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3 

1 PROCEEDINGS 
2 (8:30 a.m.] 
3 DR. POWERS: The meeting will now come to order.  
4 This is the first day of the 477th meeting of the 
5 Advisory Committee on Reactor Safeguards. During today's 
6 meeting the Committee will consider a revised report of the 
7 final technical study of spent-fuel pool accident risk in 

8 decommissioning nuclear powerplants, risk-informed 
9 regulation implementation plan, and proposed framework for 

10 risk-informed changes to technical requirements of 10 CFR 
11 Part 50.  
12 The Committee will also examine the activities of
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13 its ad hoc Subcommittee on the Differing Professional 
14 Opinion on Steam Generator Tube Integrity and will examine 
15 some proposed ACRS reports.  
16 The meeting is being conducted in accordance with 
17 the provisions of the Federal Advisory Committee Act. Dr.  
18 John T. Larkins is the designated federal official for the 
19 initial portion of the meeting.  
20 We have received no written comments from members 
21 of the public regarding today's session. A transcript of 
22 portions of the meeting is being kept, and it is requested 
23 that speakers use one of the microphones, identify 
24 themselves, and speak with sufficient clarity and volume so 
25 they can be readily heard.  

4 
1 I'll begin this session today by calling members' 
2 attention to a couple items of interest. In your package 
3 you have a presentation Dr. Meserve gave concerning the 
4 revised reactor oversight process and some of his views on 
5 the role of NRC in regulating nuclear powerplants.  
6 You also have a presentation Commissioner 
7 Merrifield gave at the water reactor safety information 
8 meeting. I found that particularly illuminating, and am 
9 very much enamored with his four challenges that he offered 
10 the staff on developing their research program. I have had 
11 a chance to discuss that some with Commissioner Merrifield, 
12 and asked if we could cop some of his language, and he was 
13 generous in allowing us to plagiarize from him.  
14 Are there any comments that members would like to 
15 make before we begin today's session? 
16 Seeing none, I will turn to the first item of 
17 business, which is to discuss the spent-fuel pool accident 
18 risk, and Dr. Kress, I believe you'll take the lead on this.  
19 DR. KRESS: Thank you, Chairman Powers.  
20 I'll remind the Committee that we heard 
21 presentations on an earlier draft version of this technical 
22 study, and the idea was that spent-fuel pools for 
23 decommissioning plants, as time goes by one would expect the 
24 risk to decrease due to the decay of the fission products so 
25 at some point one might consider a rule that would relax 

5 
1 some of the requirements, particularly the requirements for 
2 emergency planning and maybe safeguard and maybe even 
3 insurance-related activities.  
4 As you recall, we found a number of technical 
5 problems with that earlier study, and so the staff went back 
6 and basically addressed our problems, and have come back 
7 with a revised version, and I'll remind you our problems 
8 were with the use of Reg Guide 14174, LERF acceptance 
9 criteria, in view of the different nature of the source 

10 term. We had problems with the ignition temperature for 
11 when you would set off a zirc-air fire, and we had problems 
12 with the plume energy they used, which was for reactor 
13 accidents and not fires. And we had problems with the fact 
14 that they didn't deal with atmospheric dispersion 
15 uncertainties in relating the safety goal to the LERF, and 
16 we had a problem with the bounding nature of the seismic 
17 analysis. You recall seismic was the dominant risk in this 
18 problem.  
19 So the staff addressed those and developed a 
20 revised technical study, and now they're going to tell us 
21 about the results and how they went about dealing with our 
22 problem.  
23 With that, I'll turn it over to Timothy Collins.  
24 MR. COLLINS: Good morning. I'm Tim Collins. I'm 
25 the Deputy Director of the Division of Systems and Safety 

Sr I IA 
It IIIAM R.-A AAA



httpj/www.nrc.gov/ACRSirrITrns-Let/rdcx-to/ACRStanscripts/ac 00 1102

6 

1 Analysis. We have three pieces to our presentation this 
2 morning. I'm going to give an overview of the study. Jason 
3 Schaperou will give you details on the revised consequence 
4 analysis that we did. And Bob Palla will give you a 
5 discussion of the revised risk assessment.  
6 This presentation outline is my presentation.  
7 Those guys will give you their own presentation outlines.  
8 We have several other members of the staff with us 
9 today to respond to other questions in areas outside the 

10 work that Jason and Bob did. Joe Stademeyer is here for any 
11 questions on thermohydraulic analysis, and Glenn Kelly is 
12 here for any questions on the frequency assessments.  
13 Frequency assessments haven't really changed relative to the 
14 February report. We also have Dr. Robert Kennedy is here if 
15 there's questions on some of the seismic issues.  
16 What I intend to do is start at the findings of 
17 the February report, which Dr. Kress has already started my 
18 presentation for me. I was going to talk about the 
19 significant comments that we received on that report, our 
20 approach to comment resolution, results of the reanalysis, 
21 and the technical conclusions that we reached.  
22 The February report which was put out for formal 
23 public comment concluded that the frequency of a zirconium 
24 fire at a spent-fuel pool was low. It also concluded, 
25 however, that the consequences of such a fire could be 

7 

1 serious and similar to those of a reactor accident large 
2 early release, and that was why we were using the LERF 
3 criteria of 1 times 10 to the minus 5 as a screening 
4 criterion.  
5 We found in the February report that seismic 
6 events were dominant. To a large extent there were 
7 commitments made by the industry, what we call in the report 
8 IDC's, industry design commitments, and design assumptions 
9 with regard to the pools, which when these are implemented 

10 the likelihood of any events related to like loss of cooling 
11 or draindowns absent a rapid fracture basically went into 
12 the mud. So seismic events were left.  
13 The report also concluded that relaxation of EP 
14 was supportable about a year after decommissioning, and the 
15 basis for that was that there was enough time available 
16 after a year's decay for implementation of ad hoc measures 
17 to effect a reasonable evacuation.  
18 The February report also concluded that because of 
19 the large fission product in the pool, that you would have 
20 to consider security for as long as you maintained fuel in 
21 the pool.  
22 The relaxation of insurance was a little squishier 
23 in the February report. There was a conclusion that after 
24 about five years it looked like air cooling would be 
25 sufficient to preclude reaching the zirconium ignition 

8 

1 temperature. However, there are so many plant-specific 
2 assumptions in that analysis that the report really 
3 concluded that you had to have plant-specific information.  
4 It was hard to draw a generic conclusion.  
5 DR. LEITCH: Could you say a word about what is 
6 meant by EP relaxation, that is, how relaxed is relaxed? 
7 MR. COLLINS: This would be only with offsite 
8 consideration. Sirens would be taken down, there would be 
9 no exercises, no official radiological preplanning. The 

10 offsite organizations would be disbanded.  
11 DR. LEITCH: And as far as the onsite 
12 organization, would the emergency response organization

1jjjZh'%A0.CA A%&
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13 still be fully staffed? 
14 MR. COLLINS: No, I don't believe. We didn't 
15 assume a fully staffed -- basically all we really needed was 

16 someone to identify that an event had happened and to notify 
17 offsite authorities. You need much more in your onsite 
18 emergency plan.  
19 If Dave Bars is here, if there's something more he 

20 would like to add, he can jump in -
21 MR. BARS: Dan Bars.  
22 MR. COLLINS: Dan Bars. Sorry.  
23 DR. KRESS: Please introduce yourself and your 
24 affiliation.  
25 MR. BARS: Dan Bars, emergency preparedness 

9 

1 specialist in NRR.  
2 As far as the relaxation of the offsite emergency 
3 planning requirements, in the previous rulemaking effort, 
4 which we attempted and sent up to the Commission, the 

5 assumptions we made were that they could take the ad hoc 

6 actions based on the fact that there had been an emergency 
7 plan at the site for 20, 30, 40 years, and there's a 

8 residual knowledge that would exist for, you know, a certain 
9 time frame, and that the offsite officials, you know, that 

10 capability and response capability wouldn't disappear Day 1 

11 or overnight. There would be some residual knowledge. They 

12 also have the ability to respond to other emergencies, 
13 chemical spills, fires, tornadoes, whatever it may be, 
14 hurricanes. So there issome inherent emergency planning in 

15 the community that would exist, and the idea was that they 

16 could tap into that if necessary for the radiological 
17 concerns after the fact.  
18 Since then, as we've discussed with FEMA, there is 

19 a concern from FEMA that there probably still needs to be 

20 some level of emergency planning. So when we say relaxation 
21 of offsite emergency planning, it's not going to probably be 

22 a complete relaxation as early as maybe anticipated. As we 

23 go forward and negotiate with them and other stakeholders 
24 we'll determine what that planning level will be. But 

25 certainly as the technical study shows us, as time goes on 
10 

1 we gain the factor of having additional time to take action, 
2 and there is in communities inherent capabilities which we 
3 will depend on and rely on.  
4 DR. LEITCH: And as far as the onsite facilities, 
5 that is, staffing can be reduced, the emergency response 
6 centers are no longer required? 
7 MR. BARS: Yes. We're not sure -

8 MR. COLLINS: We need to be a little careful. We 

9 weren't making recommendations for the rule itself at this 

10 point, we were making assumptions for the purposes of the 
11 analysis.  
12 DR. LEITCH: I see.  
13 MR. COLLINS: And all we simply did was presume 
14 that there would be a capability to rapidly notify an 

15 offsite authority in the event that the pool had been 

16 drained. We did not do specific removal of this piece, 
17 removal of this piece type of analysis.  
18 DR. KRESS: Yes. That's a clarification I meant 

19 to make. This is a technical study to be used as input to 

20 the decision makers that will maybe develop a rule, and all 

21 it does is give them the technical input.  
22 MR. COLLINS: Yes, this is to provide some risk 

23 insights to a process which is going to have to involve some 

24 very significant other policy considerations, 
25 public-confidence issues. There's a lot of other players in

I11, EMU *Ar .CA A 11A
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11 
1 the rulemaking process. This is just the risk-insights 
2 aspect of it.  
3 DR. SEALE: There's the rule of unexpected 
4 consequences, like institutionalizing the support of an 
5 emergency response organization for 40 years at a plant site 
6 by the utility and the public relations impact you would 
7 have. If you suddenly withdrew that support, you might find 
8 people sitting on their hands if an emergency came up 
9 because of resentment over having lost that support.  

10 DR. KRESS: How do you deal with that in a 
11 technical study? 
12 DR. SEALE: You don't.  
13 MR. COLLINS: We say we'll deal with it in the 
14 rulemaking.  
15 DR. SEALE: But still it's not a zero concern.  
16 MR. COLLINS: We received lots of reports on the 
17 February draft which caused us to go back and do a whole lot 
18 of work. The first comment -- this is from the Committee 
19 itself -- was that the source term that we used may be 
20 nonconservative because of the oxidation of fuel in air as 
21 opposed to typical in a reactor environment you have an 
22 air-starved environment. And that oxidation could result in 
23 release of a large amount of ruthenium, which has very 
24 significant health effects.  
25 We also received comments from the industry and 

12 
1 from the Committee as well that the seismic hazard estimates 
2 that we had used in the February report were too 
3 conservative. In the February report we used the Livermore 
4 hazard estimates. The Committee also suggested that the 
5 zirconium ignition temperature might be too high, that we 
6 could have a significant fission-product release at lower 
7 temperatures than we had assumed.  
8 We received a comment from the public that the 
9 partial-draindown scenario should receive more attention.  

10 This is a case where the fuel doesn't get completely 
11 uncovered. In the February report we had emphasized cases 
12 where there was a complete uncovery of the fuel and 
13 subsequent heatup. And the commentor indicated that you 
14 might have a more rapid heatup because of the loss of the 
15 cooling flowpath if you only had a partial draindown.  
16 Another commentor indicated that our study said 
17 that EP could be relaxed at one year, but that we didn't say 
18 how much earlier than that it could be relaxed as well. We 
19 simply did like a one-year point and suggested that as soon 
20 as the iodine was decayed, that our results would be just as 
21 applicable, and that would take it back to about 60 days.  
22 We also received a comment which wasn't actually 
23 on the report but was related to the integrated rulemaking 
24 plan that subsequently went to the Commission. That plan 
25 went up in SECY-00145, and it had potential rule changes in 

13 
1 it, and the industry indicated that that rulemaking plan was 
2 not very risk-informed. We subsequently modified our study 
3 to give more support in a risk-informed nature to the next 
4 rulemaking attempt.  
5 That 00145, for example, had said that you could 
6 relax EP at a year because ad hoc measures may be sufficient 
7 to substitute for formal EP measures, and that was viewed 
8 as, well, there's nothing risky about that, that's just a 
9 tradeoff of one thing for another. And the insurance 

10 recommendation indicated that because there was no chance of 
11 a fire after a certain amount of time that you could relax 
12 insurance requirements. And again, that was a zero 
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13 threshold, that's hardly a risk-informed approach.  
14 So our approach to addressing these comments, we 
15 expanded our consequence analysis quite a bit. We included 
16 a ruthenium and fuel fines portion to the source term, used 
17 a very large ruthenium release fraction in our sensitivity 
18 analyses.  
19 We did 75 percent with each fraction, and I think 
20 we even did a case with a hundred percent release of 
21 ruthenium. We did sensitivity studies, taking into account 
22 the Committee's comments on the plume parameters, and we 
23 also expanded the consequence analyses to take into account, 
24 times from about 60 days or 30 days after shutdown to ten 
25 years after shutdown.  

14 
1 DR. KRESS: I might note that they carried the 
2 losses out to full Level Three, rather than stop at a LERF.  
3 It finesses our problem with whether or not to use 1.174 
4 LERF. They go directly to the safety goal.  
5 MR. COLLINS: Right.  
6 DR. KRESS: Which is a nice way to do it.  
7 MR. COLLINS: Didn't need the surrogate anymore.  
8 DR. KRESS: Right, didn't have to worry about 
9 whether it was right or not.  

10 MR. COLLINS: To address the concern with regard 
11 to the conservatism in the seismic hazard curves, we had a 
12 meeting with the -- a public meeting with NEI back in August 
13 to discuss the concerns.  
14 And they indicated, the NEI indicated that they 
15 thought the use of an EPRI curve was sufficiently 
16 conservative to use in the analysis.  
17 And after that meeting, we concluded that there 
18 was really no basis to exclude either the Livermore curves 
19 or the EPRI curves, so we redid the entire risk analysis, 
20 incorporating the EPRI curves as well.  
21 So, our results in the report are shown using both 
22 the EPRI curves and the Livermore curves.  
23 DR. KRESS: And how do you expect the 
24 decisionmakers to deal with those two sets of results? 
25 MR. COLLINS: Well, as it turns out, the risk is 

15 
1 low.  
2 DR. KRESS: With either one? 
3 MR. COLLINS: With either one, right.  
4 DR. KRESS: You come out good with -
5 MR. COLLINS: Hopefully we can dodge that specific 
6 problem.  
7 DR. KRESS: For this issue? 
8 MR. COLLINS: Right, for this issue, yes.  
9 DR. KRESS: And that maybe just gives an idea of 

10 the margins they might have? 
11 MR. COLLINS: Sure. Yes, the risk is either low 
12 or lower.  
13 DR. KRESS: What if the two curves had straddled 
14 the acceptance criteria? What would you have done? 
15 MR. COLLINS: We would have asked for an 
16 extension.  
17 [Laughter.] 
18 DR. KRESS: Okay.  
19 MR. COLLINS: And to address the concern that the 
20 rulemaking was not sufficiently risk-informed, we expanded 
21 our analysis to do a small change in risk analysis with 
22 regard to emergency planning.  
23 We couldn't use the same approach for insurance, 
24 because insurance isn't affected by either probability or 
25 consequences. So, we did a small change in risk analysis
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1 for emergency planning.  
2 We looked into how each of the sequences might be 

3 impacted by flow blockage. This is the partial draindown 
4 concern.  
5 There are other ways to -- the problem with the 

6 partial draindown is that the airflow path is interfered 
7 with. And you don't need just a partial draindown for that 

8 to happen; you could have a piece of the roof fall onto the 
9 pool.  

10 The configuration of the assemblies themselves 
11 could be changed if you have a major earthquake, so we 

12 concluded that we needed to look at each one of the 

13 sequences and see, is it likely that you could get a partial 
14 draindown.  
is We also looked at the impact of the lower 

16 temperature criterion. Charlie Tinkler did some real good 

17 work going through the literature and studying that to 

18 death, and as it turns out, it doesn't have a big impact, 
19 because when we did the analysis in shorter times, the 

20 heatup to the temperature was so short that even a lower 

21 temperature criterion isn't going to make any difference and 

22 the risk was still low. So, thank you, Charlie.  
23 DR. KRESS: And I thought that that was a good 

24 insight that he had, that temperatures well below, you 
25 expect this thing to take off, the hydrides go into 

17 

1 solution, are not possibly readily available to do the 
2 ignition. I thought that was a good insight.  
3 MR. COLLINS: When we finished the revised 
4 analysis, we found that the consequences with the ruthenium 
5 included the large ruthenium release for action, and fuel 
6 fines, we used about three and a half percent, I believe, of 
7 fuel fines in our analysis.  
8 We found that there was a notable increase in 
9 consequences, particularly fatalities, but they were still 

10 within the range of consequence calculations that were done 
11 for like NUREG 1150.  
12 So, if we needed to use the PPG for something in 

13 the future, we think that's still a reasonable guideline.  
14 DR. KRESS: The thing that took away from that, 
15 though, was that the risk and the consequences of the spent 

16 fuel pool fire are on par with that of an operating reactor.  
17 MR. COLLINS: It could be, yes. I think that when 

18 you see -- I think one of Bob's plots is going to show the 
19 risk numbers, and it shows the sidebar, the results from 
20 NUREG 1150.  
21 DR. KRESS: I'm not sure PRAs currently include 

22 those, and it may be one of the things we need to think 
23 about later on.  
24 CHAIRMAN POWERS: When you do these analyses, you 

25 have a distribution of core ages, fuel ages, in the pool.  
18 

1 Did you propagate the fire even into the very old fuel that 
2 might be there? 
3 MR. COLLINS: We let the fire propagate into the 

4 equivalent of three and a half cores, which is fuel, I 
5 think, that is ten years old. The last assembly that burned 

6 would have been about ten years old, yes.  
7 So, our analysis indicated that the risk was low, 

8 but it could still be in the ball park of operating 
9 reactors.  

I0 The use of the -- all the debates about the 
11 seismic curves, as it turns out, changed the risk by a 

12 factor of four. There's a table --

1114MfAD.CA AILA
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13 DR. WALLIS: I'm sorry, that ball park is not a 
14 technical term. What does it mean? 
15 DR. KRESS: Equivalent to.  
16 DR. WALLIS: Do you mean within a factor of ten, 

17 100, 1,000? A ball park is a pretty large place.  
18 MR. COLLINS: A ball park is a pretty large place.  

19 It depends on whether you use the ruthenium source 

20 term and the Livermore curve, or you use the EPRI curves and 

21 the low ruthenium source term.  
22 DR. WALLIS: A factor of ten? 
23 MR. COLLINS: Have you got your plot there? Bob's 

24 got these plots and he'll put it up there and we can see 

25 what a ball park looks like on the plot.  
19 

1 DR. WALLIS: If this is a conclusion, it ought to 

2 be more specific, perhaps.  
3 DR. KRESS: It is in the report.  
4 MR. PALLA: This is an early fatality risk measure 

5 on a per-year basis. And this is the ball park, is up in 

6 the right-hand corner there.  
7 Generally, you find that with the highest seismic 
8 hazard assumption from the Lawrence Livermore study, in 
9 conjunction with the high ruthenium source term, and early 

10 on, just following shutdown, you're in the range of the 

11 results from NUREG 1150, based on just the -- at the Peach 
12 Bottom results.  
13 DR. WALLIS: So it's a pretty big ball park? 
14 MR. PALLA: Yes.  
15 MR. COLLINS: Yes.  
16 MR. PALLA: And this is just two plants that we've 

17 got. If you looked at others, I'm sure the range would get 
18 broader. I'll have this information later.  
19 MR. COLLINS: Now, the report also concluded that 
20 the -- a relaxation of EP as early as 60 days was a small 
21 change in risk, consistent with the guidelines of Reg Guide 
22 1.174. Bob will give you all the details on that.  
23 DR. WALLIS: I thought you were being colloquial 
24 again when you talked about small change.  
25 MR. COLLINS: Well, Reg Guide 1.174 -

20 

1 DR. WALLIS: You mean to be technical in terms of 
2 small change to -
3 DR. KRESS: LERF.  
4 DR. WALLIS: Again, it's not -

5 MR. COLLINS: In accordance with Reg Guide 1.174 
6 definitions.  
7 DR. KRESS: Now, the reason for that bullet is, 

8 number one, seismic dominated, so the things that were not 
9 seismic, you would get some help from EP? 

10 MR. COLLINS: Yes.  
11 DR. KRESS: But they didn't dominate the risks.  
12 MR. COLLINS: That's correct.  
13 DR. KRESS: They were low enough even with no EP? 

14 MR. COLLINS: Yes. Bob is going to walk through 
15 this.  
16 DR. KRESS: He's going to walk through this.  
17 MR. COLLINS: Yes.  
18 DR. KRESS: And the fact that seismic dominated, 
19 told you that EP wouldn't be very effective anyway.  
20 MR. COLLINS: We walked through each of the 
21 sequences.  
22 DR. KRESS: Yes.  
23 MR. COLLINS: And we tried to decide, would 

24 offsite planning have a significant impact for those 
25 different sequences? For the seismic events, we needed a
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21 
1 seismic event of very large magnitude, and we would expect 
2 
3 DR. KRESS: In order to have this fire in the 
4 first place? 
5 MR. COLLINS: Yes.  
6 DR. KRESS: If you had one -
7 MR. COLLINS: The fuel pools are very strong.  
8 DR. KRESS: -- down in rubble, probably, if you 
9 had one of that magnitude.  

10 MR. COLLINS: It would certainly be damaged 
11 significantly, we might expect. And we didn't believe that 
12 the infrastructure would be in place for the formal EP to 
13 have a significant impact.  
14 The next sequence -
15 DR. KRESS: That was basically driven by your 
16 assumption on how effective would be under seismic 
17 conditions.  
18 MR. COLLINS: I consider it a reasoning instead of 
19 an assumption. We reasoned each of the sequences through to 
20 decide -
21 DR. KRESS: The assumption.  
22 MR. COLLINS: Sure.  
23 DR. SEALE: Well, there are earthquakes that have 
24 happened contemporaneously, which are small, compared to the 
25 kind of earthquake you're talking about here, which have 

22 
1 demolished freeways systems and so forth.  
2 So, basic elements of the emergency planning are 
3 just not there.  
4 MR. COLLINS: That was our reasoning. And the 
5 next event for which the infrastructure would be in place 
6 would be -- and the next highest frequency was the cask drop 
7 event. That's around down to two times ten to the minus 
8 seven.  
9 DR. KRESS: It's low enough that it didn't matter.  

10 DR. WALLIS: Well, the VP's not in place, and it 
11 makes the consequences worse, presumably.  
12 MR. COLLINS: That's the way we did the analysis, 
13 right. We modeled it as either early evacuation or late 
14 evacuation.  
15 If you has successful early evacuation, the 
16 consequences are significantly lower, and notably lower.  
17 These are the things that Bob is going to walk through.  
18 DR. WALLIS: But how would you do that? You'd 
19 have to know the seismic event was coming, and then evacuate 
20 people ahead of time.  
21 DR. SEALE: Tricky.  
22 MR. COLLINS: After the pool is drained, there's 
23 time before the fuel heats up to the ignition point.  
24 DR. WALLIS: But you were just telling us the 
25 seismic event was so large that people couldn't get out 

23 
1 anyway.  
2 MR. PALLA: That's why you only have -
3 DR. WALLIS: So any evacuation would have to be 
4 before the pool drained? 
5 DR. KRESS: Or very late after. The issue is 
6 small change. If I didn't know seismic was part of this, 
7 and just focused on the other accidents, the loss of cooling 
8 and the cask drop, then EP, the effect of EP on that could 
9 not be described as small change; could it? 

10 MR. COLLINS: Sure. Well, I mean, the frequency 
11 of those other events is very, very low.  
12 DR. KRESS: You're saying they are very low, but
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13 there's a big difference whether you use EP or not there for 
14 those particular sequences.  
15 MR. COLLINS: I think the difference for that 
16 sequence might be considered to be large, but it would be 
17 small on an absolute scale.  
18 And if you took the -- if you took as a figure of 

19 merit like a LERF and said that the LERF would have to 

20 increase by ten to the minus six, if you use that as a 
21 limit, when you perturb that low frequency sequence, you're 
22 not going to be changing the LERF in excess of that.  
23 DR. KRESS: Ten to the minus seven or something 
24 like that? 
25 MR. COLLINS: Yes, it will be -- you'll 

24 

1 significantly change that ten to the minus seven sequence, 
2 but you won't exceed any of the guidance in Reg Guide 1.174.  
3 DR. KRESS: It wasn't meant for being on a 
4 sequence basis, anyway.  
5 MR. COLLINS: Right.  
6 DR. KRESS: But, you know, that's one way to look 
7 at it.  
8 MR. COLLINS: With regard to the obstructed 
9 airflow, the partial draindown event, this was important, 

10 particularly with regard to insurance considerations.  
11 Historically, we've considered that when air cooling was 
12 sufficient to remove the decay heat, such that you wouldn't 
13 reach a predefined criterion, that insurance could be 
14 relaxed.  
15 Well, after this study, we concluded that you just 
16 can't on a generic basis, be assured that you're going to 
17 have an airflow path. So there is going to have to be a 
18 different criterion for insurance considerations in the 
19 future.  
20 DR. KRESS: Does NRC regulate insurance 
21 requirements? Is that in the rule? 
22 MR. COLLINS: There is a regulation which requires 
23 that a licensee have a certain amount of insurance.  
24 DR. KRESS: And that's an NRC regulation? 
25 MR. COLLINS: It's an NRC regulation, yes.  

25 

1 The temperature criterion, the issue raised by the 
2 committee, we concluded that it was interesting but not 
3 really important to the decision-making, because the times, 
4 the heatup times, are so short in the early times after 
5 shutdown anyway that a little bit shorter isn't going to 
6 make any difference.  
7 DR. WALLIS: So you don't really need to establish 
8 what this temperature criterion is? 
9 MR. COLLINS: Well, we used the criterion of 800 
10 degrees C.  
11 DR. WALLIS: I guess we questioned the number.  
12 MR. COLLINS: Yes.  
13 DR. KRESS: They had a higher one than 800 
14 previously and that's one of the questions.  
15 MR. COLLINS: A higher one would give us longer 
16 times, which helps in all cases.  
17 In a shorter one, you can't get much shorter than 
18 we already assumed in the analysis. It was a couple of 
19 hours.  
20 DR. WALLIS: You mean it's bad enough already, it 

21 doesn't matter? 
22 MR. COLLINS: Pardon me? 
23 DR. WALLIS: It's bad enough already -
24 MR. COLLINS: Yes, yes -- short enough -

25 DR. WALLIS: -- so if it were 1000 it doesn't make

l 1Ir/1tfV1 Q.1A Alki,
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1 any difference? 
2 MR. COLLINS: Well, a thousand times shorter 
3 than -
4 DR. WALLIS: Your conclusions are not sensitive to 
5 what you take as a temperature criterion? 
6 MR. COLLINS: That's correct.  
7 DR. WALLIS: This business about short times 
8 confuses the conclusion for me because I don't quite know 
9 what you mean by short time.  

10 MR. COLLINS: The time I am talking about is once 
11 the fuel is uncovered the time it heats up from its initial 
12 temperature to the criterion for a fission product release.  
13 DR. WALLIS: Well, if you can't do anything it 
14 doesn't matter how long a time it is. You don't have 
15 anything you can do about it. It's gone, so I don't see why 
16 time is really important.  
17 MR. COLLINS: Well, that is part of my conclusion.  
18 Time is important with regard to whether or not you can take 
19 credit for ad hoc EP.  
20 DR. WALLIS: Time isn't important so temperature 
21 then becomes important.  
22 MR. COLLINS: Longer times -- time can go two 

23 ways. It can be either shorter or longer than what we had 
24 originally assumed, right? Okay? if it is longer, things 
25 always get better. Our conclusions are the change is small 
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1 already -- if the time get longer it is still going to be 
2 small.  
3 DR. WALLIS: The important thing is does it burn? 
4 Does it reach the temperature? Isn't that the important 
5 criterion, not the time.  
6 MR. COLLINS: Time is an important -
7 DR. WALLIS: Half a day or three-quarters of a 
8 day, it still burns.  
9 MR. COLLINS: Yes.  

10 DR. WALLIS: That is the problem, isn't it? Does 
11 it burn? 
12 MR. COLLINS: That's the problem. If it doesn't 
13 burn, we don't have a problem.  
14 DR. WALLIS: And I would think temperature would 
15 have to be important in determining whether or not it burns, 
16 but perhaps you are going to explain all that.  
17 MR. COLLINS: Well, no, we don't have a further 
18 presentation on that issue.  
19 DR. WALLIS: I just wondered if you were somehow 
20 finessing the temperature problem, which really is the 
21 problem -
22 MR. COLLINS: No.  
23 DR. WALLIS: -- by bringing in something which 

24 doesn't matter so much, which is all it takes.  
25 MR. COLLINS: If the temperature is lower, then 
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1 the time it is going to take to heat up to that temperature 
2 is going to be shorter.  
3 That means that it would be less time to implement 
4 ad hoc evacuation measures.  
5 DR. WALLIS: Ah.  
6 MR. COLLINS: And that would change the way we did 
7 our comparison of the benefit of formal offsite planning.  
8 However, the time is already so short in the 
9 analysis that we did that making it short won't change any 

10 of our conclusions.  
11 DR. WALLIS: Well, if the temperature criterion 
12 were high enough, the problem would go away, wouldn't it?

Q•#q••A• p8 6• m
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13 MR. COLLINS: If you would never get the fire.  
14 DR. WALLIS: So there must be some influence of 
15 temperature.  
16 MR. KELLY: This is Glenn Kelly from the Staff.  
17 When we performed the thermal hydraulic analysis, 
18 we basically did it two ways. One was where we considered 
19 that we had air flow to provide oxygen to the potential 
20 oxidation of the fuel and also to provide cooling to the 
21 fuel and the other one was we assumed that there might have 
22 been flow blockage such that we had a near adiabatic heatup.  
23 In the adiabatic heatup case effectively as long 
24 as you have decay heat, you are going to eventually be able 
25 to get the fuel temperature up to whatever is your criteria, 
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1 so when Mr. Collins was talking about that we can't on a 
2 generic basis preclude the possibility of obstructive flow 
3 cases, we're saying that in these cases as long as you have 
4 decay heat and you have obstructed flow it might take a very 
5 long time but the potential is there that fuel might 
6 eventually reach ignition temperature.  
7 DR. LEITCH: The 60 days -- what starts the timer? 

8 Is that from reactor shutdown? 
9 MR. COLLINS: From reactor shutdown.  

10 DR. LEITCH: Of the most recent fuel? 
11 MR. COLLINS: Yes, the most recent fuel.  
12 DR. LEITCH: Thank you.  
13- MR. COLLINS: All right.  
14 Dr. Wallis, this is a calculation that we did of 
15 how the temperature takes off, so a higher temperature 
16 criterion is going to be reached very shortly afterward. If 
17 it was 900 or 1000 -

18 DR. WALLIS: The time shifts to three hours 
19 doesn't really make much difference? 
20 MR. COLLINS: Right.  
21 DR. WALLIS: The real question is does it take 
22 off -- to me. Maybe you can explain all this later. In 
23 adiabatic heating it is always going to take off eventually.  
24 DR. KRESS: At one time they thought that -
25 MR. COLLINS: -- that it would reach -
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1 DR. KRESS: -- yes, where our cooling would turn 
2 this around and you'll never get to the takeoff point.  
3 MR. COLLINS: The problem is that we can't assure 
4 any specific geometry so we can't on a generic basis 
5 conclude that we are ever going to limit the temperature.  
6 That is exactly the problem.  
7 DR. KRESS: That's the heat transfer problem.  
8 MR. COLLINS: If you can't define the geometry you 
9 can't do an analysis that shows the heat goes away.  

10 DR. WALLIS: So are you saying you could never 
11 assure us that it will not burn? 
12 MR. COLLINS: That is correct.  
13 DR. WALLIS: You always have to assume it will 
14 burn, even after 10 years? 
15 MR. COLLINS: We can't on a generic basis say it 
16 is not going to burn.  
17 DR. KRESS: The decay heat doesn't go away after 
18 10 years.  
19 MR. COLLINS: The decay heat is persistent.  
20 DR. WALLIS: So it could still burn after 10 
21 years? 
22 DR. KRESS: It could if you can't cool it.  
23 DR. SEALE: If you don't have a sink.  
24 DR. KRESS: At some point the issue may come down 
25 to you want to determine the probability of a burn and use

.,fl,.'nno S. *tS
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1 that in your analysis but that involves developing 
2 probabilities of particular geometries and the probability 
3 of cooling, and it is not easy to do that, but it could be 
4 done.  
5 Eventually they may come up with a way to decide 
6 that you can do away with the requirement after a certain 
7 time based on probabilities.  
8 MR. COLLINS: In the final report the conclusions 
9 that we have reached are that the risks at decommissioning 

10 plants is low. It is well within the Commission's safety 
11 goals, even in the consideration of a large ruthenium 
12 component to the source term.  
13 We found that relaxation of EP is consistent with 
14 a small change in risk.  
15 DR. WALLIS: Now 60 days after what? 
16 MR. COLLINS: After the last -- after shutdown, 

17 the last fuel offload.  
18 DR. WALLIS: After the last fuel offload into the 
19 pool.  
20 MR. COLLINS: Right.  
21 DR. WALLIS: And this is because? 
22 MR. COLLINS: You mean the 60 days -
23 DR. KRESS: Basically the thing that causes the 
24 consequences are the cesium and the ruthenium and -
25 DR. WALLIS: -- the risk has gone down. The 
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1 probability of a fire, you have just taken as one, no matter 
2 what.  
3 MR. COLLINS: That is correct. We have taken it 
4 as -- given the fuel is uncovered.  
5 DR. KRESS: Yes.  
6 DR. WALLIS: So this is another example where the 
7 technical problem is made to go away by bringing in risk 
8 considerations? The problem of is there or is there not a 
9 fire has sort of gone away because you have looked at the 

10 risk consequences.  
11 DR. KRESS: Absolutely.  
12 DR. WALLIS: Right, okay.  
13 MR. COLLINS: The idea was to provide risk 
14 insights to this rulemaking, yes.  
15 DR. KRESS: And the 60 days just allows the iodine 
16 to go away, maybe some of the ruthenium but not much of it.  
17 MR. COLLINS: Yes, the ruthenium has got a 
18 half-life of a year so most of the ruthenium is still there.  
19 DR. KRESS: Most of it is still there.  
20 MR. COLLINS: Right.  
21 We also concluded that insurance is going to have 
22 to be viewed from a different perspective. There needs to 
23 be some sort of a policy decision on how insurance is 
24 considered because we can't assure a geometry which would 
25 assure cooling and because of the large fission product 
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1 inventory which stays for such a long time that you have got 
2 to consider security for as long as you have fuel in the 
3 pool.  
4 These conclusions with regard to the risk change 
5 and stuff are independent of whether or not we use the 
6 Livermore curves or the ruthenium source term. It just gets 
7 better and better as the lower probability -
8 DR. KRESS: Fortunately.  
9 MR. COLLINS: Yes, fortunately.  

10 I will let Jason Schaperow walk you through the 
11 consequence analysis now.  
12 DR. WALLIS: So I guess your conclusion is no more
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13 work needs to be done on analyzing these fires with ignition 
14 criteria? 
15 DR. KRESS: For the issue of decommissioning 
16 relaxation.  
17 MR. SCHAPEROU: Good morning. As Tim said, my 
18 presentation describes in some detail, our consequence 
19 assessment for spent fuel pool accidents at decommissioning 
20 reactors.  
21 To restate some of the highlights of what Tim 
22 mentioned, is that the overall risk assessment for spent 
23 fuel pool accidents is comprised of three elements: 
24 Consideration of initiating event frequencies; the second 
25 element being the hydraulic anlaysis to further refine the 
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1 events leading to fuel and -- heating.  
2 And the third element, which my presentation 
3 describes is a consequence assessment for the events which 
4 in the earlier analyses led to loss of pool cooling 
5 inventory, fuel heatup and degradation, and fission product 
6 release.  
7 Our consequence assessment focused on issues 
8 important for spent fuel accidents. We looked at source 
9 term, plume issues, and, of course, evacuation.  

10 We examined these issues by performing 
11 consequences calculations wiht our MACCS reactor accident 
12 consequence code. We reassessed the source term and the 
13 release fraction of fission products.  
14 And as I said, we performed sensitivity 
15 calculations varying with release fractions of the various 
16 fission products, including ruthenium, cesium and fuel 
17 fines.  
18 We performed sensitivity calculations, evaluating 
19 the effects of the reduced inventory for different decay 
20 times as far out as ten years.  
21 We updated plume spreading modeling, and plume 
22 heat content associated with spent fuel pool accidents, as 
23 opposed to reactor accidents.  
24 We performed consequence calculations for both 
25 early evacuation and late evacuation cases, to allow Bob to 
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1 do his assessment of risk. The results of this large number 
2 of MACCS calculations, we used, as I said, in Bob's risk 
3 assessment.  
4 The first area I would like to talk about is the 
5 effect of ruthenium, which you've heard a lot about already 
6 today.  
7 There have been a number of small scale fission 
8 product release tests done by the Canadians, and also by Oak 
9 Ridge, with an air environment. These tests have shown 

10 significant ruthenium release, particularly the AECL tests 
11 that showed that following cladding oxidation, you get an 
12 early complete release of ruthenium.  
13 We performed consequence calculations, assuming a 
14 release of all of the ruthenium inventory.  
15 Our calculations showed that in this case, we get 
16 a large increase in early fatalities between a factor of 20 
17 and 100. This is because this particular element in its 
18 assume form of ruthenium oxide, has a very high dose 
19 conversion factor.  
20 It goes into the lungs and it stays there, and the 
21 clearnace class is years, which is the longest clearance 
22 class for the lung.  
23 We also thought about what things might mitigate 
24 this consequence increase from ruthenium, and we note that 
25 it does have a one-year half-life, so after a few years, it
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1 will decay away.  
2 Also, we thought a little bit about fuel geometry.  
3 If there is degradation of fuel geometry as a result of the 
4 heatup and oxidation, this degradation could limit the air 
5 ingress and limit the ruthenium release.  
6 Finally, I'd like to note that there is a Phebus 
7 test planned to examine this important effect on a larger 
8 scale.  
9 This table shows the results of some of the 

10 calcuations we performed for ruthenium. As you can see, in 
11 going from the first row with a very small ruthenium 
12 release, to the second row, which has 100 percent ruthenium 
13 release, we get a very large increase in the early 
14 fatalities.  
15 We also see a reduction in the early fatalities as 
16 expected when we implement an early evacuation, that is, an 
17 evacuation before the release of fissio products begins.  
18 DR. WALLIS: Could you put this in perspective? 
19 People probably don't die from ruthenium in their lung 
20 within the first year anway, unless they have a huge amount.  
21 What's the long-term fatalities from this 
22 ruthenium in the lungs? How does this one compare with ten 
23 year fatalities? 
24 MR. SCHAPEROU: I'm not sure I understand your 
25 question.  

37 
1 DR. KRESS: I think he's asking for latent 
2 cancers.  
3 DR. WALLIS: Late fatalities.  
4 MR. SCHAPEROU: Latent cancers? 
5 DR. KRESS: Yes.  
6 MR. SCHAPEROU: Latent cancer fatalities are a 
7 proportion of the societal dose. I bleieve the factor is 
8 about ten to the minus four.  
9 DR. WALLIS: I'm really asking whether early 

10 fatalities in this case is a good measure of risk to 
11 society.  
12 CHAIRMAN POWERS: Graham, the early fatality 
13 calculations involve looking at the Schein emersion dose, as 
14 well as the comitted dose from inhalation. I suspect for 
15 these analyses, that the Schein does is what gives you the 
16 prompt fatality. It's death within 30 days, due to an acute 
17 radiation exposure.  
18 So it's because he's putting out so much 
19 radioactivity material, not because it's going into the 
20 lungs so much.  
21 The long-term dose out there is the fatal cancer 
22 incidence, and that probably does have to do a lot with the 
23 radiological behavior of ruthenium.  
24 DR. WALLIS: But do we have an estimate of how 
25 much it is? 
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1 CHAIRMAN POWERS: How much? What -
? DR. WALLIS: How many people are likely to die as 
3 a result of this accident? 
4 CHAIRMAN POWERS: If you take those numbers and 
5 divide them by about 2,000, that will give you an estimate 
6 of the fatalities.  
7 DR. WALLIS: So we take the numbers on the right? 
8 CHAIRMAN POWERS: And divide them by 2,000.  
9 DR. WALLIS: And so we're saying maybe 2,000 

10 people die from a societal dose, so that one is a somewhat 
11 misleading number.  
12 CHAIRMAN POWERS: Those -- one is the prompt
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13 fatalities within 30 days.  
14 DR. WALLIS: Yes, but the message to the public 
15 would be how many people are going to die as a result of 
16 this accident is in the thousands; it's not in the ones.  
17 MR. SCHAPEROU: That's out of a population of 
18 about three million in this, for this distance.  
19 DR. WALLIS: I'm just asking for a measure which 
20 is understandable and meaningful.  
21 CHAIRMAN POWERS: Well, if you're going to press 
22 for meaningful, then you also have to add on to the fact 
23 that of those people that get exposed, roughly a third of 
24 them will ultimately die of a cancer of some sort, whether 
25 or not the accident occurs.  
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1 DR. KRESS: And a lot of that is related to the 
2 linear no-threshold issue that kills a lot of those people.  
3 DR. APOSTOLAKIS: But is that consistent with a 
4 goal of 1/10th of one percent? 
5 DR. KRESS: Well, that -- we have two goals, and 

6 the early fatality limit up there is related to the one 
7 goal; and societal dose is related to the other, and it's 
8 consistent with the -- in fact, it meets the goal.  
9 DR. APOSTOLAKIS: But I think that's Graham's 

10 question.  
11 DR. KRESS: Yes. It beats the goal.  
12 DR. APOSTOLAKIS: In terms of cancers, not in 
13 terms of -
14 MR. COLLINS: Excuse me, the goal is in terms of 
15 risk to an indivudal. The safety goals are in terms of risk 
16 to an individual, early fatality risk to an individual and 
17 the latent cancer risk to an individual.  
18 DR. APOSTOLAKIS: Okay.  
19 MR. COLLINS: Those parameters, Bob is going to 
20 put up as part of his presentation.  
21 DR. KRESS: Unfortunately, we don't have a goal on 
22 total deaths.  
23 DR. APOSTOLAKIS: No, but you're going to divide, 
24 in other words, the 2,000 cancer deaths by the three million 
25 people; is that what you mean? 
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1 DR. KRESS: Yes, and that gives you an indvidual 
2 risk for cancers, and then you're going to multiply that by 
3 the frequency, and say that that meets the safety goal.  
4 MR. SCHAPEROU: We did the calculations, and we 
5 had a lot of output measures. We have societal dose, cancer 
6 fatalities.  
7 We had different distances; we had early 
8 fatalities; we had cancer fatalities.  
9 DR. KRESS: MACCS will give you all that.  

10 MR. SCHAPEROU: Yes, what's shown here is the zero 
11 to 100 miles, which I -- was used early on for our 
12 comparisons with reactor accident consqeuences and we stuck 
13 with that.  
14 But when you see Bob's comparisons, we mainly 
15 focused on the cancer fatalities within ten miles, which is 
16 the safety goal.  
17 DR. APOSTOLAKIS: So you will show the indivudal 
18 risk? 
19 MR. SCHAPEROU: Yes, and the early fatalities 
20 within the one mile. Those were the two things that we 
21 really focused on in the end.  
22 The reason my presentation is as it is, is that we 
23 started out with zero to 100 miles, and we kept looking at 
24 those distances for a lot of our sensitivity studies.  
25 DR. WALLIS: Do you agree with Dr. Powers that you
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1 can divide this last number by about 200? 
2 MR. SCHAPEROU: Two thousand, yes.  
3 DR. WALLIS: Two thousand, about two thousand, 
4 okay.  
5 DR. KRESS: But the safety goals, which are what 

6 we would normally compare with, one of them is up to one 

7 mile, and that's the fatalities, and the other one is out to 

8 ten miles for hte cancers. We have to keep that in mind 

9 when you think about the safety goals.  

10 DR. APOSTOLAKIS: Actually, the safety goal 

11 statement is in terms of societal risk.  
12 DR. KRESS: No.  
13 DR. APOSTOLAKIS: We just happen to be calculating 

14 it as individual risk.  
15 DR. KRESS: Well, there are documents that 

16 interpret that. It's been interpreted always In terms of 

17 individual risk.  
18 We had a whole -

19 MR. COLLINS: We're using the qualitative health 

20 objectives -- quantitative health objectives, teh QHO.  

21 MR. SCHAPEROW: I mean it's 95 percent evacuations 

22 and -
23 DR. WALLIS: Is that a surprising conclusion? 

24 MR. SCHAPEROW: No, it was not, but it stuck out.  

25 It stuck out when we went over the results. We're 
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1 like oh, yes, of course, factor of 10.  
2 As a result of ACRS comments and all the 

3 sensitivity calculations I just showed you, we decided to 

4 reassess a source term.  
5 The source term that has historically been used 

6 for the spent fuel pool consequence calculations was that 

7 given in NUREG CR-4982. This NUREG study was performed 

8 about 12 years ago and it was performed for a generic safety 

9 issue 82. It was regarding spent fuel pool risk at 

10 operating reactors.  
11 The source term from this study, which is shown in 

12 the first row of this table, has large release fractions 

13 that involve isotopes, that is noble gases, iodine and 

14 cesium, and small release fractions of the other fission 

15 products and for some of the ones of importance like 

16 ruthenium, very small release fractions.  
17 We decided that the NUREG-1465 reactor accident 

18 source term, which is based on more recent research, had 

19 undergone significant peer review, was a better basis for 

20 our offsite consequence calculations, so we proceeded to 

21 perform the entire array of calculations from 30 days out to 

22 10 years using the NUREG-1465 or, as it's more commonly 

23 known, the revised reactor accident source term.  

24 We also performed the same set of calculations 

25 with a modified version of this.  
43 

1 As we discussed, there's a lot of uncertainty in 

2 the ruthenium release fractions and the fuel fines release 

3 fractions.  
4 For ruthenium we decided to go up to the same 

5 release fraction as we had for the volatiles, that is, 75 

6 percent. For the lanthanum and cerium we chose the fuel 

7 fines release fraction reported in a recent report on the 

8 Chernobyl accident, 3.5 percent of all of the U02 and 

9 whatever fission products are embedded in it.  

10 My next two slides give tabular results from these 

11 calculations with these two source terms. I would like to 

12 substitute a graph for this. This is a graph of societal
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13 dose and it shows the important trends here that I have 
14 discussed.  
15 The first trend is that if you have a ruthenium 
16 release, which is the two top curves, modified source term 
17 and a large fuel fines release, you will have higher 
18 consequences.  
19 The second trend is the effective early 
20 evacuation. You do get some benefit from an early 
21 evacuation.  
22 The third trend is the case where you don't have 
23 the large ruthenium release. The consequences really don't 
24 fall off much -
25 DR. WALLIS: So these used to be in color or 
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1 something? 
2 MR. SCHAPEROW: Yes, I'm sorry -
3 DR. WALLIS: The documents look the same -
4 MR. SCHAPEROW: The top two are the modified -
5 DR. WALLIS: So the codes are in the order in the 
6 table, are they? 
7 DR. KRESS: Yes, they are in the order of the 
8 table.  
9 MR. SCHAPEROW: The top two are the high ruthenium 

10 and the bottom two are the low ruthenium, and the very top 
11 one is with late evacuation, which is the worst 
12 consequences, and then as you go to early evacuation your 
13 consequences get lower and the same for the low ruthenium 
14 cases. As you go from late evacuation to early evacuation, 
15 the consequences get lower, but in the case of the low 
16 ruthenium release you are dominated by cesium and the 
17 consequences don't really fall off as you go out in time 
18 because of the 30-year halflife.  
19 Another issue was involved with the 
20 thermohydraulics, the question of how much fuel would heat 
21 up and release its fission products.  
22 Most of our work was based and the stuff you just 
23 saw was based on the heatup of the entire spent fuel pool 
24 inventory of the Millstone 1 reactor.  
25 DR. KRESS: Now one of the questions we had was 
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1 how representative is that 3.5 cores of the class of 
2 decommissioned plants that are out there.  
3 MR. SCHAPEROW: I think Tim may have understated 
4 it a little bit, the number of years. Three and a half 
5 cores, if you have a refueling every year and a half that 
6 would be one and a half times ten. It is about 15-20 years.  
7 MR. COLLINS: No, no, the first three batches are 
8 the same timeframe. The last core is three batches, gets 
9 off at once and then it is a batch at a time. You have to 

10 take off the refueling cycle time by batch, so it takes 
11 every three batches is one core.  
12 MR. SCHAPEROW: This is representative of the 
13 Millstone 1 reactor as it stood in 1988, which is I guess 
14 about 20 years, 15-20 years into its operations, so this is 
15 fairly late in the life of a reactor.  
16 DR. KRESS: The question is could it be more? 
17 MR. SCHAPEROW: Yes, it could if Millstone 
18 operated longer, which it did operate a little longer.  
19 DR. KRESS: For decommissioning plants that are 
20 out there now, the rule is going to apply to them.  
21 MR. SCHAPEROW: That's correct. It could be more.  
22 MR. STAUDENMEIER: This is Joe Staudenmeier from 
23 the Staff.  
24 One of the recent decommissioned plants, Zion, 
25 shared one spent fuel pool for both reactors and I believe
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that had about 10 reactor cores in that spent fuel pool.  
DR. KRESS: For that particular plant you'll do 

plant-specific thinking on whether to relax any 
requirements? 

MR. COLLINS: Throughout the report we have made a 
lot of assumptions with regard to -- design assumptions and 
industry commitments. Whenever the rulemaking comes forward 
it is going to have to take into account how those things 
will be reviewed as part of the licensing process. Somebody 
which differed from any of those things would have to be 
looked at on a plant-specific basis.  

DR. KRESS: If I am a decision-maker can I take 
your risk numbers and multiply it by the ratio of that to 
the number of cores I have, or is it not that easy? 

MR. PALLA: Well, I think you would not -- if you 

just added additional cores, you would go from having the 
oldest fuel assembly 20 years to 40 years. You are not 
going to add any more ruthenium. You are going to just have 
more cesium.  

DR. KRESS: So all you are going to change is the 
societal end of the thing, rather than the prompt 
fatalities.  

MR. COLLINS: The prompt should be changed. The 
ruthenium, almost all the ruthenium is in the last core that 
you offloaded.  

47 

MR. PALLA: So you might have a factor of 2 or 3 
in the cesium effects, in the longterm effects. Ruthenium 
would have been diminished anyway.  

Now if you look at the margins that we show, you 
might rationalize that you still would be below the safety 
goals or below whatever figure of merit you want to use.  

MR. SCHAPEROW: We actually rationalized that it 
may be as little as one core involved in the heatup one year 
as a result of the work done for Generic Safety Issue 82, so 
when we did a sensitivity on the amount of fuel released in 
fission products we went from 3.5 cores down to the final 
core offload.  

DR. WALLIS: So the plume from one core is the 
same as the plume from ten cores burning? 

MR. SCHAPEROW: In what fashion? 
DR. WALLIS: I would think the plume would be 

different if you burned more stuff.  
MR. SCHAPEROW: The heat of the plume? 
DR. WALLIS: Burning quicker -- and the fire you 

get would be different so the whole, this would change the 
physics of things as well as the total amount distributed.  

You are still in the same plume presumably? 
MR. SCHAPEROW: Yes, we assume -- I will get into 

that in a few minutes. I have got some discussion of the 
plume modeling that we looked at.  
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DR. WALLIS: In reality the plume might differ if 
you burned more cores? 

DR. SEALE: The energy that is in the fission 
product decay takes you to ignition, if you get there, but 
the energy that is in the clad and other oxidation once you 

get to ignition is the thing that drives the plume.  
DR. KRESS: Right.  
MR. SCHAPEROW: That's correct, with one small 

change. At later times when the decay heat is really low 
the energy of decay heat just gets you up a little bit in 
temperature until the oxidation reaction actually provides 
the dominant heat source.
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13 DR. WALLIS: That's right.  
14 MR. SCHAPEROW: Even at the lower temperatures.  
15 DR. WALLIS: So burning old cores is just as 
16 effective as burning new cores as far as the zirconium goes.  
17 MR. SCHAPEROW: Although once the zirconium is 
18 burned, that is the end of it. It's not like a Chernobyl 
19 type accident where you have got graphites sitting there for 

20 long period of time burning.  
21 DR. SEALE: There is not nearly as much charcoal 
22 in there. Yes, I agree with you.  
23 DR. KRESS: The way the dispersion codes treat the 

24 plume is it has a temperature which is a density, related to 

25 the density of it, and as it rises up it entrains cooling 
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1 air and it cools off as it rises until it reaches the point 
2 where it is neutrally buoyant and then normally the wind 
3 turns it over and it disperses that way, so it does matter 
4 whether you are burning a little bit or a whole lot because 
5 that influences how long it takes it to cool off this plume 
6 as it rises.  
7 The temperature starts out the same, so the 
8 buoyancy driving force is the same, but how much fire -
9 DR. SEALE: How much lofting you get -

10 DR. KRESS: -- is involved does affect the 
11 lofting.  
12 DR. APOSTOLAKIS: Actually, Bob, I thought about 
13 this latent risk business. I think the number of years over 
14 which the fatalities occur should be a factor in this, 
15 because the risk, the Commission's goal is one-tenth of one 
16 percent of the rate of deaths per year, so you have to 
17 really consider the number of years before the present year, 
18 have the probability of accident, calculate the contribution 
19 to the deaths of this year, so -
20 DR. KRESS: I think you're right.  
21 DR. APOSTOLAKIS: But have you done that? Have 
22 you calculated latent risk? 
23 MR. PALLA: Well, to be honest with you, we used 
24 the number that the code calculates.  
25 The code has a built-in -- it automatically 
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1 accounts for the population in that bin and it spits out the 
2 number that is used to compare to the safety goal so we 
3 would have to go look closer at how that is done.  
4 DR. APOSTOLAKIS: I mean to calculate the latent 
5 risk for this year, you have to consider the contribution to 
6 the deaths this year from a number of years back and add 
7 them up, because that is what the Commission says.  
8 MR. PALLA: Well, we believe we have done it 
9 consistently with how it's been done in the past. Now 

10 whether that is correct or not, that's a different question.  
11 DR. KRESS: I think, George, that what we have is 
12 a fixed number for the number of cancer deaths per year that 
13 are background, and this is a fixed number of deaths that 
14 occur over a number of years -
15 DR. APOSTOLAKIS: Right.  
16 DR. KRESS: -- and you divide by that number of 

17 years to get a cancer per year contribution out of that even 
18 though part of it is earlier and part of it is later.  
19 DR. APOSTOLAKIS: Yes, but then you would have to 

20 add the contributions from each past year.  
21 DR. KRESS: No, you don't do that.  
22 DR. APOSTOLAKIS: Why not? 
23 DR. SEALE: You only die once.  
24 DR. KRESS: That's not the way the safety goals is 
25 written.
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1 DR. APOSTOLAKIS: Well, can we find out how this 
2 is calculated? 
3 DR. WALLIS: I guess when you show us all these 
4 numbers it would be helpful if you said if this number on 

5 the right were 10 to the 9th we would be in trouble or 
6 something and give us something to scale it by.  
7 MR. SCHAPEROW: I have to put that out for Bob.  
8 DR. WALLIS: How big does that number have to be 

9 before you worry about it? 
10 DR. KRESS: You had a graph that showed the risk 
11 versus the safety goal.  
12 MR. PALLA: Yes.  
13 MR. SCHAPEROW: You are going to see a bunch of 
14 them -
15 DR. WALLIS: So you are going to get to that.  
16 Just it would help at this stage when you are showing us all 

17 these numbers if you would put them in perspective some way.  

18 CHAIRMAN POWERS: But this is a conditional thing.  
19 How can you -
20 DR. KRESS: You can't do that here with -- it's a 

21 condition.  
22 MR. SCHAPEROW: These are just consequences.  
23 DR. WALLIS: Being naive, I just see a big number 
24 there -- gee whiz.  
25 DR. KRESS: What they are trying to do is show us 
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1 the effects of these issues we had if you dealt with them.  
2 DR. WALLIS: But if the number you need to get to 
3 is 10 to the 9th then all this is irrelevant. Maybe it's 
4 not.  
5 MR. COLLINS: It's not irrelevant. What it is 
6 showing is it is not as bad as would be a problem.  
7 DR. WALLIS: So it is important to get that number 
8 right on the right within -
9 MR. COLLINS: We have to have that number in order 

10 to get to our comparison with the safety goals.  
11 DR. WALLIS: Okay.  
12 MR. SCHAPEROW: This is just a step along the way.  
13 DR. WALLIS: Yes, but you are giving us an awful 
14 lot of numbers and I want to know if they are important or 
15 not.  
16 MR. PALLA: One way to think of that number in the 
17 right column is that if you looked at a severe reactor 
18 accident and it will depend on the site, but you could be 
19 looking at numbers on the order of two times 10 to the 6th 
20 to two times 10 to the seventh.  
21 DR. WALLIS: So this is comparable.  
22 MR. PALLA: So that is the way that I would 
23 perceive it.  
24 DR. WALLIS: And someone has to know that.  
25 MR. PALLA: It's relative, what we're looking at 
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1 here is the sensitivity of that number to the different 
2 changes -
3 DR. WALLIS: So it is within the range? 
4 MR. SCHAPEROW: That's correct. We are 
5 releasing -- these are large release fractions.  
6 These are reactor accident release fractions.  
7 The benefit is the short-lived isotopes will have 
8 decayed away.  
9 These are one year of decay.  

10 The two sensitivities shown here -- one is for a 

11 small release fraction of ruthenium and the other is for a 

12 large. We do see a consequence reduction in each case and

1 111,CMAtO.CA AUS
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13 we go down to one core of fission products.  
14 The consequence reduction is not quite as big a 
15 reduction for the large ruthenium case again because of its 
16 halflife and that a lot of it if not most of it is in the 
17 final core.  
18 DR. APOSTOLAKIS: So this is the mean value over 
19 the what? 
20 MR. SCHAPEROU: Over the weather.  
21 DR. APOSTOLAKIS: Over the weather.  
22 MR. SCHAPEROU: The model we have does a sampling 
23 of the weather.  
24 DR. APOSTOLAKIS: If I go back to 11 and I 
25 consider the various decay times -- back to slide 11.  

54 

1 MR. SCHAPEROU: All right.  
2 DR. APOSTOLAKIS: Are you finding also the mean of 
3 these values, in other words, multiply 192 by the 
4 probability that the accident will occur within 30 days, 
5 then 162 by the probability is 90 days, and find that mean 
6 value? 
7 MR. SCHAPEROU: We use mean value for the 
8 frequency, and these are mean values based on the weather.  
9 DR. APOSTOLAKIS: Right. And I'm asking 

10 whether -
11 MR. SCHAPEROU: So we just took a mean times the 
12 mean in calculating the risk. We didn't propagate any 
13 uncertain events.  
14 DR. APOSTOLAKIS: No, but the total mean will be 
15 the mean with respect to the weather, and the weight that 
16 some of these numbers you have there depending -- the weight 
17 is the probability that you will have 30-day decay time, 
18 90-day decay time.  
19 MR. SCHAPEROU: We calculated it discretely at 30 
20 days and at 90 days and at -- you know, we maintain the 
21 constant probability of the event. We did not go in and say 
22 the likelihood of having a spent-fuel pool accident at 30 
23 days is -- we didn't try to account for how it might change 
24 with extended -
25 DR. WALLIS: The earthquake doesn't know the state 
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1 of the fuel pool.  
2 MR. PALLA: It doesn't know how long it's been 
3 there. But other -- I mean, you could -- in theory 
4 accidents that occur later have longer times to uncovery -
5 boildown sequences, for example -- so if you were doing a 
6 very rigorous analysis with fancy human-reliability models, 
7 you might take some additional credits for that. And also 
8 in the earlier times right after shutdown you would likely 
9 have the same systems available that you had while the plant 

10 was operating. You wouldn't have started to remove things, 
11 so it's kind of a moving target, what you really have at the 
12 site.  
13 DR. APOSTOLAKIS: So the ultimate comparison is 
14 you take say the 30 days, 192, multiplied it by its 
15 frequency and compared it to the goal? 
16 MR. PALLA: Yes.  
17 DR. APOSTOLAKIS: So you compare each 
18 individual -
19 MR. PALLA: But not that measure. I mean, we -- a 

20 measure that's comparable to that. It's the risk to an 
21 average individual of an early fatality.  
22 DR. APOSTOLAKIS: Yes.  
23 MR. PALLA: I'll explain that.  
24 MR. SCHAPEROU: The other area I wanted to speak 
25 for a few minutes about was on the plume. I have a short
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1 presentation here on plume spreading and on plume heat 
2 content.  
3 On the plume spreading, max does use a gaussian 
4 plume model with the amount of spreading determined by sigma 
5 Y and sigma Z, model primaries which you are probably all 
6 familiar with that type of model. As part of an 
7 international cooperative effort on consequence assessment 
8 codes, the experts in this area did provide updated values 
9 for these parameters. This work was done over the last 

10 several years. The experts provided distributions for these 
11 two parameters instead of point estimates. We went forth 
12 and we did perform max calculations based on sampling from 
13 these distributions.  
14 CHAIRMAN POWERS: Mr. Schaperou, my recollection 
15 of this study was that the experts were asked what was the 
16 amount of material deposited at particular points away from 
17 the plume, and that the authors of the study subsequently 
18 turned those into sigma Y and sigma Z, and they did that 
19 because the experts utilized tools they had available to 
20 them. Some of those tools were not gaussian plume models.  
21 Am I incorrect in my recollection on this? 
22 MR. SCHAPEROU: It's been too long since I've 
23 looked over that work. It sounds reasonable.  
24 CHAIRMAN POWERS: My recollection of what the 
25 experts -- and actually the innovation in the way they did 
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1 their solicitation was to ask the experts to provide the 
2 equivalent of a chi over q at particular sets of distances, 
3 and there were three of them I think they asked them.  
4 MR. SCHAPEROU: That sounds right.  
5 CHAIRMAN POWERS: And then they said if that were 
6 the case, how would I have to change the max model and its 
7 sigma Y sigma Z things to get that result.  
8 MR. SCHAPEROU: Yes.  
9 CHAIRMAN POWERS: And that resulted in having 

10 something that was directly useful.  
11 MR. SCHAPEROU: That is my recollection, and the 
12 point I was trying to make here was that they provided 
13 distributions, and that made an additional level of 
14 complication for our analysis. We were able to as I said 
15 carry out a sampling and form the calculations. We saw a 
16 decrease in early fatalities as a result of these updated 
17 parameters. The updated parameters -- the experts basically 
18 said you are going to have more spreading than the earlier 
19 model.  
20 DR. WALLIS: Could you tell me something about how 
21 big the fire is? I mean, is this something like the fire 
22 I'd get if I burned a pot of brush, or is it like a college 
23 football celebration fire, or how big a fire is it? What 
24 are we talking about? 
25 MR. SCHAPEROU: I have some estimates on the next 
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1 slide -

2 DR. WALLIS: It's a pretty small fire, isn't it? 
3 MR. SCHAPEROU: Of the heat content of this plume.  
4 DR. WALLIS: Let's put it in perspective. Is it 
5 like a car catching fire or something? How big is it? 
6 MR. SCHAPEROU: I can't answer that question right 
7 now.  
8 MR. COLLINS: He's trying to be precise at this 
9 time by giving you it in heat.  
10 MR. SCHAPEROU: I can give you a number, but I 
11 don't know -- I don't have a comparison available -

12 DR. WALLIS: So I have difficulty putting it in
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perspective. But there isn't all that much -
CHAIRMAN POWERS: But could I give you an idea 

of -- if you'll help me and tell me what you would like as a 
metric on fire, maybe I could give you -

DR. WALLIS: Well, let's say it -
DR. KRESS: How many maple trees? 
DR. WALLIS: Is it a ton of dry redwood, or is 

it -

CHAIRMAN POWERS: No, it's a little bit bigger 
than that.
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like a gasoline truck.  
different because of the
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high specific energy of gasoline, but it would -- when you 
burn these zirconia clad, they are enormous aerosol 
producers because they're going into breakaway oxidation, 
and so you would see an enormous cloud of smoke coming out, 
but maybe a faint glow, okay? You would not see roaring 
flames. You would not see -

DR. WALLIS: Not very energetic.  
CHAIRMAN POWERS: At the actual point of reaction 

it is very energetic, but it's unlike a fire with a volatile 
substance. It's not spread out over a combustion zone.  

DR. WALLIS: So it would look like a rather smoky 
brushfire burning.  

CHAIRMAN POWERS: Very, very smoky. It would 
completely fill the zone of the fuel pool, which is now 
presumed to be drained, and it would look very smoky.  
N8 CHAIRMAN POWERS: And then after you'd worked on 
the early removed fuel, then you would see a slow 
propagation as you moved -- as the fuel became older and 
older clad.  

DR. WALLIS: Now that's another -- I don't want to 
get into this too much, but I'm trying to envisage what 
happens. It's a slow propagation; it's not a rapid ignition 
of the whole.  

DR. KRESS: The heat transfer is by radiation 
probably, and it may spread to the other parts of the pool 
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pretty fast. That's one of the issues, is how do you make 
this heat-transfer calculation.  

DR. WALLIS: That's what I wonder, how the experts 
can make all these estimates unless they know just what kind 
of a fire it is.  

DR. SEALE: Like a stack of old tires.  
DR. KRESS: Well, they just assumed the full 3.5 

cores are burning all at the same time.  
DR. WALLIS: Yes, but how fast they'd burn always 

makes a big difference to the plume.  
DR. KRESS: Sure.  
DR. WALLIS: Okay. Well, go on.  
MR. SCHAPEROU: If it burns very slowly, then

you're going to be able to move people out 
the consequences. So we typically assumed 
burns in 30 minutes. It's fairly quick.  

DR. WALLIS: You assumed? 
MR. SCHAPEROU: That's correct.

and you won't get 
calculations it

DR. WALLIS: Is there any basis for 30 minutes? 
MR. SCHAPEROU: That is -- I believe it takes 

about 20 minutes to consume a core in a large-break LOCA 
type situation from steam oxidation, so it's -

DR. KRESS: Anywhere up to an hour.  
MR. SCHAPEROU: This is basically motion of a 

flame --

MR. SIEBER: How about 
DR. KRESS: It's about 
CHAIRMAN POWERS: It's
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1 DR. WALLIS: So there is an analysis behind it.  
2 MR. SCHAPEROU: Not a detailed analysis. This may 
3 be closer to an assumption.  
4 Because of the potential for the plume content to 
5 be higher than in a reactor accident involving a large early 
6 release, because of this direct burning of the fuel and 
7 release of the heat by that mechanism, we did some 
8 sensitivity calculations using different plume heat 
9 contents, and we used the model that Tom described in a lot 

10 of detail. The base case we use in most of our calculations 
11 was the plume heat content from the NUREG -
12 DR. WALLIS: Are those megawatt-hours or days or 
13 what? The heat content is megawatts times some time, isn't 
14 it? 
15 MR. SCHAPEROU: No, that is the product times time 
16 it comes out -- it's divided by 30 minutes.  
17 DR. WALLIS: Oh, megawatts -- so it's -- 21-1/2 

18 megawatt-hours.  
19 MR. SCHAPEROU: It's the heat release divided 
20 by -- the joules divided by 30 minutes.  
21 DR. WALLIS: So it's a rate of feed release.  
22 MR. SCHAPEROU: We made a bounding estimate of 
23 plume heat content for this 30-minute period based on 
24 oxidation of the most recent core in 30 minutes, released 
25 all of that heat. And that was 256 megawatts. We had a 
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1 more detailed estimate of the plume heat content based on 
2 the amount of heat that would be absorbed into the fuel, and 
3 at some point basically saying the oxidation's over because 
4 the thing has collapsed on itself or melted or collapsed 
5 somehow, and that was about 43 megawatts.  
6 We did sensitivity calculations for this range, 
7 from 3.7 megawatts up to 256 megawatts, and we got what we 
8 felt was an expected trend, which was on the early 
9 fatalities, we saw those come down, because you're lifting 

10 the plume higher and away from the people close in, which 
11 are the ones that would get killed in the early-fatalities 
12 column, and societal dose we saw basically no change, just 
13 slight changes. This calculation is out to 100 miles, and 
14 this additional heat content would carry the plume out 
15 further and perhaps put these consequences further out.  
16 DR. KRESS: You might have had to go further than 
17 100 miles.  
18 MR. SCHAPEROU: That basically concludes my 
19 presentation. I guess I have the -- this is the original, 
20 the first slide I had, and I could just reiterate at this 
21 point that we did perform a large number of calculations to 
22 try to cover the important issues for spent-fuel pool 
23 accidents.  
24 DR. SEALE: You're up.  
25 DR. WALLIS: I think you burned about three tons 
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1 of dry lumber.  
2 DR. KRESS: It's like about -
3 DR. WALLIS: It's not a very big fire.  
4 DR. KRESS: About four feet of one maple tree. I 
5 think you must have missed the calculations.  
6 DR. WALLIS: You make about 100 gallons of sap 
7 with that much heat -- maple sugar.  
8 MR. PALLA: Bob Palla in the Probabilistic Safety 
9 Assessment Branch of NRR. What I want to talk about here is 
10 briefly the integration of the level 1 frequencies, 
11 frequencies of spent-fuel uncovery, integration of that with 

12 the consequence calculations that Jason just described, and
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probability that the decay time will be 3U aays versus ten 
years?
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MR. PALLA: Well, what we do -- and I'll show you 
in a subsequent curve -- is, we calculated these risk 
measures at each time interval.  

DR. APOSTOLAKIS: But actually, the risk should be 

lower, because the conditional probability of -- given the 

event, having it occur within 30 days, you know, is not 

accounted for. You just did sensitivity studies.  
MR. PALLA: Glen, do you want to mention why that 

frequency -- what we did is, we assumed the same annual 
frequency constant throughout the ten-year period.  

DR. APOSTOLAKIS: I understand that. The 
frequency of the occurrence of the initiator in the sequence 
is constant.  

