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BP-CORR-00531-02033          Bruce Power   Maury  Burton, Chief Regulatory Officer 
P.O. Box 1540 B10 2nd Floor E, Tiverton ON N0G 2T0 

Telephone 519-361-5291 
maury.burton@brucepower.com 

September 17, 2021

BP-CORR-00531-02033

Mr. M. Leblanc Dr. A. Viktorov
Commission Secretary Director General
Canadian Nuclear Safety Commission Canadian Nuclear Safety Commission
P.O. Box 1046 P.O. Box 1046
280 Slater Street 280 Slater Street
Ottawa, Ontario Ottawa, Ontario
K1P 5S9 K1P 5S9

Dear Mr. Leblanc and Dr. Viktorov:

Bruce A Unit 3: Return to Service Additional Information

The purpose of this letter is to provide the additional information related to the elevated 
hydrogen equivalent concentrations ([H]eq), in a well-defined area of some pressure 
tubes, which is supplemental to Bruce Power’s request for Commission authorization to 
return Unit 3 to service (Reference 1), as committed in Reference 2 and to request 
Commission approval to return Unit 3 to service following the current planned outage.

Context

Through extensive inspections, analysis utilizing evidence from results and testing, 
Bruce Power can confirm the following key principles that remain core to our submission 
and are further verified and reinforced through this submission of additional information:

1. Overall Hydrogen uptake is not increasing in the pressure tubes beyond the 
predicted rate. It is redistribution due to a progression of total hydrogen concentration 
to the top of the tube in a limited region of interest that can conservatively be 
bounded. In the balance of the tube, hydrogen concentrations are below the 
licensing limits.

2. The apparent cause evaluation completed by Bruce Power identified, through two 
independent sources, that the observed redistribution of hydrogen equivalent 
concentration is due to the temperature gradient, with the top of the pressure tube 
cooler than the bottom.  Bruce Power is working with industry to finalize the root 
cause of the elevated concentration.  While this additional verification is underway, 
Bruce Power is proposing a conservative region of interest.

3. There are no flaws in the conservatively identified region of interest demonstrated 
through hundreds of previous inspections, re-verifications and expanded activities in 
Unit 3.  Statistical analysis, collectively and on a unitized basis for Unit 3, 
demonstrates an extremely low probability of the presence of dispositionable flaws in 
this region.
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4. Due to the pressure tube and bundle configuration on the Bruce units, no flaws are 
expected to ever occur in this region of interest. 

5. Additional operational measures are being put in place to build operational safety 
margin during heat-up and cool-down in particular as well as during cold Primary 
Heat Transport (PHT) conditions where there is low but finite potential for over-
pressure conditions to occur. This is focused on further increasing defense in depth 
during the less than 3% of operating hours on a reactor where this is applicable. 

6. All operating units have been inspected over the last 18-months, and planned 
outages are sequentially scheduled to validate conclusions over the next 18 months. 
This is a safe, planned manner to effectively carry-out this work.

Additional Information

In Reference 2, Bruce Power committed to the provision of additional information in 
support of the request for Commission authorization for the return to service of Unit 3 
(Reference 1), including:

1) The complete set of verified inspection results from the current Unit 3 planned 
outage (A2131) scrape campaign (i.e. the results from the 3 independent scrape 
windows), which is provided in Attachment A;

2) A justification as to the use of the existing Delayed Hydride Crack (DHC) initiation 
model for elevated hydrogen equivalent concentration applications, which is 
provided in Enclosure 1;

3) A margin engineering evaluation of the Circumferential Wet Scrape Tool 
(CWEST) scrape flaws near the outlet rolled joint burnish mark in the Unit 3 
pressure tubes, which is provided in Section 4 of Enclosure 2;

4) A statistical analysis as to the probability of the existence of an undetected, 
significant flaw within the region of interest, which is provided as Enclosure 3;

5) A test plan for DHC initiation tests in elevated hydrogen equivalent concentration 
conditions, which is also provided within Enclosure 1; and,

6) A risk informed approach to fracture protection for the region of interest, which is 
provided as Enclosure 3.

Unit 3 Inspection and Unit 6 Surveillance Results

The inspections carried-out on Unit 3 represent the most extensive campaign conducted 
on a CANDU reactor for hydrogen concentrations and flaws. This extensive campaign, 
which has provided substantial evidence, provides confidence that the hydrogen isotope 
and flaw distributions in the outlet rolled joint regions of both Unit 3 and other units at 
Bruce Power are well understood.
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A compilation of the verified measurement results from the three scrape windows
undertaken during the current Unit 3 outage (A2131) and the verified measurements for 
the punch samples obtained from the Unit 6 surveillance tubes, B6S13 (inlet and outlet 
rolled joints) and B6N07 (outlet rolled joint), are provided in Attachment A.  These 
measurement results confirm the region of interest can be defined as:  

Axially – From the burnish mark to 75 mm inboard of the burnish mark, and
Circumferentially – 60 degrees on either side of 12 o’clock for a total of 120 

degrees.

Enclosures 4 and 5 provide Bruce Power’s assessment of the region of interest and a
technical justification as to its extent. Enclosure 4 gives an overview of the physical 
understanding of the mechanism by which [H]eq is redistributed to the region of interest. 
This is fully consistent with the existing understanding of H isotope behaviour in pressure
tubes.  Enclosure 5 shows the circumferential distribution of [H]eq as determined from 
the A2131 scrapes and punch samples from the B6S13 outlet rolled joint at several axial 
positions. The high [H]eq data are comfortably bounded by the proposed extents of 120 
degrees centred at 12 o’clock and 75 mm inboard of the burnish mark. 

Note that Bruce Power has conservatively expanded the axial extent of the region of 
interest from 50mm (based on measured [H]eq values through extensive inspections on 
Unit 3 pressure tubes during the current outage and the Unit 6 surveillance tubes) to 
75mm inboard of the outlet burnish mark.           

Bruce Power’s inspection program is designed to look for evidence of changes in the 
pressure tubes so that further analysis and corrective actions can be taken to ensure 
safety.  As opposed to random selection, pressure tubes are specifically selected for 
inspection and surveillance to meet the requirements of CSA N285.4. This approach is 
consistent with the requirements of the licensing basis, and ensures results gathered are 
representative and bounding of all unit conditions.   

DHC Initiation Model and Test Plans

Section 2 of Enclosure 1 provides Bruce Power’s justification as to the application of 
crack initiation models to elevated [H]eq regions in pressure tubes.  The Enclosure 
provides a review of the basis of the process-zone model for predicting DHC initiation at 
flaws and investigates whether the material DHC properties, which are key inputs to the 
crack initiation models, are adversely affected by very high levels of [H]eq.  Based on the 
available data and the theoretical understanding, Bruce Power concluded that the DHC 
properties are not affected by elevated levels of [H]eq.

A test plan to confirm the expectation that there is no effect of elevated [H]eq on crack 
initiation due to DHC, hydrided region overload and fatigue is provided in Section 3 of 
Enclosure 1.  The test plan includes both the upcoming tests in the short-term and 
proposed tests over the longer term.  The planned short-term tests are focused on DHC 
initiation at notches in unirradiated material.  All the other tests are longer-term tests and 
will be subject to refinement based upon the results from the short-term tests.
Bruce Power, in concert with industry, will adjust the proposed longer-term tests once 
the results of the short-term tests are reviewed.
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Scrape Witness Marks

Section 4 of Enclosure 1 also provides a margin engineering evaluation of CWEST 
scrape witness marks in the outlet rolled joint burnish mark regions of the Unit 3 
pressure tubes with elevated levels of [H]eq (i.e. 220 ppm).  The evaluation was 
performed to 246,000 EFPH.  The geometry of a scrape witness mark is deliberately 
benign, avoiding tight radius features that would concentrate stress, to minimizes stress 
concentration at the edge of the flaw and this evaluation demonstrates that there are 
substantial margins to crack initiation due to DHC, hydride region overloads (HROL) and 
fatigue for the axial component, and on the lower-bound KIH for the circumferential 
component. This is expected as the methodology and tooling used in this sampling 
technique is well understood through significant experience on a large population of 
channels.

Statistical Analysis

In Enclosure 2, a unitized statistical analysis is performed to demonstrate the very low
probability of the existence of a reportable flaw and a dispositionable flaw in the region of 
interest, given there has never been a flaw detected in the region of interest, based on 
available inspection results obtained to-date.

The conclusion reached for Unit 3 (and all Bruce Power units) is that the probability is 
< 0.5% for a dispositionable flaw and, as a result, the risk of having a significant flaw in 
the region of interest, that could challenge pressure tubes fitness for service, is also low.  

As noted during the Commission Hearing on September 10, 2021, unlike the pressure 
tube and fuel channel configuration at Pickering, the Bruce Power units, like Darlington, 
have a fueling system design that minimizes the likelihood of interaction of the fuel 
bundles with the top of the tube, so flaws should not occur. This has been verified and 
re-verified through hundreds of inspections.

Fracture Protection in the Region of Interest

Enclosure 3 provides a risk-informed deterministic evaluation of fracture protection for 
the region of interest in outlet rolled joints in Unit 3.  The risk-informed deterministic 
evaluation of fracture protection was performed for postulated levels of [H]eq of up to
250 ppm.  Measured fracture toughness from small test specimens comprised of 
irradiated Zircaloy-2 and Zircaloy-4 material with high levels of [H]eq were used in the 
context of surrogate materials to gain insights into the fracture toughness of zirconium 
pressure tubes at high levels of [H]eq.  The fracture toughness values for Zircaloy-2 and 
Zircaloy-4 are, in general, lower than the fracture toughness values for pressure tube 
material at a given [H]eq level.  The conclusion was that, in the event of the 
unanticipated existence of an axial through-wall flaw in the region of interest, flaw 
stability can still be demonstrated.  Strong fracture protection consistent with fitness for 
service requirements is maintained. In addition, a burst test (BT-50) was recently

[H]eq of 178 ppm. This result supports the validity of the analysis for higher [H]eq 
concentrations.      
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Conservatism in the Region of Interest 

While Bruce Power is confident that the extent of the conservatively expanded region of 
interest can be further limited based upon, both, the results of the inspections to date 
and preliminary modelling analysis, there is a recognition that CNSC staff are continuing 
to review the provided information, and further refinements to the area of interest may be 
undertaken as CNSC staff confidence increases.

Results from the modelling analysis completed to date by Bruce Power are favourable 
and correlate to the results measured in Unit 3 and the Unit 6 surveillance tube. Based 
on discussions, this work will be provided to CNSC staff for review and further 
consideration. The forthcoming analysis will provide additional insight as to the rate of 
change of hydrogen equivalent concentration within the region of interest and may be 
useful in specifying or predicting a threshold as to when pressure tubes become subject 
to elevated levels of hydrogen.

As noted, Bruce Power has taken an evidence-based, conservative approach to defining 
the region of interest that will be well-bounded from both results and the short operating 
interval of Unit 3 prior to its Major Component Replacement. 

In the meantime, Bruce Power has upcoming opportunities, starting with the Unit 7 
planned outage scheduled to begin in November, to seek to further reinforce evidence of 
the elevated hydrogen equivalent concentrations, and to confirm expectations, with 
respect to the extent of the region of interest, with physical measurements taken from 
other units. Bruce Power expects that the results from forthcoming outages will confirm 
Bruce Power’s understanding and ability to identify bounding behaviour within the 
reactor core. While the region of interest is being validated, should results differ from 
Bruce Power’s expectations, the conservatively bounded region of interest ensures there 
will be an opportunity to take action in response to an unanticipated finding. This is not 
expected to occur given the conservative approach taken to defining this region with 
evidence and considerable margin.

In addition to a conservatively established region of interest based on evidence from 
inspections, as noted, the framework of the risk-informed approach for fracture 
protection (Enclosure 3) is applicable to any location of the tube with elevated hydrogen 
equivalent concentrations.  As concluded in Enclosure 3, flaw stability is demonstrated 
for up to 250 ppm [H]eq in an unlikely event of a through-wall flaw in the location of high 
[H]eq.  Therefore, the risk of a pressure tube rupture resulting from a through-wall flaw in 
Bruce Unit 3 prior to the commencement of the Major Component Replacement, 
scheduled to begin in 18 months, is very low.  Safety and Pressure Tube integrity is 
strongly demonstrated.
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If you require further information or have any questions regarding this submission, 
please contact Ms. Lisa Clarke, Director, Regulatory Affairs, at (519) 361-2673
extension 16144, or lisa.clarke@brucepower.com.

Yours truly,

Maury Burton
Chief Regulatory Officer
Bruce Power

cc: CNSC Bruce Site Office
Mr. L. Sigouin, CNSC Ottawa

Attach.

Enclosures:
1. B-31100 LOF NSAS, Revision 000, “Re: Justification for Application of Crack 

Initiation Models to High Hydrogen Equivalent Concentration Regions in Pressure 
Tubes”.

2. B-REP-31110-00004, Revision 000, “Estimation of Encountering Reportable & 
Dispositionable Pressure Tube Flaws in Various Regions of Interest in Bruce 
Power Units 3-8”.

3. NK21-REP-31100-00219, B2038/RP/009, R00, “Risk-Informed Deterministic
Evaluation of Fracture Protection for the Region of Interest in Outlet Rolled Joints
in Bruce Unit 3”.

4. B-03644.4 LOF NSAS, Revision 000, “Concentrating Hydrogen Isotopes at the Top 
of Tube at the Outlet End Rolled Joint Region”.

5. NK21-03644.4 LOF NSAS, Revision 000, “Re: Hydrogen Equivalent Concentration 
Measurements Taken Near the Outlet Burnish Mark in the Bruce Unit 3 2021 
Outage (A2131)”.

References:
1. Letter, M. Burton to M. Leblanc, “Designated Officer Order to Bruce Power – Unit 3 

Planned Outage Restart Authorization”, August 13, 2021, BP-CORR-00531-01935.
2. Letter, M. Burton to M. Leblanc and A. Viktorov, “Bruce A and Bruce B: Return to 

Service Supplemental Information”, September 9, 2021, BP-CORR-00531-02004.

Lisa Clarke
Digitally signed by 
Lisa Clarke 
Date: 2021.09.17 
15:23:41 -04'00'
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Attachment A 

Summary of [D] and [H] Inlet and Outlet RJ Measurements for the Unit 3 2021 Outage and Unit 6 
surveillance tubes: B6S13 and B6N07  

 

PROPERTY OF BRUCE POWER L.P. 

The information provided is SENSITIVE and/or CONFIDENTIAL and may contain prescribed or 
controlled information.  Pursuant to the Nuclear Safety and Control Act, Section 48(b), the Access to 
Information Act, Section 20(1), and/or the Freedom of Information and Protection of Privacy Act, 
Sections 17 and 21, this information shall not be disclosed except in accordance with such legislation. 
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Attachment A: 
Title of the Attachment 

 
 

Table 1- Summary of [D] and [H] measurements for A2131 Outlet RJ (all windows) 

Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 

1 F16 
(FEO) 

O1 (+20) 9 1340 111 

12.6 

O1 (-20) 9 930 80 
O3 (+20) 42 880 79 
O4 (+20) 

BM-10 54 670 67 

O4 (-20) 
BM-10 54 310 29 

O4 (-90) 
BM-10 55 115 15 

O4H- (+50) 
BM-10 56 123 16 

O4H+ (-66) 
BM-10 56 115 13 

O4B- (+20) 
BM+20 90 180 23 

O4BT (-8) 
BM+20 89 300 34 

O4B+ (-38) 
BM+20 89 119 18 

O4A (+20) 
BM+43 112 240 31 

O4A (-90) BM+43 113 96 16 
O5 (+20) 128 190 29 
O6 (+20) 370 71 22 
O6 (-20) 345 69 20 

2 L11 
(FEO) 

O1 (+20) 9 790 60 

9.3 

O1 (-20) 9 132 13 
O3 (+20) 42 470 37 
O3 (-20) 40 121 13 
O4 (+20) 

BM-10 
54 350 29 

O4 (-20) 
BM-10 

54 115 14 

O4 (-90) 
BM-10 

55 96 12 

O4H- (+50) 
BM-10 57 108 11 

O4H+ (-66) 
BM-10 57 98 11 

O4B- (+20) 
BM+20 90 136 14 

O4BT (-8) 
BM+20 90 137 15 

O4B+ (-38) 
BM+20 89 101 17 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
O4A (-20) 
BM+43 

113 99 12 

O4A (-90) BM+43 114 88 11 
O5 (+20) 128 115 15 
O6 (+20) 370 67 14 

3 G15 
(FEO) 

O1 (+8) 10 1016 103 

11.3 

O3 (+8) 43 739 75 
O4 (+8) 
BM-10 56 531 63 

O4 (+60) 
BM-10 56 119 23 

O4 (-20)  
BM-10 56 152 22 

O4 (-90) 
 BM-10 57 104 18 

O4H+(-66) 
BM-10 58 102 19 

O4B-(+22) 
BM+20 91 183 31 

O4BT(-8) 
BM+20 92 227 34 

O4B+(-38) 
(BM+20) 92 107 23 

O4A (+8) 
BM+43 114 178 30 

O6 (+8) 371 70 18 

4 K10 
(FEO) 

O1 (+8) 9 853 74 

7.4 

O3 (+8) 41 496 50 
O4 (+8) 
BM-10 55 330 35 

O4 (+60) 
BM-10 55 126 30 

O4 (-90) 
BM-10 56 95 23 

O4H+ (-66) 
BM-10 57 102 16 

O4B- (+22) 
BM+20 89 144 27 

O4BT (-8) 
BM+20 89 152 26 

O4B+ (-38) 
BM+20 90 103 19 

O4A (+8) 
BM+43 113 120 26 

O4A (-90) 
BM+43 113 80 16 

O6 (+8) 370 60 29 

5 Q16 
(FEO) 

O1 (+8) 9 730 96 

10.9 
O3 (+8) 42 441 61 
O4 (+8) 
BM-10 55 314 51 

O4 (+60) 55 93 21 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
BM-10 

O4 (-20) 
BM-10 55 152 29 

O4 (-90)  
BM-10 56 87 26 

O4H+(-66) 
BM-10 56 95 21 

O4B-(+22) 
BM+20 89 111 40 

O4BT(-8)  
BM+20 90 168 33 

O4B+(-38) 
BM+20 89 104 34 

O4A (+8)  
BM+43 113 130 32 

O6 (+8) 370 68 26 

6 H06 
(FEO) 

O1T (-8) 9 310 66 

15 

O3T(-8) 42 210 49 
O4T(-8) 
(BM-10) 

57 171 42 

O4BT(-8) 
(BM+20) 

89 122 40* 

O4BH+(-66) 
(BM+20) 

88 76 21 

O4AT(-8) 
(BM+43) 

112 104 41* 

O6T(-8) 394 59 27 

7 X09 
(FEO) 

O1T (-8) 11 475 73 

14.9 

O3T(-8) 44 238 42 
O4T(-8) 
(BM-10) 

58 186 40 

O4BT(-8) 
(BM+20) 90 118 24 

O4BH+(-66) 
(BM+20) 

89 93 27 

O4AT(-8) 
(BM+43) 

113 107 24 

O6T(-8) 396 53 26 

8 O20 
(FEO) 

O1T(-8) 10 921.0 96.0 

12.3 

O4T(-8) 
(BM-10) 56 451.0 53.0 

O4BT(-8) 
(BM+20) 89 218.0 35.0 

O6T(-8) 395 64.0 26.0 

9 Q12 
(FEO) 

O1T(-8) 11 850 99 

10.3 

O3T(-8) 42 620 75 
O4T(-8) 
(BM-10) 57 400 52 

O4BT(-8) 
(BM+20) 90 185 30 

O4BH+(-66) 
(BM+20) 89 89 18 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
O4AT(-8) 
(BM+43) 112 142 29* 

O6T(-8) 395 67 23* 

10 N04 
(BEO) 

O2T (-8) 27 337 58 

14.7 

O4T (-8) 58 205 40 
O4H+(-66) 

