 24 h.  Subsequent studies of the 
failure behavior of reactor coolant systems showed that for many piping systems these limits 
provide significant margin against gross failure of reactor piping to sustained stress loads.  The 
calculations summarized in Table 8 show that margins increase with increasing pipe diameter 
and increasing loads under normal operation up to the Service Level A limit.  The margins are 
larger for cracks due to corrosion fatigue, than for cracks due to SCC.  Detection systems such 
as the sump typically measure total leakage.  To identify a leak with such a system, one must 
often compare the amount of leakage from all known sources to the total measured leakage.  
The difference between these two quantities is then the unidentified leakage.  

The current PWR standard technical specifications require that for any leak in the RCS 
pressure boundary that cannot be isolated, if unidentified RCS leakage exceeds 
0.063 kg/s (1 gpm) or if identified leakage exceeds 0.63 kg/s (10 gpm) for a PWR, the plant 
must be placed in hot standby (mode 3) within 6 hours and cold shutdown within the following 
30 h.  The evaluation related to safety should begin within four hours of detecting the leak.  
Two leak detection systems based on different principles, one capable of detection radiation, 
must be functioning when the reactor is operating.  However, a radiation monitor can be 
inoperative for two days if two other leak detection systems are operating. 

In some cases, plant TSs provide additional requirements.  For example the TSs for Peach 
Bottom (2000) require that when in mode 1 (full power), if unidentified leakage increases more 
than 0.13 kg/s (2 gpm) within 24 h, an evaluation of the source must be initiated.  Note that 
the ISA recommendation suggests a response within one hour.  Also for Peach Bottom, 
following the observation of an increase in leakage, four hours is allowed to reduce the leakage 
rate before the reactor is shut down.   

Table 9, from the Barrier Integrity Action Plan, Action Item 1 (ADAMS ML030660105), 
shows some leakage requirements for PWRs that are not in the standard technical 
specifications. 
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Table 9. Leakage requirements for PWRs not in the standard technical specifications. 

 Plant Name, Vendor, and Year 
of Operation 

Technical Specification Requirements for Plant-Specific 
Reactor Coolant Pressure Boundary 

Fort Calhoun 
Combustion Engineering 
9/26/1973 

TS Section 2.0 does not differentiate between RCPB leakage 
and other RCS leakage 

If RCS leakage exceeds 0.063 kg/s (1 gpm)  and the source is 
not identified within 12 hours, the unit is placed in hot 
shutdown.  If leakage exceeds 0.063 kg/s (1 gpm)  and the 
source is not identified within 24 hours, the unit is placed in 
cold shutdown. 

If leakage exceeds 0. 63 kg/s (10 gpm), the unit is placed in 
hot shutdown within 12 hours.  If leakage exceeds 0. 
63 kg/s (10 gpm) for 24 hours, the unit is placed in cold 
shutdown. 

Kewaunee 
Westinghouse 
6/16/1974 

If any coolant leakage exists through nonisolable fault in an 
RCS component (exterior wall of the reactor vessel, piping 
valve body, relief valve, pressurizer, steam generator head, or 
pump seal leakoff), then the reactor shall be shut down; and 
cool down to the COLD SHUTDOWN condition shall be 
initiated within 25 hours of detection. 

Millstone Unit 2 
Combustion Engineering 
12/26/1975 

With any PRESSURE BOUNDARY LEAKAGE, be in COLD 
SHUTDOWN within 36 hours. 

 

Review of Licensee Event Reports provides some insight into what action is taken when 
a leak is indicated.  Frequently, the initial response from the control room operator is to initiate 
a surveillance test of an RCS water inventory balance.  In one case, for a leak detected by a 
sump level alarm after about 3 h, the inventory balance confirmed that the RCS had 
unidentified leakage greater than 0.063 kg/s (1 gpm), and so the unit was shut down.  The leak 
was determined to be from a pump seal. 

In another case, a leak was indicated by a radiation monitor and was accompanied by 
decreasing pressurizer level.  An RCS water inventory balance was performed for 15 minutes 
with an estimated leakage of 0.6 kg/s (9.5 gpm).  Since the leakage could not be located 
immediately, it was defined as unidentified leakage greater than 0.063 kg/s (1 gpm), and 
shutdown from full power began.  The leak was determined to be from valve packing. 

In many cases, plant procedures take action before required by TS, based on trends in 
unidentified leakage.  In one example, unidentified leakage increased over a period of four days 
from 0.0063 to 0.019 kg/s (0.1 to 0.3 gpm), but was still well below the TS limit of 
0.063 kg/s (1 gpm).  Nevertheless, the plant was shut down from full power in accordance with 
procedures to confirm the source of the leak and make repairs.  A fitting thought to be the 
source of the increased leakage was found not to be the source.  A crack in the above–head seal 
weld of the CRDM was determined to be the cause.  This example indicates that leaks below 
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0.063 kg/s (1 gpm) can be detected with current systems in some cases [sump pumps are 
typically set to alarm at 0.032-0.063 kg/s (0.5–1.0 gpm). 

The database for leak events has been analyzed to determine the relative frequency of 
involvement of various components, and the incidence of leakage attributable to fatigue or 
SCC.  Figure 14 shows the distribution in the location of leaks for valves, seals, flanges, 
nozzles, welds, etc.  “Seal” implies leaks from pump seals.  “Pipe” leaks includes piping, lines, 
and small tubing but not leaks from steam generator tubes.  “Valve” implies leaks from 
valves (packing or stem) that do not involve a leaking weld or valve body.  “Weld” includes “pin–
hole” leaks as well as cracks.  “Nozzle” covers nozzles not associated with CRDM.  “Sleeve” 
includes pressurizer heater sleeves.  Cracks in CRDM nozzles tend to have very small leak 
rates and have been found primarily from visual detection of boric acid.  Leaks from welds 
represent nearly 20% of the leaks in the database.  Valve leaks not involving a weld were 
another frequent source of leaks (18%).  Leaks from piping account for 26% of the leaks.  
Though not categorized in Fig. 14, leaks from all types of cracks are involved in over 40% of all 
leak events in the database.  In 19% of the PWR leak events boric acid was visually observed at 
the site of the leak.   
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Figure 14. Number of occurrences (percentage) that a location was mentioned in a leak event report.  
For example, almost 20% of the time the leak involved a weld.  About 8% of the leak events 
reviewed involved CRDMs, usually detected through visual detection of boric acid crystals.  
Cracks were involved with leaks about 40% of the time with a wide range of leak rates 
[<0.00063 to 6.3 kg/s ; 0.01 to >100 gpm]. 

One result regarding welds and seals is similar to that reported in 1988 [16].  The percent 
of the time leaks in welds and seals were reported (2.1:1) is virtually the same as that reported 
in 1988 (2.0:1) [16].  Figure 15 shows the relative frequency of cracks when reported as fatigue 
cracks and SCC for PWRs and BWRs.  Stress corrosion cracks were the source of a leak more 
often than fatigue cracks in PWRs, while fatigue cracks were reported more often in BWRs.  
When fatigue cracks were the cause of the leak and the description noted more than just 
”fatigue” as the cause, “high–cycle fatigue” was mentioned much more often than “low–cycle 
fatigue,” with “thermal–fatigue” noted only occasionally.  For cracks with leak rates 
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>0.0063 kg/s (0.1 gpm)  (excluding steam generators) fatigue cracks were noted as the type of 
crack about 50% more of the time than were SCC.  This finding is consistent with the 
observation that SCCs are tighter and thus result in lower leak rates compared to fatigue 
cracks for a given crack length.   
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Figure 15a. The relative frequency of SCCs and fatigue cracks reported in the database for PWRs and 
BWRs.  Many SCC involved a CRDM or pressurizer.  The SCCs are tight and thus result in 
lower leak rates compared to fatigue cracks for a given crack length.  For cracks with leak 
rates > 0.0063 kg/s (0.1 gpm)  (excluding steam generators) fatigue cracks were noted to 
have about 50% more occurrences than SCCs.   

For leak events in the current database, PWRs account for 70% of RCS leaks (PWRs 
account for about 66% of the nuclear power plants).  In the 1988 report  “Assessment of Leak 
Detection Systems for LWRs” [16], PWRs accounted for 73% of the leak events.  The relative 
rate of occurrence of leak events for PWRs and BWRs has not changed much since 1988.  
However, the total number of reported leaks has declined steadily from 48 in 1985 to 14 in 
2003, as shown in Figure 15b. 

The RCS leaks in PWRs and BWRs are compared for both location and mechanism in Fig. 
16 to show the ratio of leak events in PWRs and BWRs involving valves, seals, fatigue cracks, 
SCCs, and welds.  The ratio of PWRs to BWRs in the U.S is two and is represented by the 
horizontal line.  SCCs (excluding steam generator tubing) are found more often in PWRs than 
would be expected based on the relative number of PWRs and BWRs.  The same is the case for 
valves and seals.  Weld failures are more consistent with the number of occurrences in PWRs 
and BWRs. 

In Fig. 17, the distribution of leak rates by magnitude is shown.  The number of leaks in 
a given range of leak rates is given.  Many leaks reported have very small leak 
rates (<0.001 kg/s).  They are detected visually and are reported as drips, weeping, seepage, 
“very small,” etc.  Large leaks have been detected primarily through increases in sump level, 
radiation alarms, inventory balance, or change in pressure.  The trend in reported leak rates 
seen in Fig. 17 is comparable to that reported for PWRs [15]. 
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Figure 15b. Number of leakage events reported per year in database.  A decrease in number of leakage 
events from 1985 is evident.  Events for 2004 includes those recorded through June. 

Consequences of Lowering Leak Rate Limits 

     Consequence of lowering leak rate limits have been considered. It appears that lowering the 
limit for a PWR would have no effect on safety system design or design basis other than 
requiring more-sensitive leak detection systems to minimize unnecessary shutdowns.  Other 
consequences are (a) Lower limits would be supportive of leak–before–break analysis and 
evaluation (additional safety margin with respect to critical crack flow rate), (b)  Limits may be 
exceeded more frequently, resulting in more shutdowns, inspections, and repairs and thus 
additional personnel exposure, (c) If PWR limits were cut in half, reactor operations would most 
likely not be affected excessively, (d) Current leak monitors could still be used, (e) Cutting the 
limit in half would not have resulted in detection of the leak that occurred at Davis–Besse  (a 
localized system would have been needed), (f) The inability of current systems to locate a leak 
will lead to spurious shutdowns if leakage limits are reduced by more that a factor of two, (f) 
Because of the better fuel designs and better chemistry in current plants, neither the 
conventional airborne particulate or gaseous monitor is now capable of detecting a 0.063-
kg/s (1 gpm) leak within an hour  (response time could be on the order of 100 h) and (g)  
Lowering the leakage limits could make the air particulate monitor obsolete. 
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Correlation between Crack Size and Leak Rate 

The results in Table 10 for SS and CS piping in PWRs show that a given leak can 
correspond to a wide range of crack sizes.  For a 0.063 kg/s (1 gpm) leak, crack lengths can 
range from 26 to 460 mm (1.0 to 18.1 in.) for stainless steel piping and 51 to 310 mm            
(2.0–12.2 in.) for carbon steel piping, depending on pipe diameter and the loading during 
normal operation.  Because the throughwall crack length corresponding to a given leak rate, Q, 
varies as ≈ Q0.24 for a given load level, decreasing the leak rate by a factor of 2, decreases the 
possible crack sizes by about only 20%.   

The results in Table 10 underestimate the actual variability since they were computed for 
fixed crack parameters and only include the variability due to differences in pipe size and 
applied loading.  The additional variability due to variations in path length, and crack 
roughness are fairly small compared to the variations due to the applied load.  Deviations from 
the idealized rectangular shape (e.g., remaining ligaments) could have very significant effects.   

These analytical predictions are consistent with field experience.  Many of the leaking 
cracks in the database  (mostly cracks in welds) have very low leak rates (<0.01 kg/s) despite 
significant through–wall crack lengths.  Figure 18 shows the lack of correlation between crack 
length and leak rate for leak events in the database where both the through–wall crack length 
and the leak rate were reported.  As expected, no correlation is evident and the crack lengths 
for leak rates 0.0063 kg/s (0.1 gpm) or less vary from 2.5 to 76.0 mm (0.1 to 3 in.) long.   
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Figure 16. The PWR-to-BWR ratio of leak events involving valves, seals, fatigue cracks, SCCs, and 
welds.  The ratio of PWRs to BWRs in the U.S. is 2 and is represented in the figure by the 
horizontal line. 
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Figure 17. Distribution of leak rates by magnitude recorded in the database beginning with 1970.  The 
number of leaks in a given leak rate range is indicated.  
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Figure 18. Through–wall crack length vs. leak rate for variety of leaks in database.  Most of the leaks 
were cracks in welds. 
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5. Leak Monitoring Systems 

The effectiveness of various conventional leak detection systems is summarized in Table 
11.  The sensitivity, accuracy, and location in Table 11 are based on the value reported in the 
Instrument Society of America Report, “Standard for Light Water Reactor Coolant Pressure 
Boundary Leak Detection"  (ISA–S67.03–1982).  The letter “G” implies the method can meet the 
intent of ISA–S67.03–1982, where “F” implies it may be acceptable or unacceptable depending 
on conditions, while “P” indicates the method is not recommended except possibly for 
monitoring specific locations.  No single technique in this list is rated good in all categories, 
indicating that more than one monitoring system is needed to have an effective capability for 
leak detection. 