MR. PALLA: Right, okay.  
DR. APOSTOLAKIS: But it depends very much on 

whether it occurs within 30 minutes or ten years, according 
to these consequences.  

MR. KELLY: That's correct.  
DR. APOSTOLAKIS: And that conditional 

probability, I don't think is accounted for, which would 
reduce the risk even further.  

MR. KELLY: This is Glenn Kelly from the Staff.  

Dr. Apostolakis is exactly correct. What he's saying is 

that when you look at the consequence results and it shows 

what the consequences are at 30 days, you can't then say,

we did this to both establish a baseline for comparison with 
the safety goals and other, you know, operating reactor 
risks and also we wanted to look at the implications of 

changes to emergency preparedness requirements and, you 
know, how they would impact the various sequences of 
significance to spent-fuel pools.  

So, what we did was, we essentially used the 

frequencies of the various spent fuel pool accidents from 

the Level I. And just to summarize, for seismic events, 

with the Lawrence Livermore curves, we're talking about an 

uncovery frequency of two times ten to the minus six per 

year. This is a mean value.  
And it's two times ten to the minus, if you use 

64 

the EPRI seismic hazard study. Now, this is the mean of the 

values reported for the population of sites which were mean 

values, so I believe it's a mean of the mean values that are 
reported.  

So, in essence, a factor of ten difference in the 

frequency of seismic, and that mean value bounds 
approximately 70 percent of the sites.  

Now, for the cask-drop accidents, we looked at 

heavy-load drop and basically the cask-drop accident is the 

next highest frequency at two times ten to the minus seven 
per year.  

And then boildown accidents such as would occur 
with extended loss of station power, these are slightly less 

at 1.8 times ten to the minus seven.  
So we used those frequencies as our point of 

reference for the risk analysis, and we then coupled that 
with consequences taken from the research study.  

DR. APOSTOLAKIS: That's where I have a question.  
I mean, you have the frequency of the sequence.  

Now, the consequences, as Jason showed us, assume 
various decay times.  

MR. PALLA: Right.  
DR. APOSTOLAKIS: How did you factor the
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1 well, okay, six years later, the consequences are still 
2 going to be the same as they are at 30 days.  
3 Those consequence at 30 days are only good at 30 
4 days, and if you show the risk numbers, which is the 
5 convolution of the frequency with the consequences, if you 
6 -- you have to understand that if you're showing it at 30 
7 days, in essence, when you consider that value, you have to 
8 understand that that's only good for a little window around 
9 30 days.  

10 MR. PALLA: Right.  
11 DR. APOSTOLAKIS: In other words, the window, the 
12 time window within which the constant frequency initiating 
13 has occurred.  
14 MR. PALLA: It's just that these are a series of 
15 point estimates that we made. That's just a linear 
16 interpolation.  
17 But we did these consequences, assuming that the 
18 plant was shut down, either 30 days, 90 days, one year, two 
19 years, five years, ten years.  
20 DR. APOSTOLAKIS: I understand that.  
21 MR. PALLA: These are discrete calculations, 
22 discrete consequence results for those, and we combine them 
23 with constant frequencies of occurrence of the accident.  
24 DR. APOSTOLAKIS: So what saves you is that even 
25 in the worst case, you're still below the goal.  

67 
1 MR. PALLA: That saves us.  
2 DR. APOSTOLAKIS: Otherwise, we would have to do 
3 -

4 DR. WALLIS: Well, he hasn't shown us yet that 
5 he's saved.  
6 MR. PALLA: Well -
7 DR. WALLIS: I'm still waiting for him to show us 
8 that.  
9 DR. APOSTOLAKIS: Is there an equation someplace 

10 that shows how this calculation is done? 
11 MR. PALLA: We don't have an equation in the 
12 report. I think it's fairly straightforward. We did not 
13 put one in there. We didn't think it was necessary, because 
14 we have basically taken the product of the frequency and the 
15 time-dependent consequences.  
16 DR. APOSTOLAKIS: Yes, but -

17 MR. KELLY: This is Glen Kelly from the Staff. We 
18 did not have an integrated risk calculation giving you the 
19 total risk over what we would consider to be the total risk 
20 over the time that you might have some exposure.  
21 What we have shown is the risk at a point in time, 
22 at 30 days, 60 days, and really probably from my standpoint, 
23 the number that's most -- because we did the risk assessment 
24 for the -- the frequency numbers were for one year.  
25 And that's where we have the most confidence in 
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1 our frequency estimates. We held it then constant for 
2 whether it was longer periods that the fuel has been out of 
3 the reactor or shorter periods. We held it constant in 
4 there, and if you want to, I can go into the reasons for 
5 that.  
6 DR. APOSTOLAKIS: Well, I guess if I look at Slide 
7 11 again, from Jason, it seems that after two years, you 
8 have a dramatic decrease, you really have significant early 
9 fatalities up to two years, 192, 62, 77, 19, and after that, 

10 it goes down to 1 -
11 MR. COLLINS: You lose the ruthenium.  
12 MR. PALLA: It's the effect of the ruthenium.
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13 DR. APOSTOLAKIS: I'm looking at the ruthenium, 
14 yes.  
15 MR. PALLA: Okay? Implicit in our calculation is 
16 the fact that uncovery actually leads to a fire. We realize 
17 that there could be, depending on the scenario, the chance 
18 that that does not occur.  
19 But we assumed in these scenarios that it did 
20 occur.  
21 DR. APOSTOLAKIS: That's pretty significant, 
22 though. I think the numbers will go down significantly if 
23 you did what I suggested.  
24 MR. PALLA: Well, one of the reasons we did that 
25 is -- and let me just -- this slide is -- this is in the 
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1 report. It's not in the package, but -

2 DR. APOSTOLAKIS: Do we have the report, by the 
3 way? 
4 MR. PALLA: Looking at the time after shutdown, 
5 the number of hours that you have unttl reaching the 
6 oxidation temperature at which fission products would be 
7 released, is not substantially different for PWRs or BWRs, 
8 or for that matter, whether it's air cooled or adiabatic.  
9 So, there's a fair degree of latitude in this 

10 area. And in most of the calculations that we were doing, 
11 we're looking at the first five years. And in these 
12 calculations, you would generally conclude that you're going 
13 to end up with a fire, regardless of whether it was air 
14 cooled or adiabatic.  
15 It's only after you reach about four years in our 
16 air cooled that you see the potential for remaining below 
17 this runaway oxidation temperature.  
18 Okay, we looked at the -- we had available to us, 

19 consequence results for early evacuation and late 
20 evacuation. And when I say early evacuation, what I mean is 
21 that the evacuation is initiated and completed, prior to the 
22 release of the plume.  
23 Late evacuation, the plume is released and passes, 
24 and then the doses are absorbed and then the evacuation 
25 would occur later.  
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1 What we did is, we had those results also for what 
2 we call the high ruthenium source term. It was NUREG 1465 
3 source term, modified to include additional fraction, 75 
4 percent, of ruthenium, and fuel fines of like 3.5 percent.  
5 We also used -- and we called it the low ruthenium 

6 source term, but it was the NUREG 1465 source term as a 
7 point of reference.  
8 And it's noteworthy that the source term that was 
9 used in the original generic issues study, this NUREG 

10 CR4982, of about a decade ago, if you used that it would be 
11 quite a bit lower than the NUREG 1465 rule or low ruthenium 
12 source term.  
13 So we only used the 1465 source term and the 
14 modified 1465 with the high ruthenium source term.  
15 We looked at the sequences that contributed to 
16 uncovery of spent fuel, considered whether the evacuation 
17 that would result from emergency planning or ad hoc 
18 measures, would be effective in these various sequences.  
19 And that's really a question of whether timely 
20 notification would occur and whether the things like in the 
21 seismic sequence, whether the infrastructure is intact that 
22 would enable notification of the population and the ability 
23 to actually evacuate.  
24 And timing is another area that is an important 
25 factor. If you have sufficient time, tens of hours, for
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1 example, you can achieve the same, effectively the same 
2 level of dose savings as a formal emergency plan. You can 
3 achieve that via ad hoc measures, just simply because you 
4 have enough time to do these, the notification and the 
5 evacuation on an ad hoc basis.  
6 DR. KRESS: Now, when you talk about evacuation, 
7 you're talking about out to ten miles? 
8 MR. PALLA: Out to ten miles is what we had 
9 modeled.  

10 DR. KRESS: Now, clarify a little more for me, 
11 late versus early. Early is before the plume even starts? 
12 MR. PALLA: Yes.  
13 DR. KRESS: And you have time to get the ten mile 
14 people out.  
15 MR. PALLA: Everyone would start moving, I 
16 believe, at the same time.  
17 DR. KRESS: I'm a little confused on late, though, 
18 because you said it was after the plume is gone. But the 
19 longer you leave people in there, even after the plume is 
20 gone, the more dose they'll get.  
21 MR. PALLA: That's true.  
22 DR. KRESS: So it does depend on a specific time.  
23 And is that 24 hours? 
24 MR. PALLA: No, it wasn't; it was -
25 MR. SCHAPEROU: It was the same assumption that 
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1 was assumption that was used in the large early release 
2 calculations in NUREG 1150; that is, about an hour after the 
3 plume has ended, the early plume has ended, people are 
4 evacuated.  
5 DR. KRESS: That's call late evacuation? 
6 MR. SCHAPEROU: That's correct. That's what we're 
7 calling our late evacuation case. That's the one where 
8 everything happens very quickly in the reactor case, and in 
9 about an hour after that, then you start moving people out.  

10 MR. PALLA: I think it was the timing that you'd 
11 have for like an interfacing system LOCA type of reactor 
12 accident. You're starting everything right at time zero, 
13 but it just takes time to make the notification and get 
14 people moving.  
15 In our model, I believe it was a radial evacuation 
16 in all directions that started at all locations at the same 
17 time and proceeded radially outward. I think in actual 
18 reactor accidents, there might be more of a focused, keyway 
19 type of an evacuation where, depending on wind directions -
20 DR. KRESS: You did this all for the Surrey site? 
21 MR. PALLA: The Surrey site, yes.  
22 Okay, and what we've done, I've summarized on the 
23 last bullet, and described in more detail on the next slide, 
24 for seismic events, we looked, for starters, at how -- what 
25 was done in NUREG 1150.  73 

1 There, they classified seismic events as either 
2 high-G value or low-G value. For the low-G value 
3 earthquakes, they assumed that the evacuation start time was 
4 delayed and the speed was, I think, half the speed, so it 
5 took longer to complete it.  
6 And then for the high-G earthquakes, they said 
7 there would be no effective evacuation, and those people 
8 were basically left there for 24 hours and then relocated.  
9 We think that the seismic events that would 

10 threaten the pool would clearly be of the high-G value type.  
11 The .6 G was -- peak ground motion, was used as the point of 
12 demarcation in 1150,a nd we feel that looking at the
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13 fragilities for the spent fuel pools, we'd have to have G 
14 values of that value or higher in order to get spent fuel 
15 pool failures.  
16 DR. KRESS: Was the spent fuel pool is designed to 
17 a safe shutdown earthquake for the site? 
18 MR. PALLA: I believe it's seismically designed to 
19 the -- yes, I would say yes, and maybe Glen or Goutam could 
20 answer that, if I'm not right. But it's pretty robust.  
21 There are also shielding considerations that come 
22 into play, so it may be even more robust than it would need 
23 to be, just to meet the seismic criteria, design criteria.  
24 But it would take a substantial earthquake.  
25 DR. KRESS: But you did some sort of fragility 

74 
1 estimate and came up with the .6? 
2 MR. PALLA: Yes.  
3 DR. KRESS: Are the spent fuel pools enough alike 
4 that that's sort of generic number? 
5 MR. KELLY: This is Glen Kelly from the Staff.  
6 When we -- we don't have information on all of the 
7 individual pools to make a determination generically. So 
8 working with the industry, what we did was, in order to come 
9 up with kind of a minimum capacity of the pools, we -- the 

10 industry proposed that we enhance the checklist, the seismic 
11 checklist where if a plant passes the checklist, we feel 
12 that it would have a capacity, at least as high as 1.2 G 
13 spectral acceleration.  
14 Now, that's equal to about .5 G peak ground 
15 acceleration. And we believe that that's -- many pools may 
16 be considerably more robust than that, but by meeting this 
17 checklist, we can at least assure that. And that's about 
18 the same level that we would consider to be high G level, 
19 and therefore you're not going to have much infrastructure 
20 left.  
21 DR. KRESS: Okay.  
22 MR. PALLA: We also looked at some of the previous 
23 Commission decisions regarding the need for emergency 
24 preparedness to deal specifically with seismic events, and 
25 the previous Commission decisions reached were that the 
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1 value of emergency preparedness in seismic events would have 
2 a marginal benefit, because of the extensive damage offsite 
3 to structures, bridges, roads, all of those elements that 
4 are needed for effective evacuation.  
5 And we then also consulted with our expert, Dr.  
6 Kennedy, and he essentially confirmed these judgments that 
7 there would be minimal impact of emergency planning in a 
8 large seismic event of the type that we're talking about to 
9 damage the pool.  

10 DR. KRESS: Yes.  
11 MR. PALLA: So, on that basis, we, in our 
12 analysis, assumed that or rationalized that there wouldn't 
13 be any effective taking away any of these offsite planning 
14 requirements, so that the delta, with and without EP, 
15 offsite would be negligible in our analysis.  
16 DR. KRESS: Now -
17 CHAIRMAN POWERS: Dr. Kress, I wonder how long 
18 we're going to -- we're doing damage to the schedule here.  
19 DR. KRESS: I think we're only about two-thirds of 
20 the way through. Would that be a good estimate.  
21 DR. WALLIS: I'd like to see the bottom line.  
22 MR. PALLA: Okay. There are a few plots in your 
23 package that give you the risk values. I don't know that I 
24 need to show them.  
25 I could go right to the risk conclusion slides,



bttp./www.nrcgov/ACRS/rrslfrrans_Let/indextop/ACRSras s tO01102

76 
1 and you can refer to the figures, if you wish to confirm 
2 them. I'm going to flash this figure pretty quickly, and 
3 just indicate this is the contribution to the risk profile 
4 from the castroph accident. The castroph accident is the 
5 only accident that we considered to be impacted by emergency 
6 planning. And what the top figure -- the top line there is 
7 a consequence result if you had late evacuation. And the 
8 bottom line is the risk if you would have early evacuation.  
9 And the difference that -- we have a line that starts at the 

10 top, the dotted line that drops quickly down to the lower 
11 line as if you had full EP. We assumed that you had to have 
12 in excess of at least an hour to -- I think maybe it was 
13 four hours to-
14 MR. UHRIG: Four to five hours.  
15 MR. PALLA: Four to five hours to have -- even 
16 with full EP, to be effective to complete the evacuation.  
17 So, but once you had that, and we think you have that at 
18 about 90 -- at 90 days you don't quite have it, but at one 
19 year, you do have it. This is just a linear interpolation.  
20 And so we transfer down to the early evacuation curve after 
21 the one year, at one year and beyond.  
22 With-
23 MR. WALLIS: These are all details. I'm trying to 
24 -- does it matter on what's on below, some number doesn't 
25 matter. So, what is the scale on the left tell me? Is it 
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1 -- one ten thousandths of a person dying.  
2 MR. PALLA: Yeah, that doesn't tell you a whole 
3 lot.  
4 MR. WALLIS: Is that insignificant or not? 
5 MR. PALLA: No, it's not significant when you look 
6 at it in terms of the overall picture. Now, this-
7 MR. WALLIS: It's about the same.  
8 MR. PALLA: This is the roll up of the risk-
9 MR. WALLIS: Well, that's bigger.  

10 MR. PALLA: From all of the contributors--the 
11 seismic combined with the cask drop. In that previous curve 
12 that I showed you it is reduced to the dotted -- the 
13 difference between the solid line and the dotted line on 
14 each of these curves.  
15 And what we're showing here is we have the 
16 Livermore seismic hazard curve with a high source term and 
17 with the low source term. And we've got the EPRI seismic 
18 half curves.  
19 MR. WALLIS: And how big do these numbers have to 
20 be before you worry. I mean, it's 1 e to the minus 3 
21 important? 
22 MR. PALLA: The purpose of this curve is just to 
23 show how it compared with the risk levels from operating 
24 plants.  
25 MR. WALLIS: But does that make me secure or not? 
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1 How does it compare with some Commission criterion or 
2 something? 
3 MR. PALLA: Okay, let me -- before I leave the 
4 curve, let me just say that early on with the highest source 
5 term and the highest seismic, you're in the range of 
6 operating reactors. If you had the lower-
7 MR. WALLIS: Wejl, that may tell me the peach 
8 bottom's in trouble. I don't know. What's the criterion 
9 for success? 

10 MR. PALLA: You want me to go faster.  
11 DR. KRESS: Have patience. We'll get there.  
12 DR. APOSTOLAKIS: Still, though, it seems to me 
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13 that these are overestimates by a factor of four to ten in 
14 the early years.  
15 MR. PALLA: Which ones? 
16 DR. APOSTOLAKIS: All of them. Because you have 
17 not included the time window.  
18 DR. KRESS: But there's other conservatisms, also.  
19 MR. PALLA: But the time window is the-
20 DR. APOSTOLAKIS: Yeah, but the time window we're 
21 doing in the shut down and low power.  
22 DR. KRESS: There's conservatisms in seismic-
23 DR. APOSTOLAKIS: Situations. That's what brings 
24 the risk down.  
25 MR. WALLIS: See he has to average these in some 
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1 way or he has to weight these in some way.  
2 DR. APOSTOLAKIS: That's right, because you see -
3 let's say I'm concerned only about two years. There is a 
4 probability that the initiator will occur in those two 
5 years. The frequency of the initiator times two. Then it's 
6 equally likely you will look at anywhere, and what you're 
7 really interested in is the 30 days or the 90 days. So if I 
8 take that interval and divide by 365 times 2, I really get a 
9 low number.  

10 MR. WALLIS: So you just average these curves? 
11 DR. KRESS: You don't want to do that because 
12 these things are looking at options on the status of the 
13 plant. So you're -- you can't compare one with the other 
14 because you've got a different plant up to the 30 days, and 
15 then it changes to a different status after that. So you 
16 can't do just what you're saying.  
17 DR. APOSTOLAKIS: No, but the occurrence of the 
18 initiator is important.  
19 CHAIRMAN POWERS: I think this is a thing that 
20 will have to rest on our discussion. We have -- we are now 
21 over a half an hour behind. Please conclude in two minutes.  
22 MR. PALLA: Okay.  
23 DR. KRESS: Please put the dotted lines up there, 
24 Professor Wallace.  
25 MR. PALLA: Yeah, I'm going to show you the 
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1 comparison to the safety goal. Here's what everybody's 
2 waiting for. Okay, the point -- these -- the top solid 
3 curve and the dotted line just below it is for the highest 
4 -- high seismic hazard, high source term. The low curve is 
5 the low seismic hazard and the low remedial source term.  
6 And you can postulate other cases in between that are 
7 different combinations: The point here -- this is early 
8 fatalities. We're about a decade below the safety goals 
9 even early on. And this increases as time goes on due to 
10 the decay of fission products. Ruthenium is one of the low 
11 -- this is a five-year time period, and you can see the drop 
12 off. You're probably about a decade lower if you're at -
13 with the low source term and the low Ruthenium -- low 
14 ruthenium and low seismic hazards.  
15 MR. WALLIS: Now, why didn't you show that two 
16 hours ago? 
17 CHAIRMAN POWERS: I don't think it's germane. Why 
18 he didn't. We need to conclude.  
19 MR. WALLIS: But do we have to go through all 
20 those perturbations for the-
21 CHAIRMAN POWERS: We can discuss that later.  
22 MR. WALLIS: Okay.  
23 MR. PALLA: I'm just trying to show you the range 
24 that these results are coming out under with this -- with 
25 the assumptions that we made. One of the key -- this is
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1 latent cancer fatalities. The curves are more flat. These 

2 are driven by others -- longer term -- long-lived 
3 radionuclides. You can see in both the curves the 
4 difference between the dotted line and solid lines are 

5 really the effects of the EP relaxations that we were 

6 talking about. It's quite a bit smaller. It doesn't really 
7 affect the margins of the safety goal at all.  
8 CHAIRMAN POWERS: I think you've satisfied.  
9 MR. PALLA: I think that's the bottom line of the 

10 whole thing is that we're -- in the range of operating 

11 reactors early on and decreasing to various degrees 

12 depending on assumptions. Assumptions on seismic could know 

13 you down an order of magnitude. Likewise for source terms.  

14 You -- combined effects of lower seismic hazards and low 

15 source terms could give you a couple decades reduction, and 

16 you've got substantial margins to the safety goals. I won't 

17 even get into the slides that I've got. But what -- on the 

18 comparison to the safety -- to Reg Guide 1174, but we did 

19 look at each of the key safety principles--defense and 

20 depth, and margins, et cetera. We found that -- we feel 

21 that we have adequate defense and depth with the ad hoc 

22 measures, given the extensive amounts of time that would 

23 exist. And margins are substantial, but -- and margins 

24 would be retained even when one would relax the off-site 
25 requirements.  82 

1 DR. KRESS: Dr. Powers, on the agenda, we had 

2 about 20 minutes for a representative of the Nuclear Energy 

3 Institute to give us their perspective, and another 15 or 20 

4 for a representative of the Institute for Resource and 
5 Security Studies.  
6 CHAIRMAN POWERS: Yeah, I'm anxious to get those 
7 perspectives.  
8 DR. KRESS: Okay.  
9 CHAIRMAN POWERS: So let's please continue on.  

10 DR. KRESS: So we could move to the -- I think we 

11 can move to that part of it now, and the Nuclear Energy 
12 Institute is first.  
13 CHAIRMAN POWERS: And I -- the speakers for 
14 Resource Security Studies and the Nuclear Energy Institute 
15 ought not feel pressured by time.  
16 DR. KRESS: Thank you.  
17 MS. LYNETTE: You're a gentleman and a scholar, 
18 Dana.  
19 CHAIRMAN POWERS: Flattery will get you anywhere 
20 you want to.  
21 MS. LYNETTE: Alright.  
22 DR. APOSTOLAKIS: She didn't say that on the 
23 record, though.  
24 DR. KRESS: We're very familiar with Lynette 

25 because she's been here before, but who's this stranger you 
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1 have with you? 
2 MS. LYNETTE: Dr. Robert Henry with Salsky and 

3 Associates. He's-
4 MR. SEALE: Bad company.  
5 MS. LYNETTE: He's -- but he's here to give us 

6 some good insights on the progression of the event, the 

7 thermodynamics and some of the considerations that were 

8 spoken about earlier. I understand we have between us about 

9 half an hour, and I'm going to start with Dr. Henry, because 

10 I think they'll probably be a lot of discussion about what 

11 he has to stay.  
12 MR. HENRY: Tom, maybe if I got a little hair
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13 dyed, you might remember me.  
14 DR. KRESS: Well, welcome back, Bob. How's Notre 
15 Dame doing this year? 
16 CHAIRMAN POWERS: Could have talked all day 
17 without bringing that up.  
18 MR. HENRY: Let's get to something that I can 
19 discuss right now.  
20 CHAIRMAN POWERS: This is our first test. He 
21 qualifies as an engineer.  
22 MR. HENRY: I will try to keep on schedule, Dana, 
23 and even though I-
24 CHAIRMAN POWERS: Don't feel pressed. We just 
25 forced Dr. Kress to stay after school.  
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1 MR. HENRY: I'd just like to discuss a few of the 
2 issues that have been touched on in various aspects this 
3 morning that would relate to the thermohydraulic response of 
4 the pool under these fire conditions or whatever conditions 
5 are postulated under these very low probability events.  
6 The major points that -- the first four are pretty 
7 straightforward. You've gone through these before. But 
8 certainly given an accident with the loss of heat removal, 
9 when you analyze these, you'd like to be able to analyze 

10 them in the most realistic manner you can. So you like to 
11 understand where you think the failures might be or the 
12 spectrum of failures to be addressed.  
13 Certainly with a -- if I stand up, you can't -
14 can you hear me? 
15 CHAIRMAN POWERS: Well, no. We can give you a 
16 mobile microphone, if you'd like.  
17 MR. HENRY: Yeah, I'm more comfortable standing 
18 up. I can see that.  
19 CHAIRMAN POWERS: Yeah. Of the old schools.  
20 MR. HENRY: You guys get to do this five days a 
21 week. I only get to do it here. Right, George? 
22 DR. APOSTOLAKIS: I don't know about the five 
23 days.  
24 MR. WALLIS: You're actually a bigger target when 
25 you're standing up.  
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1 MR. HENRY: Graham, you're usually so accurate, 
2 that's not an issue. Certainly with the spent fuel pool 
3 inventory, when the pool is adequately cooled and you have 
4 days, of course, even without a pool cooling function. The 
5 water level decreases sufficiently to uncover the top of the 
6 fuel bundles as a result of the accident condition. The 
7 heat removed by boiling and steam flow is important, but the 
8 power distribution really is not very important throughout 
9 the pool and we'll touch briefly on that.  

10 If, in the sequence of these low probability 
11 events, it's assumed that the pool is going to eventually 
12 dry out, then the fuel bundle configuration is somewhat 
13 influential, and we'll talk briefly about that. Key to this 
14 I think is that if the fuel pins become sufficiently hot 
15 that oxidation becomes an event. The rate of oxidation is 
16 comparable to the decay power, then obviously you're going 
17 to be driven by the chemical energy, which was the point 
18 made earlier.  
19 But that we'll get to that. Just doing some 
20 simple hand calculations tells you that that's going to look 
21 pretty much like an in power or an at power case, except in 
22 somewhat different time scale, and particularly that the 
23 Zirkoy reaction is the thing that's going to get her the 
24 oxygen, and that you would expect the same kind of geometry 
25 changes just like you would have seen in analyzing cores
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1 under normal -- in reactor accident conditions, in something 
2 maybe like TMI in terms of relocation, in terms of what 
3 limits the oxidation, and in terms of minimizing the 
4 interfacial areas.  
5 I'd like to touch briefly on those in a second.  
6 When we do these evaluations, evaluations always are 
7 beneficial if we can identify some kind of mechanistic 
8 failure, so you understand exactly what it is that you're 
9 addressing. It certainly helps the analysis, ahd it helps 

10 these kinds of discussions. The evaluations should also 
11 look at the results of potential recovery actions because 
12 this is the other place that time really comes into play, 
13 and we talked about time being influential with respect to 
14 both EP and fission product decay. But this is the place 
15 that has the greatest bang for the buck, if you. will.  
16 The evaluations should also obviously consider all 
17 the cooling mechanisms and the energy generation mechanisms, 
18 including natural circulation, which we'll talk about in 
19 just a second.  
20 The focus for analysis obviously different from 
21 at power conditions. We're dealing with something which is 
22 atmospheric pressure. The flow through the assemblies is 
23 laminar, which means that we're not particularly limited by 
24 any kind of changes in resistances. They're very well 
25 characterized by standard representations. It's like 64, 
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1 the Reynolds number.  
2 It is important to at least consider the fact that 
3 there are openings in individual fuel assemblies that you 
4 don't necessarily see in the core, and I'll show you a 
5 couple of those. But they're really principally second 
6 order in nature. But it should always be remembered that 
7 they're there, because they are favored flow paths through 
8 the assembly.  
9 The fuel assembly distribution within the pool 

10 isn't going to matter, as I said earlier, when there's a 
11 reasonable amount of water in the pool, roughly if the core 
12 is covered to about 70 percent of the fuel assembly height, 
13 and I'll show you where that comes from.  
14 And the fuel assembly distribution does matter if 
15 we start dropping down below that.  
16 I think this particular one is slightly out of 
17 order, but you have this. This just shows you what -- for 
18 PWR fuel assemblies-
19 MR. WALLIS: Do we have any of these, excuse me? 
20 I don't think we have any of your slides.  
21 MR. HENRY: I gave copies. I don't. Maybe they 
22 got all added together. There's two sets.  
23 LYNETTE: Yeah, yeah. I think there were two 
24 separate handouts.  
25 MR. HENRY: There's two separate handouts. That's 
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1 probably.  
2 MR. WALLIS: Well, we got one very skinny one.  
3 MR. HENRY: And there's-
4 MS. LYNETTE: We'll be making some more.  
5 CHAIRMAN POWERS: It's clear so far.  
6 MR. HENRY: I didn't think it would challenge you 
7 guys too much.  
8 MS. LYNETTE: Thanks, Graham.  
9 MR. HENRY: Now we'll get to the guts of the 

10 issue. Anyway, when we -- when these assemblies go into a 
11 pool, of course, these holes that are there for the control 
12 rods are open, so they are favored flow paths, because they
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13 have roughly the hydraulic, twice the hydraulic diameter as 
14 those between the fuel pins. So when we deal with laminar 
15 natural convection, these are favored flow paths, as is the 
16 central path, which is there for the in-core instrument, 
17 which also doesn't have anything in it in the storage pool.  
18 MR. SIEBER: We used to put burnable poisons and 
19 flow limiters and source assemblies in those holes as a way 
20 to store them so they aren't in every case open.  
21 MR. SHACK: You're too big to have you stand in 
22 front of the screen.  
23 MR. HENRY: I'm sorry. I used to be slightly 
24 thinner. No, and those are the specific things that need to 
25 get looked at if those are practice for a particular plant.  

89 
1 And the other part that I didn't have any handy 
2 information on is when you get into a fuel storage pool what 
3 is the gap between the assemblies because obviously that has 
4 some meaning, and we'll come to it in just a minute.  
5 They're not quite as dense as they are in the 
6 core. So just for some numbers. Am I in your way, Bob? 
7 Are you able to see okay? 
8 MR. SEALE: I got you.  
9 MR. HENRY: Okay. When we look at the response to 

10 boil down, if we assume we have an average power of about 
11 five kilowatts per assembly, and that's averaged over an 
12 entire pool that maybe has a thousand fuel assemblies in it.  
13 So we're dealing with the power of something like five 
14 megawatts, and the pool is something in the range of eight 
15 meters by seven meters, then the boil down rate, when the 
16 water level is above the fuel is going to be somewhere in 
17 the range of about five and half, 14 inches per hour, 14 
18 centimeters per hour. Once it gets into the fuel, of 
19 course, then we have a reduced cross sectional area, so it 
20 roughly doubles. But it only takes about 35 gallons a 
21 minute being added to obviously turn that around and stop 
22 the level decrease. And that's always, of course, the thing 
23 to be remembered. As I say, the -- there's the element 
24 where time comes into play, and that's going to clearly give 
25 you the most protection against any kind of release.  

90 
1 If we look at those conditions where the water is 
2 partially boiled down in the pool, and we make some very 
3 standard assumptions. First that it's quasi steady, making 
4 it easy to analyze. And we're only dealing with steam and 
5 water in the core. The inlet water is at saturation 
6 temperature, TSAT. Decay and heat is QD, and we'll assume 
7 for the time being it's constant over the fuel pin length.  
8 The collapsed water level is used to represent the covered 
9 part of the fuel assemblies, and we're looking for 

10 temperatures might remain low enough before steam Zirc 
11 oxidation begins. This results in a very simple expression 
12 that the outlet temperature minus the inlet temperature has 
13 nothing to do with power anymore. And that's a nice 
14 convenient way -- I'll flip back and forth between these two 
15 -- but what we're really looking at is -- that as we start 
16 uncovering part of the top of the fuel, the amount of decay 
17 heat, the steaming rate locally for higher fuel assembly, of 
18 course, is higher, so it's cooling more of the assembly up 
19 here. And, as I said, the power drops out of the equation, 
20 so we can look at the peak outlet temperature as a function 
21 of how much of the core or how much of the fuel assemblies 
22 would be uncovered. And that is again this expression here.  
23 And if we look at the results of that-
24 MR. WALLIS: This is a steady state. All the heat 
25 goes into the steam, is that right?
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1 CHAIRMAN POWERS: Yeah.  
2 MR. HENRY: Steady state. All the heat below the 
3 water level goes into creating the steam, and everything 
4 goes into the steam thereafter, right.  
5 So you come to this conclusion that if you set the 
6 escalation to be somewhere in the range of about a thousand 
7 centigrade, or if you want to make it slightly less, it 
8 doesn't matter that much. We're talking about something in 
9 the range of 60 or 70 percent of the pool needs to be 

10 covered to keep that temperature at that level.  
11 Of course, as Graham just said, this is a steady 
12 state evaluation, so as you deviate from this, the rate at 
13 which you get to that is fairly long for these very low 
14 power conditions. But, again, as was discussed earlier, if 
15 you say that nothing can done, sooner or later you would get 
16 to this kind of condition. So as long as this much of the 
17 pool is covered, then, in essence, the steam is sufficient 
18 to keep everything cool. And this gets us to something 
19 we'll come back to in a minute. If there's any part of the 
20 pool that's covered, that the bundle has an easier time, or 
21 the bundles have an easier time cooling themselves than if 
22 it's just all air. So the issue of having any partial 
23 blockage due to water in this estimation says that's really 
24 a bogus issue. Any water, just like going back to accident 
25 management days, water's good, right. So however much of 
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1 the bundle is covered, that additional amount of steam will 
2 take some heat away because the entire bundle is uncovered, 
3 and because steam is lighter than air, this accentuates the 
4 natural convection. So that was just an issue that was 
5 mentioned earlier, I don't think that there's-
6 MR. WALLIS: The steam velocities are very 
7 moderate, aren't they? 
8 MR. HENRY: Very moderate, yes.  
9 MR. WALLIS: What was -- such as? 
10 MR. HENRY: They're the order of a meter per 
11 second, but to specific more like half a meter per second.  
12 Reynolds numbers you're typically down in the range of a 
13 couple hundred.  
14 And what this gets me then to is again, a very 
15 simple -- I always like to try and put some things in very 
16 simple terms, but make sure we understand what it is that 
17 drives the bus. If we just look at natural convection 
18 cooling by air, and air alone, so that whatever we say the 
19 flow path is, we can have a simple relationship between the 
20 velocity and the operating delta P, and that's just due to 
21 the density difference coming from the temperature.  
22 And put two different lengths in here, as we'll 
23 get to in a second, this is the height over which this delta 
24 row applies. And this is the length over which the flow is 
25 going through the bundle. So if there's some kind of 
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1 relatively open down comer if you will on the outside, then, 
2 in essence, this length and this length are the same and 
3 cancel out. If you want to consider the fact that there may 
4 not be any significant down comer on the outside, but in 
5 essence you have to go down one assembly and up the other 
6 assembly. So now the length is twice what the height is.  
7 And we could at least get some kind of perspective of how 
8 much cooling we could get.  
9 As I said earlier, the resistance is well 

10 characterized. The delta row, which is operating as an 
11 average point of view, the maximum delta row or T-out minus 
12 T-in driving the bus, divided by two. The decay heat that
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13 has to be removed -- and we're just talking about decay heat 
14 here. Of course, it's coming from a straightforward energy 
15 balance, it gives us the maximum temperature difference.  
16 Assembling all these we get an expression for the maximum 
17 temperature difference, the outlet minus the inlet. The 
18 average temperature, and then a bunch of things -- they're 
19 both to the one-half power, and the only reason I grouped 
20 these together is these really are governed by how you 
21 defined your boundary conditions. These aren't going to 
22 change. Kinematic viscosity. The pressure. Gas constant, 
23 et cetera.  
24 As I mentioned earlier, this is the length over 
25 which the flow paths (sic) has to go down and back up again.  
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1 You have basically twice the length of the bundle. The 
2 height is the bundle. So if that's the flow path you chose, 
3 this is two. But if you do that, then this is also half the 
4 flow area. So when you make this assumptions going down one 
5 set and up the other, then that changes this whole term by a 
6 factor of four, or it can take the square root of a factor 
7 of two.  
8 So when you put in some reasonable numbers, as I 
9 had in the pool before, since it was five kilowatts per 

10 assembly, then these kinds of temperatures if you assume 
11 there's no down comer, so it's going down one set of 
12 assemblies and up the other. Again, when you finally get 
13 down to the bottom of these low probability events, this 
14 kind of temperature increase is more than a thousand degrees 
15 centigrade. So when you get to that level, you know that 
16 the oxidation is very strong. So it's going to drive the 
17 bus. This power no longer is just limited to decay heat.  
18 So when you take it down to the end of those kinds of 
19 assumptions, which got you to this uncovered situation in 
20 the first place, then this starts looking like what you 
21 always analyzed for the at power conditions following scram 
22 and eventual boil down of the core. Chemical energy is 
23 driving the bus. You typically find then that you're now 
24 limited by how much air you can get into the assembly. So 
25 now you're oxygen starved by the air flow. And when you 
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1 take that back into this equation, you find that this kind 
2 of fire is, as you were asking earlier, probably last 
3 somewhere -- if you could get the air flow to it, which 
4 means that the surface area doesn't change, it would take 
5 you a few hours for it to burn, to oxidize. But you clearly 
6 get to the temperatures well in advance of that that the 
7 geometry begins to change. So now it begins to liquify 
8 because of the interaction, the Uteknicator interaction 
9 between molten Zirc and E02, relocate, melt. So now the 

10 surface area for heat transfer degrades roughly two orders 
11 of magnitude. So when you take this through, it says you 
12 can't get -- you really can't get much natural cooling by 
13 air. But it also tells you that at this level, you're not 
14 going to be able to get oxygen through this thing to oxidize 
15 everything without the whole thing basically turning into a 
16 THI looking like configuration well before you oxidize all 
17 the Zirc. So what this also looks like then to me is using 
18 the kind of Ruthenium source terms we talked this morning 
19 may be useable regulatory space from our perspective.  
20 They're certainly look like they are very, very 
21 conservative, because the Zirc is there to gather the 
22 oxygen. I don't think you could ever find this to oxidize 
23 all the Zirc. So.  
24 CHAIRMAN POWERS: Dr. Henry, with this kind of 
25 intense oxidation and given that the fuel is relatively old
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1 in the sense that it probably has oxide layers both on the 
2 inside and the outside, do you think that when you get to 
3 liquefaction of the remaining metal, that it homogenizes 
4 with the fuel or just drains down and leaves a -- perhaps a 
5 zirconium skull clad fuel stack? 
6 MR. HENRY: No, I think, again, we would see 
7 pretty much what we've seen in TMI and what we've seen in a 
8 lot of the core tests that the zirc is going to principally 
9 take the -- most of the 02 with it. It would be very 

10 unusual conditions to find unclad pellets still sitting 
11 there. But whenever it goes out, it's also going to 
12 preclude the -- start shutting off the circulation paths for 
13 the air coming in.  
14 CHAIRMAN POWERS: What I was thinking of is that 
15 the zirconium metal presumably is oxygen saturated, maybe 
16 from the start, but certainly very quickly gets oxygen 
17 saturated.  
18 MR. HENRY: At it's neutral temperature, yeah.  
19 CHAIRMAN POWERS: And it's got an oxide film 
20 between it and the fuel itself; that how you dissolve that 
21 oxide to get to the fuel to do the homogenization? 
22 MR. HENRY: Dana, the place I would start with 
23 this, of course, and just like we always do, this isn't 
24 enough to address the whole issue, but this is why I've 
25 tried to put it in my own perspective. I'd say, now, let's 
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1 go to technical basis. Let's assemble the whole technical 
2 basis. A key part of that scaling, as we know. So that the 
3 place I always start, because I like to work backwards from, 
4 is what I understood from TMI, and work back to the rest of 
5 it. And it's too long to discussions today, but certainly 
6 looking at these things related to -- as an example, the 
7 CODEX test, and I see people are going to also be looking at 
8 some PHEBUS tests. That's one of the best places. They're 
9 not going to exactly address perhaps the fuel 

10 characterization actually, but they certainly went to great 
11 pains to try and take care of the zirc characterizations you 
12 just mentioned. And certainly the CODEX tests, this is from 
13 what I could gather from the relatively short write up -
14 they principally saw things which were oxidation -- a lot of 
15 oxidation, but they made the statement from their 
16 perspective, it was also limited by the supply. And once 
17 that's the case, then that pretty much tells me that we've 
18 changed the available area for oxidation substantially. But 
19 I understand your question. I think there's where you would 
20 really build the technical basis to look at these things.  
21 DR. KRESS: Your main point here is that the 
22 zirconium as it burns is there gathering the oxygen, and 
23 oxygen can't get to the ruthenium to volatilize it. And 
24 then when the zirconium is gone, then there's not heat 
25 source to drive the volatilization so that these high 
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1 ruthenium releases that were observed by the Canadians how 
2 did they come about? 
3 MR. HENRY: Again, that's part of the technical 
4 basis I would include here. But that really goes back, Tom, 
5 to, you know, the things that everybody's talked about in 
6 the past. That's a scaling issue; that if you start -- if 
7 you give me something that's fairly small to begin with-
8 DR. KRESS: A small piece.  
9 MR. HENRY: I can make sure I oxidize everything.  

10 CHAIRMAN POWERS: I think you have to be very 
11 careful. With the Canadian tests, they were done with 
12 Canadian CANDU fuel that has clad that's only about a third

. . 1. - .- . . .
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13 the thickness of U.S. clad. So they oxidized the cladding 
14 probably before you can get any of this homogenization or 
15 any kind of relocation. And it's a minor perturbation on 
16 the test.  
17 Now, Dr. Henry mentioned the PHEBUS test. I think 
18 that's the crucial question that they're trying to address 
19 is if your zirconium is there getting the oxygen, you don't 
20 get the oxidative release. If the zirconium drains away, 
21 the way they've seen in some of the tests and probably have 
22 heard some to NTMI, then you're exposing -- I hate to call 
23 it stacks, but piles of unclad fuel to oxygen sort of 
24 bypassing this, and that's what he's saying is that once 
25 you've done this analysis, now you've got to go look at a 
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1 more detailed and complicated question that's not so easy to 
2 do, to see if you're getting this trade off.  
3 DR. KRESS: I worry a little, Bob, about fuel is 
4 about 12 feet long, and I don't know how homogeneous this 
5 process is; that you may do what you say along one portion 
6 of it, and expose fuel to the oxygen and still have 
7 zirconium there with parts of it to drive the energy. So, 
8 you know, it's a question of homogeneity of that whole 
9 process. If you had a major earthquake, which initiated 

10 this whole event, these stacks are going to be rattled with 
11 aftershocks.  
12 @9 DR. KRESS: Yeah, that may be -- that would be 
13 another issue I think, yeah, as far as the geometry I think.  
14 MR. HENRY: I think the -- I agree with what you 
15 said before, Tom, exactly -- except that thpre was one other 
16 point you should put in this. As part of the zirc 
17 oxidation, you substantially change the geometry to limit 
18 the surface area. And that's the case whether you start off 
19 with all these rods intact and vertical or if they have been 
20 shaken down into a bunch of whatever, you still come to the 
21 same conclusion. You're going to start -- you can't undergo 
22 all this oxidation and keep that surface area intact, and 
23 particularly if you go to a strong seismic event, and you 
24 say it's a pile of rubble to begin with, it's going to be an 
25 even tighter pile of rubble pretty quickly thereafter. If 
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1 it's not a pile of rubble, then, again, you need more than 
2 just these simple equations, but if we start telling you as 
3 it starts burning from the top down, as the power -- the 
4 power distribution doesn't matter, both in the fuel and 
5 within the pool, and again, it also tells you, as I 
6 mentioned earlier, you have time to get water on it, and 
7 water is the savior. And if it's partially covered by 
8 water, it's better than not having any at all. It's not the 
9 other way around. So that -- the last part is if you take 

10 me down to that end of the spectrum condition, then I think 
11 you have a hard time getting the ruthenium out of it. And 
12 that's -- the observation the CODEC tests have nothing to do 
13 with ruthenium, but they did not see any additional state of 
14 oxidation, E02, as mentioned by the experimenters. It's 
15 just one simple statement. I think it would be nice to -
16 if some people talked to those experimenters we'd be able to 
17 expand the technical basis there. But they certainly had 
18 major relocations, much like we see in all the end reactor 
19 experiments at TMI Coral. So that's the -- Lynette, you 
20 have some piece you'd like to offer, too.  
21 LYNETTE: Not until the discussion on this piece-
22 MR. HENRY: Okay.  
23 MS. LYNETTE: Then I want to shift gears a little 
24 to more of the regulatory interface of this study.  
25 CHAIRMAN POWERS: Do any of the members have
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1 additional questions for Dr. Henry? I think you're up. You 
2 can't avoid it. You got to talk to it.  
3 MS. LYNETTE: I think I can play catch up here.  
4 CHAIRMAN POWERS: But don't feel pressured to do 
5 so.  
6 MS. LYNETTE: Thank you. This one's just a test 
7 to see if I can get them on, right. Looks like I can.  
8 To revisit sort of the overall perspective of what 
9 this initiative is about, the Commission in late '99, 

10 through an SRM, said that they wanted the staff to develop 
11 an integrated risk-informed rule making to address EP and 
12 financial protection and security. Those weren't pulled out 
13 fox other than the fact that they were the ones that were in 
14 some stage of rule making already, because they were the 
15 first exemption requests that come up when you shut down for 
16 decommissioning. My point in parentheses here is that there 
17 are many other operating plant requirements that can benefit 
18 from the results of the risk study so that we shouldn't get 
19 too tied in with answering the risk-informed question in the 
20 context of only EP or only financial protection.  
21 I think to a certain extent the Commission is 
22 going to have some challenges, if you will, in making some 
23 of these decisions about the continued applicability of 
24 operating plants, and bigger I think than just the 
25 challenges of, you know, is EP even effective. I think 
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1 fundamentally they're applying the risk principles of the 
2 agency to different circumstances. You have different types 
3 of consequences. The risk is dominated by a single, very 
4 low probability event, or two if you want to throw the cask 
5 drop in.  
6 Defense and depth considerations are likely to be 
7 very different. You have a very short risk period, and you 
8 have very few plants at risk during any given time period.  
9 CHAIRMAN POWERS: I've always been puzzled -

10 struggled -- if I live next to a plant that's 
11 decommissioning, do I care if there are plants over, say, 
12 500 miles, from me that are also decommissioning? 
13 MS. LYNETTE: I think as an individual you don't, 
14 but perhaps as Commission policy and fundamental decisions, 
15 for example, financial protection, it may make -- may make a 
16 difference. But you're correct, as an individual, it 
17 wouldn't matter that you were the only person in the country 
18 living next to the decommissioning plant at that stage in 
19 the risk.  
20 So I think the Commission's going to have some 
21 interesting things to deliberate on certainly. If you look 
22 at what is needed or most valuable to the Commission to make 
23 what are essentially going to be informed judgements, 
24 there's no magic formula. We don't have any risk-based 
25 rules to begin with, any, that you can just apply the 
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1 formula that the risk has gone down and certain amount and 
2 ergo the regulation is no longer applicable.  
3 DR. APOSTOLAKIS: So regulatory guide 1.174 is 
4 magic, is that what you're saying? 
5 MS. LYNETTE: No, it's not. It's not.  
6 DR. APOSTOLAKIS: It's not. Not for this 
7 application, but-
8 MS. LYNETTE: No.  
9 DR. APOSTOLAKIS: That's a magic formula that's 

10 missing here? 
11 MS. LYNETTE: No, I think you have to -- to a 

12 certain extent, you have the same challenge in operating
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13 plants. I mean, Reg. Guide 1.174 was sort of guidance the 
14 Commission uses going forward saying we have some 
15 deterministic assurances, and we have defense in depth, and 
16 ergo, you know, magic maybe, but certainly not a 
17 quantitative formula. We have a sense that these sort of 
18 deltas are acceptable.  
19 MR. WALLIS: Now the word magic is gratuitous and 
20 really is irrelevant. There's no formula.  
21 MS. LYNETTE: Right. Right. I was being 
22 dramatic. You caught me.  
23 MR. WALLIS: Well, you might have a good formula 
24 that wasn't magic, you know.  
25 MS. LYNETTE: That would be wonderful, yeah. And 

104 

1 I guess I note here that the informed job chart requires 
2 best estimates of risk using realistic scenarios. I think 
3 this is really important. I'm a little disconcerted to 
4 constantly be hearing, well, it's less than the QHOs were 
5 done. For the type of fundamental decisions the Commission 
6 may want to make, they have to have a best estimate. And 
7 also I think the ACRS has gone so far as to recommend 
8 revisiting this issue in the context of operating plants.  
9 Certainly, there you have to have an apples to apples 

10 comparison, or this risk, if it's -- based on bounding 
11 estimates and unrealistic scenarios could end up garnering 
12 regulatory and industry resources that should more rightly 
13 be applied to other areas that are done on a best estimate 
14 risk basis.  
15 DR. APOSTOLAKIS: Let me understand this. You 
16 were here when the staff made the presentation. You don't 
17 consider that a best estimate of risk using realistic 
18 scenarios.  
19 MS. LYNETTE: No.  
20 DR. APOSTOLAKIS: Because it was bounding? 
21 MS. LYNETTE: It's bounding. I think it gets to 
22 the point Dr. Powers made. It's the phenomenology of the 
23 whole event, and also to some of the points that Dr. Henry 
24 made. It hasn't been looked at in a way that say -- that 
25 will give you real risk insights, such as what is the real 
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1 time frame of evolution. Are there mitigating actions 
2 available? Get more water on it. I don't think it's been 
3 flushed out in terms of what are the realistic scenarios, 
4 and then often times I hear, well, it's bounding a little, 
5 but I hear that a lot, and so I think when you look at all 
6 the little bounds here, you're fooling about the time 
7 frames. I mean, if you want to look at the risk at 60 days, 
8 you know, between zero, shut down 60 days, the risk of your 
9 earthquake is not going to be the same risk that it is per 

10 year. It's going to be approximately.  
11 DR. APOSTOLAKIS: But how would that change the 
12 conclusion? 
13 MS. LYNETTE: Well, I think you'd have a better 
14 sense of the orders of magnitude difference between this and 
15 your risk for an operating plant, and ultimately that's what 
16 the Commission has to work with. The risk is different, and 
17 it's lower, and is two orders of magnitude lower enough to 
18 say, sometimes, you know, these things have to drop off.  
19 You don't need financial protection anymore. It's just -
20 even though there's no number inherent in applying financial 
21 protection, I think there's a sense that at some point, it 
22 ain't good policy to continue to apply that-
23 DR. APOSTOLAKIS: So in essence what you're saying 
24 is that the purpose of all this is not just to compare it 
25 with the QHOs?
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1 MS. LYNETTE: Correct.  
2 DR. APOSTOLAKIS: There are other decisions that 
3 may be affected by that.  
4 MS. LYNETTE: Don't stop there. I mean, that's 
5 certainly a very good comparison, but don't say, well, we 
6 don't have to worry beyond this point about how realistic or 
7 how bounding, because we're there. That's kind of what I've 
8 heard a lot. That's -- but, you know, I think maybe that's 
9 not the right.  
10 DR. APOSTOLAKIS: Well, as long as there are 
11 decisions that would be affected by this, I agree with you, 
12 because I was a little confused. I mean, if we're -- if I'm 
13 below the QHO and that's my only concern, by doing a 
14 realistic analysis, I go even lower. But now you're saying, 
15 no, there are other decisions that may be effective. Okay, 
16 fine.  
17 MS. LYNETTE: Or if you make that assumption, 
18 you've essentially bought into the fact that this pool poses 
19 the same amount of risk as a plant, and I think intuitively 
20 we'd started out saying that that's probably not the case.  
21 You don't have the complexity. You don't have the, you 
22 know, high pressure system, on and on and on.  
23 DR. APOSTOLAKIS: It's the reputation of PRA you 
24 worry about.  
25 MS. LYNETTE: Right. Right. And then again, 
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1 returning to the other part of the application, which is the 
2 defense and depth consideration. I mean, this is obvious 
3 stuff, but I want to keep saying it because when the 
4 Commission has all this stuff put before them, I don't -- if 
5 it's just a numbers game, and certainly if the number is 
6 conservative by, you know, constraint of resources, you 
7 certainly want them to appreciate-
8 DR. APOSTOLAKIS: Lynette, I have to disagree with 
9 you here. I don't think this is defense and depth. And I 

10 don't think you should even worry about defense and depth.  
11 I mean, there is always an event, take an earthquake, that I 
12 can make so strong that I just can't argue that I have any 
13 defense and depth anymore. I mean, that's why I have 
14 residual risk. So to stretch it and say just because 
15 regulatory guide 1.174 asks me to consider defense and 
16 depth, I'll do it no matter what. I never heard simplicity 
17 of operation being part of defense and depth. Slow 
18 evolution, that's part of the risk assessment. So I think 
19 you're trying to stretch the requirement of 1.174 here. I 
20 mean, even for plants at power, if you -- if their seismic 
21 risks dominates, it's because it wipes out your defense in 
22 depth. You don't have anything else. But, I mean, that's a 
23 fact of life. So wouldn't worry about it here. I mean, if 
24 the seismic event dominates, then it's natural that I don't 
25 have anything else.  
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1 MS. LYNETTE: But I guess I don't disagree with 
2 you at all, and my -- the point I'd like to make is the 
3 Commission would benefit from that observation.  
4 DR. APOSTOLAKIS: The thing that worries me is 
5 that the integrated decision making process is so nebulous 
6 in 1.174 that if we start, you know, taking literally 
7 everything that is there, and try desperately to say, well, 
8 Joe, I did look at defense and depth, I think that leads to 
9 not a very happy occasion.  
10 MS. LYNETTE: Silly conclusions, perhaps, sir.  
11 DR. APOSTOLAKIS: Well, I didn't use the word 
12 silly.
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13 MS. LYNETTE: Which kind of brings me to the next 
14 point, which is I think perspective is needed for when you 
15 have risk driven by a rare seismic event. And to put all 
16 this forward to the Commission and say, well, it's -- you 
17 know, we're at the QHOs. Without all these qualifications 
18 is not going to put them in the best position to make the 
19 time of somewhat fundamental decisions they're going to have 
20 to make. Extremely large seismic events that are background 
21 risk factors for operating the plants that are dominating 
22 the risk profile. I thought NUREG 1150 had some interesting 
23 observations that where they attempted to put these huge 
24 seismic events in perspective. And what they said was right 
25 in the front of the document, where they talk about external 
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1 events as -- we've avoided even including off-site dose 
2 consequences rom seismic events.  
3 They did look at the CDF, but they didn't look at 
4 the dose consequences, and they went further and recommended 
5 that when those sort of seismic events are looked at that 
6 they're put in the perspective of the total loss, monetary 
7 loss, loss of life, in the area so that you don't get a 
8 sense that -- you have a seismic event, and then you have an 
9 impact on this nuclear plant. And, you know, the rest of 

10 the region isn't very severely impacted.  
11 DR. APOSTOLAKIS: The problem, Lynette, is that it 
12 is a Nuclear Regulatory Commission. It's not the health and 
13 safety executive of the U.K. This issue was raised more 
14 than 20 years ago when design PRA was done in the Indian 
15 Point, and there were, in fact, some studies that showed 
16 that Chicago would be devastate because before you had a 
17 nuclear accident. But it was decided not to use them because 
18 the NRC, by its charter, cannot take that into account. I 
19 think, Bob, you were there.  
20 But, you know, as a general statement, what you're 
21 saying is very true.  
22 MS. LYNETTE: Yeah, and I agree-
23 DR. APOSTOLAKIS: I mean, you're not going to have 
24 a city or people around.  
25 MS. LYNETTE: Right. I agree that it -- again, it 
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1 doesn't lead you to a formula.  
2 DR. APOSTOLAKIS: Right.  
3 MS. LYNETTE: But I think if you keep emphasizing 
4 that, you get the perspective of-
5 DR. APOSTOLAKIS: Yeah. That's for the people, 
6 for the public. I get the feeling that you're trying to 
7 address something that I don't know what that is. Do you 
8 think the Commission does not have the perspective that you 
9 want them to have? 

10 MS. LYNETTE: I think they are going to be 
11 challenged. They're going to be given a report that has a 
12 bunch of numbers. The point Dr. Kress raised earlier, 
13 they're going to be given the Livermore and the EPRI seismic 
14 results. I mean, its going to be difficult. They're going 
15 to be given an estimate that's very bounding, and if 
16 you're-
17 DR. APOSTOLAKIS: Oh, I see.  
18 MS. LYNETTE: Driven by the numbers, you may come 
19 to the conclusion that this event is more significant than 
20 it is, and warrants more resources than it might.  
21 DR. APOSTOLAKIS: Okay.  
22 MS. LYNETTE: And that sort of describes the top 
23 conclusion. The bottom conclusion is a little more 
24 esoteric, and I want to take a second to explain that. In 
25 working with the staff in the evolution, if you will, of

AA _,r 1 2 A
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1 this risk study, we've made some commitments across the way 
2 to apply some practical risk insights. Some of the staff's 
3 concerns early on were -- you have a change in configuration 
4 then you do when you're operating. You have different 
5 systems to supply water, and to supply cooling. They may be 
6 qualified in a different way, and you certainly want to pay 
7 attention to heavy loads. And many of these requirements, 
8 we felt, were already in the regulations but they weren't in 
9 any one place, so we went -- we put these down in a letter, 

10 called them commitments, and we even committed to some 
11 things that are going to cost extra money based on the risk 
12 insights--instrumentation, additional instrumentation in the 
13 pool once you shut down. We had originally committed to a 
14 seismic check list that would ensure that the capacity of 
15 the pool exceeded two to three times the safe shutdown from 
16 earthquake. These are practical risk insights that could 
17 have an effect on doing what is best to do when you're 
18 trying to risk inform something. Ironically, if the event 
19 comes out in an overly bounding way, you focus more on the 
20 fantastic. You retain EP. You retain financial protection.  
21 You treat it just like an operating plant, and then when you 
22 go to do the rule making, because you still have all these 
23 operating plant requirements focused on just the pool, and 
24 just that one event, sequences that really in some cases 
25 can't be mitigated, it will be very difficult in the rule 
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1 making context to justify the cost of these additional risk 
2 insights even though, you know, they may not cost -- in some 
3 cases, they wouldn't cost all that much. In some cases, the 
4 cost would be significant.  
5 So it's in sort of a weird unintended consequence, 
6 if you will, to a certain extent if you overstate the risk 
7 and it's comparable to the QHOs and that's the bottom line, 
8 you actually forego your opportunity to apply some of these 
9 more practical risk insights.  

10 CHAIRMAN POWERS: Do members have any additional 
11 questions they'd like to pose on this? I think that the 
12 take-home lesson I get is there's more we need to understand 
13 about this if we're going to go and make extensive decisions 
14 on the risk significance of these meltdown accidents. Thank 
15 you.  
16 DR. KRESS: At this time, we have a perspective on 
17 issues from the Institute for Resources and Security 
18 Studies, Mr. Gordon Thompson.  
19 MS. LYNETTE: I'd like to thank the Committee for 
20 the opportunity.  
21 DR. KRESS: Thank you very much for -- both of you 
22 for coming and giving us the view.  
23 MR. THOMPSON: Good morning. My name is Gordon 
24 Thompson. I'm with the Institute for Resource and Security 
25 Studies in Cambridge, Massachusetts. I'd like to thank the 
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1 Committee for this opportunity.  
2 My first illustration shows you what has brought 
3 us to this situation where pools can catch fire. The rack 
4 on the left is an early PWR rack. These had center to 
5 center distances of maybe 20 inches. The rack on the right 
6 is a high density rack. These are being built with center 
7 to center distances as small as nine inches to PWR fuel.  
8 And the rack on the right provides a blanket that 
9 creates a very hot fuel assembly in the event of partial or 

10 total loss of water.  
11 Some general observations. The potential for a 
12 pool fire, and I'm going to use that phrase throughout in

.. 1.1- - ...
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13 lieu of-
14 DR. KRESS: Mr. Thompson, can I ask you -- what 

15 are these racks made of? Are they stainless steel or is 
16 there-
17 MR. THOMPSON: Generally, stainless steel, but the 
18 neutron absorbing material has been either boraplex or 
19 boral-
20 DR. KRESS: Right. Right.  
21 MR. THOMPSON: Boral is now the preferred 
22 material.  
23 DR. KRESS: How are they held in? Are they just 
24 lowered down and? 
25 MR. THOMPSON: How are the racks held in the pool? 
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1 The racks are held by gravity. In many high density pools, 
2 these racks are essentially wall to wall, with maybe an inch 
3 or two inches at the side. Very constricted flow paths for 
4 air cooling.  
5 So I used the phrase pool fire for simplicity.  
6 This could be an air oxidation reaction or a steam oxidation 
7 reaction. This potential has been known since the late 
8 1970s, and the Chairman of this Committee was a member of a 
9 study team at Sandia that wrote about this subject, 

10 published in 1978. It's been a neglected issue I believe 
11 for most of the time since. The potential for a pool fire 
12 can exist at any high density pool, but can be especially 
13 significant for operating plants for two reasons.  
14 One the presence of recently discharged fuel that 
15 has a high decay heat, and two the potential for a reactor 
16 accident to initiate a pool accident.  
17 Pool fires have not been studied to anything 
18 approaching the same depth as reactor accidents as 
19 illustrated by NUREG 1150 or IPEs. There remain major gaps 
20 in our knowledge about the probability of pool fires. The 
21 associated phenomenology and the consequences. And I'll 
22 return to that point later.  
23 Pool fires deserve our attention primarily because 
24 they could contaminate very large areas of land with 
25 long-lived radioisotopes. The impacts from this 
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1 contamination could be highly significant in terms of 
2 health, economic, social and political considerations.  
3 DR. KRESS: Do I infer from that that you think we 
4 shouldn't just compare to the individual top of the tower? 
5 MR. THOMPSON: Absolutely. The analysis that we 
6 heard today from the staff is dealing with the wrong issue, 
7 or it's misdirected. Pools generally have a low inventory 
8 of short-lived radioisotopes, and you, therefore, expect a 
9 comparatively low potential for causing early fatalities.  

10 Anyone familiar with consequence calculation knows this 
11 without having to do a single analysis.  
12 CHAIRMAN POWERS: You don't have to perform a 
13 calculation to know this.  
14 MR. THOMPSON: Finally, the potential for pool 
15 fires could be almost completely eliminated by storing spent 
16 fuel in a combination of low density storage and dry 
17 storage. Dry storage technology, as you know, being already 
18 approved pre-licensed. So this is an avoidable problem.  
19 CHAIRMAN POWERS: Could we come back to that 
20 statement. There must be more to it than this -- than just 
21 using the low-density racks. Presumably, if I lost water on 
22 a low density rack, I would have a potential for an 
23 oxidation event, just as I would if I lost water in a 
24 high-density rack? 
25 MR. THOMPSON: In the rack on the left, with a
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1 recently off loaded assembly, there is the possibility of 
2 initiation of a fire. That's never been studied to my 
3 knowledge. We know that at some time less than a year, the 
4 rack on the left would be safe in the event of partial or 
5 total water loss. What the precise time is should be 
6 analyzed, but has not, to my knowledge.  
7 Now, here's an indication of the amount of cesium 
8 we're dealing with. Core inventory around five million 
9 curies. Illustrative pool inventory here at 35 million 

10 curies. And that's not the top end, as I'll be showing you 
11 in a couple slides from now.  
12 The release fractions concluded in NUREG 1150 are 
13 generally small fractions or the core inventory of cesium.  
14 I show here an inventory of point two as the release 
15 fraction for containment bypass at Surrey. That's near the 
16 upper end of what NUREG 1150 finds. For most sequences, 
17 they're estimating lower release fractions.  
18 The Chernobyl release fraction, as shown here, 
19 this estimate is a 40 percent release.  
20 The release fraction that's often used for a pool 
21 fire is a hundred percent, as shown at the bottom. I think 
22 that's probably not realistic, but it could certainly be 
23 point five or above.  
24 The conclusion here is that the release of cesium 
25 from a pool fire could substantially exceed the release from 
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1 a reactor accident by at least an order of magnitude, and 
2 that has obvious implications for risk.  
3 And this is an indication of why we care about 
4 cesium. This is the pattern of cesium deposition around 
5 Chernobyl. There's another similar contaminated area up to 
6 the north in Byelarus, a further distance from the plant.  
7 And-
8 MR. WALLIS: This doesn't look like a Gaussian 
9 plume to me? 

10 MR. THOMPSON: No, that's probably characteristic 
11 of any real release. A Gaussian plume may be the best you 
12 can do for analytic purposes. There have been some efforts 
13 to compare total contaminated area using Gaussian plume 
14 models in actual situations. A colleague of mine did that 
15 for the Windscale fire of 1957, where you had a similarly 
16 erratic looking distribution, but found that the total area 
17 was reasonably close to the Gaussian model.  
18 CHAIRMAN POWERS: I might just interject, Graham 
19 -- the -- what you see is a -- the result of a plume that 
20 changed directions as the wind changed over the course of 
21 the accident.  
22 DR. KRESS: Lasting for 10 days as opposed to two 
23 hours.  
24 MR. WALLIS: Yeah, that's clear. Okay. So it's 
25 important also that when we asked questions earlier about 
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1 how long the fire lasts and how big it is, comparisons with 
2 Chernobyl can perhaps be made. I mean, it's a very 
3 different kind of a fire we're talking about with a spent 
4 fuel pool I think in terms of its loft and its duration.  
5 CHAIRMAN POWERS: But, I mean, it seems to me that 
6 the issue of how long the fire lasts was something the 
7 previous speaker spoke to when he said you need to look at 
8 these interactions fairly carefully, because things may 
9 change as you progress across the pool, and you get some 

10 water cooling and non water cooling.  
11 MR. THOMPSON: Yes, I would expect the release to 
12 evolve over time. The plume energy would change over time.
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13 The composition would change over time.  
14 What sort of areas might we be talking about? 
15 This is from an analysis by BA that was actually done for 
16 pool fires, presented to a German hearing in 1979. I might 
17 add that as a result of that hearing that that government 
18 ruled that they would not tolerate high density for that 
19 pools for that facility.  
20 The three releases that are shown here. Two in 
21 curies is about the Chernobyl release. This was prepared in 
22 the context of the Harris nuclear plant in North Carolina.  
23 The projected inventory of spent fuel with an age of up to 
24 three years would have 20 million curies of cesium. And 
25 with an age up to nine years would have 70 million curies of 
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1 cesium. And if the release fraction approaches one, it's 
2 obvious that the area of contaminated land is very, very 
3 large. With a 70 megacurie release, we're at the land area 
4 of North Carolina itself.  
5 MR. WALLIS: When you say land contamination, do 
6 you mean by a certain amount of curies per square meter or 
7 kilometers or? 
8 MR. THOMPSON: This is computed at 10 rem per 
9 30-year threshold with a shielding factor of point 25. That 

10 is a person unshielded would receive 40 rem.  
11 MR. WALLIS: So it's a measure, but in effect 
12 there are other areas with a lower dose which-
13 MR. THOMPSON: This is the area within which the 
14 dose would exceed 10 rem per 30 years. And this was done 
15 with a Gaussian straight line model by Janvier, then of 
16 Princeton University.  
17 Just as an indication of health effects. This is 
18 the BEIR V estimate for lifetime risk at a tenth of a rem 
19 per year. And 10 rem in 30 years will show up as -- if 
20 sustained at that rate of about three-tenths of a rem per 
21 year -- would show up as about a 10 percent increase in the 
22 normally expected instance of fatal cancer. That's 
23 certainly something that I think the public would feel 
24 concerned about.  
25 DR. KRESS: It's a lot more than 0.1 percent, 
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1 isn't it? 
2 MR. THOMPSON: Excuse me? 
3 DR. KRESS: It's a lot more than 0.1 percent, 
4 isn't it? 
5 MR. THOMPSON: I think if you -- this raises an 
6 interesting question. If you tell people that the 
7 relocation threshold is 0.3 rem per year, and all the people 
8 in the range of 0.1 to 0.3 who are not being relocated see a 
9 chart like this, they're not going to be very happy. In 

10 fact, a big cesium release such as we're talking about would 
11 be viewed by the public as an immense disaster of historic 
12 proportions. It would lead to immense political effects, 
13 huge litigation, and would be an historic event in the 
14 history of the country.  
15 Okay, safety goals. We've had a discussion about 
16 safety goals. The primary goals as articulated by the 
17 Commission are qualitative and they are as stated at the 
18 top. The Commission did not specifically address the issue 
19 of land contamination. I believe that they should do so.  
20 The staff's analysis does not address land contamination, 
21 which is the most important indicator of pool risk for 
22 either decommissioning or operating plants. And, therefore, 
23 this analysis does not provide a credible basis for decision 
24 making.  
25 So what are the next steps? I would argue that
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1 there should be a moratorium on any regulatory action or 
2 decision that could increase the risk of radioactive release 
3 from any spent fuel pool pending the completion of new 
4 studies. Those studies should be done to at least the depth 
5 of NUREG 1150 on probability, phenomenology, and 
6 consequences. On the probability side, it's particularly 
7 important that for operating plants the work should address 
8 potential interactions between reactor accidents and pool 
9 fires.  

10 DR. THOMPSON: When the methodology for this is 
11 developed, I would argue that licensees should be required 
12 to extend their IPEs to encompass pool fires.  
13 DR. KRESS: Let me ask you a question. If the 
14 major, one of the major concerns were this land 
15 contamination and the residual cancers that you might get 
16 from that, and the idea of this particular study was to see 
17 if you could relax emergency preparedness, and there were 
18 other things, but let's focus on the emergency preparedness.  
19 Would the emergency preparedness plan that you 
20 have make any difference to this concern? 
21 DR. THOMPSON: Emergency preparedness would have 
22 relatively small effect on the health consequences arising 
23 from land contamination.  
24 That is certainly true.  
25 That by no means closes the issue in my mind as an 
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1 issue of protecting the public.  
2 DR. KRESS: Do you think other measures need to be 
3 taken to ignore the risk of spent fuel pool -
4 DR. THOMPSON: Well, I think the first step should 
5 be to understand the risk properly so that the Staff needs 
6 to be sent away and come back with a proper analysis of 
7 consequences. What we have heard is just irrelevant. They 
8 need to come back with a proper analysis of land 
9 contamination.  