(BM-10) 57 87 22 

O4H-(+50) 
(BM-10) 57 92 28 

O4BT (-8) 
(BM+20) 91 120 29 

O4B- (+22) 
(BM+20) 91 104 32 

O4AT (-8) 
(BM+43) 114 100 28 

11 O15 
(BEO) 

O1T (-8) 12 303 56 

8.7 

O3T (-8) 43 185 35 
O4T (-8)  
(BM-10) 58 151 31 

O4H+(-66) 
(BM-10) 57 79 21 

O4H-(+50) 
(BM-10) 57 83 21 

O4BT (-8) 
(BM+20) 89 107 25 

O4AT (-8) 
(BM+43) 113 94 24 

12 O17 
(BEO) 

O1T (-8) 11 122 28 

9.0 

O3T (-8) 43 110 23 
O4T (-8) 
(BM-10) 57 103 26 

O4H+(-66) 
(BM-10) 56 83 22 

O4H-(+50) 
(BM-10) 57 86 35 

O4BT (-8) 
(BM+20) 89 94 23 

O4AT (-8) 
(BM+43) 114 89 20 

13 O13 
(BEO) 

O1T (-8) 11 443 72 

12.5 

O3T (-8) 43 298 45 
O4T (-8) 
(BM-10) 57 216 50 

O4H+(-66) 
(BM-10) 56 98 33 

O4H-(+50) 
(BM-10) 56 96 32 

O4BT (-8) 
(BM+20) 89 126 29 

O4AT (-8) 
(BM+43) 112 108 26 

14 P14 O1T (-8) 10 191 34 9.0 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
(BEO) O3T (-8) 42 125 24 

O4T (-8) 
(BM-10) 56 108 24 

O4H+(-66) 
(BM-10) 55 79 20 

O4H-(+50) 
(BM-10) 56 80 21 

O4BT (-8) 
(BM+20) 88 91 20 

O4AT (-8) 
(BM+43) 111 86 22 

15 Q13 
(BEO) 

O1T (-8) 12 582 87 

11.7 

O3T (-8) 43 467 73 
O4T (-8) 
(BM-10) 59 341 61 

O4H+(-66) 
(BM-10) 57 89 21 

O4H-(+50) 
(BM-10) 58 91 21 

O4BT (-8) 
(BM+20) 91 183 35 

O4AT (-8) 
(BM+43) 114 139 29 

16 L12 
(BEO) 

O1T (-8) 10 156 27 

6.7 

O3T (-8) 42 111 20 
O4T (-8) 
(BM-10) 57 99 23 

O4H+(-66) 
(BM-10) 56 86 21 

O4H-(+50) 
(BM-10) 57 79 17 

O4BT (-8) 
(BM+20) 90 87 18 

O4AT (-8) 
(BM+43) 113 83 19 

17 F05 
(BEO) 

O1T (-8) 11 75 25 

11.7 

O3T (-8) 43 82 25 
O4T (-8) 
(BM-10) 57 82 23 

O4H+(-66) 
(BM-10) 57 72 25 

O4H-(+50) 
(BM-10) 57 74 21 

O4BT (-8) 
(BM+20) 90 76 21 

O4AT (-8) 
(BM+43) 114 69 27 

18 L22 
(BEO) 

O1T (-8) 12 42 24 

9.3 
O3T (-8) 43 41 14 
O4T (-8) 
(BM-10) 58 42 21 

O4H+(-66) 57 41 18 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
(BM-10) 

O4H-(+50) 
(BM-10) 58 43 19 

O4BT (-8) 
(BM+20) 91 42 21 

O4AT(-8) 
(BM+43) 114 43 18 

19 R10 
(BEO) 

O1T(+8) 8 199 26 

5.5 

O2T(+8) 23 161 26 
O3T(+8) 40 122 20 
O4AT(+8) 
(BM+43) 112 93 16 

O6T(+8) 367 56 16 

20 S13 
(BEO) 

O1T(-8) 11 314 38 

6.0 

O3T(-8) 44 163 21 
O4T(-8)  
(BM-10) 57 133 19 

O4H+(-66) 
(BM-10) 58 97 16 

O4H-(+50) 
 (BM-10) 56 97 15 

O4BT(-8)  
(BM+20) 90 105 17 

O4AT(-8) (BM+43) 112 98 17 

21 C11 
(FEO) 

O1 (+20) 5 790 97 

11 

O1 (-20) 5 125 20 
O3 (+20) 36 400 52 
O3 (-20) 36 112 18 
O4 (+20)  
(BM-10) 

50 280 39 

O4 (-20)  
(BM-10) 

50 105 21 

O4 (-90)  
(BM-10) 

50 89 16 

O4A (-20)  
(BM+43) 

109 95 19 

O4A (-90)  
(BM+43) 

109 82 14 

O5 (+20) 123 104 22 
O6 (+20) 364 65 19 

22 D16 
(FEO) 

O3 (-90) 37 78 13 

13.1 

O4 (+20)  
(BM-10) 

51 138 22 

O4 (-20) 
 (BM-10) 

51 99 17 

O4 (-90)  
(BM-10) 

51 79 14 

O4A (+20)  
(BM+43) 

110 95 18 

O4A (-90)  
(BM+43) 

110 75 14 

23 B12 O1 (+8) 11 69 18 9.7 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
(FEO) O3 (+8) 42 70 14 

O4 (+8)  
(BM-10) 

56 71 19 

O4 (+60)  
(BM-10) 

56 65 16 

O4 (-90) 
 (BM-10) 

56 61 16 

O4A (+8)  
(BM+43) 

115 69 18 

O4A (-90)  
(BM+43) 

115 60 19 

24 M02 
(FEO) 

O1 (+8) 11 240 24 

10.3 

O3 (+8) 42 154 18 
O4 (+8)  
(BM-10) 

57 132 13 

O4 (+60)  
(BM-10) 

57 117 14 

O4 (-90)  
(BM-10) 

57 105 12 

O4A (+8)  
(BM+43) 

115 109 15 

O4A (-90)  
(BM+43) 

115 96 16 

25 T03 
(FEO) 

O1 (+8) 12 270 28 

11.0 

O3 (+8) 43 138 18 
O4 (+8)  
(BM-10) 

57 125 17 

O4 (+60)  
(BM-10) 

57 100 16 

O4 (-90)  
(BM-10) 

57 84 15 

O4A (+8)  
(BM+43) 

116 95 17 

O4A (-90)  
(BM+43) 

116 81 15 

26 U20 
(FEO) 

O1 (+8) 11 490 39 

10.4 

O3 (+8) 42 230 22 
O4 (+8)  
(BM-10) 

57 162 18 

O4 (+60)  
(BM-10) 

57 121 15 

O4 (-90) 
 (BM-10) 

57 106 14 

O4A (+8) 
 (BM+43) 

115 114 18 

O4A (-90)  
(BM+43) 

115 99 17 

27 C15 
(FEO) 

O1 (+36) 11 643 84 

10.8 
O3 (+36) 42 314 51 
O4 (+8)  
(BM-10) 

57 200 37 

O4 (+60)  57 105 26 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
(BM-10) 
O4 (-90)  
(BM-10) 

57 93 20 

O4A (+8)  
(BM+43) 

115 111 26 

O4A (-90)  
(BM+43) 

115 83 20 

O6 (+8) 369 66 30 

28 E05 
(FEO) 

O1 (+8) 11 134 14 

8.6 
 

O3 (+8) 42 111 17 
O4 (+8)  
(BM-10) 

57 109 12 

O4 (+60)  
(BM-10) 

57 100 13 

O4 (-90) 
 (BM-10) 

57 90 11 

O4A (+8)  
(BM+43) 

115 97 14 

O4A (-90)  
(BM+43) 

115 82 12 

O6 (+8) 370 60 14 

29 F04 
(FEO) 

O1 (+8) 11 680 62 

8.3 

O3 (+8) 42 380 37 
O4 (+8) 
(BM-10) 

57 250 30 

O4 (+34) 
 (BM-10) 

57 250 27 

O4 (+60)  
(BM-10) 

57 - - 

O4 (-90)  
(BM-10) 

57 122 16 

O4A (+8)  
(BM+43) 

115 124 18 

O4A (-90)  
(BM+43) 

115 95 13 

O6 (+8) 370 65 14 

30 K16 
(FEO) 

O4 (+8) 
 (BM-10) 

56 300 29 

8.7 

O4 (+60) 
 (BM-10) 

56 130 14 

O4 (-90)  
(BM-10) 

56 117 11 

O4A (+8)  
(BM+43) 

114 121 15 

O4A (+60)  
(BM+43) 

114 102 14 

O4A (-90)  
(BM+43) 

114 95 12 

O6 (+8) 369 60 14 

31 V17 
(FEO) 

O1 (+8) 10 86 13 
7.2 O3 (+8) 41 89 14 

O4 (+8)  56 89 14 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
(BM-10) 
O4 (+60)  
(BM-10) 

56 85 12 

O4 (-90)  
(BM-10) 

56 78 13 

O4A (+8)  
(BM+43) 

114 83 13 

O4A (-90)  
(BM+43) 

114 74 15 

O6 (+8) 369 58 13 

32 D07 
(BEO) 

O1 (+8) 4 84 19 

9.2 

O3 (+8) 35 86 20 
O4 (+8)  
(BM-10) 50 85 20 

O4 (+60) 
 (BM-10) 50 80 19 

O4 (-90)  
(BM-10) 50 74 17 

O4A (+8)  
(BM+43) 108 77 21 

O4A (-90) 
 (BM+43) 108 67 16 

O6 (+8) 363 47 19 

33 E20 
(BEO) 

O1 (+8) 8 69 19 

10.3 

O3 (+8) 39 71 20 
O4 (+8)  
(BM-10) 

54 71 23 

O4 (+60)  
(BM-10) 

54 67 22 

O4 (-90)  
(BM-10) 

54 61 16 

O4A (+8) 
(BM+43) 

112 65 19 

O4A (-90)  
(BM+43) 

112 56 16 

O6 (+8) 367 46 18 

34 G10 
(BEO) 

O1 (+8) 5 370 44 

11.0 

O3 (+8) 36 200 28 
O4 (+8)  
(BM-10) 

51 139 20 

O4 (+60)  
(BM-10) 

51 83 13 

O4 (-90)  
(BM-10) 

51 71 13 

O4A (+8)  
(BM+43) 

109 89 18 

O4A (-90)  
(BM+43) 

109 68 16 

O6 (+8) 364 57 14 

35 G14 
(BEO) 

O1 (+8) 5 400 66 
11.3 O3 (+8) 36 260 42 

O4 (+8)  52 180 31 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
(BM-10) 
O4 (+60)  
(BM-10) 

52 84 17 

O4 (-90)  
(BM-10) 

52 73 14 

O4A (+8)  
(BM+43) 

109 92 21 

O4A (-90)  
(BM+43) 

109 67 14 

36 J14 
(BEO) 

O1 (+8) 5 190 20 

9.3 

O3 (+8) 36 126 19 
O4 (+8)  
(BM-10) 

52 107 <13 

O4 (+60)  
(BM-10) 

52 91 11 

O4 (-90)  
(BM-10) 

52 78 13 

O4A (+8)  
(BM+43) 

109 88 16 

O4A (-90)  
(BM+43) 

109 71 14 

37 K15 
(BEO) 

O1 (+8) 5 109 29 

8.0 

O3 (+8) 36 98 21 
O4 (+8)  
(BM-10) 

52 89 32 

O4 (+60)  
(BM-10) 

52 85 29 

O4 (-90)  
(BM-10) 

52 78 17 

O4A (+8)  
(BM+43) 

109 71 14 

O4A (-90)  
(BM+43) 

109 66 24 

38 M13 
(BEO) 

O1 (+20) 6 363 57 

7.3 

O3 (+20) 37 230 35 
O4 (+8)  
(BM-10) 

53 197 38 

O4 (+60)  
(BM-10) 

53 103 29 

O4 (-90)  
(BM-10) 

53 94 27 

O4A (+8)  
(BM+43) 

110 104 25 

O4A (-90)  
(BM+43) 

110 83 29 

O6 (+20) 365 57 26 

39 Q23 
(BEO) 

O1 (+8) 5 73 34 

9.0 

O3 (+8) 36 75 23 
O4 (+8)  
(BM-10) 

51 75 20 

O4 (+60)  
(BM-10) 

51 72 19 
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Ch. 
No. 

Ch. ID 
(FEO 
/BEO) 

Nominal Location 
(o’clock from ORJ 

end) 

Location (from 
Outlet end (mm) 

(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) 

ppm 
O4 (-90)  
(BM-10) 

51 67 18 

O4A (+8)  
(BM+43) 

109 71 19 

O4A (-90)  
(BM+43) 

109 63 17 

40 U11 
(BEO) 

O1 (+8) 13 46 21 

8.8 

O3 (+8) 44 46 21 
O4A (+8)  
(BM+43) 

117 46 22 

O4A (+60)  
(BM+43) 

117 41 23 

O4A (-90)  
(BM+43) 

117 37 19 

O6 (+8) 372 37 29 

41 V18 
(BEO) 

O1 (+8) 5 76 26 

10.3 

O3 (+8) 36 79 21 
O4 (+8)  
(BM-10) 

51 78 20 

O4 (+60)  
(BM-10) 

51 76 25 

O4 (-90)  
(BM-10) 

51 70 21 

O4A (+8) 
(BM+43) 

109 72 30 

O4A (-90) 
(BM+43) 

109 64 18 

42 M16 
(FEO) 

O1 (+20) 13 126 18 

8.7 O3 (+20) 44 116 15 
O5 (+20) 131 93 16 
O6 (+20) 372 63 16 

 
Notes: 
1 The axial locations are based on UT from 3rd window (PTs # 1-to 20 inspected during 3rd window), 

otherwise are estimated based on scrape locations relative to E-face provided in the CWEST 
inspection bulletins and the channel specific EF to End of PT distance.  

* organic contamination noted during analyses which affect the [H] measurements, hence the [H]eq based 
on measured [H]. 
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Table 2- Summary of [D] and [H] measurements for A2131 Inlet RJ (all windows)  

Ch. No. Ch. ID 
(FEI 
/BEI) 

Nominal 
Location 

(o’clock from 
ORJ end) 

Location 
(from Outlet 
end (mm)  
(Note 1) 

[D]meas 
(ppm) 

[H]meas 
(ppm) 

[H]initial 
(offcut) ppm 

1 F16  
(BEI) 

I4T(+8) 
(BM-10) 59 53 16 

12.6 I4H-(-50) 
(BM-10) 59 54 17 

I4H+(+66) 
(BM-10) 59 53 15 

2 G15 
(BEI) 

I1T(+8) 8 130.0 46.0 

11.3 

I4T(+8)  
(BM-10) 55 54.0 25.0 

I4AT(+8) 
(BM+43) 110 41.0 18.0 

I6T(+8) 395 14.0 28.0 

3 K10 
(BEI) 

I1T(+8) 9 169.0 32.0 

7.4 

I4T(+8)  
(BM-10) 55 65.0 23.0 

I4AT(+8) 
(BM+43) 111 48.0 15.0 

I6T(+8) 394 15.0 16.0 

4 L11 
(BEI) 

I4T(+8) 
(BM-10) 55 63 13 

9.3 I4H-(-50) 
(BM-10) 55 63 15 

I4H+(+66) 
(BM-10) 55 63 11 

5 O10 
(BEI) 

I2T(+8) 25 177.0 50.0 

12.7 

I4H-(-50) 
(BM-10) 56 69.0 21.0 

I4T(+8)  
(BM-10) 56 69.0 23.0 

I4H+(+66) 
(BM-10) 56 66.0 25.0 

I4A-(-22) 
(BM+43) 112 46.0 18.0 

I4AT(+8) 
(BM+43) 112 46.0 49.0 

I4A+(+38) 
(BM+43) 113 45.0 20.0 

I6T(+8) 396 13.0 20.0 

6 O20 (BEI) 

I2T(+8) 26 139.0 33.0 

12.3 

I4T(+8)  
(BM-10) 57 57.0 18.0 

I4AT(+8) 
(BM+43) 113 44.0 18.0 

I6T(+8) 396 12.0 23.0 

7 Q16 
(BEI) 

I2T(+8) 27 89.0 26.0 

10.9 
I4T(+8)  
(BM-10) 58 56.0 20.0 

I4AT(+8) 
(BM+43) 114 45.0 28.0 
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I6T(+8) 397 16.0 72.0* 
I2T(+8) 27 89.0 26.0 
I4T(+8)  
(BM-10) 58 56.0 20.0 

I4AT(+8) 
(BM+43) 114 45.0 28.0 

8 E20  
(FEI) 

I1 (+20) 11 78.0 14 

10.3 I3 (+20) 42 - - 
I5 (+20) 129 51.0 15 
I6 (+20) 370 22.0 15 

9 R22  
(FEI) 

I1 (+20) 12 145.0 20 

7 I3 (+20) 43 - - 
I5 (+20) 130 64.0 14 
I6 (+20) 371 23.0 13 

Notes: 
1 The axial locations are based on UT from 3rd window (PTs # 1-to 7 inspected during 3rd window), 

otherwise are estimated based on scrape locations relative to E-face provided in the CWEST 
inspection bulletins and the channel specific EF to End of PT distance.  

* organic contamination noted during analyses which affect the [H] measurements, hence the [H]eq based 
on measured [H]. 

 

Table 3- Summary of [D] and [H] measurements for Removed Tube B6S13 Outlet RJ  

Axial 
Location 

(mm) 

Circumferential 
Location (clock)* 

[H] 
(mg/kg) 

[D] 
(mg/kg) 

8 12 55 520 
13 12 55 530 
28 12 57 520 
44 12 51 450 

59 

12 44 360 
1 34 280 
2 14 106 
3 13 94 
4 12 94 
5 12 95 
6 12 96 
7 13 96 
8 13 96 
9 13 93 
10 13 99 
11 18 137 

69 (burnish 
mark) 

12 46 330 
1 32 260 
2 14 103 
3 13 94 
4 12 92 
5 12 93 
6 12 93 
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Axial 
Location 

(mm) 

Circumferential 
Location (clock)* 

[H] 
(mg/kg) 

[D] 
(mg/kg) 

7 14 94 
8 13 94 
9 13 95 
10 14 97 
11 19 141 

79 

12 42 340 
1 27 220 
2 14 105 
3 12 91 
4 12 90 
5 12 90 
6 12 91 
7 11.8 92 
8 12.0 93 
9 13.1 100 
10 17 132 
11 25 210 

89/90 
(burnish mark 

+ 20 mm) 

12 22 152 
1 19 142 
2 13 96 
3 11.8 89 
4 12 87 
5 12 88 
6 12.5 88 
7 11 88 
8 12 88 
9 12.2 87 
10 12 90 
11 13 99 

145 

12 17 109 
2 13.9 86 
3 12.3 78 
4 12.3 76 
5 11.8 77 
6 11.9 78 
7 11.8 77 
8 11.9 77 
9 11.8 76 
10 12 79 
11 14 87 

* clock position as viewed from the outlet end of the tube 
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Table 4- Summary of [D] and [H] measurements for Removed Tube B6S13 Inlet RJ  

Axial 
Location 

(mm) 

Circumferential 
Location (clock) 

[H] 
(mg/kg) 

[D] 
(mg/kg) 

8 12 21 220 
13 12 25 250 
28 12 24 230 
45 12 19 162 
63 12 14 105 
79 12 18 131 

90 (burnish 
mark + 20) 12 11 59 

150 12 11 45 

Table 5- Summary of [D] and [H] measurements for Removed Tube B6N07 Outlet RJ  

Axial 
Location 

(mm) 

Circumferential 
Location (clock)* 

[H] 
(mg/kg) 

[D] 
(mg/kg) 

71 

12 15 118 
1 12.4 94 
3 10.1 79 
6 10.1 78 
9 10.5 80 
11 13.4 98 

90 

12 14 101 
1 11.7 89 
3 10.0 75 
6 10.2 74 
9 10.0 76 
11 12.5 93 

* clock position as viewed from the outlet end of the tube 
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1.0 INTRODUCTION 

As part of the evaluation of the fitness for service of Bruce Unit 3, concerns were 
expressed about the probability of encountering flaws of significance (flaws requiring 
disposition) in specific regions of interest of the pressure tubes for the population of 
channels which were not yet inspected full length. The region in question is centered 
around the top of the pressure tube over a limited axial extent inboard of the Outlet 
Burnish Mark (OBM), corresponding to measurements of elevated hydrogen isotope 
concentration.  This report provides estimates of the probability of encountering flaws 
in the reactor in these regions and submits that these probabilities are reassuringly 
low. 
The following sections describe the methodology and results of the current work and 
compare these probability estimates with other approaches to estimate the flaw 
probability in the regions of interest. 

2.0 IDENTIFYING THE REGIONS OF INTEREST 

Two regions of interests with different circumferential extents have been identified 
within the pressure tube:  
 

1. Region 1 which extends inboard from the outlet burnish mark (OBM) for 75 
mm and whose circumferential extent is 60 degrees (from -30 degrees to + 30 
degrees with the top of the pressure tube being zero degrees); 

2. Region 2 which extends inboard from the OBM for 75 mm and whose 
circumferential extent is 120 degrees (from -60 degrees to + 60 degrees with 
the top of the pressure tube being zero degrees). 

 
While determining the most appropriate definition of the region of interest is beyond 
the scope of this work, measurements of deuterium concentration obtained in the 
A2131 outage support Region 2 per [1]. 

3.0
OVERALL APPROACH TO ESTIMATING THE PROBABILITY OF 
ENCOUNTERING A DISPOSITIONABLE FLAW IN THE REGIONS OF INTEREST 
OF THE UNINSPECTED PRESSURE TUBES IN BRUCE REACTORS 

The probability of encountering a dispositionable flaw in a region of interest in a 
channel is related to four constituent elements1: 

i. The probability of encountering k reportable flaws in the outlet fuel bundle 
region of a channel; 

ii. The conditional probability given a reportable flaw is present, its axial position 
(mid flaw position) is within 75 mm inboard of the OBM; 

 

1 For each of these probabilities the possibility of having more than one flaw in the channel being present 
is taken into account. 
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iii. The conditional probability given a reportable flaw is present close to the OBM, 
its circumferential location is such that it falls within the region of interest. 

iv. The product of the three probabilities itemized above provides the probability 
of a reportable flaw being in the region of interest. Using the conditional 
probability that given the presence of a reportable flaw that there is actually a 
dispositionable flaw present allows the evaluation of the presence of a 
dispositionable flaw in the channel. 

4.0 THE MAJOR DATABASE ON REPORTABLE FLAWS IN BRUCE REACTOR UNITS 

The primary input to this analysis was a database containing the size and location of 
all unique flaws obtained during the inspections of the area up to the first fuel bundle 
with respect to the outlet burnish mark in all Bruce Units 3-8 reactors. It is this 
database that allows the reliable estimates of many of the conditional probabilities 
mentioned above. This database and its construction are detailed in [2]. 