Table 11. Effectiveness of leak monitoring systems 
Type of Monitor Sensitivity Accuracy Location 
Sump monitor  G G P 
Radiogas monitor (Xe–133, Iodine) F* F F 
Radioparticulate (Rb–88, Kr–88, spectrum)  F F F 
Condensate flow   G F P 
Coolant Inventory    G G P 
Moisture sensors   G P G 
Temperature   F P F 
Pressure   F P P 
Visual   F P G 

*Sensitivity, accuracy, and location rated as good (G), fair (F), and poor (P).  Note that the primary 
systems are becoming less contaminated and failed fuel is much less likely to occur now than in the 
1980s, though the trend has reversed somewhat in the past two years (Fig. 19).  As a result the 
gaseous radioactivity monitor is no longer equivalent to particulate monitors and the sensitivity of 
gaseous radioactivity could now be rated “P.” 

 

Figure 19.  Trends in U.S. fuel failure rates (2004 results are incomplete). 
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The most flexible of the methods for detecting leaks is visual observation.  However, the 
sensitivity and ability to quantify a leak by observation are poor.  The adequacy depends on the 
frequency of inspection and the accessibility of areas of interest.  The ASME Boiler and 
Pressure Vessel Code, Section XI (IWA–2211 VT–2 Examination), covers periodic mandatory 
inspection requirements of the RCPB.  For example, IWA–5241(e) states that “Discoloration or 
residue on surfaces shall be examined for evidence of boric acid accumulations from borated 
reactor coolant leakage.”  Remote visual equipment, temperature-sensitive tapes, and paint can 
aid in locating leaks.  While not a principal method for leak detection, the visual method is 
valuable in locating leaks.  Over half of the leaks in the database had been detected visually 
and had very low leak rates. 

The visual method, based on field experience, is capable of detecting leak rates as low as 
0.0006 kg/s (0.01 gpm), but the reliability of the method depends on human factors.  From 
Lange’s Handbook of Chemistry (15th edition) we can estimate that an aspirin-size deposit of 
boric acid (approximately 400 mg) could deposit from about 0.95 L (0.25 gal) of water and 
would be detectable during a visual examination of reactor components.  From a leak as small 
as 6.3 x 10–7 kg/s (10–5 gpm) that amount of boric acid could accumulate in about a week.  

Humidity monitoring can detect an increase in vapor content of air resulting from a leak 
but suffers from a lack of quantitative information.  The sensitivity could be on the order of 
gallons per minute when used in large volume containment areas [20].  Moisture sensitive tape 
is a continuous monitoring system in which the sensor is placed next to insulation.  An 
electrical signal is activated when the tape becomes wet.  Detection of an increase in leak rate 
of 0.063 kg/s (1 gpm) within an hour is possible.  Such tapes monitor a small area and have 
been installed at a few plants.  Field experience confirms that local humidity monitors, such as 
the FLUS system described later, can detect leakage less than 0.1 L (0.03 gal) [26].   

The sensitivity of temperature monitoring to detect leaks depends on volume of space, 
distance between sensor and leak, heat losses, normal temperature fluctuations, and presence 
of abnormal heat sources.  Temperature monitoring probably will not detect a 0.063-
kg/s (1 gpm) leak within one hour.  Nevertheless, temperature sensors were installed on the 
relief lines in French PWRs [15].  

A leak from the RCPB will increase the containment pressure.  The consequence of having 
a large volume containment structure is that a leak would have to be very large to be detected 
by an increase in pressure.  Small leaks could result in pressure variations that are in the 
normal range of fluctuations.  No source information is provided for the leak.  

Reactor coolant inventory is monitored in PWR plants but not in BWRs.  This method is 
not particularly useful for BWRs because of the poor accuracy in detecting small RCPB leakage 
About 10% of all the leaks in the database were detected from inventory balance.  Use of 
inventory balance for detecting a leak of 0.063 kg/s (1 gpm) within one hour is difficult.  
However, under steady-state conditions, detection of 0.044 kg/s (0.7 gpm) in 2 hours and 
0.021 kg/s (0.33 gpm) in 4 hours has been demonstrated under field conditions [15].  
Containment leakage, other than identified leakage which is delivered to the equipment drain 
sump, is drained to the containment sump as unidentified leakage.   

The sump level is measured continuously by a level measuring device.  One alarm 
monitors the increase in the rate of unidentified leakage and provides an alarm when the 
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increase in leak rate exceeds 0.032-0.063 kg/s (0.5–1.0 gpm).  A sump level and flow rate 
monitor can detect a 0.063 kg/s (1 gpm) leak in less than 1 hour.  In some plants a 
0.063 kg/s (1 gpm) leak can be detected in 10 minutes [15].  Another alarm monitors the total 
of identified and unidentified leakage [20].  Open containment sumps collect unidentified 
containment leakage, including containment cooler condensate.  Sump level and sump 
discharge flow can be monitored.  Leak location is not provided.  Sump pump monitors can 
detect a 0.063 kg/s (1 gpm)   increase in leakage within one hour.  Under field conditions, 
increases as low as a few tenths of a gpm have been detected (e.g., LER 354/1989-026-00).  At 
Oconee, an increase in the volume of leakage on the order of 28.5 L (7.5 gal) can be detected by 
the sump pump [15], and thus a 0.063 kg/s (1 gpm) leak could, in principle, be detected in 
about 10 minutes.  Historically, the reliability of the sump pump monitor has been good.  
About 10% of all the leaks in the database were reported as detected by the sump pump 
monitor. 

Containment air cooler condensate flow runoff from the drain pans under each 
containment air cooler unit can be measured.  A 0.063 kg/s (1 gpm) increase within one hour 
can be detected under normal operating conditions.  This estimate is based on a calculation 
that shows condensate from 0.063 kg/s (1 gpm) leaks can reach steady state in about 30 
minutes [15].   

Assuming no fuel failure, for a containment-vessel free volume of 73,700 cubic meters 
and a particulate activity concentration in the reactor coolant of 1.5 x 103 Bq/cm3, airborne 
particulate monitors are capable of detecting, in principle, a 0.0063-kg/s (0.1 gpm) leak in 10 
minutes [15].  However, this type of monitor is not capable of detecting a 0.063 kg/s (1 gpm) 
leak within one hour under all conditions.  An event occurred at Oconee 3 [15] where it took 
about 100 minutes to detect a 0.063 kg/s (1 gpm) leak.   

A clear understanding of the principles involved in detecting leaks from radiation 
monitors is necessary to avoid false alarms.  For example, a decrease in reactor power level 
may cause an increase in the primary coolant radioactivity, and thus an apparent increase in 
leakage could be incorrectly surmised. 

The airborne gaseous radioactivity monitor is inherently less sensitive than the 
particulate monitor.  A leak rate of 0.13 kg/s (2 gpm) is estimated to be detectable in four 
hours with a gaseous monitor, assuming a coolant activity of 4 x 104 Bq/cm3 of Xe-133 [15].  
With a detector sensitivity of 10–6 µCi/cm3 and reactor coolant gaseous activity of 0.5 µCi/cm3, 
corresponding to 0.1% fuel defects (per Southern California Edison, Ref. 12, p. 172), 
0.063 kg/s (1 gpm) leak can be detected within one hour [15].  The difficulty with the use of a 
gaseous radioactivity monitor arises as failed fuel is much less likely to occur (see Fig. 19), and 
the primary systems become less contaminated.  Thus, the gaseous radioactivity monitor may 
no longer be equivalent to a particulate monitor as it is in RG 1.45 and could be dropped from 
RG 1.45. 

The fraction of leaks detected by the various methods is shown in Fig. 20.  Most leaks 
recorded were detected visually and were quite small.  They were reported as drips, weeping, 
seepage, “very small,” boric acid deposits, etc.  Large leaks have been detected primarily 
through inventory balance, change in containment pressure, rise in sump level, or radiation 
alarms.  The median leak rate of the leaks detected by the sump pump is 0.095 kg/s (1.5 gpm)  
for a range of 0.006 to 2.2 kg/s (0.1 to 35 gpm).  The median for radiation monitors  (includes 
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particulate and gas monitors) is 0.032 kg/s (0.5 gpm) (Table 12).  Based on the reported leak 
rates, detecting small leaks with either the radiation monitor or sump pump is possible.  Leak 
rates detected for valves, pumps, and CDRM are summarized in Table 13.  Leaks detected from 
valves, for example, are relatively large while those from CRDM are relatively small (on average, 
well below the allowed limit).  Table 14 shows the median leak rate and range for all leak events 
that involve a crack, all leak events that do not involve a crack, leaks from cracks in welds, 
leaks from a crack not involving a welds, cracks when reported as an SCC, and cracks reported 
as a fatigue crack.  Note that not all leaks have a leak rate reported.  Also, some leaks from a 
crack are not associated with either fatigue or SCC, and thus the rate for all cracks differs from 
SCC.  Leaks reported as seepage, weeping, or drips are excluded.  A few leaks are reported as 
very large (or equivalent) but without a leak rate.  For those cases the event is included in Table 
14 using a leak rate of 6.3 kg/s (100 gpm).  The table shows that the median leak rate reported 
for a crack is significantly less than that reported when not a crack.  Note that the leak rates 
reported for SCC are very low, and while well below the   0.063-kg/s (1 gpm) limit, non-critical 
flaws can be expected to leak at below the limit.    

In addition to the leak rate detected, the time to recognize that action is needed is 
important.  The time to recognize that a leak requires action (that is, it must be identified or 
treated as unclassified) is shown for the sump pump and radiation monitor in Figs. 21 and 22.  
The range of time covers five orders of magnitude for leaks less than 0.063-kg/s (1 gpm), while 
for larger leaks, the time to recognize a problem is on the order of 100 min.  Since the smaller 
leaks do not (at least initially) exceed the allowed limit for unidentified leakage, a considerable 
amount of time can be taken to monitor the leak and try to reduce the leak rate without 
shutting the plant down.  Larger leaks, which exceed the allowed limit, require more rapid 
action.  The events in Figs. 21 and 22, in which the time required to recognize that a leak 
requires action was greater than one day, all occurred before 1999.  This is also the case for 
leaks in the database detected by means other than a radiation detector or sump pump 
monitor.  Leaks that were detected by means other than radiation detectors or sump pump 
monitors and that required action and took longer than one day to recognize also all occurred 
before 1999.  Sump pump and radiation monitors are required in RG 1.45, but their 
effectiveness in PWRs and BWRs differs.  For PWRs, sump pump and radiation detectors were 
reported as the method of detection about equally often, whereas for BWRs the sump pump 
was the reported detection method about three times more often than a radiation monitor.  A 
problem with radiation detectors is that high background levels could require alarm trip points 
to be set so high that the monitors are potentially insensitive to rises in radiation level due to 
leaks.  In one case, a radiation alarm was not activated by a 1.6-kg/s (25 gpm) leak [16].  
Conversely, if the set point is too low, the radiation monitor can raise false alarms [16].    
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Figure 20. Comparison of leak detection methods reported in the leak event reports.  Small leaks were 
detected visually.  Test refers to hydrostatic pressure test.  Vol refers to high makeup rate to 
volume control tank. 

 

Table 12. Average reported median leak rate and range for sump pump, radiation 
monitors (includes particulate and gas monitors), and other leak detection 
methods (mainly visual and calculated). 

Leak Detection System 

Median Leak 
Rate Reported 

(kg/s) Range (kg/s) 

Sump pump 0.1  0.006 – 2.2 

Radiation detector (particulate 
and gas) 

0.03 0.006 – 0.44 

Other (primarily visual and 
calculation) 

0.1 0.006 – 5 

Table 13. Reported leak rates for valves, pumps, and CRDM. 

 
 

Component 

Median Leak 
Rate Reported 

(kg/s) 

 
Range 
(kg/s) 

Valve 0.06 0.13 – 1.3 

Pump 0.11 0.0006 – 
0.4 

CRDM 0.0006 0.0006 – 
0.08 
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Table 14. Reported leak rates for cracks (SCC and fatigue) and valves and pump seals.   

 
Information from leak events 

database 

 
Median Leak 

Rate 
Reported 

(kg/s) 

 
Range 
(kg/s) 

All leak events with cracks 
involved 

0.06 0.006 to > 6.3 

Leaks not involving 
cracks (valves, pumps, etc.) 

0.3 0.006 to > 6.3 

Leaks from cracks in welds 0.06 0.006 to 5.5 

Cracks not involving welds 0.02 0.006 to > 6.3 

Cracks when reported as SCC 0.013 0.006 to 0.06 

Cracks when reported as fatigue 
crack 

0.06 0.02 to 5.5 
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Figure 21. Time to recognize action is required after leak detected with sump monitor. 