10 DR. KRESS: Now the MACCS code will produce that.  
11 They have the numbers. They just didn't show them to us.  
12 DR. THOMPSON: They show doses -
13 DR. KRESS: Yes.  
14 DR. THOMPSON: I think you'll find when you dig 
15 into the MACCS code that that was assuming relocation of 
16 populations.  
17 DR. KRESS: Yes, but it will also tell you lead 
18 contamination, square miles and essentially the numbers 
19 you -
20 DR. THOMPSON: And I believe that should be 
21 done -
22 DR. KRESS: That should be part of the study -
23 DR. THOMPSON: -- before this study is regarded as 

24 having any relevance for decision-making.  
25 I think there are important phenomenological 
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1 issues that need to be addressed and for the operating 
2 plants, as I said, the relationship to reactor accidents.  
3 DR. APOSTOLAKIS: What would the Staff do with 
4 land contamination incidents? 
5 DR. KRESS: What would they do with them? 
6 DR. APOSTOLAKIS: Yes.  
7 DR. KRESS: Well, like he said, I don't think it 
8 would impact your decision-making on emergency response, but 
9 it might give you a different perspective on both operating 

10 plants and decommissioned plants as to how much you need to 
11 protect the pool from having a spent fuel fire.  
12 DR. APOSTOLAKIS: But if I don't have any guidance
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13 from the Commission regarding land contamination how can I 
14 make any decisions? 
15 DR. KRESS: I would do it on an equivalent dollar 
16 basis because that is the only metric in common, and what 
17 you will find out is the dollars lost due to this land 
18 contamination will far exceed the prompt fatalities, for 
19 example, in this case, and so it ought to be more of a 
20 concern.  
21 The only common metric I can use -- I hate to 

22 sound crass and say put it on a dollar basis, but you have 
23 to have a common metric sometimes.  
24 DR. APOSTOLAKIS: Yes, but I mean that is one 
25 possible way of doing it.  
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1 DR. KRESS: I don't know of another and that is 
2 the problem.  
3 DR. APOSTOLAKIS: We don't know. I can 
4 understand -
5 DR. KRESS: You could arbitrarily -- you know, the 

6 .1 percent is an arbitrary choice. You could arbitrarily 
7 say we choose a number also.  
8 DR. APOSTOLAKIS: But I want to ask Mr. Thompson, 
9 okay, the Staff analysis has not addressed land 

10 contamination.  
11 Now if they address it, then what should they do? 
12 DR. THOMPSON: In addressing it, they will be 
13 providing the decision-maker, the Commissions, with relevant 
14 information.  
15 The articulation of the safety goal to date does 
16 not address land contamination -

17 DR. APOSTOLAKIS: Right.  
18 DR. THOMPSON: -- and therefore I believe that the 

19 qualitative safety goals, which I show on this slide, do not 
20 have any appropriate metric developed in order to address 
21 land contamination and therefore have no appropriate metric 
22 to address the risk of pool fires and the Commission should 
23 be apprised of that fact.  
24 DR. APOSTOLAKIS: So what you are recommending 
25 then is that the Commission also revise the safety goals to 
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1 include land contamination? 
2 DR. THOMPSON: I think that's -- I would clearly 

3 recommend that. What the Commission itself chooses to do, 
4 of course, is beyond the control of the Staff, but I think 
5 'it is the Staff's responsibility to provide the relevant 
6 information. I think it is this committee's responsibility 
7 to make sure that they do.  
8 DR. WALLIS: What sort of thing are you thinking 
9 about within their mention of interactions between reactor 

10 accidents and pool fires? What sort of scenarios were you 
11 thinking of there? 
12 DR. THOMPSON: I should, first of all, state that 
13 this issues is under litigation at present. I am involved 
14 in this litigation so that's going to limit what I say here 
15 today.  
16 There is a licensing case at the Harris facility 
17 where this very issue is being addressed, so you will 
18 understand that I am not going to say very much.  
19 It is a complex issue and it requires the 
20 extension of IPEs and PRAs in order to address it properly 
21 and one of the issues is the contamination of the plant with 
22 radioactive material to the extent that access is precluded 
23 for purposes of operating the pools safely.  
24 CHAIRMAN POWERS: Any additional questions you 
25 would like to direct to the speaker?
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1 Again, I think we hear your comment that there 
2 needs to be a better phenomenological understanding. That 
3 seems remarkably consistent with previous speaker.  
4 Now you go on and indicate in more comprehensive 
5 consequence analysis and certainly this committee has felt 
6 that consequences were broader than just prompt and delayed 
7 fatalities, some other communications in the past, and so I 
8 think it's a welcome message to us.  
9 DR. THOMPSON: Could I just add one -
10 CHAIRMAN POWERS: Sure.  
11 DR. THOMPSON: -- thing about Dr. Henry's 
12 presentation.  
13 I think his analysis showed something quite 
14 contrary to what he concluded from it, namely that water in 
15 a pool is not always a good thing.  
16 When the levels of water are low, actually water 
17 can be a bad thing.  
18 It can make the cladding harder than it would have 
19 been otherwise, and this is very important when you are 
20 talking about makeup and emergency response. If the level 
21 is low, do you start doing makeup or not, and there are 
22 times when actually making up water into a dried out pool 
23 might be a bad thing.  
24 DR. WALLIS: Can you tell me something about that? 
25 How does air get to the elements if water is, say, 30 
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1 percent of the way up? There are access paths for air to 
2 get in? 
3 DR. THOMPSON: Could I show you a little, simple 
4 picture? 
5 DR. WALLIS: Does the water block the air flow or 
6 not is the question really.  
7 DR. THOMPSON: I have a nice, simple little 
8 picture, if I can find it.  
9 (Pause.] 

10 CHAIRMAN POWERS: A direct answer to the 
11 question -- I think some of the pictures we have seen show 
12 you that you can change the convolution of the paths but 
13 there is still access.  
14 DR. WALLIS: Yes. The question is how much does 
15 it block -
16 DR. THOMPSON: Okay. In some cases is the total 
17 and instantaneous drainage case and if the racks are wall to 
18 wall with an inch or two at the side, obviously that is a 
19 very constricted flow path for air.  
20 The bottom case you have no opportunity for air 
21 convention.  
22 As Dr. Henry pointed out, the only convective 
23 cooling mechanisms is the rise of steam that's generated -
24 DR. WALLIS: So you are saying there is no other 
25 air path.  

128 
1 My question was is there another air path which 
2 lets air in from the side of something or not? 
3 DR. THOMPSON: There are holes often at the very 
4 bottom of the racks but at around 10 percent and greater 
5 covery level there is no other path then.  
6 The only possible cooling mechanisms for fuel 
7 assembly are (1) longitudinal conduction; (2) longitudinal 
8 radiation with multiple reflections; and (3) the forced 
9 convention of steam rising from the submerged part of the 

10 assembly, and for the equation that Dr. Henry has produced, 
11 it shows that at low submerged fractions you get very high 
12 cladding temperatures.
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CHAIRMAN POWERS: Any additional comments? 
(No response.] 
CHAIRMAN POWERS: I am going to allow the members 

to take about a 15-minute break and then we will resume with 

the schedule.  
My intention is to get through that portion of the 

schedule that we had on the agenda before we break for 

lunch.  
DR. KRESS: I would like to thank the speaker for 

sharing his views.  
[Recess.] 
CHAIRMAN POWERS: Let's come back into session.  

Our next presentation deals with risk-informed 
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regulation plan. In my understanding this is a presentation 

largely for our information in anticipation of a lot more 

intensive activity in the future. Professor Apostolakis? 
DR. APOSTOLAKIS: Yes. This represents a fairly 

significant revision of the PRA implementation plan or 

risk-informed implementation plan. Maybe we can just go 

ahead with the presentation. The principal objectives, all 

sorts of things.  
MR. KING: For the record, my name is Tom King 

from NRC's Office of Research.  
You are right, what I'd like to do is keep this at 

a fairly overview high level in terms of talking about the 

purpose, the structure, the uses of this document. We're 

not asking for a letter at this time. When we get to the 

end, we'll talk about the schedule.  
We view the next six months as sort of a 

comment-gathering period both internally and externally, and 

I think it would be appropriate at some time in the future 

maybe a subcommittee could be put together and spend some 

more time to talk about the details of this and the loose 

ends that need to be cleaned up on it.  
Let me start with just a little bit of background.  

Back in 1995 the Commission issued their PRA policy 

statement. It basically encouraged the use of risk 

information in all regulatory matters where it was supported 
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by state of the art and where it was done in a fashion that 

complemented our traditional deterministic 
defense-in-depth-type philosophy.  

After that, the staff put together what was called 

a PRA implementation plan that basically was a catalogue of 

what risk-informed activities were going on in the various 

offices. It was organized by office.  
Back in 1999 we got some criticism from GAO that 

this really wasn't a strategy that defined where the Agency 

wants to go and how it's going to get there for its 

performance implementation. The Chairman committed to 

develop such a document. We now call that document the 

Risk-Informed Regulation Implementation Plan, and the SECY 

paper that went up a couple of weeks ago, actually probably 

just a week ago, SECY-000213, is the first attempt to put 

together a complete package as best we could at this time.  

There was an earlier paper back in March that sort 

of outlined the structure and content and had a couple of 

example sections, but this paper is the one where we've now 

tried to fill in all the holes as best we could at this 

time.  
Also parallel with this the Agency's been 

developing a strategic plan which just got issued a couple 

of weeks ago, and as we'll go through, this document is tied 

to the strategic plan in the sense that it's really the
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occasionally rder to it as the "model" or the "mathematical moded.  

It is built on a number of model assumptions and on a number, 

parameters whose numerical values are required.  

An essential part of problem struauring in mast PSs is d 

identification of accident scenarios (event sequences) that lid to t] 

consequence of interest, for CmMple sYste 1,availability. e 

release of hazadous materials, and so forth. Many methods ha 

been developd to aid die analysts in such efforus, for examp 

failure modes and efFec - analysis, h2Zard and operability anly 

farult tree analysis, and event tree analysis (8). Thes anahr 

conidr o failurcs of the hardware and opcra 

ciosduring mnaintenanc as well as during accidents, fires, a 

natural phenomena, such as earthuankes and tornadoes. lb 

product is the set of causes or consequences, or both, of post• l 

failures of systems or component.  

The development of scenarios intrduce model assumiptions a 

ziodd parameters that re based on what is currenty known abc 

the physics of the revant processes and the behavior of syste 

under giveconditions. ample, the failur modes of cqv 

sMet dning giv&m earthquakes, the alcaultion of heat fluxes i 

dosed compartment where a fire has started; and & rnse 

plant operators to an abnormal event are all the results ofcoep 

models that rely cn assumptions about how a read accident 

progress. Th models ndude parameters, whose numerica val 

are also assu-ed to be available (for example, in the case offires, 

heat of combustion of the burning iad, the therdml =Auctivit 

the walls of dhe orraparaniet~, and so forth); that is. observabl 

measurable quantitie A simple example invov the Darcy c 

tim for groundwater flow in saturrated media 

q= -K ax 

where q is the specific discharge in the x directioni A is die hyde 

head and K is the hydraui~ccodcviy 
Equation 1 is the model of the world an this example 

parameter is 4, and the use of this model is onditional am 

assumption. that the rnumerical value of the hydraulic condulctiv 

known. in a realistic: cda&tion, Eq. I is part ofa sysqem ofcot 

& mdifeeta equations modeling the vetv-ip au 

of radionuclide chains that form the model of the world. i 

soution =Tui1s computer codes such as the Sandia Waste isW 

Flow and Transport code (9).  
We can generalize the above exanmle'ad wrte the solutiont 

onMditiOnal model 'fthe world as G(iOIM, H), where 4 is the v 

Of inpUtFpaametrs(for- exmpethe hydraulic conductivrity c 

1), M is the set of model assumptions that define the modd, a 

s the entire body of knowledge and bliefs of the modde 

dosed-firam xpression may not be amlable, as Is the & ca 

computer odes where G(4IM, ) is understood to be the °ol 

that is pduced numerically by the codce This notation 

explicit tdha the solutio of Tie mode is a function of the 

paramcters, the values ofwhich must be given, and is cooditia 

dhe mnodl assumptions and on the moddees aurtwt st 

knowledge.  
We are now ready to discuss the uncertainties associated wi 

conditional model of the world. The statc-of-knowikdge nao 

ties are the numerical values of the parameters and the 

assumptions of the conditional model of the world

State-of-KnowicdgC Uncertainties 

The modd of the world assumes that the numerical value 

parameters are known and that its model assumptions are true 
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there is usually uncertainty about these conditions, we introduce the 

stateof-nowledge (subjective) probability density function (PDF) 
W(4, UMI), which expresses our belef regarding the numerical 

values of + and the validity of the model assumptions- The 

kgnomnal disribudton as used frquently in safcty studies for the 

parameters. Th PDF for a variable K is given by

90P.,a) 2,,

D r1 w m e ; " < p , < + ao, 0 < a-. (K d en o t e th~e u n e t i 
ud w ee0 < 1 K. -ti aib c.S ci f h 
eir variable, and k dmotes the value of this variable). S the 

ed numerical values of dt parameters I and a determins the kgnr

tral distributi is the siti= Awns of this distributin that 

rd plays an important role in the decson use it as the state-of 

out knowledge PDF for the hydraulic conductivity of a waste repository 

ma site (9). it is stated that wviabl ocandidate sites will probably have 

dp. conductiviti near or below dte low end of the rnge, and the 

a a droiceofa ogriormal distribution cmumes several va2cs (9, p. 29) 

of 1U. pabjective interpretation of the concet of probability tells u 

rial. that probablt is a mecasure ofidere ofbelief(-3. The primitive 

will notion is that of "more liWy; that as, we can antanitvely say that 

aues event A is moen likely than evnt B. Probability is simply a 

the nurmneical epres=i for this likelihood (additional assumptions are 

of needed for dr. rgorou definition of probhability). When we say that 

or Mant A hasm dbiity OA we man that A is moe likely than 

every event wose probability is less than 0A. A set of probabilities 

that cunplies with dte thory of prab*lty is a cohercnt set. (It is 

interesting to note that the standard axioms of the mathematical 

(1) theo of probability are satisfied by subjectiemprbbi we arc 

simply adapting an expanded theory tha starts with the primitive 

ialic notion of Bikelhood.  
T his iterpretation of probability is ••t based on relative firquen

Its ies and does not reqire many identical trials. it would be awkward 

dthe to ue relative frequencies for events d as the truth or falsehood 

ity is oftmodde assiuptions. For cxample, in sone inStances we know that 

qiled aoCddr• winl prp in amof otwo, ways. say A or B but we do 
-,m nt know which eed, and we s oa= belief hi s of a 

Meair probability. The probability p(A) is not to be interpreted as the limit 

ation of the relative fequency of oaccrrence of A in many repetitions of 

the accident. We know dtht eidtcr A or B wMi always occr, so dhis 

Xdre relative frequency 
ctr Returning to, the exmplec of hydraulic conductivity, we reconize 

,fEq. that dhe uncertainty about its values stems from not knowing the 

ndH characteristics of the site (this is usually the ase for -geericr 

r.[A studies). As mar information is gathered about the site and its 

with hydraulic properties, the subjective distributio must be adjusted to 

utim reflect the corresponding state of knowledge. It should be evident 

arakes that relative frequencies have no place in this example. The selection 

nodel Of a repost~r Site (and, consequently, the hydraulic conductivit 

mai n value) has nothig to do with laire numbers of "nials." 

ite Of 

ththe The Unconditional Solution of the Model 
:rtain- We are now an a position to produce an unconditional solutin of 

model the modd of the world by finding the waegtd average of the 

solution of the conditional modeds where the weights are the 

probabilities of the paramer values and the assumptions. For a 

discrete set ofn models, which is likely tDo be the cae, we write 

6 = IGAe( Wi Mb H)00.4iM,, HOd4q] p(M.IH) (3) 

Since where G1(45IM, M.) is the solution of the ith conditional model and 
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% 4,,Mb )is thcPDFof the pammtr vcctror ofthe ithnuxc 
! xectorp(M•,I is the anaiysesprobabilitythait the ith mode I 

of assumptions) is true.  

Uncertainties in the Model of the World 

Many important phenomena in safety assessntns cannot 
modeled by derministc expressions like Eq. 1; for example, 
o.,.. times of carthquakes of given magnitudes cannot 
predicted. Variou stochastic models have been proposed in 
litreature w calculate dth probability of some event of interest 
simple modd that calculats the probability of r events occ°urni 
a period of time i uses the Poisson distribution 

e -),'(M)r 

h(r &ents in d)b t, M, -= 

The prinipal model assumptio istha the intwifrrival times (du 
the dies between succssivc events) a• independent. The cons 
rate 2. of occurresce of the cecnts is the only paramer that m 

unce-rtain, thus roquiring a state-of-knowledge distribution v() 
H). IDistribtions that appear in the model of the world, such as 
4, arc sometmimes called flrequency or statistical distributions by: 
practitoners, so ta they can be distinguished from stan 

lusovviccge distriudns.  
Our example of the hydraulic conductivity provides an exce 

illustration of the mbective nature of these models and 

practical considerations creart the need to modify the condid 
model of the word and, consequently, th= subjectiv distrib 
of its paramn and model assumptions. The model ofEq. I k 
context of the overall modd for ground-water flow, is a simple 
It ignores stcdhastic variability and allows for state-oMnowl 
uncetainties only. The hydraulic conductivity may display I 
scatt across a site due to spatial variations of rock properties 
To model this phenomenon, we abandon th previous simple a 
and we xpand the conditional model of the world to include q 

i. The hydralic conductivity is now a function of 
K(x). (For simplicity, we consider the one-dimensional case c 

A. possible model of the world is now the following a' 
equations 

ax 

Y=lnk 

AYr, 2', yP, ar p) 

p(X1 - x2) =-'x'-2 

whcre 

Arl, 21P, r, 1

C:[(y, - IL_ 2YI_- I.XY2 - P.) +-(:Y2-- tL)2] (a 
CXP(2r2 - 0 (1 

The first equation in this new model is the Darcy equation, Eq. 1.  

The second expression is simply the d6nition of the logarithn of 

the hydraulic conductivit. The third expression, given explicitly as 

Eq. Sa, is the bivariate normal distribution for the logarithn of the 

hydraulic conductivity evaluated at two points in space, x, and x1 .  

The bivariate distribution is shown for simplicity; for many spatial 

points, the appropriate multivariate normal distribution would be 

used. The fourth expression in the set of Eqs. 5 is the model for the
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Wd. spatial variability of the acrltion coefficicnt p that appears in the 
,set bivariate nonmal distribution (11). The other two parameters p and 

ar ar dcfined similarly to those appearing in Eq. 2. In addition to the 

assumptions behind the Darcy equation, this mathematical model 

includes two new assumptions: that the values of the logarithm of 

the hydraulic conductivity at any two points in space ae distributed 

according t the bivariate normal distribution and that the correla

be tion coeffident of this distribution is an exponential furction of the 

the distance betwee these two points. The bivaria normal distribu

be tion is the modd for the uncertainty, that is, the spatial variabiliy of 

the the hydraulic conductivity, that is part of this exane conditional 

A modd (in our terminology, it is a fiequency distriution). The 

g in sta-of-knowledge model will involve multivariatc distributions for 

the parameter vector (p, s, 1), as well as for the corresponding model 

hypotheses 
(4) Sincc the conditional model now contains probability distribu

tions, its solution will also be in the form of a probability distrlbu

it is, ton. t is, tee&c necessary to abandon the exprsion G(401M, 

rant H) that represented the solution of the model witthot uncertainties 

y be and to introduce h(Al+, A M) as the conditional probability 

LM, distribution of the cve of inter A that results fiun solving the 

,Eq. cdition!l model of the world. When A is a discrete event, h(AI[, 

PSA M, HI) is understood to be a probability mass function [a trivial 

--of- examnple is afforded by Eq. 4, where A is the event (recvent in 9)).  
When A is a contin svariabl (AI, MH) is n s to be 

"Dent a PDF (as an example, the solution ofEqs. S will be the PDF ofthe 

how specific discharge q, which wig be A in this case) The uncondifional 

onal solution is derived similarly to Eq. 3, that is, 

i the(6 

SA similar situation is encountered in PSAs for nuclear power 

(10). plants. A simple modd for the failure time of a comnponent is the 

(odl cxponential distribution with PDF as follows

f(tlk, A4) "= k©-

withk > 0 and t > 0. This modd ofthe world is onditional on the 
failure rate x (not to be confnued with the correlation length of Eq.  
5) and on the assumption that this rare is constam. The lognormal 

distribution (Eq. 2) is the state-of-knowledge distribution that is 

widely used for the failure rate, a practice that has been established 

by the pioneering Reactor Safety Study (LSS) (12). The RSS has 
developed such lognormal distributions for a number of corpo

nents; the principal source of uncertinty is considered to be 

plant-to-plant variability,3 the variation of performance caused by 

the different romditions that prevail at various plant sites.  

As data concerning the failures of cquipment from various plants 

are gathered, the need arises to account; eplicitly for the plant-to

plant variability. if the parameters of the lognormal distribution for 
K. are allowed to vary, the lognormal distribution becomes part of 

the cconditional model of the world, that is, it becomecs a filquency 

distribution (13). Comparing this case to the hydrauilic conductivity 

example, we recognize that it is the desire to account explicitly for 

the spatial variability of K that crete the need to move the 

lognormal distribution to the conditional model of the world, 
whereas in the failure rate case it is the desire to account explicitly for 

the plant-to-plant variability of k,. The simnilarity of the two cases 

stops there, however, as the failure rate case does not use multivari

ate distributions, such as that of Eq. 6 (13).  
"Thesc examples illustrate the kinds of subjective judgments that 

ar required of analysts and also show how practical needs can 

generate adjustments to the model of the world. These adjustments 

(for example, treating the lognormal distribution of the hydraulic 

ARTICLES 1361

(7)



conductivity or of the equipment failure rate as part of the model, 

the wodd and not as a subjectiv parameter distribution) arc allow 

because probability is fundamentally the same concept regardless 
whether it appears in the model of the world or in the subjecti 
distributions for the paramcters. There is only one kind of una: 

tainty stmming fiunm our la" of knowledge conceming the truth 

a roposition, regardless of whcther this proposition involves t 

possible values of the hydraulic conductivity or the number 
earthquakes in a period of time. The distinction between t 

conditional modl-of-the-wodd probabilitie, for example, Eq.  
and the probabilities for the parameter w(Kx, s) in the sax 

example is merely for our convenience in investigating comp] 
phenomema. Probabifity is always a measure of degree of bcli 

While we will discuss the proper role of relative firquencies later, 
is important at this time and in light ofthe confusion that persists 
practice to clearly state that there is only one logical and woka 

interpretation of probability and it is that of degrees of belief.  

The Role of Relative Frequencies 
When the model of the world does not contain uncertain qu 

tities, relative fquencies ar i evant. The parameters of 

mode are usually parameters with physical interprtations, and i 

only justification for repeated observations is the presence of In 

surcnrint errors. In the absence of such errors, a singl obscrva 

can remov the staum-of-inowledge uncertainty and detrmne 
cisely the valueof the parameters.  

When the model of the world contains uncertain quantities si 

as the occurrence times of earthqua:es or the failur times 

equipment, Bayes' theorem tells us how past observations influe 
our cMurnt atr-of'knowledge distributions.  

in order to understand the proper solc of relative firquencies, 
must consider the issue of how new evidence E chang our am 
state of knowledge. The only condition that is imposed an us i 

update our probabilities according to the rules of the theory 
probability. The rule of conditional probabilities gives the co 
tional probability of an event A given that we have received cvide 

E 

p(At4) - p(a F( 

Equation 8 shows how the prior probability p(A), the probabilit 

A prior to receiving , is modified to give the posterior probab 
p(AIE), subsequent to receiving E- The likelihood function p(I 
demands that we evaluate the probability of this evidence assmun 
that the cvent A is true. Equation 8 is the basis of Bayes's there 
which is so tindam ental to the subjectivistic theory that this th 

is sometimes rcefed to as Bayesian theory.  
Retuning to Eq. 6, we use the idea of Eq. 8 to update 

probabilities of the models and their parameter dist•rbution 
oilows (14) 

P(MAE) =) p(M.• 

7, i- 'i1M'•hE14. MA, J-P(M• 
i-l

and

h,{E1f ,, M i. w ol i

1.(2W

of Comparing Eqs. 8 and 9, we recoognize that 

Of p(EIM1) = A~~ 7 M5)%A04jM^'~ ( 

:r- This integral is the probability of the cvidencc assuming that the ith 

of model is corrcct. (Note that, for simplicity, in Eqs. 9-11 we have 

he dropped H, since it appears m ywhee) 
Of Fxqution 10, which updats the parameter distributions ofthe ith 

he model assuming that this model is the right one, is the oain of 

4, Bayces theorem that is usually &und in standard textbooks (15)

ixe In the case of Operfect baknwleg all of the uncertainty regard
lex ing models and parameters has been diminated and the sublectivc 

ef distriuions of the paramtmrs ar determined by rehtivc f"cquen

lit ces. However, the uncertainty that is part of the conditional model 

in of the world is still present For example, we still do not know when 

ble the next earthquake will occur, even dthugh wc knmw the value of 

the rate of ocarenm . Similly, the time of the next radioactivc 

decay cannot be known, even though both the model (exponential) 

and its parameter (decay constant) arc known for a given spcies.  

The preceding discussion ref'rred to the proper use of past 

observatios. The question now is what the values of future relative 

wn- fireunies are going to be. The laws of large numbers tell us that 

the we should expect these fiequencies tobe dosc to the corresponding 

the probabilities. For exmple, given that we know the rate x and that 

ea. die assumption that it is contt is true, we can calculate the 

ion probability ofr earthquakes occurring in an intmrv2l (0, t) using Eq

cr- 4. Ifwe now consider a great many sich intervals for which the same 

rate a valid, we expct the relative fitquency of such intervals where 

ich r cartbqua* occur to be dose to the prObability O•Eq. 4- This is a 

of axnsquence of the theory of probability and is not a dcfinition of 
oc probability.  

This result is useful in practice when future relative f&ujuencds 

we will, in fact, be observed within some reasonablc time. In safety 

ct assessments, however, we are typically dealing with rare events, and 

to the laws of large numbers are not of any particular useulncss. What 

* of matters is whether a given nudear power plant or a given mpsitory 

udi- of hazmrdous wastes will harm people or the environment in a given 

ce period of time. Our decisions oncerning the safc opcration of such 

facilities are based on probabilities that quantify our knowkdgc 

about possible failures of these unique facilities during thesc spccific 

(8) tie priods. Reative frequencies at this level can only be parts Of 
thought experiments. Even if log historical records have led us to 

assess the numerial values of the parameters of the modlds with 

yof high accuracy, as dbscd in the preceding comment, we arc still 

ility using probabilities for wel.-dfcd unique events of the future, that 
lA) is, in the dcgre-of-bdief sense.  
uing The ideas that we have discussed, which are based on a pure 

en, Bayesian viewpoint, have been presented in practice in various forms 

gory and to various degrees of aocuracy. In one form, uncertainties that 

appear in the conditional model of the world, or Type 1 uncertain

the ties, arc considered to be the result of the stoha tic variability of 

s as some random variable. The case of no random variables is consid

cred limiting (16). This is consistent with our framework, although 

the model of the world is more general in that it does not need to 
.otain random variables. Another source proposes to adopt the 

classical (reltivc frcqucncy• msed) interprttion for the ireducible 

uncertainties in the -uilding blocks of the PSA" (that is, the 

conditional model of the world) and the subjectivistic interpretation 

for the reducible uncertainty about paramcter values and the validity 

of models (17). In our framewo&, probabilities, regardless ofwhere 

they appear, are always measures of degrees of belief The relation

ship betwen future firquaeies and probabilities is properly under

(10) stood within the laws of large numbers.  
The proper use of the parameter of distributions that appear in 
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the conditional moded ot tie world, in paricular the rate o" the 
yozinmtial distribution or of the Poisson distribution, has been 

detmd in the literature. For cmanple, in the udcear power safety 

arena, almost all accidents are discussed in tram of dthir rate of 
occurrence per ycar. Even probabilistic safty criteria have been 
frmubtd in t of the rate of nudear reactor core damage or of 

mnajor release of radioactivity. Of course, it may happent that 
decisons based on rates maybe inconsistent with decisions based an 

epctecd utilities [a related example demonstrates inconsistencies 
between decisions based on expected values and on the conditional 
modcd of the world with point values for the parameters (18)]. T7his 

tamordinary attentio to rates has led some rcsearchm (If, 20) to 

emphasize that the rates are fictional parameters, and that they 
dshold not be tied to relative firequencis. On the othr etreme, it 
has bece asserted that these rates can be measured (at least in 
principle) and that the purpose of a PSA is the identification of 
accident scenarios and their rates (21). To emoiasize the difference 

betw'een probability and frequenicy, the ftem frquecy' is used 
cichitsively for these rates. The, state-ofknowledge probability dis
tribustions of the parameters a called Oprobablityoffrequencyi 
curvos (21).  

ALthough it is ante that ese rates, like all parameters of modes, 
are intermediate quantities that are aentually averaged out as shown 
in Esq. 3, they are o more fctional or Iss useu than other rates, 
such as the hydraulic conductivity or the speed of a car. In other 
words, they are quantities that can be assessed, and what we know 
about them is expressed by our state-of-knowldge distribution. In 
the casc of radioactive decay cotants, this distribution is very 
narrow (for a given radionudcid) and, because we ar confidenu that 
our model is corre and we realize that we cannot influence the 
valucs of these constants, we consider them as physical properties of 
the radionudides. The situation is very different for the rates of 
major technologicil accidents because we have considerable uncer
tainties regarding both models and numerical values oftheir paranm 
cter. It would be unreasonable to consider these rate as physical 
constants, mainly because we can influence them, for exmple, by 
makmg the systems safer. The prope role of these Parameters in a 
d1cdzis problem is summarized in Eqs. 3and 6 

Expert Opinions 
The judgment of analysts is prevalent in PSAL Bemuse th evets 

or phenomena of interest are usualy very rare, thus ladkg sagnif

akcart statistical or experimental support, the opinions of expert 
acquire great signifcance. Enigineeigjudgment, which is another, 
more traditional, nae for cept opinion, has always played an 

important role in engineering work but now the use of' judgment is 
made very visible and formal. The firmwork that we have discus 
allows us to see where the analysts judgment is utilized and how.  
Objectons have been raised to the use ofthese models in PSAs fo 
major technologkal systems (22 23), but no A has been per, 
fomed to date that does not use subjectivistic methods [akhough 
very few analysts (24,25) state explicitlythat dthy are using Bayesia 
methods]. the bottom line is that the quality and quantity o/ 
more-or-less rclemt available data for use in a PSK is almost nceve 
of the precise form and format required for using dassical statistica 
methods" (26, p. 401).  

Physical scientists and enginees do not object to the theoretica 
foundations of'Bayesian probability theory, hut they are uncomfirt 
able with the extensive use ofjudgment that PSAs require (27). Thu 
problem related to the elicitation and use of judgment have beer 
recogized and investigated (28-30).  

An assessor of probabilities must be knowledgeable both of th 
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subject to be analyzed and of the theory of probability. The 
normative -goodness3 of an assessment requires that the assesor 
does not violat the caculus ofprobabilities, and that he or she does 
make asscssmet that correspond to his or her judgments. The 
substantive "goodacss" of an assessment reiers to how well the 
assesso knows the problem under consideration (31). It is not 
surprising that frequently one or the other kind of agoodness is 
neglected, depending on who is doing the analysis and for what 

purpose. The fact that safety studies usually deal with events of very 
low probability makes them vulnerable to distortions that eventually 

may undermine the credibility of the analysis 
Direct assessments ofmodel parameters, like direct assessments of 

the vcm rates, should be avoided, became mode parameters are 
not directly observable (they are "fictiooar). The same observation 
applies to moments of dzi butons, for czample, the mean and 

variance 
Intuitive estimates of the mode or median of a distribution are 

farly accurate, whereas estimates of the mean arc biased tward the 
median (32). This has led to the suggestion (33) that ltree" 
estimates or Orcanoimended values, which are ofitn offered by 
,igineies, be used as medians. In assessing arevent fireuencies, 
however, the possibility of a systematic undrestimati or overes
timnatio displacement bias (29)], en of2th median, is very real.  

Assessor tend to produce distributions that arc too narrow 
compared to their actual state of knowledge. In assessing the 
firiquency of major accidents in industrial facilitics, it is also con
ceivabe that this -variability bias (29) could actually manfcst isef 
in the opposite direaio; that is, a very conservative assessor could 
produce a distrmibuton that is much broader than his or her state of 

knowedge would justify
Probability assessimcts tend to be mor rpresentat•e of the 

analy state of kowledgc when formal methods are used. Even 
when formal methods arc used, however, one should be cauio=s 

when very low probabilities and freqluencies are produced- The 
completeness ofan analysis that yields very low numbers is always an 

issue For engineerd safety systems, ske~ticsm is expressed about 
probabilities of failure smaller than 10- per demand when these 
numbers are not supported by strong statistical evidec It is 
suggested that human eror probabilities allcr than S x 10- are 

"unli*l to exist! (34). In a more general context, freuenctcies 
smaller than 2.5 x 10-10 per year arc considered meaningless (35)
For geological vmnts, fiequencies less than 10-" per year corrc
spond to events that are virtually impossible if one uses the age of 
the earth as a yardstick (36). All of these numbers arc reference 

pons not rigidbons 
These observations about the accuray of cpert opinions am 

impoat when we quantify our own judgment and when we elcit 
the opinions of ceperts. In one study (33). Bayces's theorem is used 

* to combine statistical evidence cmnc g equipment fafilurs from 
a facility with prior distributions for these afilure rates. These prior 

r distributions are derived fiam expert opinion polls (12, 37). In some 
cases, the posterio dstributo lies mail in the tail region of the 

Sprior distribution oan the high side, suggesting that these expert 
Sopinion-based distributions are biased toward low values of the 

F failure rate (a more fundamental problem may be that the exp•rts 
r have been asked to estimate failur rates directly).  

SThe 
practice of eliciting and using expert opinions became the 

cente of controversy recently with the publication of a major risk 
I study of nudcar pow= plants (38). This study considers explcily 

- alternate models for physical phenomena that are not well under
- stood and solicits the help of experts to assess p(MIH-) (Eqs. 3 and 
x 6). Objections have been raised both to the use of cqx:rt opinions 

(with conplaints that voting is replacing cxpmentation and hard 

-science) and to the process of using expert opinions (for example, 
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Presentation Outline 

e February report findings 

• Summary of significant comments 

• Approach to comment resolution 

* Results of re-analysis 

* Conclusions



February Report Conclusions 

"• Frequency of zirconium fire is low 

"• Consequences comparable to reactor 
accident large early release 

"• Seismic events dominate 

"• EP relaxation after one year is supportable 

"• Security needed as long as fuel in pool 

"• Insurance relaxation is more plant specific.



Comments On February Draft 

"• Source term may be non conservative 

"o Seismic hazard estimates too conservative 

"* Zr ignition temperature may be too high 

"o Partial draindown needs more attention 

"* Results supportEP relaxation at 60 days 

"• Recommendations not risk-informed

I

a



Approach To Cormment 
Resolution 

• Consequence analyses expanded: 
- Ruthenium and fuel fines 

- Plume parameters 

- Decay times 

• Risks assessed using EPRI and LLNL 

estimates



a

Approach To Comment 
Resolution (con't) 

"* "Small change" analysis per RG 1.174 

"• Evaluated sequences for. likelihood of flow 

blockage 
"• Impact of lower temperature criterion 

examined

6



-Results 

• Consequences with ruthenium and fuel fines 
still comparable to reactor large'early 
release 

• Risk is low but in ball park of operating 
reactors for first. years 

• Use of EPRI hazard estimate reduces total 
risk by about a factor of 4



0 0

Results (con't) 

• EP relaxation after 60 days is "small 
change" consistent with guidelines 

Obstructed air flow potential precludes 4
generic decay time when "significant 
release is no longer possible" 

* Temperature criterion effect not important 

due to already short times in first years



. *, A .

Conclusions 

"• Risk at decommissioning plants is low even 

in consideration of ruthenium source term 

"• Relaxation of EP after 60 days is consistent 
with "small change" in risk guidelines 

"• New criterion needed if insurance 
relaxation is to be considered 

"• Security required as long. as fuel is in pool
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Core M& Sequences

operator actions to cool the sem generators may 

rduce the Challena to the gmerto

Physical mecanisms and human actions 

required to reduce the pressure d Wta across 

the stem gme as have bn reviewed. The 
iq•xtamit ms includ: (a) the RCS's POX.VS and 
SEW oen. (b) Wtha l fai lurt Ofthe r tor 

coola pump s•,s, (c) d&brft RCS 
dpesrzz7ticliby thp operators. and (d) hot leg or 

s-g ine ruptures. T imM s reduce the short 
tam pressre zp•-er= threat to the steam 
eatr tubcs. The modclin ofthe fiquey of 

te termallyduce failur int1eNUEEG-1150 
nnalysis was based an Cxpt opinio There is 

bstantra nMtainty associated with the 
ficuqueaqvalues.  

An evaluatim of the above sq=uences and 
Ime that reduc= CS pressure in i that 

a mom deta•ed evalua ofsmvral severe acciden 
sequences should be performed.  

The dominant Iecl I cc melt smenarios 
identified for the Sumy plant atr shown in Table 

7.1. Afrequcnacutoffof I x l07was aplieAin 

developing te sequec. Table 7-2 provides a 

itummaqry of the accident sequenc nomencatur 
used in this tablie.  

The accident sequences have beow grouped in 

terms of the. exected pr=sur at the onset of core 
uncovay. This grouping provides asceng 

mechanisms to eliminaft low pressure Core Umel 
challenges to the stea gr-erator tube interi.  
This gruing is pro in Table 7.3.  

As Table 7.3 Wice, the Suy core melt 

seuces= canbe grouped in terms of~ (a)veryigh 
RCS press=r & monnafl secndary side preszs.rs 
(b) high RCS pre = & norml scdary side 

presswe, (c) high RCS pressure & low secondry 

side prcssu6 (d) low P-CS prcssure & =orma 
ecodary side p ur and (q) low RCS pressr 

& low scanday side pressure. Th low RCS

pressre grouping may be ,,,minated from fintber 
consideraton sin the seonaY side either 

contmin coolant or is at low dential pressure 

wivth'th RCS. The most significant challcgs to 

tfe iugy offth steam generaor tubes may ocn 

from fth high RCS press=r & low secondary side 
presur condmtions Uhder this state: the secondary 

side may be dry due to complt loss of feedwater 

and in sm cases the secondary s has faQed 

compmo s that result in ded relases of 

radiainiclides to tam environmen 

M1I RCS Depressurization Processes 

7±J1.1 Intoduction. The threat to the steam 

gemaor tubes is edumdas a result of sveral 

vry high RCS pressure sequences shown Table 

7.3 can be sdgdicma lyinlued by human actions 
and natura thcrmohydrmulic: processes, These 
mcdn and processes canred=c the RCS pressure 
p.iortove. sselach. Thes ,mechani.ms may also 

permit activation of low pressure W~ection systezos 
that s ebqV€mtly cool the core and pmve:t RCS 

.vessdfmilur The ~efctve depr ssztion ttms 

indudc: (a) the RCSs PORLVs and SMVs sc g 

opeo, (b) thermal f br ot= coolant pump 

seals, C) dda MIbIcr~ sd.C u r izaion by the.  
operators, and (d) hot leg or line ruptures.  

These it=ns reduce the short trm 

press emp =earethrat, to the steamn generator 
tubes. lIn addition tp t mechisms, thmal 

fillmo afothe stem ge .rator tubes can also reduce 

th RCS pressUre prior to RCS -vesel breach. Th& 

following sections descrbe which depressmization 
processes may impact the accident sequences 

desm'bdinTable 7-3. The section begins with a 

brief explanation of the mi,'ehnim and te=n a 

desripfi of the sifficnce of the process on the 

plantdmagc sequences.  

7.2.1.2 Depressurizafion Mechanisms.  

Thee are, several om poiana t mechanms that can 
edOA= RCS pressure. For the Suzzy plant the most 

effective combinations of dresraton

7-5



Core Melt Sequences

mechanisms are: (a) thrma'ly indced RCP Se 
faunre in combination with the PORV and/or SRV 

stddfg open, (b) intentional operational 
dprssurization, and (c) hot leg and/or surge line 
failues. The NU G-1 150wanaysis&&indictdta 

emally inducd steam generator tube rupture did 

not hma a signifian impact on the RCS pressur 
HRowve, a review of the justiýcstion for this 
decision indicated that it was based an expert 
opinion withlittle suppoirtinganalsis. The analysis 
of dhmally induced SG requires futher 

TvantaTh important mechansms hin 
R.CS pressure, except SGTR, are described as 
follows: 

Jjendona! Operamional Depresswtlanon: 
A mage menmtr• s c maybe climdt 

dcpesmizfth RCS prior to complese faed meltin~ 
aUn vessel breac This sMrategy is effctive in 
reducing te RCS pressure for th react with 
adequ ized P Vs N=atrloccurrimgprocess 
may depresmsize te S tMhereb reducing the 
thrcat to the stem generator •t•bes, if the high 
prcssur condition has resulted from anm operational 
Ceorto depressurize erfailure ofthe PORVs and/or 
SRVs to pen.  

RCSM PORV$ and SRVFafl•ig Open: Hligh 
CS pressure ev=-es can result in a continual 

cy•dngofth•R•eR SPORVS or SRVs. Thecydiig 
of the PORV or SRVs can result in ihese valvs 

faing open. Ts failuzr, roeires the RCS's 
pn be at th SRV set points o •hi . This 
valre failure results in a complete or paial 
dpsization of the RCS. 'he mccident 
sequnces most influencod by this mcchanism are 
the SBO and the ATWS events. In these two 
accide depresswuration by this valve failure 
mechanism may be effecti iv . limiting RCS 
pressur Wn= this failure evC occurs in 

U uiino with. RCP seal ai , the RCS may be 
completely depressurized prior to vessel failurm 
These two combinations of events limit -th 
pr~istkrnIwperaturt threa imaposed on the integrity 
of thc aM genrator tubes.

RCP Thermally Induced Seal Failure: The 
reactor coolant pumip seals provide a 

deprcssurizim'on path if a thcmal or mechanical 

falure zors. 7is fafle can result from cither the 

loss of se c g flow and or loss of component 
coolim watw. Heatp of the RCP seals occurs due 

to nibal convectio from overheaftin and 
megc =c; FaPie of the sals may occur prior to 

thamal induced failur of the hot lops anuor surge 
HLi 

HotLeg and=or Surge LDne Fatzr: The hot 
leg an/or surge lines can rupture if th& pressure is 

maintainid for periods lon enough for creep 
rupture to ow=. The time q=d for cep 
ruptuc to occur is a vay samg fumcticu of the 

COMPoneaft Tempcraturcs abmo 
1000K at nominal CS press•u esult in creep 
rupture times of the order of seconds. This 
mechanism depends on over heating of the surg 
lineAt klgs and the existaece of a loop seal. The 
loop seal tcads to isolat theiteam generator tubd 
from 6ec high tempcratu gases and faors the 

creep rupture of tbh hot leg or surge line prior to 
rupture ofthc steam genrato tubes.  

7.2.13 Impact of Deprssurizatlon 
Mechanisms on Plant Damage. Sequence&.  

This sectio proiides: .y of the imact of 
thc drsessrzaIon oim n the Surry plant 

-mF sequnccs. TeI sequences hve beea 
grup in tems of fast and slow SBOs, ATWS, 
usicat SGIRs, and LOCAL A summary of th 

effictie deprVssu on Ichanic m idntfied in 

theMN G-lIS0 analysis is provided in Table 7-4 

6boyT. Ihe dacsiptirm of the impact ofthese RCS 
depressrizaion mech�.-.ands on the Surry plant 
damape s ences is provided as follows: 

Slow &arion Blrzczut: Thre depressurization 

mechanisms arc effective These mechaunism &c 
(a) RCP scal failures, (b) PORVs and or SRVs 

sticking open. and (c) temperature inducd hot leg 
and/or surge line rupture. The slow station black 
out sequeances a•r: SBO (NR7) SBO (W2WR•7

7-6
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394 INITIAL NUCLEAR RADIATION

mix and incorporating small pieces of iron, such as steel punchings.  
Alternatively, the mineral barytes, which is a compound of barium, 
may be included in the concrete. The presence of a heavy element 
improves both the neutron and gamma -+ay shielding properties of a 
given thickness (or volume) of the material. Attenuation of the in
tegrated neutron flux by a factor of 10 requires about 7 inches of this 
heavy concrete.  

8.66 The presence of boron or a boron compound in neutron shields 
has certain advantages. The lighter (boron-l) isotope of the element 
captures slow neutrons very readily (18.56), the process beingaccom
panied by the emission of gamma rays of moderate energy (0.48 Mev) 
that are not difficult to attenuate. Thus, the mineral colemanite, 
which contains a large proportion of boron, can be incorporated into 
concrete in order to improve its ability to absorb neutrons.  

8.67 It was pointed out in § 8.41 that, because of the scattering 
suffered by gamma rays, an adequate shield must provide protection 
from all directions. Somewhat the same situation applies to neutrons.  
As seen earlier, neutrons undergo extensive scattering in the air, so 
that, by the time they reach the ground, even at a moderate distance 
from the explosion, their directions of motion are almost randomly 
distributed. Partial protection from injury by neutrons may then be 
obtained by means of an object or structure that provides shielding 
only from the direction of the explosion, although better protection, 
as in the case of gamma rays, would be given by a shelter which 
shielded in all directions.  

TECHNICAL ASPECTS OF INITIAL NUCLEAR 
RADIATION' 

Iwr.AcrroN 0o7 GAMMA RaYs wrm MATTraE 

8.68 There are three important types of interaction of gamma 
rays with matter, as a result of which the photons (11.70) are scattered 
or absorbed. lie frst of these is called the 'omipton effect." In this 
interaction, the gamma-ray (primary) photon collides with an electron 
and some of the energy of the photon is transferred to the electron.  
Another (secondary) photon, with less energy, then moves off in a new 
direction at an angle to the direction of motion of the primary photon.  
Consequently, Compton interaction results in a change of direction 

a The tnaenh mecswtn d thi dbpter msj be emited wvttbut I=s u emuthtn.
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TECONCAL ASPECTS OF INITIAL NUCLEAR RADIATION

(or scattering) of the gamma-ray photon and a degradation in its 
energy. The electron which, after colliding with the primary photon, 
recoils in such a manner as to conserve energy and momentum is 
called a Compton (recoil) electron.  

8.69 The total extent of Compton scattering per atom of the 
material with which the radiation interacts is proportional to the num
ber of electrons in the atom,.Le., to the atomic number (11.09). It is, 
consequently, greater per atom for an element of high atomic number 
than for one of low atomic number. The Conpton scattering de
creases rapidly with increasing energy of the gamma radiation for all 
materials, irrespective of their atomic weight.  

8.70 The second type of interaction of gamma rays and matter is 
by the "Photoelectric effect" A photon, with energy somewhat 
greater than the binding energy of an electron in an atom, transfers 
all its energy to the electron which is consequsntly ejected from the 
atom. Since the photon involved in the photoelectric effect loses all 
of its energy, it ceases to exist. In this respect, it differs from the 
Compton effect, in which a photon still remains after the interaction, 
although with decreased energy. The magnitude of the photoelectric 
effect per atom, like that of the Compton effect, increases with the 
atomic number of the material through which the gamma rays pass, 
and decreases very rapidly with increasing energy of the photon.  

8.71 Gamma radiation can interact with matter in a third manner, 
namely, that of "pair production." When a gamma-ray photon with 
energy in excess of 1.02 Mev passes near the nucleus of an atom, the 
photon may be converted into matter with the formation of a pair of 
particles, namely, a positive and a negative electron. As in the case 
of the pohtoelectric effect, pair production results in the disappearance 

* of the gamma-ray photon concerned. However, the positive electron 
soon interacts with a negative electron with the formation of two 

* photons of lower energy than the original one. The occurrence of 
pair production per atom, as with the other interactions, increases 
with the atomic number of the material, but it also increases with the 
energy of the photon in excess of 1.02 Mev.  

8.72 In reviewing the three types of interaction described above, 
it is seen that, in all cases, the magnitude per atom increases with 

* increasing atomic number (or atomic weight) of the wraterial through 
which the gamma rays pass. Each effect, too, is accompanied by 
either the complete removal of photons or a decrease in their energy.  

* The net result is some attenuation of the gamira-ray intensity or 
dose rate. Since there is an approximate parallelism between atomic

J
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TECMUCAL AS]n29D L N RADIATION I

weight and density, the number of atoms per unit volume does not 
vary greatly from one substance to another. Hence, a given volume 

(or thickness) of a material containing elements of high atomic weight 

("heavy elements") will be more effective as a gamma-ray shield than 

the same volume (or thickness) of one consisting only of elements of 

low atomic weight ('ight elements"). An ilustration of this dif
ference in behavior will be given below.  

8.78 Another important point is that the probabilities of the 

Compton and photoelectric effects (per atom) both decrease with 

inhrasing energy of the gamma-ray photon. However, pair pro
duction, which starts at 1.02 Mev, increases with the energy beyond 

this value.- Combination of the various attenuating effects, two of 

which decrease whereas one increases with increasing photon energy, 

means that, at some energy in excess of 1.02 Mev, the absorption of 

gamma radiation' by a particular material should be a minimum.  

That such minima do exist will be seen shortly.

GAmu-RAr AwWRoTON COmncEnTSM
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8.74 If a narrow (or collimated) beam of gamma rays of a specific 

energy, having an intensity of .,2 falls upon a thickness X of a given 
matkerial, the intensity, I, of the rays which emerge can be represented 
by the equation

I= fe d-S (8.74.1)

where i is called the '4inear absorption coefficient." The distance 
z is'usually expressed in centimeters, so that the corresponding units 

for P are reciprocal centimeters (cn 1-). The value of s, for any 
material and for gamma rays bf a specific energy, is proportional to 

the sum of the Compton, photoelectric, and pair production effects.  

It can be seen from equation (8.74.1) that, for a given thickness z of 

material, the intensity or dose, I, of the emerging gamma rays will be 

less the larger the value of i. In other words, the linear absorption 

coefficient is a measure of the shielding ability of a definite thickness, 

e.g., 1 cm, 1 foot, or otheV thickness, of any material.  
8.75 The value of F, under any given conditions, can be obtained 

with the aid of equation (8.74.1) by determining the gamma-ray in
tensity (or dose) before (I,) and after (I) passage through a known 

a The raffatim Intensity f defined as the rate at wkhlc tlhe eergy (fram Manotnergetid radIt4 ROwn 

Wt iUnit m ata given homuo. It te •eaAlly lPoporMI to IeM 4 oe Mrate How .ovan 

aiapreon o lie torm of equation (LT4.1) may be used to determine ft atecuatM of the &OW O "M

ulated) da emceived at a given loUation. due ether Io a fhtIld or to khnernenZ Ia.
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thickness, z, of material. Some of the data obtained in this manner, 
for gamma rays with energies ranging from 0.5 Mev to 10 Mev, are 
recorded in Table 8.75. The values given for concrete apply to the 
common form having a density of 2.3 grams per cubic centimeter 
(144 pounds per cubic foot). For special heavy concretes, containing 
iron, iron oxide, or barytes, the coefficients are increased roughly in 
proportion to the density.  

TuA. 8.75 
LINEAR ABSORPTION COEFFICIENTS FOR GAMMA RAYS 

Oamma-aw wuow Wr) abmsorpim=Wftienct (•) Am am 

Akr Wate Oomabe bom Lead 

is LII X O-4 LOOT LU LU L7 a&L- X I0-' LIU6 LU ILIT LT 2 & LITX tO• ai Ms &9 t ot L 
2_- - LS7XI4 Lou anI OLD U S-- X 30"4 LOWI am L20 &a Le.. &41 X 10-' 1.4 16O Us 147 

S US X 304 It64 QLV &25 t61 

8.76 By suitable xneasurements and themoetic calculations, it is 
possibl to determinh the separate contributions of the Compton effect 
(W), of the photoelectric effect (z,.j, and of pair produOien (Og,,) to the total linear absorption coefficient. The results forAlead, a typical 
heavy element (high atomic weight) with a large absorption coefficient, 
are given in Fig. 8.76a and those for air, a mixture of light elements 
(low atomic weight) with a small absorption coefficient, in Fig. 8.76b.  
It is seen that, at low gamma-ray energies, the linear absorption 
coefficient decreases in each case with increasing energy. This is 
obviously due to the Compton and photoelectric effects. At energies 
in excess of 1.02 Mev, pair production begins to make an increasingly 
significant contribution. Therefore, at sufficiently high eneargies the 
absorption coefficent begins to increase after passing through a 
minimum. This is apparent in F%. 8.76a, as well as in the last coinmn 
of Table 8.75, for lead. For elements of lower atomic weig, the 
increase dobs not set in until very high gamma-ray energies are 
attained, eg., about 17 Mev for concrete and 50 Mev for water.  

8.77 The fact that the absorption coefficient decreases as the 
gamma-ray energy increases, and may pass through a minimum, has 
an important bearing on the problem of shielding. For eample, 
a shield intended to attenuate gamma rays of 1 Mev energy will be

.�
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Figure 876a. Linear absorp tion coeXfcent of lead as function of gamma-my 
energy.

I
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GAMMA RADIATION ENERGY (MEV) 

Figure L76b. Linear absorption coefficient of air as function of ganmma--y 
energy.
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much less effective for radiations of 10 Mev e~ergy because of the 
lower value of the absorption coefficient, irrespetve of the material 
of which the shield is composed.  

8.78 An examination of Table 8.75 shows tha4, for any particular 
energy value, the linear absorption coefficients iherease from left to 
right, that is, with increasing density of the muater. Thus, a given 
thickness of a dense substance will attenuate the gamma radiation 
more than the same thickness of a less dense masterial. This is in 
agreement'with the statement in I 8., that a zMAl thickness of a 
substance of high density wi make as effective a gamma-ray shield 
as a greater thickness of one of lower density.  

Mass ADsouTox Cosr cmNT 

8.79 As a very rough approximation, it has been. found that the 
linear absorption coefficient for gamma rays of a particular energy 
is proportional to the density of the absorbing (shield) material. That 
is to say, the linear absorption coefficient divided by the density, 
giving what is called the "mass absorption coefficient," is approxi
mately the same for all substances for a specified gamma-ray energy.  
This is especially true for elements of low and medium atomic weight, 
up to that of iron (about 56), where the Compton effect zake the 
major contribution to the absorption coefficient for energies up to.a 
few million electron volts (Fig. 8.76b). For the initial gamma rays, 
the effective mnas absorption coefficient has a vwlue dose to 0.023 
for water, concrete, earth., and iron, the densities being expressed 
in grams per cubic centineterw' 

8.80 If the symbol p is used for the density of the shield material, 
then the equation (8.74.1) can be rewritten in the form

(t8..1)

where I/I. is the dose transmission factor, as defined in 1 8.38, of the 
shield of thickness x cn, and p/p is, by definition, the mass absorption 
coefficient. Taking p4p to be 0.023 for initial gamma rays, it follows 
from equation (8.80.1) that

Transmission factor -t 10-'L4. (8.80.2)

In the absence of better information, this expression may be used 
to provide a rough idea of the dose transmissiou factor of a thickness 
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z centimeters of any material (of known density) of low or moderate 
atomic weight.  

8.81 The concept of the tenth-value thickness is based on equa
tion (8.74.1). For such a thickness the transmission factor is 0.1 
and if the thickness is represented by x., it follows that

0.1 =e-Dzej
or

2.80 ta4.1''''-- cm.  
5' (8.81.1)

If p/p is taken to be 0.023 for the initial gamma radiation then, as a 
"rule-of-thumb" approximation,

100- 39..  
&I• M cm,-! inches, P p

where p is the density of the material in grams par cubic centimeter.  
The tenth-value thicknesses obtained from this approximate expres
sion are in agreement with those in Table 8.36 for nitrogen capture 
gamma rays.

TracK Swmw: Bun,-Up FAcToR

8.82 Equation (8.74.1) is strictly applicable only to cases in which 
the photons scattered in Compton interactions' may be regarded as 
essentially removed from the gamma-ray beam. This situation holds 
reasonably well for narrow beams or for shields of moderate thickness, 
but it fails for broad beams or thick shields. In the latter eircum
stances, the photon may be scattered several times before emerging 
from the shield. For broad radiation beams aud thick shields, such 
as are of interest in shielding from nuclear explosions, the value of 
/, the intensity (or dose) of the emerging radiation, is larger than that 
given by equation (8.74.1). Allowance for the multiple scattering 
of the radiation is made by including a "build-up factor," represented 
by B(z), the value of which depends upon the thickness of the shield, 
the nature of the material, and the energy of the impinging radiation; 
thus, equation (8.74.1) is now written as

Values of the build-up factor for a variety of conditions have been 
calculated for a number of elements from a theoretical consideration 
of the scattering of photons by electrons. The fact that these values 
are frequently in the range from 10 to 100 shows that serious errors
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could arise if equation (8.74.1) is used to determine the attenuation 
of gamma rays by thick shields.  

8.83 It will be apparent, therefore, that equation (8.74.1) and 
others derived from it, such as equations (8.80.2) and (881.1), as well 
as the tenth-value thickness concept, will apply only to monoener
getic radiations and thin shields, for which the build-up factor is unity.  
However, by taking the mass absorption coefficient for the initial 
gamma radiation to be 0.023, as given in 18.79, an approximate (em
pirical) allowance or adjustment has been made both for the polyen
ergetic nature of the gamma radiations from a nuclear explosion and 
the build-up factors due to multiple scattering of the photons. Con
sequently, the expressions derived in § 8.90 and 18.81 hold moderately 
well for the attenuation of the initial gamma radiations by thick 
shields. It may be noted, too, that the transmission factors in Fig.  
8.38 include allowances for multiple scattering In thick shields.  

Tim ImTuL GAmx-RLY Sremuuu 

8.84 As seen earlier, the initial gamma radiation arises from three 
main sources, namely (1) neutron capture and inelastic scattering 
by the weapon materials, (2) neutron capture by nitrogen in the 
air, and (3) the fission products during the first minute after the 
bmrst. Howev'er, the major portion of the initial gamma radiation 
z?, derived from the two latter sources (§8.08 dt weq.). The effective 
energy of the nitrogen capture gamma rays is approximately 6.5 
lMev, whereas that from the fission products within the first minute 

k of the explosion is about 2 Mev. After passage through an appreci
able distance in air, some of the photons wm have been degraded 
in energy, as a result of Compton scattering, and these and others, 
especially of low energy, will have been absorbed. There will con
sequently be an increase in the proportion of rays of higher energy.  

8.85 Information concerning the energy distribution (or spectrum) 
of the initial gamma radiation is important because the susceptibility 
of living organisms, the attenuation properties of air and shielding 
materials, and the response of radiation instruments are all strongly 
dependent on this distribution. However, the energy spectrum ob
served at a particular distance from the explosion will be different 
from that at almost any other distance because the various com
ponents are degraded in energy and absorbed differently in their 
passage through air or other attenuating medium. Nevertheless, 
a knowledge of the initial gamma radiation spectrum at the source, 
i.e., the exploding weapon, combined with existing data on scattering

m
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and absorption of photons of different energies in the intervening 
medium, can be employed to provide an approximate indication of 
the spectrum at a given distance from the explosion. An example 
is given in Fig. 8.85, which shown the spectrum of the initial gamma 
radiation received at a distance of 2,000. yards from the explosion 
of a fission weapon of about 20-kilotons energy. It is seen that, 
at this point, where the radiation dose (in roentgens) has been at
tenuated several thousandfold, some 70 percent of the gamma-ray 
photons have energies less than 0.75 Mev. It is important to remem
ber, in designing a shield, that it is the photons of high energy which 
are generally the most difficult to absorb and so must be given prime 
consideration.

I 
I 
0*"4 

a 

U

S-D a 

GAMMA-RAY ENERGY (MEY)

Figure 8.85. Spectrum of Initial gamma radiation 2,000 yard8 from a 20-kiloton 
explosion.

INTERACTIONS OF NEUTRONS WITH MATTER

8.86 The modes of interaction of neutrons with matter are quite 
different from those experienced by gamma-ray photons. Unlike 
photons, neutrons are little affected by electrons but they do inter
act in various ways with the nuclei of atoms present in all forms of 
matter. These neutron-nucleus interactions are of two main types,
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TAMzM 9.128

DIMENSIONS AND DOSE RATE OF CONTAMINATED WATER AFTER 
THE 20-KILOTON UNDERWATER EXPLOSION AT BIKINI
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ATTENUATION OF RESIDUAL NUCLEAR RADIATION

ALHa Am Bu-rA PAwTI

9.180 In their paessage through matter, alpha particles produce 
considerable direct ionization and thereby rapidly lose their energy.  
After traveling a certain distance, called the arng," an alpha par
tide ceases to exist as such.' The range of an alpha particle depends 
upon its initial energy, but even those from plutonium, which have 
a fairly high energy, have an average ramge of only just over 1I 
inches in air. In more dense media, such as water or body tissue, 
the range is less, being about a one-thousandth part of the range in 
air. Consequently, alpha particles from radioactive sources are 
unable to penetrate even the outer layer of the skin (epidermis).  
It is seen, therefore, that as far as alpha particles arising from sources 
outside tht body are concerned, attenuation is no problem.  

9.131 Beta particles, like alpha particles, are able to cause direct 
ionization in their prssage through matter. But the beta particles 
dissipate their ehergy less rapidly and so have a greater range in air 
and in other materials. Many of the beta particles emitted by the 
fission products traverse a total distance of 10 feet (or more) in the 
air before they are absorbed. However, because the particles are 
continually deflected by electrons and nuclei of the medium, tihy 
follow a tortuous path, and so their effective (or net) range is somewhat 
less.  

9.132 The range of a beta particle is shorter in more dense media, 
and the average net distance a particle of given energy can travel in 

IAn WPM p8tir Ites bk sthi d w-it a nucleum of the eemment belum (I M). When It has t mint of 
Its (kinet) eu=r•, it eqftures two alestrens and becomes a hu=e . (*mz) h•eaum som.
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water, wood, or body tissue is roughly one-thousandth of that in air.  
Persons in the interior of a house would thus be protected from beta 
radiation arising from fission products on the outside. It appears 
that even moderate clothing provides substantial attenuation of beta 
radiation, the exact amount varying, for example, with the weight 
and number of layers. Only beta radiation from material mgested 
or in contact with the skin poses a hazard (I U.148).  

GAMIU RADITON 

9.13 The residual gamma radiations present a different situation.  
These gamma rays, like those which form part of the initial nuclear 
radiation, can penetrate considerable distances through air and into 
the body. Shielding wm be required in most fallout situations to 
reduce the radiation dose to an acceptable level. Incidentally, any 
method used to decrease the gamma radiation will also result in a 
much greater attenuation of both alpha and beta particles.  

9.134 The absorption of the residual gamma radiation from fission 
products and from radioisotopes produced by neutron capture, eg., 
in sodium, manganese, and in the weapon residues, is based upon 
exactly the same principles as were described in Chapter VMI in 
connection with the initial gamma radiation. Except for the earliest 
stages of decay, however, the gamma rays from fallout have much 
less energy, on the average, than do those emitted in the first minute 
after a nuclea explosion. This means that the residual gamma rays 
are more easily attenuated; in other words, compared with the initial 
gamma radiation, a smaller thickness of a given material will produce 
the same degree of attenuation.  

9.135 Calculation of the attenuation of the gamma radiation from 
fallout is different and in some ways more complicated than for the 
initial radiations. The latter emanate from the explosion point, but 
the residual radiations arise from contamination which is widely 
distributed on the ground,. on roofs, trees, etc. The complication 
stems from the fact that the effectiveness of a given thickness of 
material is influenced by the fallout distribution (or geometry) and 
hence depends on the degree of contamination and its location rela
tive to the position where protection is desired. Estimates of the 
attenuation of residual radiation in typical residential structures 
have been made, based partly on calculations and partly on measure
ments with simulated fallout.  

9.136 Some of the results obtained for various locations are given 
in Table 9.136 for one- and two-story, brick-veneer and wood-frame

471
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houses, respectively. The 'protection factor" is the ratio of the dose which would be received outdoors, without any protection, to that received at the indicated location in the structure. It should be emphmaized that, while the values in the table are considered to be fairly representative, they must not be regarded as being exact.  Deviations are to be expected because of differences in constructional 
details and environment, eg., effect of nearby buildings.  

T"Lz 9.136 
PROTECTION FACTORS AT VARITOUS LOCATIONS IN TYPICAL 

REIDENTLAL 8TRUCTUREB 

plni Lamn pumdJem 

L4 1 13 is 
L I 3I 2.2 is 0 it .i 13 

t,0a .. n MA...d L4 .1.1 

t,•O._ _ __-- 4.4 a 41 .4 a7 

4.1 U 1. 19

1� 
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9.137 The data in the table show that the heavier type of construction (brick veneer) provides better protection than a frame dwelling. It will be noted, too, that the protection factors in the middle of the ground floor of a wood-frame house are approximately 
the same for one- and two-story structures, but are appreciably different for brick-veneer houses. The reason is that in the latter case
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the fallout on the roof contributes a lare fraction of the overall dose 
than for the lighter walled construction. Consequently, reducing 

the radiation from the roof by increasing the separation distance, 

in the twoetory house, produces a, greater change in the dose (and 

protection factor) in the case of the brick-veneer house. In each type 

of dwelling the protection factor expected at the center of the ground 

floor does not change very much as the floor area is increased. This 

is because there is a compensation between the increase in dose re

ceived from fallout on the roof and the decrease due to the greater 
distance from the outside.  

9.138 The advantages of a basement location in providing pro

tection against falout radiation in any type of house ar obvious from 

Table 9.136. The values given apply only if no part of the basement 

wall is exposed; in other words, it must be completely covered by 

earth and there must be no window openinigs Under these circum

stances, greater protection can be obtained near the exterior wall than 

in the center of the basement, because there is a decrease in the radia

tion from fallout on the roof. This is cue reason why it is generally 

recommended that fallout shelters be constructed in the -basement 

adjacent to an outer wall which is not exposed in any way (112.55).  

0.139 Typical protection factor ranges for a wide variety of struc

tures of different types are summarized in Table 9.139. All the struc

tures are assumed to be isolated, so that the effects, if any, of adjacent 

buildings have been neglected. From these values, rough estimates 

can be made of the shielding from fallout radiation that might be 

expected under various conditions.  
9.140 It is of interest to mention that a simple one-man foxhole, 

3 feet in diameter and 4 feet deep, can provide a protection factor of 

about 40 if fallout is present up to the edge, but not 3uins If an 

area 3 or 4 feet wide around the foxhole is kept free of fallout material, 
". aprotection factor of 100 or more is possible.

DELAYED FALLOUT

INTEODUflION 

9.141 Before proceeding to a description of delayed fallout, a 

general comparison may be made between the two types of fallout.  

In addition to corresponding to different physical situations, with 

regard to space and time, the early and delayed fallout represent 

different biological hazards. The principal hazard from eary fallout

I:
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TAWX~ 9.139

|.1atmol PROTECTION FACTOR RANGES FOR VARIOUS STRUCTURES distan 
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e eabor Basement llout shelters (fram and brick veneer resddences). 50 to 250 9.143 CentrA areas of basement with partly exposed vans In mul- fallout i tstory buildin fa ted 

Centra areas of upper foos (excluding top oor) of multistory ated 1: buildinp with heavy soors and exterior watýL 
and som Basements without exposed wa-s of sman I-or 2 -story build- 10 to so over hr Sleo 
iUoitopes CGntral areas of uppersoo (exeluding top floor) of multistory 
most of bufldins with light loors and exterior wag&ll 
footnote Baements (partally exposed) of small 1- or 2-story bufldings 2 to 10 Mre two, Central areas on ground Boor In I- or 2-story buildn with 
(hall-lfe heavy nmasory u-. 
do these Above ground areas of light residential structure. 2 or less tively ia "*0ntzacr ybu/zndbW we= batr kcm Mron aboot W tMod . atoms !1.  

txh-bs b aftdln lavesore Utm • "bout o 
atoms Of 
both of arises from the possible exposure to gamma rays from sources outside that, as the body, with the effect of beta particles from fallout material in portions direct contact with the skin as secondary. Because most of the surface 1 radioisotopes in the early fallout have relatively short half-lives, the the stroz activity decays fairly rapidly and will have decreased by a factor contribul of several thousand after 6 months (or less). The delayed fallout from the hazard, on the other hand, is due to radioactive material, particularly they ma.  strontium-j0, which is ingested as food. The strontium-go accumu- 9.144 lates in the bone and part may remain there for many years, repre- earth's s; senting a prolonged internal hazard. Both early and delayed fallout the time can have long-term genetic effects, but they are probably of less What is significance than other deleterious effects to be expected. These particles and related aspects of fallout are discussed more fully in Chapter X1. situation, 9.142 Týe very fine particles present in the radioactive eloud, with of the aft radii of a few microns or less (1 9.47), fall extremely slowly under the influence of gravity. Consequently, they remain suspended in the
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atmosphere for a considerable time and mny be carried over great 
distances as a result of the movements of the air. Ultimately, the 
radioactive particles are brought to the ground, primarily by the 
scavenging action of rainfall, and so produce the delayed fallout.  
Essentially all of the residual nuclear radiation from an air burst 
contributes to the delayed fallout, for in explosions of this type there 
is very little early (or local) fallout. For land surface bursts, about 
40 percent of the residual activity appears as delayed fallout, whereas 
for surface bursts over water the proportion has been estimated to 
be about 70 percent (1 9.48).  

9.143 There are two respects, in particular, in which the delayed 
fallout is of special importance. First, many of the small contami
nated particles wl remain aloft for a long time-weeks, months, 
and some es years--so that the delayed fallout will be preq d 
over lam areas of the earth's surface. Second, although the radio
isotopes of short life will have decayed almost completely before 
most of the delayed fallout reaches the ground (see, however, -1P.160, 
footnote), those having a long life will remain. Among these there 
are two, namely, strontium-G90 (half-ife 27.7 years) and cesium-137 
(l-life 80.5 years), having great biological signiflcaace. Not only 
do these isotopes decay fairly slowly, but they both constitute rela, 
tively large fractions of the fission products; thus, for every 1,000 
atoms undergoing fission there are eventually formed from 30 to 40 
atoms of strontium-90 and from 60 to 60 of cesium-137. Moreover, 
both of these isotopes have gaseous precursors (or anceators), so 
that, as a result of the process of fractionation (19.08), their pro
portions in the delayed fallout will tend to be greater, at kast for 
surface bursts, than in the fission products as a whole. Although 
the strontium and cesium in the delayed fallout make a 4egligRile 
contr'bution to the external radiation dose, compared with that 
from the early fallout, their importance lies in the possibilty that 
they may get into the body by way of food.  

9.144 The ultimate distribution of the delayed fallout over the 
earth's surface is not affected by the particular wind conditions at 
the time of the detonation nearly as much as that of the early fallout.  
What is more important is the manner in which the contaminated 
particles enter the upper atmosphere. In order to understand the 
situation, it is necessary to review some of the characteristic features 
of the atmosphere.
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incremes the heat generation which in turn incases die ruction rate. With 
this escalation of th heat generation, the Sied bundle response would be 

similar to an "at power" case In thS Case 1he zdroy reaction gette the 
g•en resulting in core geometry changes piquefction. melting and 

relocation) comparable to the 1MI-2 core response but on a somewhat 
longer time Scale.
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APPROACH TO EVALUATIONS 

• All evaluations should use a mechanistically 
identified failure condition.  