The decision was made to include only flaws up to the axial extent of the first fuel 
bundle in the outlet end. Increasing the axial extent would increase the number of 
flaws per tube but would decrease the conditional probability of having the flaw in the 
axial region of interest. It was judged that the product of these two probabilities would 
be virtually unaffected by increasing the axial extent of the database. Reducing the 
axial extent would reduce the sample size and therefore imperil the estimation of the 
underlying probabilities. 

5.0 DETAILED DESCRIPTION OF THE ESTIMATION OF THE PROBABILITY OF 
ENCOUNTERING DISPOSITIONABLE FLAWS IN THE REGIONS OF INTEREST 
IN THE UNINSPECTED PRESSURE TUBE POPULATION IN BRUCE POWER 
REACTORS 

5.1 Description of the Probability of Having K Reportable Flaws up to the End of 
the First Bundle 

This probability is assumed to follow a Poisson distribution Pr( = ) = !   

where k is the number of flaws occurring within a channel and  is the mean incidence 
rate. In the database there are 557 reportable flaws up to the end of the first bundle 
in the inspection of 448 unique channels and therefore the estimated  is 1.243304. 
Figure 1 shows the dependence of probability on the number of flaws in the channel. 
The following assumptions underpin these statements: 

i. Flaws occur independently; 
ii. The incidence rate is independent of reactor; 
iii. The incidence rate is independent of the location of the pressure tube in the 

reactor (e.g., Zone); 
iv. The incidence rate is independent of operating time. 
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v. No distinction is made between different flaw types. 
5.2 Description of the Probability of Having I Reportable Flaws Close to the 

Outlet Burnish Mark 

The conditional probability of having the flaw within 75 mm of the OBM given that a 
flaw is present is estimated to be 0.011606. This is based on the estimation of the 
cumulative distribution of the axial position at 75 mm2.  
 The probability of having I (  K) flaws close to the OBM given that there are K flaws 
in the pressure tube is binomially distributed. Pr( = | ) = !! ( )! (1 )  

 These binomial probabilities for I are then multiplied with the Poisson probability of k 
flaws and then summed over all k values (up to 10 were used)3 which gives the 
probability of having I flaws close to the OBM.  

( = ) = Pr ( = | ) ( ) 
Figure 2 shows how this probability drops off quickly with increasing values of I.  

5.3 Description of the Probability of Having J Reportable Flaws Close to the 
Outlet Burnish Mark and at the Top of the Pressure Tube 

The conditional probability of having a flaw circumferentially at the top of the pressure 
tube given that a flaw close to the OBM is present assumes that this probability is 
independent of axial position and therefore the whole database can be used to fit a 
distribution to the circumferential location. A large number of candidate continuous 
distribution functions were evaluated including gamma, extreme value, Weibull, 
Laplace, and lognormal. However, a very good fit was obtained with a simple normal 
distribution4. 
The parameters of this normal distribution are a mean of 176.41 degrees and a 
standard deviation of 39.03 degrees. Figure 3 and Figure 4 show the adequacy of the 
fit. 
For the two areas of interest (-30/+30. -60/+60) the conditional probability of having 
the flaw on top of the pressure tube given that a flaw is present close to the OBM is 
respectively 0.013% and 0.22%. 

 

2 Given the discontinuous nature of the distribution of the axial position (the majority of flaws are 
clustered around the residency locations of the fuel bundle bearing pads) no effort was made to fit this 
distribution to a known probability density distribution. The cumulative probability was estimated by linear 
interpolation between the two points neighboring 75 mm. 
3 The cutoff of 10 flaws is arbitrary but by this value the probabilities have become vanishingly small. 
4 A three-parameter lognormal distribution does also an adequate job in fitting the circumferential 
location distribution. 
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As above the probability of having J (  I) flaws at the top given that there are I 
reportable flaws close to the OBM is binomially distributed. Figure 5 shows the 
probability of having J reportable flaws in the larger area of interest (circumferentially 
the top 120 degrees of the pressure tube). 
 

( = ) = Pr ( = | ) ( ) 
 

5.4 Description of the Probability of Having H Dispositionable Flaws Close to the 
OBM and at the Top of the Pressure Tube 

The conditional probability of having a dispositionable flaw circumferentially at the top 
of the pressure tube and close to the OBM given that a reportable flaw is present 
circumferentially at the top of the pressure tube and close to the OBM is based on the 
observation that from the 557 reportable flaws in the database 187 were found to be 
dispositionable (p= 0.335727). 
The probability of having H (  J) dispositionable flaws at the top of the pressure tube 
close to the OBM given that there are J reportable flaws at the top of the pressure 
tube close to the OBM is binomially distributed. 

( = ) = Pr ( = | ) ( ) 
 

6.0  RESULTS 

6.1 Probability Estimates for Encountering Flaws in the Regions of Interest per 
Channel 

As noted from the outset it is assumed that there is no dependence on reactor and 
these estimates are applicable to the present situation. The probability of encountering 
at least one dispositionable flaw in the region of interest per channel is given by 

( ) = Pr ( = ) 
The results are tabulated in Table 1. As expected, these probabilities depend strongly 
on the circumferential extent of the region of interest. The larger the circumferential 
extent the larger the probability of encountering a flaw in the region of interest. Also, 
the probability of encountering a dispositionable flaw is about one third of the 
probability of encountering a reportable flaw.  



 
B2266/RP/001 R00 Kinectrics Page 9 of 13 

Uncontrolled if copied or printed from Kinectrics Intranet 
Form 114 R35  Associated Procedures: AWI-4-26 

 

6.2 Probability Estimates for Encountering Flaws in the Regions of Interest in 
the Uninspected Population of Pressure Tubes for Bruce Power Reactors. 

The probability of encountering at least one reportable flaw in the regions of interest 
in the population of uninspected pressure tubes for Bruce Power reactors is tabulated 
in Table 2 while similar probabilities for dispositionable flaws are given in Table 3.  (  ) = 1 (1 ( ))  
where n is the number of uninspected channels. 

7.0 DISCUSSION

The results of this estimation of the probability of encountering flaws close to the OBM 
and at the top of the pressure tube indicate the following: 

a. Systematically the highest estimates of the probability of encountering flaws in 
the regions of interest is for Region 2 and for reportable flaws. 

b. The inspections carried out in A2131 (which were not considered when 
deriving the probabilities) did not reveal the presence of flaws in the regions of 
interest. This is consistent with the probability estimates provided in this 
report, which indicate that such an observation would have been very unlikely.  

8.0 CONCLUSIONS 

Based on calculations using the approach as detailed above, the following is concluded 
regarding the estimated probabilities of the occurrence of flaws in the region of 
interest (Region 2 as defined in Section 2.0): 

The estimated probability of at least 1 dispositionable flaw being present in 
Region 2 in a single uninspected channel is 1.07E-05 for Bruce Units 3 to 8. 
The largest estimated probability of at least 1 dispositionable flaw being 
present in Region 2 in the population of uninspected channels in each reactor 
core is 4.44E-03; this corresponds to Bruce Unit 6, which is currently shut 
down for MCR and has the largest number of uninspected pressure tubes. 

9.0  REFERENCES 
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Table 1: Probability per Channel of Encountering at Least One Flaw in the Regions of 
Interest

 60 degrees 120 degrees 
Reportable 1.86918E-06 3.17434E-05 
Dispositionable 6.27535E-07 1.06572E-05 
 
Table 2: Probability of Encountering at Least One Reportable Flaw in the Regions of 

Interest in the Uninspected Population of Pressure Tubes 

 Unique Channels # Uninspected Region 1 Region 2 

Unit 
Full Length 
Inspected Channels 60 degrees 120 degrees 

3 78 402 7.51E-04 1.27E-02 
4 82 398 7.44E-04 1.26E-02 
5 77 403 7.53E-04 1.27E-02 
6 62 418 7.81E-04 1.32E-02 
7 70 410 7.66E-04 1.29E-02 
8 79 401 7.49E-04 1.26E-02 
 

Table 3: Probability of Encountering at Least One Dispositionable Flaw in the 
Regions of Interest in the Uninspected Population of Pressure Tubes 

 Unique Channels # Uninspected Region 1 Region 2 

Unit 
Full Length 
Inspected Channels 60 degrees 120 degrees 

3 78 402 2.52E-04 4.28E-03 
4 82 398 2.50E-04 4.23E-03 
5 77 403 2.53E-04 4.29E-03 
6 62 418 2.62E-04 4.44E-03 
7 70 410 2.57E-04 4.36E-03 
8 79 401 2.52E-04 4.26E-03 
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Figure 1: Probability of Encountering k Reportable Flaws in a Single Channel 
 

 

Figure 2: Probability of I Reportable Flaws Close to the OBM in a Single Channel 
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Figure 3: Histogram for the Distribution of the Circumferential Location 

 

Figure 4: Quantile-Quantile Plot of Observed Distribution and Proposed Distribution 
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Figure 5: Probability of J Reportable Flaws in the Top 120 Degrees for the Region of 
Interest.
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Executive Summary
High levels of hydrogen equivalent concentration (Heq) have been detected in the front-end outlet 
rolled joints of Bruce Unit 3.  The axial and radial extents of the higher than expected levels of 
Heq inboard of the outlet rolled joint burnish mark have been found to be confined to a localized 
region with a central tendency about the top of the pressure tube.  This localized region inboard 
of the outlet rolled joint burnish mark with a central tendency about the top of the pressure tube 
that has higher than expected levels of Heq is defined in this report as the region of interest.  A
risk-informed deterministic evaluation of fracture protection based on a postulated axial through-
wall flaw in the front-end outlet rolled joints in fuelled channels in Bruce Unit 3 has been 
performed for the region of interest for the predicted high levels of Heq, as well as for postulated 
levels of Heq that are higher than predicted levels, as described in this report. The scope of the 
risk-informed deterministic evaluation of fracture protection is limited to the region of interest.  
Based on the results from rising pressure burst tests and fracture toughness modelling, for the 
same set of conditions such as Heq, the back end of a pressure tube is known to have a higher 
fracture toughness than the front end.  For the same set of conditions such as Heq, the results of 
the risk-informed deterministic evaluation of fracture protection for the region of interest in the 
front-end outlet rolled joints in this report can be used as a conservative bound on the results 
from a risk-informed deterministic evaluation of fracture protection of the region of interest in 
the back-end outlet rolled joints in Bruce Unit 3. Although the results of the evaluation in this 
report are specific to the region of interest in the front-end outlet rolled joints in Bruce Unit 3,
the framework of the risk-informed deterministic evaluation of fracture protection is applicable 
to a region of interest in any Bruce reactor.

The risk-informed deterministic evaluation of fracture protection was performed for the region of 
interest for postulated levels of Heq of up to 250 ppm.  The highest level of Heq in a rising 
pressure burst test specimen from the front end of the pressure tube is 178 ppm and corresponds 
to the burst test BT-50 specimen B6N07-2.  Measured fracture toughness from small test 
specimens comprised of irradiated Zircaloy-2 and Zircaloy-4 materials with a range of levels of 
Heq that in some cases exceed 250 ppm were obtained from the literature and used in the context 
of surrogate materials to gain insights into the fracture toughness of zirconium alloys at these 
high levels of Heq. A conservative value of fracture toughness from the set of fracture toughness 
values for irradiated Zircaloy-2 and Zircaloy-4 materials was used to develop an adjustment
factor that is less than 1.0 and is intended to account for uncertainty in the application of the 
Revision 2 engineering fracture toughness model to these postulated high levels of Heq in the 
region of interest. The values of fracture toughness that were used in the evaluation were 
predicted by the Revision 2 engineering fracture toughness model and then reduced by 
multiplying by the adjustment factor.

A risk-informed deterministic evaluation of fracture protection for the Service Level A reactor 
Heatup and Cooldown transients was performed for the region of interest based on revised
Heatup and Cooldown pressure-temperature operating limits for Bruce Unit 3 that are intended 
to increase fracture protection margins.  The safety factors on internal pressure for the revised
pressure-temperature operating limits for reactor Heatup and Cooldown were calculated using 
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postulated axial through-wall flaw lengths of 18 and 20 mm, and postulated levels of Heq of 200 
through 250 ppm. For a postulated axial through-wall flaw length of 18 mm and postulated 
levels of Heq of 200 through 250 ppm, the safety factors on internal pressure for reactor Heatup 
and Cooldown are greater than 1.20.  The lowest safety factor is 1.12, and is for a postulated 
axial through-wall flaw length of 20 mm and an Heq of 250 ppm.

A risk-informed deterministic evaluation of fracture protection was also performed for the region 
of interest based on revised pressure-temperature limits for a Service Level C overpressure 
excursion that were used in the development of a revised procedure for the DCC Feedpump trip 
to mitigate a Cold Over-Pressurization Transient and increase fracture protection margins.  The 
safety factors on internal pressure were calculated for the Service Level C overpressure 
excursion using postulated axial through-wall flaw lengths of 18 and 20 mm, and postulated 
levels of Heq of 200 through 250 ppm. For the postulated axial through-wall flaw length of 18
mm and postulated levels of Heq of 200 through 250 ppm, and for the postulated axial through-
wall flaw length of 20 mm and levels of Heq of 200 through 240 ppm, the safety factors on
internal pressure are greater than 1.0. The lowest safety factor is 0.99, and is for a postulated 
axial through-wall flaw length of 20 mm and an Heq of 250 ppm.  These safety factors essentially 
meet the required safety factor of 1.0 in the acceptance criteria for fracture protection during a 
Service Level C event in the CSA Standard N285.8.

The risk-informed deterministic evaluation of fracture protection for the region of interest in 
front-end outlet rolled joints in Bruce Unit 3 involves a number of conservatisms.  A review of 
volumetric inspection results has confirmed that the small region of a pressure tube that is 
postulated to have a higher than expected level of Heq in a localized region just inboard of the 
outlet burnish mark with a central tendency about the top of the pressure tube is very unlikely to 
contain flaws that are of a severity that would be a site for crack initiation and growth.  The
postulated through-wall flaw is assumed to be not leaking and not detected.  The lower 
temperature portions of the fracture toughness curves that are most limiting in fracture protection 
evaluations of front-end outlet rolled joints in Bruce Unit 3 do not take into account the benefit 
of the higher irradiation temperatures at the outlets that result in an increase in the fracture 
toughness.

In the event of the unanticipated existence of an axial through-wall flaw in the region of interest 
in a front-end outlet rolled joint in Bruce Unit 3, and given the conservatisms in the deterministic 
evaluation of fracture protection, these results demonstrate there would be a low risk of 
instability of a flaw with a length up to 20 mm in the region of interest during reactor Heatup or 
Cooldown, or during an overpressure excursion.
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List of Acronyms and Symbols

Acronyms

CCTS = Curved Compact Tension Specimen
C-L = fracture toughness test specimen orientation that corresponds to an axial 

through-wall crack in the pressure tube under an applied hoop stress
CSA = Canadian Standards Association
EFPH = Equivalent Full Power Hours
MCR = Major Component Replacement
RD = fracture toughness test specimen orientation where the applied load is in the 

plate width direction perpendicular to the plate rolling direction and crack 
growth is in the plate rolling direction

ROH = Reactor Outlet Header
T-W = fracture toughness test specimen orientation where the applied load is in the 

plate thickness direction and crack growth is in the plate width direction 
perpendicular to the rolling direction

W-T = fracture toughness test specimen orientation where the applied load is in the 
plate width direction perpendicular to the rolling direction and crack growth is 
in plate thickness direction

Symbols

c = half-length of the postulated axial through-wall flaw, m
Cl = chlorine concentration, ppm
dFL = distance between the axial location of the postulated axial through-wall flaw at 

the outlet rolled joint burnish mark and the inlet end of the pressure tube, = 
6.243 m

Dfr = distance from the front end of the pressure tube, m
Fsp = correction factor to account for the potential effect of reinforcement of the 

sealing patch on the results from rising pressure burst tests, = 1.04
HCC = Hydride Continuity Coefficient, dimensionless
Heq = hydrogen equivalent concentration, ppm
Kc = fracture toughness for axial through-wall flaw 
Kc,adj = adjusted fracture toughness to account for uncertainty in the application of 

the Revision 2 engineering fracture toughness model to high levels of Heq
of up to 250 ppm, MPa m

Kc,ref = fracture toughness from the Revision 2 engineering fracture toughness model 
at a reference set of conditions, MPa m

Lp(Pr) = crack length at initial wall penetration for a specific cumulative probability, Pr,
mm

Kexp = reference value of measured fracture toughness, MPa m
Lpm = mean value of the crack length at initial wall penetration, mm
LPT = length of the pressure tube, = 6.312 m
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Lp(Pr) = crack length at initial wall penetration for a specific cumulative probability, Pr,
mm

Mb = bulging factor for an axial through-wall flaw, dimensionless
N(LPm,sdLp) = normal distribution of crack length at initial wall penetration with a mean, Lpm,

and standard deviation, sdLp, mm
pcr = critical internal pressure at instability of a postulated axial through-wall flaw, 

MPa
pFL = internal pressure at the location of the postulated axial through-wall flaw, MPa
(pFlcr)ROH = critical internal pressure at the ROH at instability of a postulated axial through-

wall flaw, MPa
Pr = cumulative probability of the crack length at initial penetration being less than 

Lp, dimensionless
pROH = pressure differential between the axial location of the postulated axial through-

wall flaw at the outlet rolled joint burnish mark and the ROH, MPa
pROH

in = pressure differential between the thermalhydraulic inlet of the fuel channel and 
the ROH, MPa

pROH
out = pressure differential between the thermalhydraulic outlet of the fuel channel 

and the ROH, MPa
Ri = pressure tube inner radius, m
Rm = pressure tube mean radius, m
sdLp = standard deviation of crack length at initial wall penetration, mm
SF = safety factor on internal pressure, dimensionless
T = temperature, C
Tirr = irradiation temperature, C
U( , 29) = -quantile of Student’s t-distribution with 29 degrees of freedom, 

dimensionless
U( , 34) = -quantile of Student’s t-distribution with 34 degrees of freedom, 

dimensionless
w = pressure tube wall thickness, m

H = adjustment factor on fracture toughness to account for uncertainty in the 
application of the Revision 2 engineering fracture toughness model to high 
levels of Heq of up to 250 ppm, dimensionless

Kc1 = error term for fracture toughness for levels of Heq of 30 ppm or less and for 
temperatures less than or equal to 150 C from Clause D.13.2.2.2 of the CSA 
Standard N285.8, dimensionless

Kc2 = error term for fracture toughness for levels of Heq of 30 ppm or less and for 
temperatures greater than 150 C from Clause D.13.2.2.2 of the CSA 
Standard N285.8, dimensionless

f = flow stress of the material, MPa
u = lower-bound transverse ultimate tensile strength, MPa
ys = lower-bound transverse yield strength, MPa

= single-tailed statistical confidence level, dimensionless
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1. INTRODUCTION

High levels of hydrogen equivalent concentration (Heq) have been detected in the front-end outlet 
rolled joints of Bruce Unit 3 [1].  The axial and radial extents of the higher than expected levels 
of Heq inboard of the outlet rolled joint burnish mark have been found to be confined to a 
localized region with a central tendency about the top of the pressure tube.  This localized region 
inboard of the outlet rolled joint burnish mark with a central tendency about the top of the 
pressure tube that has higher than expected levels of Heq is defined in this report as the region of 
interest.  A risk-informed deterministic evaluation of fracture protection based on a postulated 
axial through-wall flaw in the front-end outlet rolled joints in fuelled channels in Bruce Unit 3 
has been performed for the region of interest for the predicted high levels of Heq, as well as for 
postulated levels of Heq that are higher than predicted levels. The scope of the risk-informed 
deterministic evaluation of fracture protection is limited to the region of interest.  Based on the 
results from rising pressure burst tests and fracture toughness modelling, for the same set of 
conditions such as Heq, the back end of a pressure tube is known to have a higher fracture 
toughness than the front end.  This is due to a more favourable bulk hydride morphology at the 
back end.  For the same set of conditions such as Heq, the results of the risk-informed
deterministic evaluation of fracture protection for the region of interest in the front-end outlet 
rolled joints in this report can be used as a conservative bound on the results from a risk-
informed deterministic evaluation of fracture protection of the region of interest in the back-end 
outlet rolled joints in Bruce Unit 3. Although the results of the evaluation in this report are
specific to the region of interest in the front-end outlet rolled joints in Bruce Unit 3, the 
framework of the risk-informed deterministic evaluation of fracture protection is applicable to a 
region of interest in any Bruce reactor.

The risk-informed deterministic evaluation of fracture protection was performed for the region of 
interest for the postulated levels of Heq of up to 250 ppm.  The highest level of Heq in a rising 
pressure burst test specimen from the front end of the pressure tube is 178 ppm and corresponds 
to the burst test BT-50 specimen B6N07-2. Measured fracture toughness from small test 
specimens comprised of irradiated Zircaloy-2 and Zircaloy-4 materials with a range of levels of 
Heq that in some cases exceed 250 ppm were obtained from the literature and used in the context 
of surrogate materials to gain insights into the fracture toughness of zirconium alloys at these 
high levels of Heq. A conservative value of fracture toughness from the set of fracture toughness 
values for irradiated Zircaloy-2 and Zircaloy-4 materials was used to develop an adjustment
factor that is less than 1.0 and is intended to account for uncertainty in the application of the 
Revision 2 engineering fracture toughness model [2] to these postulated high levels of Heq in the 
region of interest.  The values of fracture toughness that were used in the evaluation were 
predicted by the Revision 2 engineering fracture toughness model and then reduced by 
multiplying by the adjustment factor.