In the database, occasionally a leak was reported to be detected by more than one leak 
monitoring system.  In those cases, in the tables and figures of this report, detection is 
assigned to the method that first detected the leak. 
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Figure 22. Time to recognize action is required after leak detected with radiation monitor. 

Acoustic Emission Leak Monitoring 

Acoustic emission (AE) technology has the potential to provide significant improvements 
in leak detection capability.  AE systems can provide rapid response to even small leaks, locate 
leaks, and monitor an entire plant.  A major advantage of AE is that crack growth can be 
detected before the crack is through–wall due to the release of elastic energy by the growing 
crack.  No other technique can provide this information.  Furthermore, AE can be used during 
heat–up and pressurization when airborne monitors would not be effective.  Acoustic leak 
detection systems can be used to monitor the entire RCS or dedicated to the monitoring of 
components of particular interest, such as valves. 

Currently, acoustic monitoring for leakage can be carried out with a commercially 
available system, the Framatome–ANP "ALUS" [21,26].  In–service monitoring involves an array 
of acoustic transducers attached to the reactor coolant system or pressurizer through 
waveguides.  Signals in the 100 to 400 kHz range are processed and the root-mean-square 
(RMS) values of the signal amplitude  are compared with individually adjustable fixed and 
sliding thresholds.  Typically, leakage will be detectable if the total signal is 3 dB (41%) above 
the background noise [21].  For a near field sensor <3 m (10 ft) from the source, the detectable 
leak rate can be calculated.  The estimated sensitivity varies from 0.0002 to 0.063 kg/s  
(0.003 to 1.0 gpm)  depending on the background noise [21,26].  This range is similar to that 
reported in Ref. [16] (NUREG/CR–4813).  The AE sensitivity in that report was estimated to be 
0.0001 to 0.063 kg/s (0.002 to 1 gpm).  A summary of that study is provided in Appendix B. 

Table 15 provides detailed information on leakage sensitivity variations with background 
noise level (in a 100–400 kHz frequency window) [21, 26].  The lowest noise levels are in the 
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pressurizer where the leak rate sensitivity is estimated to be as low as 0.0002 kg/s  
(0.003 gpm).  For coolant pumps, where the noise is highest, the best observed sensitivity 
according to the vendor is 0.0063 kg/s (0.1 gpm).  The response time is determined by the data 
processing time, and thus can be very short.  Signal processing and decision making can be 
automated and controlled by computers.  To calibrate the system, ultrasonic transmitters 
attached to the plant structure can be automatically activated during plant outages.  They 
produce a signal with a defined intensity that simulates a leak, and attenuation measurements 
can then be made.  The ALUS system has been installed in several VVER reactors in Eastern 
Europe [26,27].  Ten years of field experience with operating reactors outside the U.S. has been 
accumulated with such systems monitoring reactor pressure vessels, reactor coolant lines, 
pressurizer systems, and safety valves [27].  Flange leaks were detected at the main flanges of 
the reactor pressure vessel and at the reactor coolant pumps in several VVER plants.  These 
leaks occurred during start-up pressurization.  A head penetration leak during hydrostatic 
testing was detected at leak rates consistent with the estimated sensitivity of 
0.0002 kg/s (0.003 gpm).  Training in mounting sensors to the reactor structure may be 
required.  Figure 23 shows a flow chart for the ALUS system and a photograph of the 
waveguide.  Note that since the more recent development of FLUS (humidity monitor described 
in the following section), ALUS systems are only installed along with a FLUS system.*   

Some valves in the RCS are monitored with an acoustic sensor.  Two valve leaks in the 
database were detected by acoustic sensors dedicated to the monitoring of the valves.  

 

Monitoring with Humidity Sensors 

The Framatome–ANP FLUS system measures local humidity [22] by using a temperature– 
and radiation–resistant sensor tube, fabricated from a flexible metal hose with porous sintered 
metal elements placed at intervals of around 0.5 m (Fig. 24).  The contents of the sensor tube 
are pumped at fixed time intervals through a central moisture sensor that measures the 
absolute humidity level (the dew point) as a function of time.  The location of the leak can be 
deduced from the time difference between the start of the pumping and the peak humidity vs. 
time history by using the known air velocity in the tube.  The leak rate can be determined from 
the profile of the humidity vs. time history.  The sensitivity for the FLUS system is reported to 
be 0.0003 kg/s (0.004 gpm) or less [26].  Up to eight monitoring loops, each up to 150–m long 
with a spacing of about 0.5 m between sensors, can be connected to a FLUS monitoring 
station, which implies that up to 1.2–km piping length can be monitored by the station.  The 
FLUS systems have been installed at plants in Europe and Canada.  The first FLUS system in 
the United States was installed at Davis-Besse by Framatome ANP in 2003.  FLUS has been 
qualified to detect potential leaks from a RPV closure head for a German PWR at Obrigheim 
[26].  In this instance, two sensor tubes were used; one was placed inside the insulation and 
the other outside it.  Calibration tests confirmed that a leakage rate of gpm 
0.00001 kg/s (0.0002 gpm) could be reliably detected.  Clear correlation between leakage rate 
and dew point was confirmed.  The response time was as little as 15 min.  The manufacturer’s 
                                                

* Personal communication from T. Richards/W Knoblach, Framatome ANP to D. Kupperman, 
Argonne National Laboratory, July 5, 2004. 
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specification gives a typical response time in one to two cycles; each cycle time is 15 min to     1 
h.  One 0.003 kg/s (0.05 gpm) leak in the flange of a control rod was detected during operation. 

Acoustic

Sensor Pickup Pre-amp

Signal

Station Main Computer

Alarm

Indicator

Signal Processing

Communication

RMS

Relative Threshold

ALARM

Transmitter

ALUS
 

Figure 23. Schematic representation of the ALUS system [27]. 

Table 15. Estimated leakage sensitivity for the ALUS acoustic monitoring system as a function of 
background noise level (in 100–400 kHz frequency range) [21,27]. 

Component 
Position 

Average Background 
Noise Level (dB) 

Estimated Leakage 
Sensitivity Range with 

Lowest Limit (kg/s) 

Main Isolation Valve (hot) 41.2 0.003 to 0.006 

Reactor Coolant Pump 48.0 0.006–0.06 

Reactor Pressure Vessel 41.7 0.03 to 0.006 

Pressurizer 17.3 0.0002–0.006 

Pressurizer Safety Valve 45.0 0.004 to 0.013 

 

The calibration procedure involves injecting a fixed amount of vapor (test gas) into the 
sensor tube for each measuring cycle.  The gas moves through the sensor tube to the 
monitoring system, which automatically records the arrival time of the gas.  The amplitude and 
the time of arrival of the first peak are checked to be within proper ranges.  Any deviation 
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triggers an alarm.  The system will then perform a calibration procedure to correct the system 
functioning. 

Field tests with FLUS have confirmed that leak rates less than 0.0003 kg/s (0.004 gpm) 
can be detected without false alarms [26].  No leaks have been missed in leak simulation tests, 
and one actual leak was detected [26].  Leaks can be located within distances less than 2% of 
the total length of the line monitored.  In one example a 0.013-0.026 kg/s (0.02–0.04 gpm) 
flange leak at a VVER reactor was detected one month after installation of FLUS [26].  Since the 
development of FLUS, ALUS systems are installed along with a FLUS system.* 

Background

Alarm ThresholdHumidity

Time

Leak

Indication

Leak

Compressor

Drier
Calibration

Module

Dry Air

Diffusion

Sensor Tube

Humidity

Sensor

FLUS monitors an area by installing sensors in a measurement loop.

Pipe

FLUS
 

Figure 24. Schematic representation of the FLUS humidity sensor system.  The sensitivity for the FLUS 
system is reported to be 0.0003 kg/s (0.004 gpm) [22].    

Airborne Particulate Radiation Monitor 

Westinghouse has developed an airborne particulate radioactivity monitoring system 
(ARMS).  The first ARMS was installed and demonstrated at Turkey Point Unit 3 in 1988.  In 
1989 a similar system was installed at Turkey Point Unit 4, which operated for 10 years 
                                                

* Personal communication from T. Richards/W Knoblach, Framatome ANP to D. Kupperman, 
Argonne National Laboratory, July 5, 2004. 
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without a false alarm.  Another ARMS was installed with a site validation test at Electricite de 
France (EdF) Bugey Unit 2 Nuclear Power Plant in 1992 for detection of head penetration 
leakage [23].  False alarms at Bugey led to the removal of that unit. 

The Westinghouse ARMS is used primarily to detect leaks in the head area of a PWR, 
such as CRDM canopy seals and nozzles and associated welds.  Leakage in this head area 
releases radioactive particles, mainly Rb–88 and Cs–137, into the air volume surrounding the 
head.  ARMS draws air from the volume through a filter to concentrate the particulates.  
Radiation from the collected particulates is detected by a detector consisting of a beta–sensitive 
plastic scintillator disk and a photomultiplier tube.  The typical operation of ARMS involves 
collecting samples from two sources.  One sample comes from the ambient atmosphere of the 
containment, while the other is from the reactor head.  The difference of the radioactivity levels 
in the two samples provides a measure of leak rate.  Each sampling time takes several hours.  
Therefore, the estimated response time is several hours to a day. 

ARMS provides a measure of reactor vessel leakage, but it is difficult to accurately relate 
the amount of rubidium and cesium particulates collected by the sensor filter to the total mass 
of leakage, and thus the system may not be able to determine the leakage rate reliably.  
However the general location of a leak can be determined with ARMS.  Westinghouse reports a 
sensitivity of 0.0001 kg/s (0.002 gpm).   

Note that the ARMS, FLUS, and ALUS systems are not adequate for detection of very 
small leaks from the RPV head, such as those revealed by minor amount of boric acid crystals 
at Oconee and ANO–1.  However, for larger leaks they may be more likely to detect a significant 
leak prior to rupture compared to other conventional existing systems for plant monitoring.  

Improved Radioactive Gas Monitors 

An N13–F18 gas monitor (Model SPLR201 1E) has been available through MGP 
Instruments, Inc., Atlanta, Georgia, and the VICNIS (Vessel Integrity Control using Nitrogen–13 
Sensor) through Merlin Gein Provence, France [24].  The N13–F18 monitors from MGP were 
installed at two EdF sites (Paluel and Dampierre).  Since 1992, more than 50 VICNIS units 
have been installed at EdF plants.  The main areas of coverage are the reactor head and the 
bottom of the reactor vessel [15, 34].   

Both the N13–F18 monitor and the VICNIS sensor detect leaks by monitoring the 
presence of nitrogen–13 and the evolution of its released volumetric activity.  The N–13 arises 
in the reactor core from the reaction “Proton +  O–16 → N–13 + He–4”.  The N–13 radioactivity 
(beta decay) is measured using a NaI (Tl) scintillator coupled with a photomultiplier.  The basic 
configuration of both monitors consists of two detection systems.   One monitors the reactor 
head atmosphere, while the second measures the containment background.  

A leak rate in the range of 0.0003 kg/s (0.004 gpm) is claimed to be detectable within one 
hour, provided the radiation background is reasonably low.  Detection reliability and sensitivity 
depend on background levels and counting time.  With the detection threshold criteria set to 
achieve a faulty alarm probability (FAP) not exceeding 1 error per year and a alarm ignored 
probability (AIP) not exceeding 0.01, a detection sensitivity of 0.0003 kg/s (0.004 gpm) within 
one hour is claimed.   Nevertheless, high false alarm rates have led to discontinued use of 
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nitrogen gas sensors by EdF (to the best of the knowledge of the authors, such devices are not 
used worldwide).  

Visual Observation of Leaks 

While not an on-line technique, a useful method for detecting and locating leaks is visual 
observation.  However, the sensitivity and ability to quantify a leak by observation are poor 
except for boric acid leaks.  The adequacy depends on the frequency of inspection and the 
accessibility of areas of interest.  The ASME Boiler and Pressure Vessel Code, Section XI (IWA–
2211 VT–2 Examination), covers periodic mandatory inspection requirements of the RCPB.  For 
example, IWA–5241(e) states that “Discoloration or residue on surfaces shall be examined for 
evidence of boric acid accumulations from borated reactor coolant leakage.”  Remote visual 
equipment, temperature sensitive tapes, and paint can aid in locating leaks.  While not a 
principal method for on–line leak detection (despite the numerous leaks in the database 
detected visually) visual detection of leaks is valuable in locating leaks. 

Detection of Boric Acid from Leaks 

Boric acid or orthoboric acid, B(OH)3, is used as a neutron absorber in the coolant of 
pressurized water reactors.  Lessons learned from the Davis-Besse incident call for re–
evaluation of the boric acid corrosion control program, including the ability to detect boric acid 
from a leak.  At present, the method of detecting boric acid leaks is basically visual inspection 
(tens of gallons of leakage would produce about a pound of crystals).  Periodic walk-downs to 
detect boric acid leaks are recognized in Generic Letter 88–05 as an effective method to detect 
leakage of boric acid solutions.  Visual detection of boric acid crystal deposits can reveal a leak 
well before any other method.  However, in the case of very small leaks insulation must be 
removed to detect the deposits.  