• Evaluations should assess the results of potential 
recovery actions consistent with the postulated 
accident initiator.  

* Evaluations should consider all mechanisms for 

cooling and for energy generation, including the 
results of vaporization of water in the lower 

regions of the pool as well as natural circulation of 
air.

FOCUS FOR ANALYTICAL MODELS 

" Spent fuel pool is at atmosphmic pressure.  

"* Flow within the fuel assemblies is laminar, i.e. resistances are 
well characterized by standard represnttions.  

"• Openings in individual fuel assemblies are influential flow paths 
and should be considered.  

"* The fuel assembly distribton within the pool does not matter 
for those accident conditions where the water inventory 
decreases below the top of fuel until the water is at about 70% 
of the fuel assembly heigbt. The fuel assembly distinbution 
would matter in the multi-dimensional flow pattern that would 
develop at lower water levels, Le. if a thermal plume is 
developed.

a I
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ESTIMATION OF PEAK CLADDING TEMPERATURE 
FOR ASSUMED ACCIDENT CONDITIONS WHERE 

THE TOP OF THE FUEL IS UNCOVERED 
- ASSUMPTIONS 

1. "he process is quasi-steady.  

2. Steam and water arc the only fluids in the core.  

3. The inlet water is at the saturation temperatur Tr 

4. The decay heat (Qo) is constant along the fuel pin length.  

5. The collapsed water level (y) can be used to represent the covered 

portion of the fuel assemblies.  

6. The cladding temperatures remain low enough that the energy 

released by Zircaloy oxidation is an insignificant fraction o the 

decay heat.  

7. This results in 

iT. LY h
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EXAMPLE OF A POSTULATED 
ACCIDENT CONDITION AND THE 

RESPONSE BOILDOWN RATE 

• Assume an average power of 5 kw/assy and 1000 fuel 
assemblies - 5 MW.  

* Assumethepoolis27 & (8.2m)x 2 3 fL(7.0 m).  

• Boildown rate when the water level is above the fuel is 
about SA •n/br. (14 cm/br).  

* If the water level progresses into the fuel assembly, this 
rate is then about 9 in/hr. (23 c=mft.).  

• This boildown can be stopped with a water addition rate of 
about 35 gpm.



QUASI-STAY HEAT REMOVAL

Fuel Assembly 
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Decay 
Heat

4



I 7

am m. emIl? sam?

ESTIMATE OF NATURAL 
CIRCULATION COOLING BY AIR 

7DJ 2

Ap=A 3 QOD •AF U cP ATM

_T.fL, L 2 [) 64v,. R 1 
ATOM. DA gL,/ Wg P M, cvl

5

f= 64



CONCLUSIONS

6

1. Each evaluation should have a weU definedfale 
condition and recovery actions.  

2. For the spent fuel pool there are long intervals available 
for recovery actions to be implemented.  

3. For postulated accident conditions that preclude any 
recovery actions, the fuel assemblies would eventually 

increase in temperature sufficient for significant Zraoy 
clad reaction. Under these conditions the chemical 
energy release would dominate the fuel bundle response 

and this would be similar to those accident conditions 
considered for -at power" states.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 General 

All critiques of work done elsewhere have a tendency to dwell at greater 
length on the weakness of the work rather than on the strengths. The present 
review is no exception. If we have seemed to concentrate on shortcomings per
ceived-in KUREG-150, the reader should not draw a conclusion that we regard the 
study to be fundamentally flawed. It is not. As we state in the conclusions 
below, we consider the present draft of NUREG-1150 to be a major step forward in 
risk assessment in several areas, deserving recognition as the best current 
update of WASH-1400. We found points where we believe improvements could have 
been made, and where there are shortcomings, and we have recommendations for some 
alterations to the draft and for future work. Some of the major conclusions and 
recommendations are summarized below. Others are provided in the comments 
sections of the text.  

We do not believe that issuance of the final version of NUREG-i1SO should 
be held up for further research or analysis. Some of our recommendations propose 
relatively simple changes in the exposition, or the clarification of points by 
including results already available from the analysis but not brought out by the 
text. We believe that these minor improvements could easily be made for the 
final version of report.  

7.2 Conclusions 

Our conclusions are ordered, with the overall supportive views stated 
first, and the shortfalls following. Several of these latter are not so much 
problems of NUREG-1150 as they are of the current status of PSA, which requires 
more development in some areas.  

NUREG-1150 is a good report, and it represents a great deal of de
tailed, high-quality work. It is commendable that an endeavor was made 
to consult a wider range of competence apart from that possessed by 
those directly engaged in producing NUREG-1150. The benefit of 
constructive openness to criticism is felt in the levised draft.  

NUREG-1150 draws upon a decade and a half of practice of PSA beyond 
WASH-1400, mainly in the United States but also in other countries.  
In most respects, it represents the state-of-the-art in this kind of 
analysis. It is a step forward from WASH-1400.  

" The data drawn on include many years of experience in plant operation, 
and a similar period of theoretical and experimental research into 
severe accident methodology.  

"* The disciplined use of expert opinion elicitation was an important 
advance over previous methods of using expert opinion. It is noted 
that the prime motive of this technique was to assess the uncertainty 
in the results of the PSA.
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" The results were derived in great, detail, and they are Oresented by 
methods which show well their probabilistic spread.  

" NUREG-1150 should be a valuable source of data and methodology to guide 
future PSA's for individual plants. Like its predecessor, WASH-1400, 
it should help to show the path for future PSA developments for some 
time to come.  

Even so, the study is not perfect, and we turn now to some of the 
blemishes.  

" The most vulnerable parts of the methodology used-in the study are the 
treatment of human reliability and the estimation of parameters by 
expert opinion elicitation, both of which require more research.  

" There is always a question as to who is an expert on a given issue.  
The membership of expert panels for the second draft of NUREG-ilSO 
seemed to be better than for the first draft. Yet it still seemed to 
be unbalanced in that panels had more analysts and fewer persons with 
practical engineering experience who might have expertise on the 
phenomena; the panels included more users and fewer generators of data 
than migit have been preferable.  

The expert opinion procedure is complex, time-consuming, and expensive.  
Therefore, the full scope of this methodology may have very limited 
future application. It is unlikely that a procedure of this magnitude 
will be repeated for several years, although expert elicitation on 
single or narrow issues maybe practical. It should be remembered, 
however, that throughout the study analysts had to decide how to use 
technical information of all kinds. This form of "expert judgement' 
is necessary in all PSA's.  

If phenomenological models of processes are not provided and directly 
used, the dependence of the results of the accident progression analy
sis on governing physical phenomena is hidden. The generality of the 
structure of event trees and the, flexibility to use different levels 
of modeling capability and details to answer the questions at branch 
points make the method very powerful, but concern can arise about the 
meaningfulness of computed results if there is little information about 
the issues. The possibility of introducing high-level issues makes the 
method efficient, but this feature should be used with caution if 
applied to issues with little information.  

The failure modes and characteristics of containments, as well as the 
conditional probabilities for typical failures of the containment 
structure were largely determined from expert opinion. This indicates 
that there are limitations to the state-of-the-art ability to calculate 
the containment loads directly, taking into account all the relevant 
phenomena that would prevail during a loss of coolant accident, 
especially during the ex-vessel phase.
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" The methods used to analyze human reliability and human error do not 
reflect the range of variability encountered in HRA models. Systematic 
error may have been introduced through the exclusive upe of selected 
methods. Though the treatment of effects of human rbliability and 
human error presents problems, these are mainly rooted in the state-of
the-art, and the analysis may be as good as could have been done at the 
time.  

"* Several kinds of accident initiators were not included in the study.  
Among these are pressure vessel failure, main steam line failures in 
PWR's, errors of commission, and sequences beginning from shutdown or 
low power. They should have been included, or reasons for their 
omission given in more depth.  

" Of the five plants analyzed in HUREG-1150, only two (Surry and Peach 
Bottom) have been analyzed for external events. The results indicate 
that the contributions to risk of external events must be considered, 
for at least some plants. The lack of analysis of external events for 
the other three plants is a deficiency of the report.  

" Certain potentially important effects are not explicitly or fully 
covered: events starting from low power and shutdown modes, sabotage, 
and aging, which may not be fully covered by current inspection and 
maintenance programs. Electrical, control and actuation circuits were 
not explicitly covered in the analysis of common-cause failure. Al
though it is recognized that the impact of "safety culture" and manage
ment quality cannot be factored Into the PSA at the present time, it is important to bear in mind such impacts as overall decisions are made 
on plant safety.  

" The Committee believes that fires are such important initiators of 
possible accidents, that the analysis should have been extended to all 
five plants-treated by NUREG-1150.  

* The accident progression event tree for each plant consisted of about 
100 branches, each having multiple outcomes or brandhes. It seems to 
us that this level of detail exceeded understanding of the phenomena 
involved, implying greater insight into the processes assumed to be 
taking place than was Justified.  

* It would have been valuable if the theoretical HRA's of the ATWS 
sequences had been tested against real events, such as those cited 
above, as a basis for an in-depth analysis of uncertainties in HRA.  
This could be done as part of expert opinion input on the merits of 
different HRA models. Such an approach to the ATWS HRA is more appro
priate and consistent with the use of expert panels for a number of 
back-end issues of similar importance, as measured in their 
contribution to overall risk.  

The uncertainties in the consequence analyses for each sequence were 
not propagated. The uncertainties shown in the risk profiles for each
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reactor and each consequence are due to the uncertainty in the Level 
1 and Level 2 aspects of the PSA only.  

a 
As a neutral observation, we point out that a strategy for reducing the 

concern over the uncertainty bounds in risk estimates is to eliminate from 
designs and operating practices those features that lead to the wide uncertainty 
bounds. Where these options are impractical, the desired level of risk reduction 
might be achieved instead by improvements in systems indirectly related to the 
uncertain risk issue under evaluation, or in appropriate severe accident manage
ment measures. In fact, the "best" risk management strategy may involve an 
appropriate mix of some or all of these approaches.  

7.3 Recommendations 

"The NRC staff should now move toward early publication of NUREG-1150 
in final form. We have suggested some changes or additions assuming 
that these can be made speedily without delaying the report. If appre
ciable delay would be necessary, our view is that later, separate pub
lication should be called for, without change to NUREG-1150. Timely 
publication is important to provide guidance to the individual plant 
evaluations (IPE's) being prepared by the utilities. As for the par
ticular plants analyzed in NUREG-I1SO, their IPE's will be a vehicle 
to complete the seismic and fire hazard assessments in sufficient depth 
and with accurate descriptions of the plants as they are presently 
configured.  

"* As a more general point, plant-specific analysis of external events 
should be included in PSA's. We recommend that the NRC issue addi
tional guidance on the treatment of external events in the IPE program.  
In particular, such guidance seems warranted for the types of seismic 
hazard curves to be used in different parts of the United States.  

" Research in seismic modeling is warranted, with the object of improving 
the basic model to predict attenuation and ground motion and for devel
oping a consensus on the use of one model or model set, based as much 
as practicable, on region-specific spectral shapes. Effort should also 
be made to improve the basic model to reflect greater source depths and 
regional variations with the appropriate reflections of substrata 
waves.  

" Special attention should be paid in the NRC's research program to 
further development of Human Reliability Analysis and to calibrating 
methods used to analyze human reliability, to facilitate comparison 
between plants and comparisons with safety goals.  

Large uncertainty contributions associated with some phenomena indicate 
the need for further research. We particularly single out the thermal
hydraulic phenomena associated with accident management strategies, 
such as depressurization of and water addition to the primary system 
of a PWR, and improvement of understanding of the ways in which the 
primary system boundary may fail during high pressure sequences in 
PWR's. Another important issue deserving increased attention is the
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assessment of threats to the integrity of the containment and the identification of means to ensure its integrity in case of a core melt accident with failure of the pressure vessel.  
" Because plant-specific information is becoming increasingly important in PSA, such information should be collected and placed on file in a future program.  

" While the expert opinion process was carefully structured and professionally guided, there were still a number of issues where the technical information available to guide the expert panels was limited.  For this reason, the Committee urges caution and intelligence in the use of these results by others outside the scope of NUREG-115O. The results of sampling of expert opinion are well documented, and one should be fully aware of their limitations before using them.  

" Likewise, the Committee recommends considerable caution in the use of the results obtained with the approximate XSOR codes without confir
mation by more detailed calculations.  

" The following are changes that are recommended be made to the final version of NUREG-liSO, that we believe can be done without further 
analysis.  
* Where recovery actions were important, they should be discussed and 

their scope defined in the summary report in Chapter 2 of NUREG1150. Their effects should be quantified in Chapters 3-7, e.g, for Surry: core-damage frequency without recovery actions 8.2xlO"/ry, 
with recovery actions, 3.5x40 5/ry (from Table 4.10-5, NUREG/CR 4550, Rev. 1, vol. 3).  

* The contributions to the core melt probabilities of the unavaila
bilities of safety system functions should be displayed among the 
results of the analysis of frequency of core da age.  

* Because of the approximate nature of the XSOR codes, the final draft 
of NUREG-1150 should note the need for a more exacting analysis of risk significant accident sequences, such as the interfacing systems LOCA's and steam generator tube rupture accidents for PWR's, and station blackout and ATWS sequences for BWR's. The more detailed analysis should be published in a supplement to NUREG-1150.- This analysis should concentrate on best estimate modeling, and the results compared with the source terms published in NUREG-]S50.  I 

* Some issues requiring the input of expert opinion were addressed by the project staff rather than the expert panels. It should be clearly indicated which were so treated and the values of the parameters used in the study; some indication should be made of the importance of the parameter to the values of risk.  

NUREG-1150 represents an enormous investment of resources which should 
be put to good use, not simply be made available as a resource
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document. NUREG-1150, along with the other risk assessments and recent 
work in the field of severe accident analysis, should be used to: (1) 
close out as many open issues as is reasonable, and (2) help prioritize 
the imited resources to focus research on the remaining safety-related 
issues. A definitive program to use NUREG-1150 and its supporting 
documents should be developed and implemented.  

!I
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ABSTRACT

This report describes the basis, results, and related risk implications of an analysis 

performed by an ad hoc working group .of the U.S. Nuclear Regulatory Commission (NRC) to 

assess the containment bypass potential attributable to steam generator tube rupture (SGTR) 

induced by severe accident conditions. The SGTR Severe Accident Working Group, comprised of 

staff members from the NRC's Offices of Nuclear Reactor Regulation (NRR) and Nuclear 

Regulatory Research (RES). undertook the analysis beginning in December 1995 to support a 

proposed steam generator integrity rule.  

The work drew upon previous risk and thermal-hydraulic analyses of core damage sequences.  

with a focus on the Surry plant as a representative example. This analysis yielded new 

results. however., derived by predicting themal-hydraulic conditions of selected severe 

accident scenarios using the SCOAP/RELAP5 computer code. flawed tube failure modeling, and 

tube failure probability estimates. These results, in terms of containment bypass 

probability, form the basis for the findings presented in this report.  

The representative calculation using Surry plant data indicates that some existing plants 

could be vulnerable to containment bypass resulting from tube failure during severe 

accidents. To specifically identify the population of .plants that may pose a significant 

bypass risk would require more definitive analysis considering uncertainties in some 

assumptions and plant- and design-specific variables.
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EXECUTIVE SUMMARY

This report describes the basis, results. and related risk implications of an analysis 
performed by an ad hoc working group of the U.S. Nuclear Regulatory Commission (NRC) to 
assess the containment bypass potential attributable to steam generator tube rupture (SGTR) 
induced by severe accident conditions. The SGTR Severe Accident Working Group, comprised of 
staff members from the NRC's Offices of Nuclear Reactor Regulation (NRR) and Nuclear 
Regulatory Research (RES). undertook the analysis beginning in December 1995 to give the 
staff a broader insight into the risk implications of implementing a proposed rule that 
would change the requirements regarding steam generator. tube integrity.  

Previous tube integrity assessments have assumed an elevated primary-to-secondary 
differential pressure challenge resulting from a main steam line break (MSLB). NUREG-0844.  
"NRC Integrated Program for the Resolution of Unresolved Safety Issues A-3. A-4. and A-5 
Regarding Steam Generator Tube Integrity" (1988). estimated the containment bypass potential 
for a core damage release subsequent to such a pressure-induced tube failure. However.  
previous assessments gave little consideration to the tube failure potential attributable to 
severe accident conditions. In such circumstances, elevated tube temperatures could 
accompany a tube differential pressure challenge.  

The analysis described in this report draws upon previous risk and thermal-hydraulic 
analyses of core damage sequences. with a focus on the Surry plant as a representative 
example. Section I presents related background information and summarizes the staff's 
analytical approach. Section 2 then assesses the frequencies of severe accident scenarios 
that would lead to a combination of high steam generator tube temperature and pressure.  

For Surry. the dominant sequence was station blackout accompanied by a loss of auxiliary 
feedwater and a failure to maintain secondary system pressure in at least one steam 
generator. The staff derived the frequency of this sequence using information regarding 
plant damage states documented in NUREG-1150. "Severe Accident Risks: An Assessment for Five 
U.S. Nuclear Power Plants" (1990). In addition, the working group evaluated data obtained 
by searching the Individual plant examination (PE) database to confirm the information from 
NUREG-1150 and to identify any major differences in sequences of interest or any significant 
design biases. The database search confirmed that the sequences contributing to "high/dry" 
core damage (with high primary system pressure and dry steam generators) are dominated by 
station blackout events, with an additional contribution from other transient events.  
Comparison of high/dry core damage frequency across plant designs did not reveal any strong 
design biases.  

Section 2 also describes an accident progression event tree (APET). which was developed to 
characterize the various primary/secondary system conditions that could challenge the steam 
generator tubes. In particular, the working group used the APET to evaluate the resulting 
potential for pressure/temperature challenges and to quantify the probability that the steam 
generator tubes will maintain their integrity under these challenges.  

Section 3 describes new thermal-hydraulic analyses using the SCDAP/RELAP5 computer code to 
assess the effects of variations in the station blackout sequence for Surry. These analyses 
yielded pressure and temperature histories of the steam generator tubes, as well as the hot 
legs and surge line. the two other components considered likely to fail.
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A key event tree input developed in this study was the probability of tube failure under 
severe accident conditions. To derive this probability, the working group used a tube 
failure model, described in Section 4. which takes into account the high temperature effects 
of such conditions on the integrity of Alloy 600 tubes with part-through-wall cracks. The 
basis for this model is the results of high-temperature testing of machine-flawed tubes, 
carried out to tube failure under various temperature and pressure histories. Section 4 
also discusses other weak points in the reactor coolant pressure boundary.  

Section 5 describes how the working group used the results of the thermal-hydraulic analyses 
and the tube failure model to estimate the tube failure probability relative to the failure 
probabilities for the hot leg and surge line. Notably, the working group estimated tube 
rupture probability separately for each APET branch. To begin this process. the working 
group first applied the thermal-hydraulic results to predict the creep failure times for 
each component. Next, the working group estimated tube failure probability on the basis of 
the relative times to failure of the hot leg or surge line. After determining the failure 
probabilities for various size cracks, the working group used a flaw distribution to find 
the overall tube failure probability for each sequence, and the results were applied to each 
APET endstate. Finally, the working group computed the containment bypass frequency on the 
basis of the aggregate of these outcomes.  

This analysis revealed a number of areas of uncertainty and variability, which could be 
addressed through additional plant-specific analysis. Specifically. these areas involved 
reactor coolant system (RCS) component failure frequencies, thermal-hydraulic analysis, tube 
failure modes, reactor coolant pressure boundary weak points, and representative flaw 
distributions. The particulars of these areas are discussed in Section 6.  

The primary result of this analysis is an overall estimate of the probabilities of pressure
and temperature-induced failure of steam generator tubes and containment bypass frequency 
for the severe accident challenges considered. The representative calculation using data 
from the Surry plant indicates that some existing plants could have a potential for 
containment bypass resulting from tube failure during severe accidents. To delineate the 
population of plants that may pose a safety concern requires more definitive analysis to 
consider the uncertainties and plant- and design- specific variabilities outlined above.

NUREG-1570 xvi ii



SGTR Severe Accident Working Group and Acknowledgements

The following staff members

Other contributors:

formed the working group or directed 
C. Ader RESIDST/AEB 
T. Collins NRR/DSSA/SRXB 
J. Donoghue NRR/DSSA/SRXB 
R. Hermann NRR/DE/EMCB 
R. Jones NRR/DSSA/SRXB 
R. Lee RES/DSTIAEB 
S. Long NRR/DSSA/SPSB 
E. Murphy NRR/DEIEMCB 
J. Muscara RES/DET/EMMEB 
R. Palla NRR/DSSA/SCSB 
1'. Reed NRR/DE/EICB 
J. Schaperow RES/DST/AEB 
C. Tinkler RES/OST/AEB 
H. Vandermolen RES/DST/PRAB

Y.  
C.  
K.  
J.  
A.  
J.  

D.  
S.  
W.

ANL:

Chen 
Hamer 
Parczewskt I 
Ridgely 
Rubin 
Staudenueier

its activities:

RES/DST/AEB 
NRR/DE/EMEB 
NRR/DE/EMCB 
RES/DST/AEB 
RES/DST/AEB 
NRR/DSSA/SASG

Dl ercks 
Majumdar 
Shack

,Dominion Engineering:

INEL:

J. Gorman 

C. Dobbe 
D. Knudsen

H.  
D.  
,1.

Dezfull 
Meyer 
Meyer

NUREG-1570

SCIENTEQI:

xix



ABBREVIATIONS

AC alternating current 
ADV atmospheric dump valve 
AFW auxiliary feed water 
ANL Argonne National Laboratory 
ANO Arkansas Nuclear One 
AOV air-operated valve 
APET accident progression event tree 
ASEP accident sequence evaluation program 
ASME American Society of Mechanical Engineers 
ATWS anticipated trip without scram 
B&W -Babcock and Wilcox 
BCL Battelle Columbus Laboratories 
BNL Brookhaven National Laboratory 
CDF core damage frequency 
CE Combustion Engineering 
COA crack opening area 
DC direct current 
DCH direct containment heating 
DE[ Dominion Engineering. Inc.  
ECCS emergency core cooling system 
EdF ElectricitL de France 
EDM electro-discharge machining 
EMCB Materials and Chemical Engineering Branch 
EOP emergency operating procedure 
EPRI Electric Power Research Institute 
HL hot leg 
HPI high-pressure injection 
HPSI high-pressure safety injection 
HVAC heating, ventilation, and air conditioning 
IGA intergranular attack 
IGSCC intergranular stress corrosion cracking 
INEL Idaho National Engineering Laboratory 
IPE individual plant examination 
LER licensee event report 
LERF large early release frequency 
LMP. Larson-Miller parameter 
LOCA loss-of-coolant accident 
LOOP loss of offsite power 
MSIV main steam isolation valve 
MSLB main steam line break 
MSSV main steam safety valve 
MTC moderator temperature coefficient 
NDE non-destructive examination 
NPP nuclear power plant 
NRC Nuclear Regulatory Commission 
NRR Office of Nuclear Reactor Regulation 
NSSS nuclear steam supply system 
ODSCC outer diameter stress corrosion cracking

NUREG-1570xxi



ABBREVIATIONS (continued)

ORNL 
OTSG 
"POS 
PH 

PI-SGTR 
PNL 
PNNL 
POD 
PORV 
PRA 
PSV 
PWR 
PWSCC 
RC 
RCP 
RCPB 
RCS 
RES 
RG 
RMS 
RPC 
RPS 
RPV 
RWST 
RY 
SBO 
SCC 
SCSS 
SG 
SGTR 
SL 
SORV 
SRV 
SV 
TI-SGTR 
TS 
TMI 
VEPCO

NUREG-1570

Oak Ridge National Laboratory 
once-through steam generator 
plant damage state 
precipitation-hardened 
pressure-induced steam generator tube rupture 
Pacific Northwest Laboratories 
Pacific Northwest National Laboratories 
probability of detection 
power-operated relief valves 
probabilistic risk assessment 
pressurizer safety valve 
pressurized water reactor 
primary water stress corrosion cracking 
release category 
reactor coolant pump 
reactor coolant pressure boundary 
reactor coolant system 
Office of Nuclear Regulatory Research 
regulatory guide 
root-mean-squared 
rotating pancake coil 
reactor protection system 
reactor pressure vessel 
reactor water storage tank 
reactor year 
station blackout 
stress corrosion cracking 
sequence coding and search system 
steam generator 
steam generator tube rupture 
surge line 
stuck-open relief valve 
safety relief valve 
safety valve 
temperature-induced steam generator tube rupture 
technical specifications 
Three Mile Island 
Virginia Electric and Power Company

xxi i



1 INTRODUCTION

This report is part of the package intended to be issued for public comment regarding 
regulatory guidance proposed by the U.S. Nuclear Regulatory Commisslon (NRC). Specifically.  
the report discusses analysis conducted by the NRC staff to consider the severe accident 
risk Implications associated with degraded steam generator tubes. Beginning In 
December 1995, an ad hoc working group. comprised of staff members from the NRCs Offices of 
Nuclear Reactor Regulation (NRR) and Nuclear Regulatory Research (RES). conducted this 
analysis with the overall objective of estimating the incremental risk impact associated 
with the rupture of degraded steam generator tubes exposed to severe accident conditions.  

The analysis explicitly excluded the risk contribution from spontaneous tube ruptures and 
those induced by transients and design-basis accidents. Tube rupture risk may be considered 
to arise from three main contributors: 

* spontaneous steam generator tube rupture (SGTR) occurring during normal operation 
* pressure transient-induced SGTR (resulting from primary-to-secondary differential 

pressure conditions caused by a design;-basis transient or accident) 
* core damage-induced SGTR (resulting from a core damage condition) 

The risk from spontaneous and pressure transient-induced SGTRs was previously assessed by 
the staff in NUREG-0844. More recent assessments have shown that if measures are 
implemented to maintain tube integrity consistent with current requirements, no significant 
change is expected in the risk from these contributors (Ellison. 1996).  

This report discusses the basis for and methods used in the assessment of containment bypass 
potential attributable to SGTR Induced by severe accident conditions. To assemble the 
inputs used in this study, the staff used the results of work done in several fields.  
sponsored by both the NRC and industry. The staff then used the documented results of this 
study as the basis for judgements regarding the impact that implementation of a revised 
regulatory approach could have on severe accident risk. The conclusions presented here 
contribute to an understanding of the overall risk presented by challenges to steam 
generator tube integrity; however, this report also highlights a number of areas that 
warrant further inquiry. These may be addressed in plant-specific assessments or more 
definitive analyses to identify the population of facilities that may pose a safety concern.  

1. 1 Background 

In recent years. the NRC has considered changes to steam generator tube integrity 
requirements. These changes could affect the leakage and structural integrity of the tubes 
under pressure and temperature challenges. This ls significant because steam generator 
tubes comprise a substantial portion of the reactor coolant pressure boundary, and also play 
a role in fission product containment. As a result, the staff sought to determine if tube 
degradation could seriously undermine severe accident containment assumptions by unduly 
threatening the containment function of the tubes.  

The severe accident integrity of steam generator tubes has been considered in the past.  
However. the NRC and industry directed little attention toward understanding the incremental 
risk contribution associated with the potential for severe accident-induced failure of 
degraded tubes. The following documents indicate the extent to which the NRC and industry
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had considered severe accident tube challenges before this study began:

* NUREG-0844. "NRC Integrated Program for the Resolution of Unresolved Safety Issues 
A-3. A-4. and A-5 Regarding Steam Generator Tube Integrity.* September 1988.  
considered pressure-induced SGTR and the resulting core damage potential. but did not 
address temperature-induced failure.  

* NUREG/CR-4551. Part 1. *Evaluation of Severe Accident Risks: Quantification of Major 
Input Parameters." Vol. 2. Rev. 1. December 1990. considered temperature-induced SGTR 
through an expert elicitation process. However, despite efforts to understand the 
influence of tube degradation on the potential for tube failure, this study was 
limited by a lack of thermal-hydraulic analyses of predicted tube temperatures for 
the station blackout event.  

• Draft NUREG-1477. "Voltage-Based Interim Plugging Criteria for Steam Generator 
Tubes." June 1993. discussed the results of thermal-hydraulic studies that showed the 
vulnerability of hot leg and surge line piping during a station blackout. The staff 
noted that previous studies may not have sufficiently considered tube degradation 
(when It was considered at all). However, the staff concluded that the level of tube 
leakage under interim plugging criteria would be sufficiently low and the structural 
support offered by tube support plates would be adequate, to ensure the continued 
validity of existing analyses of tube response to high-pressure severe accidents.  
Detailed analysis of severe accident response was deemed unnecessary.  

These previous SGTR risk assessments addressed the potential for tube failure as a 
consequence of severe accidents to a lesser extent than the current analysis. For instance, 
previous severe accident studies related to steam generator tube integrity were conducted 
without data from high-temperature burst testing of tube specimens. Similarly, previous 
studies did not entail the current level of thermal-hydraulic analysis to predict the 
expected conditions of the tubes during these scenarios.  

In connection with steam generator rule making considerations, the Electric Power Research 
Institute (EPRI) has published a number of reports related to severe accident tube 
performance or its risk Implications. Those reports document a significant body of 
research, and are referenced in this report as appropriate; however, use of information from 
these sources does not constitute the staff's acceptance of the reports in their entirety.  

1.2 Aproach 

The staff used the frequency of containment bypass as its measure of risk significance, and 
the results of this study are presented in terms of that parameter. A bypass frequency of 
10.6 per reactor year or greater was considered a significant value.  

Initially. the staff sought to determine if it would be possible or even appropriate to use 
a generic treatment of the risk associated with tube failure under severe accident 
conditions. As the work progressed, the staff found that a large number of plant-specific 
factors significantly influence the potential for induced tube failure. Existing 
experimental evidence demonstrates that, during a severe accident, flows of superheated gas 
are not expected to reach steam generator tube bundles in the Babcox & Wilcox once-through 
steam generator (OTSG) designs. Therefore, consideration of OTSG designs is excluded from 
this study. In fact, this report only considers plants with u-tube steam generator (SG) 
designs, using information considered typical of that portion of the pressurized water
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reactor (PWR) population.

Further, in order to accommodate the resource and schedule commitments for rule making, the 
staff largely focused this study on the Surry plant as a single representative example. In 
this example. the staff considered those severe accident progressions most likely to present 
a high-pressure thermal challenge to the steam generator tubes. To estimate the containment 
bypass probability associated with temperature-induced tube rupture following a core damage 
event, the staff built upon and used information from previous risk assessments, recent 

thermal-hydraulic calculations, and newly developed high-temperature tube performance 
evaluations.  

1.3 Results and Conclusions 

The representative analysis for Surry yielded a containment bypass frequency (associated 
with severe accident-induced tube failure) of approximately 3.9x104 per reactor-year (/RY), 
representing a reduction of approximately 1-in-4 with regard to the initiating frequency for 
the core damage challenge characterized by high reactor coolant system (RCS) pressure with a 
dry secondary. Considering the possible range of initiating frequencies among PWRs (see 
Section 2.1). plant-specific results could range from 10"1 to near 10-6 per reactor-year.  

An important characteristic of the Surry results is that 60 percent of the bypass frequency 
is attributable.to temperature-induced SGTR (2.4xM -6/RY). with pressure-Induced SGTR 
accounting for the balance (1.5x10 4 /RY). Also, the major contributor to temperature-induced 
SGTR (75 percent) Is associated with sequences involving failures of reactor coolant pump 
(RCP) seals resulting in loss-of-coolant accidents (LOCAs). Although such sequences 
represent only about 18 percent of the initiating event frequency, they account for nearly 
half of the containment bypass frequency. This disproportionate relationship arises because 
these sequences have an unusually high probability of temperature-induced SGTR.  

The working group drew significant conclusions from the results of sensitivity studies 
conducted on the basis of the representative Surry analysis (see Section 5.3.2). First. the 
impact of RCP seal LOCA on tube failure was evident in the results of Sensitivity Case 6.  
Despite the RCS depressurization benefit that could be assumed from an RCP seal leak. the 
Surry analysis showed that the associated potential to clear an RCS loop seal greatly 
contributed to tube failure potential for the sequences studied.  

Next. the significance of secondary system pressure integrity appears to be at least as 
important to tube survivability as is the ability to depressurize the RCS. Although plant
specific differences could yield somewhat different values at other facilities, the large 
impact of secondary system pressure integrity would probably be evident in the other plant
specific analyses. The sensitivity cases also demonstrated that the assumed flaw 
distribution can have a major impact on the results. Sections 5 and 6 discuss these 
insights more thoroughly.  

Another insight underlying the representative analysis is that the range of uncertainties 
encountered and their plant- and design-specific nature limits the generic applicability of 
the results. While the staff could not demonstrate the associated risk at all facilities 
through a generic analysis, plant-specific analysis could demonstrate the containment bypass 
vulnerability at a particular plant. In arriving at an estimate of containment bypass 
probability, analysts should address uncertainties in a variety of areas, such as those 
listed below. In addition, analysts should address the effects of a range of plant-specific
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factors. For example, plant configurations could affect thermal-hydraulic conditions and 
event progressions, and tube degradation states could vary among facilities; these could be 
specified for plant-specific analyses.  

Through this analysis, the staff discovered a significant number of areas that could benefit 
from further study. In particular, the uncertainties surrounding the characterization of 
flaw distribution make it difficult to draw definitive conclusions from this assessment and 
to propose practical implementations of these methods. Although the results derived for the 
Surry plant appear sufficient to permit a scoping assessment for risk. the following plant
and design-specific considerations could significantly change the results, as discussed in 
Section 6: 

* event tree quantification 
* thermal-hydraulic analysis 
* tube performance modeling, including assumed flaw distribution 
* reactor coolant pressure boundary weak points 
* implications of tube leakage under high-pressure core damage conditions 

An overriding conclusion is that the range of uncertainties involved and the plant- and 
design-specific nature of the uncertainties encountered in this analysis limit the generic 
applicability of the Surry results to other facilities. Also. the representative analysis 
results based on the Surry plant indicate that some PWRs may be subject to a containment 
bypass risk attributable to tube failure during severe accidents. However. more detailed 
investigation of plant-specific factors involved in the analysis is needed to determine 
which plants. if any. may pose a safety concern.
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2 SEVERE ACCIDENT CHALLENGES TO STEAM GENERATOR TUBE INTEGRITY 

Sections 2.1 and 2.2 discuss challenges to steam generator tubes, with regard to structural 
integrity and accident-induced leakage. Section 2.3 discusses the staff's use of an accident 
progression event tree (APET) to assess the frequency of severe accident challenges to the 
tubes, and summarizes the implications of tube failure on containment bypass frequency. In 
addition. Section 2.3 quantifies the containment bypass frequency and Its Implications for 
Surry, a Westinghouse plant, as an example. Finally. Section 2.4 discusses and evaluates 
the impact of reactor design differences on accident response. and evaluates the generic 
applicability of the APET as it relates to those differences.  

2.1 Challenges to Structural Intearity 

Loss of structural integrity in steam generator tubes can result from excesses in either 
pressure or temperature. Pressure-induced failures result from increased differential 
pressures across the steam generator tubes. wlith the primary and secondary systems near 
normal operating temperature. Such challenges could result from either secondary side 
depressurization (e.g., main steam line break (MSLB) or transient with stuck-open 
atmospheric dump valve), or primary system over pressurization (e.g., certain events 
involving an anticipated transient without scram (ATWS) that lead to large pressure 
excursions). The potential for a pressure-induced steam generator tube rupture (SGTR) 
should be limited through compliance with the criteria for structural integrity and the 
operational leak rate limit contained In plant Technical Specifications. Section 2.3.4 of 
this report discusses these events In greater detail.  

Temperature-induced failures of flawed steam generator tubes could result from the 
combination of substantially elevated steam generator tube temperature and differential 
pressure. Such conditions are predicted to occur during the core damage phase of certain 
severe accidents. -The potential for a temperature-induced tube failure can be characterized 
relative to other reactor coolant system (RCS) piping In terms of the primary-to-secondary 
side pressure differential and the tube temperatures resulting from the cladding oxidation 
phase of the event. In general, the requisite conditions for temperature-induced steam 
generator tube failure associated with severe accidents include dry steam generator 
secondary side (no auxiliary feed water available) and elevated primary-to-secondary system 
differential pressure.  

Events in which core damage occurs with the primary system at high pressure (i.e.. at or 
near the power-operated or safety relief valve set point) and the secondary side dry and 
depressurized are generally considered to pose the greatest threat of temperature-induced 
SGTR. However. analyses performed by the NRC staff indicate that events with the primary 
system at intermediate pressures (i.e.. above normal operating differential pressure) may 
also pose a substantial threat to tube structural integrity. The following subsections 
provide additional detail regarding the accident sequences of greatest concern for 
temperature-induced failure of steam generator tube structural integrity. The expected 
frequency of these events is discussed in Section 2.3.  

2.1.1 High-Pressure Core Melt with Intact or Depressurized Steam Generator(s) 

Station blackout (SBO) sequences account for the majority of events in which core damage 
occurs with the primary system at high pressure and the secondary side dry. SBO sequences 
can be categorized as short-term or long-term, and may also involve reactor coolant pump
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(RCP) seal loss-of-coolant accidents (LOCAs). as summarized below:

* Short-term SBO relates to sequences in which turbine-driven auxiliary 
feedwater (AFW) pump trains fail to operate and AC power is not recovered 
before the core Is damaged. These sequences typically lead to core damage 
within about 2 hours.  

Long-term SBO relates to sequences in which turbine-driven AFW pump trains operate 
initially, but ultimately fail (normally as a consequence of battery depletion) 
before recovery of AC power. These sequences typically lead to core damage in more 
than 2 hours.  

SBO with RCP seal LOCA relates to sequences in which RCP seal LOCAs arise because of 
a loss of cooling to RCP seals with failure to recover AC power before the core is 
uncovered. These sequences can lead to core damage in either the short-term or long
term, depending on the timing and magnitude of the RCP seal LOCA.  

In the typical SBO core melt sequence considered during this analysis, steam generator 
dryout results In loss of decay heat removal via the steam generators, with eventual loss of 
RCS inventory and uncovery of the core. (Front-line injection systems are unavailable.). As 
core damage progresses. the RCS and steam generator tube temperatures increase as 
substantial amounts of energy are transported from the core region to other parts of the 
RCS. The rate of accident progression and the primarylsecondary system conditions at the 
time of core damage influence the location and timing of RCS failure. These factors. in 
turn. depend on plant-specific design features and the details of the sequence. Such 
details include the impact of stuck-open pressurizer power-operated relief valves (PORVs) or 
safety valves (SVs). RCP seal LOCAs. operation of steam generator atmospheric dump valves 
(ADVs) or main steam safety valves (MSSVs). and longer-term depressurization of the 
secondary side as a consequence of leakage from ISSVs or main steam isolation valves 
.ASIVs).  

In SBO events in which the plant maintains RCS pressure integrity (i.e.. pressurizer relief 
valves reclose and RCP seals remain intact), core damage would occur with the primary system 
at or near the PORV set point (if PORVs remain available throughout the event) or the SV set 
point (if PORVs are not available or have failed closed). All Westinghouse plants and the 
majority of Combustion Engineering (CE) plants are equipped with PORVs. Most PORVs are air
operated with a DC-powered solenoid. However, several plants have either AC- or DC-powered 
motor-operated PORVs. and several plants operate with some or all PORVs blocked. PORVs 
would generally be available throughout a short-term SBO (core damage with DC power and 
instrument air available) and unavailable at the time of core damage in long-term SBO events 
(core damage following depletion of.battery and instrument air), but actual availability is 
plant- and sequence-dependent.  

The secondary side could be depressurized early in an event (before steam generator dryout) 
as a result of several mechanisms. Such mechanisms may include operator actions to 
depressurize the steam generator using ADVs or other valve alignments, a stuck-open MSSV. a 
stuck-open ADV with failure to manually isolate using the block valve, or failure to isolate 
steam flow to the turbine-driven AFW pump in sequences in which the pump was initially 
operable. Of these mechanisms, a stuck-open MSSV- is generally considered to be the most 
likely means of depressurization. However, the relative contribution of the various 
mechanisms will depend on plant-specific design features and operating procedures. For 
example. ADVs are not available during SBO at certain plants because of dependencies or
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limitations on electrical power or instrument air.

-Gradual depressurization of the steam generators could also occur in the longer term (during 
the period between steam generator dryout and core damage) as a consequence of leakage 
through SIVs and other secondary side valves. As a result, the steam generators would be 
depressurized at the time of core damage. Section 2.3.1 provides additional detail 
concerning the potential for early and gradual depressurization in the context of the 
accident progression event tree.  

2.1.2 Intermediate-Pressure Core Melt With Depressurized Steam Generator(s) 

Transient events (such as SBO) generally proceed to core damage with the primary system at 
or near the PORV or SV set point. However. RCP seal LOCAs or failure of pressurizer valves 
to reclose/reseat could cause the RCS to be partially depressurized at the time of core 
damage. The extent of depressurization is sequence-.and plant-specific, and depends on such 
factors as the timing and leak area associated with the valve failure/seal LOCA. and 
accumulator injection set points.  

The staff recognized that a lower RCS pressure at the time of core damage would reduce the 
challenge to steam generator tube structural integrity. To evaluate the probability of such 
an RCS pressure reduction, the staff conducted a survey of previous severe accident analyses 
of scenarios involving stuck or latched open PORVs and various RCP seal LOCAs for 
Westinghouse and CE plants. That survey considered SCDAP/RELAP5 calculations performed as 
part of the Severe Accident Management Program. as well as more recent SCOAP/RELAP5 analyses 
performed in support of the resolution of direct containment heating. In addition, the 
survey reviewed the results of earlier analyses performed using the MARCH code. as well as 
available MMP analyses.  

Unfortunately. the staff's survey indicated that a reduction of RCS pressure could be offset 
by rapid repressurization and heating of steam generator tubes, which may occur during the 
accumulator injection phase of an accident. For both stuck/latched open PORVs and seal 
LOCAs. pressure response at the time of core damage tended to be oscillatory in nature and 
driven by accumulator discharge. Baseline pressures were in the range of the accumulator 
set point, with periodic pressure increases up to 6.9-9.7 MPa (1000-1400 psia) following 
accumulator injections. The staff also noted concurrent temperature excursions in the steam 
generator tubes, with peak temperatures approaching 1200 K (1700 0F) for large RCP seal 
LOCAs. but lower-peak tube temperatures for the stuck-open PORV cases.  

The staff recognized similar behavior for Westinghouse and CE plants, but the available 
analyses for CE plants were more limited. A comparison of these observations with the 
results of available IMAP calculations revealed significant differences in the degree of 
repressurization following accumulator injection, as predicted by the SCDAP/RELAP5 and MAAP 
codes. Notably. the predicted pressures at the time of peak steam generator tube challenge 
ranged from as high as 10 MPa (1450 psig) in early SCDAP/RELAP5 calculations to essentially 
the accumulator set point (no repressurization) in MAAP calculations.  

The reader should note that these observations were reached largely on the basis of analyses 
of short-term SBOs (i.e.. stylized sequences in which AFW failure is assumed to occur as 
part of the initiating event), and did not consider long-term SBOs (in which AFW typically 
fails after several hours as a result of battery depletion). However. observations from 
long-term SBOs involving stuck-open PORVs would not be much different, since the time 
available between PORV cycling/failure and core damage would not be significantly longer
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than in short-term SBOs.

Because of the potential challenge to steam generator tubes from sequences involving RCP 
seal LOCAs and stuck-open PORVs. the thermal-hydraulic response and the underlying phenomena 

responsible for primary system repressurization during these sequences were further 

evaluated as part of this study. Section 3 provides additional detail regarding these 

analyses.  

2.1.3 Contribution of ATWS Sequences to Accident-Induced SGTR 

The model for the Surry plant documented in NUREG-1150 (U.S. Nuclear Regulatory Commission.  

1990) yielded baseline estimates for the contribution of ATWS to the core damage frequency 

(COF) and various plant damage states (PDSs). In this model, the ATWS frequency is 

6.7x1051RY. which includes the frequency (T) of reactor scrm. the probability (W) of the 

reactor protection system (RPS) failing to trip the reactor. and the probability (R) of the 

operators failing to trip the reactor manually within I minute following RPS failure.  

The model divided the scrams by reactor power level, so that the overall AiWS frequency of 
6.7x10"l/RY Is divided into four main categories: 

(1) low power, with a frequency of 6.7x40'6/RY 
(2) high power with low moderator temperature coefficient (WTC). at a frequency of 

3.0x0I//RY 
(3) high power with intermediate HTC. at a frequency of 2.9xlO/RY 
(4) high power with high MTC at a frequency of 8.4x10Y/RY.  

The first category occurs at a power level low enough that turbine trip is not necessary to 
limit the RCS pressure increase to 22 MPa (3200 psig). and the effects of MTC are not 
important. The other three groupings are according to MTC. with a probability of 0.5 that 
the MTC Is low enough (less than -20 pcm/'F) that turbine trip and RCS relief valve 
operation are not necessary to control RCS pressure below 22 MPa (3200 psig). The model 
uses a probability of 1.4x102 that the MTC is too high (above -7 pcmf/F) to provide any 
chance for mitigation of the ATWS transient. The remainder of the model estimates the 
failure probabilities of turbine trip. primary pressure relief, auxiliary feedwater. relief 
valve reclosure. and high-pressure injection, with appropriate success criteria applied to 
each of these five groups.  

Only two ATWS sequences contribute to the dominant cutsets in the NUREG-1150 model for 
Surry. The largest ATWS contributor to CDF is the group with high power and high HTC. This 

sequence (denoted TKRZ) has a frequency of 8.4x0'7/RY in the NUREG-1150 analysis. The other 

significant ATWS contributor to COF is a sequence in the group with high reactor power and 

intermediate KTC (denoted TKRD4). This sequence involves failure of the high- pressure 
safety injection (HPSI)*system, which prevents boration and causes the core to melt at high 

pressure when it is uncovered by reactor coolant loss through the pressurizer relief valves.  
This sequence contributes an additional 5.7x107/RY to CDF.  

Although the NUREG-1150 process considered the possibility of inducing SGTR by increasing 

the pressure differential or temperature, this possibility was assigned such a low 

probability that it was not dominant and. therefore, was discussed only briefly in the 

documentation. NUREG-1150 also includes a sensitivity study performed to determine the 

effects of eliminating the probabilities for thermally induced ruptures (hot leg. surge line 

and tubes, together) on the frequency of various release categories, but the effects were
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small. The NUREG-1150 analysis did not include a sensitivity study of the effects of 

significant increases in tube rupture probability.  

The staff found it necessary to consider two potential effects of known tube flaws on the 

progression of ATWS events. Such flaws are significant because they could be allowed to 

remain in service under revised Technical Specifications. One potential effect is pressure

induced rupture of one or more of the flaws as a consequence of the increase in RCS pressure 

that occurs early in an ATWS event. This could lead to core damage by the same mechanisms 
considered for pressure-induced SGTR caused by secondary-side depressurization events 
(increasing the core damage frequency and the frequency of containment bypass type 

releases). The second potential effect is thermally induced SGTR as a result of the high

temperature gases evolved in the core melting phase of ATWS events that are already counted 
in the core damage frequency. This could increase the.estimated frequency for the 
containment bypass type release without increasing core damage frequency.  

Since the completion of NUREG-1150. two significant changes in reactor operations have 
occurred that directly affect this analysis. The first change is a reduction in the 
frequency of reactor trips. The NUREG-1150 analysis was conducted when the average scram 
frequency was about 6.61year. Since then. a scram reduction program conducted by the 
industry has reduced that frequency to about 1.4/year for PWR plants (Smith. 1996). This.  

in turn, reduces the frequency of all ATWS sequences (core damage and successful mitigation) 
by a factor of 0.21.  

The second change since NUREG-1150 was completed involves the fraction of time that MTC is 
above -7 pcmP/F. The NUREG-1150 analysis assumed that this condition exists during 
1.4 percent of the operating cycle (corresponding to a probability of 1.4x0*2 as previously 
stated). The NRC analysis conducted for the AIWS rule making process assumed that 
Westinghouse reactors would exceed an MTC of -7 pcm/*F approximately 5 percent of the time.  
Since that analysis, the NRC has approved many plant-specific technical specification 
changes that could allow the occurrence of this 14TC condition for a substantially greater 
portion of the operating cycle.  

For instance, a report of core operating limits for Surry allows an MTC as high as 
0.0 pcm/OF when the reactor is above 50 percent rated power. However, informal discussions 
with Surry plant engineers indicated that the last four Surry fuel cycles actually incurred 
no operating time with MTC less negative than -7 pcm/°F with the reactor at full power. all 

rods out, and no xenon. It appears that administrative limits on fuel load fabrication.  
which account for uncertainties to avoid violation of the technical specifications, can have 
a significant effect on the actual fraction of the fuel cycle with NTC above -7 pcm/IF.  
Therefore. for this analysis, the staff chose a value of 5 percent to be consistent with the 
value most recently used by the agency, with a caution that plant-specific values may differ 
substantially.  

Use of the 5 percent value increases (by a factor of 3.6) the frequency of ATWS core damage 
sequences resulting from high MTC. Presumably, this increase also has an effect on the 
fraction of the cycle during which MTC is low enough (s-20 pcm/°F) that turbine trip and 

primary pressure relief are not important; however. NUREG-1150 used 50 percent for that 
fraction. Therefore. the effect on the frequency of the core damage sequences between 
-7 and -20 pcm/°F is limited to a factor of 2 and is expected to be much smaller than that.  
The staff did not consider this effect further for the analyses discussed below.  

The following discussions first focus on the effects of AIWS-induced SGTR on the analyses
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presented in NUREG-1150. and then discuss the effects of the more recent operating 
parameters.  

2.1.3.1 Pressure-Induced SGTR Resulting from ATWS Events 

The frequency for AlWS events used in NUREG-1150 is 6.7x10'/RY. Of those events, a subset 
associated with high power and high KTC (denoted TKRZ) may result in RCS pressure exceeding 

22 MPa (3200 psig) with a frequency of 8.4x10'/RY. In addition, the RCS pressure can exceed 

22 WPa (3200 psig) as a result of non-dominant core damage sequences associated with failure 

of the operator to promptly trip the turbine, or failure of two pressurizer relief valves.  

or failures in the AFW system. On the basis of information available in supporting 
documents for NUREG-1150. the staff estimated that TKRZ events plus these additional non
dominant sequences have a combined frequency of 1.2x4D'6/RY. Thus. of all ATWS events, the 

subset leading to high RCS pressure (approximately 98 percent) would not produce a 
differential pressure across the steam generator tubes in excess of approximately 15.2 MPa 
(2200 psid). An alternative considered by the staff would limit the conditional 
probability of tube rupture to 0.05 per steam generator experiencing a differential pressure 
of 17.2 MPa (2500 psid). Therefore. the probability of rupturing at least one tube in each 
steam generator would not exceed 0.05 for 98 percent of the ATllS frequency. The other 
2 percent of the AIWS frequency is already reflected In the CDF. as addressed later in this 
section.  

2.1.3.2 Pressure-Induced SGTR Resulting from ATWS Events Not Reflected in CDF 

The low-power and low-MTC ATWS events are expected to yield much lower RCS pressures.  
probably in the range of the RCS relief valve set points. Therefore. the staff excluded 
these events from further consideration of pressure-induced SGTR resulting from ATWS. This 
leaves only the ATWS events with high RCS power and intermediate MTC for this part of the 
analysis. That group has a frequency of 2.9x0'O/RY. These events will subject all steam 
generators in the plant to elevated differential pressures up to 15.2 MPa (2200 psid). As a 
bounding analysis for this class of AIWS events, each steam generator is assumed to have a 
probability of 0.05 for induced rupture of one or more tubes. However, these sequences will 
create pressure differentials below 15.2 MPa (2200 psid) and the proposed limit applies at a 
higher differential pressure. near 17.2 MPa (2500 psid).  

Assuming that the probabilities of rupture in the affected generators are independent of 
each other. Table 2.1a presents the frequencies for AIWS pressure-induced SGTR as a function 
of the number of generators in the plant. The assumption of independence Is probably 
conservative. Thermal-hydraulic calculations by Idaho National Engineering Laboratory 
(INEL. now Idaho National Engineering and Environmental Laboratory or INEEL) have shown that 
tube ruptures reduce the peak pressure of ATWS transients. This. in turn. reduces the 
differential pressure across the tubes, as well as the probability of additional tube 
ruptures in the same or other steam generators. The issue of common cause failures is 
included by assigning the highest probability of failure to all of the generators.
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Table 2.1a Frequencies for AnJS Pressure-Induced SGTR 
(NUREG-1150 ProbabiLities) 

No. of S•;s frequency of oIVS Pressure- induced Rupture of 

InPan1 SC 2 S(;s 3 SGs 4 SGs 

2 2.8X10"6 7-0 

3 4.lXIO" 6  2.1X1O"7  3.6x10 9 

4 5.OXtO" 6  3.9X10"7  I.AX0"8 1.SX10"11 

Tabte 2.1b Frequencies for AnIS Pressure-Induced SGTR 
(Updated Probabilities) 

Nio. of SGs frequency of ATWS Pressure-induced Rupture of 
in Plant 

I SG 2 SGs 3 M ~ 4 SUs 

2 5.9X10"7  1.SX10"8 

3 8.6XI"7 4.4XIO" 7-X10"1° 

4 1.lX10"6  8.2)X10" 2.9xl0'9 3.XIO'11 

As shown in Table 2.1b. however, these frequencies are reduced when more recent data on 
reactor trip frequency are considered. The staff did not consider the effects of the higher 
probability of unfavorable MTC because the slight decrease caused by a higher probability of 
exceeding an MIC of -7 pcm/nF may be offset by a slight increase in the probability of 
exceeding -20 pcm/8F. (Here, the term exceeding is used in the sense of an absolute value.) 

With regard to the ATWS sequences, the effects of a pressure-induced SGTR would allow for 
increased boration of the core, except for the 0.95 percent of the time that the HPSI system 
fails. (This is the TKRD4 sequence that is already expected to result In core damage, as 
discussed shortly.) For the remaining AIWS sequences. increased boratlon should help to 
ensure that the reactor is effectively shut down. The issue therefore becomes the ability 
to mitigate the SGTR by cooling down and depressurizing the reactor before the refueling 
water storage tank (RWST) is emptied and the core becomes uncovered.  

Thus. these ATWS pressure-induced SGTR sequences should transfer to the trees used for SGTR 
induced by secondary-side depressurizations. For the majority of the AIWS pressure-induced 
SGTR frequency, tubes are expected to rupture In only one generator, so the scenario is 
similar to the effect from secondary depressurizatlon. Because It may still be possible to 
eventually isolate the secondary side In the ATWS pressure-induced sequences. the event 
trees originating with secondary side failures should be conservative for AIWS pressure
induced SGTR when they involve tube ruptures in only one steam generator. However, the 
recovery may be complicated by the actuation of containment spray, which would transfer some 
of the RWST inventory to the containment sump and require the emergency core cooling system 
(ECCS) system suction to be transferred to the containment sump during recovery. Because 
the other initiator frequencies for the secondary depressurization-induced SGTR trees 
include events in the range of 103/RY. these additional ATWS events are not expected to have 

a significant effect on the estimated frequency of pressure-induced SGTR leading to core 
damage with bypass type releases.
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Ruptures involving only two steam generators in a four-loop plant are not expected to 

complicate the recovery very much, and can be treated similarly. By contrast, ATWS 

pressure-induced ruptures involving three steam generators at a four-loop plant or two steam 

generators at a three-loop plant are somewhat more complicated. This is because the 

operators may hesitate to use faulted steam generators, which may be required for cooldown.  

Successful recovery is still possible with tube ruptures in all generators. Sequences 

affecting most or all of the steam generators are considered to be sufficiently infrequent 

to be neglected without further detailed analysis. This is because the frequencies are 

already low. because they are upper bound estimates, and because the mitigation probability 

is expected to decrease the frequencies by at least another order of magnitude.  

2.1.3.3 Pressure-Induced SGTR Resulting from A•WS Core Damage Sequences 

Next. it is necessary to consider the potential increase in the frequency of containment 

bypass type releases as a consequence of pressure-induced SGTR during the ATIS sequences 

that exceed an RCS pressure of 22.1 IPa (3200 psig). Bounding considerations are not very 

helpful because the differential pressure across the steam generators may exceed the value 

used as the basis for tube structural integrity considerations. As a result, the 

conditional probability of SGlR Is not limited to 0.05 in this analysis. and other 

information would be necessary to show that the frequency of inducing SGTR is less than the 

frequency with which the RCS exceeds 22.1 MPa (3200 psig).  

Use of the more recent scram frequency and IIC probability data would decrease the frequency 

of all ATWS sequences by a factor of 0.21 and increase the TKRZ sequence frequency by a 

factor of 3.6. The net effect would be a slight decrease in the bounding estimate (to 

7.2x40 7/RY) for the frequency of ATWS pressure-induced bypass releases from the sequences in 

which the RCS exceeds 22.1 MPa (3200 psig).  

An ATWS pressure-induced SGTR would alter the course of the high-power, high- 4TC (TKRZ) 

sequence. and possibly the PDS. Thermal-hydraulic analyses of this sequence conducted using 

the SCOAP/RELAP5 code (Coryell. 1995) show that the induced SGTRs substantially decrease the 

maximum pressure in the RCS. However. In at least 95 percent of the events, this should not 

occur before the differential pressure across the tubes exceeds 17.2 tPa (2500 psid). which 

is equivalent to the RCS exceeding 24.1 MPa (3500 psig). assuming about 6.9 MPa (1000 psig) 
secondary side pressure.  

RCS pressures above 22.1 IPa (3200 psig) are assumed to cause plastic deformation of the 

injection valves to the RCS and fall ECCS functions. Consequently. subsequent 

depressurization of the RCS by induced SGTR would not allow the HPSI system to borate or 

restore RCS inventory, and the core would melt with the primary-to-secondary boundary 

breached. In order to more precisely estimate the conditional probability of pressure

induced SGTR for the high-power, high-MTC (TRKZ) sequences. it would be necessary to develop 

a frequency distribution for the maximum RCS pressures and a probability distribution for 

SGTR as a function of differential pressure.  

It is also important to consider that the risk of ATWS is greatest at the beginning of the 

fuel cycle, but the steam generator tubes are weakest at the end of the fuel cycle. This 

temporal anti-correlation will also decrease the "best estimate" from the estimate derived 

above. However, quantification of that decrease would depend on the plant-specific nature 

and rate of tube degradation processes. the probability of detecting flaws through routine 

tube inspections, and the MTC as a function of time for the specific core load. Because 

this subset of ATWS events can cause pressures to exceed structural integrity values for the
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tubes. it is not possible to argue that the tubes are capable of withstanding these events 

at the beginning of core life.  

2.1.3.4 AlWS Thermally Induced SGTR 

The remaining consideration is the potential for thermally-induced SGTR during the fuel 

cladding oxidation phase of the AlWS core damage sequences. The ATWS sequences that appear 

in the dominant cutsets for core damage frequency are those associated with high reactor 
power and high or intermediate MIC (TKRZ and T=RO4). For the high-power. high-tTC (TKRZ) 

sequence. MUREG-1150 assigned a PDS (%NYY-YxN) involving the following conditions: 

* A very small break has been induced in the RCS pressure boundary.  
* ECCS is not operating and not recoverable.  
* The RWST inventory has been injected into containment.  
* At least one AN pump is operating.  
* The steam generators are still pressurized.  

For the high-power. Intermediate-MTC sequence (TIRD4). NUREG-1150 assigned a POS (TLYY-YxY) 
involving the following conditions: 

* The RCS is intact (and at high pressure).  
* Only low-pressure ECCS is available.  
* The RWST inventory has been injected into containment.  
* At least one AFW pump is operating.  
* The steam generators are still pressurized.  

Thermal-hydraulic calculations performed using SClAP/RELAP5 indicate that high-pressure core 
melt events will not result in thermally induced SGTR unless the secondary sides of the 
steam generators are dry and depressurized. Therefore. neither PDS assigned to the dominant 
ATWS core damage sequences would be capable of thermally inducing SGTR and altering the 
nature of the release to increase the frequency of the bypass type of release.  

The staff further considered the contribution of non-dominant high-pressure ATWS sequences.  
The TKRLz sequence is part of the group of non-dominant ATWS core damage sequences that 
exceed 22.1 MPa (3200 psig) in the RCS. That group was included (with a frequency of 
2.9x104 /RY) in the estimated frequency of pressure-induced SGTR discussed above, where the 
conditional probability of SGTR was left at 1.0. Thus. it should not be counted again for 
thermally induced SGTR. The non-dominant TKRL2 AlWS sequence involving failure of the AFN 
system had a frequency of 6.8xlO'I/RY before recovery and was dropped from further analysis 
in NIREG-1150. Using NUREG-1150 information considering equipment failures in addition to 
AFN during ATWS events leading to high RCS pressure, the staff back-calculated a probability 
of 2.3x10-3 for AN system failure.  

Other sequences that involve AFN failure are TKRPL2 (which occurs at low power) and TKRZIL2 

(which occurs at high power with low MTC). Using 2.3x10"3 for the probability of ANW system 
failure (as explained above), these sequences are estimated to have a combined frequency of 
1.2xlO/RY before recovery. Consideration of the more recent reactor trip frequencies would 
reduce this estimate to 2.5x10 8/RY. In addition to recovery, this frequency would be 
reduced by the probability that the steam generators would not actually be dry or 
depressuri zed.  

Because successful recovery from AIWS requires operation of two motor-driven ANW pumps or
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the turbine-driven AFW pump, one motor-driven pump may be operating in many of the cutsets 
for these two sequences. On that basis, the staff eliminated these sequences from further 
consideration because they are insignificant with respect to the contributions to the 
frequency of thermally induced SGTR during SBO sequences, and are only minimally significant 
with respect to the surrogate safety goal.  

Thus, in consideration of the evaluation discussed in this section. the staff does not 
expect thermally induced SGTR during ATWS core damage sequences to have a significant effect 
on the frequency of bypass releases.  

2.1.3.5 Conclusions 

ATWS sequences that would not lead to core damage in the NUREG-1150 analysis are not 
expected to significantly increase the frequency of core damage with bypass type releases by 
inducing SGTRs that then lead to core damage. Similarly. ATWS sequences that lead to core 
damage in the NUREG-1150 analysis by paths that do not involve RCS pressures in excess of 
22.1 MPa (3200 psig) are not expected to contribute significantly to the frequency of 
thermally induced SGTRs during severe accidents because the majority of those sequences have 
water on the secondary side of the steam generators.  

ATWS sequences in the NUREG-1150 analysis that lead to core damage by paths involving RCS 
pressures in excess of 22.1 MPa (3200 pslg) may produce a non-negligible contribution to the 
bypass release frequency. Assuming that the conditional probability of rupturing one or 
more tube(s) is equal to 1. bounding calculations result in a frequency estimate in the mid
1O-71 RY range. The staff derived this estimate using an assumption that MTC is above 
-7 pIcn/F for only 5 percent of the fuel cycle. However, the possibility exists that recent 
fuel loads might exceed this percentage by a significant factor. If so. plant-specific 
evaluation may be warranted.  

2.2 Accident-Induced Challenges to Leakage Integrity 

Besides SGTR. severe accident conditions can lead to elevated primary-to-secondary leakage 
through existing tube flaws. The maximum tube leakage condition is expected under high 
primary and low secondary system pressures, which present the highest leakage driving force.  

Section 2.2.1 discusses the expected magnitude of primary-to-secondary leakage through 
existing tube flaws under the elevated temperatures associated with severe accidents.  
Section 2.2.2 then addresses the modeling and impact of tube leakage on thermal-hydraulic 
response.  

2.2.1 Expected Leak Rates Under Severe Accident Conditions 

Previous studies conducted by the NRC and industry predicted leak rates associated with 
flawed tubes under accident conditions near operating temperatures. and usually assumed MSLB 

differential pressures. For example. NUREGICR-2336 (Kurtz. 1988) describes a model to 
predict leak rates from axial and circumferential through-wall cracks in steam generator 
tubes. That model involved applying fracture mechanics solutions to determine the crack 
opening area as a function of crack length and internal pressure. The model then used fluid 
mechanics to predict the flow of primary water through the crack. Primary conditions were 
saturated or subcooled. and the flow became two-phase through the crack. Further. the tube 
temperatures were relatively low compared to those expected during severe accident
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conditions. Therefore. the model preswued that only differential pressure loads on the tube 
would affect the crack opening area. Leak rates computed using this model ranged from about 
0.04 Lpn (0.01 gpm) for a 0.51-cm (0.2-inch) crack to almost 37.9 tpm (10 gpm) for a 2.54-cm 
(1-inch) crack, as shown in Figure 2.1.  

EPRI also described a study of leakage rates associated with flawed tubes in their report 
regarding expansion zone primary water stress corrosion cracking (PWSCC) in roll transitions 
(EPRI Committee for Alternate Repair Limits. 1993). In that study. EPRI used a model with a 
similar basis (fracture mechanics and thermal--hydraulics) to estimate leak rates under MSLB 
conditions through an axial crack Initiated on the primary-side tube wall. The model 
predicted leak rates ranging from less than 0.04 Lpm (0.01 gpm) for a 0.51-cm (0.2-inch) 
axial crack, to about 22.7 Lpm (6 gpm) for a 1.3-cm (0.5-inch) crack.  

The drawback in applying either of these approaches to the severe accident case is that the 
earlier ISLB models use fluid and tube temperatures that are much lower than those expected 
in severe accident scenarios. These lower temperatures mean that the models consider the 
flow of liquid rather than steam, and the crack opening area model does not include thermal 
effects at extreme temperatures.  

The most recent and directly relevant study, conducted by EPRI (FUller, January 1996).  
employed a structural evaluation method to furnish a best-estimate leak rate for high
pressure and temperature primary side conditions. In addition, this study used a crack 
opening area model to estimate the effect of elevated temperatures on the crack size. Table 
3-4 of the EPRI report summarized the estimated leakage of water for all of the tubes in the 
steam generator ranging from 0 Lpm (0 gpm) at a peak tube temperature of 935 K (1223F) to 
757 Lpm (200 gpm) at 960 K (12680F). The report did not offer the thermal-hydraulic basis 
for this prediction, although it did provide an equivalence of 1 kg/s (2.2 IbWOs) steam flow 
through a crack opening that would allow water leakage of 379 Lpm (100 gpm).  

The plausibility of these leakage rates may be explored, starting with the equation for 
leakage from an axial crack in a tube with internal pressure (provided as equation 5-1 in 
EPRI report NP-6864-L). Assuming RCS conditions during an NSLB of 589 K (6000F) and 
16.5 MPa (2400 psig). the crack area obtained for the 379-Lpm (100-gpm) value is 
approximately 0.65 cm2 (0.1 in2). This value is consistent with the crack opening area 
presented for normal operating temperatures in EPRI NP-6864-L and EPRI TR-106194. Applying 
the same leakage equation and using a crack opening area of 0.97 cm2 (0.15 in2 ) (as in 
EPRI TR-106194 and Figure 2.2) for fifty 1.02-cm (0.4-inch) long cracks at 589 K (6000F) and 
a tube differential pressure of 16.5 t4Pa (2400 psig). yields a leak rate of 852 Lpm 
(225 gpm). This predicted leak rate is on the order of the liquid leak rates discussed in 
EPRI TR-106194.  

To check the equivalent high-temperature steam flow rates through similarly sized cracks.  
the same number of 1.02-cm (0.4-inch) long flaws that opened under elevated differential 
pressure should be expected to open to a greater extent under the additional condition of 
extreme temperature. The crack opening area model in EPRI TR-106194 shows this, giving a 
crack opening area of 4.0 cm? (0.62 inz) for fifty 1.02-cm (0.4-inch) long cracks at 987 K 
(1316F) (Figure 2.2). the average hot tube temperature calculated for Case 3R (see 
Section 3). However. the relation for leaking fluid used above is not applicable under 
these high-temperature conditions where superheated steam is expected to exist on the 
primary side of the tube wall. In this case, the superheated steam may be taken to behave 
nearly as an ideal gas.
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Assuming that the crack acts as an orifice, fluid equations are available from the 
literature to estimate a steam flow rate. Mark's Standard Handbook for Mechanical Engineers 
(Avallone, 1987) was used in this example. With the average fluid temperature calculated 
for the base case 987 K (13160F) and a primary pressure of 17.2 NPa (2500 psig) (the safety 
valve set point), the equations used yield a steam leak rate of 4.5 kg/s (9.9 1bin/s). A 
smaller steam flow (3.0 kg/s. 6.6 lbm/s) is predicted for a steam generator with one 
thousand 0.51-cm (0.2-Inch) long cracks. These flow rates are somewhat higher than the EPRI 
estimate of 1 kg/s (2.2 lbi/s).  

An important assumption implicit in these considerations is the nature of the. flaw 
distribution that will be exposed to the severe accident temperatures and pressures.  
Further. uncertainties exist in the prediction of crack opening area. and the coefficient of 
discharge for crack flow. However. the estimates documented In EPRI report TR-106194 appear 
reasonable, although the leakage rates calculated above are somewhat higher. In light of 
these uncertainties and assumptions. and to ensure that an adequate range of leakage rates 
is considered for further study. values consistent with the EPRI high-temperature crack 
opening area model should be used on the basis of the hot steam temperatures calculated in 
Section 3 of this report. Assuming that the flawed tube populations in Figure 2.2 are 
reasonable, this yields steam leak rates under severe accident conditions of 3 to 7 kg/s 
(6.6 to 15.4 Tbm/s).  

2.2.2 Impact of Tube Leakage 

In this analysis, the staff performed SCDAP/RELAP5 calculations (denoted Case 7N in this 
report) to evaluate the effects on secondary system conditions upstream of the ADV of 
379-Lpm (100-gpm) tube leakage escalating to larger leaks of steam under the effects of 
severe accident temperatures. In these evaluations, the ADV was assumed to be operational.  
and the crack size associated with the initial leakage of 379 Lpm (100 gpm) was assumed to 
open. allowing steam leakage, in one case, of 3 kg/s (6.6 lbm/s), and then 7 kg/s 
(15.4 lbm/s) once steam generator temperatures reached 978 K (1300°F).  