A risk-informed deterministic evaluation of fracture protection for the Service Level A reactor 
Heatup and Cooldown transients was performed for the region of interest based on revised 
Heatup and Cooldown pressure-temperature operating limits for Bruce Unit 3 that are intended 
to increase fracture protection margins [3].  The safety factors on internal pressure for the revised
pressure-temperature operating limits for reactor Heatup and Cooldown were calculated.  A risk-



RISK-INFORMED DETERMINISTIC EVALUATION OF 
FRACTURE PROTECTION FOR THE REGION OF 
INTEREST IN OUTLET ROLLED JOINTS IN BRUCE UNIT 3

Kinectrics Report No. 
B2038/RP/0009 R00

KINECTRICS INC. Page 16 of 103
Proprietary and Confidential

informed deterministic evaluation of fracture protection was also performed for the region of 
interest based on revised pressure-temperature limits for a Service Level C overpressure 
excursion that were used in the development of a revised procedure for the DCC Feedpump trip 
to mitigate a Cold Over-Pressurization Transient and increase fracture protection margins [3].
The safety factors on internal pressure were calculated for the Service Level C overpressure 
excursion.

This risk-informed deterministic evaluation of fracture protection for the region of interest was 
performed over an evaluation period of operation of Bruce Unit 3 up to the Major Component 
Replacement (MCR) that is estimated to be bounded by 246,000 Equivalent Full Power Hours 
(EFPH). This work was performed for Bruce Power.
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2. OVERVIEW OF EVALUATION

(a) Application of the Revision 2 engineering fracture toughness model [2] to the region of 
interest that is the localized region inboard of the outlet rolled joint burnish mark with a central 
tendency about the top of the pressure tube that has higher than expected levels of Heq is 
discussed in Section 3 of this report.  The region of interest has high levels of Heq beyond the 
current validity limits and scope of the model for the front-end outlet of the pressure tube.

(b) Measured fracture toughness from small test specimens comprised of irradiated Zircaloy-2
and Zircaloy-4 materials with a range of levels of Heq that in some cases exceed 250 ppm were 
obtained from the literature and used in the context of surrogate materials to gain insights into 
the fracture toughness of zirconium alloys at these high levels of Heq.  Fracture toughness tests 
and levels of fracture toughness of irradiated Zr-2.5Nb pressure tube material, Zircaloy-2
materials, and Zircaloy-4 materials, with medium to high levels of Heq, are described in Section 
4.  The fracture toughness of irradiated Zircaloy-2 and Zircaloy-4 materials are compared in 
Section 4 with fracture toughness from small specimens from hydrided irradiated burst test 
specimens from Zr-2.5Nb pressure tubes.

(c) A conservative value of fracture toughness from the set of fracture toughness values for 
irradiated Zircaloy-2 and Zircaloy-4 materials was used to develop an adjustment factor that is 
less than 1.0 and is intended to account for uncertainty in the application of the Revision 2 
engineering fracture toughness model to postulated high levels of Heq of up to 250 ppm in the 
region of interest. The values of fracture toughness that were used in the evaluation were 
predicted by the Revision 2 engineering fracture toughness model and then reduced by 
multiplying by the adjustment factor. The development of the adjustment factor is described in 
Section 5.

(d) The deterministic fracture protection evaluation procedure for reactor Heatup and Cooldown
is described in Section 6. This includes the methods of calculation of the lower-bound fracture 
toughness, the critical internal pressure at instability of a postulated axial through-wall flaw, and 
the safety factor on internal pressure.

(e) The deterministic fracture protection evaluation procedure for the overpressure excursion is 
described in Section 7. This includes the methods of calculation of the lower prediction bound 
on fracture toughness, and the safety factor on internal pressure.

(f) Inputs for the risk-informed deterministic evaluation of fracture protection are described in 
Section 8. These include the postulated axial through-wall flaw location and length, pressure 
tube dimensions, hydrogen equivalent concentration and chlorine concentration, the pressure 
differential between the location of a postulated axial through-wall flaw at the outlet rolled joint 
burnish mark and the Reactor Outlet Header (ROH), and revised pressure-temperature limits for
reactor Heatup and Cooldown and the overpressure excursion.
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(g) The safety factor on internal pressure is the ratio of the calculated critical internal pressure at 
flaw instability divided by the actual internal pressure at the location of the postulated axial 
through-wall flaw.  The safety factors on internal pressure for the revised pressure-temperature 
operating limits for reactor Heatup and Cooldown for Bruce Unit 3 were calculated for the 
region of interest as described in Section 9.

(h) The safety factors on internal pressure for the revised pressure-temperature limits for the 
overpressure excursion for Bruce Unit 3 were calculated for the region of interest as described in 
Section 10.

(i) Conservatisms in the risk-informed deterministic evaluation of fracture protection are 
described in Section 11.
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3. APPLICATION OF REVISION 2 ENGINEERING FRACTURE TOUGHNESS 
MODEL FOR HIGH LEVELS OF HYDROGEN EQUIVALENT 
CONCENTRATION BEYOND THE CURRENT MODEL SCOPE

The development of the Revision 2 engineering fracture toughness model for Zr-2.5Nb pressure 
tubes for the lower-shelf and transition temperature regimes first involved development of a 
Revision 2 analytical cohesive-zone model to predict the fracture toughness in the lower-shelf 
and transition temperature regimes as described in the report COG-JP-4583-V012-R01 [4].  This 
analytical model was then used in the report COG-JP-4583-V094 [2] to develop the Revision 2 
engineering fracture toughness model.  The Revision 2 engineering fracture toughness model 
predicts fracture toughness as a function of the distance from the front end of the pressure tube, 
hydrogen equivalent concentration (Heq), chlorine concentration, temperature under evaluation, 
and irradiation temperature.

Application of the Revision 2 engineering fracture toughness model to high levels of Heq beyond 
the current validity limits and scope of the model for the front-end outlet of the pressure tube is 
discussed below.  Application of the Revision 2 engineering fracture toughness model to these 
high levels of Heq is limited to the region of interest that is the localized region inboard of the 
outlet rolled joint burnish mark with a central tendency about the top of the pressure tube that has 
higher than expected levels of Heq.

3.1 Levels of Hydrogen Equivalent Concentration Relative to Current Scope 
of Revision 2 Engineering Fracture Toughness Model

From Section 10.2 of Reference [2], for distances within 1.5 m from the front end of the pressure 
tube and based on levels of Heq in the rising pressure burst test results, the recommended upper 
validity limit on Heq in the Revision 2 engineering fracture toughness model is 100 ppm.  This 
upper validity limit is intended for generic applications of the Revision 2 engineering fracture 
toughness model.  Justification of a higher validity limit on Heq of 120 ppm for distances within 
1.5 m from the front end outlets in Bruce Unit 3 is provided in Reference [5].

From Reference [2], the Revision 2 analytical cohesive-zone fracture toughness model [4] was 
used to predict values of fracture toughness that were then used to develop the Revision 2 
engineering fracture toughness model.  The levels of Heq that were used in the Revision 2 
analytical cohesive-zone model calculations ranged up to 160 ppm.  Application to levels of Heq
up to 160 ppm is considered to not be an extrapolation beyond the technical basis of the 
Revision 2 engineering fracture toughness model.

For the purpose of the risk-informed deterministic evaluation of fracture protection for the region 
of interest, the calculations in the current report were performed using postulated levels of Heq of 
200 through 250 ppm.  The focus of the calculations was at the inboard tip of the postulated 18 
or 20 mm long axial through-wall flaw that extends a distance of 18 or 20 mm inboard of the
burnish mark, respectively.  Application of the model beyond an Heq of 160 ppm and up to
250 ppm is an extrapolation and was necessary to meet the scope of the risk-informed 
deterministic evaluation of fracture protection. As described in Section 5 of this report, a
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conservative value of fracture toughness from the set of fracture toughness values for irradiated 
Zircaloy-2 and Zircaloy-4 materials was used to develop an adjustment factor that is less than 1.0 
and is intended to account for uncertainty in the application of the Revision 2 engineering 
fracture toughness model to the postulated high levels of Heq of up to 250 ppm in the region of 
interest. The values of fracture toughness that were used in the evaluation were predicted by the 
Revision 2 engineering fracture toughness model and then reduced by multiplying by the 
adjustment factor.

As stated above, the fracture toughness from the Revision 2 engineering fracture toughness 
model depends on the distance from the front end of the pressure tube [2].  The predicted fracture 
toughness decreases with a decrease in the distance from the front end.  Calculation of the 
fracture toughness using the distance from the outlet rolled joint burnish mark to the front end of 
0.069 m instead of the distance from the inboard tip of the postulated 20 mm long axial 
through-wall flaw to the front end of 0.089 m results in an insignificant decrease in the fracture 
toughness of 0.1% over the temperature range of interest.  For simplicity, the fracture toughness 
was calculated using the distance from the outlet rolled joint burnish mark to the front end as a 
bounding distance for both postulated flaw lengths. This will cover any small variation in the 
location of the inboard tip of the postulated flaw due to a small variation in the location of the 
outlet rolled joint burnish mark.

The 97.5% lower prediction bounds on fracture toughness from the Revision 2 engineering 
fracture toughness model for a distance of 0.069 m from the front end of the pressure tube, 
irradiation temperature of 290 C, levels of Heq of 50 through 250 ppm, and a chlorine 
concentration of 5.5 ppm, were calculated using the procedure in Section 9 of Reference [2].  
The variation with temperature of the calculated 97.5% lower prediction bounds on fracture 
toughness is shown in Figure 3-1. As expected, the predicted fracture toughness decreases with 
an increase in Heq.  The rate at which the 97.5% lower prediction bounds on fracture toughness 
decrease relative to an increase in Heq is lower at higher levels of Heq.

3.2 Comparison of Revision 2 Engineering Fracture Toughness Model 
Against Result from Rising Pressure Burst Test BT-50 with a Hydrogen 
Equivalent Concentration of 178 ppm

Rising pressure burst test BT-50 was performed on specimen B6N07-2 [6,7] that was removed 
from the front end of the pressure tube that was the inlet.  The axial through-wall flaw in the 
burst test specimen was located a distance of 0.79 m from the inlet end of the pressure tube.  The 
specimen was hydrided to an Heq of 178 ppm.  The chlorine concentration of pressure tube 
B6N07 is not known.  The burst test was performed at a temperature of 65 C.  The preliminary 
fracture toughness, Kc, was calculated to be based on an assumed starting flaw 
length of 55 mm and an estimated flow stress of 1,034 MPa [6]. The specimen burst near the 
onset of crack growth and after only 0.78 mm of crack extension. The crack growth behaviour 
of this specimen is representative of the lower-shelf fracture regime [6].

The 97.5% lower prediction bound and best estimate fracture toughness from the Revision 2 
engineering fracture toughness model were calculated as a function of temperature for the 
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conditions of the rising pressure burst test BT-50 specimen B6N07-2 using the procedure in 
Section 9 of Reference [2].  A distance of 0.79 m from the front end of the pressure tube, and an
Heq of 178 ppm, were used.  Two levels of chlorine concentration of 1.0 and 5.0 ppm that cover 
the expected range were used.  From Reference [8], the irradiation temperature was taken to be 
260 C.

The 97.5% lower prediction bound and best estimate fracture toughness from the Revision 2 
engineering fracture toughness model for the conditions of rising pressure burst test BT-50, for 
the two levels of chlorine concentration of 1.0 and 5.0 ppm, and at the burst test temperature of 
65 C, are given in Table 3-1.  The preliminary measured fracture toughness, Kc
is also given in Table 3-1 for comparison with the predicted fracture toughness.  The predicted 
fracture toughness at 65 C is very insensitive to the chlorine concentration.  The best estimate 
predictions of fracture toughness are slightly conservative relative to the burst test result.  The 
97.5% lower prediction bounds on fracture toughness are very conservative relative to the burst 
test result.

The variation with temperature of the calculated 97.5% lower prediction bounds on fracture 
toughness, and the best estimate fracture toughness, for the two levels of chlorine concentration 
of 1.0 and 5.0 ppm, are shown in Figure 3-2. The preliminary fracture toughness, Kc, of 
41.5 -2 for comparison with the predicted fracture toughness.  
At lower temperatures the predicted fracture toughness is very insensitive to the chlorine 
concentration. Similar to Table 3-1, the best estimate predictions of fracture toughness are 
slightly conservative relative to the burst test result, and the 97.5% lower prediction bounds on 
fracture toughness are very conservative relative to the burst test result.

The conservative values of the 97.5% lower prediction bound and best estimate fracture 
toughness relative to the result from rising pressure burst test BT-50 with an Heq of 178 ppm
supports the application of the Revision 2 engineering fracture toughness model to higher levels 
of Heq.

3.3 Unquantified Conservatism in Application of Fracture Toughness Curves 
from Revision 2 Engineering Fracture Toughness Model to Fuel Channel 
Outlets at Lower Temperatures

A multi-variable statistical analysis of fracture toughness measured from small Curved Compact 
Tension Specimens (CCTS) from as-removed and hydrided irradiated pressure tube sections is 
described in Reference [9].  The purpose of the statistical analysis was to identify important 
explanatory variables that affect fracture toughness.  The statistical analysis demonstrated that an 
increase in the irradiation temperature resulted in an increase in the fracture toughness of both 
the as-removed and hydrided irradiated pressure tube material [9].

The sub-model for prediction of the transition temperature to the upper-shelf fracture regime that 
is a part of the Revision 2 engineering fracture toughness model includes irradiation temperature
as a predictor [2].  For the application of the Revision 2 engineering fracture toughness model to 
front-end outlet rolled joints in Bruce Unit 3, the lower temperature portions of the fracture 
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toughness curves are most limiting in fracture protection evaluations.  The lower temperature 
portions of the fracture toughness curves are essentially independent of the transition temperature 
to the upper-shelf fracture regime.  The lower temperature portions of the fracture toughness 
curves are based on the analytical cohesive-zone fracture toughness model [4] that is a part of the 
technical basis for the Revision 2 engineering fracture toughness model and does not include 
irradiation temperature as a predictor.  The lower temperature portions of the fracture toughness 
curves that are most limiting therefore do not take into account the benefit of the higher 
irradiation temperatures at the outlets that result in an increase in the fracture toughness, which 
represents an unquantified conservatism.

3.4 Future Work to Address Levels of Hydrogen Equivalent Concentration 
Beyond the Current Scope of the Revision 2 Engineering Fracture 
Toughness Model

A justification of the application of the Revision 2 engineering fracture toughness model for 
levels of Heq of 160 ppm or higher is planned to be developed.  It is recommended that rising 
pressure burst tests be performed on specimens that are hydrided to levels of Heq that would 
support the application of the Revision 2 engineering fracture toughness model at the higher 
levels of Heq used in the evaluations.  All of the burst tests that have been performed to date on 
hydrided irradiated specimens at 250 C have exhibited upper-shelf fracture behaviour, and the 
fracture toughness is considered to not be affected by the existence of hydrides.
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TABLE 3-1
97.5% LOWER PREDICTION BOUND AND BEST ESTIMATE FRACTURE 

TOUGHNESS FROM THE REVISION 2 ENGINEERING FRACTURE TOUGHNESS 
MODEL FOR THE CONDITIONS OF RISING PRESSURE BURST TEST BT-50

FRONT-END INLET SPECIMEN B6N07-2 WITH AN Heq OF 178 ppm

Chlorine 
Concentration used 

in Prediction of 
Fracture Toughness

(ppm)

97.5% Lower 
Prediction Bound on 
Fracture Toughness,

Kc, at 65 C
(MPa m)

Best Estimate 
Fracture Toughness,

Kc, at 65 C
(MPa m)

Preliminary Measured 
Fracture Toughness,
Kc, from Burst Test 

BT-50 at 65 C
(MPa m)

1.0 29.3 39.1 41.55.0 29.0 38.7
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Figure 3-1: Variation with Temperature of 97.5% Lower Prediction Bound on 
Fracture Toughness Predicted Using Revision 2 Engineering Model for a Distance 

of 0.069 m from the Front End of the Pressure Tube, Irradiation Temperature
of 290 C and Chlorine Concentration of 5.5 ppm
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Figure 3-2: Comparison of Revision 2 Engineering Fracture Toughness
Model Against Result from Rising Pressure Burst Test BT-50

Front-End Inlet Specimen B6N07-2 with an Heq of 178 ppm
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4. FRACTURE TOUGHNESS OF IRRADIATED Zr-2.5Nb PRESSURE TUBE 
MATERIAL, ZIRCALOY-2 AND ZIRCALOY-4 MATERIALS, WITH MEDIUM 
TO HIGH LEVELS OF HYDROGEN EQUIVALENT CONCENTRATION

The effect of the geometry of small Curved Compact Tension Specimens on measured fracture 
toughness relative to fracture toughness measured from rising pressure burst tests for hydrided 
irradiated Zr-2.5Nb pressure tube material is described in Section 4.1 of this report.

Measured fracture toughness from small test specimens comprised of irradiated Zircaloy-2 and 
Zircaloy-4 materials with ranges of levels of Heq that in some cases exceed 250 ppm were 
obtained from the literature and used in the context of surrogate materials to gain insights into 
the fracture toughness of zirconium alloys at these high levels of Heq.  Fracture toughness tests 
and levels of fracture toughness of irradiated Zr-2.5Nb pressure tube material, Zircaloy-2 and 
Zircaloy-4 materials, with medium to high levels of Heq, are described in Section 4.2.  Tabular 
values of the fracture toughness of irradiated Zr-2.5Nb pressure tube material, Zircaloy-2 and 
Zircaloy-4 materials, with medium to high levels of hydrogen equivalent concentration are 
provided in Appendix A of this report.

The fracture toughness of irradiated Zircaloy-2 and Zircaloy-4 materials are compared in 
Section 4.3 of this report with fracture toughness from small specimens from hydrided irradiated 
rising pressure burst test specimens from Zr-2.5Nb pressure tubes.

4.1 Effect of Geometry of Curved Compact Tension Specimens on Measured 
Fracture Toughness Relative to Fracture Toughness Measured from 
Rising Pressure Burst Tests

Due to the effect of specimen geometry, the value of fracture toughness measured from a small 
test specimen, such as the Curved Compact Tension Specimen (CCTS), is typically lower than 
the fracture toughness measured from a rising pressure burst test under otherwise the same 
conditions.  Sets of fracture toughness from a CCTS removed from a hydrided irradiated rising 
pressure burst test specimen, and the fracture toughness from the same burst test specimen, at the 
same temperature are compared in Figure 4-1. The values of fracture toughness were taken from 
Reference [10].  The fracture toughness values in this figure are from burst tests that exhibited 
transition temperature regime fracture behaviour.  The fracture toughness values from the CCTS
are lower than the fracture toughness from the corresponding burst test at the same temperature.  
Use of fracture toughness from small specimens to represent the fracture toughness from rising 
pressure burst test specimens is considered to be conservative.

4.2 Review of Fracture Toughness of Irradiated Zr-2.5Nb Pressure Tube 
Material, Zircaloy-2 and Zircaloy-4 Materials, with Medium to High Levels 
of Hydrogen Equivalent Concentration

Fracture toughness from all of the irradiated Zr-2.5Nb pressure tube material, as well as all of the 
Zircaloy-2 and Zircaloy-4 materials, with medium to high levels of Heq, which are described in 
this report are shown in Figure 4-2.  In all figures in this report, the fracture toughness from the 
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irradiated Zr-2.5Nb pressure tube material with high levels of Heq are shown in the figures with 
the Zircaloy-2 and Zircaloy-4 materials for reference.

4.2.1 Fracture Toughness of Irradiated Zr-2.5Nb Pressure Tube Material with 
High Levels of Hydrogen Equivalent Concentration

Results from fracture toughness tests that were performed on hydrided, cold-worked Zr-2.5Nb 
pressure tube material that was irradiated in the NRU test reactor at Canadian Nuclear 
Laboratories are given by Davies et al in the report COG-95-176 [11].  The irradiation 
temperature was 255 C and the fluence levels were either 2.3 1024 or 5.2 1024 n/m2.  The 
fracture toughness tests were performed using CCTS with a wall thickness of 4.0 mm.  The test 
specimens were in the C-L orientation that corresponded to an axial through-wall crack in the 
pressure tube under an applied hoop stress.  The chlorine concentration of the material was 
4 ppm.  Fracture toughness from test specimens with levels of Heq of 173 through 230 ppm were 
selected from Reference [11] to be included in the current report.  A measurement of the bulk 
hydride orientation is the Hydride Continuity Coefficient (HCC) [12], where an HCC that is 
close to zero corresponds to circumferential bulk hydrides and an HCC close to 1.0 corresponds 
to radial bulk hydrides.  Values of HCC were measured for a limited number of test specimens.  
For the selected test specimens used in this report, the HCC varied between 0.06 and 0.31.  The 
test temperatures of the selected test specimens ranged between 30 and 240 C.  The values of 
fracture toughness corresponded to the maximum load in the test.