In this research effort we explored the technologies to detect the accumulation of boric 
acid from a leak without removing insulation.     

Boric acid is white and needle–like, and is moderately soluble in water with a large 
negative heat of solution.  The solubility increases markedly with temperature.  The amount of 
boric acid that can be dissolved in 100 grams of water increases from 2.67 g at 0°C to 40.25 g 
at 100°C according to Lange’s Handbook of Chemistry  [33].  Boric acid is a very weak and 
exclusively monobasic acid which acts, not as a proton donor, but as a Lewis acid, accepting 
OH––:  

  B(OH)3 + H2O  = [B(OH)4]
–  +  H+           pH = 9.0 

Boric acid melts at 171°C and decomposes at about 300°C.  Its vapor pressure at room 
temperature is approximately 2.6 mm Hg.  In general, orthoboric acid at room temperature is a 
crystalline solid with structure based on hydrogen–bonded planar units.  When heated above 
100 °C at atmospheric pressure, it converts into metaboric acid, HBO2.  Evidence for the 
existence of a vapor–phase boric acid molecule is remarkably sparse.  Ogden, Young, and 
Bowsher, in 1987, [25] applied mass spectrometry and matrix-isolated infrared (IR) 
spectroscopy to the characterization of the molecular boric acid.  Their results showed that 
boric acid not only had a finite vapor pressure at room temperature but that its volatility was 
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greatly enhanced in the presence of steam.  Their work suggests the possibility of detecting 
boric acid leakage by techniques, such as infrared (IR) spectroscopy, that can characterize the 
vapor phase.  IR spectroscopy identifies substances by their rotational and vibrational spectra.  
When light of a particular frequency, and therefore a particular energy, strikes a molecule, the 
molecule can absorb the energy, and the rotations and vibrations that the molecule is 
experiencing at that time can change to a higher energy rotation or vibration state.  The 
energies needed to change the rotational and vibrational states of the molecules lie in the IR 
region of the electromagnetic spectrum.  Because these changes occur at discrete energy levels 
and depend on the structure and composition of the molecule, each molecule has a different 
response to IR energy.  Other than the frequencies absorbed by the substance, all others are 
transmitted through [28].   

A typical mass spectrum obtained by heating boric acid to about 40°C contains ion peaks 
at 44/45 and 61/62 amu (atomic mass units) corresponding to B(OH)2

+ and B(OH)3
+, 

respectively.  Typical absorption bands appear in the region of 513.8 to 3668.5 cm–1, which 
confirmed some of the reported spectra for vapor phase boric acid, particularly the in–plane B–
O stretch band at 1430 cm–1. 

The low vapor pressure of boric acid at room temperature makes it difficult to identify the 
vapor phase by IR spectroscopy.  However, as noted previously, the volatility of boric acid is 
enhanced in the presence of steam.  While the presence of steam increases the vapor pressure 
of boric acid, to detecting boric acid with IR spectroscopy requires a distinguishable 
absorbance peak that is different from the absorbance peak of water.  In the vapor phase, boric 
acid has absorbance peaks at 1017 cm–1, 1429 cm–1, and 3706 cm–1 [25] (1 cm–1 = 104 /λ, where 
λ is in µm).  When examining the IR spectrum of water in the vapor phase, the peaks of boric 
acid at 1429 cm–1 and 3706 cm–1 must be ignored, because water absorbance peaks near or at 
the values for boric acid would overlap them [29].  

Detection limits of trace element gases in a mixture are very low for IR spectroscopy.  
With a conventional dispersive IR spectrometer, detection limits are in the 1–20% range, with 
the limiting factor being the signal-to-noise (S/N) ratio.  The detection limits can be further 
reduced by using a Fourier Transform IR (FT–IR) spectrometer.  While using an FT–IR 
spectrometer, a longer cell can be used, increasing the absorption percentage, and a wide-band 
mercury–cadmium–telluride (MCT) detector lowers the limits even further.  Together, these 
modifications can lower the detection limits to 10–100 ppb [30].  Stalard et al. have reported 
that a next generation FT–IR spectrometer can have detection limits for water in corrosive gases 
of 1 ppb [30], and Gurka et al. have detected environmental gases with gas 
chromatography/FT–IR (GC/FT–IR) in the 20–120 ng (nanogram) range [31].  Also using 
GC/FT–IR and deposition methods, detection limits have been lowered to below the nanogram 
level [32].  Detection limits can also be lowered by increasing the length of the gas cell or by 
raising the pressure inside the cell with a dry, non-IR-absorbing gas, like nitrogen [29].   

For detection of boric acid, an FT–IR spectrometer with a liquid-nitrogen-cooled wide-
band MCT detector could be used.  An FT–IR spectrometer could be used over a double-beam 
spectrometer because it is faster, and multiple runs of the machine can be averaged to create 
better printouts.  An MCT detector could be used over a deuterated triglycine sulfate (DTGS) 
detector because the MCT has a lower detection limit.  By cooling the MCT detector with liquid 
nitrogen, the detection limits are lowered even further. 
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6. Crack Growth Monitoring Systems 

Improvements in acoustic emission (AE) monitoring technology have led to test systems 
that provide a rapid response to crack initiation and growth.  The release of elastic energy 
during crack growth can be detected before a crack grows through the wall.  No other 
technique has the potential to provide this information during plant operation.  Monitoring an 
entire plant is feasible.  

The technology for AE crack monitoring is described in NUREG/CR–5645 [18].  High-
temperature sensors and stainless steel waveguides are used.  The AE from crack growth and 
leaks was separated from noise by monitoring at a high enough transducer frequency and 
applying pattern recognition techniques to the received acoustic signals (the signals from crack 
propagation have a distinct pattern easily distinguished from background noise [18]).  Crack 
growth rates can be estimated.  The same instrumentation and equipment are used for crack 
monitoring and leak detection.  The technology has been validated in laboratory tests and field 
trials [18], and is now included in the ASME Boiler and Pressure Vessel Code Section V as a 
technique for leak detection and crack monitoring.  Article 13 of the Code describes 
“Continuous Acoustic Emission Monitoring” for leaks and crack monitoring.  Article 29 
describes the “Standard Practice for Leak Detection and Location Using Surface Mounted AE 
Sensors.” Acoustic emission monitoring also discussed in Section XI as substitution for 
ultrasonic monitoring of known non–throughwall cracks.  Relevant sections of the ASME Code 
are presented in Appendix E. 

Figure 25 shows the schematic of the sensor developed by Pacific Northwest National 
Laboratory (PNNL) for continuous monitoring of reactor components.  The sensor consists of a 
transducer and built–in tunable pre-amplifier, and uses a 304SS waveguide with 3.18-mm 
diameter with a 1.3-mm–diameter tip.  A minimum of three sensors is needed for the 
monitoring of a pressure vessel head. 

Proper coupling of waveguides to structures has to be assured.  Periodic testing to verify 
that the sensors are operating properly is necessary.  Calibration can be carried out with an 
electronic pulser or breaking of standard pencil leads.  Detectable crack growth rates in the 
laboratory range from 1 x 10–7 to 1.5 x 10–4 cm/s.  Stress corrosion cracks have been detected 
successfully under laboratory conditions.  A sensor exposed to gamma radiation in the 1 to 1.3 
MeV range at 5x104 R/h with a cumulative dose of 14 x 107 R showed no degradation.  Pattern 
recognition of the received acoustic signal in the time domain is used to correctly classify the 
origin of AE signals. 

Field trials include monitoring of selected locations at Watts Bar and Limerick and the 
ZB–1 test vessel at the Materialpruefungsanstalt (MPA) laboratory in Germany.  A fatigue crack 
was detected by AE in the ZB–1 test vessel.  There were no false calls with the AE system 
during any of the trials.  The AE could be detected at a distance of 3 m (10 ft) from the source 
of acoustic signal with coolant flow noise present using high–frequency tuned waveguide 
sensors [18]. 
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Figure 25. Schematic of AE sensor developed by PNNL for continuous monitoring of nuclear reactor 
components [18]. 
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7. Conclusions 

New leak detection technology can be used to provide greater detection sensitivity and 
more accurate determination of leakage locations.  Even existing systems have sufficient 
sensitivity to detect unidentified leakage of 0.032 kg/s (0.5 gpm), which is below the current 
0.063 kg/s (1 gpm) limit.  The analyses presented in this report confirm that the current 
technical specification limits on unidentified leakage can be expected to provide significant 
margin against structural failure of piping systems.  However, leak rates well below the current 
limits are sufficient to result in corrosion of carbon and low alloy steel components in systems 
containing boric acid.  In some structural components like CRDM nozzles, current leak 
detection requirements do not appear to provide sufficient margin against gross structural 
failure.  .  

As part of a defense–in–depth philosophy for ensuring the integrity of the RCPB, improved 
leakage requirements (e.g., establishment of action requirements based on increases in 
unidentified leak rates, and more accurate identification, measurement, and collection of 
leakage from known sources to minimize interference with the detection of leakage from 
unknown sources) could better identify RCPB breaches and prevent additional degradation of 
the pressure boundary.  However, existing systems may not be adequate to provide assurance 
that leakage is low enough to avoid boric–acid induced corrosion of carbon and low alloy steel 
components.  The potential consequences to reducing leak rate limits include additional 
shutdowns, inspections, and personnel exposures.  Global leakage monitoring and leakage 
limits by themselves may not always ensure that degradation of and leakage from the RCPB 
does not occur.  As noted previously, there are portions of the RPCB for which global leakage 
monitoring may give very little assurance against potential loss of structural integrity.   In such 
cases, localized leak detection systems could provide the needed margin.  Localized leak 
detection can also be sensitive enough to provide a high degree of assurance that leak rates are 
low enough to avoid boric acid corrosion.  

Current systems have advantages and disadvantages.  The most flexible method for 
detecting leaks is visual observation.  However, the sensitivity and ability to quantify a leak by 
observation are poor.  The adequacy depends on the frequency of inspection and the 
accessibility of areas of interest.  The visual method, based on field experience, is capable of 
detecting leak rates as low as 0.0006 kg/s (0.01 gpm), but the reliability of the method depends 
on human factors.  Humidity monitoring can detect an increase in vapor content of air 
resulting from a leak but suffers from a lack of quantitative information.  The sensitivity could 
be on the order of gallons per minute when used in large volume containment areas.  A leak 
from the RCPB will result in an increase in containment pressure.  The consequence of having 
a large volume containment structure is that a leak would have to be very large to be detected 
by an increase in pressure.  Reactor coolant inventory is monitored in PWR plants but not in 
BWRs.  This method is not particularly useful for BWRs because of the poor accuracy in 
detecting small RCPB leakage.  Detection of a leak of 0.063 kg/s (1 gpm) within one hour is 
difficult using inventory balance.  A sump level and flow rate monitor can detect a 
0.063 kg/s (1 gpm) leak in less than 1 hour.  A 0.063 kg/s (1 gpm) leak could, in principle, be 
detected in about 10 minutes by a sump pump.  Historically, the reliability of the sump pump 
monitor has been good.   However, leak location is not provided. 



 

 52  

Significant improvements in leak requirements will require new systems that are not only 
sensitive and accurate but provide the location of leaks and thus help to minimize unnecessary 
shutdowns.  Newer commercially available systems include (with vendor reported sensitivity) 
acoustic emission monitoring (ALUS; 0.0002 to 0.016 kg/s; 0.003 to 0.25 gpm), humidity 
sensors (FLUS; 0.0003 to 0.032 kg/s; 0.005 to 0.5 gpm), and air particulate detectors (ARMS; 
<0.006 kg/s; 0.1 gpm;).  Instrumentation of the pressure vessel head with an AE system has 
the potential to detect leaks as small as 0.0003 kg/s (0.005 gpm).  While additional 
technologies for leak detection, such as the use of IR spectroscopy to detect boric acid vapor in 
the vessel head region, may be possible, existing technologies (especially AE) already offer 
demonstrated capability and flexibility.  Additional research is needed on fundamentally 
different approaches to leak detection technology at this time. 

AE sensors can be used on components of special interest to detect crack initiation and 
growth during plant operation as well as for early detection and quantification of leak rates.  
For new plants, the entire plant could be instrumented with AE monitors.* 

There may be significant advantages if the AE monitoring of crack growth during plant 
operation can be fully demonstrated and implemented.  A performance demonstration would 
require intentional introduction of degradation in an operating reactor leading to leaks in the 
RCPB.  This type of demonstration is not feasible.  Nevertheless, documented testing indicated 
that cracks could be detected prior to leakage.  On–line monitoring of cracks could replace 
periodic UT inspections, which could result in significant cost savings.  Cracks could be 
detected at locations not normally inspected, or in materials where UT inspection has not been 
appropriately demonstrated (i.e., cast stainless steels).  With greater assurance that no cracks 
of significant size exist, current leak–before–break requirements could perhaps be relaxed. 