The results showed that RCS pressure rapidly decreases to the secondary side relief set 
point pressure following crack opening. The only difference was the rate of 
depressurization. Temperature response on the secondary side was similar in the cases, as 
well. The 379-Lpm (100-gpm) leak produced steam line temperatures of about 790 K (962°F) 
just before the crack opened. Following crack opening, peak steam line temperatures reached 
about 915 K (1187¶F). Temperatures of important secondary side components downstream from 
this point (such as ADVs) would probably experience a much smaller temperature increase 
because of the large heat sink provided by the steam line piping. However. a more detailed 
evaluation should be conducted to determine the extent of the potential thermal challenge to 
secondary system components.  

2.3 Accident Progression Event Tree 

The accident progression event tree (APET) provides a structure for assessing accident 
progression through the following analyses: 

* estimating the frequency of the various primary/secondary system conditions that 
could challenge the steam generator tubes.  

* characterizing the core degradation process and resulting pressure/temperature 
challenges to the RCS and steam generator tubes for each condition or APET branch
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* establishing the overall probability that steam generator tube integrity will be 

maintained over the range of tube challenges 

This assessment yields an overall estimate of the frequency of pressure- and temperature

induced failures of steam generator tubes and containment bypass attributable to severe 

accidents.  

Figure 2.3 presents a representative APET addressing pressure- and temperature-induced 

challenges to steam generator tubes. This APET consists of I entry condition and 12 top 

events. The entry condition (identified by top event heading A on Figure 2.3) Is the 

frequency of core damage events in which core uncovery occurs with the primary system at 

relatively high pressure and the secondary side dry. This subset of the total core damage 

frequency is derived from a decomposition of Level 1 probabilistic risk assessment (PRA) 

results. The first" four top events (events 6 through E) are sorting events that partition 

the entry condition frequency into nine states reflecting different combinations of primary 

side conditions (intact, stuck-open pressurizer relief valve, or RCP seal LOCA) and 

secondary side conditions (intact. one steam generator depressurized. or all steam 

generators depressurized) that could exist at the time of core uncovery. These states are 

shown as endstates Al through C3 on Figure 2.3. and transfer to a continuation of the event 

tree on Figures 2.3a through 2.3d.  

The next four top events (events F through I) reflect changes to the conditions on the 

primary and secondary side during the accident progression. specifically, primary system 

depressurization attributable to either failure or manual operation of pressurizer relief 

valves following core uncovery (event F). and gradual depressurization of one, two. or three 

steam generators via leakage through MSIVs or valve bonnets (events G. H. and 1). At this 

point In the PET. an icon is provided on each branch summarize the associated primary and 

secondary system (indicated in the boxes below the "p" and "s" on the icon. respectively).  

Conditions early and late in the event are separately shown, to the left and right of the 

fine vertical lines within tW icon. Secondary system conditions are separately displayed 

for each of the three SG loops.  

The next three top events (events J through 1) address the likelihood of pressure- and 

temperature-induced tube failures. Top event 3 addresses the potential for a tube rupture 

to occur as a result of pressure effects only, before steam generator tube heatup. for the 

distribution of flaws assumed to be present in the steam generator tubes. Given that the 

tubes survive the pressure challenge, the next two top events (events K and D) address the 

likelihood of temperature-induced tube failures under the representative thermal-hydraulic 

conditions for each branch. Event K represents the probability that loop seal clearing 

occurs in the same loop In which a steam generator is depressurized. Concurrent loop seal 

clearing and steam generator depressurization was found to result in enhanced tube heating 

and high probabilities of failing even pristine tubes in the reference plant analysis. It 

was therefore treated as a separate event in the PET. Event I addresses the probability of 

temperature-induced failure of steam generator tubes prior to any other breach of the RCS 

pressure boundary. given the temperature and pressure histories throughout the RCS for each 

APET branch. and the distribution of flaws assumed to be present in the steam generator 

tubes.  

The final top event (event M) addresses whether the resulting primary and secondary system 

conditions are expected to result in significant fission product holdup and retention. Such 

holdup is expected in sequences in which the primary system is partially depressurized 

(e.g.. as a result of an open pressurizer PORV) and the secondary system is intact but
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leaking.

Section 2.3.1 discusses the frequency of challenges to the steam generator tubes.  
Sections 2.3.2 through 2.3.9 then describe the APET top events. Next. Section 2.4 
introduces the process by which the staff determined the probability of thermally induced 
SGTR. (Section 5 discusses this process in greater detail.) In addition. Section 2.4 
discuses the impact of design differences on severe accident challenges, and considers the 
generic applicability of the event tree to other reactor designs.  

2.3.1 Frequency of Events with High RCS Pressure and Dry Steam Generators (APET Entry 
Frequency) 

The initiating event frequency for the APET (event A on Figure 2.3) represents the frequency 
of events In which core damage occurs with the primary system at relatively high pressure 
and the secondary side dry. This includes events with the RCS at either full system 
pressure or partially depressurized. and with the secondary side either intact (at high 
pressure) or depressurized. Events with a partially depressurized RCS or an intact 
secondary may appear to represent a less severe challenge to steam generator tubes than 
events Involving full RCS pressure or a depressurlzed SG, respectively. Nonetheless. the 
staff retained these constituent events because preliminary thermal-hydraulic and structural 
analyses suggested that these conditions may also pose some threat to flawed steam generator 
tubes.  

Implicit in the Initiating event frequency are the impacts associated with failures of 
valves to reclose. unavailability of valves caused by a loss of support systems. and 
operator actions that impact RCS depressurization (e.g., operator actions to depressurize 
using ADVs or to Isolate stuck-open SVs using block valves) to the degree that such actions 
were modeled in the PRA. The reader should note that operator actions modeled in the 
NUREG-1150 study were generally limited to actions Included within the plant-specific 
emergency operating procedures (EOPs) as they existed at the time of the study. As such.  
the frequency estimates do not reflect the impact of more recent guidance and procedures.  
such as the severe accident management guidelines currently being implemented by licensees 
as part of the nuclear industry initiative on accident management.  

The system failures required to produce the requisite conditions for tube challenge are 
generally consistent with those associated with SBO sequences. Thus. the frequency of tube 
challenge could be estimated from the total frequency of SBO events as a first 
approximation. However, not all SBO events would produce these conditions. For example.  
SBO events with continued operation of AFW (wet secondary side) and core melt caused by a 
loss of primary inventory through a stuck-open pressurizer PORV/SV or a failed RCP seal 
would not contribute to temperature-induced SGTR and should be eliminated from 
consideration.. By contrast, several other transient events (such as those involving a total 
loss of feedwater and failure of feed-and-bleed) could produce the requisite conditions and 
should be considered. Accordingly, the staff performed a more detailed assessment of the 
primary and secondary system conditions at the time of core damage on the basis of 
NUREG-1150 analyses for two. PWR plants (Surry and Sequoyah). In addition, the staff 
addressed the applicability of the resulting frequency estimate to the broader population of 
Westinghouse and CE plants by developing and comparing corresponding frequency estimates for 
a number of additional plants on the basis of information contained in the IPE database.
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. 2.3.1.1 High/Dry Frequency on the Basis of NUREG-1150

Accident sequences that proceed to core damage in a similar fashion in the accident 
frequency analysis (Level 1 PRA) are grouped together into PDSs for further evaluation in 

the accident progression analysis (Level 2 PRA). The characteristics that define these PoSs 

are determined by the accident progression analysts on the basis of information needed in 

the APET. The process of assigning accident sequences to PDSs forms the interface between 

the accident frequency analysis and the accident progression analysis.  

The NUREG-1150 analyses for PWRs used a seven-character P0S indicator to denote 
characteristics of the plant condition when the water level falls below the top of the 
active fuel. The status of the primary and secondary systems at the onset of core damage 

are indicated by the first and sixth characters of the PDS indicator, respectively.  

The first PDS character denotes the pressure of the RCS and its integrity at the onset of 
core damage. Events with relatively high RCS pressure at core damage correspond with three 

different status categories indicated by this PDS character: 

* transients MT) 
* very small LOCAs with a break diameter less than 1.3 cm (0.5 inch) 6S3) 

• * small LOCAs with a break diameter between 1.3 and 5.1 an (0.5 and 2 inches) 6S 2) 

In general, the RCS pressure at core damage depends on the size of the LOCA and the specific 
accident, but would generally range from the PORV/SV set point to the accumulator set point.  
(Transients would result in RCS pressures at or near the pressurizer PORV/SV set point.  
whereas very small and small LOCAs would result in a partially depressurized RCS at core 
damage.) 

The sixth PDS character denotes the status of the AFW system and its ability to provide 
steam generator heat removal. Events with a dry secondary side involve loss of main and 
auxiliary feedwater. and correspond with four different status categories indicated by this 
PDS character: 

*0 AN is operated until battery depletion with the steam generators at pressure at the 
time of core damage (C).  

S AFW is operated until battery depletion with the steam generators depressurized at 
the time of core damage (M).  

0 and AFW is failed at the outset of the event (S and N).  

However, as discussed below. $80 sequences with an RCP seal LOCA represent a special case in 
which a significant fraction of the events involve a wet secondary side at the time of tube 
challenge. This is because core uncovery occurs early relative to the time of battery 
depletion and steam generator dryout.  

On the basis of point estimates tabulated for Surry sequences and FOSs (Wheeler. 1989). the 
frequency of events involving both core uncovery with the RCS at relatively high pressure 
(events T. S2 , and S) and loss of main and auxiliary feedwater (PDS characters C. D. S. or 
N) is 2.2x1O 5lRY. The initiating events for the screened sequences are mostly single- and 
double- unit losses of offsite power (92 percent). with the balance dominated by transients 
with loss of main feedwater or loss of a DC bus. A similar assessment for Sequoyah 

indicates a point estimate of 1.4x10l/RY for the frequency of high primary pressure and loss 
of feedwater. For Sequoyah. the initiating events for the screened sequences are mostly
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losses of offsite power (80 percent). with the balance dominated by transients with loss of 
main feedwater or loss of a DC bus.  

About 29 percent of the events identified through the screening process involve an RCP seal 
LOCA (6.4x0'61RY). A closer examination reveals that all of these RCP seal LOCA events 
involve successful AFW operation. In such sequences, the steam generators could be wet or 
dry, depending on the size and timing of the seal LOCA. The staff further evaluated the 
underlying sequences in terns of the conditions on the secondary side, as discussed below.  

The NUREG-1150 analysis identified three individual RCP seal LOCA sequences from the SBO 
event trees, which were In the MUREG-1150 analysis and captured In the high/dry screening 
process. Each involved successful operation of turbine-driven AFW. with core damage 
resulting from a seal LOCA with failure to restore AC power in time to reestablish HPSI flow 
before core uncovery. The two largest contributors involve successful depressurization of 
the RCS and were classified as having AFW until battery depletion with the steam generators 
depressurized at the time of core damage (PDS parameter "D*). The smallest contributor 
Involves operator failure to depressurize the RCS and was classified as having AFW until 
battery depletion with the steam generators at pressure at the time of core damage (PDS 
parameter "Ca). In the current study, the staff reviewed the NUREG-1150 RCP seal LOCA model 
to determine the fraction of these SBO sequences that would Involve a wet secondary at the 
time of RCS pressure boundary failure.  

The progression of events in a long-term 580 with an intact primary would generally involve 
a loss of AFW upon depletion of station batteries at 4.0 hours, steam generator dryout at 
5.5 hours, core uncovery at 6.5 hours, and first failure of the RCS pressure boundary at 
approximately 8.0 hours. SCDAP/RELAP5 analyses for Surry indicate that introducing a 
946-Lpm/pomp (250-gpn/pump) seal LOCA at the time of RCS saturation would actually increase 
the time interval between core uncovery and first RCS pressure boundary failure from 
1.5 hour to approximately 2 hours, for reasons described in Section 4. Thus. SBOs with RCP 
seal LOCAs sufficient to result in core uncovery in 3.5 hours (the difference between the SG 
dryout time and the interval between core uncovery and RCPB failure) or less would have a 
wet secondary side at the time of RCS pressure boundary failure.  

Review of the corrected seal LOCA model developed by Brookhaven National Laboratory (BNL) 
(Ruger. 1995) indicates that approximately 67 percent of seal LOCA events would produce core 
uncovery In 3.5 hours or less. Furthermore. this corrected seal LOCA model suggests that 
about 95 percent of the seal LOCA events that result in core damage involve core uncovery In 
about 3.5 hours or less. Thus, essentially all of the SBO seal LOCA events captured through 
the screening process would have a wet secondary side at the time of cladding oxidation and 
RCS heatup. As such. steam generator tubes would not be challenged by high temperatures in 
these events, and RCS failure would be expected to occur in an alternative location, such as 
the pressurizer surge line or a hot leg.  

For purposes of the present analysis, the staff determined the fraction of high primary 
system pressure/dry secondary side events that involve early failure of the pressurizer 
PORV/SVs or RCP seal LOCAs on the basis of the PDS information for Surry (contained in 
NUREG-1150). with corrections for proper treatment of SBO events with RCP seal LOCAs. The 
staff eliminated from further consideration the entire frequency of 510 seal LOCA events 
with successful AFW (6.4xlO*6/RY. or 29 percent of the high/dry frequency) because of the 
presence of a wet secondary side through the time of first RCS pressure boundary failure.  
This screening yields a more representative value for frequency of core damage with the 
primary system at relatively high pressure and the secondary side dry. The resulting
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frequency is approximately 1.6xlO'6/RY for Surry. A similar correction for Sequoyah yields a 

core damage frequency (with high primary pressure and dry secondary side) of approximately 

1.lxlO'*/RY for that plant.  

2.3.1.2 High/Dry Frequency on the Basis of the IPE Database 

The staff searched the IPE database (as of May 1996) to determine whether the information 

from the NUREG-1150 analyses regarding the frequency of challenge was reasonably consistent 

with available information from the IPEs. In particular. the staff focused this search on 

core damage events with the primary system at high pressure and the secondary system dry.  

However, the staff could not conduct a di rect. automated search for the sequences of 

interest. This is because the database allows automatic queries for high-pressure core 

damage events, but secondary system water level is not an explicit field in the database 

records. As a result, the staff searched the database for sequences Involving high primary 

pressure and loss of all feedwater.  

The database search of 42 PWR IPEs yielded a set of 1351 sequences. (Some of these IPEs 

represent two plants. For example. North Anna. Surry. and Zion each have a single IPE that 

applies to both units.) To make the analysis of this large number of sequences more 

tractable, the results of the database search were written out In a format compatible with a 

spreadsheet program, and the staff performed the remainder of the analysis with the aid of 

this spreadsheet.  

All 42 IPEs had some sequences with the primary system at high pressure and the secondary 

system dry at the time of core damage. The sum of the frequencies of these sequences for 

each plant ranged from a low of 4.9x1O'/RY (McGuire 1&2) to a high of 7.9x0'O/RY (Indian 
Point 2). Figure 2.4 presents a plot of these CDFs. Direct inspection revealed that most 

plants fall in the range of 2x]O'6/RY to 4x0'5/RY.  

The staff then further evaluated the results of the IPE database search to identify any 

major differences among the sequences contributing to core damage with high primary pressure 

and dry steam generators. or any significant design biases. For this evaluation, the staff 

used two distinct approaches. First, the staff examined all. highldry sequences from the 

three IPEs with the greatest frequency of core damage, as well as the top five high/dry 
sequences In each of the remaining IPEs. Specifically, the plants with the highest 

frequency of core damage with high primary pressure and dry steam generators were Indian 

Point 2 (7.9x10S1RY). North Anna 1&2 (5.4x1O'5 RY). and Surry 1&2 (3.9x10S/RY). The reader 

should note, however, that the frequency of core damage with high primary system pressure 

and dry steam generators from the Surry IPE. as recorded in the IPE database, is higher than 

the corresponding value from the NUREG-1150 study (2.2x1O-5/RY). This higher value results 

from the inclusion of several internal flood-related sequences in the IPE database that were 

not included in the NLREG-1150 study.  

Second. the staff broke out and compared (by reactor design) the frequency of core damage 

with high primary pressure/dry steam generators. However, the staff did not pursue more in

depth correlations on the basis of the relatively small variation observed in event 

frequency. Station blackout and battery depletion appear most frequently in the high 
pressure/dry steam generator sequences: however, these contributors are not dominant in many 

of the IPEs surveyed. The specific initiators include loss of offsite power. reactor scram.  

turbine trip, loss of main feedwater. loss of DC power, loss of emergency service water, and 

ATWS. These initiators are to be expected. since they can all lead to secondary dryout. and 

all initiators need not involve station blackout. In addition, some principal contributor
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sequences were initiated by internal flooding or loss of heating, ventilation, and air 

conditioning (HVAC).  

Essentially all of the above initiators (including the HVAC initiator) also appear among the 

top five sequences of all of the remaining PWR IPEs. In addition, the list includes loss of 

component cooling water, loss of instrument air, loss of onsite AC power (some plants have 

onsite sources in addition to the diesels), steam line break inside containment, and loss of 

the ultimate heat sink. with some of these initiators having frequencies as high as 10'.  

However, the relative contribution from the constituent sequences to the frequency of high 

pressure/dry steam generator varies considerably from plant to plant. For example. SOO 

sequences account for a majority of the high/dry frequency at some plants, but very little 

of the high/dry frequency at other plants. Thus. the characterization of primary and 

secondary system status in subsequent APET branches In the present analysis for Surry should 

not be generalized to other plants.  

Table 2.2 summarizes the frequency of core damage with high primary pressure and dry steam 

generators, sorted by reactor design (i.e.. Westinghouse plants with two. three, and four 

loops, and CE plants with and without PORVs). The reader should note. however, that these 

results are not weighted to reflect multiple units at certain sites: thus, the number of 
plants reflected in the table is less than 42.  

As shown in Table 2.2. the mean frequency derived from the IPE database ranges from a low of 

6x10'6/RY for CE plants with PORVs to a high of 3xlOs/RY for two-loop Westinghouse plants - a 

factor of five variation. Within Westinghouse designs, the frequency decreases from 

two-loop to three-loop to four-loop, but the mean frequencies for two-loop and four-loop 

plants still vary by less than a factor of 2. CE. plants without PORVs have about the same 

mean frequency as the Westinghouse four-loop plants. but CE plants with PORMs have about 

half the frequency of Westinghouse four-loop plants or CE plants without PORVs.  

By contrast. NUREG-1150 reported that the high/dry frequency is 2.2x40sRY for Surry 

(three-loop) and 1.4x10O/RY for Sequoyah (four-loop). These values are very close to the 

mean high/dry frequencies derived from the IPE database for three-loop and four-loop 

Westinghouse plants, and they fit well within the range of IPE data. Furthermore, the 

NUREG-1150 value for Surry envelops the COFs derived from the RE database for the majority 

(all but 10) of the plants considered, and it is within a factor of 4 of the highest IPE 
high/dry frequency.  

The reader. should note that. for Westinghouse plants, the frequencies reported in IPEs 

include the contribution of SBO events with RCP seal LOCA. Most RE submittals for 

Westinghouse plants qualitatively indicated that short-term SBO sequences were not 

significant contributors to the SBO CDF because additional failures are needed for the 

short-term case (e.g.. turbine-driven auxiliary feedwater must fail). In addition, most of 

these submittals indicated that. on average, the SO0 COF was dominated by long-term SBOs 

with RCP seal LOCAs. In contrast, the IPE submittals for CE plants considered RCP seal 

LOCAs to be an unimportant contributor to CDF because these plants exhibit a low 

susceptibility to RCP seal LOCAs as a result of the Byron-Jackson four-stage seal design.
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Tabte 2.2 Frequency of High/Dry Events from IPEs (Sorted by' Reactor Design) 

N~umber of High/Dry Frequencies (per RY) 
Design PLants In 

D SampLe Low Nigh Kean Median 

V 2-toop 3 2105  4X10 5  3X10"5  3X1O"5 

Hj 3-Loop 7 lXIO"S 5X1O' 5  2)(10's 2X10"5 

11 4-Loop 19 5XIO" T  8X10"5  2X)10" 2X10"5 

Art It 29 5XlO"7  8X10s 5  2X1O"5 2X1o0S 

CE wmPORVs 5 SX1O"7  1Xi105 6XIO06 6XI106 

CE u/o PORVs 3 9Xt0"6  3X10"5  2XlO- 5  2X]10" 

AIL CE a 5XO" T  3X1O"s 1X1"Os lXIO'S 

The staff did not attempt to further assess the IPE submittals to determine the status of 

the steam generator secondary side at the time of core damage. Such an assessment would need 

to consider plant-specific features. These features might Include the relative contribution 

of short- and long-term SBO, the time of battery depletion and steam generator dryout 

relative to the time of core uncovery for the spectrum of possible RCP seal and O-ring 

failure combinations and times, and the plant-specific probability distribution for non

recovery of AC-power before core uncovery. The frequency of high/dry events derived through 

this plant-specific assessment would be reduced (relative to the staff's findings) by 

eliminating those RCP seal LOCA events that would have a wet secondary side up to the time 

of the initial RCS failure. This reduction could be significant if SBO seal LOCA events are 

dominant contributors to the events captured in the screening process. and would tend to 

reduce the observed differences in high/dry frequency between Westinghouse and CE plants.  

In conclusion, the staff's database search confirms that the sequences contributing to core 

damage with high primary system pressure and dry steam generators in the IPEs surveyed are 

similar to the contributing sequences for Surry and Sequoyah. as reported in NUREG-1150.  

Furthermore, comparison of high/dry core damage frequency across nuclear steam supply system 
(NSSS) designs does not reveal any strong design biases. The staff concludes that the 
frequency of core damage with high primary system pressure and dry steam generators derived 

from the Surry analysis reported In NUREG-11SO (1.6x10'/RY) is reasonably representative of 

the frequency of steam generator tube challenges for the population of Westinghouse and CE 

plants. The staff, therefore, based its risk assessment on this value.  

The staff recognizes the potential for significantly different challenge frequencies at 

different plants, and has addressed this issue as a sensitivity study. Moreover, because of 

the large plant-to-plant variation in the relative contribution from constituent sequences.  

the characterization of primary and secondary system status in subsequent APET branches in 

the present analysis are not necessarily representative and should not be generalized to 
other plants.  

2.3.2 RCS Status at Time of Core Uncovery 

The first two top events in the APET (events B and C) address the potential for either a 

stuck-open pressurizer PORV or SV, or an RCP seal LOCA before core damage, respectively. As 

previously discussed, these failures would cause the RCS to be partially depressurized at
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the time of core damage, with the degree of depressurization dependent on the size and 
timing of the RCS failure.  

In NUREG-1150. two time regimes were used to evaluate the failure of a pressurizer PORV to 
successfully reclose after lifting in an SWO. Specifically. these regimes encompassed the 
RCS bolldown phase before core damage (as part of the accident frequency analysis/Level 1 
PRA). and after the core degradation process has proceeded for some time and the valves are 
operating at temperatures well in excess of their design value (as part of the accident 
progression analysis/Level 2 PRA).  

The staff employed a similar approach in the present study. Specifically. the probability 
that a pressurizer PORV or SV fails to reclose during RCS boildown was considered in the 
first top event in the APET. as discussed below. The probability that the valve falls to 
reclose later in the event during the core degradation process was addressed as the sixth 
top event in the APET.  

On the basis of point estimate values for sequences and plant damage states tabulated for 
Surry in NUREG/CR-4550. the RCS Is intact in approximately 68 percent of the screened 
events. Another 14 percent of the screened events involve a stuck-open pressurizer PORV or 
SV. and the remaining 18 percent involve an RCP seal LOCA. As modeled, no events involve.  
both a stuck-open pressurizer valve and an RCP seal LOCA: however, these failures are not 
mutually exclusive and can occur together. Table 2.3 summarizes the split fractions derived 
from the POS information for Surry. along with corresponding results for Sequoyah for 
purposes of comparison' The underlying assumptions for the NUREG-1150 values are discussed 
below.  

Table 2.3 Fraction of Kigh/Dry Events with Stuck-Open Pressurizer PORV/SV or RCP Seat LOCA 

RCS Status at Time of Surry KMUREG-11501 Sequoyah NUREG-1150 2 

Care Uncovery I 

Intact 0.68 0.49 

Stuck Open PORV/SV 0.14 0.03 

RCP Seat LOCA 0.18 0.48 

Total 1.0 1.0 

1 - based on a high/dry frequency for Surry of 1.6x•I 5O/R5 
2 - based on a high/dry frequency for Sequoyah of l.IXIGO/RY 

2.3.2.1 Early Failure of Pressurizer Relief/Safety Valves (APET Event B) 

The probability that a pressurizer PORV or SV will fail to reclose early in an event was 
addressed as an uncertainty issue in'the Level 1 portion of the NUREG-1150 analysis. In the 
stand-alone version of the accident frequency analysis, the probability of this event was 
sampled from a distribution. As a result of this sampling, the uncertainty in the 
probability was not found to be a significant contributor to the uncertainty in core damage 
frequency. and the probability that the valve will fail to reclose was set to the mean value 
of the distribution (0.027) in the integrated analysis (NUREG-1150. Appendix B).  

On the basis of NUREG-1150 findings, it appears that the treatment of a stuck-open PORV/SV

NUREG-1570 2-20



during an SBO was limited to consideration of long-tern SBOs in which AFW is initially 
available. It also appears that the probability of a stuck-open PORV was assessed for only 
a single valve cycle occurring early in the transient following reactor scram. (The 0.027 
value is the product of a PORV demand rate of 1.0. a 0.9 probability that at least one PORV 
is unblocked, and a probability of 0.03/demand that the PORV will fail to reclose).  

The discussion of relief valve demand provided in NUREG/CR-4550 indicates that the 
probability of 0.03/demand used in NUREG-1150 originated from the generic value used in the 
original accident sequence evaluation program (ASEP). However. the PORV failure rate data 
reported in Table 8.2-5 of NLREG/CR-4550 indicates a substantially lower mean value of 
241-3-/demand as the probability that the PORV will fail to reclose. This lower value was 
derived from the NRC's licensee event report (LER) data summary for air-operated valves 
(AOVs). This value is consistent with current estimates of failure rates for PORVs. but was 
not used in NUREG-1150. Use of the higher failure rate in conjunction with a single demand 
in NUREG-1150 would be comparable to use of a lower failure rate given that the valve cycles 
approximately 15 times before core damage occurs. However, an even greater number of 
pressurizer PORV/SV cycles is expected before core uncovery. as discussed below.  

The number of challenges to the pressurizer PORVs or SVs is a function of plant 
characteristics, including the volume of the RCS. set point staging of multiple valves. flow 
capacities of the relief valves, and valve operating characteristics. The number of valve 
demands before core uncovery can vary markedly from plant to plant, as illustrated by 
results of SCDAP/RELAP5 and EPRI-sponsored KAAP calculations for an SBO sequence with an 
intact primary system. As shown in Table 2.4. SCDAP/RELAP5 calculations for Surry predict 
30 steam cycles followed by 59 liquid cycles before core uncovery for the case with one 
steam generator depressurized (Case 3R). and 20 steam cycles followed by 56 liquid cycles 
for the case with all steam generators depressurized (Case 7R). MAAP results indicate 
substantially fewer valve cycles, but this difference -is largely attributable to different 
valve operating characteristics (dead bands) assumed in the two codes. For similar valve 
dead bands. MAP and SCDAP/RELAP5 results appear comparable.  

Sequences involving an RCP seal LOCA can result in a comparable challenge to pressurizer 
valves if either the magnitude of seal leakage remains small or the onset of significant 
leakage is delayed. For example, a SCDAP/RELAP5 calculation for ANO-2 (in which a 
220-gpm/pump seal LOCA was introduced upon reaching saturated conditions at the RCPs) 
resulted in 13 steam cycles and 47 liquid cycles before reaching saturation, and an 
additional 6 steam cycles before core uncovery.  

Collectively. these calculations indicate that the PORV/SVs could cycle between 10 and 100 
times (approximately) before core uncovery occurs during an SBO, with half or more of these 
cycles involving flow of liquid or two-phase fluid. The calculations also show that the 
majority of demands on the pressurizer PORV or SV occur before the RCS coolant temperature 
reaches saturation at the RCP seals. Valve operating characteristics (particularly the 
valve opening and closing set points) govern the quantity of fluid passed during each cycle 
and account for a large portion of this variation.
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Table 2.4 Nuiber of Pressurizer PORV/SV Cycles Before Core Uncovery 

Nunber of PORv/SV cycles Prior to Core UncoverY 
Flow Through SCDAP/RELAPS KAAP 

., Surr Intact RCS ANO-2 Sean LOCA 2 4-Lop Intact RCS 3 

2-PhaselLiquid 59 47 a - 24 

Steam 30 19 5 - 21 

Total 89 66 13 - 45 

I - Each cycle represents operation of 2 pressurizer PORvs with the same set points and a dead 
band of 3 percent (Surry Case 3R).  

Z - Each cycle represents operation of 2 pressurizer SV% with the sam set points and a dead band 
of 4 percent (ANO-2 Case 3).  

3 - Range represents results assuming a pressurizer SV dead band of 15 percent and S.percent.  
respectively.  

For a given plant, the number of valve demands is inversely proportional to the quantity of 
fluid lost during each valve cycle. The quantity of fluid lost per cycle can be 
characterized In terms of the valve dead band. which is defined as the difference between 
the design set point (opening) pressure and the actual reseating (closing) pressure.  
expressed as a percentage of the design set point pressure. The lower the pressure at valve 
closing (and thus the greater the dead band), the more fluid is lost per cycle and fewer 
cycles are required to depressurize the RCS. The design dead band for pressurizer PORVs and 
SVs is typically about 5 percent. but actual values observed In valve testing vary 
substantially from the design value, as discussed below.  

In the early 1980s. EPRI sponsored a test program to evaluate the performance and 
reliability of primary system safety and relief valves under fluid conditions expected at 
the valve Inlets during their operation in design-basis accidents. Including licensing 
transients, extended operation of HPSI. and cold overpressurization (Bahr. 1982: 
Meliksetian. 1982: Slngh. 1985: and EPRI Valve Test Program Staff. 1982). Under that 
program. EPRI tested 17 safety Collectively. these calculations indicate that the PORV/SVs 
could cycle between 10 to 100 times (approximately) before core uncovery occurs during an 
$80. with half or more of these cycles Involving flow of liquid or two-phase fluid. The 
calculations and relief valves representative of those used or planned for use in domestic 
PkRs. These tests, conducted over a range of conditions. included safety valves 
manufactured by Dresser. Crosby. and Target Rock. and relief valves produced by nine 
different manufacturers. (Together. Dresser and Crosby valves account for the majority of 
pressurizer and steam generator code safety valves in use at operating PM~s.) 

On the basis of EPRI's findings, the dead band for the two Crosby safety valve designs 
tested averaged 7 percent (ranging from 0.3 to 18 percent) for valves with an "R" orifice.  
and 15 percent (ranging from 9 to 23 percent) for valves with a "Q" orifice. The average 
dead band for the Dresser valves was in the range of 6 to 7 percent.  

The SCOAP/RELAP5 calculations cited in Table 2.4 assume valve dead bands of 3 percent for 
Surry and 4 percent for ANO-2. with simultaneous operation of two valves during each cycle.  
If the performance of the valves is similar to that observed in the EPRI-sponsored tests.
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the total number of valve demands would be approximately the same as reported in the table.  
However. if the valves perform as modeled, the total number of demands could be as much as 
twice the number of cycles reported in the table, and the probability of an early failure 
would increase accordingly.  

In the current study, the staff considered the impact of increased pressurizer PCRV/SV 
demands on the likelihood of early RCS depressurizatlon. Using the mean ASEP value of 
2xIO-3 per demand (NUREG/CR-4550). the probability that the PORV will fall to reclose would 
be about 0.02 to 0.2 for an SBC event, given that the results of the SWDAP/RELAP5 and tMAP 
calculations suggest that the number of PORY/SV cycles could range from 10 to 100. In 
contrast, the NUREG-1150 PDS information suggests that events Involving a stuck-open PORV at 
Surry and Sequoyah comprise about 14 percent and 3 percent of frequency of high RCS 
pressure/dry steam generator sequences, respectively.  

This observation leads to the conclusion that use of a constant per-demand failure rate to 
address the.likelihood of failure for multiple valve cycles (failure rate per demand x 
number of demands) would overestimate valve failure probabilities. This is because generic 
failure rate data tend to reflect valve availability and the influences of standby-related 
problems (such as maintenance errors) rather than valve reliability and the ability to 
function for multiple cycles. A more rigorous and technically correct treatment would 

_ separately consider the probability that the valve completes its initial cycle, and the 
probabilities that the valve operates for successive cycles during which the valve 
discharges vapor or liquid.  

EPRI has recently proposed such a failure model for use In assessing the reliability of 
pressurizer safety valves. (PSVs) and MSSVs for repeated cycling (Fuller. July 1996). To 
derive this model. EPRI reviewed failure rate data used in IPEs. as well as results from a 
series of EPRI-sponsored tests conducted on seven PSVs in the early 1980s. and the limited 
operating experience reported in NRC information notices and LERs. On that basis. EPRI 
assessed the PSV failure rates per demand to be 2.7x10" for steam cycles and 1.1x10"1 for 
liquid cycles. In the aggregate, the EPRI model indicates that the PSV will fail to reclose 
during the boildown phase with a probability of 0.69 to 0.98 (for PSVs with dead bands of 15 
and 5 percent. respectively). This value Is substantially higher than estimated in the 
NUREG-1150 Level 1 analysis, and is largely attributable to the consideration of mechanical 
loads placed on the valve when it passes two-phase/liquid flow.  

The staff notes that the failure rates derived by EPRI reflect an assumption that the 
limited valve damage observed in the EPRI-sponsored tests (2 observations in 75 steam tests.  
and 3 observations in 25 liquid tests) led to the valves' failure to reclose. However.  
there is insufficient evidence to conclude that the instances of valve damage observed in 
the tests constitute a failure to reclose. Specifically. the test documentation does not 
indicate that the valves failed to reclose In any of the tests, or that the observed damage 
would prevent continued operation of the valves. Furthermore. in one of the few operating 
events in which repeated PORV cycling occurred, the PORV cycled approximately 200 times 
without failure, despite the fact that the valve sustained considerable damage. Thus. the 
staff concludes that the fraction of sequences involving early PORV/SV failure (about 
14 percent. according to the PDS information for Surry) provides a reasonable basis for this 
scoping assessment. The staff therefore based the split fraction for APET event B on this 
value.  

The staff also noted that the fraction of high primary pressure/dry steam generator events 
with a stuck-open PORV for Surry is higher than the corresponding value for Sequoyah.
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Nonetheless. that fraction generally agrees with results of a separate assessment using the 
number of valve demands from recent SCDAP/RELAP5 and MAAP analyses in conjunction with valve 

failure rates from ASEP. A low frequency of events with a stuck-open PORV is also 

consistent with IPE review insights for Westinghouse and CE plants. Such insights reveal 

that SBO sequences with stuck-open PORVs were listed in only a few IPE submittals and. even 

then, they were minor contributors to core damage frequency. as documented in NUREG-1560 
(U.S. Nuclear Regulatory Commission. 1996).  

The staff acknowledges that it may be appropriate to consider a higher per-demand valve 

failure rate during the boildown phase (as predicted by the EPRI cumulative damage model) 

and a higher fraction of sequences with a stuck-open PORV. However, for this study. the 

staff assigned a relatively high value (0.5) to the probability that the PORV will not 

reclose later in the event during core degradation (the sixth top event in the APED).  

The staff further noted that accident progression would differ for early versus late failure 

of PORVs. However. previous studies of intentional depressurizatlon as an accident 
management strategy coared the approach of latching open PORVs early (at the time of steam 
generator dryout) and late (at the time core exit temperature exceeds 922 K (1200F)) and 
found that the RCS pressure response is similar for the two cases (Hanson. 1990). (Early 
actuation of PORMs led to earlier depressurization of the RCS. but also tended to accelerate 
the occurrence of core damage. As a result, the RCS pressure at the time of core damage did 
not differ substantially between the two cases.) Thus. the staff believes that the later 
APET branch (event F) adequately captures the uncertainty in the probability of early 
failure of the PORV/SV. and additional Justification would be needed to support the use of a 
substantially higher probability for early failure of the PORV/SV.  

2.3.2.2 RCP Seal LOCAs (APET Event C) 

As reported in ItNUREG-1150, a panel of experts considered the probability of RCP seal LOCAs 
of various sizes as a systems analysis issue. This expert elicitation yielded estimated 
probabilities of various leak paths and corresponding leak rates as a function of time 
following a loss of seal cooling. For each scenario represented in the seal LOCA 
model/event tree. the expert elicitation subsequently determined the conditional probability 
of core damage on the basis of the estimated time of core uncovery and the probability of AC 
power recovery before core uncovery.  

The seal LOCA model used in NUREG-1150 addresses a combination of time-dependent and time
independent failure modes. including shaft binding or "popping open" failures which can 
occur shortly following a loss of seal cooling, as well as degradation of pump seals and 
O-rings in the longer term. The model assumes a nominal 79 Lpm/pump (21-gpm/pump) leak-off 
immediately following all loss of seal cooling events; this leak-off is attributable to a 
change in seal geometry and fluid properties. In addition, the model predicts a probability 
of approximately 15 percent that the "popping open' mode of seal failure will occur about 
10 minutes after the loss of seal cooling. This would lead to a seal LOCA of approximately 
662 Lpm/pump (175 gpm/pump) beginning essentially at time zero. with an additional but much 

smaller (0.5 percent) probability of a 1817-Lpm/pump (480-gpm/pump) seal LOCA. At 1.5 hours 
following the loss of seal cooling, the model recognizes a 70-percent chance of significant 
seal leakage. The predominant leak path. which has a 53-percent chance of occurrence.  
results in a leak rate of 946 Lpm/pump (250 gpm/pump). The seals continue to degrade up to 

5.5 hours from the loss of seal cooling, when the total probability of significant leakage 
is 73 percent.
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The reader should note that following the completion of NLREG-1150, the staff identified and 

assessed the impact of errors in the implementation of the seal LOCA model (Ruger. 1995).  

The most important error was that the model did not reflect the probability of seal failure 

shortly (about 10 minutes) following the loss of seal cooling. This probability was 

reflected in the expert elicitation on RCP seal LOCA. but was neglected in implementing the 

RCP seal LOCA model within the Level 1 analysis. Table 2.5 summarizes the probability and 

estimated time of core uncovery for each postulated seal failure scenario considered in the 

NUREG-1ISO model for Sequoyah.  

The staff subsequently evaluated the effect of correctly incorporating the time-zero seal 

failures for Sequoyah and found that it increased the frequency of seal LOCA core damage 

sequences by about 20 percent. Similar results would be expected for Surry. The staff 

therefore used the corrected RCP seal LOCA model in the present study to assess the fraction 

of seal LOCA sequences involving a wet or dry secondary. No attempt was made to requantify 

the NUREG-1150 results for Surry or Sequoyah. since the effect of the correction is 

comparable to uncertainties associated with other aspects of the present analysis.  

As discussed In Section 2.3.1. the staff's examination of the events captured through the 

high primary/dry secondary screening process reveals that all of the captured S80 seal LOCA 

events involve successful AFW operation. and essentially all would be expected to have a wet 

secondary side at the time of cladding oxidation and RCS heatup. As a result, the staff 

eliminated from further consideration all SBO seal LOCA events involving successful AFW 

operation.  

The NUREG-1150 analysis for Surry includes four major SBO sequences that involve early loss 

of AFW. The dominant sequences are the SBO involving early loss of AFW without further 

failures and the sequence with a loss of steam generator integrity (e.g., the steam 
generator safety valve fails open). The other two sequences involve failure to reclose the 

pressurizer PORV and are insignificant contributors to core damage frequency. The dominant 

sequences together contribute a large fraction of the total core damage frequency associated 

with short-term SBOs (total CDF of 4.3x406/RY). after consideration of AC power recovery.  

Further review of the Level 1 event tree model reveals that NUJREG-1150 also neglected to 
address the potential for seal LOCAs during short-term S8Os (with AFW unavailable). The 

occurrence of a seal LOCA during a short-term SBO would not significantly impact the total 

core damage frequency or the high/dry frequency because the times to core damage are already 

short for these sequences. Nonetheless. a seal LOCA could subject the steam generator tubes 

to significant pressure and temperature challenges (relative to the intact RCS case) if the 

seal LOCA clears the loop seal. Accordingly. the staff further evaluated the impact of RCP 

seal LOCAs in conjunction with short-term SBOs. Such RCP seal LOCAs should be retained in 

estimating the frequency of challenges to steam generator tubes since a high primary system 

pressure and dry secondary side pressure would be expected in these events, if they were to 

occur.  

Occurrence of a seal LOCA would not substantially increase the frequency of core damage for 

the following reasons: 

e The probability is small that a large seal LOCA would occur shortly (within the first 

few minutes) following a loss of seal cooling.  

* Significant increases in seal LOCA size are not expected to occur until at least 

1.5 hours following a loss of seal cooling.
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According to the corrected interpretation of expert opinion, the probability that initial 

seal leakage would exceed 79 Lpm/pump (21 gpm//up) is about 19 percent. Moreover.  
94 percent of this frequency would be attributed to seal LOCAs of 662 Lpm/pump 
(175 gpin/pump) or less. and 6 percent would be attributed to seal LOCAs of 946 Lpm/pump 

(250 gpm/pump) or more. The probability that RCP seal L0CAs of 946 Lpm/purnp (250 gpm/punp) 

or greater are introduced at 90 minutes is about 53 percent, with L0CMs of 1136 Lpm/pump 

(300 gpm/pump) or more accounting for less than 1 percent of this value.  

Although the RCP seal LOCAs would not substantially increase core damage frequency, they 

could pose a greater challenge to steam generator tubes because of the potential for RCP 

loop seal clearing. The corrected RCP seal LOCA model yields a 69-percent chance that a 
seal LOCA of 946 Lpm (250 gpm) or greater would occur before the first RCS pressure boundary 
failure (4 hours) in a short-term SBO where AFW is unavailable from the outset. Thus, the 
frequency of short-term SBO core damage events that would involve an RCP seal LOCA of 
946 Lpm/pump (250 gpn/pump) or greater at Surry is approximately 3.0lOXI/RY 
(0.69 x 4.3ID6/RY). This constitutes approximately 18 percent of the total frequency of 
events with core damage at high RCS pressure and a dry steam generator secondary side.  

To represent RCP seal LOCA sequences. the staff used a SCDAP/RELAP5 analysis in which seals 
were assumed to leak at 79.5 Lpm/pump (21 gpm/pump) until RCS coolant reaches saturation 
(approximately 2 hours), at which time the seal LOCA increases to 946 Lpm/puwp 
(250 gpm/pump). This seal failure scenario is comparable to the single most likely seal 
failure scenario postulated in the NJREG-1150 model (see Table 2.5). Nevertheless. other 
scenarios depict significantly different leakage and timing characteristics.  

For the present analysis, the staff used the NUREG-1150 PDS information for Surry as the 
basis for determining the fraction of high primary system pressure/dry secondary side events 
that involve RCP seal LOCAs (APET event C). However. the staff has also corrected that 
information to account for proper treatment of SBO events with RCP seal LOCAs.  

Specifically. the frequency of long-term SBO seal LOCA events with successful AFW 

(6.4xl0-•/RY) were eliminated from further consideration because of the presence of a wet 
secondary side through the first pressure boundary failure. Further. the fraction of short
term SBOs that would involve a coincident RCP seal LOCA (3.0xlO./RY. or 1B percent of the 
high/dry frequency) was transferred from the *intact' state to the "RCP seal LOCA" state to 
allow for a more appropriate thennal-hydraulic characterization of these events. Table 2.3 
summarizes the final split fractions are provided in for Surry and Sequoyah.  

The fraction of events with an RCP seal LOCA and dry secondary for Surry (18 percent) is 
substantially less than the corresponding value for Sequoyah (48 percent). However. the 
actual frequency of challenges is comparable for the two plants. since the split fractions 
for Surry are based on an initiating event frequency of 1.6xl0S/RY rather than 1.lxlOS/RY 
for Sequoyah. These differences can be attributed to a combination of factors, including 
plant-to-plant differences that influence the composition of the high primary pressure/dry 
steam generator sequences. These differences are not considered significant in view of the 
scoping nature of the risk assessment.
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TabLe 2.5 ProbabiLity and Core Uncovery Times for RCP Seat Failure Scenarios 
Considered in MUREG-1150 Analysis for Sequcyah 

4 Pumps - Old O-Ring Material - Non-Depressurized 1 

Total Leak Rate (gpm) Estimated 

Scenario Scenario Time of 

Number Initial After Time of Transfer Probability Core 
-Uncovery 

Oh 1.5h 2.5h 3.5h 4.5h 5.5h (h) 

1 84 2.47X10"1  19.2 

2 24 1.33X10"2  8.20 

3 7002 2.83X10 4  2.26 

4 100-- 4.9OXl0"3  1.44 

5 19202 5.03X10"3  0.72 

6 84 24 1000 1 1.25X10"1  3.55 

7 84 244 1000 4.37X10"3  5.06 

8 04 244 1000 5.61X10" 3  5.97 

9 84 244 1.43X10"3  10.5 

10 84 433 2.69X10"3  5.44 

11 84 433 1000 3.58XIO 3  6.00 

12 84 4,33 1000 1.20X10"3  5.48 

13 84 10003 3.70X10O1  2.80 

14 84 1000 6.70X10 3  3.91 

15 84 1000 1.33X10"2  4.62 

16 84 1000 1.59X10"2  5.54 

17 84 1000 1.59X10" 2  6.45 

18 313 433 1000 1 _5.12X10
3  3.01 

19 304/313 10003 9.29X10"3  2.45 

20 543 663 1230 1.28X10"3  2.40 

21 543 1230 1.28X10"3  1.99 

22 7W)2 10003 1.44XIO"1  1.87 

23 7002 1000 1.83X1O" 5  2.26 

24 7o02 1000 1.83X10"5  2.26 

25 7002 1000 1.83X10" 5  2.26 

26 7002 1000 1.83X10. 5  2.26 

27 796 10003 _ 2.56X10"3  1.72 

28 1000 1230 6.40X1O" 4  1.44 

1 - Ref: Letter from C. Ruger, SNL, to S. Shaukat, NRC, dated October 5, 1995 
2 - Popping-open mode of seal failure (total scenario probability approx. 15%) 
3 - Predominant leak path (total scenario probability approx. 53%)
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2.3.3 Secondary Side Status atTime of Core Uncovery (APET Events 0 and E) 

The third and fourth top events in the APET (events D and E) address the potential for 
depressurization of the steam generator secondary side before 
steam generator dryout. The following mechanisms can lead to depressurization of one or 
more steam generators, as discussed below: 

* operator actions to depressurize using ADVs or other pressure relief paths 
• failure to manually reclose or block a stuck-open ADV 
a failure to isolate steam flow to the turbine-driven AFW pump in sequences in which it 

was initially operable 
* failure of an HSSV to reclose 

The ADVs in most plants are air-operated with a DC-powered solenoid, but the ADVs in other 
plants rely on AC power. In either case. use of the ADVs is not generally expected to 
result in the steam generators being depressurized at the time of core damage. This is 
because the valves would be unavailable in many SBO events, or would reclose upon eventual 
loss of DC power in other SBO events. Specifically. In short-term SBOs with loss of DC 
power. ADVs would not be available from the outset, and the accident would progress with the 
steam generators at the MSSV set, point. In short-term SBOs with DC power available (and 
turbine-driven AFW.unavailable for other reasons), operators could depressurize the steam 
generators using the ADVs to initiate feed flow using a low-pressure system. Subsequent 
loss of the low-pressure system could result in the steam generators being depressurized at 
the time of core damage. However. the likelihood of this occurring is considered small 
because operator actions could be carried out to close the ADVs or manually isolate any 
stuck-open valves, even If DC power is lost. Finally. in long-term SBOs. ADVs would be 
available before battery depletion. but would fall closed upon battery depletion. This 
would result in steaming of residual water in the SGs. with repressurization of the 
secondary side to the MSSV set point (provided that the secondary system pressure boundary 
remains leak-tight). In the event that an ADV sticks open. the valve can be isolated 
manually, even if DC power is lost.  

In sequences in which the turbine-driven AFW pump is lost during the sequence. it is 
possible that the continued flow of steam to the turbine could also cause depressurization.  
However. if the turbine-driven pump is the only source of feed water available at that time.  
it is considered more likely that the plant staff will ensure that the steam supply to the 
pump is isolated so that repairs can be attempted.  

Given the general unavailability of ADVs in the sequences of interest. steam relief is 
expected to occur via the tSSVs. Calculations performed using the SCOAP/RELAP5 and MAAP 
computer code indicate that the ADVs (or MSSVs. if ADVs are unavailable) will lift on the 
order of 50 times as the secondary side boils dry. and several additional times as the 
remaining vapor in the system continues to be heated. Thus. the potential for failure of 
the valves on one or more steam generators is significant. For these reasons, a stuck-open 
MSSV is considered to represent the most likely mechanism by which one or more steam 
generators could be depressurized in an SBO event.  

To develop initial estimates of the probability that one or more steam generators would be 
depressurized at the time of core damage, the staff used available information from the 
NUREG-1150 analyses for Surry and Sequoyah. This included an assessment of the estimated 
frequency of events in which one or more steam generators was depressurized. as surmised 
from the plant damage state information. In addition. the staff considered the assumptions 
underlying the NUREG-1150 analyses concerning the number of demands on the valves in 
conjunction with estimated valve failure rates per demand. The staff then performed a
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separate assessment on the basis of more recent thermal-hydraulic analyses and the EPRI 

cumulative damage failure model for ISSVs.  

On the basis of point estimate values tabulated in NUREGICR-4550 for sequences and plant 

damage states for Surry. and elimination of RCP seal LOCAs with wet secondary side, the 

staff classified a total of 74 percent of the high RCS pressure/dry steam generator events 

as having depressurized steam generators (primarily those events with POS category D).  

Approximately 38 percent of the high RCS pressure/dry steam generator events included 

failure of a secondary safety relief valve to reclose as an explicit element in the cutsets.  

The remainder (36 percent of the high primary pressure/dry steam generator events) did not 

include a stuck-open KSSV as an explicit element in the cutsets. but were nevertheless 

classified as being depressurized.  

For the present analyses, events that did not include a stuck-open MSSV as an explicit 

element in the cutsets. but nevertheless were classified as being depressurized (36 percent 

of the high primary pressure/dry steam generator events), were assumed to involve 

depressurization of two or more SGs. These events are reflected In the third top event in 

the APET (event D). The remaining events that included a stuck-open MSSV (38 percent of the 

high RCS pressure/dry steam generator events) were assumed to involve depressurization of 

only one SG. with the other two steam generators remaining at the secondary side pressure.  

These events are reflected in the fourth top event in the APET (event E). Table 2.6 
summarizes the results for Surry. along with corresponding Sequoyah results. which are 

provided for purposes of comparison.  

Tabte 2.6 Status of Steam Generators at Time of Core Uncovery 

I Fraction of High/Dry Sequences with 
SG Condition SG Condition 

. Surry-1150 Sequoyph-1150 Staff Model t 

Atl SGs Intact 0.26 0.95 0.22 

I SG Depressurized 0.38 0.03 0.43 

AUt SGs Depressurized 0.36 0.02 0.35 

1 - assumes a 40 percent probabiLIty of a stuck-open MSSV fn each of-3 steam generators.  

"Att SGs Depressurized" in this case inctudes 2 and 3 SGs 

The differences between the Surry and Sequoyah results are significant, but are largely 

explained by a plant-specific EOP that would be followed at Surry'during a long-term SBO. as 

discussed below.  

The underlying analysis in NUREG-1150 considered the number of times an MSSV may be expected 

to open during a long-term SBO at Surry. and the rate at which the valves are expected to 

fail to reclose. The study estimated the number of demands on the MSSVs on the basis of a 

plant-specific EOP that would be implemented at Surry following a loss of AC power. with DC 
power available. The Surry procedure involves actions to manually line up valves in the 

steam system in order to depressurize the steam generators by venting through the condenser.  

Such an approach is used at Surry since AMVs are not available at the plant because the ADVs 

depend on AC power. The analysis assumed that during the S80. one steam generator valve 

cycle would occur for each steam generator every 20 minutes over a 1-hour period while the 

procedure was being implemented (a total of nine valve demands). The probability that the 

valve would fail to reclose was taken to be 0.03 per demand, yielding a mean probability of 

0.27 that a valve would fail to reclose during an SBO.
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Unlike Surry, the ADVs at most plants are DC- rather than AC-dependent and. In a long-term 
SBO. the plant procedures would instruct the operators to depressurize the RCS using the 
ADVs. Once the batteries have been depleted, the ADVs would fail closed and the steam 
generators would repressurize to the MSSV set point. In this regard, the number of MSSV 
cycles considered In the Surry NUREG-1150 analysis is considerably less than expected at 
other plants.  

In the current study, the staff has developed a scoping estimate for the likelihood of 
various secondary side conditions. As the basis for this estimate, the staff used the 
number of MSSV cycles predicted in more recent SCOAP/RELAP5 and MAAP calculations, combined 
with a per-demand valve failure rate developed from industry experience. Table 2.7 
summarizes the resulting number of MSSV cycles expected in an SBO sequence with an intact 
RCS for Westinghouse and CE plants.  

For a valve dead band of 5 percent, the number of MSSV challenges predicted by SCOAPIRELAP5 
and MAAP for the two Westinghouse plants analyzed is on the order of 60 to 80 cycles. As 
indicated by the NM? results, a higher actual dead band (such as observed during the tests 
conducted under the EPRI PWR Safety/Relief Valve Test Program), would result in a 
proportionately smaller number of valve cycles, and a lower probability of valve failure.  

Table 2.7 Total Niuber of ADV/1SSV Cycles Before Core Uncovery 

Total Number of ADV/HSSV Cycles Per Intact Loop 

SCDAP/RELAPS KAAP 

Surry 1  ANO-2 2  1 4-LOOp 3 

63 20 27-82 

I - value based on operation of 1 ADV with a dead band of 5 percent (Surry Case 3R) 
2 - value based on operation of I HSSV with a dead band of 5 percent CANO-2 Case 1) 
3 - range based on operation of I MSSV with a dead band of 15 percent and 5 percent. respectively 

The NLREG-1150 analysis for Surry assumed a probability of 3xl0 2/demand that the ISSVs would 
fail to reclose. As described in NUREG/CR-4550. this value was in the range suggested by a 
survey of LERs performed in 1980, and was selected as the original generic value for the 
ASEP. Since that time, the staff has accumulated additional information concerning safety 
valve performance. including insights developed through the EPRI PWR Safety/Relief Valve 
Test Program (Singh. 1985). and a limited number of operational events. On the basis of 
more complete industry data. EPRI reports an MSSV valve failure rate of 7.45x10"3/demand 
(EPRI SGDSH/PSA Working Group. 1996). In addition, a recent EPRI survey indicates that this 
value has been widely used in licensee IPEs to represent the probability that an MSSV will 
fail to close, and a further assessment by EPRI suggests that the failure rate would be even 
lower (Fuller. July 1996).  

EPRI reviewed operational data. as reported in LERs and NRC Information Notices, and 
proposed a value of 1.4x10 2 as the probability that an MSSV will fail to reseat following 
the Initial lift. For a four-loop plant. the probability that one or more valves would fail 
to reclose would be 5.6x10 2 . This value reflects the consequences of failure modes 
associated with maintenance errors, embrittlement, and corrosion, but does not reflect 
potential failure modes associated with repeated cycling of the valves during an SBO. EPRI 
contends that data from the valve test programs indicate that once past the first lift and 
reclosure. MSSVs would successfully respond to the multiple challenges expected during an 
SBO event. Thus, only the probability of failure to reclose after the first lift is
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relevant to MSSVs.

As a scoping assessment. the staff considered a case in which no operator actions are taken 
to depressurize the RCS. and steam generator depressurization occurs only as a result of the 
failure of MSSVs to reclose. The related SCDAP/RELAP5 and MAAP analyses led to the 
assumption that the MSSVs in each steam generator loop would cycle 70 times. This value is 
consistent with the analyses for Westinghouse plants and conservatively bounds the results 
for the CE plant analyzed. The staff also assumed a constant failure rate of 
7.5xlO' 3ldemand. resulting in a probability of approximately 0.4 that an MSSV would stick 
open in each steam generator loop. Given that the failures of the MSSVs in each loop are 
independent of one another, the staff estimated the probability that no steam generators 
(0.22). one steam generator (0.43). and two or more steam generators (0.35) would be 
depressurized as a result of a stuck-open MSSV. Table 2.6 summarizes these values for 
comparison with the PDS-based results for Surry and Sequoyah.  

The results from the scoping assessment are not substantially different than the PDS-based 
results for Surry. This suggests that comparable results would be obtained for Surry with 
and without operator actions to depressurize the SGs. given the assumed valve failure rate 
of 7.540l-demand. However. the failure rate of 1.440"2/event proposed by EPRI for each SG 
would yield depressurization probabilities that are very similar to those obtained from the 
PDS information for Sequoyah.  

For the present analysis, the staff characterized the status of the steam generators at the 
onset of core damage on the basis of the NUREG-1150 POS information for Surry. Notably. the 
MSSV failure rate per demand assumed in the underlying analysis for NUREG-1150 is 
significantly higher than that indicated by more recent valve experience. Nonetheless. this 
effect appears to be offset by a substantially smaller number of valve demands assumed in 
the NUREG-1150 analysis. As a result, the NUREG-1150 results for Surry closely agree with 
the results from the staff's scoping assessment conducted on the basis of more recent 
thermal-hydraulic analyses and valve failure probabilities. In addition, the NUREG-1150 
results for Surry conservatively bound the corresponding results for Sequoyah. Nonetheless.  
the staff recognizes the potential for a significantly lower probability of MSSV failure and 
steam generator depressurizatlon. as claimed by EPRI and reflected in the NUREG-1150 results 
for Sequoyah. The staff has addressed this issue as a sensitivity case.  

2.3.4 RCS Pressure Maintained to Time of Maximum Tube Temperature (APET Event F) 

Failure of a PORV to reclose during the early part of a transient (before core uncovery) is 
addressed In the "front-end" analysis and reflected in the first top event in the APET.  
After the onset of core damage, the RCS conditions under which the PORVs or SVs will cycle 
are expected to be more severe than those for which the valves were designed, and for which 
valve performance has been tested.  

The fifth top event in the APET (event F) addresses the potential. for failure of the 
pressurizer PORV or safety valve during the core degradation process. For events involving 
either an RCP seal LOCA or failed or leaky PORV/SV. considerably less or no valve cycling is 
expected following core uncovery (although the amount of cycling depends on the size of the 
leak). Accordingly. the probability of late failure of the PORVs was not considered for 
these APET branches in the present study (i.e.. Figures 2.3c and 2.3d).  

In addition to the potential for valve failure, this top event reflects a means to 
investigate the impact of potential accident management measures to manually depressurize 
the RCS using PORVs. as described in Section 5.3. However. in order to fully assess the 
impact of such actions, the staff would need to modify the APET branches for RCP seal LOCA
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to consider this top event, and would need to perform additional thermal-hydraulic analyses 
to characterize the combined effect of an open PORV in conjunction with an RCP seal LOCA.  

The NUREG-1150 analyses for PWRs estimated that the pressurizer PORV cycles between 10 and 
50 times during core degradation and before vessel breach. The NUREG-i1SO analyses also 
extrapolated the distributions for the frequency of PORV failure-to-close from the front-end 
elicitation to these demands. This extrapolation yielded an estimated probability that the 
PORV will fail to reclose after core damage as a uniform distribution from zero to 1.0. and 
a mean value of 0.5.  

Recently. NRC-sponsored SCOAP/RELAP5 calculations performed using Westinghouse and CE plant 
models (as summarized in Table 2.8) confirm that in an SBO event with an intact primary 
side. the pressurizer PORVs (or SVs If PORMs are unavailable) would cycle about 40 times 
between the time of core uncovery and the first predicted failure of the RCS pressure 
boundary.  

Table 2.8 Number of Pressurizer PORV/SV Cycles Following Core Uncovery 
and Before First Failure of RCS Pressure Boundary 

Number of Pressurizer PORV/SV Cyates 
flov Through _____________________________________ 

PORV/SV SMJAP/RELAPS MAP 

Surry 1 ANO-2 2 tJ 4-Loop 3 

Single phase/steam 43 38 4 - 14 

1 - Each cycle represents operation of 2 pressurizer PORVs with the same set points and a dead band of 
3 percent. Similar results were predicted for SBO cases with alt steam generators intact, 1 
steam generator depressurized. and aLL steam generators depressurized.  

2 - Each cycle represents operation of 2 pressurizer SVs with the same set points and a dead band of 4 
percent CAMO-2 Case 1).  

3 - Range represents results assuming a pressurizer safety valve dead band of 15 percent and S 
percent, respectively.  

All cycles would involve steam rather than liquid flow. Approximately 20 cycles would occur 
between the time of core uncovery and the onset of cladding oxidation, and an additional 
20 cycles would occur before the first RCS failure. In calculations reported by EPRI. the 
number of pressurizer SV cycles predicted by MAAP for a four-loop Westinghouse plant ranged 
from 4 to 14 for valves with dead bands of 15 percent and 5 percent. respectively. As such.  
the SCDAP/RELAPS and MAAP results are generally consistent with the number of valve cycles 
considered in the NUREG-1150 study.  

The SCOAP/RELAP5 calculations also provide additional information regarding the timing and 
severity of the temperature challenge to the PORVs during core degradation. Specifically.  
in the Surry base case (Case 3R). the pressurizer top head steam temperature, which 
represents an upper bound on the PORV temperature, increases from about 600 K (6200F) at 
200 minutes (shortly following onset of cladding oxidation) to a maximum of 900 K (11600F) 
at about 240 minutes (roughly the time of first RCS pressure boundary failure). About 
20 valve cycles are predicted to occur during this period of increasing steam temperatures.  
confirming the concerns raised in NUREG-1150 regarding PORV performance at elevated 
temperatures. The reader should note that elevated steam temperatures occur sufficiently 
late that over-temperature failure of the PORV in the time frame of maximum steam 
temperatures may not significantly reduce the primary system pressure at the time of steam 
generator tube challenge. If significant credit is taken for temperature-related valve 
failures, additional calculations would be needed to address valve failure modes and the 
degree of RCS depressurization associated with temperature-related failure of the PORVs.

NUREG-1570 2-32



Consistent with the NUREG-1150 analysis, the staff adopted a 0.5 probability of late failure 

of pressurizer PORV/SVs in the present study. As previously discussed in the context of 

early failure of the pressurizer PORVlSVs (Section 2.3.2). the 0.5 value reflects failure of 

the pressurizer PORV/SV as a result of repeated cycling at elevated temperatures during the 

core degradation process. It also compensates for a potential underestimate in the 

probability of early failure of the pressurizer PORV/SVs associated-with the large number of 

valve lifts expected early in the transient (many of which involve the flow of liquid). As 

described in Section 5.3. the staff also conducted sensitivity studies to explore the impact 

of higher or lower probabilities for this APET branch on the likelihood of induced rupture 

of steam generator tubes.  

2.3.5 Secondary Side Pressure Maintained to Time of M4aximum Tube Temperature 
(APET Events G. H. I) 

The sixth, seventh, and eighth top events In the APET (events G. H. and 1) address the 

potential for the secondary side of one, two, or three steam generators to gradually 
depressurize following steam.generator dryout. Previous analyses of SBO events have 
generally assumed that if the steam generator secondary side is isolated, the secondary 
pressure will remain at or near full pressure following steam generator dryout. The staff 

did not consider the potential for gradual depressurization of the steam generator as a 

result of leakage through MSIVs and other valves in the secondary side pressure boundary.  

Valve leakage is distinct from safety valve actuation or other depressurization mechanisms.  

which are assumed to occur early In the event. This is a significant point, since valve 
leakage would alter past assumptions regarding the frequency of high primary-to-secondary 
differential pressure coincident with high tube temperatures.  

Technical specifications for PWRs do not 'define a maximum leak rate for ISIVs or other steam 
generator isolation valves. Furthermore. operational data are not readily available with 
regard to steam generator depressurization times during hot standby conditions. For this 
study, the staff attempted to use LERs to identify any recorded occurrences of isolated 
steam generators depressurizing as a result of excessive valve leakage.  

In particular. the staff searched the Sequence Coding and Search System (SCSS) database 
maintained at Oak Ridge National Laboratory (ORNL) to identify LERs reporting problems that 
could potentially lead to depressurization. The database search covered information from 

1980 through early January 1996. The searches identified 498 LERs reporting dry steam 
generators. steam generator low level or low pressure. leaking or out-of-position MSIVs or 
other major secondary valves, and loss of feedwater events. Evaluation of the 498 LERs 

yielded only a single event indicating that secondary isolation may not prevent steam 
generator depressurization. In this event, which occurred at Arkansas Nuclear One, Unit 1 

(ANO-1) in November 1989 (LER 313/89-037). steam generator pressure was reported to be 
decreasing as a consequence of "various steam system leakage paths." Another report.  
related to the Davis-Besse event in 1984 (LER 346/84-003). described steam generator 
depletion occurring when the MSIVs were closed and ANW was isolated. However. the steam 

generator inventory was depleted through safety valve actuation, not isolation valve 
leakage. Similarly. the ANO report indicated the potential for steam generator 

depressurization even if steam isolation valves are closed and feed is unavailable. These 
conditions could exist during an SBO scenario.  

The recently published NUREG/CR-6246. "Effects of Aging and Service Wear on Main Steam 

Isolation Valves and Valve Operators." (Clark. 1996) discusses failures of PWR HSIVs.  
However. the leakage paths discussed are not significant and would not lead to
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depressurization in the time scale of concern (3 to 4 hours).

In addition to anecdotal information related to the leakage integrity of ISIVs. the staff 
reviewed an NRC inspection report (Report No. 50-247/88-03). That report described an event 
involving steam generator dryout and offered detailed information regarding MSIV leakage 
characteristics for a particular plant. The staff has not assumed that these same 
conditions exist at all PWRs: however, it is considered reasonable to expect that some MSIV 
leakage could be assumed in this analysis.  

The LER search results do not constitute an adequate basis for precisely estimating the 
probability of gradual steam generator depressurization. Nonetheless, the search 
demonstrates the real potential for depressurization of an isolated steam generator.  
Without further information, the staff assumed equal probabilities for each outcome. That 
is. the staff assigned a 0.5 probability that one or more steam generators would be 
depressurized by leakage by the time of first RCS pressure boundary failure. This approach 
ensured that the analysis considered steam generator isolation valve leakage integrity.  

Treatment of steam generator leakage in the APET also provides a means for assessing the 
impact of higher or lower leakage probabilities on the likelihood of induced rupture of 
steam generator tubes via sensitivity studies, as described in Section 5.3. In the longer 
term. the 50/50 split used in the APET can be adjusted to reflect new information justifying 
a different quantification for this APET branch if it is developed.  

Assuming steam generator leakage to be a random rather than common mode failure mechanism, a 
0.5 probability of depressurizing one or more of three steam generators is equivalent to a 
0.2063 probability of depressurization for each generator. For this study, the staff 
explicitly determined that it is possible to estimate the probability that an MSIV leak will 
not depressurize any of the steam generators, or that such a leak will result in 
depressurization of up to three steam generators. Specifically. the estimate is based on 
using the failure rate and a binomial distribution.  

For APET branches with all three steam generators intact at the time of dryout (e.g.. branch 
C1 on Figure 2.3d). this results in probabilities of 0.5, 0.39. 0.10, and 0.01 that HSIV 
leakage will result in depressurization of zero. one. two, or three steam generators.  
respectively. For APET branches with one steam generator depressurized and the remaining 
two steam generators intact at the time of dryout (e.g.. branch C2 on Figure 2.3d). this 
results in probabilities of 0.63. 0.33. and 0.04 that MSIV leakage will result in 
depressurization of zero, one. or two. of the two remaining steam generators, respectively.  

The likelihood of depressurizing multiple steam generators would be higher if steam 
generator leakage is considered a common mode failure mechanism. However. because of the 
paucity of MSIV leakage/failure data. the staff decided to assess the impacts of secondary 
side depressurization via sensitivity analyses rather than through further refinement of the 
probability models. These sensitivity analyses are presented in Section 5.3.  

The staff also conservatively assumed that the rate of secondary side depressurization would 
be greater than the rate of primary system depressurization in sequences involving an RCP 
seal LOCA or a stuck-open pressurizer PORV. This means that the steam generator tubes would 
be challenged at full differential pressure before experiencing significant primary system 
depressurization.  

2.3.6 Steam Generator Tubes Remain Intact with High Differential Pressure (APET Event J) 

The ninth top event in the APET (event J) addresses the potential for core damage events
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(identified In the Level 1 PRA analysis) that result in a pressure-induced rupture of flawed 

steam generator tubes, before tube heatup. The APET includes this top event because the 

NUREG-1150 analysis did not explicitly address the potential for pressure-Induced SGTR 

(particularly given flawed tubes).  

The ninth top event also addresses the probability of pressure-induced SG1R for each APET 

branch in which the primary system is intact and one or more steam generators depressurize 

at the same time (early or late. as depicted in the icon on Figures 2.3b through 2.3d). The 

APET also addresses this issue for sequences involving open pressurizer PORVs or RCP seal 

LOCAs (in conjunction with a depressurized steam generator). This is because the secondary 

side depressurization is assumed to precede these events and results in a pressure challenge 

to the steam generator tubes before the stuck-open PORV or seal LOCA can effectively reduce 

the primary system pressure.  

The degree of pressure challenge in sequences with late primary system depressurization 

(event FO in the icon on Figures 2.3b and 2.3c) in conjunction with late secondary 

depressurizatlon resulting from MSIV leakage (event LK In the icon on Figures 2.3b and 2.3c) 

actually depends on the relative rates of primary and secondary system depressurization in 

these sequences. Considerably higher primary system depressurization rates or lower 

secondary system depressurization rates could result in peak differential pressures across 

the tubes that are substantially less than the full differential pressure assumed in this 

study as a basis for estimating the probability of pressure-induced SGTR for these 

sequences.  

The present analysis did not reflect the contribution to pressure-induced SGTR resulting 

from core damage sequences with high primary system pressure and wet secondary because of 

the low frequency and scrubbed releases for these events. However. a more rigorous 

assessment would consider the contribution from such events.  

The likelihood of pressure-induced SGTR should be limited through compliance with 

deterministic or probabilistic criteria for structural integrity. as well as operational 

leak rate limits permitted by Technical Specifications. Plants with steam generators in 

poor condition and operating near specified tube integrity limits are expected to have a 

probability of pressure-induced SGTR of no more than 0.05 per steam generator, given an 

event that leads to complete depressurizatlon of the secondary side (e.g.. an MSLB). Plants 

with steam generators in good condition (i.e.. having a relatively small number of flawed 

tubes) are expected to have a much lower probability of pressure-induced SGTR.  