4.2.2 Fracture Toughness of Irradiated Zircaloy-2 Materials with Medium and 
High Levels of Hydrogen Equivalent Concentration

Results from fracture toughness tests that were performed on rolled and annealed Zircaloy-2
plate material that was irradiated in a test reactor are given by Hoagland and Rowe [13].  The 
irradiation temperature was 280 C and the fluence level was 2.5 1024 n/m2.  The fracture 
toughness tests were performed using Double Cantilever Beam test specimens with a wall 
thickness of 6.35 mm.  The test specimens were in the RD orientation where the applied load is
in the plate width direction perpendicular to the plate rolling direction and crack growth is in the 
plate rolling direction.  Fracture toughness from test specimens with an Heq of 100 ppm were 
selected from Reference [13] to be included in the current report.  The bulk hydride morphology 
was mixed with a range of bulk hydride orientation angles.  The test temperatures of the selected 
test specimens ranged between 19 and 140 C.  Tabular values for fracture toughness data were 
not provided in Reference [13], and the fracture toughness data were digitized from a plot.  The 
associated uncertainty from using digitized test data is not significant in the context of the results 
of the risk-informed deterministic evaluation of fracture protection.  The values of fracture 
toughness corresponded to the onset of fracture initiation in the test.

Results from fracture toughness tests that were performed on cold-worked Zircaloy-2 pressure 
tube material that was removed from fuel channel G16 in Pickering Unit 2 are given by Chow 
and Simpson [14].  The irradiation temperature was 280 C.  The fracture toughness tests were 
performed using CCTS with a wall thickness of 5.0 mm.  The test specimens were in the C-L
orientation that corresponded to an axial through-wall crack in the pressure tube under an applied 
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hoop stress.  Fracture toughness from test specimens with levels of Heq of 58 through 146 ppm 
were selected from Reference [14] to be included in the current report.  The bulk hydride 
morphology was described as containing a large fraction of radial bulk hydrides.  The test 
temperatures of the selected test specimens were 230 or 280 C.  The values of fracture toughness 
corresponded to the onset of fracture initiation in the test.

Results from fracture toughness tests that were performed on cold-worked Zircaloy-2 pressure 
tube material that was removed from fuel channel F08 in the NPD demonstration reactor are 
given by Coleman et al [15].  The irradiation temperature was in the range of 260 through 
270 C.  One fracture toughness test was performed at nominally 30 C using a rising pressure 
burst test specimen, and the remaining fracture toughness tests were performed using CCTS test 
specimens.  The wall thickness of both types of test specimens was 4.2 mm.  The CCTS test 
specimens were in the C-L orientation that corresponded to an axial through-wall crack in the 
pressure tube under an applied hoop stress.  The level of Heq or deuterium concentration for an 
individual test specimen were not provided in Reference [15].  From Reference [15], the 
deuterium concentrations in the test specimens ranged between 160 and 235 ppm in terms of 
hydrogen equivalent concentration.  The initial hydrogen concentrations were not provided in 
Reference [15].  For the analysis in this report, a lower estimate of the initial hydrogen 
concentration is more conservative.  An initial hydrogen concentration of 10 ppm is considered 
to be a representative lower estimate and was assumed.  The levels of Heq were therefore taken to 
range between 170 and 245 ppm and were used in the analysis in the current report.  The bulk 
hydride morphology was mixed with a range of bulk hydride orientation angles.  The test 
temperatures of the selected test specimens were 30 through 300 C.  Tabular values for fracture 
toughness data were not provided in Reference [15], and the fracture toughness data were 
digitized from a plot.  The associated uncertainty from using digitized test data is not significant 
in the context of the results of the risk-informed deterministic evaluation of fracture protection.
The values of fracture toughness corresponded to the maximum load in the test.

Results from fracture toughness tests that were performed on cold-worked Zircaloy-2 pressure 
tubes that were removed from the Hanford Site N reactor are given by Huang [16].  The 
irradiation temperatures ranged between 210 and 280 C, and the fluence levels ranged between 
45 1024 and 61 1024 n/m2.  The fracture toughness tests were performed using Compact Tension 
Specimens with a wall thickness of 5.0 mm.  The test specimens were in the C-L orientation that 
corresponded to an axial through-wall crack in the pressure tube under an applied hoop stress.  
Fracture toughness from test specimens with levels of Heq of 52 through 220 ppm were selected 
from Reference [16] to be included in the current report.  The bulk hydride morphology was 
described as mainly circumferential.  The test temperatures of the selected test specimens ranged 
between 32 and 260 C.  The values of fracture toughness corresponded to the onset of fracture 
initiation in the test.

Results from fracture toughness tests that were performed on cold-worked Zircaloy-2 pressure 
tubes that were removed from the Hanford Site N reactor are given by Huang and Mills [17].  
The irradiation temperatures are not reported in Reference [17].  The fluence levels were either 
46 1024 or 50 1024 n/m2.  The fracture toughness tests were performed using Compact Tension 
Specimens with a wall thickness of 5.0 mm.  The test specimens were in the C-L orientation that 
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corresponded to an axial through-wall crack in the pressure tube under an applied hoop stress.  
Fracture toughness from test specimens with levels of Heq of 52 through 259 ppm were selected 
from Reference [17] to be included in the current report.  The bulk hydride morphology was 
described as mainly circumferential.  The test temperatures of the selected test specimens ranged 
between 32 and 260 C.  The values of fracture toughness corresponded to the onset of fracture 
initiation in the test.

4.2.3 Fracture Toughness of Irradiated Zircaloy-4 Materials with High Levels of
Hydrogen Equivalent Concentration

Results from fracture toughness tests that were performed on rolled and alpha-annealed 
Zircaloy-4 plate material that was irradiated in a test reactor are given by Walker and Kass [18].  
The irradiation temperature is not reported in Reference [18].  The fluence levels ranged between 
5.1 1024 and 20.8 1024 n/m2.  The fracture toughness tests were performed using Compact 
Tension Specimens with a wall thickness of 10.2 mm.  Values of fracture toughness for two test 
specimen orientations were included in the current report.  The first was the T-W orientation 
where the applied load is in the plate thickness direction and crack growth is in the plate width 
direction perpendicular to the rolling direction.  The second is the W-T orientation where the 
applied load is in the plate width direction perpendicular to the rolling direction and crack 
growth is in plate thickness direction.  Fracture toughness from test specimens with an Heq of 
238 ppm were selected from Reference [18] to be included in the current report.  The bulk 
hydride morphology was described as parallel to the plane of the plate.  This means that the bulk 
hydrides in the test specimens with the T-W orientation were in the plane of the crack similar to 
radial bulk hydrides in a pressure tube.  The test temperatures of the selected test specimens 
ranged between 22 and 316 C.  The values of fracture toughness corresponded to the maximum 
load in the test.

Results from fracture toughness tests that were performed on beta-quenched Zircaloy-4 plate 
material that was irradiated in a test reactor are also given by Walker and Kass [18].  The 
irradiation temperature is not reported in Reference [18].  The fluence levels ranged between 
10.35 1024 and 20.4 1024 n/m2.  The fracture toughness tests were performed using Compact 
Tension Specimens with a wall thickness of 10.2 mm.  The test specimens were in the W-T
orientation where the applied load is in the plate width direction perpendicular to the rolling 
direction and crack growth is in plate thickness direction.  Fracture toughness from test 
specimens with an Heq of 238 ppm were selected from Reference [18] to be included in the 
current report.  The bulk hydride morphology was described as parallel to the plane of the plate.  
The test temperatures of the selected test specimens ranged between 22 and 260 C.  The values 
of fracture toughness corresponded to the maximum load in the test.

Results from fracture toughness tests that were performed on beta-quenched Zircaloy-4 plate 
material and Zircaloy-4 weld-metal that were irradiated in a test reactor are given by Kreyns et al
[19].  The irradiation temperature was 260 C, and the fluence levels ranged between 10.1 1024

and 47 1024 n/m2.  The fracture toughness tests were performed using Compact Tension 
Specimens with a wall thickness of between 2.0 and 10.0 mm.  The test specimen orientation 
was not provided in Reference [19].  Fracture toughness from test specimens with levels of Heq
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of 240 through 262 ppm were selected from Reference [19] to be included in the current report.  
The bulk hydride morphology was mixed with a range of bulk hydride orientation angles.  The 
test temperature of the selected test specimens was 24 C.  The values of fracture toughness 
corresponded to the maximum load in the test.

Additional results from fracture toughness tests that were performed on beta-quenched 
Zircaloy-4 plate material that was irradiated in a test reactor are given by Kreyns et al [19].  The 
irradiation temperature was 260 C, and the fluence levels ranged between 10.3 1024 and 
53 1024 n/m2.  The fracture toughness tests were performed using Compact Tension Specimens 
with a wall thickness of 10.0 mm.  The test specimen orientation was not provided in Reference 
[19].  Fracture toughness from test specimens with levels of Heq of 240 and 253 ppm were 
selected from Reference [19] to be included in the current report.  The bulk hydride morphology 
was mixed with a range of bulk hydride orientation angles.  The test temperature of the selected 
test specimens was 149 C.  The values of fracture toughness corresponded to the maximum load 
in the test.

4.3 Comparison of Fracture Toughness of Hydrided Irradiated Zircaloy-2 and
Zircaloy-4 Materials with Hydrided Irradiated Zr-2.5Nb Pressure Tube 
Material

Due to the wide range of material conditions and test conditions, as well as the lack of details on 
some material conditions and test conditions, it was not possible to perform a detailed statistical
analysis or other quantitative analysis of the fracture toughness from the irradiated Zircaloy-2
and Zircaloy-4 materials to compare with the fracture toughness from the hydrided irradiated 
Zr-2.5Nb pressure tube material.  However, significant insights were obtained by comparing the 
plots of fracture toughness from the different materials.

A conservative value of fracture toughness from the set of fracture toughness values for 
irradiated Zircaloy-2 and Zircaloy-4 materials was used to develop an adjustment factor that is 
less than 1.0 and is intended to account for uncertainty in the application of the Revision 2 
engineering fracture toughness model to these postulated high levels of Heq in the region of 
interest.  As described in Section 5 of this report, the adjustment factor on the fracture toughness 
was based on the 97.5% lower prediction bound.  For this reason, comparison of the fracture 
toughness from the CCTS from the hydrided irradiated Zr-2.5Nb rising pressure burst test 
specimens with the fracture toughness from irradiated Zircaloy-2 and Zircaloy-4 materials was 
made by comparing the lowest measured values of fracture toughness.

Fracture toughness from irradiated Zr-2.5Nb pressure tube material with high levels of Heq, and 
from irradiated Zircaloy-2 and Zircaloy-4 materials with medium levels of Heq, are shown in 
Figure 4-3. Fracture toughness from CCTS removed from hydrided irradiated rising pressure 
burst test specimens BT-6 through BT-14 with medium levels of Heq are shown in Figure 4-4.
Fracture toughness from CCTS removed from hydrided irradiated rising pressure burst test 
specimens BT-16 through BT-30 with medium levels of Heq are shown in Figure 4-5. Fracture 
toughness from CCTS removed from hydrided irradiated rising pressure burst test specimens 
BT-31 through BT-42 with medium levels of Heq are shown in Figure 4-6.  The lower values of 
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fracture toughness from the irradiated Zircaloy-2 and Zircaloy-4 materials in Figure 4-3 are 
lower than the lower values of fracture toughness from the CCTS from the hydrided irradiated 
rising pressure burst test specimens in Figures 4-4 through 4-6.  These results indicate that the 
use of the fracture toughness from the irradiated Zircaloy-2 and Zircaloy-4 materials as a 
surrogate for irradiated Zr-2.5Nb pressure tube material with high levels of Heq is representative 
or conservative.
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Figure 4-1:  Comparison of Sets of Fracture Toughness from a Curved Compact 
Tension Specimen Removed from a Hydrided Irradiated Rising Pressure Burst 

Test Specimen with the Burst Test Result at the Same Temperature
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Figure 4-4:  Fracture Toughness from Curved Compact Tension Specimens 
Removed from Hydrided Irradiated Rising Pressure Burst Test Specimens for 

BT-6 Through BT-14 from Ex-Service Zr-2.5Nb Pressure Tubes
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Figure 4-5:  Fracture Toughness from Curved Compact Tension Specimens 
Removed from Hydrided Irradiated Rising Pressure Burst Test Specimens for 

BT-16 Through BT-30 from Ex-Service Zr-2.5Nb Pressure Tubes
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Figure 4-6:  Fracture Toughness from Curved Compact Tension Specimens 
Removed from Hydrided Irradiated Rising Pressure Burst Test Specimens for 

B-31 Through BT-42 from Ex-Service Zr-2.5Nb Pressure Tubes
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5. ADJUSTMENT FACTOR ON FRACTURE TOUGHNESS FROM REVISION 2 
ENGINEERING MODEL FOR HIGH LEVELS OF HYDROGEN EQUIVALENT 
CONCENTRATION

5.1 Method of Adjustment of Fracture Toughness from Revision 2 
Engineering Model for High Levels of Hydrogen Equivalent Concentration

As stated in Section 3 of this report, the Revision 2 engineering fracture toughness model 
predicts fracture toughness as a function of the distance from the front end of the pressure tube, 
Heq, chlorine concentration, temperature under evaluation, and irradiation temperature.  From 
Section 9 of Reference [2], the fracture toughness from the Revision 2 engineering fracture 
toughness model is also dependent on the single-tailed statistical confidence level, .

, , , , ,c c fr eq irrK K (5-1)

where

Dfr = distance from the front end of the pressure tube, m
Cl = chlorine concentration, ppm
Heq = hydrogen equivalent concentration, ppm
T = temperature under evaluation, C
Tirr = irradiation temperature, C

= single-tailed statistical confidence level (such as 0.975), dimensionless

A conservative value of fracture toughness from the set of fracture toughness values for 
irradiated Zircaloy-2 and Zircaloy-4 materials described in Section 4 and provided in Appendix 
A of this report was used to develop an adjustment factor that is intended to account for 
uncertainty in the application of the Revision 2 engineering fracture toughness model to 
postulated high levels of Heq of up to 250 ppm in the region of interest.  The adjustment factor
was developed based on the 97.5% lower prediction bound on fracture toughness from the 
Revision 2 engineering fracture toughness model.  The adjustment factor was developed by 
equating a reference value of measured fracture toughness from the set of test data to an adjusted
97.5% lower prediction bound on fracture toughness from the Revision 2 engineering fracture 
toughness model. In addition, in accordance with Clause D.13.2.1 of the CSA Standard N285.8
[20], the calculated values of fracture toughness that are used in an evaluation are divided by a 
correction factor to account for the potential effect of reinforcement of the sealing patch on the 
results from rising pressure burst tests. The resultant equation is given by

,
exp

0.975, , , , ,c ref fr eq irr
H

sp

K D H Cl T T
K

F
(5-2)

where
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Fsp = correction factor to account for the potential effect of reinforcement of the 
sealing patch on the results from rising pressure burst tests, = 1.04

Kc,ref = fracture toughness from the Revision 2 engineering fracture toughness model 
at a reference set of conditions, MPa m

Kexp = reference value of measured fracture toughness, MPa m
H = adjustment factor on fracture toughness to account for uncertainty in the 

application of the Revision 2 engineering fracture toughness model to high 
levels of Heq of up to 250 ppm, dimensionless

From Eq. (5-2),

exp

, 0.975, , , , ,
sp

H
c ref fr eq irr

F K
K D H Cl T T

(5-3)

The adjusted fracture toughness that was used in the risk-informed deterministic evaluation of 
fracture protection, without the correction factor for the potential effect of reinforcement of the 
sealing patch (that is applied later in the evaluation) is then given by

, , , , , ,c adj H c fr eq irrK (5-4)

where

Kc,adj = adjusted fracture toughness to account for uncertainty in the application of 
the Revision 2 engineering fracture toughness model to high levels of Heq
of up to 250 ppm, MPa m

5.2 Determination of Adjustment Factor on Fracture Toughness from 
Revision 2 Engineering Model for High Levels of Hydrogen Equivalent 
Concentration

The temperature range of interest for development of the adjustment factor on fracture toughness 
is less than 200 C.  From Figure 4-2, at temperatures less than 200 C the most conservative
values of fracture toughness are from the fracture toughness tests that were performed on cold-
worked Zircaloy-2 pressure tube material that was removed from fuel channel F08 in the NPD 
demonstration reactor as given by Coleman et al [15].  The irradiation temperature was in the 
range of 260 through 270 C.  The levels of Heq were taken to range between 170 and 245 ppm.  
The bulk hydride morphology was mixed with a range of bulk hydride orientation angles.  From 
Section 9 of this report, the most limiting temperature for demonstrating fracture protection 
based on the revised ROH pressure-temperature operating limits for reactor Heatup is 130 C, and 
for reactor Cooldown is 175 C. From Appendix A of this report, the value of fracture toughness
of 27.7 MPa m at a test temperature of 150 C was used as the reference value, Kexp, to determine 
the adjustment factor.
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The reference set of conditions that were used to calculate the 97.5% lower prediction bound on 
fracture toughness from the Revision 2 engineering fracture toughness model were determined as 
given below.

(1) The location of the individual test specimens was not provided in Reference [15].  The 
reference distance from the front end of the pressure tube, Dfr was the value of 0.069 m that is 
used in the fracture protection evaluations of the front-end outlet rolled joints in Bruce Unit 3.

(2) The chlorine concentration of the test specimens was not provided in Reference [15].  The 
reference value of chlorine concentration, Cl, of 5.5 ppm that is provided in Reference [21], and 
is used in deterministic fracture protection evaluations of Bruce Unit 3, was used.

(3) A reference level of Heq of 210 ppm was used.  This reference level of Heq is the nominal
average of the range of 170 through 245 ppm for the fracture toughness tests in Reference [15].

(4) A reference temperature, T, that is equal to the test temperature of 150 C was used.

(5) The irradiation temperatures, Tirr, of the test specimens in Reference [15] were in the range of 
260 through 270 C.  A reference irradiation temperature of 290 C at the outlet rolled joints in 
Bruce Unit 3 [8] was used.  In general, use of a reference irradiation temperature that is higher 
than the irradiation temperature of the test specimens is conservative. However, at the reference
temperature of 150 C the irradiation temperature has essentially no effect on the predicted 
fracture toughness.

A comparison of the unadjusted 97.5% lower prediction bound on fracture toughness from the 
Revision 2 engineering fracture toughness model for levels of Heq of 200 through 250 ppm with 
fracture toughness from Zircaloy-2 and Zircaloy-4 materials with high levels of Heq is shown in 
Figure 5-1. The fracture toughness was calculated using the above conditions except the Heq was 
varied between 200 and 250 ppm.  The same comparison is shown in Figure 5-2 using an 
expanded scale for fracture toughness.  The 97.5% lower prediction bounds on fracture 
toughness for Heq between 200 and 250 ppm are greater than a number of measured values of 
fracture toughness. The Revision 2 engineering fracture toughness model predicts fracture 
toughness for an axial through-wall flaw in a pressure tube and was calibrated to the results from 
rising pressure burst tests that were performed on hydrided irradiated specimens.  The transition 
temperature to the upper-shelf fracture regime from the rising pressure burst tests has been found 
to be not greater than 250 C, and this is reflected in the temperature dependence of the curves of 
the unadjusted 97.5% lower prediction bound on fracture toughness from the Revision 2 
engineering fracture toughness model.  It is not unusual for small test specimens to exhibit a
transition temperature to the upper-shelf fracture regime that is greater than 250 C, and this is 
reflected by the values of measured fracture toughness from the small specimens at temperatures 
greater than 250 C in Figures 5-1 and 5-2.

The reference 97.5% lower prediction bound on fracture toughness from the Revision 2 
engineering fracture toughness model, Kc,ref, for the above reference conditions is 31.68 MPa m.  
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Substitution of Kexp equal to 27.7 MPa m, Kc,ref equal to 31.68 MPa m, and Fsp equal to 1.04,
into Eq. (5-3) gives H equal to 0.909.

A comparison of the unadjusted and adjusted 97.5% lower prediction bounds on fracture 
toughness from the Revision 2 engineering fracture toughness model for an Heq of 210 ppm with 
fracture toughness from Zircaloy-2 and Zircaloy-4 materials with high levels of Heq is shown in 
Figure 5-3. The same comparison is shown in Figure 5-4 using an expanded scale for fracture 
toughness.  The adjusted 97.5% lower prediction bound on fracture toughness at an Heq of 
210 ppm is a conservative representation of the test results.

A comparison of the adjusted 97.5% lower prediction bounds on fracture toughness from the 
Revision 2 engineering fracture toughness model for levels of Heq of 200 through 250 ppm with 
fracture toughness from Zircaloy-2 and Zircaloy-4 materials with high levels of Heq is shown in 
Figure 5-5. The same comparison is shown in Figure 5-6 using an expanded scale for fracture 
toughness. The adjusted 97.5% lower prediction bound on fracture toughness at the higher levels 
of Heq is a more conservative representation of the test results.
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6. DETERMINISTIC FRACTURE PROTECTION EVALUATION PROCEDURE 
FOR REACTOR HEATUP AND COOLDOWN

The deterministic fracture protection evaluation procedure based on an axial through-wall flaw 
postulated in the region of interest in the front-end outlet rolled joints in Bruce Unit 3 for the 
Service Level A reactor Heatup and Cooldown transients is described in this Section. The 
calculation procedure is in accordance with the CSA Standard N285.8, except that the Revision 2 
engineering fracture toughness model in Reference [2] was used instead of the Revision 1 
engineering fracture toughness model that is provided in Clause D.13.2.2 in the CSA Standard
N285.8.  The steps involved in the calculation are given below.

(a) The lower-bound fracture toughness was calculated as described in Section 6.1.

(b) The critical internal pressure at the location of the postulated axial through-wall flaw was
calculated as a function of temperature as described in Section 6.2.

(c) The safety factor on internal pressure at the location of the postulated axial through-wall flaw 
was calculated as described in Section 6.3. The critical Reactor Outlet Header (ROH) internal 
pressure was calculated as described in Section 6.3.