If RG 1.45 is revised, it could include the addition of acoustic emission monitoring as an 
acceptable method for leak detection.  AE is a validated technique that is sensitive and can 
provide location information rapidly.  AE is described in ASME Boiler and Pressure Vessel Code 
Sections V and XI.   

Because of the reductions in coolant activity levels, the value of monitoring gaseous 
radioactivity has been greatly diminished.  Thus, gaseous radioactivity monitoring could be 
dropped from RG–1.45, if it is revised, as it can no longer be considered an adequate substitute 
for particulate monitoring.  

Since other methods besides leak monitoring can ensure integrity, the question arises 
whether localized highly sensitive leak detection systems alone would be needed to ensure 
against a significant loss-of-coolant accident.  Whether such localized systems are needed is an 
assessment beyond the scope of this report.   

 

                                                

* Personal communication from T. Richards/W Knoblach, Framatome ANP, to D. Kupperman, 
Argonne National Laboratory, July 5, 2004. 
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Appendix A 

Failure Scenarios for Reactor Coolant Systems 

Tables of failure scenarios for reactor coolant systems (RCS) from NRC’s Elicitation on 
LB–LOCA redefinition in 2003 are given in this appendix. 



 

 57  

Table A–1. BWR LOCA–Sensitive Piping Systems 

 
 

System 

 
Piping 

Materials 

Piping 
Size 
(in.) 

 
Safe End 
Materials 

 
 

Welds 

Significant 
Degradation 
Mechanisms 

 
Significant 

Loads. 

 
Mitigation/ 

Maint. 
Recirc  304 SS, 

316 SS, 
347 SS 

4, 10, 
12, 20, 
22, 28 

304 SS, 
316 SS, 
A600*  

SS,  
NB 

UA, FDR, SCC, 
LC, MA 

RS, P, S, T, 
DW, SUP, SRV, 
O 

ISI w TSL, 
REM 

Feed 
Water 

CS 10, 12 
(typ), 12 
– 24  

304 SS, 
316 SS*  

CS, NB UA, FDR, MF, 
TF, FS, LC, 
GC, MA 

T, TFL, WH, P, 
S, SRV, RS, 
DW, O 

ISI w TSL, 
REM 

Steam 
Line 

CS – SW 18, 24, 
28 

CS CS  UA, FDR, FS, 
GC, LC, MA 

WH, P, S, T, 
RS, DW, SRV, 
O 

ISI w TSL, 
REM 

HPCS, 
LPCI 

CS (bulk), 
304 SS, 
316 SS 

10, 12 304 SS, 
316 SS, 
A600*  

CS, SS, 
NB 

UA, FDR, SCC, 
TF, LC, GC, 
MA 

RS, T, P, S, 
DW, TS, WH, 
SUP, SRV, O 

ISI w TSL, 
REM 

RHR CS, 304 
SS, 316 
SS 

8 – 24  CS, 304 
SS, 316 
SS 

CS, SS, 
NB 

UA, FDR, SCC, 
TF, FS, LC, 
GC, MA 

RS, T, P, S, 
DW, TS, O 
SUP, SRV 

ISI w TSL, 
REM 

RWCU 304 SS, 
316 SS, 
CS 

8 – 24 CS, 304 
SS, 316 
SS 

CS, SS,  
NB 

UA, FDR, SCC, 
TF, FS, LC, 
GC, MA 

RS, TS, T, P, S, 
DW, SUP, SRV, 
O 

ISI w TSL, 
REM 

CRD 
piping  

304 SS, 
316 SS 
(low temp) 

< 4 Stub 
tubes – 
A600 and 
SS* 

Crevice 
A182 to 
head 

UA, FDR, MF, 
SCC 

RS, T, P, S, 
DW, V, O, SRV 

ISI w TSL, 
REM 

SLC 304 SS, 
316 SS 

< 4 304 SS, 
316 SS 

SS, 
NB 

UA, FDR, MF, 
SCC  

RS, T, P, S, 
DW, V, O, SRV 

ISI w TSL, 
REM 

INST 304 SS, 
316 SS 

< 4 304 SS, 
316 SS 

SS, NB UA, FDR, MF, 
SCC, MA 

RS, T, P, S, 
DW, V, O, SRV 

ISI w TSL, 
REM 

Drain 
lines 

304 SS, 
316 SS, 
CS 

< 4 304 SS, 
316 SS, 
CS 

SS, NB UA, FDR, MF, 
SCC, LC, GC 

RS, T, P, S, 
DW, V, O, SRV 

ISI w TSL, 
REM 

Head 
spray 

304 SS, 
316 SS, 
CS 

< 4 304 SS, 
316 SS, 
CS 

SS, NB UA, FDR, SCC, 
TF, LC, GC 

RS, P, S, T, 
DW, SRV, O 

ISI w TSL, 
REM 

SRV 
lines 

CS 6, 8, 
10, 28 

CS CS UA, FDR, MF, 
FS, GC, LC, 
MA 

RS, P, S, T, 
DW, SRV, O 

ISI w TSL, 
REM 

RCIC 304 SS, 316 
SS, CS 

6, 8 304 SS, 
316 SS 

SS NB UA, FDR, SCC, 
LC, MA 

RS, P, S, T, 
DW, SRV, O 

ISI w TSL, 
REM 

* See note in text. 
304 SS = Type 304 stainless steel (Table 2) 
316 SS = Type 316 stainless steel (Table 2) 
A600 = Alloy 600 
HPCS = high pressure coolant spray 
LPCI = low pressure coolant injection 
RHR = residual heat removal 
RWCU =reactor water cleanup system 
CRD = control rod drive 
SLC = standby liquid control 
INST = instrument lines 
SRV = = safety relief valve  
RCIC = reactor core isolation cooling 
CS = carbon steel 
CS – SW = carbon steel seam welded  
DW = dead weight  
FDR = fabrication defect and repair  
FS = flow sensitive (inc. flow assisted corrosion and 
erosion/cavitation) 
GC = general corrosion 

ISI w TSL = Current inservice inspection (ISI) procedures 
with technical specification leakage (TSL) detection 
requirements considered. 
LC = local corrosion 
MA = material aging 
MF = mechanical fatigue 
NB = nickel–based weld (Alloy 82/182)O = overload  
P = pressure  
REM = all remaining mitigation strategies possible (e.g., 
not unique to piping system) 
RS = residual stress 
S = seismic 
SCC = stress corrosion cracking  
SUP = support loading 
TF = thermal fatigue 
T = thermal 
TFL = thermal fatigue loading from striping  
TS = thermal stratification  
UA = unanticipated mechanisms 
V = vibration 
WH = water (and steam) hammer 
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Table A–2. PWR LOCA–Sensitive Piping Systems 

 
 

System 

 
Piping 

Materials 

Piping 
Size 
(in.) 

 
Safe End 
Materials 

 
Welds 

Sig. Degrad. 
Mechanisms 

 
Significant 

Loads. 

 
Mitigation/ 

Maint. 
RCP: 
Hot Leg 

304 SS, 
316 SS, 
C–SS, 
SSC–CS 
CS – SW  

30 – 44  A600, 304 
SS, 316 
SS, CS 

NB, SS, 
CS 

TF, SCC, MA, 
FDR, UA 

P, S, T, RS, 
DW, O, SUP 

ISI w TSL, 
REM 

RCP: 
Cold 
Leg/Cro
ssover 
Leg 

304 SS, 
316 SS, 
C– SS, 
SSC–CS, 
CS – SW 

27 – 34  A600, 304 
SS, 316 
SS, CS 

NB, SS, 
CS 

TF, SCC, MA, 
FDR, UA 

P, S, T, RS, 
DW, O, SUP 

ISI w TSL, 
REM 

Surge 
line 

304 SS, 
316 SS, 
C–SS 

10 – 14 A600, 304 
SS, 316 
SS,  

NB, SS  TF, SCC, MA, 
FDR, UA 

P, S, T, RS, 
DW, O, TFL, 
TS 

TSMIT, ISI 
w TSL, 
REM 

SIS: 
ACCUM 

304 SS, 
316 SS, 
C–SS 

2 – 12 A600, 304 
SS, 316 
SS,  

NB, SS  TF, SCC, MA, 
FS, FDR, UA  

P, S, T, RS, 
DW, O 

ISI w TSL, 
REM 

SIS: DVI 304 SS, 
316 SS 

2 – 6 A600, 304 
SS, 316 
SS,  

NB, SS  TF, SCC, MA, 
FS, FDR, UA 

P, S, T, RS, 
DW, O 

ISI w TSL, 
REM 

Drain 
line 

304 SS, 
316 SS, 
CS 

< 2”   MF, TF, GC, 
LC, FDR, UA 

P, S, T, RS, 
DW, O, V, TFL 

ISI w TSL, 
REM 

CVCS 304 SS, 
316 SS 

2 – 8 A600 
(B&W and 
CE) 

NB SCC, TF, MF, 
FDR, UA 

P, S, T, RS, 
DW, O, V 

ISI w TSL, 
REM 

RHR 304 SS, 
316 SS 

6 – 12   SCC, TF, MA, 
FDR, UA 

P, S, T, RS, 
DW, O, TFL, 
TS 

ISI w TSL, 
REM 

SRV 
lines 

304 SS, 
316 SS 

1 – 6   TF, SCC, MF, 
FDR, UA 

P, S, T, RS, 
DW, O, SRV 

ISI w TSL, 
REM 

PSL 304 SS, 
316 SS 

3 – 6  NB TF, SCC, MA, 
FDR, UA 

P, S, T, RS, 
DW, O, WH, 
TS 

ISI w TSL, 
REM 

RH 304 SS, 
316 SS 

< 2 A600  MF, SCC, TF, 
FDR, UA  

P, S, T, RS, 
DW, O, V, TS 

ISI w TSL, 
REM 

INST 304 SS, 
316 SS 

< 2 A600  MF, SCC, TF, 
FDR, UA 

P, S, T, RS, 
DW, O, V 

ISI w TSL, 
REM 

* See note in text. 
RCP = reactor coolant pump 
SIS = safety injection system 
CVCS = chemical volume control system 
ACCUM = accumulators 
DVI = direct vessel injection 
RHR = residual heat removal 
SRV = safety relief valve  
PSL = pressurizer spray line 
RH = reactor head lines 
INST = instrument lines 
304 SS = Type 304 stainless steel (Table 2) 
316 SS = Type 316 stainless steel (Table 2) 
A600 = Alloy 600 
CS = carbon steel 
CS – SW = carbon steel seam welded  
C–SS = cast stainless steel  
DW = dead weight  
FDR = fabrication defect and repair  
FS = flow sensitive (inc. flow assisted corrosion and 
erosion/cavitation) 
FW = fretting wear  
GC = general corrosion 
HREPL = vessel head replacement  

ISI w TSL = Current inservice inspection (ISI) procedures 
with technical specification leakage (TSL) detection 
requirements considered. 

LC = local corrosion 
MA = material aging 
MF = mechanical fatigue 
NB = nickel–based weld (Alloy 82/182) 
O = overload  
UA = unanticipated mechanisms 
P = pressure  
REM = all remaining mitigation strategies possible (eg. not 
unique to piping system) 
RS = residual stress 
S = seismic 
SCC = stress corrosion cracking 
SSC–CS = stainless steel clad carbon steel  
SUP = support loading 
T = thermal 
TF = thermal fatigue 
TFL = thermal fatigue loading from striping  
TS = thermal stratification  
TSMIT = thermal stratification mitigation 
V = vibration 
WH = water (and steam) hammer 
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Table A–3.BWR Reference Case Conditionsa 

 
 
System 

 
Piping 

Material 

Piping 
Sizes (in

.) 

 
Safe 
End 

 
 

Welds 

 
Degradation 
Mechanisms 

 
 

Loading 

 
Mitigation
/Maint. 

Recirc  304 SS 10, 12, 
20, 22, 
28 

304 SS SS SCC, FDR P, T, RS, 
DW, SRV 

NWC, ISI 
w. TSL, 
88–01 
(AI), 182 

Feed 
Water 

CS 10, 12, 
12 – 24  

304 SS CS FAC, FDR P, T, RS, 
DW, WH, 
TFL 

NWC, ISI 
w. TSL, 88 

Steam 
Line 

CS – 
SW 

18, 24, 
28 

CS CS  FAC, FDR P, T, RS, 
DW, SRV 

NWC, ISI 
w. TSL, 88 

HPCS, 
LPCS 

CS 10, 12 304 SS CS TF, FDR P, T, RS, 
DW, TS, SRV 

NWC, ISI 
w. TSL, 88 

RHR 304 SS 8 – 24  304 SS SS  SCC, FDR P, T, RS, 
DW, TS, SRV 

NWC, ISI 
w. TSL, 88 

RWCU 304 SS 8 – 12 304 SS SS SCC, FDR P, T, RS, 
DW, TS, SRV 

NWC, ISI 
w. TSL, 88 

CRD 
piping  

304 SS < 4 A600 
and SS 

Crevic
ed NB 
welds 

SCC, FDR P, T, RS, 
DW, O 

NWC, ISI 
w. TSL, 88 

SLC 304 SS < 4 304 SS SS SCC, FDR P, T, RS, 
DW, SRV 

NWC, ISI 
w. TSL, 88 

INST 304 SS,  < 4 304 SS SS MF, FDR P, T, RS, 
DW, V, SRV 

NWC, ISI 
w. TSL, 88 

Drain 
lines 

304 SS < 4 304 SS SS SCC, FDR P, T, RS, 
DW, SRV 

NWC, ISI 
w. TSL, 88 

Head 
spray 

304 SS,  < 4 304 SS SS TF, FDR P, T, RS, 
DW, SRV 

NWC, ISI 
w. TSL, 88 

SRV 
lines 

CS 6, 8, 10,  
28 

CS  MF, FDR P, T, RS, 
DW, SRV 

NWC, ISI 
w. TSL, 88 

RCIC 304 SS 6, 8 304 SS SS SCC, FDR P, T, RS, 
DW, SRV 

NWC, ISI 
w. TSL, 88 

aFor explanation of abbreviations, see note at bottom of Table A–2. 
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Table A–4. PWR Reference Case Conditionsa 

 
 
 

System 

 
Piping 

Material 

 
Piping 
Sizes (i

n.) 