In the present study, the staff quantified the probability of a pressure-induced SGTR on the 

basis of the probabilistic, limit-load calculation methodology and associated secondary 

system input parameters described in Section 5.2. in conjunction with assumed steam 

generator flaw distributions described in Section 4.2. As discussed in Section 4.2. the 

staff used two different approaches to develop a total of six different flaw distributions 

representing steam generators in good. average, and poor condition.  

The base case analysis in the present study reflected the RES-developed flaw distribution 

for steam generators with *moderate" degradation. Using that distribution, the staff 

estimated the probability of a pressure-induced SGTR to be 0.0549. 0.107. and 0.156 for 

events/APET branches involving depressurization of one. two. or three steam generators. The 

staff also conducted sensitivity studies, as described in Section 5.3. to explore the impact 

of different flaw distributions on the probability of pressure-induced tube rupture.
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2.3.7 Cold Leg Loop Seals Maintained (APET Event K)

The tenth top event in the APET (event K) represents the probability that loop seal clearing 
will occur in the same loop in which a steam generator is depressurized. The staff found 
that concurrent loop seal clearing and steam generator depressurization enhances steam 
generator tube heating in RCP seal LOCA sequences to the degree that failure of even 
pristine tubes was expected in the reference plant analyses described in Section 5.2. In 
the APET. the staff treated concurrent loop seal clearing and steam generator 
depressurization as separate events. This permitted the staff to isolate the frequency of 
tube failure from this challenge from other steam generator failure modes.  

As discussed in Section 3. one loop seal was predicted to clear in the reference plant 
thermal-hydraulic analysis for the RCP seal LOCA sequence. (Loop seal clearing did not 
occur in other sequences analyzed for the reference plant.) For this particular 
calculation, the loop seal cleared in a different loop than the depressurized steam 
generator (and therefore did not result in a prediction of steam generator tube creep 
rupture). Nonetheless. the staff expects some randomness in the clearing of a specific 
loop, as further described in Section 3.4.  

The staff considered the probability of loop seal clearing for all APET branches involving 
RCP seal LOCAs. For purposes of quantification, the staff assumed that all RCP seal LOCA 
events will involve clearing of one RCS loop seal. with the location of the cleared loop 
randomly distributed. Accordingly. the probability of concurrent loop seal clearing and 
steam generator depressurization is 0.333. 0.667. and 1.0 for RCP seal LOCA branches with 
one. two, or three steam generators depressurized (see Figure 2.3d).  

2.3.8 Thermally Induced SGTR Before Hot Leg or Surge Line Failure (APET Event L) 

The eleventh top event in the APET (event L) addresses the probability that thermally 
induced failure of steam generator tubes occurs before any other breach of the RCS pressure 
boundary. The staff assessed this probability by considering the following factors: 

* the temperature and pressure histories throughout the RCS for each APET branch, which 
collectively represent the thermal and structural loads for the RCS components and 
steam generator tubes for the spectrum of severe accidents 

* characterization of the distribution of flaws that could be present in the steam 
generators tubes 

* a structural failure model for predicting whether various flaws will fail under the 
given thermal and structural loads.  

Explicit consideration of flaws within the steam generator tubes and assessment of flaw 
behavior under severe accident conditions are key contributors to accurate assessment of 
this top event, and distinguish this work from previous analyses.  

The process used in the present study to quantify the probability of a temperature-induced 
SGTR comprised the following steps: 

(1) Determine the RCS and steam generator pressure-temperature histories for each APET 
branch, on the basis of a SCDAP/RELAP5 analysis for a sequence that most closely or 
conservatively represents the family of sequences addressed by each branch.  

(2) Define the steam generator flaw distribution for the plant condition of interest 
(e.g.. moderately degraded steam generator tubes).
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(3) For each representative sequence. estimate the probability of a temperature-induced 
SGTR for each RCS loop, on the basis of the calculated RCS and steam generator 

pressure-temperature histories and specific steam generator flaw distribution.  

(4) Adjust the calculated probabilities of temperature-induced SGTR to account for the 

number of intact/depressurized steam generators on each APET branch (and loop seal 

clearing in RCP seal LOCA events) and import the adjusted values into the APET.  

Section 5.2. discusses these steps, and the resulting probability values, in greater detail.  

2.3.9 Fission Product Holdup (APET Event M) 

The twelfth and final top event in the APET (event M) addresses the potential for enhanced 

fission product holdup in the RCS and the secondary side as a subset of the pressure- or 

temperature-induced SGTR events. Bypass events would reduce fission product releases if 

they involve primary system depressurization (caused by a seal LOCA or open pressurizer 

PORV) with the ADV/MSSV intact but leaking. Factors contributing to the reduction of 

releases include fission product holdup and deposition within the RCS and steam generators 

between ADV/MSSV cycles, and the eventual reduction in primary system pressure to a level 

below the valve opening set point. Events with successful holdup were assigned to a 

separate release class, termed RC-2.  

For those APET branches involving depressurization resulting from leakage in one or more 

steam generators (UK in the APET icon), the staff addressed this top event in conjunction 
with a stuck-open ADV/ISSV in another steam generator (SO in the APET icon). An induced 

rupture in the leaked-down steam generator would offer enhanced fission product holdup: a 

rupture in the steam generator involving a stuck-open ADV/MSSV would not. The staff 

therefore determined the probability of successful holdup on the basis of the assumption 
that a pressure- or temperature-induced rupture of a depressurized steam generator is 
equally likely regardless of whether the steam generator is depressurized as a result of a 

stuck-open ADV/MSSV or a leaky KSIV. For those APET branches on which all steam generator 
depressurizatlon events result from the same cause (e.g.. leakage. LK. on branch B1 on 

Figure 2.3d), the staff assigned all of the frequency to the appropriate release class as 

part of the endstate classification, and top event M need not be addressed.  

2.3.10 APET Endstate Characterization 

Releases for a temperature-induced SGTR event could vary significantly depending on the 

characteristics of tube failure. For example, primary system depressurizatlon (through the 

failed tubes) would be gradual enough that subsequent creep-rupture of the RCS piping would 

be expected before significant release of fission products to the environment if each of the 

following conditions exists: 

* Steam generator tube failure results in a primary-to-secondary leak area less than 
that corresponding to complete rupture of one tube.  

* The integrity of adjacent tubes is not compromised.  

By contrast, a failure equivalent to the rupture of more than two tubes would lead to more 

rapid RCS depressurization and would preclude subsequent. beneficial creep-rupture of RCS 
piping.  

Separate analyses performed by the staff (as described in Section 4) indicate that rupture 

of a single steam generator tube could result in significant heating and possible failure of 

adjacent tubes. Because of the inability to ensure the integrity of adjacent tubes. the
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staff did not intend to delineate between single- and multiple-tube ruptures in 
characterizing the APET endstates for the present analysis. Further assessment of the 
impact of SGTR or leakage on adjacent tubes is ongoing and could provide a basis for more 
thoroughly evaluating the releases associated with the various APET endstates.  

To characterize potential releases to the environment, the staff grouped the APET endstates 
into three release categories (RCs): 

* RC-I - The containment is bypassed and fission products are released directly to the 
environment via either a failed/latched-open or cycling ADV/14SSV.  

* RC-2 - The containment is bypassed but releases are reduced by a partially 
depressurized RCS and intact but leaky MSIV(s). which increase fission product holdup 
time.  

* RC-3 - Containment integrity is maintained, and releases to the environment are 
limited to the normal containment leak rate.  

Within RC-1. the source terms for sequences with cycling ADV/MSSVs would be smaller than for 
sequences with failed/latched-open valves because of additional fission product holdup and 
deposition In the RCS and steam generators between valve cycles. These release modes could 
be treated separately In more rigorous analyses, but were grouped together in the present 
study because of the scoping nature of the study and the expectation that both modes would 
result in relatively large releases.  

In contrast, sequences assigned to RC-2 would not involve sustained ADV/MSSV cycling because 
of the eventual reduction in primary system pressure to a level below the valve opening set 
point. Such sequences would also have significantly reduced source terms because of fission 
product holdup and deposition within the RCS. as well as the condenser and turbine building.  

The frequency of high primary pressure/dry secondary side events leading to RC-1 or RC-2 was 
determined separately from the APET. However. given the focus of the present study on 
bypass frequency rather than offsite consequences, the staff summed these frequencies for 
purposes of comparison with the surrogate safety goal for large release.  

The staff recognizes that a more complete assessment, extending to treatment of offsite 
consequences, would be needed to determine the risk associated with induced SGTR and to 
provide meaningful comparisons with current estimates of overall risk for nuclear power 
plants. A state-of-the-art analysis of fission product release and deposition on primary 
and. secondary side piping structures for each release class would more appropriately be part 
of that expanded study. Judging by the source-term analyses reported In EPRI TR-106194 and 
the latest analyses using the VICTORIA code. fission product releases and associated offsite 
consequences for induced SGTR sequences may be significantly overstated In previous studies 
such as NUREG-1150.  

2.4 Desian-Soecific Influences 

The Surry-based event tree discussed in Section 2.3 of this report assumes several key 
events in the progression of the SBO sequence. The first is that the natural circulation 
flow path involving the vessel, hot legs. and steam generators is established and 
maintained. This requires the existence of specific thermal-hydraulic conditions.  
especially the cold leg loop seal. Further, the plant is assumed to be in the high RCS 
pressure and dry secondary situation during an SBO. Key points in the event tree which
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determine if the plant is in that state include the status of RCS and steam generator 

pressures at the time of core damage, when tube temperatures are maximized.  

Examination of steam generator severe accident tube challenges has prompted consideration 

of design differences that might alter sequence progression and the potential for tube 

failure among the three PWR vendors In the United States. This section emphasizes the 

significance of differences among the three vendor designs, leaving for further study the 

detailed assessment of plant-specific differences within a design group.  

For the purposes of this study. PWRs may be divided into two groups. encompassing those with 

U-tube steam generators (Westinghouse and CE plants). and those with once-through steam 

generators (Babcock and Wilcox (BMW) plants). On the basis of expected loop flow patterns 

observed in scaled facility studies. severe accident thermal challenges to steam generator 

tubes are not a concern for the I&W design since the natural circulation of superheated 

steam is confined to the hot leg and never reaches the steam generator. The "candy-cane" 

configuration prevents the involvement of the tube bundle in convective flow processes that 

could exist in the hot leg (Stewart. 1989).  

Section 3.4 highlights key differences between Surry. other Westinghouse designs, and CE 

designs that could introduce significant differences in the accident sequence progression.  

event tree structure, and quantification. This section also briefly considers the potential 

differences in the following aspects of the sequence: 

severe accident progression, thermal-hydraulic response. and RCS/steam generator 

creep failure behavior for unflawed tubes (Section 2.4.1) 

* maintenance of the loop seal (Section 2.4.2) 

* plant capabilities and operator actions to depressurize (Section 2.4.3) 

9 pressurizer PORVISV failure probabilities (Section 2.4.4) 

0 steam generator ADV/SV failure probabilities (Section 2.4.5) 

0 probability and magnitude of seal LOCAs (Section 2.4.6) 

e steam generator degradation mechanisms. locations, and associated flaw distributions 

(Section 2.4.7) 

Section 2.4.8 presents recommendations regarding the applicability of the generic event tree 

to other plant designs.  

2.4.1 Accident Progression and Thermal-Hydraulic Response 

Timing of RCS piping creep failure (relative to steam generator tube failure) is the main 

factor when estimating the potential for tube failure under severe accident conditions.  

Component creep failure is a function of RCS pressure and the component temperature history.  

The RCS pressure during the event will be affected by mechanisms that lead to plant 

depressurization. such as component failures of the reactor coolant pressure boundary 

(RCPB).  

In particular. survivability of the surge line. hot legs. and steam generator tubes, as well 

as the RCP seals and relief valves, is examined in previous work. Section 4.1 of this 

report discusses a broader examination of possible RCPB failure sites. In addition. Section
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3.4 compares the timing of events. including failure times. In the SBO thermal-hydraulic 
analyses for Surry and ANO-2.  

Previous studies such as NUREG/CR-5949 (Knudsen. 1993). have addressed the potential for RCS 
piping failure. This study built upon the earlier work with a detailed examination of the 
potential for ex-vessel failure of RCS piping (specifically the surge line and hot leg) for 
Surry. It yielded the general conclusion that a hot leg or surge line failure is likely 
relative to vessel breach, but CE designs were not considered.  

NUREGICR-6285 (Bayless. 1995) included an assessment of the potential for RCS failures that 
could lead to rapid depressurizatlon. thereby removing high differential pressure loads on 
tubes. That report attempted to categorize PWRs on the basis of their potential means of 
unintentional depressurizatlon as a result of thermally induced failures. However. the 
conclusion reached in NUREG/CR-6285 was that it is not possible to identify a simple set of 
parameters that would characterize PWRs in this manner. Differences in hardware. a lack of 
applicable component failure data. and variations in accident progression present sufficient 
uncertainties that Surry results cannot be used to determine iwhen RCS failures would occur 
during severe accidents in other plants. Therefore. the results of past studies could not 
be relied upon to reach a conclusion regarding the relative potential for RCPB failure 
between the PWR designs.  

2.4.2 Maintenance of the Loop Seal 

Malntenance of the cold leg loop seal is a function of the piping configuration that causes 
it to form and the flow pattern that exists once superheated steam is generated from the 
vessel. The cold leg piping elevation is somewhat shallower for some CE plants than in the 
Westinghouse design. This could allow a smaller pressure perturbation from accumulator 
injection, or some other mechanism, to blow out the seal. INEL (Ellison. 1996) therefore 
performed thermal-hydraulic analyses of Surry assuming that the loop seal was lost. and 
resulting in full-loop circulation of superheated steam at a greater rate than in the hot 
leg counter-current flow situation and higher tube temperatures. The loop seal could also 
be lost as a result of a large RCP seal leak. allowing the cold leg fluid to be displaced 
from the RCS by the hot steam.  

The two designs also differ in the hot leg diameters 107 cm (42 inches) for CE. and 74 cm 
(29 inches) for Westinghouse. Other more subtle differences in RCS configuration could also 
have an Impact on natural circulation flow patterns. but studies to date have not determined 
the effect that these differences present, if any.  

2.4.3 Plant Capabilities and Operator Actions to Depressurize 

The Westinghouse emergency operating guidelines include a step early in the procedure to 
direct operators to depressurize intact steam generators to remove heat from the RCS. The 
procedure also warns operators to maintain steam generator levels and pressures above 
minimum requirements. Depressurization is accomplished by opening ADVs on the intact steam 
generators to establish a maximum steaming rate consistent with plant-specific constraints.  
The step assumes that the ADVs can be operated from the control room. and that accumulators 
and electrical power are available. However. some plants may not have the capability to 
open the ADVs from the control room.  

AFW flow is necessary to carry out the steam generator depressurization while also 
maintaining the minimum steam generator levels and pressures. Pressure must be reduced in a 
controlled manner to preclude lowering RCS pressure to the point of accumulator injection.  
Also. minimum cold leg temperature requirements must not be violated during
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depressurization.

2.4.4 Pressurizer PORV/SV Failure Probabilities 

Failure of relief valves may occur under the thermal conditions expected in a high-pressure 

severe accident. The potential for a failure depends on the design and temperature 

qualifications of the valves. However. there is no information on relief valve failure 

modes under the extreme temperatures expected in the cases considered In this study.  

Therefore. although failures may be expected, the failure mode (open. shut. or some 

intermediate state) cannot be predicted. and the failure potential cannot be reliably 

quantified.  

The peculiarity most often mentioned for CE plants is that some do not have primary PORVs 

installed. Specifically. these plants are ANO-2. the Palo Verde Units. San Onofre 2&3. and 

Waterford. These plants rely upon SVs to limit system pressure. In other plants. PORVs are 

used to help prevent SV actuations. Typically. the set point difference between SVs and 

PORVs is about 0.7 MPa (100 psi). with the SV set point higher and always about 17.2 MPa 

(2500 psig). In high-pressure severe accident analyses for non-PORV plants. the initial 

pressure relief will not begin until the reactor reaches a higher pressure. Another 

difference is that SV relief capacity is up to four times greater than PORV flow capacity.  

This may tend to accelerate surge line heatup for the non-PORV plants (relative to those 

with PORVs) since the greater flow rate through the surge line during SV lifts would allow 

the surge line piping to heat up more quickly.  

2.4.5 Steam Generator ADV/SV Failure Probabilities 

The potential for steam generator SV or ADV failure during an SBO. and the resultant 

depressurization of the secondary system, depends upon the particular valve configuration 

and conditions to which the steam generator will be exposed during an event. Steam system 

SVs are of generally standard design throughout the various PWR designs, so a failure 

potential related to design differences Is not expected. However. there is no information 

available with regard to the potential for unfavorable conditions developing at the valve 

location in the secondary system as a consequence of possible primary-to-secondary leakage.  

Variables such as length and orientation of piping to the valves would affect the 

temperatures and the potential for thermal failure. Detailed plant-specific information is 

required to permit a determination of secondary valve failure potential. For this 
generalized study, the potential for thermal failure of secondary components is considered 

to be the same for CE and Westinghouse designs.  

2.4.6 Probability and Magnitude of Sea] LOCAs 

The likelihood of RCP seal failure under extreme temperature and pressure conditions may be 

greater for Westinghouse plants than for CE plants (Bayless. 1995). This is because the 

Westinghouse pump seals rely on continuous seal cooling, while the CE plants use a different 

pump design. However. Westinghouse plants have begun replacing seals using a design 

expected to have improved survivability under high temperatures. It is unclear how many of 

superheated steam and the potential for ex-Westinghouse-designed plants have upgraded their 

seals. Although further data are needed to conclusively demonstrate differences in 

reliability among different seal designs, the staff assumed that a Westinghouse design would 

generally have a greater chance of failing an RCP seal under severe accident conditions.  

This has an impact on the ability to maintain the cold leg loop seal, as discussed above.
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2.4.7 Steam Generator Degradation Mechanisms and Associated Flaw Distributions 

Although steam generator degradation is evident to some extent in all PWR designs, the 
nature and progression vary among designs. Design-specific features influence the nature of 
degradation. For example, the drilled-hole tube support plates in some Westinghouse
designed steam generators have been found to be a major factor in the propensity for these 
plants to experience stress corrosion cracking at the tube support plate elevations.  
Further. plant-specific differences (such as the steam generator manufacturing process and 
steam generator chemistry program) influence degradation characteristics.  

Section 4 of this report presents the staff's estimates of a generalized tube failure 
distribution. This distribution incorporates information from across the three PWR designs.  
but it does not necessarily accurately represent the relative contributions of all 
degradation types and it does not weight the contributions by plant design. The 
difficulties encountered in attempting to define a generalized distribution highlighted this 
factor as a sensitive plant-specific consideration that would require more extensive data to 
permit application to a plant-specific analysis. This is discussed further later in the 
report.  

2.4.8 Recommendations 

The aggregate impact of the factors considered above is that an event tree founded on a 
Westinghouse plant design could represent the expected course of the same severe accident in 
a CE design. However. some cautions must be observed, since a potential impact on the event 
tree quantification arises from differences between the CE design and the Westinghouse plant 
analyzed. The examination of major design differences shows that the general event 
progression may be assumed to be similar. However. there are sufficient uncertainties and a 
lack of information for certain component performance under severe accident conditions that 
further study is needed to accurately quantify an event tree for either design.  

The staff is currently conducting analyses to explore factors that might introduce 
differences between the designs in predicted thermal -hydraulic response, including those 
contributing to the ability to maintain the cold leg loop seal. Other uncertainties (such 
as the nature of the natural circulation essel component failures) have not been 
sufficiently analyzed to allow the staff to draw firm conclusions.  

A comparison of similar severe accident analyses for the two designs (Section 3.4) did not 
highlight any significant difference in event progression that could be attributed to 
differences between the designs. Therefore, until further information becomes available for 
more complete event tree quantification, the Westinghouse event tree presented in this study 
is adequate for general consideration of the CE design.
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3 BEST-ESTIMATE THERMAL-HYDRAULIC CONDITIONS

3.1 Scooe and Objectives of Thermal-Hydraulic Analyses 

Induced SGTR during certain severe accidents is a safety consideration since high

temperature steam flow, created by overheating of the core. can circulate through the 

reactor coolant system. including the steam generator tubes. Components can be heated to 

much higher temperatures - in the range of 900-1000 K (1160-1340 °F) - than normally 

considered within the design-basis envelope. Component heating can occur to the extent that 

the structural capacity of the components is reduced and rupture may be induced as a result 

of the combined effects of pressure and temperature. The conditions for steam generator 

tubes can be further aggravated by the depressurization of the secondary system, which 

increases the pressure differential across the tubes.  

In evaluating the risk impacts associated with such a challenge to steam generator tube 

integrity, detailed analyses have been performed at the Idaho National Engineering 

Laboratory (INEL) using the SCOAP/RELAP5 code (Coryell. 1995). The overall objective of the 

analyses was to determine the appropriate thermal -hydraulic boundary conditions (pressure 

and temperature) affecting steam generator tubes during severe accidents. The analyses were 

conducted for variations of a station blackout accident sequence, since it is considered a 

likely sequence to produce high temperature and pressure conditions at the tubes. The 

boundary conditions established by such analyses have then been used. through further 

analysis (described in Sections 4 and 5). to assess the likelihood of an induced failure of 

tubes during severe accidents.  

The general philosophy of the severe accident thermal -hydraulic analysis was to use a best

estimate approach within the limitations of available methods and with appropriate 

consideration of uncertainties. SCDAPIRELAP5. a detailed mechanistic severe accident 

computer code, was used for these calculations. This code has been applied to this type of 

calculation (i.e.. high-pressure natural circulation sequences in a PWR) in numerous other 

studies, and considerable experience has been gained in its use. More recently. the code 

was used extensively as part of the resolution of the direct containment heating (1CH) 

severe accident issue to analyze the probability of reactor system depressurization before 

reactor vessel failure for almost the same scenarios of interest for steam generator tube 

integrity. The principal difference was that the SCDAPIRELAP5 analysis of unintentional 

depressurization of the primary system (as a result of hot leg, surge line. or steam 

generator tube failure) performed for resolution of the OCH issue did not consider 

depressurization of the secondary system, because of assumed failure (in the open position) 

of the secondary side relief valves. The additional failure of the secondary side relief 

valves has the significant and obvious effect of increasing the differential pressure across 

the steam generator tubes (thus. increasing the challenge to tube integrity). Also.  

blowdown of the steam generator reduces the heat removal capacity of the steam generator.  

thereby contributing to an increase in the tube temperatures.  

As part of the SCDAP/RELAP5 analysis performed in the DCi study, creep rupture failure of 

the hot leg, surge line, and steam generator tubes was modeled using a Larson-Miller creep 

rupture model. As described later in Section 4.3. the Larson-Miller model was extended in 

its application to predict failure of cracked tubes. Previous applications of the 

SCDAP/RELAP5 Larson-Miller failure predictions considered only unflawed components.  
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To provide a range of predicted thermal-hydraulic conditions to accomnodate the accident 
progression event tree. and to provide insights regarding the impact of PWR design 
differences, several analyses were performed for both the Surry and Arkansas Nuclear One 
Unlt-2 (ANO-2) designs. Scenarios analyzed for this study include those listed In 
Table 3.1. The table also shows the original designations, provided in the contractor 
reports. along with the designations used in this report. In addition. Table 3.1 indicates 
those cases used to characterize the APET endstates. Descriptions of the cases used in 
later portions of the report are provided in Section 3.2. Further details appear in 
contractor reports sponsored by the NRC (Ellison. 1996; Knudsen. June and December 1996 and 
1997).  

Within the overall objectives stated above, the SCDAP/RELAP5 analyses were also performed to 
address a number of subsidiary issues, including variation in tube thermal boundary 
conditions as a result of the effects of phenomenological and modeling uncertainty 
(Section 3.3). plant design differences, and sequence variations (Section 3.4). Within the 
variations caused by plant and sequence differences, the potential for loop seal clearing 
was examined since loop seal clearing and restoration of full loop circulation would 
accelerate tube heating because of increased flow through the steam generator. Further 
analyses were undertaken to explore the sensitivities of major uncertainties in the thermal
hydraulic analysis bearing on the steam generator tube heatup. These analyses are covered 
in Section 3.3.  

-3.2 Steam Generator Tube Pressure and Tefmerature Predictions 

Thermal-hydraulic analyses conducted for the Surry and ANO-2 plant designs are discussed in 
this section. Section 3.2.1 outlines the overall strategy used and some of the modeling 
details. Specific results for each plant are discussed in Section 3.2.2 

3.2.1 Analytical Approach 

SCDAP/RELAP5 analyses were carried out for the Surry and ANO-2 plants to calculate the 
thermal-hydraulic conditions associated with an SBO sequence. For each plant analyzed.  
variations of the sequence (e.g.. assumption of failure or non-failure of the SG secondary 
side atmospheric dump valves) were considered. Additionally. sensitivity calculations were 
performed using a single-loop model for the Surry plant to investigate the effects of 
thermal-hydraulic phenomenological uncertainty related to the SG inlet plenum mixing 
assumptions on the predicted SG tube temperatures. These calculations are discussed in 
Section 3.3. Additional sensitivity studies assess issues not addressed in the initial set 
of analyses. These additional studies are summarized in Tables 3.2 and 3.3. and are also 
discussed in Section 3.3.  

For the Surry and ANO-2 plant analyses, an SBO sequence was assumed to be the accident 
initiator in all of the calculations. The specific sequence considered includes an 
inmediate loss of AC power and the loss of all feedwater. Additional assumptions made were 
that the sequence progressed without recovery and without operator actions, and all RCS 
components that served as pressure boundaries (e.g.. hot leg. pressurizer surge line. SG 
tubes) were assumed to be free of defects. Table 3.4 summarizes the assumed conditions for 
the analyses.
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Table 3.1 Suamary of SCDAP/RELAP5 studies Performed 

INEL Studies Performed Under WRR Contract 

original Revised Plant Sequence Description Remarks 

Desilmnatlon Designation (variations on TKLS')

S SM Surry No

6
6*

datization study

Surry Stuck-open PORV

Finer nodalization of
Finer noclatizatfon of lower tube bundle 

PORV failure at 1200"F 
core outlet temp

7 TN Surry p100 gpm SG tube leak Leak increases with tube 
temperature 

INEL Studies Performed Under RES Contract

I 
IR

2

3

2R

30

3RU 
4R 

SR 

6R 

6RU 

BR 

9R* 

ANO2 

AN02 

AN03 

AN04

Surry Base case, no SG nor RCS 
depressurizat ion 

Surry RCS depressurization, 
No SS depressurization 

Surry one SG depressurized, no 
RCS depressulization 

Surry Same as 3R 

Surry Depressurization of one SG 
and RCS 

Surry Case 1 variation 

Surry Case 3 variation

Surly 
Surry 

Surry 

Surry

Same as 6R 

All SGs depressurized 

RCP seal leak 

RCP seal leak

AiIO-2 SG depressurized.  
RCS not depressurized 

ANO-2 SG and RCS depressurized

APO-2 SG depressurized, RCS not depressurized

AXO-2 SG depressurized.  
RCS not depressurized

SG depressurized by stuck-open ADV 

Used updated code 

Used more even tube 
bundle flow split 

Used more even tube 
bundle flow sptit 

Used updated code 

No RCP seal leak 

No RCP seat leak 

220 gpm RCP seal leak 

220 gpm RCP seal leak, No 
quenching of molten 
material in vessel

* Case used to characterize APET endstate.
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Table 3.2 SG Inlet Plenum Mixing Sensitivity Studies* 

case Percent SG Tubes Fud Mixing Fraction Recirculation 
Flow Ratio 

N1 29 0.87 1.9 

N2 53 0.87 1.9 

1N3 61 0.87 1.9 

N4 35 0.76 1.9 

M5 35 0.89 1.9 

1H6 35 0.67 1.69 

1K7 35 0.87 2.25 

'eased an Case IR using a single-toop model 

Table 3.3 AWditlonat Sensitivity Studies 

Case Descript ion Remarks 

6RU. 53X/47% hot/cold tube split 0.87 mixing fraction, 
1.9 recirculation ratio 

6RU.A Heat transfer coefficients increased by 201 Upper pternm, hot kegs, surge 
line, SG tube surfaces 

6RU.B Heat transfer coefficients decreased by 201 Same Locations as 6R.A 

6RU.C Neat transfer coefficients Increased by 301 Hot Leg, surge line, SG tube 
entrance volumes 

6RU.D Meat transfer coefficients increased by 30% SG tube entrance volumes 

6RtU.E Enhanced hot leg heat transfer Fluid-to-fluid heat transfer and 
circumferentiat walt conduction 

6RU.F Based on 5% confidence values of mixing model 43./57% hot/cold Sa tube split.  
parameters from transient experiment data 0.73 mixing fraction, 

1.8 recirculation ratio 

The SCDAP/RELAP5 nodalizations of the Surry and ANO-2 plants included both full-loop and in
vessel natural circulation flow models for simulating conditions that would potentially develop 
during the event. (See Figures 3.1 and 3.2 for schematic representations of expected flows.) 
Provisions were made to change the SCOAP/RELAP5 nodalizatlon of the hot leg to model 
countercurrent natural circulation after the hot legs are voided. The hot leg countercurrent 
flow model was benchnmarked against the Westinghouse 1/7-scale experimental data on natural 
circulation (Stewart. 1993) before any calculations were performed. The cases used in this 
study were selected to depict the effect on tube conditions of variations in a number of 
parameters. Specifically. these parameters included depressurizatlon of SG secondaries.  
treatment of RCS depressurization following predicted pressure boundary failure, and 
nodalizatlon of the SG tubes (tube bundle flow split).
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Table 3.4 Summary of Assmed Conditions for Surry Calculations

1- - - - - ~Cases - - - -

Assumed Severe Accident Conditions 1R 2R 3#, Ud SR 6R 7W aR 9R 5 614 a ) 

3__U 6RU 

Rcs maintains pressure after predicted RCS x X x X x I x x

boundary fai Lure 

RCS depressurizes after predicted RCS x X x x 

boLX~dfl fat lure 

Failed relief valve depressurizes x x x x X x x 

-pressurizer loop SG 

35% hot tubes_65X cold tubes x X x x - - x x x x x x 

S3% hot tubes,!7% cold tubes X X 

AI. t SGs depressurized because of f a led x 

relief valves ---

RCp seat leak (250 g-m per pump) x X 

pressurizer PORV falls open 
_X 

Cold Leg Loop sent drained

No quenching of relocated upper plenum steel 

in vessel 

In evaluating the potential sources of uncertainty in the thermal-hydrauli c analysis. the 

variation in the natural circulation test data was examined. It was apparent that the test 

data indicated a difference in the number of tubes carrying hot flow depending on whether 

the tests were run in a steady state or transient mode. There were also differences In the 

reported mixing fraction and the recirculation ratio. The mixing fraction reflects the 

fraction of the hot inlet flow entering the SG inlet plenum that mixes with the cooler flow 

returning from the SG tubes, while the recirculation ratio refers to the relative mass flow 

ratio between the SG natural circulation flow to the hot leg natural circulation flow.  

Figure 3.2 depicts these different flows. To investigate the effects of thermal-hydraulic 

phenomenological uncertainty (number of SG tubes participating in forward flow. mixing 

fraction, and recirculation ratio) related to the SG inlet plenum mixing, seven sensitivity 

calculations were performed using a single-loop model for the Surry plant as summarized in 

Table 3.2.  

One result of the extended sensitivity studies was the conclusion that the base case 

analysis should use the results of Case 6R rather than Case 3R. since the former assumes a 

fairly even tube bundle flow split which is more representative of the transient scaled 

experiment conditions. As discussed later in this report. this conclusion was reached 

relatively late in the risk analysis and the staff judged that. although somewhat 

conservative, the Case 3R results were still a reasonable basis to characterize the APET 

endstates.
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3.2.2 Summary of Analyses and Results

The analyses and key results of cases discussed in this report are covered. including the 

more recent Surry and ANO-2 studies, and the sensitivity studies based on the Surry model.  
Table 3.5 sunmmarizes the results.  

3.2.2.1 Surry 

At initiation of the transient, the reactor is scrammed and the reactor coolant pumps are 
tripped because of a loss of all AC power. Initially, the RCS depressurizes because heat 
removal on the secondary side is sufficient to remove core decay heat. For Cases IR and 2R.  
all SG ADVs are assumed to operate normally by cycling on secondary pressure. However, the 
secondary side heat sink is not sustained In the absence of feedwater and. as a result, the 
RCS pressure increases to the PORV set point near the time of SG dryout. A gradual RCS 
heatup and boiloff follows with RCS pressure fluctuating between 15.7 MPa (2277 psi) and 
16.2 HPa (2350 psi) through PORV cycling. During a brief period of time. the RCS pressure 
rises above the PORV set point to the safety relief valve (SRV) set point of 17.8 IIPa 
(2582 psi) because the pressurizer begins venting liquid and the PORV does not have the 
capacity to remove decay heat by venting liquid (Figures. 3.3 and 3.4).  

Part of the core decay heat is transported to the SGs by full-loop natural circulation of 
liquid. When a sufficient amount of vapor generated in the core collects in the top of the 
SG U-tubes, full-loop natural circulation of liquid ceases. Core uncovery begins as a 
result of continued boiloff of water and venting through the PORV. When the SG and hot leg 
void. hot leg countercurrent natural circulation of vapor begins. Because of the degraded 
heat transfer associated with the hot leg countercurrent natural circulation flow. ex-vessel 
piping temperatures begin to increase. For Cases IR and 2R. creep rupture of the 
pressurizer surge line is predicted at 234 minutes (14,050s) (Figures 3.5 and 3.6).  

After surge line failure, in Case IR. the calculation was continued, suppressing the surge 
line failure, to determine the timing associated with other potential pressure boundary 
failures. When continuing the calculation, creep failures of the hot leg nozzles in the 
pressurizer and non-pressurizer loops are predicted at 252 minutes (15.110s) and 261 minutes 
(15.670s). respectively. The calculation for Case IR was terminated at 315 minutes 
(18.900s) because the surge line and all of the hot legs had failed. It was determined that 
the SG tubes would not fail for some time. and a margin of time to failure of at least one 
hour had already been established.  

As mentioned earlier, in Case 2R. the surge line was allowed to fail, and the RCS 
depressurized as shown in Figure 3.4. When the RCS pressure sufficiently decreases to reach 
the accumulator injection pressure of 4.24 MPa (615 psi). the accumulator injects as 
illustrated in Figure 3.7. arrests the heatup of the core, and cools the ex-vessel piping as 
shown in Figure 3.6. Although. core reheating occurs after the accumulator water has boiled 
off. the energy associated with core reheating is primarily removed via the surge line 
break, which prevents any significant reheating of ex-vessel piping. Hence. the calculation 
was terminated at 347 minutes (20.800s). Thus, SG tube rupture is not expected if surge 
line failure occurs as predicted in Cases IR and 2R.
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TabLe 3.5 Summary of SG Tube ResuLts for Surry CalcutGiOns

I1
IR 234 Surge Line 847 9.3 1094 9.11

2R 234 Surge Line 847 9.3 847 9.27 

3R 241 Surge Line 987 15.8 1147 16.2 

3RU 227 Surge Line 973 15.9 1164' 15.95 

4R 241 Surge Line 987 15.6 987 15.8 

SR 234 Surge Line 825 9.1 825 9.1 

6R 229 Surge Line 933 16.0 933 16.0 

6RU 229 surge Line 957 15.9 11618 15.8e 

TR 218 Surge Line 943 16.0 1041 16.1 

OR 275 Not Leg 107 125 5b 8 -5 11 "5b 1090/12a6b 6"9/0.1b 

9R 269 Not Leg 10 10/ 1 153b 4,-O'3 -ob 1179/1309b 7 "71 0 "8 b 

5M 246 Surge Line 1036 15.9 1094 15.9 

6H 191 Open PORV 709 16.0 1055 4.4 

7M 353/390 S Surge Line l043/1086c 4.7/Wi. I€ 1097/1021c 0/0 

as. CoNdition at time of predicted tube faiture 

b. Pressurizer Loop/non-pressurizer toop conditions 
c. 3 kg/sec: and 7 kg/sec Leakage cases 

Cases 3R and 4R are similar to Cases 1R and 2R. except for the assumption that the ADV on 

the pressurizer loop SG fails open when Initially challenged. For both cases, the surge 

line is predicted to fail at 241 minutes (14,460s). which is a slight delay in failure time 

compared to Cases 1R and 2R (t-14.050s). This delay is caused by an enhanced heat removal 

during the SG blowdown because of temperature reductions resulting from the open SG ADV.  

For Case 3R, which was performed without allowing the surge line to fail as in Case IR.  

creep ruptures of the pressurizer loop hot leg nozzle and the pressurizer loop SG tubes are 

predicted at 256 minutes (15.380s) and 259 minutes (15.560s). respectively (Figure 3.8).  

The calculation was terminated at 259 minutes because all of the potentially vulnerable 

structures in the pressurizer loop had failed.  

Case 4R (like Case 2R) was performed allowing the calculation to proceed with a surge line 

failure. The depressurization following surge line failure leads to accumulator injection.  

which prevents any significant reheating of the ex-vessel piping (Figure 3.9). As in 

Case 2R. the calculation was terminated at 347 minutes (20.800s). Therefore. in Case 3R.  

surge line and pressurizer loop hot leg are predicted to fail before the prediction of an SG 

tube rupture. and no tube rupture is predicted for Case 4R.  

In the analyses described to this point, at the beginning of the hot leg countercurrent 

natural circulation, the number of SG tubes participating in forward flow in the SG inlet 
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plenum is assumed to be 35 percent (i .e.. tube split of 35 percent hot tubes to 65 percent 
cold tubes). In Cases 5R (counterpart to Case iR or 2R) and 6R (counterpart to Case 3R or 
4R). a tube split of 53 percent hot tubes to 47 percent cold tubes was assumed on the basis 
of the Westinghouse transient natural circulation experiments. Figure 3.10 compares the 
nearly identical heatup rates of the pressurizer loop SG tubes for the two cases, indicating 
that in the instance of a pressurized steam generator. the calculations are insensitive to 
modifications of the SG tube split. Surge line failure Is predicted at the same time 
(234 minutes (14.050s) for both cases). As shown in Figure 3.11. the heatup of the 
pressurizer surge line is more rapid than the heatup of the hot leg nozzle and the 
pressurizer loop SG tubes. The calculation was terminated after the surge line failure.  

When comparing Case 6R to Case 3R. Figure 3.12 shows that there is a discernible difference 
in the heatup rate of the surge line as a result of the secondary depressurization which 
reduces the heat transfer to the pressurizer loop SG secondary. This reduction in heat 
transfer results in more retention of decay heat in the core region which accelerates 
oxidation (Figure 3.13). Since the energy produced through oxidation is relieved mostly 
through the pressurizer PORV. the heatup of the surge line is increased in Case 6R.  
Therefore. the pressurizer surge line was predicted to fail earlier at 229 minutes (13.720s) 
(versus 234 minutes for Case 3R). The calculation was terminated after surge line failure.  

Case 7R is similar to Case 3R. except an assumption was made in Case 7R that the ADVs failed 
open in all SGs after they were first challenged. As In Case 3R. the pressurizer surge line 
is predicted to fail at 219 minutes (13.11Os). and creep ruptures of the pressurizer loop 
hot leg nozzle and the non-pressurizer loop SG tubes are predicted at 229 minutes (13.740s) 
and 234 minutes (14.030s) (Figure 3.14). Creep rupture of the ex-vessel piping is 
accelerated in this case since the heat transfer to the secondary side is reduced as a 
result of depressurization of all steam generators.  

Cases 8R and 9R were conducted to evaluate the conditions of the tubes during an SBO 
sequence involving RCP seal leaks. The difference between the two cases is in the treatment 
of heat transfer as the upper plenum stainless steel melts and relocates. Specifically.  
molten stainless steel was assumed to quench in Case BR as it relocates into the water 
remaining in the lower vessel head. To model the effect of the steel resolidifying at 
relatively cooler regions in the core before it could reach the lower head. steel quenching 
was not simulated for Case 9R. This Is considered the more realistic progression of the 
two. The results of Cases 8R and 9R are identical until the time of stainless steel 
relocation. The following is a discussion of the progression of events for Case 9R.  

RCP seal leaks of 946 Lpm (250 gpm) per pump were assumed once the seals failed. Also, the 
ADV for the pressurizer loop SG was assumed to fail open following the first challenge. RCP 
seal leaks of 79 Lpm (21 gpm) per pump were introduced at event initiation to simulate 
leakage associated with the loss of seal cooling that would accompany a loss of AC power.  
Saturated conditions in the RCS. specifically at the RCPs. were reached at 125 minutes 
(7491s). and seal leaks then increased to 946 Lpm (250 gpm) per pump to simulate failures 
that could develop as a result of two-phase flow across the seals. That flow rate is 
considered the most probable for Westinghouse RCP seal failures (Wheeler. 1989).  
Increased flow through the RCP seals and pressurizer PORVs led to core uncovery at 
145 minutes (8710 s) as seen in Figure 3.15. Steam venting through RCP seals and heat 
transfer because of the countercurrent natural circulation reduces RCS pressure. Pressure 
reduction continues until accumulator injection, beginning at 234 minutes (14.020s) 
(Figure 3.16). Pressure increases during the accumulator injections, because of 
vaporization of water reaching the core. which in turn causes temperature perturbations at
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the hot legs and SG tubes (Figure 3.17). The increased temperatures (Figure 3.18) cause a 

non-pressurizer loop hot leg to fall as a result of creep damage at 269 minutes The failing 

hot leg heats at a faster rate than the other primary coolant loops since its loop seal 

clears by 220 minutes The calculation was terminated at the point of hot leg failure.  

Case 6N was performed to evaluate the effect on SG tube conditions of a stuck- open 

pressurizer PORV in the early stages of core uncovery. The PORV was assumed to stick open 

at 190 minutes. when core exit temperatures reach 922 K (1200 °F). RCS pressure decreases 

until accumulator injection starts at 218 minutes SG tube temperature spikes. resulting 

from the accumulator injections, are seen in Figures 3.19 and 3.20. The predicted 

temperatures in this case are somewhat higher than expected because of the modeling of the 

natural circulation flow path. To maintain the flow directions of circulation through the 

two portions of the tube bundle (forward and return flow paths), reverse loss coefficients 

approximately 100 times larger than the forward loss coefficients were specified.  

Therefore. when superheated steam from the vessel reached the SG inlet plenum. it proceeded 

through only 35 percent of the tubes. Actually. the flow should proceed through the entire 

tube bundle in the forward direction whenever the hot leg pressure exceeds the pressure at 

the pump suction. If full-bundle flow was modeled, the heat transfer surface would be 

greater. resulting In lower tube temperatures.  

In these analyses using the Larson-Miller model for creep rupture. unflawed tubes are 

calculated to survive the transient heatup past the point where other non-defected RCS 

components are predicted to fail. A key phenomenon leading to accelerated tube heatup 

identified in the analyses is loop seal clearing, although for these calculations loop seal 

clearing did not occur in the depressurized loop. However. uncertainties exist in the 

prediction of which loop seal clears. (Once one loop seal clears, flow is preferentially 

drawn to that loop.) Therefore. an equal likelihood of clearing among the loops was 

assumed.  

For cases in which the secondary side is not depressurized. the peak average tube 

temperature Is fairly uniform and centered around 850 K (1070 OF). For cases with the 

additional assumption of secondary side depressurization. the average peak temperature shows 

greater variation. For cases with a single depressurized steam generator. the average peak 

tube temperature in the faulted loop varied between 933 K (1219 OF) and 987 K (1317 °F) 

depending on the inlet plenum assumption. The case assuming a split of 53 percent hot 

tubes, and 47 percent cold tubes, which produced an average peak tube temperature of 933 K 

(1219 OF). could be considered a "best estimate" case since it is based on test data more 

representative of the sequence of interest. This flow split is similar to that assumed in 

the EPRI analysis. For these single-faulted SG cases, the average peak tube temperatures in 

the non-faulted loops was roughly 100 K (180 OF) cooler, varying approximately between 830 

to 860 K (1034 to 1088 °F).  

In Case 7R. where all SGs are assumed to depressurize. the average peak tube temperature of 

950 K (1250 OF) is approximately 40 K (72 OF) cooler than when the single SG was blown down.  

This is because the greater core heatup and discharge through the PORV leads to earlier 

surge line failure.  

3.2.2.2 ANO-2 

The ANO-2 reactor was selected for analysis to examine the potential effects that plant 

design differences may pose for SG tube integrity. ANO-2 has a higher core power density 

than Surry (97 MW/m 3 for ANO-2 versus 92 MW/m0 for Surry). It is one of the CE plants
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without a PORV. and its design features a more shallow loop seal (1.24 m (4.1 ft) for ANO-2 

versus 1.7 m (5.6 ft) for Surry). These differences will. to varying degrees. affect the 

natural circulation during the transient. Higher power density may accelerate core damage 

progression and corresponding heatup. Without PORVs. pressure is controlled by pressurizer 

SRVs which operate at higher set points of 16.7 to 17.2 MPa (2422 to 2495 psi); therefore.  

the SG tubes may be subject to a larger differential pressure. With a more shallow loop 

seal, there may be a greater potential for loop seal clearing and establishing full-loop 

natural circulation, which would affect the core damage progression and heat transfer 
between the primary system and the SGs.  

As previously indicated. accident initiation in all calculations was based on a station 

blackout sequence without recovery and without operator actions. In addition, an ADV on the 

pressurizer loop SG was assumed to fail open on its first challenge in each calculation.  
This increases the differential pressure across the SG tubes, as well as the potential for 

SG tube rupture in the pressurizer loop SG. Cases AN01 and AN02 are counterparts to Surry 

Cases 3R and 4R. respectively.  

At initiation of the SBO transient, the reactor is scrammed and the reactor coolant pumps 
are tripped because of a loss of all AC power. Initially, the reactor coolant system 
depressurizes because heat transfer to the secondary side is sufficient to remove core decay 

heat and reduce the temperature of the primary coolant. However. the secondary side heat 
sink is not sustained in the absence of feedwater and, as a result, the RCS pressure rises 
to the pressurizer SRV set point near the time of SG dryout. A gradual RCS heatup and 
boiloff follows with RCS pressure fluctuating between 16.7 and 17.2 MPa (2422 and 2495 psi) 
through pressurizer SRV cycling.  

When a sufficient amount of vapor generated in the core collects in the top of the SG 

U-tubes. full-loop natural circulation of liquid ceases. For Cases ANO1 and AN02. full-loop 

natural circulation ceases earlier (82 minutes (4895s) versus 128 minutes (7690s) for Surry 

Cases 3R and 4R). Core uncovery begins as a result of continued boiloff of water and 
venting through the SRV. Compared to Surry. ANO-2 calculations indicate that core uncovery 

begins earlier (102 minutes (6125s) for ANO-2 versus 151 minutes (9030s) for Surry). and is 

completed in a shorter duration (21 minutes for ANO-2 versus 27 minutes for Surry). Hot leg 
countercurrent natural circulation of vapor begins earlier (at 106 minutes (6332s) for ANO-2 
versus at 152 minutes (9091s) for Surry) as well.  

Because of the degraded heat transfer associated with the hot leg countercurrent natural 

flow, ex-vessel piping temperatures begin to increase. For Cases ANOI and AN02. creep 
rupture of the pressurizer surge line (Figures 3.21 and 3.22) is predicted at 189 minutes 
(11,330s) which is earlier than in Surry Cases 3R and 4R (234 minutes (14,050s)). After 

surge line failure in Case ANO0. the calculation was continued, ignoring the prediction of 

surge line failure, to determine the timing associated with other potential pressure 
boundary failures. Creep rupture failures of the hot leg nozzle In the pressurizer loop.  

the non-pressurizer loop hot leg nozzle, and the pressurizer loop SG tubes are predicted at 

203 minutes (12.150s). 209 minutes (12.510s), and 229 minutes (13.750s). respectively. The 

calculation for Case ANO0 was terminated at 229 minutes (13.750s) because all vulnerable 

structures analyzed (other than the non-pressurizer loop SG tubes) had failed.  

In Case AN02. the surge line was allowed to fail. and the RCS depressurized as shown in 

Figure 3.23. When the RCS pressure sufficiently decreases to the accumulator injection 

pressure of 4.3 MPa (624 psi). the accumulator injects as indicated in Figure 3.23. which 
arrests the heatup of the core and cools the ex-vessel piping as shown in Figure 3.22.
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Although. core reheating occurs after the accumulator water has boiled off. the energy 

associated with core reheating is primarily removed via the surge line break, preventing any 

significant reheating of ex-vessel piping. Therefore. the calculation was terminated at 

359 minutes (21.550s). SG tube rupture is not expected if surge line failure occurs as 

predicted in Cases ANI1 and AN02.  

The analysis of Case AN03 is similar to that in Case ANOL. except that additional 

assumptions were made in Case AN03 that the transient began with a nominal pump seal leak of 

5.7 Lpm (1.5 gpm) per reactor coolant pump. and the seal leak increased to 833 Lpm (220 gpm) 

per reactor coolant pump when saturated conditions were reached (to simulate a common-cause 

failure of the pump seals). Because of increased flows through reactor coolant pump seal 

leaks and the pressurizer SRV discharge. core uncovery begins earlier in Case AN03.  

Pressurizer SRV cycling stops only after the pump seal leaks cease their two-phase discharge 

and begin to vent steam. At that time, RCS pressure begins to drop as indicated in 

Figure 3.24 because the energy associated with venting steam through the pump seals exceeds 

core decay power.  

As the RCS pressure approaches the accumulator injection pressure of 4.31 MPa (625 psi).  

some upper plenum steel melting is predicted. However. because of modeling in the 

SCOAP/RELAP5 code. upper plenum molten steel cannot relocate to the core region, and no.  

molten pool was calculated to form in the core region at that time. The upper plenum molten 

steel is arbitrarily relocated into the lower head and allowed to quench. As a result, the 

generated vapor is sufficient to Increase the RCS pressure to 8 MPa (1160 psi). This excess 

pressure is then relieved through the pump seal leaks. with the overall effect of the steel 

quenching delaying the first accumulator injection. , 

Several small accumulator injections follow, with essentially no impact on RCS pressure as 

seen in Figure 3.24. However. these injections are followed by upper plenum stainless steel 

melting and relocation to the lower head, which has a significant impact on the SG tube 

temperatures as indicated in Figure 3.25. The temperature and pressure perturbations 

(Figure 3.26) associated with the steel relocation and quenching in the lower head 

contribute to the creep failure of the pressurizer loop SG tubes at 307 minutes (18.400s).  

Although the non-pressurizer loop hot leg nozzle is predicted to fail by creep rupture at 

306 minutes (18.330s). or 70 seconds earlier than the predicted failure of SG tubes, the 

timing difference between the hot leg and the tubes is not significant. Therefore. in Case 

AN03. there is a potential of induced SG tube rupture before any other RCS pressure boundary 

failure for the conditions analyzed.  

Case AN04 was then run to specifically address the impact on SG tube temperatures and 

pressures because of unrealistic relocating and quenching of the upper plenum molten steel 

in the lower head. This "no-quench" case was performed in a manner similar to Case 9R for 

Surry. The impact of the "no-quench" assumption can be readily seen by comparing the RCS 

pressures shown in Figures 3.24 and 3.27. Speciflcally. pressure perturbations associated 

with stainless steel quenching (Figure 3.24) are not observed in this calculation. Although 

maximum SG tube temperatures are comparable with or without quenching (Figures 3.25 and 

3.28), those temperatures in the absence of pressure perturbations (Figure 3.29) are not 

high enough to cause SG tube rupture because of the reduced pressure differential across the 

tubes. Nonetheless, the temperature of the non-pressurizer loop hot leg climbed well ahead 

of the pressurizer loop hot leg because of early loop seal clearing. The non-pressurizer 

loop hot leg failed at 350 minutes (21,000s) as indicated in Figure 3.30. The calculation 

was stopped at 483 minutes (29,000s) because the creep damage terms calculated for the other 

vulnerable structures were small. Therefore, tube rupture is not a concern In the absence
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of pressure perturbations associated with the quenching for the conditions as analyzed. The 

hot leg failure was also predicted to be delayed by 50 minutes (3000s) (compared to 

306 minutes.(18.330s) in Case AN03).  

3.3 Modeling and Analytical Uncertainties 

Consideration of accident analysis uncertainties involved with thermal-hydraulic 

calculations focused on two main areas. The first area focused on variations that may 

result from severe accident progression phenomenology. and the second focused on the more 

problem-specific issues associated with the natural circulation mixing calculation.  

Generally. the calculation of thermal-hydraulic boundary conditions in a severe accident can 

reasonably be said to involve phenomenological uncertainties. However. the bulk of the 

phenomenological uncertainty relevant to in-vessel accident progression behavior has been 

attributable to what is referred to as late-phase melt progression. This involves events 

and behavior that occur after melting and relocation of fuel rods in the core. Early- phase 

melt progression, including boiloff. fuel heatup. initial zircaloy-steam reaction, hydrogen 

release, and control rod material relocation, has been recognized as an area better 
understood and modeled. Rather. it Is the late phase of the accident. involving fuel 

melting and relocation, formation of molten pools with blockages or drainage, and 

interactions in the lower plenum, which is still uncertain and is the focus of international 
severe accident research programs.  

Fortunately, the severe accident analysis to assess SG tube integrity comprises, as Its 

period of interest, those events up to and Including early- phase melt progression but 
excluding late-phase behavior. This is demonstrated by the analyses which uniformly predict 
failure of some portion of the RCS pressure boundary before the formation of an In-core 

molten pool. In the Surry analysis described previously (Case 3R as an example). the first 

formation of an in-core molten pool did not occur for roughly 70 minutes after the 

prediction of surge line failure. This is generally consistent with earlier DCH-related 
calculations, performed at high pressure. which indicated the onset of the significant fuel 

melting after the heatup and failure of loop piping. It can also be argued that if 
substantial core relocation were to occur earlier in the transient, the disruption of the 

optimal flow configuration (i .e.. intact fuel geometry) would most likely impede 

redistribution of energy from the core region, thereby mitigating tube heatup relative to 
other components.  

The major uncertainty addressed by these analyses has been the modeling approach used in the 

SCOAPIRELAPS treatment of natural circulation and the resulting redistribution of energy 

from the core to the reactor vessel upper plenum and from there to the steam generators.  
The major uncertainty identified within the natural circulation flow path calculation has 

been the treatment of mixing of flow within the SG inlet plenum. The results of sensitivity 

analyses to examine the impact of the recirculation ratio, mixing fraction, and number of 

outflow tubes carrying hotter flow indicate that those parameters characterizing the flow 

calculations have only a modest effect on peak average tube temperatures. approximately 

±20 K (36 OF). However, as noted in the discussion of Surry calculations, one of the 

analyses (Case 6R) was performed assuming that roughly half of the tubes carried hotter 

outflow, on the basis of an average value observed in the 1/7-scale transient tests. In 

addition to that assumption, the full-plant analyses, unlike the single sensitivity 

calculations, was performed without fixing the other mixing parameters. allowing the code to 

calculate a mixing fraction and recirculation ratio. The result of allowing the calculation
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to "float" was that it predicted a minimal increase In the mixing fraction (from 0.87 to 

0.89) and a slight increase in the recirculation ratio (from 1.9 to 2.3). The net effect of 

the combined changes was to decrease peak average tube temperatures by roughly 50 K (90 °F).  

From this, the staff concluded that further refinements to the model were not likely to 

substantially alter the calculation of tube temperatures.  

3.3.1 SG Inlet Plenum Mixing Parameters Sensitivity Study 

When SCDAP/RELAP5 was used to simulate an SBO accident, the code was benchmarked against 

average experimental values for hot leg countercurrent natural circulation flow behavior 

derived from a series of 1/7-scale experiments (Stewart. 1993). In the current study, 

SCDAP/RELAP5 was used to evaluate the potential impact on the Surry SG tube temperatures if 

natural circulation parameters were allowed to vary over the range of values observed in the 

Westinghouse experiments.  

There are three SG inlet plenum mixing model parameters Including the mixing fraction, the 

hot leg to tube bundle flow ratio, and the fraction of forward flow or hot tubes. The basis 

for the mixing model Is given in the EPRI report detailing the Westinghouse scaled 

experiment results (Stewart. 1993). The mixing fraction Indicates the degree of mixing that 

occurs between the flow from the hot leg into the inlet plenum, and the flow from the tube 

bundle into the inlet plenum. An increased mixing fraction indicates a greater degree of 

mixing between the streams. The flow ratio is simply a comparison of the flow rate from the 

hot leg to SG to the flow in the tube bundle, and represents the dilution of the hot leg 

flow by the colder SG flow.  

For these analyses. an SBO sequence for Surry was analyzed for the case with no reactor 

coolant pump seal leaks; the SG ADVs were assumed not to fail. The calculation using the 

full-system model of the reactor vessel and three coolant loops was performed up to the 

predicted time of surge line creep rupture failure, the first RCS pressure boundary failure 

prediction. The calculated results were then used to provide boundary conditions to a model 

of the pressurizer loop between the reactor vessel and the reactor coolant pump suction 

line. This approach was used to simplify the adjustment of the hot leg countercurrent flow 

mixing parameters by limiting it to a single loop. The justification for this 

simplification is that It allowed varying the mixing parameters one at a time to ascertain 

their individual effect on SG tube temperature response. The single-loop model was 

benchmarked against the full-plant system model to ensure that the specification of time

dependent conditions was sufficient to produce the same transient results for the 

pressurizer loop hot leg in both cases.  

The 'base case* SG inlet mixing parameter values (35 percent of tubes carrying forward flow.  

mixing fraction of 0.87. and recirculation ratio of 1.9). representing the average for the 

four steady-state. high-pressure SF6 experiments, are shown in Table 3.2. Note that case 6R.  

using a more even flow split representative of the transient high-pressure SF6 experiments 

was eventually recommended for use as the base case. As discussed earlier, using Case 3R 

results as the base case introduces some conservatism, but does not significantly alter tube 

failure probability estimates that would result from using Case 6R.  

The first two sensitivity calculations. Cases M1, and M3. represented the minimum and 

maximum percentage of hot tubes participating in the forward flow in the SG. Likewise.  

Cases M4 and M5 bracketed the minimum and maximum values for the mixing fraction, and 

Cases M6 and M7 explored the minimum and maximum values for the recirculation ratio.  
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For the tube split sensitivity calculations (Cases M1 to M3). as shown in Figure 3.31. the 

volume-averaged tube temperatures in the first volume of the forward flow portion of the SG 

tube bundle showed a higher temperature for Case I with 29 percent of the tubes carrying hot 

flow. and a lower temperature for Case M3 with 61 percent of the tubes carrying hot flow.  

when compared with the base case. However. this variation In temperature is relatively 

small: at 250 minutes (15.000s) the greatest increase in temperature Is 10 K (18 OF) 

(Case MD) and the greatest decrease is 25 K (45 OF) (Case M3). The reason is that the 

surface area for heat transfer from the primary side to the secondary side is increased with 

an increasing number of tubes participating as hot tubes, but the velocity is decreased 

given a fixed mass flux from the SG inlet plenum. The lower flow velocity reduced the heat 

transfer coefficient from the vapor to the tube. Given the reduction in heat transfer, one 

would expect that the tube temperature would decrease with an increasing number of tubes.  

The opposite Is true when the number of hot tubes is reduced.  

The mixing fraction sensitivity calculations. Cases M4 and MS. varied the fraction of hot 

leg mass flow entering the SG Inlet plenum that was mixed with flow returning to the inlet 

plenum from the return flow tubes. Increasing the mixing fraction reduces the temperature 

of the steam entering the SG tube sheet for the forward flow (hot) tubes. As observed in 

Figure 3.32. the range of temperature variation at 250 minutes (15.000s) was only 20 K 

(36F) over the range of mixing fraction values investigated.  

The recirculation ratio sensitivity calculations. Cases M6 and M7. varied the ratio of the 

flow through the SG tubes to the hot leg mass flow entering the SG inlet plenum. In this 

case, increasing the recirculation flow ratio reduces the temperature of the steam entering 

the tube sheet for the forward flow (hot) tubes since the mass flow of steam from the mixing 

volume to the tube sheet increases with increased recirculation ratio. As shown in 

Figure 3.33. the difference in the predicted tube temperature in the first volume of the 

forward flow portion of the tube bundle was less than 10 K (18 OF) over the range of 

recirculation ratios investigated, with a maximum value of 5 K (9 OF) over the base case.  

In summary. the sensitivity studies done by individually varying the SG inlet mixing 

parameter values within the range of values observed in the Westinghouse experiments showed 

that the impact is * 20 K (36 OF) on the predicted tube temperatures. This is compared to 

results predicted when the average values were used for these mixing parameters. Thus. the 

uncertainty is modest with respect to the tube temperature predictions in the Surry and 

ANO-2 analyses of SGTR.  

3.3.2 Hot Tube Nodalization Sensitivity Study 

Case 5N was performed to evaluate the effect on tube temperatures of a variation in 

nodalizatlon at the tube bundle Inlet. The nodalization change was introduced into the 

calculation at the time counter-current natural circulation commenced. This study used a 

more detailed nodalization of the tube inlet volumes and the associated heat structures.  

The first inlet volume was subdivided into five volumes so that a series of volumes in 

series represented the tube section previously represented by a single volume. The base 

case nodalization yielded a temperature representative of 0.79 m (2.6 ft) above the tube 

sheet (the midpoint of the volume). The temperature of the volume immediately above the 

tube sheet gave a tube temperature at the. time of predicted surge line failure only about 

5 K (9 OF) above the base case value. At the time of surge line failure. Figure 3.34 shows 

that tube temperatures along the subdivided nodes remain within a range of 15 K (27 OF).  

Thus, the initial nodalization seems sufficient for these calculations.
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3.3.3 Extended Sensitivity Study 

Additional SCDAP/RELAP5 calculations were conducted to supplement the mixing model 

sensitivity studies. These extended studies included heat transfer modeling effects and 

possible synergistic effects of the SG inlet plenum mixing model parameters. The 

sensitivity studies used, an updated version of the SCDAP/RELAP5 code to more appropriately 

treat the combined effects of forced and free convection heat transfer in vertical pipes.  

The use of an updated code version complicates direct comparison with previous analyses: 

however, the results are quite similar and trends are consistent.  

Cases 3R and 6R were repeated with the updated code to offer a comparison of results with 

the previously run cases. These cases are designated 3RU and 6RU. and were limited to the 

period extending from the onset of hot leg countercurrent natural circulation at 

151 minutes. The earlier portion of the sequences did not need to be considered since no 

threat to RCPB components is expected. and the heat transfer updates should only introduce 

minor changes in timing of the sequence leading up to the onset of countercurrent flow. The 

results from the updated runs are considered refinements of the previous versions of those 

cases since the mixed convection updates should improve the simulation. However. tube 

failure probability calculations founded on previous results, using the cases indicated in 

Table 3.1. were already evaluated when the refined calculations became available.  

Therefore. these most recent calculations were only used to ascertain the sensitivity of 

results.  

The additional sensitivity calculations. designated 6RU.A through 6RU.F. are listed in 

Table 3.3 and are used to show the Influence on the following: 

* uncertainties in heat transfer coefficients 
0 absence of fluid-to-fluid heat transfer and circumferential pipe wall conduction in 

the split hot leg model 
0 synergistic effects associated with simultaneous variations on natural circulation SG 

inlet plenum mixing model parameters 

Case 6R was chosen as the basis for these studies since the tube split for this case 

represents the average of values observed in the Westinghouse high- pressure transient tests 

(Stewart, 1993). which more closely resemble the condition of interest. As noted earlier.  

this Is a shift from the originally selected base case conditions represented by Case 3R.  

The shift of the base case results in slightly lower tube temperatures and a corresponding 

change in tube failure probability. Using the Case 6RU results, estimated tube failure 

probabilities are not significantly changed (about 5 percent for the plant with an average 

flaw distribution, and about 15 percent assuming a severe plant flaw distribution: different 

flaw distributions are discussed in Section 4).  

The tube bundle flow split used in all of these studies (53 percent forward flow) represents 

results of the transient scaled experiments, versus 35 percent seen in the steady-state 

tests and modeled in Case 3R. Cases 6RU.A and 6RU.B used heat transfer coefficients altered 

by ±20 percent in the upper plenum, hot legs. surge line. and on the inner and outer 

surfaces of the SG tubes. Cases 6RU.C and 6RU.D used heat transfer coefficients increased 

by 30 percent in the hot leg, surge line. and SG tube entrance volumes to examine 

uncertainties associated with entrance effects. Case 6RU.D represents an extreme case of 

increasing the heat transfer coefficients only in the tube entrance volumes. Case 6RU.E 

addressed the absence of fluid-to-fluid heat transfer and circumferential pipe wall 

conduction in the split hot leg model. Case 6RU.F used 5 percent confidence values for the
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natural circulation inlet plenum mixing parameters. assuming a normal distribution of the 
Westinghouse high-pressure transient data and independence among the parameters. The values 
selected from the distribution are below the ranges (i.e.. more severe) than the parameters 
actually observed In the experiments.  

When heat transfer coefficients were uniformly increased (Cases 6RU.A. and 6RU.C). vapor 
temperatures entering the tubes decreased since more energy was transferred from the vapor 
to structures. This resulted in slightly lower tube temperatures for two of the cases, as 
seen in Table 3.6. with Case 6RU.A yielding the largest temperature drop (19 K (34 OF)).  
The results of the first four sensitivity cases (6RU.A through 0) indicate that the time of 
tube failure could be altered by about +1 minute over the range of heat transfer uncertainty 
considered. Tube temperatures at the time of surge line failure could vary from 938 to 
964 K (1228 to 1275 OF). centered around the base case (6RU) value of 957 K (1263 OF).  

When fluid-to-fluid heat transfer and circumferential pipe wall conduction were modeled in 
Case 6RU.E. the temperature difference between the hot vapor in the upper portion of the hot 
leg and the cooler fluid below it was reduced relative to Case 6RU. The lower temperature 
differential led to a reduction in countercurrent flow and an associated reduction in the 
heat transferred to loop structures. With less energy being transferred to loop structures.  
more energy was rejected from the primary, through PORV cycling. Consequently, predicted 
creep failure of the pressurizer surge line was about 3 minutes earlier than in Case 6RU.  
Also, vapor temperature entering the tubes was reduced in Case 6RU.E as a result of heat 
transferred from the hot vapor to cooler vapor in the hot leg. This lowered tube 
temperatures and delayed tube failure relative to Case 6RU by about 5 minutes. as seen in 
Table 3.6.  

The mixing parameters used in Case 6RU.F represent 5-percent confidence values, assuming a 
normal distribution for the Westinghouse transient test data. The parameters for Cases 3RU.  
6RU. and 6RU.F can be compared in Table 3.3. Results for these calculations, as seen in 
Table 3.6. included higher tube temperatures at surge line failure than in the other 
calculations.  

In general, when heat transfer coefficients outside the core region were increased (cases 
6RU.A and 6RU.C). the heat transfer outside of the core also increased while the 
corresponding vapor and structure temperatures decreased. Consequently. SG tube 
temperatures at the time of surge line failure also decreased. Further, the period of time 
between tube failure and surge line failure increased. The opposite was true when heat 
transfer coefficients outside of the core were decreased Case 6RU.B versus Case 6RU.  

Comparison of Case 6RU.D with Case 6RU shows that arbitrarily increasing the heat transfer 
coefficient in the tube entrance region does not have a significant impact. When radiative 
heat exchange between the hot and cold streams in the hot leg and circumferential wall heat 
conduction in the hot leg were accounted for (Case 6RU.E) the buoyancy-driven flow between 
the hot leg and SG was decreased, thereby increasing the time between tube failure and surge 
line failure. Case 6RUF represents a combined sensitivity/uncertainty analysis, which 
incorporated the lower 5-percent confidence limits on the mixing fraction. recirculation 
ratio, and tube flow split applied simultaneously. As expected. this case showed a greater 
effect on peak tube temperature, on the order of 50 K (90 OF). The result is considered 
unduly conservative since this case did not consider compensating factors that could be 
expected to mitigate the effects of a change in any single parameter.
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Table 3.6 Results of Additional Sensitivity Studies" 

Case Time of Tube temp.at Time of Tube teaM at Surge line and 

surge surge line AP predicted time of tube &P tube failure 

tLine failure (M) tube faiLure (K) time difference 

faiLure (Hpa) fai lure (CPa) (Oins) 
(mins) Cmins) 

6RU 229 957 15.9 249 1161 ISA 21 

6RU.A 227 938 15.9 248 1154 15.7 22 

6RU.B 227 964 15.6 247 1162 15.8 20 

6RI.C 228 9,4 15.9 249 1160 16.1 21 

6RU.0 22B 957 16.0 249 1159 15.7 20 

6RU.E 226 937 15.8 252 1155 16.1 25 

6RUJ.F 230 1007 16.0 243 1161 15.7 13 

3RU 227 973 15.9 244 1164 15.9 17 

The overall conclusion from the final set of studies is that the uncertainties and 

sensitivities in the thermal -hydraulic results are within the ranges identified in previous 

analyses. Using Case 6RU as the base case. the SG tube temperature at the time of surge 

line failure is approximately 960 K *20 K (1268 ±36 OF). indicating that the other cases 
used in this report are slightly conservative.  

3.3.4 Fission Product Deposition 

As part of the assessment of the thermal-hydraulic boundary conditions experienced by the 

tubes, the staff also evaluated the collateral impact of fission product deposition in the 

reactor coolant system. Including the SG tubes. Fission product deposition was evaluated to 

determine both the incremental heating of the tubes as a result of local deposition. as well 

as the influence of fission product deposition on the natural circulation flow behavior in 

the RCS and particularly flow in the tube bundle. Stand-alone analysis. described in 

further detail in Appendix D. concluded that fission product deposition had negligible 

effects on the tube boundary conditions.  

3.4 Relevance of Desian-Snecific Factors 

The nature of predicted severe accident conditions, specifically counter-current natural 

circulation. suggests that design factors serve key roles in the potential for tube thermal 

challenge and the severity of the challenge if it occurs. The first clear evidence for this 

is the experimental information which demonstrates that countercurrent hot leg natural 

circulation flows of superheated gas are not expected to reach SG tube bundles in the B&W 

designs. as is expected to occur in the U-tube SG designs. When considering the 

Westinghouse and CE designs, or even the differences between plant designs in a single 

design class, a number of possible factors could affect the prediction of SG tube 
temperatures.
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Much of the early analysis performed to specifically assess SG tube performance focused on 

Westinghouse plants (e.g.. NRC analyses addressed Surry and industry analysis (Wong. 1993.  

Fuller. January 1996) were calculated on the basis of a generic Zion-like four-loop plant).  