6.1 Method of Calculation of Lower-Bound Fracture Toughness

The lower-bound fracture toughness for levels of Heq less than or equal to 30 ppm was calculated 
using Clause D.13.2.2.1 of the CSA Standard N285.8 [20] and as given in Section 6.1.1 of this 
report.  The 97.5% lower prediction bound on fracture toughness using the Revision 2 
engineering fracture toughness model that is provided in Reference [2] was calculated as 
described in Section 6.1.2. In accordance with Clause D.13.2.1 of the CSA Standard N285.8, the 
lower of the values of fracture toughness from Clause D.13.2.2.1 and the Revision 2 engineering 
fracture toughness model was used.

6.1.1 Lower-Bound Fracture Toughness for Levels of Heq of 30 ppm or Less 
from Clause D.13.2.2.1 of CSA Standard N285.8

For Heq less than 30 ppm, and temperatures less than or equal to 150 C, the lower-bound fracture 
toughness, Kc, from Clause D.13.2.2.1 of the CSA Standard N285.8 is given by [20]

27 0.30cK T (6-1)

where

Kc = fracture toughness at through-wall 
T = temperature, C
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For temperatures greater than 150 C, the lower-bound fracture toughness is given by

72cK (6-2)

6.1.2 97.5% Lower Prediction Bound on Fracture Toughness from Revision 2 
Engineering Fracture Toughness Model

As stated in Section 3 of this report, the Revision 2 engineering fracture toughness model 
predicts fracture toughness as a function of the distance from the front end of the pressure tube, 
Heq, chlorine concentration, temperature under evaluation, and irradiation temperature.  From 
Section 9 of Reference [2], the fracture toughness from the Revision 2 engineering fracture 
toughness model is also dependent on the single-tailed statistical confidence level, .

, , , , ,c c fr eq irrK K (6-3)

where

Dfr = distance from the front end of the pressure tube, m
Cl = chlorine concentration, ppm
Heq = hydrogen equivalent concentration, ppm
T = temperature under evaluation, C
Tirr = irradiation temperature, C

= single-tailed statistical confidence level (such as 0.975), dimensionless

The 97.5% lower prediction bound on fracture toughness was calculated using the Revision 2 
engineering fracture toughness model that is provided in Section 9 of Reference [2] using equal 
to 0.975.

From Eq. (5-4), the corresponding adjusted fracture toughness is given by

, 0.975, , , , ,c adj H c fr eq irrK (6-4)

where

Kc,adj = adjusted fracture toughness to account for uncertainty in the application of 
the Revision 2 engineering fracture toughness model to high levels of Heq
of up to 250 ppm, MPa m

H = adjustment factor on fracture toughness to account for uncertainty in the 
application of the Revision 2 engineering fracture toughness model to high 
levels of Heq of up to 250 ppm, dimensionless
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6.2 Critical Internal Pressure at Location of Postulated Axial Through-Wall 
Flaw

The critical internal pressure at instability of a postulated axial through-wall flaw was calculated 
in accordance with Clause C.2.2.3.2.3 of the CSA Standard N285.8 [20]. In accordance with 
Clause D.13.2.1 of the CSA Standard N285.8, the calculated values of fracture toughness are
divided by a correction factor to account for the potential effect of reinforcement of the sealing 
patch on the results from rising pressure burst tests.

2
,1

2

2 cos exp
8

f c adj
cr

i b sp f

wp
R w

(6-5)

where

1/222 2

1 1.255 0.0135b
m m

c cM
R w R w

(6-6)

and

c = half-length of the postulated axial through-wall flaw, m
Fsp = correction factor to account for the potential effect of reinforcement of the 

sealing patch on the results from rising pressure burst tests, = 1.04
Kc,adj = adjusted fracture toughness for axial through-
Mb = bulging factor for an axial through-wall flaw, dimensionless
pcr = critical internal pressure at instability of a postulated axial through-wall flaw, 

MPa
Ri = pressure tube inner radius, m
Rm = pressure tube mean radius, m
w = pressure tube wall thickness, m

f = flow stress of the material, MPa

The flow stress of the material, f, is defined as the average of the yield strength and ultimate
tensile strength. The lower-bound transverse flow stress is given by

2
ys u

f (6-7)

where

u = lower-bound transverse ultimate tensile strength, MPa
ys = lower-bound transverse yield strength, MPa
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From Clause D.3.4.3 of the CSA Standard N285.8, for fully irradiated material, the lower-bound
transverse yield strength is given by

988 1.154ys (6-8)

and the lower-bound transverse ultimate tensile strength is given by

1,021 1.245u (6-9)

where

T = temperature, C

6.3 Safety Factor on Internal Pressure and Critical Reactor Outlet Header
Internal Pressure

The safety factor on internal pressure is the ratio of the calculated critical internal pressure at 
flaw instability divided by the internal pressure at the location of the postulated flaw.

cr

FL

pSF
p

(6-10)

where

pFL = internal pressure at the location of the postulated axial through-wall flaw, MPa
SF = safety factor on internal pressure, dimensionless

The pressure-temperature evaluation is given in terms of ROH internal pressure.  The critical 
ROH internal pressure, (pFLcr)ROH, is given by

FLcr cr ROHROH
p p (6-11)

where

(pFlcr)ROH = critical internal pressure at the ROH at instability of a postulated axial through-
wall flaw, MPa

pROH = pressure differential between the axial location of the postulated axial through-
wall flaw and the ROH, MPa
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7. DETERMINISTIC FRACTURE PROTECTION EVALUATION PROCEDURE 
FOR REACTOR OVERPRESSURE EXCURSION

The deterministic fracture protection evaluation procedure based on an axial through-wall flaw 
postulated in the region of interest in the front-end outlet rolled joints in Bruce Unit 3 for the 
reactor overpressure excursion that is treated as Service Level C is described in this Section. The 
calculation procedure is in accordance with the CSA Standard N285.8, except that the Revision 2 
engineering fracture toughness model in Reference [2] was used instead of the Revision 1 
engineering fracture toughness model that is provided in Clause D.13.2.2 of the CSA Standard 
N285.8.  The steps involved in the calculation are given below.

(a) A statistical lower prediction bound on fracture toughness was calculated as described in 
Section 7.1.

(b) The critical internal pressure at the location of the postulated axial through-wall flaw was 
calculated in accordance with Section 7.2.

(c) The safety factor on internal pressure at the location of the postulated axial through-wall flaw 
was calculated as described in Section 7.3.  The critical Reactor Outlet Header (ROH) internal 
pressure was calculated as described in Section 7.3.

7.1 Method of Calculation of Statistical Lower Prediction Bounds on Fracture 
Toughness

The 90% lower prediction bound on fracture toughness for levels of Heq less than or equal to 
30 ppm was calculated using Clause D.13.2.2.2 of the CSA Standard N285.8 and as given in 
Section 7.1.1 of this report.  The 90% lower prediction bound on fracture toughness using the 
Revision 2 engineering fracture toughness model that is provided in Reference [2] was calculated 
as described in Section 7.1.2.  In accordance with Clause D.13.2.1 of the CSA Standard N285.8, 
the lower of the values of fracture toughness from Clause D.13.2.2.2 and the Revision 2 
engineering fracture toughness model was used.

7.1.1 Statistical Lower Prediction Bound on Fracture Toughness for Levels of 
Heq of 30 ppm or Less from Clause D.13.2.2.2 of CSA Standard N285.8

For Heq less than 30 ppm, and for temperatures less than or equal to 150 C, the statistical lower 
prediction bound on fracture toughness, Kc, from Clause D.13.2.2.2 of the CSA Standard N285.8 
is given by

1exp 3.762 0.0058849c KcK T (7-1)

where
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1/22

1

87.74210.174 , 29 1
31 103,653.9Kc

T
(7-2)

and

Kc = statistical lower prediction bound on fracture toughness at flaw instability, 

T = temperature, C
U( , 29) = -quantile of Student’s t-distribution with 29 degrees of freedom, 

dimensionless
Kc1 = error term for fracture toughness for levels of Heq of 30 ppm or less and for 

temperatures less than or equal to 150 C from Clause D.13.2.2.2 of the CSA 
Standard N285.8, dimensionless

= single-tailed statistical confidence level (such as 0.90), dimensionless

For temperatures greater than 150 C, the statistical lower prediction bound on fracture 
toughness, Kc, from Clause D.13.2.2.2 of the CSA Standard N285.8 is given by

2exp 4.6495c KcK (7-3)

where

1/2

2
10.1809 , 34 1
35Kc (7-4)

and

U( , 34) = -quantile of Student’s t-distribution with 34 degrees of freedom, 
dimensionless

Kc2 = error term for fracture toughness for levels of Heq of 30 ppm or less and for 
temperatures greater than 150 C from Clause D.13.2.2.2 of the CSA 
Standard N285.8, dimensionless

The 90% lower prediction bound on fracture toughness was calculated using equal to 0.90.  
The industry practice is to use the 90% lower prediction bound on the fracture toughness for 
deterministic fracture protection evaluations of a Service Level C loading, which is consistent 
with Clause D.13.2.3.4 of the CSA Standard N285.8.
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7.1.2 Lower Prediction Bound on Fracture Toughness from Revision 2 
Engineering Fracture Toughness Model

As stated in Section 3 of this report, the Revision 2 engineering fracture toughness model 
predicts fracture toughness as a function of the distance from the front end of the pressure tube, 
Heq, chlorine concentration, temperature under evaluation, irradiation temperature, and the
single-tailed statistical confidence level, .

, , , , ,c c fr eq irrK K (7-5)

where

Dfr = distance from the front end of the pressure tube, m
Cl = chlorine concentration, ppm
Heq = hydrogen equivalent concentration, ppm
T = temperature under evaluation, C
Tirr = irradiation temperature, C

= single-tailed statistical confidence level (such as 0.90), dimensionless

The 90% lower prediction bound on fracture toughness was calculated using the Revision 2 
engineering fracture toughness model that is provided in Section 9 of Reference [2] using equal 
to 0.90.

From Eq. (5-4), the corresponding adjusted fracture toughness is given by

, 0.90, , , , ,c adj H c fr eq irrK (7-6)

where

Kc,adj = adjusted fracture toughness to account for uncertainty in the application of 
the Revision 2 engineering fracture toughness model to high levels of Heq
of up to 250 ppm, MPa m

H = adjustment factor on fracture toughness to account for uncertainty in the 
application of the Revision 2 engineering fracture toughness model to high 
levels of Heq of up to 250 ppm, dimensionless

7.2 Critical Internal Pressure at Location of Postulated Axial Through-Wall 
Flaw

The critical internal pressure at instability of a postulated axial through-wall flaw, pcr, was 
calculated as described in Section 6.2 of this report.
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7.3 Safety Factor on Internal Pressure and Critical Reactor Outlet Header
Internal Pressure

The safety factor on internal pressure is the ratio of the calculated critical internal pressure at 
flaw instability divided by the internal pressure at the location of the postulated flaw as given by 
Eq. (6-10) that is also given below.

cr

FL

pSF
p

(7-7)

where

pcr = critical internal pressure at instability of a postulated axial through-wall flaw, 
MPa

pFL = internal pressure at the location of the postulated axial through-wall flaw, MPa
SF = safety factor on internal pressure, dimensionless

The pressure-temperature evaluation is given in terms of ROH internal pressure.  The critical 
ROH internal pressure, (pFLcr)ROH, is given by Eq. (6-11) that is also given below.

FLcr cr ROHROH
p p (7-8)

where

(pFlcr)ROH = critical internal pressure at the ROH at instability of a postulated axial through-
wall flaw, MPa

pROH = pressure differential between the axial location of the postulated axial through-
wall flaw and the ROH, MPa
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8. INPUTS FOR FRACTURE PROTECTION EVALUATION

8.1 Location and Length of Postulated Axial Through-Wall Flaw

The outboard tip of the axial through-wall flaw was postulated to reside at the burnish mark of 
the front-end outlet rolled joint.

The provisions for fracture protection in Clause 7.2 of the CSA Standard N285.8 require that the 
length of the postulated axial through-wall flaw be justified, and do not specify the flaw length.  
Calculations were performed for a postulated axial through-wall flaw length of 20 mm that is 
typically used. Calculations were also performed for a postulated axial through-wall flaw length 
of 18 mm.  A postulated axial through-wall flaw length of 18 mm was used in the technical basis 
for the safety factor of 1.20 that is proposed in Reference [22] for the companion deterministic 
fracture protection evaluation that is performed with a probabilistic fracture protection 
evaluation.  The technical basis for a postulated axial through-wall flaw length of 18 mm for use 
in the risk-informed deterministic evaluation of fracture protection of the front-end outlet rolled 
joints in Bruce Unit 3 is summarized in Appendix B of this report.  From Appendix B, and based 
on the volumetric inspection results, a small, localized region at the top of the pressure tube just 
inboard of the outlet burnish mark that is postulated to have a higher than expected level of Heq is 
very unlikely to contain flaws that are of a severity that would be a site for crack initiation and 
growth.  From Appendix B, a postulated axial through-wall flaw length of 18 mm corresponds to 
a cumulative probability of 78% of a DHC crack at initial wall penetration being less than 
18 mm. A 10% reduction in the postulated axial through-wall flaw length from 20 to 18 mm is 
considered reasonable.

As stated in Section 3.1 of this report, the fracture toughness from the Revision 2 engineering 
fracture toughness model depends on the distance from the front end of the pressure tube [2].
The predicted fracture toughness decreases with a decrease in the distance from the front end.  
Calculation of the fracture toughness using the distance from the outlet rolled joint burnish mark 
to the front end of 0.069 m instead of the distance from the inboard tip of the postulated 20 mm 
long axial through-wall flaw to the front end of 0.089 m results in an insignificant decrease in the 
fracture toughness of 0.1% over the temperature range of interest.  For simplicity, the fracture 
toughness was calculated using the distance from the outlet rolled joint burnish mark to the front 
end as a bounding distance for both postulated flaw lengths.

8.2 Pressure Tube Dimensions

Pressure tube dimensions that are bounding for the end of the evaluation period and that are 
given in Reference [23] were used.  A pressure tube inner radius, Ri, of 52.53 mm, and a wall 
thickness, w, of 3.99 mm, were used.
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8.3 Hydrogen Equivalent Concentrations and Chlorine Concentration

As described above, the axial and radial extents of the higher than expected levels of Heq inboard 
of the outlet rolled joint burnish mark have been found to be confined to a localized region with a 
central tendency about the top of the pressure tube [1]. As also described above, this localized 
region inboard of the outlet rolled joint burnish mark with a central tendency about the top of the 
pressure tube that has higher than expected levels of Heq is defined as the region of interest.  The 
focus of the calculations was at the inboard tip of the postulated axial through-wall flaw with a 
length of 18 or 20 mm in the region of interest, which corresponds to a distance of 18 or 20 mm 
inboard of the burnish mark, respectively.

For the region of interest in fuelled channels, the estimate of Heq at a distance of 20 mm inboard 
of the outlet rolled joint burnish mark at the end of the evaluation period, which is the date of the 
Major Component Replacement (MCR), which is recommended to be used in the deterministic 
fracture protection evaluation is 200 ppm [1].  In addition, it is recommended in Reference [1] to 
also use an Heq of 220 ppm as a sensitivity case to address uncertainties in assumptions and 
inputs used in the calculations for future projections of Heq. The risk-informed deterministic
evaluation of fracture protection was performed for postulated levels of Heq of 200 through 
250 ppm in the region of interest to address any unanticipated levels of Heq that are great than 
220 ppm.  These postulated levels of Heq were used for the postulated axial through-wall flaw 
lengths of 18 and 20 mm.

The levels of Heq in the outlet rolled joints of the three fuel channels B3J14, B3K10 and B3U11
that will operate defuelled following the current outage have been measured by scrape sampling 
[24].  The estimate of Heq at a distance of 20 mm inboard of the outlet rolled joint burnish mark 
at the end of the evaluation period that is recommended to be used in the deterministic fracture 
protection evaluation is 100 ppm [1].  The risk-informed deterministic evaluation of fracture 
protection was therefore not performed for the three channels that will operate defuelled 
following the current outage.

The reference value of chlorine concentration, Cl, of 5.5 ppm that is provided in Reference [21],
and is used in deterministic fracture protection evaluations of Bruce Unit 3, was used in the 
calculations.

8.4 Pressure Differential Between Location of Postulated Flaw at Outlet 
Rolled Joint of Fuelled Channel and Reactor Outlet Header

The procedure to calculate the pressure differential between the location of the postulated axial 
through-wall flaw at outlet rolled joint burnish mark in a fuelled channel and the ROH was taken 
from Reference [25].  The pressure differential between the location of the flaw and the ROH 
depends on the temperature.

The pressure differential between the thermalhydraulic inlet of the fuel channel and the ROH is 
given by [25]
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31.68285 2.80919 10in
ROH (8-1)

and the pressure differential between the thermalhydraulic outlet of the fuel channel and the 
ROH is given by [25]

40.47729 6.40345 10out
ROH (8-2)

where

pROH
in = pressure differential between the thermalhydraulic inlet of the fuel channel and 

the ROH, MPa
pROH

out = pressure differential between the thermalhydraulic outlet of the fuel channel 
and the ROH, MPa

T = temperature, C

The pressure differential between the axial location of the postulated axial through-wall flaw at 
the outlet rolled joint burnish mark, which is inboard of the thermalhydraulic outlet of the fuel 
channel, and the ROH was calculated by linear interpolation along the pressure tube [25].

in in outFL
ROH ROH ROHROH

PT

d
L

(8-3)

where

dFL = distance between the axial location of the postulated axial through-wall flaw at 
the outlet rolled joint burnish mark and the inlet end of the pressure tube, = 
6.243 m

LPT = length of the pressure tube, = 6.312 m
pROH = pressure differential between the axial location of the postulated axial through-

wall flaw at the outlet rolled joint burnish mark and the ROH, MPa

8.5 Revised Reactor Outlet Header Pressure-Temperature Operating Limits 
for Heatup and Cooldown

The revised ROH pressure-temperature operating limits for reactor Heatup and Cooldown are 
provided in Reference [3], and are given in Table 8-1.

8.6 Revised Reactor Outlet Header Pressure-Temperature Limits for 
Overpressure Excursion

As described above, revised pressure-temperature limits for a Service Level C overpressure 
excursion were used in the development of a revised procedure for the DCC Feedpump trip to 
mitigate a Cold Over-Pressurization Transient and increase fracture protection margins [3]. The 
variation of the critical ROH internal pressure, (pFlcr)ROH, with temperature for an overpressure 
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excursion for a fuelled channel with a postulated axial through-wall flaw length of 20 mm, and 
an Heq of 200 ppm, is shown in Figure 8-1.  This curve was developed in Reference [26] using 
the 90% lower prediction bound on fracture toughness using the Revision 2 engineering fracture 
toughness model that is provided in Reference [2] without the application of the adjustment 
factor for high levels of Heq.  The revised ROH pressure-temperature limits for an overpressure 
excursion are based on application of a 15% margin on the critical ROH internal pressure [3] and 
are also shown in Figure 8-1.

Tabular values of the variation of the critical ROH internal pressure with temperature for an 
overpressure excursion for a fuelled channel are given in Appendix C of this report.  The revised
ROH pressure-temperature limits for the overpressure excursion based on a 15% margin on the 
critical pressures are also given in Appendix C.
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TABLE 8-1
REVISED REACTOR OUTLET HEADER PRESSURE-TEMPERATURE
OPERATING LIMITS FOR REACTOR HEATUP AND COOLDOWN [3]

Reactor Heatup 
ROH Temperature

( C)

Reactor Heatup
ROH Internal 

Pressure
(MPa)

Reactor Cooldown
ROH Temperature

( C)

Reactor Cooldown
ROH Internal 

Pressure
(MPa)

40 0.00 300 7.30
40 4.00 175 7.30
68 4.00 175 6.30
68 5.80 100 6.30
78 5.80 100 6.20
78 6.00 90 6.20
100 6.20 90 5.50
130 6.20 68 5.50
130 6.80 68 4.00
250 6.80 27 4.00
250 9.08 27 0.00
300 9.08
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Figure 8-1:  Variation of Critical ROH Internal Pressure with Temperature for a 
Fuelled Channel with a Postulated Flaw Length of 20 mm and an Heq of 200 ppm,
and Revised ROH Pressure-Temperature Limits for an Overpressure Excursion
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9. RISK-INFORMED FRACTURE PROTECTION EVALUATION RESULTS FOR 
REACTOR HEATUP AND COOLDOWN

Deterministic fracture protection evaluation results for reactor Heatup and Cooldown for the 
region of interest that is the localized region inboard of the outlet rolled joint burnish mark with a 
central tendency about the top of the pressure tube that has higher than expected levels of Heq are 
provided in this Section.  For temperatures below the transition to the upper-shelf fracture 
regime, the 97.5% lower prediction bound on fracture toughness using the Revision 2 
engineering fracture toughness model that is provided in Reference [2] was less than the 
lower-bound fracture toughness in Clause D.13.2.2.1 of the CSA Standard N285.8.  The 97.5% 
lower prediction bound on fracture toughness from the Revision 2 engineering fracture toughness 
model for front-end outlet rolled joints was therefore selected to be used for temperatures below
the transition to the upper-shelf fracture regime.