 
 

Safe 
End 

 
 
 

Welds 

Degradatio
n 

Mechanis
ms 

 
 
 

Loading 

 
Mitigation/ 

Maint. 

RCP: Hot Leg 304 SS 30 – 44  A600 NB TF, 
SCC,FDR  

P, T, RS, 
DW 

ISI w TSL 

RCP: Cold/ 
Crossover 
Legs 

304 SS 22 – 34  A600 NB TF, FDR P, T, RS, 
DW 

ISI w TSL 

Surge line 304 SS 10 – 14 A600  NB TF, FDR P, T, RS, 
DW, TFL, 
TS 

ISI w TSL 

SIS: ACCUM 304 SS  10 – 12 304 
SS 

SS  TF, FDR P, T, RS, 
DW 

ISI w TSL 

SIS: DVI 304 SS 2 – 6 304 
SS  

SS  TF, FDR P, T, RS, 
DW 

ISI w TSL 

Drain line 304 SS < 2”  SS MF, TF, 
FDR 

P, T, RS, 
DW, V 

ISI w TSL 

CVCS 304 SS 2 – 8  SS TF, MF, 
FDR 

P, T, RS, 
DW, V 

ISI w TSL 

RHR 304 SS 6 – 12   TF, FDR P, T, RS, 
DW, TS 

ISI w TSL 

SRV lines 304 SS 1 – 6   TF, FDR P, T, RS, 
DW, SRV 

ISI w TSL 

PSL 304 SS 3 – 6  NB TF, FDR P, T, RS, 
DW, WH 

ISI w TSL 

RH 304 SS < 2 A600  TF, FDR P, T, RS, 
DW, TS 

ISI w TSL 

INST 304 SS < 2   MF, TF, 
FDR 

P, T, RS, 
DW, V 

ISI w TSL 

aFor explanation of abbreviations, see note at bottom of Table A–2. 
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Table A–5. Pressurizer Failure Scenariosa 

Component Geometry  
Material 

Degradation 
Mechanisms 

 
Loading 

Mitigation/
Maint. 

 
Comments 

Shell  A600C–
LAS, 
SSC–LAS  

GC, SCC, 
MF, FDR, 
UA 

  Boric acid 
wastage from 
OD 

Manway  NB–LAS, 
SSC–LAS, 
LAS, 
HS–
LAS (Bolts
) 

GC, SCC, 
MF, SR, 
FDR, UA 

  Bolt failures 

Heater 
Sleeves 

Small 
diam. 
(3/4 to 1 
in.) 

A600, SS TF, MF, 
SCC, FDR, 
UA 

  Req. multiple 
failures 

Bolted 
relief valves 

 C–SS MA, FDR, 
UA 

   

Nozzles  SSC–LAS 
C–SS 

CD, TF, 
SCC, MA, 
FDR, UA, 
GC 

  Same as surge 
line 

aNB–LAS = nickel–base clad low alloy steel and SR = stress relaxation and loss of preload.  For 
explanation of other abbreviations, see note at bottom of Table A–2. 
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Table A–6. Reactor Pressure Vessel (RPV) Failure Scenariosa 

Component Geometry  
Material 

Degradation 
Mechanisms 

 
Loading 

Mitigation
/Maint. 

 
Comments 

Vessel 
Head Bolts 

 High– 
strength 
steel  

GC, FDR, 
UA 

 Human 
error 

Removal leading to 
human error 
(common–cause 
failure) during 
refueling 

RPV 
wastage 

 SSC–LAS 
LAS 

GC, FDR, 
UA, MA 

  LAS = some BWR 
upper head, 
Boric acid wastage 
(upper & lower 
head, shell) 

CRDM 
connection
s 

 SS  FDR, UA   Welded, bolted, 
threaded + seal 
weld 

CRDM 

 

4–6 A600 base 
nozzle, SS, 
C–SS, and 
NB–LAS 
housing 
with NB 
weld 

SCC, TF, 
MF, LC, 
GC, FDR, 
UA 

P, S, T, 
RS, DW, 
O 

HREPL, 
ISI w TSL, 
REM 

Nozzles and piping 
up to connection 

Nozzles  LAS, 
SSC–
LAS,  

 

TF, MF, LC, 
GC, SCC, 
FDR, UA 

  LAS = BWR only 

ICI < 2” 304 SS, 
316 SS 

MF, SCC, 
TF, FW, 
FDR, UA 

P, S, T, 
RS, DW, 
O, V 

ISI w TSL, 
REM 

 

RPV 
Corrosion 
Fatigue 

 SSC–
LAS, 
LAS 

LC, MF, MA 
FDR, UA 

  LAS = some BWR 
upper head; Initiate 
at cladding 
cracks (upper & 
lower head, shell)  

BWR 
penetration
s 

 SS SCC, LC, 
FDR, UA 

  Stub tubes, drain 
line, SLC, 
instrumentation, 
etc. 

PWR 
penetration 

 SS, 
A600 

SCC, FDR, 
UA, LC, 
MF, TF 

   

aNB–LAS = nickel–base clad low alloy steel; SR = stress relaxation and loss of preload. For explanation of 
other abbreviations, see note at bottom of Table A–2. 
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Table A–7. Valve Failure Scenariosa 

Component Geometry  
Material 

Degradation 
Mechanisms 

 
Loading 

Mitigation/
Maint. 

 
Comments 

Valve Body  CS, SS 

C–SS 

FAC, CAV, 
LC, TF, MA, 
GC, CD, 
SCC, FDR, 
UA 

  CS, SS = BWR 
only 

Valve 
Bonnet 

 CS, SS 

C–SS 

FAC, LC, 
GC, SCC, 
MA, CD, 
FDR, UA  

  CS, SS = BWR 
only 

Bonnet 
Bolts 

 HS–LAS GC, SCC, 
FDR, UA 
SR 

   

Hot 
Leg/Cold 
leg loop 
isolation 
valves 

  FDR, UA    

MSIV Body   CAV, TF, 
MA, CD 

   

aHS–LAS = high–strength low–alloy steel (SA–540, Gr. B23, SA–193, Gr. B7), CAV = cavitation damage, 
and SR = stress relaxation and loss of preload.  For explanation of other abbreviations, see note at 
bottom of Table A–2. 
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Table A–8. Pump Failure Scenariosa 

 
 

Component 

 
 

Geometry 

 
 

Material 

 

Degradation 
Mechanisms 

 
 

Loading 

 
 

Mitigation/
Maintenance 

 
 

Comment 

Pump Body  C–SS, 
SSC–CS 

CAV., TF, 
CD, MA, 
SCC, fatigue 

   

RECIRC 
Bonnet 
Bolts 

 HS–LAS SCC, GC, 
SR 

   

RCP nozzle       

Flywheel 
failure 

     Initiating 
collateral 
damage – 
secondary pipe 
failure 

aHS–LAS = high–strength low–alloy steel (SA–540, Gr. B23, SA–193, Gr. B7); SR = stress relaxation and 
loss of preload. For explanation of other abbreviations, see note at bottom of Table A–2.   
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Appendix B 

Review of NRC-Sponsored Argonne National Laboratory Study of Acoustic Leak 
Detection 

Research at Argonne National Laboratory [16,17] has demonstrated that improvements in 
leak detection, location, and sizing are possible with advanced acoustic leak detection 
technology.  Detection sensitivity has been established, and it has been demonstrated that 
cross–correlation analysis can be used to improve location capability, and spectral analysis can 
be employed to help identify the cause of a leak.  Some results of the ANL program are 
discussed below. 

Detection of a leak by AE requires that Se = S1 – T – N + PG > 0, where Se = signal excess 
at detector output, S1 = source level (affected by waveguide geometry, insulation, and 
circumferential position), T = transmission loss down pipe, N = background noise level, and PG 
= system gain (all in dB).  The acquisition of acoustic leak data, background noise estimates, 
and attenuation data at ANL allows a rough estimation of the sensitivity of an AE system under 
field conditions.  Figure A1 shows predicted signal–to–noise ratios (in dB) vs. distance along a 
25-cm (10–in.)  Schedule 80 pipe for three leak rates and three levels of estimated acoustic 
background noise.  The highest level is estimated from the maximum acoustic level observed 
during the Watts Bar (PWR) hot functional test when the reactor was at operating temperature 
and pressure.  The lowest level is obtained from an indirect estimate of background noise from 
Hatch (BWR), and the assumptions that the reactor acoustic background level will vary by a 
factor of 10 in the plant and that the measurement at Watts Bar was an upper–limit value.  
The striped area suggests possible enhancement of the acoustic signal for a 379–cm3/min (0.1 
gal/min; 0.0063 kg/s) leak rate in a situation where the leak plume strikes the reflective 
insulation.  Results of laboratory experiments suggest that for leak rates greater than 75.7 
cm3/min (0.02 gal/min; 0.0013 kg/s) but less than 757 cm3/min (0.2 gal/min; 0.013 kg/s), 
signals could be enhanced significantly, given the correct circumstances. 

Consider a BWR with 100 m of monitored piping (the approximate length of the primary 
pressure boundary), divided into low–, moderate–, and high–background–noise zones with 
lengths of 40, 40, and 20 m, respectively.  For a detection sensitivity of 1 gal/min (0.063 kg/s), 
a signal in the 300–400 kHz range, and a 3–dB S/N ratio, the required sensor spacing are 
approximately 10, 2, and 1 m, respectively.  Therefore, 4 sensor sites are required in the 40–m 
low–noise zone, 20 sites in the 40–m moderate–noise zone, and 20 sites in the 20–m high–noise 
zone.  For location analysis, three sensors are required at each site to carry out the correlation 
averaging routine, so altogether, 132 sensors are needed to adequately cover the reactor 
primary pressure boundary under the conditions proposed.  For a PWR, assume 150 m of 
piping, divided into low–, moderate–, and high–noise zones with lengths of 60, 60, and 30 m, 
respectively.  With an increase of 6 dB in signal intensity for a PWR compared to a BWR, Fig. 
A1 indicates sensor spacing of 12, 4, and 2 m, respectively, for a 3–dB S/N ratio.  
Approximately 105 sensors will be required to completely monitor the plant under the scenario 
presented.  Obviously, the number of sensors can be significantly reduced if only isolated 
sections of the plant are monitored. 

The relationship of signal amplitude in the 300–400 kHz frequency range to flow rate for a 
variety of leak morphologies is show in Fig. A2.  The signal was acquired from a transducer on 
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a waveguide 1 m (3 ft) from the leak.  Fluid temperature was 274°C (525°F) with pressure at 
7.4 MPa (1070 psi).  Flow rates varied from 0.0003 to 0.54 kg/s (0.004 to 8.5 gpm).  Leaks were 
from SCC, fatigue cracks, valves, and flanges.  The general size of a leak can be estimated from 
the signal amplitude if the distance to the leak is known. 

 

 

Figure B1. Predicted signal–to–noise ratios (in dB) vs. distance along a 254-mm  Schedule 80 pipe for 
three leak rates and three levels of estimated acoustic background noise [17]. 
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Figure B2.  Leak rate vs. acoustic signal amplitude in the 300–400 kHz bandwidth for SCC, fatigue crack, 
valve, and flange leaks [17]. 
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Appendix C 

Computational Fluid Dynamics (CFD) Analysis of  
2-Dimensional Duct Flow with Turns 

1 Background  

This document summarizes the computational-fluid-dynamics (CFD) analyses conducted 
under the Barrier Integrity Research Program. 

One of the fundamental aspects of the thermal-hydraulics model for two-phase critical 
flow inside a crack is to estimate the pressure losses due to various factors. In SQUIRT, the 
factors considered include crack surface friction, path turns, phase-change acceleration, 
change in crack cross-section area, and entrance effect. For typical crack geometries, it has 
been found that, by running SQUIRT, the first two factors, i.e., the pressure losses due to 
friction and path turns, are often dominant. Unfortunately, as shown in NUREG/CR-51281, 
these two also introduce significant uncertainties in the analyses. The uncertainties stem from 
the complicated morphologies for different types of cracks on roughness, path length, and path 
turns. 