Consideration of predicted RCS thermal -hydraulic conditions undertaken during the DCH study 

(i.e.. natural circulation within the RPV and countercurrent natural circulation in the hot

leg and steam generator) suggested the need to examine the difference between reactor 

designs with a downcomer bypass or core bypass. However, in that study, analysis of Zion 

and Surry, which have different bypass configurations, did not reveal significant 

differences in fundamental behavior.  

Differences in loop seal depth were considered possible factors determining the potential 

for tube failure, since any clearing of the loop seal (formed at the reactor coolant pump) 

would Increase circulation of unmixed flow through the SGs and contribute to greater heating 

of the tubes. Further. the staff sought an assessment of resulting tube conditions for CE 

plant designs without pressurizer PORVs. ANO-2 possesses a number of the characteristics of 

interest and, thus, made a suitable candidate for additional analysis. ANO-2 represents 

those CE reactors without a PORV and which, therefore, rely on primary pressure relief 

through safety valves at a higher set point of -17 MPa (2466 psi). Further. ANO-2 includes 

a rather shallow loop seal depth 1.2 m (3.9 ft) versus. 1.7 m (5.6 ft) for Surry. which would 

allow for examination of loop seal clearing effects. Table 3.1 lists the ANO-2 calculations 

performed, and Table 3.7 summarizes the results. The small number of calculations available 

for comparison to the Surry results precludes an assessment of the effects of the entire 

range of design differences. However, some basic assessments can be made when comparing the 

results. Table 3.8 gives a comparison of the timing of key events in the accident 
progression for the base case and the RCP seal leak cases for Surry and ANO-2.  

The most obvious difference is the speed of event progression in the ANO-2 analyses. For 

both cases, beginning with SG dryout. key events occur in advance of the Surry progression.  

Two factors may contribute to this difference. First, the core power for ANO-2 is higher 

than Surry (2815 M'Wt for ANO-2 versus 2441 MWt for Surry). Second, the SG secondary side 

water inventory for CE designs is somewhat smaller than Westinghouse Series 51 SGs, such as 

those in Surry (122 kg versus 132 kg). The combination of high core power and smaller 

secondary water inventory available for boiloff leads to a shorter time to dryout in ANO-2.  

The time differences between Surry and ANO-2 sequences after dryout becomes larger and 

deserves further examination. A first step is to compare the ratio of core power to RCS 

inventory for the designs. A greater core power relative to RCS inventory means that energy 

will be transferred more quickly out of the core to the SGs or out through lifting relief 

valves. A smaller RCS inventory will not be able to absorb as much energy during the 

initial phase of the event. The core power-to-RCS inventory ratio for ANO-2 is higher than 

for Surry (by approximately 15 percent). From the time of dryout. the progression of most 

key events during the ANO-2 accident analyses happen earlier than for Surry relative to the 

difference in SG dryout times. Also, the sequence of events is consistent with the 

Westinghouse design. Thus, design differences do not appear to contribute to any 

fundamental alteration of sequence progression between the designs, only the rate at which 

they occur. However, closer examination of the timing for key events raises interesting 
points.
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Table 3.7 Summary of SG Tube Results for ANO-2 Calculations 

Time of Location of At First Failure At Peak Temp.  

Case First First Failure 
Failure Imp (K) AP (WPe) Temp (K) AP (MPs) 
(Mins) 

ANDI 189 Surge Line 1063 17.0 113? 17.4 

MN02 189 Surge Line 1063 17.0 1063 17.0 

mO3a 306 Not Legb 1301 7.3 1359 1M.8 

AN040 357 Hot Leg 1278 2.2 1466 3.0 

a. Loop seals predicted to clear in these cases 
b. in tube failure predicted nearly I minute later 

Table 3.8 Comparison of Event Timing for Surry and ANO-2 

Times (wins) 

Event Base Casea RCP Seat Leakb 

Surry ANO-2 a Surry ANIO-Z a 
• Time€ Timer 

SG *yout (pressurizer/non-pressurizer loops) 34/88 25/54 9/34 34/85 25/54 9/31 

RCP saturation; RCP seal Leaks increase to NA NA NA 125 80 45 

250 Io for Surry, 220 gpm for ANO-2 

Vesset Level below top of fuel 149 102 47 145 99 46 

Core exit superheat; hot Leg counter-current 152 106 46 146 102 44 

circuLation begins 

Pressurizer PORY or SRV final cycle NA VA NA 149 107 42 

Vessel level below bottom of fuel 175 123 52 185 119 66 

Onset of fuel oxidation 188 137 51 185 139 46 

At least one loop seat clears NA IA NA 220 14" 55 

"First accumulator injection NA NA NA 234 197 37 

Surge line creep failure 241 189 52 NC NC NA 

Hot Leg creep failure 256 203 53 269 357 -88 

a. Represented by Surry Case 3R, ANO-2 Case ANOl 
b. Represented by Surry Case 9R, ANO-2 Case AN04 
c. & time is ANO-2 time subtracted from Surry time 

Following SG dryout. events for the ANO-2 progression occur about 40 minutes to 1 hour ahead 

of the same events for Surry. for both the base case and RCP seal-leak case. Also, the 

potential for loop seal clearing for ANO-2 is not restricted to the RCP seal-leak case as it 

is for Surry. The lack of pressurizer PORVs in ANO-2 did not appear to introduce
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differences in event progression, except for maintaining a peak RCS pressure In the ANO-2 

analyses about 0.7 MPa (100 psi) above those for Surry. The greater flow capacity for the 

ANO-2 SRVs relative to the Surry PORVs could play an indirect role in some of the results 

(timing of depressurization), but these results do not clearly demonstrate such a 

distinction.  

3.4.1 Loop Seal Clearing 

Maintenance of the cold leg loop seal could be expected to depend on the piping 

configuration that causes it to form and the flow pattern that exists once superheated steam 

is generated from the vessel. The cold leg piping elevation is somewhat shallower in the 

ANO-2 design than in the Surry design. This could allow a smaller pressure perturbation 

from accumulator injection, or some other mechanism, to clear the seal. A large enough RCP 

seal leak could also allow the cold leg fluid to be displaced from the RCS by the hot steam.  

Loop seals may be lost in RCP seal-leak progressions, as both Cases AN03 and AN04 resulted 

in lost loop seals. Surry Case 9R also resulted in a cleared loop seal, but in a non

pressurizer loop. These analysis results demonstrate that loop seal clearing may be 

expected in Westinghouse and CE analyses involving RCP seal leaks.  

The potential for loop seal clearing is a function of plant geometry and hydrodynamic 
conditions. Some of the more important geometrical factors include the depth of the seal.  

the total volume of the seal, the horizontal length of the seal. the elevation of the bottom 

of the downcomer skirt relative to the elevation of the seal, and the downcomer/core bypass 

configuration. Hydrodynamic conditions that can affect the loop seal include pressurization 

events (which could result from accumulator injection or quenching of core debris), the 

presence and size of RCP seal leaks, and the depressurization rate of the RCS.  

SCDAP/RELAP5 will account for Interaction of all of those factors during transient 
calculations and. if appropriate, loop seal clearing will be predicted. SCOAP/RELAP5 models 

are typically developed from design drawings, which generally indicate that all primary 

coolant loops are geometrically identical, and may not reflect as-built conditions that may 

affect the potential for loop seal clearing in one loop compared to the potential in other 

loops of the same plant. In the absence of geometrical modeling differences, loop seal 
clearing could also be predicted when numerical differences develop (because of roundoff.  

truncation, or convergence) into (small) hydrodynamic differences that favor clearing in one 

loop. Consequently. calculations can predict clearing in any loop. while one may expect 

some randomness in the clearing of a specific loop of a specific plant.
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Figure 3.3. Pressure in the reactor vessel lower head: Case IR.
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Figure 3A. Pressure in the reactor vessel lower head: Case 2R.
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Figure 3.5. Volume-averaged temperatures of pressurizer loop piping: Case IR.
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Figure 3.6. Volume-averaged temperatures of pressurizer loop piping: Case 2R.  
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Figure 3.7. Collapsed liquid level in the reactor vessel: Case 2R.

15000.0 20000.0

2000.0

g 

C) 

4-r 
03

1500.0 

1000.0

-% I
QJ. 0.0 5000.0 10000.0 15000.0 

Time (s) 

Figure 3.8. Volume-averaged temperatures of ex-vessel structures: Case 3R.
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Figure 3.9. Volume-averaged temperatures of ex-vessel structures: Case 4R.
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Figure 3.10. Volume-averaged temperature comparison for pressurizer loop SG tubes: Cases 1 R and 5R.  
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Figure 3.11. Volume-averaged temperatures of pressurizer loop piping: Case 5R.  
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Figure 3.12. Volume-averaged temperature comparison for pressurizer surge lines: Cases 3R and 6R.  
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Figure 3.13. Hydrogen generation comparison: Cases 3R and 6R.
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Figure 3.14. Volume-averaged temperatures of ex-vessel structures: Case 7R.  
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Figure 3.15. Collapsed liquid level in the reactor vessel: Case 8R.
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Figure 3.16. Pressure in the reactor vessel lower head: Case SR.
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Figure 3.17. RCS pressure comparison: Cases SR and 9R.
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Figure 3.18. Volume-averaged temperatures of hot leg piping: Case 9R.  
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Figure 3.19. Pressurizer pressure: Case 6N.
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Figure 3.20. Volume-averaged temperatures of ex-vessel structures: Case 6N.
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Figure 3.21. Structure temperatures in pressurizer loop: Case ANOI.
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Figure 3.22. Structure temperatures in pressurizer loop: Case AN02.  
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Figure 3.23. Pressure in the reactor vessel lower head: Case AN02.
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Figure 3.24. Pressure in the reactor vessel lower head: Case AN03.
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Figure 3.26. Pressurizer loop creep damage indices: Case ANO3.
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Figure 3.27. Pressure in the reactor vessel lower head: Case AN04 
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Figure 3.28. Structure temperatures in pressurizer loop: Case AN04 
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Figure 3.29. Pressurizer loop SG tube temperature and differential pressure: Case ANO4.  
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Figure 3.30. Non-pressurizer loop hot leg nozzle temperature and associated creep damage index: Case 
ANO4.  
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Figure 3.31. Volume-averaged SG tube temperatures above the tube sheet in the forward flow direction: 

Case IN and Cases MI, M2, M3.
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Figure 3.32. Volume-averaged SG tube temperatures above the tube sheet in the forward flow direction: 

Case IN and Cases M4, M5. NUREG-1570

3-37



900.0

E 

V, 
.
EO 
CD 
X,

800.0 

700.0 

600.0 
9000.0 13000.0 14000.0 15000.0

Figure 3.33. Volume-averaged SG tube temperatures above the tube sheet in the forward flow direction: 
Case IN and Cases M6, M7.
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Figure 3.34. SG tube inlet temperatures for first four axial nodes above the tube sheet in the forward 
flow direction: Case 5N.
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4 RCPB SEVERE ACCIDENT VULNERABILITIES

Section 4.1 considers the thermal challenge to components throughout the RCPB. while Section 

4.2 discusses the flaw distributions considered In this analysis, and Section 4.3 explains 

the failure model for axially flawed tubes.  

4.1 RCPB Component Performance Under Severe Accident Conditions 

A fundamental step in the analysis to estimate severe accident containment bypass potential 

via SGTR is the calculation of tube failure probability relative to other RCPB components.  

Previous quantitative assessments typically considered the steam generator tubes, hot leg.  

pressurizer surge line, and reactor vessel. This study restricts a quantitative treatment 

to the tubes, surge line, and hot leg: however, other RCPB components will be threatened 

with failure under severe accident conditions, thereby affecting the potential for tube 

failures.  

Besides the steam generator tubes, hot leg, and surge line, a variety of other locations In 

the reactor coolant system will be exposed to very high temperatures. The discussion In 

this section focuses on components deemed to have a potential to reach conditions leading to 

thermal failure. (These include flanged joints, tube repairs. and relief valves.) The 

information cited is specific to the Surry plant, and the thermal-hydraulic transient used 

.was the INEL study conducted under contract to NRR (Ellison. 1996). designated IN in 

Table 3.1. The study was performed for scoping purposes. to provide insights into the 

likelihood that components other than those quantitatively considered could impact the 

potential for tube failure. The results do not necessarily apply to other PWRs.  

4.1.1 Degraded Steam Generator Tube Performance Under Severe Accident Conditions 

In an attempt to understand tube response under severe accident conditions, the NRC 

sponsored a study (Ellison. 1996) conducted by INEL. which included engineering analyses to 

estimate the probability of severe accident tube failure. The failure mechanism selected 

for the study was axial outside diameter stress corrosion cracking (ODSCC). and tube 

failures were predicted using limit load analyses with flow stress values at elevated 

temperatures. Creep damage was not considered in the assessment, and the data for tube 

material characteristics at elevated temperatures was limited. INEL (also see Chavez. 1996) 

clearly pointed out that the study used simplifying assumptions regarding the degradation 

mechanism, the prior loading and temperature histories of the tubes, and material properties 

at high temperatures. The study provided bases for those assumptions; however. It 

demonstrated a need for experimental data to support the assessment of high-temperature tube 

behavior.  

In order to better understand the behavior of steam generator tubes under severe accident 

conditions, the NRC conducted steam generator tube testing at Argonne National Laboratory 

(ANI). (This testing and its results are covered in greater detail in Section 4.3.) These 

tests provided sufficient information to show that the flow stress tube failure model was 

not sufficient, and that a creep basis should be used. The results were used in the 

development of a model, as described in Section 4.3, to predict degraded tube failures under 

a range of tube temperature and pressure histories. The accuracy of the predictions from 

this model depend upon the accuracy of the predicted tube temperature and pressure 

hi stories.
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4.1.2 Relative Failure Times for RCS Components

Failure of non-flawed RCPB components is postulated to occur by creep. and is modeled using 
the Larson-Miller methodology (Larson. 1952). Normally, the Larson-Miller method yields a 
parameter that is used to assess reduction of a component's life as a result of creep in an 

elevated temperature range that is compatible with expected service conditions for the 
material (e.g.. creep damage in a 2ý Cr-1 Mo steel pipe in fossil plants).  

Larson and Miller explain that the relationship they present is useful In assessing long
term creep behavior at lower temperatures on the basis of shorter-term higher-temperature 
rupture testing. This testing was performed at constant temperature with constant load. On 
the basis of the thermal-hydraulic information considered here. RCS components are subject 
to a reasonably steep ramp of increasing temperature. as well as to some minor changes in 
loading, since the pressure varies as a result of the PORV opening and closing. The steam 
generator tube testing results described in Section 4.3 have shown that a model either based 
on a creep or flow stress provides reasonable predictions for tube failure for the thermal
hydraulic transients considered. However, the creep model was shown to be more effective 
for predicting tube failure over a wider range of loading conditions.  

In the case where the material weakens as it is heated and the temperature ramp is 
reasonably steep, the stress rupture solution essentially defaults to a limit load solution.  
The reader should note that long. slender steam generator tubes with more or less consistent 
grain size containing axial flaws are reasonably simple structures to analyze, since they 
are essentially constantly loaded and are damaged by short-term stress rupture resulting 
from excessively high temperatures.  

It is more difficult to assess damage in a piping system than in a simple structure like a 
steam generator tube. The thermal-hydraulic analysis results indicate that very large top
to-bottom temperature gradients exist in the hot leg at the hot leg nozzle, as well as in 
the surge line. The bending loads from thermal gradients and their time-dependent nature.  
would be significant and could be expected to cause deformation in the piping.  

Additionally, other concerns regarding the RCS piping integrity might arise at supports and 
terminal ends. For example, it appears that much more complex structural analyses of the 
piping would be required to account for system geometry. supports. and thermally induced 

deformation. In addition, weldments are present near the nozzles. J.A. Williams (1982) 
suggests that complex finite element models and verification experiments are needed to 
predict joint behavior in high-temperature materials operated in the range of 700 to 1100°C 
(1292 to 20129). In the case of a severe accident, this would be even more difficult since 
the RCS components would be operating well outside the temperature range ever considered.in 
their design.  

Analytic prediction of component failure would be difficult since factors such as 
microstructure, environment. impurities, notch sensitivity. weldments, and system 
configuration affect the time to failure. For example, the staff expended considerable 
resources in an attempt to assess the margins to failure for the Three Mile Island (Thi) 
reactor vessel lower head. This analysis also involved the cooling of core debris in the 
lower head and, therefore, was probably more complicated than tube heating. However. the 
precision in predicting failure times of thicker-walled components (such as the surge line 
and hot leg) using a simple Larson-Miller relationship may be questionable given 
uncertainties in predicted thermal-hydraulic conditions as well as other factors cited 
above. Given the close proximity of failure times predicted by the SCDAP/RELAP5 code for
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the hot leg. surge line. and unflawed steam generator tubes, as well as the other factors 

discussed above. it is very difficult to determine what components would fail first.  

4.1.3 Other RCS Weak Points 

The staff has also identified and evaluated other RCS components that could fail and affect 

the likelihood for steam generator tube failure. The purpose of this evaluation is to 

determine If either flanged connections or valves in the RCS could fail under severe 

accident temperature conditions. and If so. to estimate when.  

The staff used temperature/time profiles from the Case 1N SCOAP/RELAP5 analysis (see 

Table 3.1) to depict conditions at a number of locations in the RCS. The staff then used 

these analyses to provide temperature input for the calculations performed, and to estimate 

failure tives for various components.  

In the case of the flanged connections, the staff performed an evaluation to determine if 

there is (or probably would be) sufficient yielding of certain RCS flange bolting material 

to cause joint separation leading to significant leakage at the connection. Specifically.  

the flanged joints examined included the SG primary and pressurizer manways. and the bonnet 

flanges of the loop isolation valves. In addition, the staff evaluated the expected 

behavior of the pressurizer SVs and PORVs to ascertain if valve failure is credible and. if 

so. to estimate when.  

The method used to determine the amount of bolt yielding. if any, expected for a preloaded 

flange connection involves the solution of simultaneous semi-elastic characteristic 

equations for the structurally coupled flange bolts and gasket in equilibrium with the 

system fluid pressure. In addition. the method includes thermal expansion of the individual 

flange components. The staff developed constitutive equations using a linear approximation 

of the material stress/strain relationships over a narrow range, and wrote a computer 

program to compute the results. The staff then verified some of the program results using 

representative hand calculations, and examined all of the results for reasonability.  

Additionally. the staff varied certain configuration parameters in an attempt to account for 

some uncertainties. However. the reader should note that the results are useful only for 

scopirg analyses and need to be refined to determine the probability of component failure.  

For example. when the results predict a gap in a joint, it merely means that the joint 

gasket is calculated to unload. However. the gasketed joint will probably start leaking 

before the gap is predicted. since the analysis did not include the related hydrodynamic 

forces. The expected leakage may be significant. since erosion of the flange faces would be 

expected to cause increased leakage.  

Two potentially important phenomena are involved in evaluating the behavior of a flanged 

connection under severe accident temperatures. Specifically, the bolts will creep and, as 

they get hotter, will eventually lose a substantial amount of their strength. Both 

phenonena elongate the bolts and unload the gasket. and either or both phenomena may control 

the response, depending on the temperature and time parameters. The Larson-Miller 

methodology is used to predict the material creep. Also. the staff drew upon various 

sources for high-temperature data, including the American Society of Mechanical Engineers 

(ASMK) Boiler and Pressure Vessel Code and the Air Force Materials Handbook. to obtain 

necessary bolting mechanical properties.
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4.1.3.1 46-cm (18-inch) Steam Generator Manway/Pressurizer Manway

The austenitic stainless steel clad carbon steel steam generator manway for Surry has 
sixteen 4.78-cm (1.88-inch) diameter SA 197-Gr B7(AISI 4140) bolts having room temperature 
yield and tensile strengths of 105 ksi and 125 ksl, respectively. The cover was estimated 
to be 16.5 cm (6.5 inches) thick, and the gasket was estimated to be .64.cm (0.25 inch) by 
5.1 cm (2 inches) wide of the Inconel spiral wound type. The bolts are assumed to be 
preloaded to 3.4x10' N (77330 lbf) per bolt. The gasket is assumed to spring back about 
25 percent when it is unloaded. The results from the analysis indicate that the joint 
separates at about 627"C (1160F) under fluid pressure of about 16.5 MPa (2400 psi).  

The model uses the Case IN reactor coolant loop C (pressurizer loop) hot leg nozzle bottom 
temperature/time profile, predicting joint leakage (loss of the gasket) at about 
270 minutes. The staff used this temperature since the thermal-hydraulic model noding of 
the steam generator inlet plenum does not support a direct estimate of manway temperature 
conditions. The staff considered the conditions at the bottom of the hot leg to be more 
representative of the fluid temperatures near the manway. since that fluid has just traveled 
from the walls of the inlet plenum and probably has not undergone the degree of mixing 
encountered by fluid entering the mixing volume.  

As previously noted, these estimates did not consider hydrodynamic loads on the gasket, 
which shorten the time to failure. Leakage would therefore be expected to increase quickly 
with small increases in temperature, since the bolt material strength decreases sharply.  
resulting in a larger gap in the connection. In this calculation, the creep contribution is 
insignificant because of the rapid temperature ramp. Reduction of the bolt strength with 
increasing temperature and gasket spring-back are the controlling parameters in this case.  

For this study, the staff did not conduct a rigorous analysis of the pressurizer manway 
bolting. Review of temperature profiles shows that the temperature in the pressurizer upper 
head Is about 80K (144F) less than that of the SG at 250 minutes. Furthermore. the 
temperature ramp is much more severe for the SG lower head than for the pressurizer upper 
head (the bolting material (SA 193 B7) is the same and the load is the same). Therefore.  
the gasketing on the SG manway would be likely to fail before the pressurizer manway joint.  

4.1.3.2 76-cm (30-Inch) Loop Isolation Valves 

The valve bonnet flange consists of a cast austenitic stainless steel flange held to the 
valve body by twenty-six 7.6 cm (3-inch) "A-286" bolts with a 0.33-cm (0.13-inch) long by 
3.81-cm (1.5-inch) wide 316 stainless steel flexitallic gasket. The bolts are made of a 
precipitation-hardened austenitic stainless steel alloy that provides good high-temperature 
strength and creep properties to more than 5380C (1000F). Further, the thermal expansion 
properties of the bolts very closely match those of the flanges, such that no relaxation is 
expected as a result of expansion. Therefore. on the basis of a preliminary assessment, the 
staff believes that the joint would not separate until the temperature exceeds 538°C 
(IOOO1F). However. INEL temperature/time profiles show that the temperatures of the loop 
valves could reach 760°C (1400F) in less than 250 minutes. In addition, the strength of 
the bolts would be reduced by about half at 7606C (14000F). The staff has also completed 
calculations to verify that the bolted joint separates when the temperature reaches 766C 
(14100F). Therefore. the bolted joint would be expected to fail in less than 250 minutes.
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4.1.3.3 Pressurizer Safety Valves/Power-Operated Relief Valves 

The pressurizer safety valves (PSVs) have a bolted, flanged Joint between the body and 

bonnet, which could experience substantial relaxation at high temperatures (similar to the 

manway discussed above). However, a more Important phenomenon may Involve the change in set 

point spring compression as the upper parts of the valve heat up during the accident.  

The safety valves are designed so that thermal expansion of various parts is closely matched 

to avoid set point changes as the valve is heated through the normal design temperature 

range. The reader should note, however, that events have occurred in which set points have 

decreased somewhat with increasing temperature. However. if the valve spring is heated 

significantly. the value of Young's modulus (the rate of change of stress versus strain for 

a material, denoted E) will decrease significantly. For instance, the INEL temperature/time 

profiles for the pressurizer upper head indicate that the PSV body reaches 700 K (800°F) at 

250 minutes. The reader should note. however, that the temperature/time profile shows that 

steam in the top head reaches 700 K (8000F) in about 225 minutes.  

The inner part of the valve is in direct contact with the steam. In addition, the spring on 

a PSV is within a closed bonnet that impedes natural convection to the ambient air. As a 

result, the spring can be presumed to heat significantly. If the spring temperature is 

assumed to only reach 2040C (4000F) (half of the body temperature). E will drop from 2.07x104 

to 1.89406 MPa (30x406 to 27.4x106 psi). resulting in a decrease of approximately 9 percent 

in the spring constant and a similar drop in the set point. This indicates that. at this 

temperature, a PSV originally set at 17.1 NPa (2485 pslg) will have a set point of about 

15.7 MPa (2270 pslg) (neglecting any additional decrease resulting from bonnet bolt 

relaxation or creep). If the safety valve opens. it is likely that the valve temperature 

would increase and, thereby, further reduce the set point. During this study, the staff 

completed additional computer analysis of the PSV heat transfer to obtain more precise 

information on potential changes to the PSV set point. This analysis verified that the 

decrease of 9 percent in the spring constant would likely bound the conditions from the 

temperature ramp used.  

The reader should also note that the available thermal-hydraulic data indicate that the 

pressurizer PORVs are at a significantly higher temperature than the PSVs. since they pass 

primary fluid during the accident. The PORVs have an accumulator to supply air. and the 

solenoids are battery powered.  

The PORVs would be expected to be operable with loss of offsite power (LOOP) to the station.  

From 150 to 250 minutes, the PORVs cycle about 50 times. In that time, the pressurizer 

upper head steam temperature increases from about 3271C (620F) to 6276C (1160°F). but the 

maximum temperature established by the manufacturer for use of the valve is 360C (680°F).  

Considering the materials comprising the valve stem (17-4 precipitation-hardened (PH) 

stainless steel) and bonnet guide (stainless steel), galling may well occur between these 

two cmponents.  

Moreover. the valve has very close tolerances, and galling has occurred at this location 

under design conditions. (See NRC Information Notice 94-55). In the case noted in 

IN 94-55. the misalignment resulted from an assembly problem: however, the PORV could stick 

given the large number of cycles under severe accident conditions, the stainless steel 

bonnet guide, the close valve tolerances and the fact that the 17-4 PH stem material changes 

dimensions when heated. Additional evaluation is therefore required to determine whether 

estimates of valve performance can be refined for postulated severe accident conditions.
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4.1.4 Steam Generator Tube Plug and Sleeve Performance

Several competing factors occur when steam generator plugs and sleeves are subjected to 
severe accident conditions. Like the tube sheet, these plugs and sleeves expand as a result 
of the sharp increase in temperature. The tube sheet would have a temperature gradient from 
the hotter primary side to the cooler secondary side during an SBO. associated with 
secondary side depressurization. This would cause the tube sheet to bow toward the primary 
side (convex on the primary side), thereby expanding the holes on the primary face.  

At a minimum. both mechanical and welded plugs and sleeves would also be deformed during 
installation to achieve intimate contact with the steam generator tube or tube sheet.  
Specifically. hard-rolled plugs or sleeves would be plastically deformed with a strain of 
about 1 to 3 percent to improve resistance to pull-out. Exposure to temperatures for the 
durations predicted by the thermal-hydraulic calculations would relieve the stress in the 
joints.  

The third factor of concern would be the relative amount of thermal expansion of the plugs 
and sleeves relatlve to the tube sheet. Plugs and sleeves manufactured using Alloy 600 
(also known as Inconel-600) would expand radially about 5 percent more than the holes in the 
carbon steel tube sheet would enlarge, and Alloy 690 (also known as Inconel-690) plugs and 
sleeves would expand about 10 percent more than the tube sheet if the temperatures of the 
components increased at the same rate. In addition, it is likely that a sleeve and. to a 
lesser extent, a plug in the tube sheet would heat up faster because the plug and sleeve 
temperatures would increase at about the ramp rate of steam at the tube sheet, whereas the 
tube sheet would experience a slower ramp rate because of its much greater mass. On the 
basis of the qualitative evaluation presented, mechanical plug/sleeve joints in the tube 
sheet would be expected to hold and not experience any significant increase in leakage.  
Welded plugs and sleeves in the tube sheet would also be expected to hold for the same 
reasons and because of the added assurance provided by the welded joint.  

Two other issues are of interest: 

0 What would happen to a sleeve-to-tube mechanical joint under the conditions stated 
above? 

0 Would a good sleeve or plug fail before a good tube? 

Sleeves are made from either Alloy 600 or Alloy 690 material and have similar thermal 
properties. If the tube were made from Alloy 600. the sleeve and tube would expand together 
at the joint. and any residual stresses would be relieved. Resistance to pull-out would 
originate from the deformed section at the top of the tube. Even if the top section of a 
tube that was cracked 3600 through-wall began to pull out of the sleeve, any leakage would 
be limited by the annulus between the sleeve and tube since separation would be prevented by 
the "hop-off" length of the sleeve. Further. the tubes are most likely locked at the lower 
support plates. and would be at a much higher temperature than a depressurized steam 
generator shell. Thus. the thermal expansion of the locked tubes would induce compressive 
axial stresses. Therefore. separation of the joint is considered highly unlikely.  

Most plugs and sleeves have slightly thinner walls than the steam generator tubes they are 
used to repair. Consequently. the part of a sleeve outside of the tube sheet would heat 
somewhat faster than the tube because of the air gap between the sleeve and tube. If the 
sleeve began to creep, this displacement would be limited by the tube (which would be at a
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lower temperature). At that point, the effective wall thickness (in terns of structural 
integrity) would be that of the sleeve and the degraded tube. If a failure were to occur.  
it would most likely be In the unsleeved part of the tube. A plug would also be expected to 

fail by creep after a tube that would have steam flowing through it. Although the plug is 
exposed to steam in the lower plenum. the plug would be cooled by conduction where It is 
expanded to the tube/tube sheet. Given that the tube sheet heats at a slower rate because 
of its mass. a free portion of a tube conducting steam would heat faster and fail before the 
plug.  

4.1.5 Effects of Leaking Tubes Under Accident Conditions 

Traditionally. SG tube integrity has been evaluated relative to elevated differential 
pressure conditions resulting from design-basis accidents or transients. Events such as 
main steam line break or other secondary-side depressurizations with concurrent high primary 
system pressure have been considered. Under severe accident challenges. the tubes may 
experience elevated temperatures along With high differential pressures. The following 
sections discuss the effects of tube leakage under both sets of circumstances.  

4.1.5.1 Design-Basis Accident Conditions 

In the past. Westinghouse has evaluated the effects of steam generator tubes with large 
through-wall circumferential cracks in the free span. Recently. Westinghouse had the 
opportunity to evaluate these effects under steam line break conditions when the licensee 
for Point Beach proposed leaving sleeved steam generator tubes in service with 
circumferential cracks near the tops of the sleeves. As a result of this evaluation.  
Westinghouse concluded that the cracked tubes would not experience sufficient bending to 
contact or otherwise impact a neighboring tube.  

In the case of the Mihama tube failure In February 1991. however, a tube in the U-bend 
region became severed during normal operation as the result of fatigue from flow-induced 
vibration because an anti-vibration bar was improperly installed by the steam generator 
manufacturer. The defect allowed the free end of the tube to oscillate. impacting 
neighboring tubes until the plant was shut down. Upon subsequent inspection by the Japanese 
Ministry of International Trade and Industry, the tubes were found to be somewhat damaged.  
but none other than the failed tube had experienced leakage.  

In other instances, steam generator tubes have failed in service (usually an axial fish 
mouth rupture): however, the effects of jets from the ruptures have not damaged the 
neighboring tubes. In the case of a steam generator tube with a large leak or rupture under 
normal operating conditions, the jet velocity is not a significant concern because the 
temperatures are reasonably low (the reactor coolant system contains sub-cooled water), and 
water is present on the secondary side to quench the jet.  

4.1.5.2 Severe Accident Conditions 

Operating experience in non-nuclear boiler applications has been quite different from 
nuclear plant steam generators. For instance, pressure tubing in fossil fuel power plants 
is operated under higher temperatures and pressures than normal PWR primary system 
conditions. A staff member was involved in the failure analysis of 14 pressure tubes that 
were sequentially cut by jets of superheated steam in the course of an 8-hour period. The 
pressure tubes (1.12 cm (0.440 inch)-wall thickness) were made using an austenitic stainless 
steel tube. welded with Inconel to a 2 % Cr-Mo steel tube. The tube was located in a
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superheater in the unit and contained steam at 538C (1000F) and 24.1 MPa (3500 psi).  

In order to evaluate the potential for cascading failures as a result of a jet from a 

severely leaking/burst steam generator tube. the staff performed a series of calculations.  

In addition, the staff obtained erosion/corrosion rates for Alloy 600 from testing performed 

to. select candidate materials for coal gasification plant applications. The testing was 

performed at temperatures applicable to severe accident conditions for steam generator 
tubes; however, the velocity of the jet In the tests was 30.5 m/sec (100 ft/sec). During 
this study, the staff performed scoping calculations to determine the velocity of a jet 
expanded from sub-cooled water at 343°C (6500F). compared with the velocity of a jet from 
super-heated steam at 899°C (1650°F). These calculations suggest that the super-heated jet 
has 10 times the velocity of the jet from the sub-cooled water. Because the rate of erosion 
depends on the cube of the velocity, the effects of steam cutting from erosion of other tube 
failures, as experienced in non-nuclear applications (discussed below), appear reasonable.  

The velocity of an escaping jet from a steam generator tube with a steam temperature of 

8990C (16500) and a pressure of 17.2 14Pa (2500 psig) was calculated to be 786 m/sec 
(2579 ftlsec). assuming choked flow conditions as shown in the analysis.  

If a through-wall stress corrosion crack (SCC) existed in a steam generator tube. the 
velocity of the jet might initially be less than that calculated since the flow path could 
cause a pressure drop as the gas passed through the tight path. However. considering the 
thermal expansion of the steam generator tube resulting from the high temperatures. and the 
erosion effect on the crack faces, the staff believes that the choked flow conditions in the 
analysis would be reached very quickly for a through-wall SCC.  

Further. since the gas used in the coal gasification test had about the same molecular 
weight as steam, the staff calculated the Alloy 600 erosion rate for a jet from a steam 
generator tube impinging on an adjacent tube (with and without particles in the stream).  
The calculations yielded a rate of 73.9 cm/hr (29.1 in/hr) for an erodent with particles.  
compared to a rate of 5.84 cm/hr (2.30 in/hr) for an erodent without particles. The 
calculations also indicated that the times to failure for a 0.102-cm (0.040-inch) thick 
steam generator tube wall are 4.9 and 62.6 seconds for erodent with and without particles.  
respectively. In addition. the staff's calculations included the rates of erosion and time 
to failure for the fossil plant failure discussed above. The results obtained from these 
calculations appear reasonably consistent with the chronology of the tube failures that 
occurred.  

To address the question concerning the shortest length intergranular stress corrosion crack 
(IGSCC) that could produce a jet that would affect a neighboring tube. the staff, considered 
the aspect ratio (length to depth) for the crack, as well as leakage data provided by the 
industry. Operating experience with IGSCC of steam generator tubes has shown that an aspect 
ratio of about 4 or 5 to 1 is about the smallest seen for this type of cracking. That is.  
if the aspect ratio of the crack was 5 and the steam generator tube wall was 0.127 cm 
(0.050 inch), the minimum crack length would be 0.64 cm (0.25 inch). Data from testing of 
OOSCC cracks at steam line break pressures with water at room temperature indicate that 
leakage would occur at a rate of about 10 liters per hour (2.6 gallons per hour).  

At the elevated temperatures under consideration, the crack opening area would be 
considerably greater. Given the leakage behavior of a 0.64-cm (0.25-inch) crack under room 
temperature test conditions, leakage would be expected from this crack under severe accident 

conditions. with a jet sufficiently severe to damage an adjacent tube. Therefore the
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selection of a minimum crack length of 0.64 cm (0.25 inch) appears reasonable.  

The staff believes that the approach discussed above is more meaningful than trying to 

calculate a minimum crack opening area on the basis of mass transport. This is because the 

differences between the coal gasification testing and the steam generator case, as well as 

other complexities, could affect the evaluation with leaks from small, tight cracks.  

The staff also addressed a question regarding possible degradation of steam generator tubes 

by a steam jet resulting from a widening crack in a neighboring tube. Staff calculations 

were refined to account for a pressure decrease in the crack, choked flow of the jet exiting 

the crack. supersonic flow as the jet expands, formation of a shock wave, subsonic flow 

impinging on the target tube, and the angle of impingement on the target. Calculations 

considered two cases, differing only in the assumed primary fluid temperature: 8990C 

(16500F) and 704°C (13000F). The other parameters used were: 64 cm (0.25 inch) crack 

length: 17.2 MPa (2500 psi) pressure drop: 12 crack widths from 0.0025 an (0.001 inch) to 

0.51 cm (0.200 inch): impact angles of 170. 45'. and 900: and jets with and without 

particles.  

The results of these analyses show that a jet fed by a 899"C (1650"F) reservoir without 

particles from a very tight crack (0.0025 cm (0.001 inch)) would take about 45 to 268 hours 

to fail an adjacent tube, depending on the angle of incidence. A jet from a similar crack 

with a reservoir temperature of 704"C (13000F) would take about the same time to fail an 

adjacent tube (43 to 256 hours), depending on the angle of incidence. Failure times range 

from 3.5 to 20.6 hours for a 0.025-cm (0.010-inch) open crack to 23 to 140 mins. for a 

0.25-cm (0.100-inch) open crack. Therefore. it is apparent that crack opening size is the 

most significant parameter affecting time to failure of a neighboring tube from high

temperature jet impingement.  

A particular focus for this analysis is whether or not a very tight axial through-wall 

crack. 0.64 cm (0.25 Inch) long. would widen when exposed to predicted severe accident 

conditions. Several factors affect the crack opening width. For example. these may include 

bending from differential thermal expansion of the SG tube with respect to the SG shell 

(when the tube is locked at the tube support plates). deformation of the tube by creep or 

overstress of the tube as Its temperature increases, as well as ablation of the crack from 
steam flow.  

For a case where the primary side temperature rises to 899"C (1650"F) with a tight crack 

0.635 an (0.25 in.) long. tube failure is expected. ANL testing of SG tubes with 0.635-cm 

(0.25-In.) long cracks about 65 percent through-wall have shown that the tube would burst at 

about 799"C (1470°F) if the temperature were sharply ramped, and about 774"C (1425F) if 

held at 704"C (1300"F) for 2 hours before increasing the temperature to failure.  

Crack opening by creep damage as a function of time has been preliminarily assessed by ANL.  

and a relationship for crack opening rate in mils/min was developed. For a case with the 

primary side pressure at 16.2 MPa (2350 psi) and a temperature of 7270C (1340F). a 0.635-cm 

(0.25-in.) long crack would open to 0.025 cm (0.010 in.) in 2 minutes. ANL developed a 

relationship of leakage flow through cracks which is considered an order of magnitude 

approximation. Using that relationship, a 0.635-cm (0.25-in.) long crack would be expected 

to leak at about 208 Lpm (55 gpm) in 10 minutes as a result of creep damage at 704"C 

(1300F) and a pressure of 16.2 MPa (2350 psi).  

The staff modified its model for impingment damage to an adjacent tube to account for crack
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opening by ablation caused by jet flow through the crack. With the primary side temperature 
at 7040C (13000F). the calculated velocity in a tight crack (.002 cm (0.001 In.) wide by 
0.635 cm (0.25 in.) long) is about 396 m/sec (1300 ft/sec). Analysis shows that the crack 
would open rapidly, causing an adjacent tube to fail in about 15 to 60 minutes. depending on 
the adjacent tube and the assumed impingment angle within the crack. This estimate does not 
include crack opening by creep or deformation of the adjacent tube by bending.  

The reader should be aware that the staff considers the analysis results presented to be at 
best scoping estimates for failure times of neighboring tubes. The staff believes that the 
analyses performed indicate that the jet from a tube with a through-wall crack 0.635 cm 
(0.25 in.) long, independent of the tightness of the crack before exposure to postulated 
severe accident conditions. would be expected to fail an adjacent tube in a relatively short 
time (between a few minutes and about an hour). Although the precision of the time to 
failure might be improved by experimental data, other uncertainties such as heating rate and 
maximum expected temperature, as well as additional factors mentioned above, might not allow 
much refinement in the failure time estimates for the adjacent tubes.  

4.1.6 Conclusions/Recommendatlons 

Reliable analytical prediction of the performance of nuclear power plant components under 
severe accident conditions is very difficult. In particular, most of the structural 
materials suffer a severe degradation of strength in the range of 538°C (1000F) to 760"C 
(1400°F). In addition, uncertainty in the temperature/time histories from the thermal
hydraulic codes, as well as system geometries and material considerations, severely impact 
the precision of predicted times to failure. On the basis of the temperature/time profiles 
provided by INEL. the staff estimated that gasket failures of the steam generator manway and 
loop isolation valves will occur in about 250 minutes. In addition, the set points of the 
PSVs will drop below the PORV set point. If the PORV is cycled 50 times at these 
temperatures. the valve is likely to stick.  

Additional evaluation of the PSVs and PORVs is warranted. To quantify the probability of 
failure for other components, PRA sequences and dominant failure modes should also be 
evaluated to include the engineering information contained in this evaluation.  

From the results of the analysis and the comparison of the calculated erosion rates to the 
rates that were observed for failure of the fossil plant super- heater tubes, it appears 
that severe erosion of neighboring steam generator tubes would be likely to occur rapidly 
under severe accident conditions if a tube were to severely leak or burst. In addition, the 
staff believes that several steam generator tubes could fail by jet impingement before the 
primary system would depressurize. The basis for this opinion includes estimating the flow 
areas of a number of failed steam generator tubes compared with the flow area for a 
pressurizer safety valve. On the basis of the above evaluation, the staff determined that a 
through-wall crack. 0.64 cm (0.25 inch) long. would cause the failure of an adjacent tube 
under severe accident conditions. However. plugged and sleeved steam generator tubes would 
not be expected to lose their integrity before an unflawed tube.  

Estimates of times to failure are imprecise but might be expected to be in the range from 
about a few minutes to less than hour. It is more likely that the failures would be earlier 
(on the order of minutes) because of other mechanisms (such as creep or deformation of the 
tubes by bending) that would accelerate crack opening.
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4.2 Representative Flaw Distributions 

Estimating the probability of tube failure for a steam generator requires an understanding 

of the population of flawed tubes. For this study, the staff attempted to produce 

"representative" frequency distributions of flaw sizes, since the progression of tube 

degradation is highly plant-specific.  

The staff then considered two such representative distributions, including one developed by 

the NRR Division of Engineering, and another developed under contract to the RES Division of 

Engineering Technology. A key distinguishing characteristic between these distributions is 

that the one from NRR combines various types of flaws into a single distribution. The RES 

distribution Is composed of distinct distributions for each of six types of degradation.  

Each is described In the following sections.  

4.2.1 NRR Flaw Distribution 

The representative flaw distribution described in this section was developed for plants with 

"low., "medium." and "high" susceptibility to flaws located In the first span of tubing on 

the hot leg side. The basis for these distributions Is a mechanistic model employing a 

simplistic treatment of flaw initiation rates, flaw growth rates, and inservice inspection 

probability of detection (POD) performance. The staff benchmarked these distributions 

against actual operating experience concerning the frequency of SGTRs. forced outages 

resulting from tube leakage. and the tube plugging rates.  

In addition. the staff conducted Monte Carlo simulations to assess the reasonableness of the 

distributions discussed herein. These simulations, which considered various flaw growth 

rate distributions and POD models as a function of flaw depth, revealed that the flaw 

distributions are highly sensitive to the assumed growth rate distributions and POD 

function. In turn, those growth rate distributions and POD functions vary widely from plant 

to plant. The results also indicate that the assumed distributions are reasonable; however.  

other functional forms for the distributions (significantly different from those herein) may 

also be reasonable.  

Therefore. the flaw distributions considered here should not be interpreted as *bounding" 

for any category of plants (i.e.. plants with high, medium, or low susceptibility to flaws).  

Instead. they should be interpreted simply as distributions that are consistent (but not 

uniquely consistent) with the available evidence. Actual distributions may vary widely from 

those presented here. However, these distributions provide a basis for evaluating the 

sensitivity of severe accident risk to different flaw distributions.  

4.2.1.1 General Approach 

Licensees periodically inspect steam generator tubing using the eddy current test method to 

characterize the condition of the tubing with regard to the tube plugging limit in the 

Technical Specifications (typically 40 percent of the initial tube wall thickness).  

However. the inspection results accumulated to date provide little direct basis for 

developing flaw distributions (as a function of flaw size) of the kind needed to 

realistically estimate conditional rupture frequencies.  

The major difficulty stems from the limited capability of eddy current testing to accurately 

measure all of the attributes that affect a flaw's burst strength for a given pressure and 

temperature. This difficulty is most acute for stress corrosion cracking. which is by far
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the dominant flaw mechanism affecting the tubing today. Eddy current measurements of crack 
depth are particularly unreliable, as are crack depth profiles along the length of the 
crack. In addition, stress corrosion cracks often occur as a network of crack segments 
interspersed with small ligaments of sound material. This network is generally not 
detectable by eddy current testing, but adds considerably to the burst strength of the 
affected tubing.  

Thus. the staff set out to develop representative flaw distributions characterized by a 
simple model consistent with objectively observable operating experience. Flaws are assumed 
to initiate at a constant rate. to grow through the wall thickness at a constant rate. and 
to remain undetectable until crack depth reaches the "threshold of detection" (i.e.. POD 
equals zero). At and beyond the detection threshold, the probability density function of 
flaws as a function of crack depth is assumed to be an inverse exponential, B*EXP(-Bx).  
The staff assumed the frequency distribution of flaws at or beyond the detection threshold, 
during a given reactor year. is the number of tubes plugged per reactor year multiplied by 
the probability density function. The frequency distribution between zero percent through
wall and the detection threshold depth is assumed to have a constant value equal to the 
calculated frequency at the detection threshold.  

Operating experience indicates that flaw initiation rates for many corrosion mechanisms 
actually tend to increase with time at a given plant rather than remaining constant, as 
assumed here. Ultimately, however, higher flaw initiation rates lead to a higher incidence 
of tube plugging. The flaw distributions developed herein include separate distributions 
for plants experiencing plugging rates typical of the industry average, and those 
experiencing plugging rates that are 10 times the industry average. The distributions 
derived from the higher plugging rates should reflect increases in flaw initiation rates 
that could be expected to occur in all plants.  

A variety of flaw types can potentially affect the steam generator tubing in the first span.  
These potential types include volumetric flaws such as wastage, pitting. intergranular 
attack (IGA), and fretting/wear associated with loose parts or foreign objects. The 
potential flaw types also include various types of stress corrosion cracking, which may have 
either an axial or circumferential orientation.  

These different flaw types have been idealized as 1.27-cm (0.5-Inch) or 2.54-cm (1-inch) 
long axial cracks with depths such that the tube burst pressure is equal to that for the 
actual flaw. This is done to be consistent with the conditional probability of rupture 
sensitivity calculations discussed later in this report. (Burst pressure as a function of 
idealized crack depth has been determined from equation 6-6 of the INEL report (Ellison.  
1996) as shown in Figure 4.1). For 2.54-cm (1-inch) long cracks, the critical crack depth 
corresponding to burst under a postulated steam line break differential pressure of 17.7 MPa 
(2560 paid) is 76 percent through-wall for 2.2-cm (0.875-inch) diameter tubing. The 
critical crack depth corresponding to burst under a normal operating differential pressure 
of 9.7 MPa (1400 paid) is 89 percent through-wall.  

The staff considered three categories of steam generators on the basis of whether the 
potential for degradation in the first span is low. medium, or high, as described below.  

4.2.1.2 Case 1. Plants with Low Susceptibility to Degradation 

The first category consists of replacement steam generators at 12 PWR facilities (not 
including Palisades) and 25 PWR facilities with Westinghouse Models Do steam generators that
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employ improved tubing material (either Inconel-600TT or Inconel-690) and have not 

experienced any significant corrosion problems to date. The only potential problem 

currently affecting the first span in these steam generators is damage associated with loose 

parts. Arguably. the steam generators at Palisades (with replacement SGs) and certain 

relatively new units with their original generators and reporting no corrosion problems to 

date should also fall into this category: however, such plants are assumed to be in the 

second category. since corrosion-related problems can reasonably be expected to occur in the 

first 5 years of service.  

Figure 4.2 depicts the assumed frequency distribution of flaws for plants in the first 

category. This distribution reflects the following characteristics: 

(1) Degradation related to loose parts is volumetric and is assumed to have a detection 

threshold of 20 percent through-wall. These flaws have been idealized as 2.54-ca 

(1-inch) long axial cracks with depths such that the tubd burst pressure Is equal to 

that for the actual volumetric flaw, as previously discussed.  

(2) The frequency distribution therefore. is a constant value between 0 and 20 percent 

through-wall. and is assumed to decrease (as a result of tube plugging or sleeving 

with detected indications) as follows: 

F(x) =PxB exp( -Bx) (1) 

where 
P - the average number of tubes plugged per year per steam generator due to 

loose parts/foreign objects 
B - unknown constant 
x - percent through-wall depth of flaw minus 20 percent 

(3) Industry-wide. 235 tubes have been plugged (at Westinghouse and CE plants. over 

1110 reactor years) as a result of damage related to loose parts. This amounts to 

0.21 tubes/reactor year or 0.07 tubes/SG year (assuming three loops per plant).  

Tubes are plugged only after they are detected at k2D percent through-wall. Thus.  

0.07 tubes represent the area under the flaw frequency distribution curve beyond 

20 percent through-wall.  

(4) Of the 235 plugged tubes.' 2 were plugged after rupture. Rupture is assumed to have 

occurred when flaw depth was 89 percent through-wall with the pressure retaining 

capacity of the tubes reduced to 9.7 MPa (1400 psi). The corresponding frequency of 

rupture is D.0006/SG year. In effect, this represents the area underneath the 

frequency distribution curve at or above 89 percent through-wall, which can be 

restated as the value of the cumulative frequency distribution at 89 percent through

wall.  

(5) The cumulative frequency distribution is given by the following expression: 

CF(x) =P exp(-Bx) (2) 

This expression permits calculation of the unknown constant B. given that both P and 

F are known at 89 percent through-wall. Thus. the frequency distribution and
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cumulative frequency distribution can be calculated as follows:

F(x) =0.00452 exp(-0.0689274x) (3) 

CFRx) =0.07 exp(-0.0669274x) (4) 

(6) An alternative approach is to determine the value of the coefficient B in 
Equation (2) on the basis of the conditional probability of rupture during a 
postulated MSLB (rather than the frequency of tube rupture). Considering operating 
experience with all degradation mechanisms. NUREG-0844 conservatively estimated the 
conditional probability of 0.05 for 1 or more tube ruptures in the faulted steam 
generator during an MSLB. At the time. the staff derived this estimate, NUREG-0844 
reported the frequency of tube ruptures from all degradation mechanisms to be 
I..5x1- 2/RY. As of 1996. the frequency of ruptures associated with loose parts and 
foreign objects has been shown to be 6x140/RY. per SG. as discussed in item (4) 
above.  

Assuming a direct relationship between rupture frequency and the conditional 
probability of rupture during an MSLB. the conditional probability of rupture 
associated with foreign objects or loose parts is estimated to be 0.006 (the value of 
the cumulative frequency distribution (Equation 2) at 76 percent through-wall). On 
this basis, the frequency distribution and cumulative frequency distribution are as 
follows: 

Fcx) =0.0031 exp(-0.0438109x) (5) 

CFRx) =0.07 exp(-0.0438109x) (6) 

(7) Figure 4.2 reflects the frequency derived from Equation (5), rather than 

Equation (3). since it is more conservative for the deeper flaws.  

4.2.1.3 Case 2. Plants with Medium Susceptibility to Degradation 

Plants In this category are treated as the "industry average." On the basis of data for 
Westinghouse plants, plants in this category plug an average of 130 tubes each calendar 
year. (This number is also assumed to apply reasonably well to CE plants.) Of these tubes, 
20 to 25 percent (approximately 10 to 30 tubes per steam generator) are assumed to be 
plugged because of flaws located in the first span of the hot leg. (This assumption 
reflects industry experience and staff judgement.) These flaws may involve one or more of 
the following mechanisms: 

circumferential cracking at the top of the tube sheet 

circumferential cracking at the first support plate 

* axial cracks between the top of the tube sheet and the first support plate 

* general IGA. pitting, wastage, or damage related to loose parts or foreign objects 
between the tube sheet and first support plate
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Figures 4.3 and 4.4 depict the assumed frequency distribution of flaws for plants in the 

second category. This distribution reflects the following: 

0 All flaws are idealized as 1.27-cm (0.5-inch) to 2.54-cm (1-inch) long axial cracks 

with depths such that burst pressures are equivalent to those for the actual flaw 

geometries. An equivalent axial crack for a circumferential crack can be assumed to 

be zero percent through-wall for circumferential cracks with average depths (over the 

entire circumference) of less than 50 percent through-wall. This is because the 

axial stress in a pristine tube is one-half the hoop stress, and eccentricity effects 

associated with non-axisymmetric crack geometries are negated by the lateral 

restraint to the tubes provided by the first support plate.  

* The Idealized axial cracks are assumed to become detectable when the equivalent crack 

depth reaches 40 percent. This is conservative for volumetric flaws, where the 

detection threshold is about 20 percent. Circumferential flaws become detectable 

when a significant portion of the crack reaches 40 percent through-wall. This can 

generally be expected to happen before the reduction in tube cross-sectional area 

reaches 50 percent. Therefore. an axial crack that Is equivalent to a 
circumferential crack has a detection threshold of zero percent. Thus, the 

assumption of a 40-percent threshold of detection is conservative for the idealized 

axial cracks representing actual circumferential cracks.  

• The 10 tubes plugged for each steam generator per year are assumed to consist of 1 

tube with a 2.54-cm (1-inch) long crack and 9 tubes with 1.27-cm (0.5-inch) long 

cracks. This breakdown is consistent with the general observation (from industry 
experience) that stress corrosion cracks tend to have aspect ratios of less than 5:1.  

For 2.22-cm (0.875-inch) diameter tubing with a 0.127-cm (0.050-inch) thick wall.  
crack lengths would typically not be expected to exceed 0.64 cm (0.25 inch) when 

crack depth initially reaches 100 percent through-wall. The assumption that 

90 percent of the population of idealized cracks are 51.27 cn (W0.5 inch) long Is 

believed to be conservative. On the basis of the PNL burst pressure model 

illustrated in Figure 4.1. cracks in this category would not be expected to rupture 

during normal operation or under postulated steam line break conditions, even if 

entirely (100 percent) through-wall. Cracks greater than 1.27 cm (0.5 inch) long are 
represented as 2.54 cm (1 inch) long. The critical crack depths for these 2.54-cm 

(1-inch) long cracks are 89 percent through-wall for normal operating conditions and 

76 percent for steam line break conditions.  

* As in Case 1. the staff used Equations (1) and (2) to represent the frequency 
distribution and cumulative frequency distribution for the 1.27-cm (0.5-inch) and 

2.54-cm (1-inch) long cracks beyond the assumed 40 percent detection threshold. The 

coefficient P is equal to 9 and 1. respectively, for the 1.27-cm (0.5-inch) and 

2.54-cm (1-inch) long cracks.  

* For the 1.27-cm (0.5-inch) long cracks, the staff determined coefficient B on the 

basis of the frequency of forced shutdowns caused by SG tube leakage. (1.27-cm 

(0.5-inch) long cracks would typically be expected to exhibit sufficient leakage to 

cause plant shutdown.) Industry-wide, the frequency of such forced shutdowns has 

been about 5 per year between 1989 and 1994. Assuming 3 steam generators per plant.  

this translates to a frequency of 0.024 forced outages per year per steam generator.  

Using that frequency, one can determine the value of B by setting the F in 

Equation (2) to 0.024 at x - 100 percent through-wall. Thus. the frequency
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distribution and cumulative frequency distribution for 1.27-cm (0.5-inch) long cracks 
are as follows: 

F(x) =O.59283 exp(-0.09920x) (7) 

CF(x) =9 exp(-0.09920X) (8) 

where: x - percent through-wall flaw depth minus 40 percent 

Figure 4.3 Illustrates the Case 2 frequency distribution for 1.27-cm (0.5-inch) long 
cracks.  

9 For the 2.54-cm (1-inch) long cracks, the staff determined the value of coefficient B 
on the basis of the conditional probability of rupture during a postulated HSLB.  
(This approach yields a more conservative distribution than determining the value of 
B on the basis of the tube rupture frequency.) As previously discussed. NUREG-0844 
conservatively estimated the conditional probability for 1 or more tube rupture(s) in 
the faulted steam generator during an NSLB to be 0.05. considering operating 
experience for all degradation mechanisms. At the time the staff made this estimate.  
NUIREG-0844 reported the frequency of tube ruptures from all degradation mechanisms to 
be 1.5xlO2'/RY. As of 1996. the frequency of ruptures attributable to corrosion
related mechanisms at Westinghouse and CE plants with Inconel 600 tubing has been 
shown to be 5.4xlO/RY. The frequency of ruptures associated with loose parts and 
foreign objects at Westinghouse and CE units is 1.ax10-3RY as of 1996 (this is 
consistent with the value given in Case 1. assuming a 3-loop plant). Thus, the 
frequency of rupture from all causes is 7.2xlO3/RY.  

Assuming a direct relationship between rupture frequency andthe conditional 
probability of rupture during an MSLB. the overall conditional probability of rupture 
is estimated to be 0.024. This estimate has been reduced by half (to 0.012) to 
reflect an assumption that only half of the tube ruptures would occur in the first 
span on the hot leg side. This assumption appears conservative, since only three of 
the seven tube ruptures to date have affected the first span on the hot leg side.  
This conditional probability is the value of the cumulative frequency distribution 
(Equation 2) at 76 percent through-wall. On this basis and with P = 1. the frequency 
distribution and cumulative frequency distribution are as follows: 

F(x) =0.12286 exp(-0.12286X) (9) 

CF(x) = exp(-0.12286x) (10) 

Figure 4.4 illustrates this distribution.  

4.2.1.4 Case 3. Plants with High Susceptibility to Degradation 

The basis for the flaw distributions derived for plants in this category differs from that 
used in Case 2 in only one respect. Specifically, the plugging rate is assumed to be 10 
times higher for Case 3 than for Case 2. Plants in Case 3 are assumed to have the same 
frequency of rupture, the same conditional probability of rupture under MSLB. and the same
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frequency of forced outages resulting from leakage as assumed for Case 2. Experience 

suggests that tube ruptures during normal operation are no more likely to affect plants with 

high plugging rates than plants with moderate plugging rates. Ruptures have typically 

Involved mechanisms that were previously unrecognized at the affected units. This 

experience is generally attributed to the fact that plants with higher susceptibility are 

subject to compensatory measures (such as more frequent inspections, larger inspection 

.samples. improved inspection techniques. etc.).  

Accordingly, the frequency distribution and cumulative frequency distribution for tubes with 

2.54-cm (1-inch) long cracks are as follows: 

F(x) =1.84245 exp(-0.184245X) (11) 

CF(x) =10 exp(-0.18424
5 X) (12) 

For these equations, the coefficient B has been determined on the basis of the tube rupture 

frequency rather than the conditional rupture probability, since this yields a slightly more 

conservative distribution.  

Similarly, the frequency distribution and cumulative frequency distribution for tubes with 

1.27-cm (0.5-inch) long cracks are as follows: 

F(x) =12.3852 exp(-0.13758X) 
(13) 

CFMx) =90 exp(-O.13756x) 
(14) 

Figures 4.5 and 4.6 depict the frequency distributions for the 1.27-cm (0.5-inch) and 

2.54-cm (l-inch) long cracks. respectively.  

4.2.2 RES Flaw Distribution 

The flaw distribution described in this section was developed using a two-step process 

discussed in the Dominion Engineering. Inc. (DEI) report (Gorman. 1996). First, a Weibull 

analysis of historical data from tube inspections was used to estimate the number of cracks.  

Second. Monte Carlo evaluations were conducted to determine the numbers of tubes with flaws 

for the three cases of lightly affected, moderately affected. and severely affected plants.  

and adjustments were made for POD and other factors.  

In particular, DEI considered seven types of degradation that would be experienced by a 

typical plant with Westinghouse Model 51 steam generators: 

(1) circumferential cracks at the top of the tube sheet 

(2) axial primary water stress corrosion cracking (PWSCC) at roll transitions 

(3) freespan cracks 
(4) axial ODSCC at tube support plates 
(5) circumferential outer diameter cracks at tube support plate dents 

(6) axial cracks associated with IGA/SCC in sludge piles
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(7) flaws related to loose parts damage

DEI selected these types of degradation for study on the basis that. except for loose parts 
flaws, they represent most of the tube degradation currently detected in U.S. plants. Of 
these, the tube failure probability calculations described in Section 5.3 used only 
degradation represented by types (3) and (6). In addition. DEI generated hypothetical 
distributions to represent plants that were lightly affected, moderately affected, and 
severely affected by the selected types of degradation..  

The method used (and described more fully in German's report) first estimates the -number of 
cracks and determines the number of flawed tubes for each of the lightly affected.  
moderately affected, and severely affected plants. Next, the model adjusts the flaw 
distribution data derived through nondestructive examination (tIDE) and data from pulled 
tubes to reflect measurement error and probability of detection. In addition. DEI developed 
analytical expressions to represent the distributions of flaws in terms of length and depth.  

4.2.2.1 Freespan Cracking 

Of the selected types of degradation observed at various plants. freespan cracking at 
Palo Verde 2 has been the best characterized, and was considered typical for the industry in 
cases where detailed inspections for freespan cracks have been performed. In such cases.  
crack length and depth distributions are taken to be independent. A gamma distribution of 
the crack length is used on the basis of data relating the length measured by rotating 
pancake coil (RPC) to structural length determined from destructive examination. Evaluation 
of these data yielded a mean error for length measurements of zero. and a standard deviation 
for length measurements of 1.27 cm (0.5 inch). The POD as a function of length was 
approximated as being zero at 0.25 cm (0.1 inch) long, and 0.95 at 0.76 cm (0.3 inch) long.  
with a linear variation between these two points. In addition, DEl adjusted the flaw size 
distribution to reflect measurement error and POD, to yield the distribution shown in 
Figure 4.7.  

A distribution of estimated crack lengths for freespan cracks in Palo Verde 2 was used to 
generate the flaw depth distribution shown in Figure 4.8. Analysis of data presented in a 
Palo Verde submittal to NRC. yielded a mean error estimated at zero. and standard deviation 
at 14 percent of tube wall thickness. The POD as a function of flaw depth was set at 0.95 
at 68 percent of wall thickness, and at approximately 0.1 at 20 percent of wall thickness.  
DEI adjusted the flaw size distribution to reflect measurement error and POD in the same 
manner as done for the length distribution.  

DEI conducted a check of the probability of the length and depth distributions causing a 
tube burst. Monte Carlo analysis showed that there were no cases in 10,000 trials where a 
defect had a length over 4.57 cm (1.8 inches) and e depth more than 90 percent through-wall.  

The flaw distribution discussed above is for a unit where a rupture had occurred, and very 
thorough, detailed inspections for freespan cracking had been performed. This is not the 
case for other plants where ruptures resulting from freespan plants have not occurred and 
relatively little freespan cracking has been detected. However, in such cases, routine 
inspection methods are typically used which could allow some short through-wall flaws to 
remain in service. This would lead to some (albeit small) chance of burst. To reflect this 
possibility, the depth distribution was adjusted to yield a 2 percent chance of a through
wall defect being present and a 0.1 percent chance of a defect causing a burst.
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4.2.2.2 IGA/SCC in Sludge Piles

As the basis for this distribution. DEI used data from Westinghouse feedring steam 

generators. The distributions for IGA/SCC were then taken to be the same as for freespan 

SCC (discussed above). Figures 4.7 and 4.9 show the resulting flaw length and depth 

distributions.  

4.3 Flawed Tube Failure Models 

The following subsections describe the failure models considered for estimating tube failure 

probabilities in this study. Subsections 4.3.1 and 4.3.2 give the background and basis for 

structural analysis of cracked steam generator tubes. and Subsection 4.3.3 provides details 

of the flow stress and creep failure models. Subsections 4.3.4 and 4.3.5 discuss the 

experimental validation of the creep failure model using high-temperature burst test results 

from flawed tubes. Subsections 4.3.6 and 4.3.7 examine factors contributing to uncertainty 

In the model and its applicability.  

The following nomenclature is used In the equations presented in these subsections:

crack depth 
crack half-length 
time increment 
mean tube wall thickness 
flow stress factor 
bulging (magnification) factor for through-wall cracks 
bulging (magnification) factor for part-through-wall cracks 
Larson-Miller parameter for creep rupture 
pressure 
failure pressure for an unflawed tube 
failure pressure for a tube with a through-wall crack 

ligament failure pressure for a tube with a part- through-wall crack 
mean tube radius 
standard deviation 
time 
time to tube failure 
time to creep rupture of a uniaxial specimen at a given stress and 
temperature 
temperature 
failure temperature 
parameter dependent on a/h used in ML % correlation 
error in the predicted failure pressure 
error in the measured crack depth

- c 1.82c 
normalized crack length (12(1 -v 2 )] -

Poisson's ratio
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o stress, hoop stress 
an standard error of the mean estimate of the fitted variable 

flow stress 
oY yield strength 
oU ultimate tensile strength 

4.3.1 Background 

During design-basis accidents, the temperature of the steam generator tubing varies 
relatively little and remains less than 350*C. In this temperature range, creep effects are 
negligible In Alloy 600. However. in postulated severe accidents, much higher temperatures 
are possible. At these higher temperatures, plastic deformation is likely to be much more 
extensive than at normal reactor operating temperatures, and creep effects may no longer be 
negligible.  

Substantial literature is available (Hahn. 1969: Erdogan. 1976: Eiber, 1971: Kiefner. 1973: 
Flesch. 1988: Kurtz. 1988 and 1990) concerning the development and validation of analytical 
models to describe the behavior of flawed tubes at normal reactor operating temperatures of 
288 to 320°C (550 to 608°F). However, until recently, no validated model existed to predict 
the failure of flawed tubes at the temperatures associated with postulated severe accidents.  
Consequently, the NRC sponsored tests conducted at ANL to help develop such a model.  

4.3.2 Analysis of Steam Generator Tubes with Cracks 

The following sections outline the precedent for analyzing tubes with through-wall cracks 
using a bulging or magnification factor. m. The modifications made to the magnification 
factor to account for the effects of part-through-wall cracks are then presented (yielding 
rp). as is an improved Nm correlation.  

4.3.2.1 Through-Wall Cracks 

The most widely used model for predicting the failure pressure of tubing with a through-wall 
axial crack was originally proposed by Hahn et al. and later modified by Erdogan. This 
model is based on the following calculation: 

ft P, 
PCr mR= - (15a) 

where a=k(oao) k=O.5-0.6 (15b) 
Y 0 

m=0.614 +4.481X+0.386exp(-1.25)X) (15c) 

c 1.82c ,X= 112(1 -NI)]Ri•, (15d)
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ph h (15e) 
R 

The parameter o with k- 0.5 is often referred to as the flow stress.  

4.3.2.2 Part-Through-Wall Cracks 

For part-through-wall axial cracks, the pressure required to fail the remaining ligament can 

be calculated using an empirical equation (as reported by Kiefner et al.): 

ah P6 (16a) 

M Rm 

where 

a 
mh (16b) 

a 

h 

It should be emphasized that Equation (16a) calculates only the pressure required to fail 

the remaining ligament. The stability of the resulting through-wall crack can be analyzed 

using Equation (15a). If p, > p,. the through-wall crack is stable. That is. although the 

crack will leak. it will not increase in length without a further increase in pressure. By 

contrast. if p, < p,. the resulting crack will be unstable and will rapidly increase in 

length without any additional increase In pressure.  

In conjunction with an NRC-sponsored steam generator integrity program. Pacific Northwest 

National Laboratories (PNNL) conducted a series of tests (Kurtz. 1990) on tubes containing 

part-through-wall axial cracks. From these tests. PNNL developed an empirical formula for 

the failure pressure of a tube containing a part-through axial crack. This formula is of 

the same form as Equation (16a). but Equation (16b) is replaced by Equation (17a), as 
follows: 

1-+--exp (-Q.41X•3 (17a) 

More recently. Chavez et al. re-analyzed the PNNL tube test data and proposed that the value 

of k should be taken as 0.5973 and Equation (17a) should be modified as follows: 

= a + a-exp (-0.51A (17b) 

On the basis of burst tests on tubes. Flesch and Cochet recommended the use of Equations 

(16a) and (16b) for flaw depths greater than 85 percent of the wall thickness. However. to 

reduce the degree of conservatism, they used o, instead of For predicting remaining
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ligament failure by plastic instability of tubes with flaw depths between 20 percent and 85 
percent of wall thickness, they recommended replacing Equation (16b) by the following 
empirical Equation (referred to as the EdF equation): 

F C a 1-1 

jap= h- h for O.2a</h< 0.85. (18a) 

h 

£ 

mh~ and :for afh .a.aS. (l8b) 

h 

4.3.2.3 Improved Correlation for ;ý 

As the crack depth approaches 100 percent of the tube wall thickness (i.e.. a/h-i).  
Equations (16a). (16b). and (1Bb) predict that p. approaches zero. while Equations (17a) and 
(17b) predict a higher pressure for ligament failure associated with short, deep cracks.  
Eventually Equations (17a) and (17b) become unconservative for very deep cracks, since ;ý is 
inversely proportional to crack depth in these equations. On the other hand. Equation (16b) 
tends to be too conservative for short and deep cracks. Therefore. ANL reanalyzed the PNNL 
tube test data (and re-measured the flaws using post-test fractography). As a result. ANL 
proposed that Equation (16b) should be modified as follows (referred to as the ANL 
equation): 

I M h-- ( 1 8 c ) 

where 41.)=' +0. (..)(9(1- 1) (18d) 

hh 

Except for short, deep cracks. Equation (18d) predicts failure pressures similar to those 
obtained using Equation (16b).  

Table 4.1 summarizes a comparison of the prediction errors of the PNNL burst test results 
(Kurtz. 1990) using the various models for m;. These errors are expressed in terns of the 
root-mean-squared (RHS) errors for the entire test series and in terms of the RMS errors 
associated with a range of crack depths. Roughly equivalent numbers of tests were performed 
in each crack depth range. Table 4.1 also includes the EdF correlation for comparison; 
however, since that correlation involves a material characteristic (the ultimate tensile 
stress) and also geometric factors, it would be an unsatisfactory choice to use for high 
temperatures where creep damage is significant.
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The models developed by PNNL and Battelle Columbus Laboratories (BCL) seem to yield 

significantly larger errors for deep cracks (6/k > 0.75) than shorter cracks. The INEL and 

ANL models have a more uniform distribution of errors with flaw depth. Although the errors 

associated with the predictions derived using Equation (18d) (with k-O.5) for the PNNL data 

set are slightly smaller than with the other correlations, the INEL correlation describes 

the PNNL tests almost as well.  