9.1 Comparison of Critical Pressure-Temperature Curves Based on Adjusted 
Fracture Toughness with Revised Pressure-Temperature Operating 
Limits for Reactor Heatup and Cooldown

The critical internal pressure at the ROH at instability of a postulated axial through-wall flaw, 
(pFlcr)ROH, was calculated over a range of temperatures using the procedure described in Section 6 
of this report.  The adjustment factor on fracture toughness to account for uncertainty in the 
application of the Revision 2 engineering fracture toughness model to postulated high levels of 
Heq of up to 250 ppm in the region of interest, H, which is equal to 0.909, was applied to the 
97.5% lower prediction bound on fracture toughness from the Revision 2 model.

Calculated critical internal pressures based on a postulated axial flaw length of 18 mm, levels of 
Heq of 200 and 250 ppm, and the adjusted fracture toughness from the Revision 2 engineering 
fracture toughness model, are compared in Figure 9-1 with the revised ROH pressure-
temperature operating limits for reactor Heatup. Calculated critical internal pressures based on a
postulated axial flaw length of 18 mm, levels of Heq of 200 and 250 ppm, and the adjusted
fracture toughness from the Revision 2 engineering fracture toughness model, are compared in 
Figure 9-2 with the revised ROH pressure-temperature operating limits for reactor Cooldown.
At a given temperature there are substantial margins between the critical internal pressures and 
the revised operating internal pressure limit for reactor Heatup and Cooldown.

Calculated critical internal pressures based on a postulated axial flaw length of 20 mm, levels of 
Heq of 200 and 250 ppm, and the adjusted fracture toughness from the Revision 2 engineering 
fracture toughness model, are compared in Figure 9-3 with the revised ROH pressure-
temperature operating limits for reactor Heatup. Calculated critical internal pressures based on a
postulated axial flaw length of 20 mm, levels of Heq of 200 and 250 ppm, and the adjusted
fracture toughness from the Revision 2 engineering fracture toughness model are compared in 
Figure 9-4 with the revised ROH pressure-temperature operating limits for reactor Cooldown.
At a given temperature there are margins between the critical internal pressures and the revised
operating internal pressure limit for reactor Heatup and Cooldown.
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9.2 Safety Factors on Internal Pressure Based on Adjusted Fracture 
Toughness

As stated above, the safety factor on internal pressure is the ratio of the calculated critical 
internal pressure at flaw instability divided by the actual internal pressure at the location of the 
postulated axial through-wall flaw. The safety factors on internal pressure for the revised
pressure-temperature operating limits for reactor Heatup and Cooldown were calculated using 
the procedure described in Section 6 of this report using the 97.5% lower prediction bound on 
fracture toughness from the Revision 2 engineering fracture toughness model with the 
adjustment factor, H.

The minimum safety factors on internal pressure for reactor Heatup at temperatures less than 
250 C for postulated axial through-wall flaw lengths of 18 and 20 mm, and postulated levels of 
Heq of 200 through 250 ppm, are given in Table 9-1.  The internal pressure at the location of the 
postulated flaw at the fuel channel outlet, the internal pressure at the ROH, and the temperature 
at the fuel channel outlet, at which the safety factor on internal pressure is the lowest, are given
in Table 9-1. In all cases the internal pressure at the location of the postulated flaw 
corresponding to the lowest safety factor is 7.20 MPa, the ROH internal pressure is 6.80 MPa,
and the temperature is 130 C. The adjusted fracture toughness, Kc,adj, at 130 C is also given in 
Table 9-1.

The minimum safety factors on internal pressure for reactor Cooldown at temperatures less than 
250 C for postulated axial through-wall flaw lengths of 18 and 20 mm, and postulated levels of 
Heq of 200 through 250 ppm, are given in Table 9-2.  The internal pressure at the location of the 
postulated flaw at the fuel channel outlet, the internal pressure at the ROH, and the temperature 
at the fuel channel outlet, at which the safety factor on internal pressure is the lowest, are given 
in Table 9-2.  In all cases the internal pressure at the location of the postulated flaw 
corresponding to the lowest safety factor is 7.67 MPa, the ROH internal pressure is 7.30 MPa, 
and the temperature is 175 C.  The adjusted fracture toughness, Kc,adj, at 175 C is also given in 
Table 9-2.

The safety factors on internal pressure in Tables 9-1 and 9-2 decrease with an increase in the 
length of the postulated axial through-wall flaw, or an increase in the level of Heq, as expected.
For a postulated axial through-wall flaw length of 18 mm and an Heq of 200 ppm, the safety 
factor on internal pressure for reactor Heatup is 1.30 and for reactor Cooldown is 1.31.  These
safety factors meet the required safety factor of 1.30 in the acceptance criteria for fracture 
protection during a reactor Heatup or Cooldown shutdown state in the CSA Standard N285.8.  
For a postulated axial through-wall flaw length of 18 mm and postulated levels of Heq of 200 
through 250 ppm, the safety factors on internal pressure for reactor Heatup and Cooldown are 
greater than 1.20. The lowest safety factor is 1.12, and is for a postulated axial through-wall 
flaw length of 20 mm and an Heq of 250 ppm.

The effect of the adjustment factor, H, of 0.909 on the safety factors on internal pressure for the 
revised pressure-temperature operating limits for reactor Heatup and Cooldown for an Heq of 200 
ppm was determined.  The safety factors on internal pressure for the revised pressure-
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temperature operating limits for reactor Heatup and Cooldown were calculated for postulated 
axial through-wall flaw lengths of 18 and 20 mm, an Heq of 200 ppm, the 97.5% lower prediction 
bound on fracture toughness from the Revision 2 engineering fracture toughness model, and the 
adjustment factor, H, equal to 1.0.  The minimum safety factors on internal pressure are given in 
Table 9-3. The internal pressure at the location of the postulated flaw at the fuel channel outlet, 
the internal pressure at the ROH, and the temperature at the fuel channel outlet, at which the 
safety factor on internal pressure is the lowest, are given in Table 9-3 and are the same as for the 
corresponding cases with H equal to 0.909 in Tables 9-1 and 9-2. The corresponding values of 
unadjusted fracture toughness, Kc, are also given in Table 9-3. The minimum safety factors for 
reactor Heatup and Cooldown for the postulated axial through-wall flaw length of 18 mm are 
1.43.  The minimum safety factors for reactor Heatup and Cooldown for the postulated axial 
through-wall flaw length of 20 mm are 1.31.  These safety factors are greater than the required 
safety factor of 1.30 in the acceptance criteria for fracture protection during a reactor Heatup or 
Cooldown shutdown state in the CSA Standard N285.8.

In the event of the unanticipated existence of an axial through-wall flaw in the region of interest 
in a front-end outlet rolled joint in Bruce Unit 3, and given the conservatisms in the deterministic 
evaluation of fracture protection, these results demonstrate there would be a very low risk of 
instability of a flaw with a length up to 20 mm in the region of interest during reactor Heatup or 
Cooldown.
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Figure 9-1: Comparison of Critical Internal Pressures for a Fuelled Channel
with a Postulated Flaw Length of 18 mm Based on Adjusted Fracture Toughness 
from the Revision 2 Engineering Model with Revised ROH Pressure-Temperature

Operating Limits for Reactor Heatup
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Figure 9-2:  Comparison of Critical Internal Pressures for a Fuelled Channel
with a Postulated Flaw Length of 18 mm Based on Adjusted Fracture Toughness 
from the Revision 2 Engineering Model with Revised ROH Pressure-Temperature 

Operating Limits for Reactor Cooldown
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Figure 9-3:  Comparison of Critical Internal Pressures for a Fuelled Channel
with a Postulated Flaw Length of 20 mm Based on Adjusted Fracture Toughness 
from the Revision 2 Engineering Model with Revised ROH Pressure-Temperature 

Operating Limits for Reactor Heatup
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Figure 9-4:  Comparison of Critical Internal Pressures for a Fuelled Channel
with a Postulated Flaw Length of 20 mm Based on Adjusted Fracture Toughness 
from the Revision 2 Engineering Model with Revised ROH Pressure-Temperature 

Operating Limits for Reactor Cooldown
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10. RISK-INFORMED FRACTURE PROTECTION EVALUATION RESULTS FOR 
REACTOR OVERPRESSURE EXCURSION TRANSIENT

Deterministic fracture protection evaluation results for the Service Level C overpressure 
excursion for the region of interest that is the localized region inboard of the outlet rolled joint 
burnish mark with a central tendency about the top of the pressure tube that has higher than 
expected levels of Heq are provided in this Section.  For temperatures below the transition to the 
upper-shelf fracture regime, the 90% lower prediction bound on fracture toughness using the 
Revision 2 engineering fracture toughness model that is provided in Reference [2] was less than 
the lower-bound fracture toughness in Clause D.13.2.2.2 of the CSA Standard N285.8.  The 90% 
lower prediction bound on fracture toughness from the Revision 2 engineering fracture toughness 
model for front-end outlet rolled joints was therefore selected to be used for temperatures below 
the transition to the upper-shelf fracture regime.

10.1 Comparison of Critical Pressure-Temperature Curves Based on Adjusted 
Fracture Toughness with Revised Pressure-Temperature Limits for 
Overpressure Excursion

The critical internal pressure at the ROH at instability of a postulated axial through-wall flaw, 
(pFlcr)ROH, was calculated over a range of temperatures using the procedure described in Section 7 
of this report.  The adjustment factor on fracture toughness to account for uncertainty in the 
application of the Revision 2 engineering fracture toughness model to postulated high levels of 
Heq of up to 250 ppm in the region of interest, H, which is equal to 0.909, was applied to the 
90% lower prediction bound on fracture toughness from the Revision 2 model.

Calculated critical internal pressures based on a postulated axial flaw length of 18 mm, levels of 
Heq of 200 and 250 ppm, and the adjusted fracture toughness from the Revision 2 engineering 
fracture toughness model are compared in Figure 10-1 with the revised ROH pressure-
temperature limits for the overpressure excursion.  At a given temperature there are substantial 
margins between the critical internal pressures and the revised internal pressure limit for the 
overpressure excursion.

Calculated critical internal pressures based on a postulated axial flaw length of 20 mm, levels of 
Heq of 200 and 250 ppm, and the adjusted fracture toughness from the Revision 2 engineering 
fracture toughness model are compared in Figure 10-2 with the revised ROH pressure-
temperature limits for the overpressure excursion.  For an Heq of 250 ppm, the critical internal 
pressures based on a postulated axial flaw length of 20 mm are essentially equal to the revised
ROH pressure-temperature limits for the overpressure excursion, and the curves lie on top of one 
another in Figure 10-2.
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10.2 Safety Factors on Internal Pressure Based on Adjusted Fracture 
Toughness

The safety factors on internal pressure for the revised pressure-temperature limits for the 
overpressure excursion were calculated using the procedure described in Section 7 of this report 
using the 90% lower prediction bound on fracture toughness from the Revision 2 engineering 
fracture toughness model with the adjustment factor, H. As described in Section 8.6 of this 
report, the revised pressure-temperature limits for a Service Level C overpressure excursion are 
based on application of a 15% margin on the critical ROH internal pressure that was calculated 
using a postulated axial through-wall flaw length of 20 mm, an Heq of 200 ppm, and the 90% 
lower prediction bound on fracture toughness using the Revision 2 engineering fracture 
toughness model without the application of the adjustment factor for high levels of Heq. The 
result of the application of a margin of 15% is that the safety factors on internal pressure that are 
calculated using the Revision 2 engineering fracture toughness model with the adjustment factor, 

H, are nearly constant over the temperature range.  This is seen by comparing the curves of the 
calculated critical internal pressure with the revised ROH pressure-temperature limits in Figures 
10-1 and 10-2.  The safety factors on internal pressure that cover the temperature range of 25 
through 215 C for postulated axial through-wall flaw lengths of 18 and 20 mm, and postulated 
levels of Heq of 200 through 250 ppm, are given in Table 10-1.  The safety factor for a given 
postulated axial through-wall flaw length and level of Heq varies by no more than nominally 0.01 
over the temperature range of 25 through 215 C.  The adjusted fracture toughness, Kc,adj, at 
100 C is also given in Table 10-1 to show an example of the dependency of the fracture 
toughness on Heq.

The safety factors on internal pressure in Table 10-1 decrease with an increase in the length of 
the postulated axial through-wall flaw, or an increase in the level of Heq, as expected.  For the 
postulated axial through-wall flaw length of 18 mm and postulated levels of Heq of 200 through 
250 ppm, and for the postulated axial through-wall flaw length of 20 mm and levels of Heq of 
200 through 240 ppm, the safety factors on internal pressure are greater than 1.0. The lowest 
safety factor is 0.99, and is for a postulated axial through-wall flaw length of 20 mm and an Heq
of 250 ppm.  These safety factors essentially meet the required safety factor of 1.0 in the 
acceptance criteria for fracture protection during a Service Level C event in the CSA Standard 
N285.8.

In the event of the unanticipated existence of an axial through-wall flaw in the region of interest
in a front-end outlet rolled joint in Bruce Unit 3, and given the conservatisms in the deterministic 
evaluation of fracture protection, these results demonstrate there would be a low risk of 
instability of a flaw with a length up to 20 mm in the region of interest during an overpressure 
excursion.
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TABLE 10-1
SAFETY FACTORS ON INTERNAL PRESSURE FROM DETERMINISTIC 

EVALUATION OF FRACTURE PROTECTION OF OVERPRESSURE
EXCURSION AT TEMPERATURES LESS THAN 215 C USING

90% LOWER PREDICTION BOUND ON ADJUSTED FRACTURE TOUGHNESS

Length of 
Postulated Axial 

Through-Wall Flaw
(mm)

Heq
(ppm)

Adjusted Fracture 
Toughness at 100 C,

Kc,adj
(MPa m)

Safety Factors Over Range of 
Temperatures of Evaluation Based on 

a 90% Lower Prediction Bound on 
Adjusted Fracture Toughness

18 200 29.8 1.16
18 210 29.3 1.14 – 1.15
18 220 28.9 1.13
18 230 28.6 1.11 – 1.12
18 240 28.2 1.10
18 250 27.9 1.09

20 200 29.8 1.06 – 1.07
20 210 29.3 1.04 – 1.05
20 220 28.9 1.03 – 1.04
20 230 28.6 1.02
20 240 28.2 1.01
20 250 27.9 0.99 – 1.00
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Figure 10-1:  Comparison of Critical Internal Pressures for a Fuelled Channel
with a Postulated Flaw Length of 18 mm Based on Adjusted

Fracture Toughness from the Revision 2 Engineering Model with
Revised ROH Pressure-Temperature Limits for an Overpressure Excursion
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Figure 10-2:  Comparison of Critical Internal Pressures for a Fuelled Channel
with a Postulated Flaw Length of 20 mm Based on Adjusted

Fracture Toughness from the Revision 2 Engineering Model with
Revised ROH Pressure-Temperature Limits for an Overpressure Excursion

(For an Heq of 250 ppm, the curve of critical internal pressure is nearly coincident
with the revised ROH pressure-temperature limits.)
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11. CONSERVATISMS IN RISK-INFORMED DETERMINISTIC EVALUATION OF 
FRACTURE PROTECTION OF FRONT-END OUTLET ROLLED JOINTS IN 
BRUCE UNIT 3

The risk-informed deterministic evaluation of fracture protection of the region of interest in 
front-end outlet rolled joints in Bruce Unit 3 involves a number of conservatisms as described 
below.

(a) For a through-wall flaw to exist there needs to be a pre-existing service-induced flaw, such as 
due to fretting, and which would need to be a site for crack initiation and growth.  From 
Appendix B of this report, and based on the volumetric inspection results, the small, localized 
region just inboard of the outlet burnish mark with a central tendency about the top of the 
pressure tube that is postulated to have a higher than expected level of Heq is very unlikely to 
contain flaws that are of a severity that would be a site for crack initiation and growth.

(b) The postulated through-wall flaw is assumed to be not leaking and not detected.

(c) The lower temperature portions of the fracture toughness curves that are most limiting in 
fracture protection evaluations of front-end outlet rolled joints in Bruce Unit 3 do not take into 
account the benefit of the higher irradiation temperatures at the outlets that result in an increase 
in the fracture toughness.
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12. SUMMARY AND CONCLUSIONS

(a) A risk-informed deterministic evaluation of fracture protection based on a postulated axial 
through-wall flaw in the region of interest in the front-end outlet rolled joints in fuelled channels 
in Bruce Unit 3 has been performed for postulated high levels of Heq of 200 through 250 ppm as 
described in this report. The region of interest is defined as the localized region inboard of the 
outlet rolled joint burnish mark with a central tendency about the top of the pressure tube that has 
higher than expected levels of Heq.  The scope of the risk-informed deterministic evaluation of 
fracture protection is limited to the region of interest.  For the same set of conditions such as Heq,
the results of the risk-informed deterministic evaluation of fracture protection for the region of 
interest in the front-end outlet rolled joints in this report can be used as a conservative bound on 
the results from a risk-informed deterministic evaluation of fracture protection of the region of 
interest in back-end outlet rolled joints in Bruce Unit 3. Although the results of the evaluation in 
this report are specific to the region of interest in the front-end outlet rolled joints in Bruce 
Unit 3, the framework of the risk-informed deterministic evaluation of fracture protection is 
applicable to a region of interest in any Bruce reactor. The risk-informed deterministic 
evaluation of fracture protection of the region of interest was performed over an evaluation 
period of operation of Bruce Unit 3 up to the MCR that is estimated to be bounded by 
246,000 EFPH.

(b) Measured fracture toughness from small test specimens comprised of irradiated Zircaloy-2
and Zircaloy-4 materials for a range of levels of Heq that in some cases exceed 250 ppm were 
obtained from the literature and used in the context of surrogate materials to gain insights into 
the fracture toughness of zirconium alloys at these high levels of Heq. A conservative value of 
fracture toughness from the set of fracture toughness values for irradiated Zircaloy-2 and 
Zircaloy-4 materials was used to develop an adjustment factor that is less than 1.0 and is 
intended to account for uncertainty in the application of the Revision 2 engineering fracture 
toughness model to these postulated high levels of Heq in the region of interest.  The values of 
fracture toughness that were used in the evaluation were predicted by the Revision 2 engineering 
fracture toughness model and then reduced by multiplying by the adjustment factor.

(c) A risk-informed deterministic evaluation of fracture protection for the Service Level A 
reactor Heatup and Cooldown transients was performed for the region of interest based on 
revised Heatup and Cooldown pressure-temperature operating limits for Bruce Unit 3 that are 
intended to increase fracture protection margins.  The safety factors on internal pressure for the 
revised pressure-temperature operating limits for reactor Heatup and Cooldown were calculated 
using postulated axial through-wall flaw lengths of 18 and 20 mm, and postulated levels of Heq
of 200 through 250 ppm. For a postulated axial through-wall flaw length of 18 mm and 
postulated levels of Heq of 200 through 250 ppm, the safety factors on internal pressure for 
reactor Heatup and Cooldown are greater than 1.20.  The lowest safety factor is 1.12, and is for a
postulated axial through-wall flaw length of 20 mm and an Heq of 250 ppm.

(d) A risk-informed deterministic evaluation of fracture protection was performed for the region 
of interest based on revised pressure-temperature limits for a Service Level C overpressure 
excursion that were used in the development of a revised procedure for the DCC Feedpump trip 
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to mitigate a Cold Over-Pressurization Transient and increase fracture protection margins.  The 
safety factors on internal pressure were calculated for the overpressure excursion using 
postulated axial through-wall flaw lengths of 18 and 20 mm, and postulated levels of Heq of 200 
through 250 ppm. For the postulated axial through-wall flaw length of 18 mm and postulated 
levels of Heq of 200 through 250 ppm, and for the postulated axial through-wall flaw length of 20
mm and levels of Heq of 200 through 240 ppm, the safety factors on internal pressure are greater 
than 1.0. The lowest safety factor is 0.99, and is for a postulated axial through-wall flaw length
of 20 mm and an Heq of 250 ppm.  These safety factors essentially meet the required safety factor 
of 1.0 in the acceptance criteria for fracture protection during a Service Level C event in the CSA 
Standard N285.8.

(e) The risk-informed deterministic evaluation of fracture protection for the region of interest in 
front-end outlet rolled joints in Bruce Unit 3 involves a number of conservatisms.  Based on the 
volumetric inspection results, a small, localized region just inboard of the outlet burnish mark
with a central tendency about the top of the pressure tube that is postulated to have a higher than 
expected level of Heq is very unlikely to contain flaws that are of a severity that would be a site 
for crack initiation and growth.  In addition, the postulated through-wall flaw is assumed to be 
not leaking and not detected.  The lower temperature portions of the fracture toughness curves 
that are most limiting in fracture protection evaluations of front-end outlet rolled joints in Bruce 
Unit 3 do not take into account the benefit of the higher irradiation temperatures at the outlets 
that result in an increase in the fracture toughness.