Emc2 (Engineering Mechanics Corporation of Columbus) has conducted detailed 
measurements and analyses to determine the morphologies of these different types of cracks.  
One methodology was established for the evaluation of effective roughness of the crack surface, 
the effective length, and number of turns of the crack, as these three parameters are needed for 
the thermal-hydraulic model to evaluate the pressure losses due to friction and flow path 
turns2.  In the evaluation of effective roughness on the crack surface, it was assumed that for 
very tight crack, the effective roughness is equal to the local roughness of the crack surface, 
while for a very wide crack, the effective roughness is equal to the global roughness of the 
crack. There is a transition region between these two extreme situations, and the effective 
roughness is then interpolated between the global roughness and the local roughness. The 
question for this approximation is then, what are the lower and upper bounds to define tight 
and wide cracks for the interpolation? In other words, under what conditions does the effective 
roughness switch among the local roughness, the global roughness, and the transition region. 
The present work will try to answer the question by conducting a set of CFD numerical 
experiments.  

The problem considered here is 2D duct with multiple turns, as shown in Fig. C1. 

L

µg
!

 
Figure C1. Sketch of a 2D duct with turns. 
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where δ is the duct opening (also called crack opening displacement or COD), µg is the height of 
the path waving, or global roughness of the crack. In addition, the crack surface can have a 
local roughness, µL.   

For a fluid that flows through the duct shown in the above figure with a density of ρ and 
an averaged velocity of u, the friction coefficient λ is defined by the following relation,   

 

 

!P

L
=
"

#

1

2
$u

2  

where ΔP is the pressure drop over the duct length L. In theory, λ is related to the Reynolds 
number of the flow, Re= (uδ)/ν, with ν being the fluid kinematic viscosity, and two ratios of the 
geometry’s characteristic sizes: δ/µg and µL/µg (here we assume the turning angle is always 
90o), or λ=λ(Re, δ/µg,, µL/µg).  To the authors’ knowledge, there is no publication dedicated to 
this type of flow’s resistance correlation as contrast to the straight duct or pipe flow, where 
ample experimental data are available in the public domain. So we start our investigation by 
examining the friction correlation for a straight duct flow. 

1.1 Correlation for Straight Duct Flow 
For a straight, smooth (no roughness) pipe or duct flow, a universal law of friction has 

been proposed by Prandtl and has been proved to be quite accurate: 

 

 

1

!
= 2log(Re !) " 0.8  

For pipe or duct with roughness, the above relation is modified as  

 

1

!
= 1.74 " 2log(

µL

#
+

18.7

Re !
)  

This new relation will recover the correlation for smooth duct flow as µL approaches to 
zero, and it will also approach the so-called completely rough limit: 

 

 

! =
1

(2log
"

µL

+1.74)2
 

as Reynolds number approaches infinity.  
 
Figure C2 shows the plot of the above correlation and experimental data. 
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Figure C2. Rough pipe friction correlation and experiment data. Curve 1 for laminar flow; curve 2 for 

turbulent flow; curve 3 is the plot for the universal law of friction. Ks is equivalent to the local 
roughness µL, and R to δ, the duct opening. 

 
An interesting observation of this plot is that for a given roughness, there are three 

regimes of flow: the hydraulic smooth regime, the transition regime, and the completely rough 
regime. The division into three regimes are predicated on the relative protrusion height with 
respect to the thickness of the so-called laminar sub-layer near the wall, i.e., the thin layer 
outside the turbulent core in which flow is still laminar due to the zero velocity at the wall. The 
hydraulic smooth regime occurs when the height of the roughness is lower than the laminar 
sub-layer, so the effect of the roughness is totally buried under the laminar layer; the 
completely rough regime is the opposite of the hydraulic smooth regime, i.e., the roughness 
protrusion reaches outside the laminar sub-layer, and the largest part of resistance to the flow 
is due to the form drag which acts on them; between the hydraulic smooth regime and the 
completely rough regime is the transition regime where protrusion extends partly outside the 
laminar sub-layer. All these correlation equations and experimental data can be found in 
Schlichting3. John et al. 4 proposed a different correlation for tight crack: 

 

! =
1

(3.39log
"

µL

# 0.866)2
 

1.2 Correlation for Duct Flow with Multiple Turns  
 
All the above correlations are for straight pipe or duct flows with or without roughness. 

For a duct flow with many turns such as the flows in cracks, these correlations are obviously 
not applicable. If we examine two limit situations of the duct flow we consider here, however, 
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these correlations for straight pipe/duct flows can be utilized to formulate the correlations we 
need. The first limit situation is when the crack is very tight, i.e., very small δ/µg . In this case, 
the waving duct can be divided into many straight segments. Each of these segment’s friction 
coefficients follows the above correlation with its local roughness. The pressure losses 
associated with each of these segments are combined with the pressure losses by the bends or 
turns between two straight segments. The other limit situation is when the value of δ/µg  is 
high, i.e., wide crack opening. In this case, the waving duct can be treated as a straight duct as 
the global roughness acts as local roughness since the original local roughness is buried under 
the height of the global roughness.  

The issues we need to address here for duct flow with multiple turns are: 

1. Under what condition, in particular for the value of δ/µg, the crack can be considered 
tight, so local roughness can be used directly. Under this situation, how do we 
formulate the pressure losses caused by the multiple turns? 

2. Under what conditions can we treat a wavering crack as a wide crack (i.e., it is a 
straight duct with its global roughness acts as local roughness)?  

 

2 Numerical Results 

Standard CFD analyses were conducted on the geometries shown above for different 
Reynolds numbers and different values of δ/µg. The flow fields were calculated, and pressure 
drop is retrieved for the calculation of friction coefficients.  

The Reynolds numbers considered are 1, 100, 1000, 3000, 10000, and 50000. The three 
lower values are for laminar flows, and the three high values are for turbulent flows. For each 
Reynolds number, six values of δ/µg are considered: 0.1, 0.5, 1, 3, 5, and 10. Additionally, 
three roughness levels are considered for each combination of Reynolds number and δ/µg 
value. The first roughness level is smooth (i.e., no roughness on the duct wall); the second is 
0.01, and the third one is 0.02. These roughness values are chosen with respect to the global 
roughness µg so that their ratio is close to the ones typical of the real application (the ratio of 
local roughness to global roughness for cracks ranges from 0 to 0.2).  

Those cases for laminar flows are of little significance in real application since almost all 
crack flows are in the turbulent mode, unless it is an extremely tight crack. Since a laminar 
flow calculation requires minimum computational time, we conduct the analyses anyway for 
comparison reason.  

 

2.1 Velocity, Pressure, and Turbulence Contours 
Here we plot the velocity, pressure, and turbulent kinetic energy contours for the two 

turbulent conditions: Re= 10,000 and 50,000, and δ/µg=0.1, 0.5, 1, 5, and 10. 
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Figure C3. Pressure contours for Re=10,000 and 50,000 for COD-to-global-roughness ratio = 0.1, 0.5, 1, 

5, and 10.  For each case there are two pictures showing results for Re=10,000 and 50,000, 
respectively. 

 
For the pressure distribution in the duct, it is found that for a tight or narrow duct flow, 

the pressure distributes itself in a one-dimensional way along the duct path. For wide duct, a 
large portion of the pressure drop takes place at the inlet, and thereafter, the pressure drop 
follows the same pattern for a straight duct.  
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Figure C4. Velocity fields for flows of Re=10,000 and 50,000 with COD-to-global-roughness ratio = 0.1, 
0.5, 1, 5, and 10. 

 
In Figure C4, the velocity distributions for the moderate COD-to-global-roughness ratio 

present a rather interesting picture. Though they show a cyclic behavior along the path, there 
is never appearance of a fully developed profile as in a straight duct; rather, there are flow 
separations at the turns or corners. For a wide duct, velocity fields clearly show it is 
approaching the fully developed profiles. Figure C5 gives the turbulence intensity contours for 
the flow conditions in Figure C4. Figure C6, a closer look at the velocity field at a turn in a very 
tight duct, shows that before and after the turn, the flow is at the fully-developed state.  
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Figure C5. Turbulence intensity contours for flows of Re=10,000 and 50,000 with COD-to-global-
roughness ratio = 0.1, 0.5, 1, 5, and 10. 

 

 
 
 

Figure C6. Detailed velocity profiles for a tight duct at Re=50,000. Fully developed velocity profiles are 
observed before and after the turn. 
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Figure C7.  Friction coefficient vs. Reynolds number for different δ/µg values. 

 
Figure C7 is a plot of friction coefficient as a function of Reynolds number under different 

δ/µg values. For tight crack flow, such as δ/µg=0.1 or below, the curve shows a steady decrease 
as the Reynolds number increases, with the exception when transition from laminar flow to 
turbulent flow at Re=3000 occurs. Still the curve’s shape is very different from that in Figure 
C2. The reason is that in addition to the friction contributed from those straight segments of 
the duct, a significant portion of the friction is also introduced by the turns along the duct. 
Since the duct is narrow and long between two successive turns, the friction caused by the 
straight segments is larger than that caused by the turns.  In this region, the overall friction 
can be separated into two independent portions: one by the turns, and the other by the 
straight duct segments. We make this division of the friction so both can be evaluated 
independently. 

At 0.1<δ/µg<5, the curves show ups and downs as the Reynolds number increases. This 
region is where the friction caused by the turns and those by the straight segments of the duct 
are comparable. Because the size of the turns and the length of the straight duct between two 
successive turns are close, the flow never reaches a fully developed pattern in a straight 
segment of the duct, in contrast to the situation for a tight crack. Consequently, the friction 
can’t be separated and evaluated easily.  

When δ/µg >5, the curves return to a smooth shape. If we compare the curves of δ/µg =5 
and δ/µg =10 to Figure C2, these two curves demonstrate the same pattern as those in Figure 
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C2 with large roughness. This is a clear indication that when the crack is wide, and the turns 
act as wall roughness. As shown later, in this region, the local roughness is totally eclipsed by 
the global roughness.  Therefore, for δ/µg >5, the friction caused by the turns can be ignored; 
instead, the turns can be treated as roughness in the evaluation of friction coefficient.  

Going back to the transition region for 0.1<δ/µg<5, the friction can be interpolated 
between the tight-crack situation and the wide-crack situation. 

To further verify the above inference, Figure C8 plots the friction coefficient as a function 
of the COD-to-global roughness ratio for different Re numbers under turbulent flows. This plot 
shows that friction coefficient remains the same for different Re values except at relatively tight 
cracks. This is another indication that for wide cracks δ/µg >5, the flow friction behaves like a 
straight duct with global roughness acting as roughness. When the crack becomes very 
narrow, the local roughness of the duct wall emerges from the shadow of the global roughness. 

The above conclusion is further supported by Figure C9, where friction coefficient is 
plotted against the ratio of COD to global roughness under different local roughness levels and 
a high Reynolds number (50,000). Beyond δ/µg =5, the friction coefficient hardly shows any 

difference for different local roughness. Only at the very tight limit of crack COD, does the 
friction coefficient differ as the local roughness changes. This is correct because as the crack 
becomes narrow and slender under high Reynolds number, the laminar sub-layer is so thin 
that the local roughness protrusions reach outside of this sub-layer and, consequently, cause 
additional resistance to the flow, whereas for a wide crack, the laminar sub-layer is so thick 
that only the global roughness can reach outside. 

 

 
Figure C8.  Friction coefficient as a function of the ratio of COD to global roughness. 
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Figure C9. Friction coefficient as a function of ratio of COD to global roughness for different local 

roughnesses. 

2.2 Conclusions from Numerical Results 
We will limit our conclusions to the high Reynolds number situations.  

1. When the crack is tight, i.e., δ/µg <0.1, the friction to the flow inside the duct can be 
separated into two parts: the first being the friction caused by the local roughness 
on the straight portions of the duct, the second being the friction caused by the 
turns of the flow. 

2. When the crack is wide, i.e., δ/µg >5, the duct with turns behaves like a straight 
duct with the global roughness (the turns) acting as wall roughness. In this case, 
the friction caused by the turns is ignored. Instead, the friction should be calculated 
by using a correlation for straight duct with the global roughness as wall roughness. 

3. In the transition region where 0.1<δ/µg <5, the friction coefficient should be 
interpolated between the above two extreme situations. 

4. Notice that our numerical analyses are for incompressible flow, which is quite 
different from the two-phase, choked flow in cracks. But as stated in fluid 
mechanics books, friction correlations are often carried out on incompressible flow 
and then extended to compressible flow with some or, frequently, with little 
modification. In fact, all the correlations used in the SQUIRT or other early models 
for the same application were obtained from experiment on incompressible flow 
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(water). Here we follow the same practice by assuming our results from 
incompressible analyses can be applied to the two-phase flow.   