(f) In the event of the unanticipated existence of an axial through-wall flaw in the region of 
interest in a front-end outlet rolled joint in Bruce Unit 3, and given the conservatisms in the 
deterministic evaluation of fracture protection, these results demonstrate there would be a low 
risk of instability of a flaw with a length up to 20 mm in the region of interest during reactor 
Heatup or Cooldown, or during an overpressure excursion.
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APPENDIX A

VALUES OF FRACTURE TOUGHNESS OF IRRADIATED Zr-2.5Nb PRESSURE 
TUBE MATERIAL, ZIRCALOY-2 AND ZIRCALOY-4 MATERIALS, WITH MEDIUM TO 

HIGH LEVELS OF HYDROGEN EQUIVALENT CONCENTRATION

Tabular values of fracture toughness of hydrided irradiated Zr-2.5Nb pressure tube material, 
Zircaloy-2 and Zircaloy-4 materials, with medium to high levels of hydrogen equivalent 
concentration are provided in this Appendix.  Tabular values of fracture toughness of hydrided 
irradiated Zr-2.5Nb pressure tube material are provided in Table A-1.  Tabular values of fracture 
toughness of hydrided irradiated Zircaloy-2 materials are provided in Table A-2.  Tabular values 
of fracture toughness of hydrided irradiated Zircaloy-4 materials are provided in Table A-3.
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APPENDIX B

TECHNICAL BASIS FOR LENGTH OF A POSTULATED AXIAL
THROUGH-WALL FLAW OF 18 mm FOR USE IN RISK-INFORMED

DETERMINISTIC EVALUATION OF FRACTURE PROTECTION OF FRONT-END 
OUTLET ROLLED JOINTS IN BRUCE UNIT 3

B-1. INTRODUCTION

The technical basis for a postulated axial through-wall flaw length of 18 mm for use in the 
risk-informed deterministic evaluation of fracture protection of the front-end outlet rolled joints 
in Bruce Unit 3 is provided in this Appendix. A postulated axial through-wall flaw length of 18 
mm was used in the technical basis for the safety factor of 1.20 that is proposed in Reference 
[22] for the companion deterministic fracture protection evaluation that is performed with a 
probabilistic fracture protection evaluation.  A summary of the developments in Reference [22],
as well as an additional statistical analysis, are provided in this Appendix.  A summary of an 
investigation of the number of flaws in the outlet rolled joint regions of pressure tubes in Bruce 
reactors in Reference [27] is also provided in this Appendix.

B-2. TECHNICAL BASIS FOR THE REFERENCE 20 mm LENGTH OF THE 
POSTULATED AXIAL THROUGH-WALL FLAW

B-2.1 Background

The technical basis for the reference 20 mm length of the postulated axial through-wall flaw that 
is used in the deterministic evaluations of fracture protection is provided in the technical basis 
document for the Fitness-for-Service Guidelines, report COG-96-651 [28].  The ratios of the 
axial lengths divided by pressure tube wall thickness of twelve delayed hydride cracking (DHC)
cracks at initial wall penetration that were measured in ex-service over-extended rolled joints are 
provided in Reference [28], and are given below in Table B-1.  From Reference [28], a nominal 
pressure tube wall thickness of 4.1 mm was used to convert the normalized lengths of the DHC 
cracks to dimensions of mm.  From Table B-1, the maximum length of a DHC crack at initial 
wall penetration is 19.43 mm and corresponds to DHC crack number 3 from the pressure tube 
removed from fuel channel P4G08.  The reference 20 mm length of the postulated axial 
through-wall flaw is therefore an engineering upper bound on the lengths of DHC cracks at 
initial wall penetration that were detected in over-extended rolled joints.  The axial through-wall 
flaw length of 20 mm is not based on a statistical analysis of the DHC crack lengths at initial 
wall penetration.
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B-2.2 Statistical Distribution of Crack Length at Initial Penetration of the 
Pressure Tube Wall

A statistical distribution of the crack length at initial wall penetration was developed to enable 
calculation of the cumulative probability of the penetration length of a DHC crack being less 
than the postulated axial through-wall flaw length [22].  To maintain consistency with the 
technical basis for the reference 20 mm length of the postulated axial through-wall flaw, the 
lengths at initial wall penetration of the twelve DHC cracks that were measured in ex-service 
over-extended rolled joints, and are given in Table B-1, were parameterized statistically in 
Reference [22] in terms of a normal distribution.  The mean crack length at initial wall 
penetration, Lpm, was estimated to be 16.68 mm, and the standard deviation of the sample, sdLp,
was estimated to be 1.711 mm.  The length of a DHC crack at initial wall penetration is given by

Lppmp sd,LNPrL (B-1)

where

Lp(Pr) = crack length at initial wall penetration for a specific cumulative probability, Pr,
mm

Lpm = mean value of the crack length at initial wall penetration, mm
N(LPm,sdLp) = normal distribution of crack length at initial wall penetration with a mean, Lpm,

and standard deviation, sdLp, mm
Pr = cumulative probability of the crack length at initial penetration being less than 

Lp, dimensionless
sdLp = standard deviation of crack length at initial wall penetration, mm

The empirical distribution of measured lengths of the DHC cracks at initial wall penetration is 
compared with the normal distribution of penetration length at the same cumulative probabilities 
in Table B-2 and Figure B-1.  The cumulative probability inferred from empirical distribution of 
the measured lengths of the DHC cracks at initial wall penetration is compared with the 
cumulative probability of the normally distributed penetration length in Figure B-2. From 
Table B-2, and Figures B-1 and B-2, there is some deviation of the distribution of the measured 
crack lengths from a normal distribution.  The P-value of Kolmogorov-Smirnov test for 
normality [29] is 0.43, and there is insufficient evidence to reject the null hypothesis that the 
underlying distribution of penetration length is normal.

The possibility of other parametric distributions providing an acceptable representation of the 
empirical distribution was investigated [30].  Ten different parametric probability distributions 
were fitted to the empirical distribution of the measured lengths of the DHC cracks at initial wall 
penetration, Lp.  The P-value of Kolmogorov-Smirnov goodness-of-fit test, and the cumulative 
probability of the crack length at initial wall penetration being less than or equal to a postulated 
flaw length of 17.2 or 18.2 mm, are given for each parametric distribution in Table B-3.  The ten 
different parametric probability distributions are sorted in the descending order of the P-value of 
the Kolmogorov-Smirnov goodness-of-fit test.  The P-values of all of these distributions are in 
the tens of percent range, and all of these distributions would provide an acceptable 
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representation of the empirical distribution.  Considering the distributions with the P-value 
higher than that of the normal distribution, the cumulative probability of Lp being less than or 
equal to the postulated flaw length of either 17.2 mm or 18.2 mm exceeds this cumulative 
probability for the normal distribution.  For the distributions with the P-value lower than that of 
the normal distribution, the cumulative probability of Lp being less than or equal to the postulated 
flaw length typically also exceeds that for the normal distribution, except for the Weibull 
distribution.  It is therefore concluded that the normal distribution is acceptable, and typically 
slightly conservative, for parameterization of the empirical distribution of flaw penetration 
lengths.

The variation of the cumulative probability of the normally distributed length of DHC cracks at 
initial wall penetration is shown using expanded scales in Figure B-3.  The crack length at initial 
wall penetration inferred from the normal distribution shown in Figure B-3 at a cumulative 
probability of 97.5% is 20.04 mm, which is essentially the same as the reference 20 mm length 
of the postulated axial through-wall flaw that is an engineering upper bound on the lengths of 
DHC cracks at initial penetration.

B-3. INVESTIGATION OF NUMBER OF FLAWS IN THE OUTLET ROLLED JOINT
REGIONS OF PRESSURE TUBES IN BRUCE REACTORS

As described in Section 8.3 of this report, the axial and radial extents of the higher than expected 
levels of Heq inboard of the outlet rolled joint burnish mark have been found to be confined to a 
localized region with a central tendency about the top of the pressure tube. Based on full length
volumetric in-service inspections of this region in collectively 16% of the pressure tubes in 
Bruce Units 3 through 8, only two reportable flaws whose entire axial extent is within the first 
100 mm inboard of the outlet burnish mark have been detected [27]. These flaws were caused by 
fretting of trapped debris, had non-dispositionable depths of 0.13 and 0.11 mm, and were located 
at 41 and 30 mm from the outlet burnish mark in the lower hemisphere of the pressure tube [27].  
No flaws were detected in the small, localized regions just inboard of the outlet burnish mark
with a central tendency about the top of the pressure tube that are postulated to have a higher 
than expected level of Heq [27]. This finding for the axial range of 0 through 100 mm inboard of 
the outlet burnish mark is consistent with the pressure tube flaw axial distribution figures from 
Section 6 of the Bruce Power Fuel Channel Condition Assessment [31].  There is no reason to 
expect that the flaw distributions in this region of the inspected population of pressure tubes 
would be different from the uninspected population of pressure tubes.  The probability of 
encountering at least one dispositionable flaw in the region of interest that is within 50 mm 
inboard of the outlet rolled joint burnish mark and within a circumferential extent of 120 degrees
centred at the top of the pressure tube in the uninspected population of pressure tubes in Bruce 
Unit 3 has been determined in Reference [32] to be 3.95 10-3. A small, localized region at the 
top of the pressure tube just inboard of the outlet burnish mark that is postulated to have a higher 
than expected level of Heq is very unlikely to contain flaws that are of a severity that would be a 
site for crack initiation and growth.. This is considered particularly the case since flaws caused 
by fretting are not observed at the top of the pressure tube where the elevated levels of Heq were 
detected.
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A large number of flaws have been detected by in-service inspection of pressure tubes in Bruce 
Power reactors over decades of operation.  The flaws have a wide range of length, depth and root 
radius. Based on service experience of successful dispositioning of essentially all of the detected 
flaws regardless of the flaw length and depth, it would be rare if a flaw existed that did not meet 
the acceptance criteria for prevention of crack initiation in the CSA Standard N285.8 [20].  Any 
flaw that is smaller than the detection threshold of the ultrasonic examination technique would 
therefore not be a risk of being a site for crack initiation and growth.  For this reason, the flaw 
detection limits of the ultrasonic examination technique are considered to not be related to the 
length of the postulated axial through-wall flaw.

B-4. TECHNICAL BASIS FOR LENGTH OF A POSTULATED AXIAL THROUGH-
WALL FLAW OF 18 mm

From Section B-2.2 of this Appendix, the crack length at initial wall penetration inferred from 
the normal distribution shown in Figure B-3 at a cumulative probability of 97.5% is 20.04 mm.
The reference 20 mm length of the postulated axial through-wall flaw is therefore an engineering 
upper bound on the lengths of DHC cracks at initial wall penetration. From Section B-3, based 
on service experience of successful dispositioning of essentially all of the detected flaws
regardless of the flaw length and depth, it would be rare if a flaw existed that did not meet the 
acceptance criteria for prevention of crack initiation in the CSA Standard N285.8.  From 
Figure B-3, a postulated axial through-wall flaw length of 18 mm corresponds to a cumulative 
probability of 78% of a DHC crack at initial wall penetration being less than 18 mm. A 10% 
reduction in the postulated axial through-wall flaw length from 20 to 18 mm is considered 
reasonable.
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TABLE B-1
LENGTHS OF DHC CRACKS AT INITIAL WALL PENETRATION THAT WERE 

MEASURED IN EX-SERVICE OVER-EXTENDED ROLLED JOINTS

Fuel Channel and 
Crack Number

DHC Crack Length Divided
by Wall Thickness,

Lp/w

DHC Crack Length,
Lp

(mm)

P4C10 - 4 4.552 18.66
P4C10 - 5 4.552 18.66
P4C10 - 6 3.656 14.99
P4G08 - 1 4.298 17.62
P4G08 - 3 4.738 19.43
P4K04 - 3 4.142 16.98

P4R06 - B1 3.758 15.41
P4R06 - B9 3.572 14.65
P3J08 - 2 3.782 15.51
P3U09 - 1 3.676 15.07
B2A14 - 1 4.360 17.88
B2X14 - 1 3.742 15.34



RISK-INFORMED DETERMINISTIC EVALUATION OF 
FRACTURE PROTECTION FOR THE REGION OF 
INTEREST IN OUTLET ROLLED JOINTS IN BRUCE UNIT 3

Kinectrics Report No. 
B2038/RP/0009 R00

KINECTRICS INC. Page 95 of 103
Proprietary and Confidential

TABLE B-2
COMPARISON OF EMPIRICAL DISTRIBUTION OF MEASURED LENGTHS OF DHC 

CRACKS AT INITIAL WALL PENETRATION WITH NORMAL DISTRIBUTION OF 
PENETRATION LENGTH AT THE SAME CUMULATIVE PROBABILITIES

Cumulative Probability 
of Measured Penetration 

Length Lp,
Pr

Measured 
Penetration Length,

Lp
(mm)

Penetration Length Inferred 
from Normal Distribution at 
Cumulative Probability Pr,

Lp(Pr)
(mm)

0.042 14.65 13.72
0.125 14.99 14.72
0.208 15.07 15.29
0.292 15.34 15.74
0.375 15.41 16.14
0.458 15.51 16.50
0.542 16.98 16.86
0.625 17.62 17.23
0.708 17.88 17.62
0.792 18.66 18.07
0.875 18.66 18.65
0.958 19.43 19.64
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TABLE B-3
EFFECT OF PARAMETRIC PROBABILITY DISTRIBUTION ON THE CUMULATIVE 

PROBABILITY OF THE CRACK LENGTH AT INITIAL WALL PENETRATION BEING 
LESS THAN OR EQUAL TO A POSTULATED FLAW LENGTH OF 17.2 OR 18.2 mm

Parametric 
distribution

P-value of 
Kolmogorov-

Smirnov goodness-
of-fit test

Cumulative 
probability of 
Lp 17.2 mm

Cumulative 
probability of 
Lp 18.2 mm

Laplace 0.64 0.733 0.862
Gumbel 0.51 0.690 0.841

Log-logistic 0.49 0.655 0.828
Logistic 0.47 0.642 0.827

Lognormal 0.45 0.636 0.817
Normal 0.43 0.619 0.812

Inverse Gaussian 0.40 0.641 0.827
Birnbaum-Saunders 0.40 0.641 0.827

Gamma 0.39 0.636 0.826
Weibull 0.38 0.575 0.798
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Figure B-1:  Comparison of Empirical Distribution of Measured Lengths
of DHC Cracks at Initial Wall Penetration with Normal Distribution

of Penetration Length at the Same Cumulative Probabilities
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Figure B-2:  Comparison of Cumulative Probability Inferred from Empirical 
Distribution of Measured Lengths of DHC Cracks at Initial Wall Penetration

with Cumulative Probability of Normally Distributed Penetration Length
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Figure B-3:  Variation of Cumulative Probability of Normally Distributed
Length of DHC Cracks at Initial Wall Penetration
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APPENDIX C

TABULAR VALUES OF REACTOR OUTLET HEADER
CRITICAL INTERNAL PRESSURES AND REVISED

PRESSURE-TEMPERATURE LIMITS FOR OVERPRESSURE EXCURSION

With reference to Section 8.6 of this report, tabular values of the variation of the critical ROH 
internal pressure, (pFlcr)ROH, with temperature for an overpressure excursion for a fuelled channel 
with a postulated axial through-wall flaw length of 20 mm, and an Heq of 200 ppm, are given in 
Table C-1. The critical pressures are based on the Revision 2 engineering fracture toughness 
model with no adjustment factor for high levels of Heq. The revised ROH pressure-temperature 
limits for the overpressure excursion based on a 15% margin on the critical pressures are also 
given in Table C-1 [3].
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TABLE C-1
TABULAR VALUES OF REACTOR OUTLET HEADER

CRITICAL INTERNAL PRESSURES AND REVISED
PRESSURE-TEMPERATURE LIMITS FOR OVERPRESSURE EXCURSION

Temperature
( C)

Critical Internal 
Pressure at ROH

(MPa)

Revised ROH Pressure-Temperature 
Limit for Overpressure Excursion

(MPa)

25.0 7.92 6.74
27.5 7.98 6.78
30.0 8.04 6.83
32.5 8.09 6.88
35.0 8.15 6.93
38.0 8.22 6.98
40.0 8.26 7.02
42.5 8.31 7.07
45.0 8.37 7.11
47.5 8.42 7.16
50.0 8.48 7.20
52.5 8.53 7.25
55.0 8.58 7.29
57.5 8.63 7.34
60.0 8.69 7.38
62.5 8.74 7.43
65.0 8.79 7.47
67.5 8.84 7.52
70.0 8.89 7.56
72.5 8.94 7.60
75.0 8.99 7.65
77.5 9.04 7.69
80.0 9.09 7.73
82.5 9.14 7.77
85.0 9.19 7.81
87.5 9.24 7.86
90.0 9.29 7.90
92.5 9.34 7.94
95.0 9.39 7.98
97.5 9.43 8.02
100.0 9.48 8.06
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TABLE C-1 (continued)
TABULAR VALUES OF REACTOR OUTLET HEADER

CRITICAL INTERNAL PRESSURES AND REVISED
PRESSURE-TEMPERATURE LIMITS FOR OVERPRESSURE EXCURSION

Temperature
( C)

Critical Internal 
Pressure at ROH

(MPa)

Revised ROH Pressure-Temperature 
Limit for Overpressure Excursion

(MPa)

102.5 9.53 8.10
105.0 9.57 8.14
107.5 9.62 8.18
110.0 9.67 8.22
112.5 9.71 8.26
115.0 9.76 8.29
117.5 9.80 8.33
120.0 9.85 8.37
122.5 9.89 8.41
125.0 9.94 8.45
127.5 9.98 8.48
130.0 10.03 8.52
132.5 10.07 8.56
135.0 10.11 8.60
137.5 10.15 8.63
140.0 10.20 8.67
142.5 10.24 8.70
145.0 10.28 8.74
147.5 10.32 8.78
150.0 10.37 8.81
152.5 10.41 8.85
155.0 10.45 8.88
157.5 10.49 8.91
160.0 10.53 8.95
162.5 10.57 8.98
165.0 10.61 9.02
167.5 10.65 9.05
170.0 10.69 9.08
172.5 10.73 9.12
175.0 10.77 9.15
177.5 10.80 9.18
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TABLE C-1 (continued)
TABULAR VALUES OF REACTOR OUTLET HEADER

CRITICAL INTERNAL PRESSURES AND REVISED
PRESSURE-TEMPERATURE LIMITS FOR OVERPRESSURE EXCURSION

Temperature
( C)

Critical Internal 
Pressure at ROH

(MPa)

Revised ROH Pressure-Temperature 
Limit for Overpressure Excursion

(MPa)

180.0 10.84 9.22
182.5 10.88 9.25
185.0 10.92 9.28
187.5 10.96 9.31
190.0 10.99 9.34
192.5 11.03 9.38
195.0 11.07 9.41
197.5 11.11 9.44
200.0 11.14 9.47
202.5 11.18 9.50
205.0 11.22 9.54
207.5 11.26 9.57
210.0 11.31 9.61
212.5 11.36 9.66
215.0 11.42 9.71
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Kinectrics Inc.
4th Floor, 393 University Avenue
Toronto, Ontario, Canada M5G 1E6
Tel: (416) 592-7000   
www.kinectrics.com

September 17, 2021

L. Micuda
Bruce Power
123 Front St., 4th Floor
Toronto, ON, M5J 2M2

Re: Hydrogen Equivalent Concentration Measurements Taken Near the Outlet Burnish 
Mark in the Bruce Unit 3 2021 Outage (A2131)

Dear Mr. Micuda,

1.0 INTRODUCTION

The purpose of this letter is to provide a graphical summary of [H]eq derived from measurements 
taken during the Bruce Unit 3 2021 outage (A2131). The purpose of this revision is to add
additional plots with fixed scales on the [H]eq axis for comparison purposes.

2.0 METHODOLOGY

The relevant measurements were taken from axial locations corresponding to ~10 mm 
outboard, ~20 mm inboard and ~43 mm inboard of the outlet burnish mark (BM) of Bruce Unit 3 
pressure tubes (PT). The applicable measurements [1] [2] [3] [4] were converted using the 
following equation: [ ] = [ ] 2 + [ ]
Where,[ ] = Hydrogen equivalent concentration[ ] = Measured deuterium concentration[ ] = Initial hydrogen concentration at pressure tube installation time (estimated 

based on offcut measurements)

For comparison, measurements of punch samples from Bruce Unit 6 ex-service tubes B6N07
[6] and B6S13 [7] have been included where applicable (at 10 mm outboard and 20 mm inboard 

1 Note that the postulated bounding [H]eq level at MCR time for the risk-informed deterministic evaluation 
of fracture protection in the region of interest of Bruce Unit 3 has accounted for elevated observed [H] [5].

This method assumes that measured [H] beyond the initial [H] is due solely to sample 
contamination. However, elevated [H] measurements have been observed in the region of 
interest (just inboard of the outlet rolled joint (RJ) at the top of the tube) which cannot be 
attributed entirely to contamination during scrape sampling and/or analysis, consistent with 
OPEX from removed tubes. Development of an approach for appropriately accounting for 
elevated [H] measurements in RJ scrape samples is ongoing1. [5]
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of the outlet BM). For these samples, all measured [H] is accounted for as no contamination is 
expected during punch sampling.
The PTs were grouped based on which end of the PT was installed at the outlet; the front end or 
the back end.

3.0 RESULTS

The measurements separated by axial location and pressure tube orientation are plotted in
Figures 1 to 6. There are no elevated [H]eq measurements outside of the 10 o’clock to 2 o’clock 
(-60° and +60° from top-dead-center) region of interest (this region is indicated in each plot). In 
addition, the magnitude of the circumferential variation in [H]eq measurements decreases with 
increasing distance inboard of the outlet BM. This is especially visible in Figures 7 to 12, which 
are the same plots as in Figures 1 to 6 but with a fixed scale for the [H]eq axis. 
A comparison of measured [H]eq acquired from outlet RJ locations outside the region of interest 
against the current Bruce Unit 3 outlet RJ generic deterministic [H]eq predictions [8] is shown in
Figure 13. As shown, all the data are well bounded by the current generic deterministic 
predictions that are used in fitness for service assessments. 
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