3. Formulation for Pressure Losses due to Wall Friction and Turns 

In the thermal-hydraulic model of crack flow, several pressure losses need to be evaluated 
along the flow path. Two of them, the pressure drop due to wall friction, and that due to the 
turns (termed as path loss in SQUIRT), are the sources of high uncertainties. These 
uncertainties can cause significant errors in the flow-rate calculation, especially for a tight 
crack.    

To apply the above conclusions to the thermal-hydraulic model for the two-phase choked 
flow in cracks, we need to evaluate the effective length, the effective wall roughness, and the 
effective number of turns of the crack. These three parameters are used in the model to 
evaluate the pressure losses due to wall friction and path turns.  

We follow the proposed formulation in Ref. 2, as further supported by this study, the 
three parameters are set according to the ratio of crack COD to its global roughness.  

Overall pressure drop due to wall friction and turns consisted of two independent parts: 

 
P = Pwall + Pturn  

 
where Pwall represents the pressure drop due to the wall friction, and Pturn represents the 
pressure drop due to the turns of the flow path. In the case of δ/µg <0.1, these two parts can be 
evaluated separately because the flow path is relatively narrow and slim, so a fully developed 
velocity profile exists for the segments of the straight duct.  When δ/µg >5.0, pturn approaches 
zero as the global roughness behaves like wall roughness.  

3.1 Calculation of Pressure Drop due to Wall Friction 
To calculate the pressure drop due to wall friction, the friction coefficient fwall is evaluated 

according to the duct’s local roughness and the flow Reynolds number (i.e., second correlation 
equation in Section 1.1 of this Appendix). Notice that the effective roughness is needed here, 
and it is evaluated according to the following: 
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Then Pwall is evaluated according to the effective length of the crack. This approach is well 
documented in the development of SQUIRT. At this point, we need the effective length of the 
crack, and it is evaluated according to the following: 
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where Lc is the actual length of the curved crack along its turns, and Ld is the measured length 
from crack inlet to its exit along a straight line.  

Another measurement of the crack path’s morphology is the number of turns per unit 
length. We employ the same interpolation scheme as the above for effective roughness and 
effective length of the crack. This parameter is used to evaluate the pressure loss due to the 
path turns along a crack length: 
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Notice, as the crack becomes wide 
 

!

µl

> 5.0 , the number of turns becomes zero, as the 

turns actually are counted as roughness, and the pressure drop due to turn is ignored. 

3.2 Calculation of Pressure Drop due to Path Turns 

With the effective number of turns available described in the above formulation, for each 
turn, we can evaluate the corresponding pressure loss.  

At present, few experimental works have been completed on pressure loss with turn. The 
correlation by Ito5 was done on pipes with a single bend and water inside. While this is far from 
the situation of the compressible flow inside a tight crack, this is also the only related work in 
publication that the authors are aware of.  

Ito’s work concluded that for Reynolds number 2 x 104 <Re< 4 x 105, 

 

! =

0.000873"#
R

r
,R(r/R)

2
< 91

0.00241"#R$0.17
(
R

r
)
0.84

,R(r/R)
2
> 91

%

&
''

(
'
'

 

where θ is the turning angle, Re is the Reynolds number, and α is a  numerical coefficient. 
Approximate expressions for α are the following: 
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for θ=45o , 

 ! = 1+14.2(R / r)
"1.47 , 

for θ=90, 

 

! =
0.95 +17.2(R / r)

"1.96
,R / r <19.7

1,R / r >19.7

#
$
%

&%
. 

 

With the above equations, we can evaluate the pressure loss by each turn if we can determine 
the value of R/r. Because no characteristic dimension is available for the approximation of the 
bend radius, we simply assume R/r=1 here. For virtually all the cases in practice for crack 
flows, R/r=1, and R(r/R)2>91, α=15.2 for θ=45o, and α=18.15 for θ=90o, and the friction 
coefficient is, 

 ! = 0.00241"#Re
$0.17  

with α being interpolated between θ=45o  and θ=90o . 

Finally, the total pressure loss by the turns will be nLλt, where n is the effective number 
of turns per unit length, L is the effective length of the crack, and λt is the friction coefficient by 

turns. 
So far, we have presented numerical results for 2D duct flow with multiple turns and 

proposed ways to evaluate the pressure losses due to wall friction and path turns. We also 
determined the upper and lower bounds of µg/δ, so proper effective surface roughness, effective 
crack length, and effective number of turns can be determined. In addition, we also presented 
correlation equations for the calculation of pressure loss due to duct turns. 

4. Thermal-hydraulic Model 

To verify the above formulations proposed for the calculation of pressure losses due to 
wall friction and flow path turns, we developed a thermal-hydraulic model for the two-phase 
choke flow in cracks. The model follows closely the approach adopted by the SQUIRT code, and 
incorporates the ideas proposed above in the calculations of pressure losses by wall friction 
and turns. The fundamental components of such a model are documented in the details on the 
SQUIRT code.  

For the first step validation of the present model, we compare our results to the 
experimental data by Sozzi and Sutherland6, Amos and Shrock7, and Collier8 for two-phase 
flows in rectangular slits. Then, we compare calculations with our model to the experimental 
results by Collier for corrosion fatigue cracks. 

Some of the model’s features are: 
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1. The condition inside the pipe (stagnation condition) can be either sub-cooled water or 
saturated water. The thermal properties of the fluid are modeled through a software 
package for Steam Table 1967. 

2. The crack shape can be elliptic, rectangular, or diamond. 

3. The crack can have different areas at its inlet and exit. 

4. There are built-in approaches to evaluate the crack morphology for corrosion fatigue, 
IGCCS, or PWCCS types of cracks. 

4.1 Two-Phase Critical Flow in Straight Channels 

To benchmark the thermal-hydraulic model, we compare the predictions by the model to 
the experimental data by Sozzi on smooth pipe flow, and the results are shown in Figure C10. 

 

 

Figure C10.  Comparison of calculated flow flux vs. measured data by Sozzi and Sutherland6. 

Figure C11 plots the calculated and measured flow flux by Amos and Shrock for two-
phase critical flow in slits. These comparisons demonstrate that the thermal-hydraulic model 
gives reasonable prediction for critical two-phase flows in regularly shaped channels. It can be 
seen that the predictions given by the software agree reasonably well with the measurements. 
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Figure C11. Comparison of calculated flow flux and the measurements by Amos and Shrock7. 
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Figure C12.  Comparison of calculated leak rate and the measurements by Collier et al.8 

 

4.2 Critical Flows in Intergranular Stress Corrosion Cracks 

To calculate the flow rate in intergranular stress corrosion cracks (IGSCC), we 
implemented the formulation outlined in the above sections for the evaluation of pressure 
drops due to surface friction and path turns. For the particular IGSCC cracks, we use the 
morphology parameters proposed in reference 2. Notice that these parameters were given in a 
statistical format of means and standard deviation: 

• Local roughness, mean: µL=4.7 µm, standard deviation: 3.937 

• Global roughness, mean: µG=80.0 µm, standard deviation: 39.01 

• Number of turns, mean: nL=28.2 mm-1, standard deviation: 18.9 

• Global path deviation, mean: 1.07, standard deviation: 0.1 

Instead of using a statistical approach for these parameters, we simply take the mean 
values of the three morphology parameters and run the analysis. It was found that the 
measured and predicted leak rates are far off each other. This finding might be due to the fact 
that the morphology of the crack(s) used was totally different from the one we used in the 
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model. Consequently, we simply ran the analysis by assuming a local roughness of       
0.00178 mm without any global roughness. The following plots (Fig. C13-C17) present the 
comparisons between the measured leak rates and those predicted by the present thermal-
hydraulic model. For the tightest crack COD = 0.02mm, the agreement between the 
measurements and predictions is fairly good. For a crack that has a COD of 0.108 mm, the 
agreement is even better. But for other cracks, significant differences are observed. Again, the 
uncertainties in the crack’s morphology are a primary reason for the disagreement. Other 
uncertainties were discussed in detail in reference 1.  

The current thermal-hydraulic model needs to be further tuned or refined in the 
implementation of the effective roughness/crack length/number of turns and that of the 
pressure loss due to path turns. To validate the current model, more experiment data are 
needed along with detailed crack morphology information. 

  

Figure C13. Measured versus predicted leak rate for COD = 0.02 mm. 
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Figure C14. Measured versus predicted leak rate for COD = 0.04 mm. 

 

Figure C15. Measured versus predicted leak rate for COD = 0.074 mm. 
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Figure C16. Measured versus predicted leak rate  for COD = 0.108 mm. 

 

Figure C17. Measured versus predicted leak rate for COD = 0.2 mm. 
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Appendix D__________________________________________________ 
 
Sensitivity Analysis Results for Leak Rate versus Crack Length 
 

Leak Rate versus Crack Length 
The results of the predicted leak rates as a function of circumferential crack length are 

presented next in order to estimate the range of crack sizes that could result in a given value of 
leak rate.  Figure D1a shows the leak rate as a function of crack length for the case of large-
diameter PWR piping (32 inches).  Figure D1b shows the same results on a log-log scale. The 
almost linear correlation indicates that the relation between leak rates and crack length can be 
described by a power-law function. 

The more important observation from Figures D1a and D1b is that for any given leak rate 
the range of crack sizes varies significantly.  For example, for a leak rate of 1 gpm, the crack 
length predicted would vary from 1.8 inches to 18 inches, depending on the normal operating 
stress or the type of degradation mechanism.  This further confirms the fact that measuring 
the leak rate alone is not an indicator of the circumferential crack length and hence the 
integrity of the piping system.  Figures D2 and D3 show similar results for intermediate- and 
small-diameter PWR piping.  Again, depending on the range of crack length, the effect on leak 
rate can be significant.  Alternatively, for a given leak rate the crack length may have 
considerable variations.  For large-, intermediate-, and small-diameter BWR piping, the results 
are shown in Figures D4 through D6.  Due to convergence problems associated with the 
SQUIRT code, the complete curves for the leak rate versus crack length for small-diameter 
BWR could not be obtained (Figure D6).  

Effect of Complex Cracks (Duane-Arnold Type Cracks) 
The next set of results presented includes the effect of complex cracks on the critical 

crack lengths, similar to those presented in Figures 11 and 12 for the PWR and BWR cases 
studied.  A complex-crack involves a 360-degree surface flaw, where a part of the length of the 
surface flaw has broken through to create a circumferential through-wall flaw.  The first step in 
the analysis of complex cracks was to verify the predictions of the dimensional plastic zone 
parameter (DPZP) methodology in predicting the maximum load-carrying capacity of the pipe.  
Experimental data on the maximum load capacity for complex-cracked piping are available 
from the NRC’s Degraded Piping Program conducted at Battelle (NUREG 4687).  The values for 
the moment ratio (complex crack to through-wall crack) predicted by DPZP for these 
experiments were 0.79 and 0.48 for a 28% and 61% surface flaw, respectively.  The 
experimental values were 0.75 and 0.49, respectively, for the two cases, indicating very good 
agreement.    

Once the DPZP methodology was verified with experimental predictions, the next step 
involved predicting the percent of the critical crack length for failure for 25% and 50% deep 
surface flaws assuming a 50% Service Level A loading.  While the presence of the surface flaw 
does not affect the leak rate detected, the maximum load-carrying capacity of the pipe would be 
reduced.  Alternatively, the percent of critical through-wall-crack length for failure would be 
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higher for the cases of complex cracks.  Figure D7 shows the effect of 25% and 50% deep 360-
degree surface flaws on the percent of critical crack length.  As can be seen, for a leak rate of  
1 gpm the percent of critical crack length increases from 42% to 61% for the smallest diameter 
case for PWR stainless (SS) piping.   Figure D8 shows similar results for PWR carbon (CS) 
piping.  The results from the BWR SS and CS piping are shown in Figures D9 and D10.  The 
only anomaly observed was in the 50% deep flaw for a BWR SS pipe at a leak rate of 1 gpm (see 
Figure D9).  The calculations for all three diameters were checked to confirm that the predicted 
values were not as a result of any obvious errors in input data.   

Effect of Residual Stresses 
 

The next variable investigated was the effect or residual stresses in welds on the predicted 
crack length for a given leak rate.  SQUIRT does have the option of either including or not 
including the effect of residual stresses in circumferential welds.  Figures D11 through D14 
show the results for PWR SS, PWR CS, BWR SS, and BWR CS.  Again, the calculations 
assumed a normal operating stress equal to 50% Service Level A loading.  

In every case shown in the four figures, the presence of residual stresses increases the 
percent of critical crack length.  As seen in Figures D11 and D12 for the PWR cases, the effect 
of residual stresses seems to be more pronounced at the smaller diameter and more specifically 
at the lower leak rates (<0.1 gpm).  The residual stress effect on the leak rate for smaller 
diameters pipes is not as pronounced for the BWR SS piping.  The limitation of the current 
version of SQUIRT was encountered again for the case of BWR CS piping (see Figure D14). 
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Appendix E_________________________________________ 

ASME Codes on Continuous Acoustic Emission (Article 13) 

 

 

Reprinted from ASME 2001 BPVC, Section V, by permission of the American Society of 
Mechanical Engineers.  All rights reserved. 
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