Table 4.A Relative Error Between predicted and Observed FaiLure Pressures 

In PURL Tests for Various MI Models 

PIHL INEL EOF BCL ANL 

Mean Error -0.01 0.05 0.08 0.04 -0.02 

iNS arl 0.13 0.11 0.12 0.13 0.09 

M 0/,,0 0.03 0.03 0.03 0.03 0.03 

It1S 0.25c4/hO.45 0.09 0.09 0.09 0.09 0.09 

RiS 0.450/hO. 75 0.14 0.14 0.14 0.11 0.12 

RilS 0.75$/ah 0.21 0.11 0.17 0.22 0.03 

*Errors may differ from estimates In originat reports because they are based on ne.  

measurements of a/h made at AWL. Three outlier tests (C-03-5, C-15-5, and C-44-3) were not 

fcl,,-ed in the calculation of the errors.  

Figures 4.10a and 4.10b compare the values of stress magnification factor m; computed using 

the various equations. Although these values are within 20 to 30 percent of each other for 

shallow cracks (alh - 0.5). they can differ by as much as a factor of 2 for short, deep 

cracks (- 6-un (0.25-in.). a/h - 0.9).  

Failure tests on tubes containing deep cracks (to be discussed later) have shown that the ; 

values are more consistent with the AML equation (Equation 18d) than the BCL equation 

(Equation 16b). To verify this analytically. ANL conducted detailed elastoplastic finite

element analyses for a 22-am (0.875-in.) diameter tube with a 25-mn (1-1n.) long and 

50 percent deep axial crack and a 6-mm (0.25-in.) long and 90 percent deep axial crack 

subjected to rapidly increasing internal pressure at 300 and 750"C (572 and 1382"F).  

Figure 4.11a depicts the stress-strain curves at these temperatures.  

The results (presented in Figure 4.11b) show that the maximum hoop stress magnification in 

the ligament for the shallower crack is Independent of the stress-strain curve of the 

maierial. Further. the hoop stress magnification factor (defined as the ratio of the average 

hoop stress in the ligament and the average hoop stress in an unflawed tube) changes very 

little with internal pressure. Its variation with crack depth agrees more closely with the 

ANL equation than with the BCL equation.  

4.3.3 Models for Predicting Failure Under Severe Accident Conditions 

The behavior of flawed steam generator tubing during severe accidents has recently been 

considered in reports by INEL (Ellison. 1996) and EPRI (Fuller. January 1996). These reports 

describe the failure of unflawed tubing and other components (such as the surge line) in
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terms of creep damage. Both analyses assume that failure of flawed steam generator tubing in 
severe accidents can be described by the models represented by Equations (15) through (17).  
taking the flow stress to be a function of temperature. With this assumption, the failure 
pressure of a flawed tube depends solely on the flaw geometry and temperature and is 
independent of the detailed time/temperature history.  

[ntuitively. failure would be expected to be controlled by flow stress if the temperature 
ramps are sufficiently rapid so that insufficient time is available for creep to influence 
the deformation or damage of the tube. At the other extreme. if the temperature ramps are 
sufficiently slow (in the limit, a constant temperature), failure should be controlled by 
creep processes. In loading histories at intermediate rates, however, the damage processes 
are more complex and are difficult to analyze.  

Recent tests conducted at ANL have shown that pressure and temperature ramp rates have 
significant Influences on failure pressure (Figure 4.12a) and temperature (Figure 4.12b).  
respectively. Therefore. ANL developed a creep rupture model for predicting failure of 
flawed and unflawed tubes. For the high-temperature tests conducted at ANL under a variety 
of loading histories, predictions on the basis of this model agree much more with the test 
results than predictions based on flow stress models. However. this report also discusses 
the flow stress models for completeness.  

Consider a tube with a flaw subjected to a temperature history T(t) and nominal hoop stress 
history a(t). To analyze the behavior of a tube under such a general loading history, the 
following assumptlons are usually made for both the flow stress and the creep rupture models: 

* The failure time and temperature of a flawed tube are the same as those of an unflawed 
tube subjected to a nominal hoop stress history ;o(t) and the same temperature history 
T(t).  

* The values of the magnification factor mn determined from burst tests of flawed tubes 
at low temperatures are also applicable at high temperatures.  

These assumptions can be shown to be valid for certain classes of creep and plasticity 
problems (Finnie. 1959). They are not strictly valid for the problem considered here. but 
the test program at ANL has shown that they can provide a reasonable approximation.  

4.3.3.1 Flow Stress Models 

The flow stress models assume that, for any arbitrary history of hoop stress o(t) and 
temperature T(t). failure occurs at a temperature T and hoop stress a whenever the following 
failure equation is satisfied, independent of stress-temperature history: 

= T) (19) 

Rigorous application of the flow stress models for predicting the failure temperatures of 
steam generator tubes requires the tensile properties of Alloy 600 tubes in the hoop 
direction as a function of temperature. Although fairly extensive tensile property data are 
available for tubing at room temperature (Kurtz. 1990). only limited data are currently 
available for higher temperatures. Rempe et al. (1993) reported tensile properties of Alloy 
600 rods as a function of temperature. Chavez et al. (1996) expressed the sum of the yield
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and ultizate tensile strengths of Alloy 600 bars (in MPa) as a function of temperature. as 

follows: 

664.4 -0.4546T +1.S605xlO"JT2-1.9907 MO6V for 20*C!TS727% (20a) 

PSI 4308.9_-1.381T+1.030x10 
TT2-3.1734xlO'Ta for 727OCcT'11006C 

To estimate the variation in the flow stress of Alloy 600 tubes with temperature. Chavez 

et al. multiplied Equation (20a) by a factor of 0.9. This is the same factor by which the 

sum of the yield and ultimate tensile strengths of Alloy 600 bars at room temperature 

(Rempe, 1993) has to be multiplied to obtain the sum of the yield and ultimate tensile 

strengths for Alloy 600 tubes at room temperature (Kurtz, 1990: Chavez. 1996).  

Tensile data on hot rolled Alloy 600 bars as a function of temperature are also reported in 

the literature (International Nickel. 1964). Here, the sum of the yield and ultimate tensile 

strengths (in HPa) of hot rolled Alloy 600 bars was given as a function of temperature by the 

following equation: 

o+0 =1780-9.84T+0.o352T--5.OxlCO4T2+2.4xlOaT* for 200"C5TT870*C (20b) 

Figure 4.13 plots the flow stresses for Alloy 600 computed from the above data (with k-0.5) 

with others from various sources. (Most of these tests were conducted under stroke-control 

at a nominal strain rate of 34 percent/min.) Figure 4.13 also shows data from room

temperature tensile tests on the tubing being tested at ANL. As shown, the flow stress 

decreases markedly with temperature above 600°C (11120F). Note (from Figure 4.13).that the 

flow stress may vary widely at low temperatures. but the heat-to-heat and product form 

variations In the flow stress diminish rapidly with increasing temperature. Therefore. the 

INEL flow stress curve, which covers the widest range of temperatures. is used for failure 

predictions.1 

Although the flow stress model is a straightforward extension of a model that has been well 

verified at normal operating temperatures, conceptual difficulties arise with the use of such 

a model at high temperatures. For example. the flow stress at elevated temperatures is a 

function of strain rate and temperature. In Figure 4.14, the results from isothermal 

pressure ramp tests at two ramp rates are used to define *effective" flow stresses, which are 

then corpared with the flow stress curve derived from the INEL tensile tests. Note that. as 

expected. higher ramp rate leads to higher flow stress.  

Conceptually. rate effects can be included within the framework of a flow stress model by 

developing a constitutive equation that expresses the flow stress as a function of both 

strain rate and temperature. Several such constitutive relations based on the so-called 

equation of state theory are available. However. besides being quite complex. they are not 

easily adapted to the problem of predicting the failure of steam generator tubes. This is 

particularly true for those relations that contain flaws and are subjected to typical 

temperature and pressure histories expected during severe accidents. In this report, the 

term -flow stress model" is used exclusively to denote simple rate-independent flow stress 

models that have been successfully used at low temperatures.  

4.3.3.2 Creep Rupture Model 

As reported in Finne (1959). a relatively straightforward analysis can be used to predict 

creep failure of an unflawed tube under varying stress and temperature histories using a 

linear time-fraction damage rule (as in Code Case N 47 of the ASME Code. Section II1). as
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fol lows:

dt (21a) 

where tt and T may both be functions of time.  

A rigorous analysis of flawed tubes under a similar loading would be very complex.  
Therefore. ANL extended the creep failure model to flawed tubing using the assumptions 
referred to earlier. That is. ANL assumed that failure can be predicted by the following 
equation: 

S dt 

J~t,(T.mpO) :1 (21b) 

4.3.3.3 Creep Rupture Properties of Alloy 600 

Creep rupture properties (particularly at short lives). of Alloy 600 tubes In the hoop 
direction are needed to apply the creep rupture model for predicting failure under severe 
accident conditions. As a result, ANL reviewed the available literature data on the creep 
rupture properties of Alloy 600. Figure 4.15 depicts a compilation of the available data in 
terms of the Larson-Miller parameter and the stress for both cold-worked and annealed 
materials. However, a preliminary examination of the data did not reveal any apparent bias 
associated with the different thermomechanical treatments, so information corresponding to 
both types of materials were included in the data fits. Figure 4.15 shows a least-squares 
bilinear best fit, along with estimated 95 percent confidence limits. The best-fit curves 
for the Larson-Miller parameter (P1,)) are: 

1os10o=4.31*0.10 -1.43x IQ 4p a o(39.3Mpa (22a) 

log1Oo=5.03&0.13 -1.81xIO-PI 0 o>39.3"a 

where the time to rupture (tU) is then 

-- -IS (22b) 
tt= IQ • tt (h). T(k) 

Pil (24.3,0.7-3.0Ino)x10 3  oaS.7kSl (220 

Pin=(23.2*0.7 -2.41no)xIQ 3  a"5.7kSl 

The variation in the Larson-Miller parameter reflected in Equations (22a) and (22c) is 
primarily attributable to differences in the heat-to-heat behavior of materials.  

The "breakpoint" in the bilinear fit occurs at a stress that is relatively low compared with 
those of interest in steam generator tube failures. Even the nominal stress in a steam
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generator tube with the secondary depressurized is greater than 

130 MPa (19 ksi)-log10 i - 2.1. and the stress is even higher in the crack ligament. Hence.  

for these applications, only Equation (22c) is actually used, and the variance is assumed to 

be the same for all stress levels, although this is unlikely to be true. Instead, the staff 

expects that the variance will be less at the higher stresses of actual interest. As noted.  

however, little data are available for higher stresses and quantifying this judgment is 

difficult. Nonetheless. the bounds predicted by Equation (22c) are expected to be 

conservative at the stress levels typical of flawed tubes.  

Figure 4.16 depicts the Larson-Miller correlation currently used in SCDAP. This correlation 

shows a reasonable fit to the data, but there clearly is some change in slope that is not 

reflected in the correlation. In particular. it departs from the data at the high stress 

levels (low Larson-Miller parameter values) of interest in the present analyses.  

To establish the applicability of Equations (22b) and (22c) to the tubing material. ANL 

conducted constant-pressure creep-rupture tests on unflawed 22-mn (0.875-in.) diameter tubes 

using both isothermal and constant temperature ramp loading. Figure 4.17 plots the 

experimental results against predicted times to rupture derived using Equations (22b) 

and (22c). In all cases, the predicted rupture lives are well within a factor of 2 of the 

experimental lives (which is typical of the scatter in the uniaxial creep rupture data). This 

indicates that the Larson-Miller representation of the data is adequate for the tube 

material.  

4.3.4 Validation Tests for the Creep Rupture Model 

To validate the creep rupture model. ANL conducted several types of tests on both flawed and 

unflawed steam generator tubes in a single-zone furnace using programmable temperature and 

high-pressure nitrogen gas to apply internal pressures. A temperature profile (measured 

transiently and also steady-state) showed a maximum of 5°C (9gF) axial variation within a 

central 50-amm (2-in.) section, with the center being the hottest. The maximum through

thickness temperature gradient was less than 19C (20F).  

In addition, the tests were conducted on both unflawed and flawed tubing and tubing that was 

flawed using electro-discharge machining (EDM). Such notches are not as sharp as real 

cracks, but previous tests at lower temperatures have shown that crack tip geometry has very 

little effect on the failure loads (Kurtz. 1990). At higher temperatures. the effect of the 

crack tip geometry would be expected to be even less significant.  

4.3.4.1 Isothermal Failure Tests 

The ANL tests were conducted on flawed tubes by subjecting them to isothermal constant 

pressure loading. Table 4.2 summarizes those tests, with the failure times predicted by the 

creep rupture model. Figure 4.1Ba plots the failure times predicted using four different 

values of m. against the experimental failure times for tubes containing a crack approximately 

60 percent deep and 25 mm (1 in.) long. Besides the diagonal perfect prediction line.  

Figure 4.18a also shows differences of a factor of 2 between the predicted and observed times 

to failure by means of two additional lines that also represent typical scatter bands in 

creep rupture tests.  

Except for a test at 667°C (1233°F). the failure lives predicted by the ANL nm (Equation 18d) 

are within a factor of 2 of the experimental lives of the specimens. The predicted lives 

using % values as determined by the BCL Equation (16b) and the EdF Equation (18a) are also
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reasonable, but those predicted by the INEL Equation (17b) are low by more than a factor of 2 
in most cases. The reader should note that the flow stress model is incapable of predicting 
time to failure in tests of this type and. In fact, would predict that none of the tubes 
should have failed.

TabLe 4.2 Constant-Pressure Rupture Tests at Various 
On Specimens with and Without Flaws

Temperatures

Test No. Crack Geometry Loading History Failure Conditions 

2c (in.) a/h M TaC) eb (psi) Tf(V) Pf (psi) tfCMin) Pred. tf 

T-37 1 0.59 1.96 667 2350 667 2350 336 128 

7-56F 1 0.65 2.21 667 2350 667 2350 74 62 

T-3B 1 0.62 2.07 700 1915 "700 1915 28 a8 

T-41 Unflawed - 1 700 4500 700 4 50 0d 38 42 

T-61e Unflawed - 1 700 4450 700 4450 49 45 

T-47 1 0.55 1.82 750 1400 750 1400 186 176 

T-60 Unflawed 1 750 3290 750 3290 29 43 

T-48 1 0.55 1.82 800 1400 800 1400 26. 32 

T-42 Unflawed 1 600 G50 800 2350 33 50 

a. Ramp to temperature and hold 
b. Constant pressure 
c. Duplicate of test listed imnediately above.  
d. Pressure decreased gradually from 4750 psi to 4250 psi during hold.  
e. DupLicate of test tisted immediately above, but with pressure held constant at 4450 psi during hold.  

4.3.4.2 Failure Tests of Specimens with Deep Cracks 

As discussed earlier, there is some experimental evidence (Flesch. 1988) that the numerical 
values of m; computed by the BCL equation for short and deep cracks are too high for tests 
conducted at low temperatures where a flow stress model is valid. Test results. sunmnarized 
in Table 4.3 and shown in Figure 4.18b, confirm that this is also true at high temperatures.  
All of the test specimens referenced in thls figure had cracks z90 percent deep. The BCL 
equation grossly overestimated the damaging influence (i .e.. underestimated the time to 
rupture) of these cracks. The predictions derived using the INEL and ANL equations agree 
more closely with the results than those derived using the BCL model.  

The predictions made using the EdF equation are not shown in Figure 4.18b because, at high 
temperatures, they are essentially the same as those based on the BCL equation. At low 
temperatures. the EdF model (Flesch. 1988) predicted a smaller f for cracks that are more 
than 85 percent deep because the flow stress in the BCL equation is replaced by the ultimate 
tensile strength in the EdF equation (see Equation 18b). However, little difference exists 
between the flow stress and the ultimate tensile strength at high temperatures because strain 
hardening is greatly reduced. Overall. as in the low temperature case. the ANL equation for
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;ý gave the best predictions for failure lives of specimens with shallow and deep cracks. and 

was used for the analysis of the high-temperature tests.  

TabLe 4.3 Constant-pressure Faiture Tests with Deep Cracks 

Test No. Crack Geoaetry Loading History FaiLure Conditions 

2c (in.) B/h Mp T(C C) pb (psi) Tf(C) pf (psi) tf(mfn) Pred. tf 

T-55 0.25 0.91 2.45 600d 750 a00 750 420 180 

T-78€ 0.25 0.92 2.61 800 750 800 750 246 130 

T-83 UnfLawed 1 800 1800 800 1800 228 202 

T-72 1 0.92 7.62 800 356 g00 356 19 23 

T-84 1 0.91 6.85 amO 450 800 450 2 18 

T-87 UnfLatoed - 800 2910 800 2910 12 15 

T-66 2 0.90 7.63 800 300 800 300 23 15 

T-85 Unf Lawed 1 800 3000 800 3000 10 13 

a. Ramp to terperature and hold 
b. Constant pressure 
c. DupLicate of test imnediatety above 
d. Ramp in 1 hour to temperature, then pressurize and hold

4.3.4.3 Pressure and Temperature Ramp Tests

To evaluate the importance of loading rates on the failure conditions and compare the 

predictive capabilities of the creep rupture model and the flow stress model. ANL conducted 

two additional types of tests. In the first type. the specimens were heated to a given 

temperature and then pressurized isothermally at a constant pressure ramp until failure. In 

the second type. the specimens were first pressurized at low temperature and then. with the 

pressure held constant, they were subjected to a constant temperature ramp until failure.  

Tables 4.4 and 4.5 summarize the results of all of the tests of these types conducted to 

date, together with the failure pressures and temperatures predicted by the creep rupture 

model. Results from both types of tests, plotted in Figures 4.12a and 4.12b. show that the 

loading rate (pressure or temperature). which is ignored in a simple flow stress model, has a 

significant influence for unflawed tubes. The reader should note that the experimental 

results are closer to predictions of the creep rupture model than those of the flow stress 

model in all cases.  

At the higher pressure ramp rate, the creep rupture model overestimated the failure pressures 

by a maximum of 25 percent. whereas the flow stress model underestimated the failure 

pressures by as much as 50 percent. By contrast, the creep rupture model predicted the 

failure temperatures for the temperature ramp tests almost exactly, whereas the flow stress 

model either underestimated or overestimated the failure temperatures by 70C (126°F).  

Figure 4.14 shows the results from pressure ramp tests on flawed and unflawed tubes, clearly
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indicating that although the flow stress model would predict the failure pressures reasonably 
well for the lower ramp rate tests, it would underestimate the failure pressures at Z80°C 
(1472"F) by a factor of 2 for the higher ramp rate tests if the INEL flow stress curve were 
used.  

Table 4.& Constant-Pressure Temperature Ramp Tests 

Test No. Crack Geometry Loading History Failure Conditions 

ZC (in.). a/h O, AT& pb (psi) TfCC) Pred. Tf 
I n. hC/mIn) 

T-62 UnfLawed - n Note C 2350 913 916 

T-63 Unflawed - 1 2 2350 843 838 

T-71 iknfLawed - 1 0.2 2350 779 770 

T-67 1 0.65 2.21 20 1065 892 916 

T-68 1 0.65 2.21 0.2 1065 770 778 

T-74 1 0.93 8.60 0.2 270 860 918 

T-73 1 0.93 8.60 0.2 1065 612 604 

T-76 0.25 0.89 2.22 20 1090 915 911 

T-77 0.25 0.90 2.32 0.2 1040 778 766 

T-59 2 0.79 3.93 2 750 810 801 

T-79 2 0.92 9.68 0.2 245 815 914 

T-god 2 0.92 9.68 0.2 245 659 914 

T-81 2 0.93 10.99 0.2 217 678 768 

a. Ramp to temperature and hold 
b. Constant pressure 
c. Ramp to 600*C in 1 hour then 20°C/min 
d. Duplicate of test immediately above 

The failure pressures for both ramp rates are much closer to those predicted by the creep 
rupture model (see Figure 4.19a). For the temperature ramp tests on flawed specimens. AML 
selected the pressures such that the product of m; and the nominal hoop stresses were 
approximately equal for two-crack geometries. Thus. the predicted failure temperatures for 
both geometries fall approximately on a single line for either the creep rupture or flow 
stress models, as shown in Figure 4.19b. The experimental results agree much more closely 
with the predictions of the creep rupture model and confirm that the effect of flaws on 
failure can be characterized by the mý approach. Therefore. the creep rupture model can be 

expected to reliably predict failure under varying temperature and pressure histories during 
severe accidents more accurately (relative to a simple rate-independent flow stress model).
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Table 4.5 Isothermal Pressure Ramp Tests

Crack Geometry Loading History Failure Conditions 

2€ (in.) a/h p TO(C) Ap pf t Pred. Pred.  
(psi/mln) (psi) CmIn) pf tf 

Unflawed - 1 840 23 0 0b 3000 3.3 3000 5.8

1 840 

1 840 

1 800 

1 8O0

2.21

800 

800

23006 4000 1.8

2300 4190 1.5

230 3090 

230 3730

4000 

4987

13 3390 

M6 4115

23000 4800 2.2 

2300 3520 1.5

2300

840 2300

8oo 

700

2300 

2300

1590 0.7 

2250 1.0

4800 

3520 

2194 

2570

2740 1.2 3020 

3370 1.S 4860

2.8 

2.2

15 

18

3.4 

1.8 

0.9 

1.1 

1.3 

2.1

a. Isothermal 

b. Ramp to 3000 psi and hotd 
C. Ramp to 4000 psi and hold 
d. Ramp to 4800 psi and hold 

4.3.5 Failure Tests for Evaluating Postulated Severe Accident Time/Temperature Histories 

ANL performed tests to determine the behavior of flawed tubes under time/temperature 
histories that could be used to evaluate the failure of steam generator tubes under 
postulated severe accident conditions. An additional purpose of the tests was to further 
validate a model for determining the time to failure of flawed tubes under time/temperature 
histories that could reach temperatures as high as 8500C (1562°F).  

In all of the tests, AN• held the Internal pressure constant at 16.2 MPa (2350 psi).  
conducting tests on both 19-mm (0.75-in.) and 22-mr (0.875-in.) outer diameter tubes with 
wall thicknesses of 1 mm (0.043 in.) and 1.3 mm (0.050 in.). respectively. In addition. ANL 
tested four different nominal flaw geometries with axial lengths of 6 mm (0.25 in.). 25 mm 
(Q in.). and 50 mm (2 in.) and depths varying from 20 percent to 65 percent of thickness. The 
actual flaw depths were determined by fractography following the tests. Commonly. they were 
also measured before the tests using a replica technique. The differences between the two 
measurements, when available, were not large. Duplicate tests were run for all of the 22-mm 
(0.875-in.) diameter tube tests to provide information on test consistency.  

For the tests conducted to date. ANL considered two time/temperature histories. The first, 
referred to as the 'INEL ramp." is based on Case IN. (See Section 3 of this report for

1-35 

T-36

T-46

T-45 

T-86

1-82 

T-57 • 

1-5S

Unf lawed 

Unflawed 

IUnflmwed 

Unfahwed 

Unf lawed

0 .25 0.75 1.58 

1 0.79 3.32 

1 0.65 2.21 

1 0.65 2.21

1-70 

T-69 

T-75 1 0.65
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thermal-hydraulic case designations.) In this analysis, the temperature rises fairly rapidly 
to -800OC (1472°F). Then, because the cladding is almost completely oxidized, the rate of 
temperature increase drops sharply. Shortly after this decrease in the heat up rate. the 
INEL analysis predicts failure of the surge line nozzle and depressurization of the system.  
Because the primary purpose of these tests was to help develop a failure model, the 
time/temperature history used for the tests have ignored the predicted depressurization.  
Thus. after rapidly heating from room temperature to 300"C (5720F) and equilibrating, the 
test specimens were subjected to a temperature ramp of 3.75"C/min. (6.75°F/min.) from 300 to 
550'C (572 to 10229F), followed by 7.5°C/min. (13.5°F/min.) up to 8009C (1472°F) and then 
1.75°C/mln. (3.2°F/min.) to failure.  

The second time/temperature history, referred to as the "EPRI ramp." is based on a 
preliminary analysis reported by EPRI (Fuller. 1996). Here, the tubing temperature also 
rises rapidly, but the peak predicted temperature is only 667"C (12330F).  

Both the INEL (Ellison. 1996) and EPRI (Fuller. 1996) analyses predict a marked decrease in 
heat up of the tubes after oxidation of the cladding is completed. However, in the INEL 
results (Ellison. 1996) the temperature still increases at a significant rate.  
-2°C/min.(3.6°F/min.). whereas EPRI (Fuller, 1996) predicted that the temperature holds 
virtually constant at 667°C (1233°F) for about 5 minutes before the temperature decreases.  
EPRI (Fuller, 1996) also predicts depressurization of the primary system resulting from the 
failure of the surge line shortly after the tubing reaches 667°C (1233"F).  

The time/temperature history used for the tests again ignores the predicted depressurization 
and reduction in temperature. After rapidly heating from room temperature to 300C (572F) 
and equilibrating, the temperature ramps from 300 to 564°C (572 to 10470F) at 5.37"C/min.  
(9.67"F/min.). then to 582"C (1080°F) at 10.6°C/min. (19.1"F/min.). to 6300C (11660F) at 
28.24°C/mln. (50.83"F/min.). and to 667°C (1233F) at 14.80°C/min. (26.64F/nmin.). To 
increase the contribution of creep damage, the EPRI ramp was somewhat arbitrarily modified 
from the history described in the analysis results (Fuller. 1996) to include a 2-hour hold 
time at 667°C (12330F). If the specimen did not fail in 2 hours of constant temperature 
hold. it was subjected to a temperature ramp of 2°C/umin. (3.6°F/min.) until failure.  

The two time/temperature histories are shown in Figures 4.20a and 4.20b. Neither ramp chosen 
for the tests was intended to be an accurate representation of a particular sequence. but 
together they represent a range of histories for which a failure model would be needed.  
Thus. although the INEL and EPRI analyses predict that failure of the surge line nozzle and 
consequent depressurization of the system will occur before the failure of unflawed steam 
generator tubes, the tests at ANL were continued with full pressure until failure occurred.  

ANL has performed 32 ramp tests using the INEL and EPRI time/temperature histories.  
Tables 4.6 and 4.7. along with Figures 4.21a and 4.21b. summarize the results from these 
tests. In addition to failure data. Tables 4.6 and 4.7 include crack depths measured by 
post-test fractography. and also the predicted failure temperatures derived using the creep 
rupture model. The predicted failure temperatures and times (above 3000C (572M)) in 
Figures 4.21a and 4.21b were calculated using the creep rupture model and the ANL correlation 
for mi, (Equation ld). Figures 4.22a and 4.22b report the test results to show the dependence 
of the time to failure on N. The abscissas of Figures 4.22a and 4.22b reflect the stress 
magnification factor (Nm). as calculated by Equation (18d): Nm may be considered a measure of 
crack severity that takes into account both the length and the depth of the crack.
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Table 4.6 Flaw Sizes and Temperatures at Failure for INEL Ramp Tests 

3/4 in. Diameter Tube 7/8 In. Diameter Tube 

Reciii.) T Test No. a/h I~ Pred. Tf I Test No. a/h- Pf red. i 

FM jawed t T-2 Unf I owed 823C 837'C T-10 Unflawed 835C 844*C 

Urif awed 1 T-13 Unflawed' Z6*C 83rC T-30 Unf taiied 843% "4.c 

0.25 111-12 0.59 7980C 806-C T -7 '0.65 803C 806*C 

0.25 - - - - * 17-34 0.62 8024C 8090C 

I 'T-11 0.61 7589C 7520C T-9 0.54 76Bc 784C 

1I - T-33 0.54 7T8C 792C 

2 T -3 0.45 7740C 7880c T1-6 0.36 8086C 6050C 

2. T-14 0.35 8056C 803*C 7 -32 0.41 8000C 8030c 

2 T -4 0.2 8089C S16eC T-5 0.16 825C 8246C 

2 - - T1-31 0.22 IC 816 

Compared with the failure temperature of an unflawed tube, as mý increases, the reduction in 

temperature associated with flawed tube failure is magnified. The failure temperature 
depends on the time/temperature history. The EPRI ramp. which includes a 2-hour hold time.  

leads to lower failure temperatures than the INEL ramp, which does not include such a 

constant temperature hold. However, the deleterious effect of the 2-hour constant 
temperature hold of the EPRI ramp worsens with increasing severity of the crack. For the 

unflawed tubes, there is little difference between the failure temperatures for the two 

histories. For the most severe flaw geometries, however, there are significant reductions in 

the temperatures at which failure occurs for the EPRI ramp. This observation confirms that 

time/temperature history can have a significant influence on failure temperature.  

Table 4.7 Flaw Sizes and Temperatures at failure for EPRI Ramp Tests.  

3/4 in. diameter tube 7/8 in. diameter tube 

-IMIF.) -riest Ila. a/h If Fred. If lest No. AMh Tf, -r-ed.-7 

IUnf Lawed tT-22 Unf jawed 828%C 833% 7 -1.9 linf jawed 839% 842% 

unftawed I.- T -28 linftawed 8430C 642% 

0.25 T-23 0.57 7670C 7720c T -18 0.66 779C 7860C 

0.25 - 1-24 0.66 721 C 782% 

I T -29 0.54 7260C 702 1-16 0.57 724%C 692'C 

1 ' 17-27 0.55 24*C TnrC 

2 T -21 0.40 T600C AM5 T -15 0.30 794% 7860C 

2 T -26 0.4 770C 762% 

2 T-20 0.12 B140C 514-C -700 BWSO 

1- T - -25 0.21 8171C B811C
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4.3.5.1 Evaluation of Stress Magnification Factor in Flawed Tubes for High-Temperature Tests 

ANL also analyzed the INEL and EPRI ramp tests using other correlations for the stress 
magnification factor (%). Table 4.8 compares the test results with the predictions of the 
creep rupture model using the different mn correlations. in terms of the errors In predicted 
temperatures at which failure occurred. Although the %n models were based on the 
low-temperature tests, they appear capable of accurately predicting the effects of high 
temperature situations where creep damage is predominant (i.e., %, seems to depend primarily 
on geometric factors not material characteristics).  

Table 4.8 Comparison of Predicted Failure Temperatures 

Errors (C) ANL BCL PNNL INEL 

Nean 2.5 7.5 11.6 14.S 

RNS 9.7 14.2 18.9 18.8 

Maximum 24.7 48.4 59.0 59.0 

The ANL and BCL models give significantly better results than the PNNL and INEL models in 
these tests. Considering the relatively small differences in the predicted values of ; for 
most crack depths and sizes, the differences are somewhat surprising. However. the matrix 
for these tests was heavily weighted toward cracks with 8/h - 0.6. where the differences 
between the BCL models and the PNNL and INEL models are relatively large. The test results 
suggest that the ANL and BCL models are more accurate in this range.  

Additional isothermal creep failure tests (discussed earlier in Section 4.3.4.1) performed 
with deep cracks (8/h - 0.9) showed that either the ANL or the INEL correlation for Nm was 
appropriate for this geometry. The results from these tests confirmed that the original BCL 
model overestimates r, for such deep cracks, consistent with the behavior observed in the 
low-temperature tests at EdF and PNNL. and that the ANL and INEL models give much better 
predictions for such deep cracks. However. including both shallow and deep cracks, the ANL 
model gives the best overall predictions.  

4.3.5.2 Predictions by Flow Stress Models 

ANL used the flow stress models to predict the times and temperatures to failure (above 3000C 
(572°F)) into account for the INEL and EPRI ramp tests. Figures 4.23a and 4.23b compare the 
predictions of the flow stress models with the experimental results. The predicted values 
were calculated with the INEL flow stress curve (Figure 4.13. Equation 20a) and the ANL 
stress magnification factor (Equation 18d). While the predictions for the tests with the 
EPRI ramp are reasonably good, the failure temperatures and times for the tests using the 
INEL ramp were significantly under-predicted. The accurate prediction of the EPRI ramp tests 
is probably a fortuitous consequence of the average strain rates in the ligament being close 
to the strain rate used in the tensile tests from which the flow stress curve was derived.  
Overall, the results agree much more closely with the predictions of the creep rupture model.  

4.3.6 Uncertainty in Predictions 

As mentioned earlier, the uncertainty in the Larson-Miller parameter reflected in
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Equation (22c) primarily results from differences in the heat-to-heat behavior of materials.  

For the tubes used in the validation tests at ANL, the best fit to the experimental data is 

obtained mhen the constant in Equation (22c) is taken as 23.1 (i.e.. they seem to be fairly 
"average' heats of material). In 'sampling" from the population represented by Equation (22c) 

when corputing damage. a single member of the population represented by Equation (22c) is 

selected and used for the entire history: the sampling is done once for each history not for 

each tim step.  

The variability observed in replicate tests on the same heat of material could be taken into 

account by assuming that the accumulated damage at failure is distributed (i.e.. at failure D 

- 1 + p3 where 0 is a random variable that could be estimated from the variability observed in 

replicate tests). However. this variability is small compared with that observed in 

heat-to-heat variations. For tubes with flaws, failure Is assumed to be controlled by 

Equation (21b). where the effective stress is given by the nominal hoop stress multiplied by 

the magni fication factor N (which is a function of crack geometry). For a given 

time/tenperature history, the time to failure is a function only of ;ý and the creep 

properties.  

4.3.6.1 Uncertainty in the Stress Magnification Factor 

For the low-temperature tests. the error in the predicted failure pressure (Ap) resulting 

from an error in crack depth measurement (Ca) is 

_A. = ) (23) 

P d(a ) h 

Assuming that the variance in crack depth (a) is independent of crack size. the total 

variance for the test series arising from errors in the measurement of (a) can be estimated 

from the following equation: 

C6 =kLM, ( hII (24a) 

For estimates of a, derived using the uncertainty of the depth measurements originally 

reported by PNNL (*l.5 mils (3.8x10s- m) or oo - 0.75 mils (1.9x40s m)). the estimate of op 

obtained fran Equation (24a) represents only a small portion of the observed error. However.  

in the 20 samples that have been re-examined by ANL to date, the standard deviation of the 

differences between the ANL measurement and the previous PNNL measurement is greater than 

2.2 mils (5.640s5 m). This suggests that the uncertainty in the depth measurements is much 

larger than previously assumed. and most of the observed scatter in the values observed for ; 

in the tests can be attributed to uncertainties in the crack size measurements.  

Often. it is desirable to explicitly account for crack size uncertainties. Hence, it is of 

interest to try to estimate the "model error" (i.e.. the error in the predicted mp given that
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the crack size. is known exactly). The mean value of the observed M, is a much better measure 

of the 'true' m. and uncertainty estimates on the mean ought to provide a good estimate of 

the model error. Such estimates can be made by standard statistical techniques (see Draper.  

1966). The standard error of the mean estimate of the fitted variable is given by the 

following equation: 

n x-i)l I 
E(_x.-•_).) (24b) 

I & 

where n is the total number of data points 

X is the mean value of the 4 values at which observations are available 

s is the estimated variance about the regression:

E($_ k -s) 

n-2

(24c)

where y, is the observed value of the variable

Y1, is the value predicted by the regression equation

The standard error of the predicted values then is

Wt12

0 (24d)
n E.(x,-) N

These limits are 
a given x.

of course larger than those for the value of the mean value of y for

While the actual uncertainty estimates are nonlinear, the simple linear expression

a 
a = I(*0.06) 

1 41
(25)

h

can be shown to bound the estimates of the 95-percent confidence interval on the mean.
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4.3.7 Discussion of Models and Conclusions 

The flow stress models can predict failure of flawed or unflawed steam generator tubes at low 

temperatures. <3500C (<6620F). However. it significantly overestimates the damaging 

influence of short, deep cracks (U9o percent). The new correlation developed at ANL is more 

adept at handling cracks of all sizes. Also, finite element analyses have shown that the 

computed m; factors agree more closely with those calculated by the ANL correlation than those 

calculated using the classical BCL correlation.  

At high temperatures. >7000C (12920F). the simple rate-independent flow stress model cannot 

account for the rate effects observed in isothermal pressure ramp tests or constant-pressure 

temperature ramp tests. Contrary to the test results. such a model predicts constant failure 

pressure and temperature. respectively. independent of the ramp rates, for these two types of 

tests. Further, the flow stress model incorrectly predicts no failure for the isothermal 

constant pressure failure tests, which actually experienced time-delayed failure.  

Developing a flow stress model that can account for rate effects on failure of flawed steam 

generator tubes would require some major theoretical developments. The semi-empirical creep 

rupture model developed at ANL can account for the rate-effects reasonably well in all of the 

tests conducted to date by relatively simple calculations. It is also reasonably accurate in 

predicting the time to failure for the isothermal constant-pressure failure tests.  

In general, the failure temperatures and times predicted by the flow stress models are closer 

to the experimentally measured values for the EPRI ramp than the INEL ramp. The flow stress 

models tend to underestimate .the failure temperatures of the most severe cracks by -60°C 

(008"F) for the INEL ramp tests. However. they appear to be more accurate in predicting the 

failure temperatures for the EPRI ramp tests, which include a 2-hour constant temperature 
hold.  

Independent of any model, the EPRI ramp is observed to produce more damage than the INEL ramp 

(see Figure 4.22). For a given crack geometry, the flow stress prediction for the failure 

temperature is nominally independent of the temperature ramp history. In reality, the values 

obtained for the flow stress at high temperatures are quite sensitive to the strain rates at 

which the flow stress is measured. Also. the flow stress models would not be expected to 

give good results for histories that produced strain rates too different from those In the 

test used to determine the flow stress.  

The flow stress models might therefore be expected to be more applicable to the loading 

history without a constant temperature hold. That the agreement is better for the EPRI ramp 

is probably fortuitous. Conservatism in the flow stress model that may be associated with 

the stress analysis or the strain rates used in the tensile tests to determine the flow 

stress are balanced by the additional damage associated with the 2-hour hold of the EPRI 

ramp. It- is likely that predictions using the flow stress models would not be as favorable 

if the hold time for the EPRI ramp were at a lower temperature. s 5006C (9320F) where creep 

is negligible, or if the hold time were at a higher temperature where creep damage would be 

more extensive.  

The creep rupture model correctly predicts that the EPRI ramp is more damaging than the INEL 

ramp. Also. compared with the flow stress model, it more accurately predicts the failure 

times and temperatures for both ramps. In addition, the creep rupture model has been 

validated by tests with a variety of pressure and temperature histories for which the 

predictions by the flow stress model may be significantly incorrect. Therefore, the staff
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chose to use the creep rupture model for evaluating failure of steam generator tubes during 

severe accidents. For convenience, this model is summarized as follows: 

Jt6 T -1 ! (21b) 

where the mean value of m; and'its 95-percent confidence interval are given by 

a 
1-amh = (1*0.06) (25) 

1 
h 

I + - 9(1)"(1 -(18d) 

m=O. 614 +0.481 X+ 0.386 exp ( -1.25)A) (15c) 

.- C 1.82c 
A= [22 (1 -V" )1 4 __=(15d) 

"---s (22b) 
t=10 V 

The mean Larson-Miller parameter with its'95-percent confidence interval is then given as: 

POU(z24.3*0.7-3.01no)x103 olaS.7kSf (220 

Pin=(23.2,0.7 -2.41na) x103 o> 5.7ASi
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Figure 4.1 Burst Pressure vs. Crack Depth 
(axial cracks, q = 0.9283)
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Figure 4.7 Freespan Defect Length vs. Frequency
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Figure 4.8 Freespan Defect Depth vs. Frequency
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Figure 4.9 Cumulative Depth Distribution for Freespan Cracks
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Figure 4.12 Effects of (a) loading rate on failure pressure in isothermal 
burst test and (b) temperature ramp on failure temperature in 
burst test at a constant pressure of 16 HPa (2.35 ksi) of 
unflawed 22 mm (0.875 in.) dla.Alloy 600 tube. Also shown are 
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model (dashed lines) using INEL flow stress curve and by ANL 
creep rupture model (solid lines).
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Figure 4.15 Bilinear Fit to Existing Creep Data for Alloy 600 
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data
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Figure 4.18 Comparison of experimental and predicted rupture times of flawed 
Alloy 600 tubing tested isothermally under constant internal 
pressure, for (a) shallow flaws 25 mm (1 in.) long and ranging 
from 56% to 65% deep, at temperatures between 6670C and 8000C 
and (b) deep flaws between 90X and 92% deep at a temperature of 
8000C. Arrow indicates pin-hole failure in which pressure was 
undiminished after failure, during interrupted test.
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Figure 4.19 Comparison of experimental and predicted (a) failure pressures 
of flawed and unflawed tubes subjected to two pressure ramps 
isothermally at 700 - 8400C and (b) failure temperatures of 
flawed tubes subjected to two temperature ramps with constant 
internal pressures chosen such that the product of n, and 
nominal hoop stress were kept approximately constant
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Figure 4.22 Summary of experimentally observed failure temperatures for the 
severe accident tests on the (a) 22 mm (0.875 in) tubes and 
(b) 19 mn (0.75 in) tubes (The abscissa shows average 
magnification factors (Eq. 17b) m; for each crack 
configuration.)
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5 RESULTS

This section draws upon material from the previous sections, using insights from thermal
hydraulic calculation results in Section 3 and modeling of tube high-temperature performance 
In Section 4 to complete quantification of the accident progression event tree assembled in 

Section 2. Section 5.1 discusses how the thermal-hydraulic results were applied to the 
APET. Section 5.2 provides the methods used to calculate estimated tube failure 
probabilities for the conditions assigned each APET endstate. Section 5.3 compiles the 
containsent bypass frequency for the example. on the basis of the tube failure probability 
estimates associated with the endstates. Section 5.3 also details sensitivity studies 
performed using the APET and their impact on the containment bypass frequency estimate.  

5.1 Final Event Tree Ouantification 

To arrive at an estimate of containment bypass probability, the staff found it necessary to 
quantify portions of the APET that were not previously addressed in this study using 
available component failure data or estimates. This final quantification process depended 
on assigning appropriate thermal-hydraulic cases to best represent the expected conditions 
for each endstate. Also, the staff needed to choose SG flaw distributions in order to 
generate the pressure-induced tube failure probability and then the temperature-induced 
failure probability. The following sections discuss this in greater detail.  

5.1.1 Representative Sequences for APET Branches 

For each branch of the APET. the staff selected a single accident sequence to represent the 
family of sequences defined by that branch. As part of the selection process. the staff 
considered the set of SCDAPIRELAP5 calculations completed for Surry. and identified those 
sequences that most closely matched the APET top event outcomes. For a limited number of 
branches where no suitable sequence analyses were Initially available, the staff defined and 
evaluated additional sequences using SCDAP/RELAPS. The sequence that either directly 
reflects or conservatively represents the outcome of each top event on the branch was 
selected to represent each APET branch. The selected sequences are identified in the fourth 
column of Table 5.1a.  

Several simplifying assumptions were made in assigning representative sequences in the 
analysis. In some cases further evaluations are still in progress or planned. as follows: 

0 Events with early and late failure of PORVs are represented by a single case with 
failure to reclose late in the event. As previously discussed, the timing of valve 
failure does not result in significantly different RCS pressure at the time of core 
damage. The staff based this finding on analyses performed for a short-term SBO 
sequence, but the finding would generally be applicable to long-term SBO sequences as 
well, since the conditions in the RCS at the onset of RCS boildown and PORV cycling 
(i.e.. time of SG dryout) would be similar for short- and long-term SBO events.  

* Cases with failure of one ADV (one SG depressurized and the remaining SGs intact) 
have been used to represent APET branches with different pressure conditions on the 
secondary side. For example, the thermal-hydraulic results for the intact loops in 
Case 6N are applied to the APET branch representing the situation with all SGs 
intact. Similarly. the thermal-hydraulic results for the depressurized loop in
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Tabte 5.In ProbabiLities of TZ-SGTR for Retevant APET Branches 

APET Sequence No.' Primary Status Secondary Status Basis for Failure 
(No.of SGs Probabi Iity * Probabiltty4 

Depressurized) 

1/2 Intact None 3 x IR, 0.0173 
3/4. 22/23 1 SG 1 x 3 0.0791 
6/7. 25/26 2 SG (1x3M÷3x7Pv)/2 0.0970 

9/10. 28/29. 44/45 " 3 SG 3 x 7k. 0.1150 

12 S/O PORV - Late None 3 x 6N, Note 5 

13/14. 31/32 1 SG x 6N 0.0184 
16/17. 34/35/36 2 SG 2 x6N 0.0365 

19/20. 39/40/41. 47/48 " 3 SG 3 x 6N. 0.0542 

83 SIO PORV - Early None 3 x 614g Note S 
84/85. 93/94 1 SG I x 06 0.0184 

87/88. 96/97/98 2 SG 2 x 6N 0.0365 
90/91. 101/102/103. 106/107 3 SG 3 6N, 0.0542 

50 RCP Seal LOCA None 2 x 9Rn + RW- Note S 0.137 
51/52. 62/636 I SG 56l ,9Rt 1 9R,•, 0.392 0.401 

55/56.67/68269 2SG 2 x Iw, + 9Ruc 0.582 0.585 
S9/60. 75/76/77. 80/81 . 3 SG 9S€ 1.0 1.0 

(See note 2) 

I - Sequences in bold result in bypass.  
2 - The following sequences result in concurrent SG depressurization and loop seal clearing and were assigned 

a 1.0 failure probability: 53. 57. 60. 65. 71/72. 76/77. 81 
3 - IR. 3R. 7R. 6N. and 9R refer to themal-hydraulic cases described In Section 3. Subscripts refer to 

specific SG loops as follows: 
I - loop with intact SG (and intact loop seal) 
o - loop with depressurized SG (and Intact loop seal) 
II1 - loop with intact SG and intact loop seal 
I/C - loop with intact SG and cleared loop seal 
D/I - loop with depressurized SG and intact loop seal 
D/C - loop with depressurized SG and cleared loop seal 

4 - Values in italics reflect recent corrections which are not reflected In the results in Section 5.3.  
S - Not Calculated. This failure was considered unlikely based on early work. and is not modelled in the 

APET.  

Case 6N are applied to APET branches on which one SG is depressurized. as well as 
branches on which all SGs are depressurized. In the latter case, the probability of 
temperature-induced SG tube rupture (TI-SGTR) Is adjusted to account for multiple SGs 
being depressuri zed.  

This simplification is justified for Surry on the basis of a comparison of the 
probability of TI-SGTR between cases with no SGs. one SG. and all SGs depressurized.  
which shows the following probabilities: 

(1) The probability of TI-SGTR in a depressurized loop in Case 7R (intact primary 
side. all SGs depressurized) is roughly equivalent to but conservatively bounded 
by the probability of TI-SGTR in the depressurized loop in Case 3R (intact 
primary side. one SG depressurized).  

(2) The probability of TI-SGTR in an intact loop in Case 3R is roughly equivalent to
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the probability of TI-SGTR in an intact loop in Case IR (intact primary side.  
all SGs intact).  

Table S.lb Probabilities of PI-SGTR for Relevant APET Branches 

APET Sequence # # of SGs Failure Probability 

Depressurized 

5, 15, 24, 33, 54, 66, 86, 95 1 0.0549 

8, 18. 27, 37/38, 58, 73/74, 89, 99/100 2 0.107 

11, 21, 30. 42/43, 46, 49, 61, 78/79. 82, 92, 3 0.156 
104/105, 108 

* Cases representing a range of possible SG leakage rates are not included. Further 
calculations to explore the Impact of SG tube leakage are planned. The results of.  
such calculations should be reflected in the event tree if accident progression and 
SG tube challenge are substantially different for these events.  

0 Cases representing the range of likely RCP seal LOCA times and leak rates are not 
included. Different assumptions regarding LOCA sizes and timing could substantially 
alter the estimated likelihood of temperature-induced SGTR. particularly if loop seal 
clearing is not observed or Is judged unlikely for other seal LOCA scenarios.  
Further calculations are planned to explore the impact of RCP seal LOCA assumptions.  
The results of such calculations should be reflected in the event tree if accident 
progression and SG tube challenge are substantially different for these events.  

0 Cases representing events with a concurrent RCP seal LOCA and open pressurizer PORV 
are not included. Although no events involving both a stuck open pressurizer valve 
and a RCP seal LOCA were modeled In NUREG-1150. these events are not mutually 
exclusive and can occur together. particularly if the PORVs are manually opened as an 
accident management measure. Further calculations are planned to explore the impact 
of an open PORV on the thermal-hydraulic response during an RCP seal LOCA event. The 
results of such calculations should be reflected In the event tree if accident 
progression and SG tube challenge are substantially different for these events.  

The validity of these assumptions, as well as results from an expanded set of thermal
hydraulic analyses, would need to be further evaluated as part of a more complete analysis 
for other plants.  

5.1.2 SG Flaw Distributions 

The staff separately quantified the probability of flawed tube failure assuming different SG 
flaw distributions. The distributions were selected to encompass the range of SG 
degradation mechanisms and tube conditions relevant to operating PWRs. and can be broadly 
interpreted as representing plants with SGs that are in good. average, or poor condition.  
The region of interest in this analysis was limited to the freespan between the tube sheet 
and the second tube support plate, and within that region. to the tubes that carry outflow 
from the SG inlet plenum. The focus was limited to this region of the SG because tube 
temperatures are at maximum values there. As discussed in Section 3. peak tube temperatures 
drop off rapidly at higher elevations in the SG outflow tubes, and are lower in SG tubes 
that carry return flow. The number, depth. and length of flaws within this region are
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accounted for In each distribution, on a per-SG basis. The specific distributions 
considered are presented and described in Section 4. The base-case APET quantification was 
established on the basis of the flaw distribution developed by RES for a plant with 
"mnoderate" SG tube degradation. In addition, the staff explored the impact of alternative 
flaw distributions on containment bypass frequency via a sensitivity study, as described in 
Section 5.4.  

5.1.3 Probability of TI-SGTR for Representative Sequences 

For each representative sequence, the staff generated separate pressure/temperature 
histories for piping/components in each RCS loop. These profiles were used in conjunction 
with the SG flaw distributions and the structural failure criteria (discussed in Section 4) 
to develop estimates of the time to failure for each RCS loop under its respective thermal
hydraulic conditions.  

The staff then determined the probability that a flawed SG tube would fail before 
temperature-induced failures occur elsewhere in the RCS (i.e.. in a hot leg or the surge 
line). The basis for this determination was an assessment of relative times to failure for 
the various components and SG tubes. The impact of uncertainties in SG tube material 
properties, dimensions, and differential pressure was explicitly incorporated into the 
analysis. By contrast, the impact of uncertainties in thermal-hydraulic analyses and flaw 
distribution estimates were addressed via sensitivity studies. The methodology for 
calculating the SG tube failure probability is described in Section 5.2. Supporting 
sensitivity analyses are described in Sections 3.3 and 5.3.  

The probabilities of a thermally induced tube rupture In each SG loop are provided in 
Table 5.2 for each representative sequence, on the basis of the RES-developed flaw 
distribution for a plant with moderate SG tube degradation. These failure probabilities 
were assigned to the various branches of the APET, as described below.  

5.1.4 Probability of TI-SGTR for APET Branches 

To determine the probability of TI-SGTR for each APET branch, the staff considered the 
number of intact and depressurized SGs and appropriately combined the predicted 
probabilities of failure under each condition. For example, the APET branch leading to 
sequence 48 on Figure 2.3b was assigned a probability Qf 0.0542 (P - 1-[1-0.0184]3). or 
essentially three times the estimated probability of TI-SGTR for a single depressurized SG 
in Case 6N. since this branch involves depressurization of all three SGs. The basis for the 
probability of TI-SGTR for each APET branch is summarized in the fourth column of 
Table 5.la.  

For APET branches involving depressurizatlon of one or more SGs, the probability of TI-SGTR 
in the depressurized loop generally dominates the probability of TI-SGTR for that branch 
(resulting from the higher tube temperatures and differential pressures under depressurized 
conditions), with the intact loops having only a minimal probability of failure. An 
exception to this is the RCP seal LOCA sequence (Case 9R) in which loop seal clearing can 
occur. Accordingly, the probability of TI-SGTR in Case 9R is based on the combined 
probability of TI-SGTR in each of the loops. The assigned probabilities of TI-SGTR are 
summarized in the fifth column of Table 5.1a for relevant APET branches.
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Table 5.2 Estimated Probabilities of TI-SGTR for Intact art. Depressurized SG Loops 
(RES Oioderatee Flaw Distribution) 

Probability of TI-SGTR (per SO) 
Case Intact SG Loop .. Depressurized..SG Loop 

1W 0.0058 Not Apl: icable 

3R - Note 2 - 0.0835 

?R Not AppLicable 0.0399 

6H - Note 2 - 0.0184 

9R 0.o (0.1153. 0.313 0.013 

0.00W8 [0.121j4 0.313 (1.03' 

i - Except as noted for Case 9R, all sequences Involve intact RCS Loop seats.  
2 - Not calculated; estimated to be similar to the value calculated for Case IR 
3 - Values in brackets represent probability of lI-SGTR given concurrent clearing of the RCS 

loop seals in the same SG.  
4 - Values in Italics reflect results of recent corrections. The results provided in 

Section 5.3 were not updated to reflect these changes.  

The probability of pressure-Induced tube rupture (PI-SGTR) is addressed for each APET branch 
in which the primary system Is intact and one or more SGs are depressurized in the same time 
frame (early or late. as depicted in the icon on Figures 2.3a through 2.3d). The 
probability is also addressed for sequences involving an open pressurizer PORV or RCP seal 
LOCA (in conjunction with a depressurized steam generator) on the assumption that secondary 
side depressurization precedes the occurrence of these events and results in a pressure 
challenge to the SG tubes before the stuck-open relief valve (SORV) or seal LOCA can 
effectively reduce the primary system pressure. The probability is quantified on the basis 
of the probabilistic, limit-load calculation methodology and associated secondary system 
input parameters described in Section 5.2. in conjunction with the RES-developed flaw 
distribution for SGs with "moderate" degradation. The probability of a PI-SGTR is estimated 
to be 0.0549, 0.107. and 0.156 for events/APET branches involving depressurization of one.  
two, or three SGs. respectively. The assigned probabilities of PI-SGTR are summarized in 
Table 5.1b for relevant APET branches.  

5.2 Estimation of Conditional Failure Probabilities for SG Tubes 

The following sections describe the methods used to estimate the failure probability of 
flawed tubes. The calculatlonal method uses the predicted thermal hydraulic conditions and 
the assumed tube degradation (depicted by the flaw population). The calculated tube failure 
probabilities are later used to estimate the containment bypass probability.  

5.2.1 Methodology 

For each sequence in the event tree. the staff performed a thermal-hydraulic calculation 
using the SCOAP/RELAP5 code to establish a record of temperature and differential pressure 
as functions of time for each component of interest. The SCOAP/RELAP5 code also produced a 
creep damage index as a function of time for these components, assuming specific dimensions.  
material properties. and the absence of flaws such as cracks. In previous studies.  
components were assumed to fail when their nominal creep damage indices reached a value of
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1. However, the presence of preexisting flaws in the SG tubes would cause the tubes to fail 
at earlier times. In addition, the variability of the component dimensions and material 
properties will produce a probability distribution for the time of failure for each 
component. It is necessary to consider the probability distributions as a function of time 
for each component of interest, in order to estimate the probability that one or more SG 
tubes will be the first reactor coolant pressure boundary failure during a particular 
thermal -hydraulic sequence.  

Stand-alone computer codes were developed to compute creep damage indices for certain 
components. on the basis of the time-dependent temperature and differential pressure *files 
generated by SCDAP/RELAP5. The results of these codes were initially verified against the 
creep damage index results from SCOAP/RELAP5. using the same component dimensions and 
material properties used by SCOAPIRELAP5. The creep damage calculations in the stand-alone 
codes were then extended to cover a variety of component dimensions, material properties.  
and (for SG tubes) the existence of various flaw sizes.  

The CRAB code generates the creep damage index for the surge line or hot leg. using a single 
value of the Larson-Miller parameter for creep damage and nominal component dimensions. The 
surge line and hot legs in the Surry plant are stainless steel. The CRAB code uses the 
thin-walled tube approximation of the creep failure prediction. as in SCOAP/RELAPS. For 
each thermal-hydraulic case (corresponding to an event tree sequence). the 5. 50. and 
95 percentile values of the Larson-Miller parameter correlation were used to generate 
failure times of the surge line or the hot leg, if it was predicted to fail before the surge 
line. The resulting times are considered to be associated with probabilities of 95 percent.  
50 percent. and 5 percent that the component has not yet failed at that time. A smooth 
function in time was established by fitting these three values with normal distributions.  

Because the temneiature of the components of concern is increasing rapidly at their 
respective times of failure, the later failure times can be closer to the 50 percent 
probability time than are the earlier times. This behavior was accommodated by fitting the 
times earlier than 50 percent with one normal distribution and the times later than 
50 percent with a different normal distribution. Comparison of the results to a more 
detailed fit indicates they are accurate enough for the intended use. That use is to 
provide a probability value for surge line and/or hot leg failure before the time that a 
particular flawed tube is calculated to fail. Table 5.3 summarizes the times for 5 percent.  
50 percent. and 95 percent probability of RCS pressure boundary failures (surge line or hot 
leg) for each thermal-hydraulic case.  

The RCP seal LOCA sequence is an exception to this treatment. As a result of the pressure 
pulses and associated temperature excursions created by accumulator injection in this case 
(Case 9R). it was necessary to evaluate the probability of RCS pressure boundary failures as 
a more detailed function of time. The CRAB program was used to generate failure times for 
approximately 50 values of the Larson-Miller parameters for the surge line and each of the 
three hot legs. The resulting four probability distributions for time-to-failure of these 
components was combined Into a single distribution for the probability of first failure of 
the RCS pressure boundary. This probability-time relationship is shown in Figure 5.1. and 
the RCS pressure as a function of time is shown in Figure 5.2.  

It should be noted that the seal LOCA case (Case 9R) is the only one of the five thermal
hydraulic cases where the probability of a hot-leg failure dominates the probability of RCS 
pressure boundary failure (excluding tubes). In other cases, the surge line reaches a 
95 percent failure probability before the hot legs reach 5 percent. However. thermal-

NUREG-1570 5-6



hydraulic calculations for other plant designs (e.g.. Zion DCH study) indicate that the hot 
legs may fail before the surge line in different designs.  

Table 5.3 Time of First RCS Pressure Boundary Failure (in minutes) 

Thermat-Kydrautitc Case Probabilti ty of Failture 

5 Percent 50 Percent 95 Percent 

IR 234 235 236 

3R 241 242 243 

6N 231 234 237 

7R 212 212 213 

90 289 290 291 

Note that tube temperatures do not rise monotonically for this case.  

The RCS pressure boundary failure information generated with the CRAB code is one input to 
the CRPROB code. which yields estimates of failure probability for specific SG tube flaws 
before the failure of the surge line or a hot leg. Probability estimates are produced for a 
specified set of flaws (length and depth) for each thermal-hydraulic case. The CRPROB code 
uses Monte Carlo methodology to combine the effects of tube diameter and thickness 
variability. Larson-Miller creep behavior variability, and the range of crack lengths and 
depths that are binned together in the flaw population size distribution for a 
representative plant.  

The tube dimension variability is provided In the form of histograms developed from 
measurements of 9977 tubes made at Valinco NSSS Metal Products (Chavez. 1996). These 
histograms are independently sampled by selecting two random numbers. The variability of 
the Larson-Miller parameter for the tube material (Inconel 600) was determined by surveying 
nine data sources as the 95 percent and 5 percent bounds on the properties exhibited in a 
total of 233 monotonic failure tests. The CRPROB program uses a normally distributed random 
number to sample the distribution. with the values restricted to the range between 1 and 
99 percent on the distribution tails.  

Although temperature variations undoubtedly occur among tubes according to their respective 
position in the tube sheet, the temperature distribution is not established. As a result.  
the staff used the average temperature for the group of tubes that carry convective flow 
from the hot leg plenum to the cold leg plenum (35 percent of the tubes in each steam 
generator). Because creep damage is highly nonlinear with temperature, this simplification 
may not be conservative. SCOAP/RELAP5 does model the temperature variation along the length 
of the tubes. However, because most of the cracks are thought to be In the sludge pile 
area, and each segment of a tube would require individual Monte Carlo analysis of the creep 
damage failure time. all cracks were modeled as occurring in the tube segment directly above 
the tube sheet on the hot leg side. This is a conservative assumption because that is the 
hottest segment of the tube.  

The crack dimensions are varied randomly within the length and depth dimensions associated
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with the bins of the flaw distribution specification. Typically. cracks between 20 and 
100 percent through-wall are separated into bins with 5 percent depth increments. Crack 
lengths are separated into the following two bins: 

* those that are long enough to fail as ruptures at the pressure differentials 
associated with depressurization of the secondary side of a SG at normal operating 
temperatures 

* those that would not fail as ruptures under the preceding conditions, but would 
rupture when the temperatures were elevated by core oxidation during severe accident 
sequences 

The lengths of cracks within those bins were sampled according to the function specified for 
the length distribution. For each crack dimension bin in the flaw population distribution.  
probability values were calculated for 1000 or 3000 randomly selected combinations of tube 
diameter, thickness. Larson-Miller correlation, and crack length and depth. The CRPROB 
output is the average of the probabilities for each flaw size bin.  

Tables 5.4a and 5.4b show these probabilities for each thermal-hydraulic case considered.  
The probability values in these tables are associated with loops where SGs have 
depressurized and loop seals have not cleared. (Columns labeled 9Rs represent exceptions.  
as discussed below.) 

For Case 9R. the thermal-hydraulic calculations resulted in clearing one loop seal. That 
case also had one depressurized SG, but it was not on the loop where the loop seal was 
cleared. Thus. there are four possible combinations of loop seal and SG secondary integrity 
to consider. In addition, the columns labeled 9Rs-in Tables 5.4a and 5.4b are the results 
for the loop with a pressurized SG and a cleared loop seal. The-case of cleared loop seal 
with depressurized SG secondary was assumed to fail even unflawed tubes before any other 
part of the RCS pressure boundary, on the basis of SCOAP/RELAP5 analyses conducted at INEL 
(Ellison, 1996).  

The values in Tables 5.4a-b for Case 9R are also more complicated than for the other cases 
because two sets of tubes were considered for the loop with the depressurized SG and intact 
loop seal. As in the other four thermal-hydraulic cases, the staff divided the SG tubes 
into those that carry hot gas from the hot-leg plenum to the cold-leg plenum (35 percent) 
and those that carry gas back from the cold-leg plenum to the hot-leg plenum (65 percent).  
However, the pressure pulses in Case 9R cause both sets of tubes to temporarily flow from 
the hot-leg plenum to the cold-leg plenum. This allows 100 percent of the tubes to 
experience hot gases from the hot-leg plenum, but with different time/temperature histories.  
Figure 5.3 illustrates the temperature histories of both sets of tubes. The values in 
Tables 5.4a-b are for the hotleg end of each group of tubes.  

To calculate the conditional probability of tube rupture during a specific thermal-hydraulic 
sequence, the staff combined a flaw population size distribution with the rupture 
probability information for the given sequence. Because the flaw size distributions vary 
greatly among plants and because different size cracks are poorly distinguished by currently 
available eddy current inspection techniques. two different methods were used to estimate 
three different flaw size distributions associated with different degrees of SG tube 
degradation. The development of the distributions is described in Section 4 of this report.  
and the numbers of flaws in each size bin of each distribution is provided in Table 5.5.
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Table 5.4a Creep Failure Probabilities for Steam Generator Tube Flaws During 
Specific Thermal-Nydroulic Sequences (On the Basis of NRR Flaw Distribution) 

Crack Length Crack Depth ProbabiLity of Failure 

(inches) (percent through 
S watl) IR 3R 6N 7R 9Ro 92r 9Rs 

1.00 0.75 to 0.60 0.000 0.566 0.000 0.132 0.881 0.000 0.078 

1.00 0.70 to 0.75 0.000 0.23B 0.000 0.012 0.717 0.000 0.026 

1.00 0.65 to 0.70 0.000 0.070 0.000 0.000 0.548 0.000 0.000 

1.00 0.60 to 0.65 0.000 0.013 0.000 0.000 0.396 0.000 0.000 

1.00 0.55 to 0.60 0.000 0.001 0.000 0.000 0.277 0.000 0.000 

1.00 0.50 to 0.55 0.000 0.000 0.000 0.000 0.158 0.000 0.000 

1.00 0.45 to 0.50 0.000 0.000 0.000 0.000 0.047 0.000 0.000 

1.00 0.40 to 0.45 0.000 0.000 0.000 0.000 0.019 0.000 0.000 

1.00 0.35 to 0.40 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

1.00 0.30 to 0.35 0.000 0.000 0.000 0.000 0.000 O.000 0.000 

1.00 0.25 to 0.30 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

1.00 0.20 to 0.25 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.50 0.95 to 1.00 0.588 1.000 0.873 1.000 1.000 0.764 0.937 

0.50 0.90 to 0.95 0.000 0.996 0.093 0.902 1.000 0.059 0.505 

0.50 0.65 to 0.90 0.000 0.782 0.000 0.339 0.960 O.O0 0.167 

0.50 0.80 to 0.85 0.000 0.333 0.000 0.034 0.767 0.000 0.036 

0.50 0.75 to 0.80 0.000 0.085 0.000 0.001 0.565 0.000 0.000 

0.50 0.70 to 0.75 0.000 0.014 0.000 0.000 0.399 0.000 0.000 

0.50 0.65 to 0.70 0.000 0.001 0.000 0.000 0.270 0.000 0.000 

0.50 0.60 to 0.65 0.000 0.000 0.000 0.000 0.149 0.00 0.000 

0.50 0.55 to 0.60 0.000 0.000 0.000 0.000 0.049 0.000 0.000 

0.50 0.50 to 0.55 0.000 0.000 0.000 0.000 0.025 0.000 0.000 

0.50 0.45 to 0.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.50 0.40 to 0.45 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.50 0.35 to 0.40 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.50 0.30 to 0.35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.50 0.25 to 0.30 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.50 0.20 to 0.25 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Case 9R is divided into three sets of tubes: 9Re gives the probabilities for gout-fLow" tubes that 

normally flow by convection from the hot-Leg plenum to the cold-leg plenum; 92r gives the 

probabilities for the Oreturnm tubes that normally f Low convectiveLy from the cold-leg plenum to the 

hot-leg plenum. 9Rs gives the probabilities for all tubes in a SG that has fuLl-loop natural 
circulation attributable to loop seal clearing, but with the secondary side pressurized. TabLe 

entries for all other cases are for tubes that flow convectivety from the hot-leg plenum to the cold

leg plenum. The probability of thermally induced flaw failure Is negligible in the "return tubes 

for those cases, because of their lower teeperatures.
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Table S.4b Creep Failure Probabilities for Steam Generator Tube Flaws During 
Specific Thermal-HydrauLic Sequences Con the basis of RES Flaw Distribution) 

Crack Length Crack Depth Probability of Failure 

Cinches) (percent through
Walt) IR 3R 61 7R 9Ro 9tr 9Rs 

1.00 0.75 to 0.80 0.000 0.745 0.000 0.317 0.961 0.000 0.191 

a 1.00 0.70 to 0.75 0.000 0.423 0.000 0.085 0.836 0.000 0.095 

S1.00 0.65 to 0.70 0.000 0.176 0.000 0.012 0.680 0.000 0.036 

a 1.00 0.60 to 0.65 0.000 0.053 0.000 0.001 0.556. 0.000 0.000 

3 1.00 0.55 to 0.60 0.000 0.010 0.000 0.000 0.416 0.000 0.000 

a 1.00 0.50 to 0.55 0.000 0.000 0.000 0.000 0.319 0.000 0.000 

a 1.00 0.45 to 0.50 0.000 0.000 0.000 0.000 0.215 0.000 0.000 

Z 1.00 0.40 to 0.45 0.000 0.000 0.000 0.000 0.127 0.000 0.000 

1 1.00 0.35 to 0.40 0.000 0.000 0.000 0.000 0.035 0.000 0.000 

V 1.00 0.30 to 0.35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

k 1.00 0.25 to 0.30 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

a 1.00 0.20 to 0.25 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.25 to 1.00 0.95 to 1.00 0.525 0.997 0.899 0.975 1.000 0.933 0.881 

0.25 to 1.00 0.90 to 0.95 0.000 0.848 0.492 0.663 0.965 O.64T 0.572 

0.25 to 1.00 0.85 to 0'.90 0.000 0.555 0.000 0.323 0.861 0.295 0.321 

0.25 to 1.00 0.80 to 0.85 0.000 0.309 0.000 0.099 0.773 0.000 0.198 

0.25 to 1.00 0.75 to 0.80 0.000 0.129 0.000 0.017 0.656 0.000 0.088 

0.25 to 1.00 0.70 to 0.75 0.000 0.043 0.000 0.001 0.517 0.000 0.000 

0.25 to 1.00 0.65 to 0.70 0.000 0.009 0.000 0.000 0.417 0.000 0.000 

0.25 to 1.00 0.60 to 0.65 0.000 0.001 0.000 0.000 0.327 0.000 0.000 

0.25 to 1.00 0.55 to 0.60 0.000 0.000 0.000 0.000 0.246 0.000 0.000 

0.25 to 1.00 0.50 to 0.55 0.000 0.000 0.000 0.000 0.150 0.000 0.000 

0.25 to 1.00 G.45 to 0.50 0.000 0.000 0.000 0.000 0.089 0.000 0.000 

0.25 to 1.00 0.40 to 0.45 0.000 0.000 0.000 0.000 0.018 0.000 0.000 

0.25 to 1.00 0.35 to 0.40 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.2S to 1.00 0.30 to 0.35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.25 to 1.00 0.25 to 0.30 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.25 to 1.00 0.20 to 0.25 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

'Case 9t is divided Into three sets of tubes: 9Ro gives the probabilities for *out-flow" tubes 
that normally fLow by convection from the hot-teg plenum to the cold-teg plenum; 9Rr gives the 
probabilities for the "return" tubes that normally flow convectivety from the cold-teg plenum to 
the hot-leg plenum. 9Rs gives the probabilities for all tubes in a SG that has fuLL-loop natural 
circulation attributable to Loop seat clearing, but with the secondary side pressurized. Table 
entries for all other cases are for tubes that ftow convectivety from the hot-Leg plenum to the 
cold-leg plerum. The-probabitity of thermally induced flaw failure is negligible in the "return" 
tubes for those cases, because of their Lower temperatures.
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Tabte 5.5 Ftlw Poputation Size Distributions 
(Number of ftows per prant, distributed by tength and depth bins) 

Crack Depth NRR Distributions RES Distributions 
(percent 
throuth) Length -Good" -Average SevereN Length OLIght" "Moderate" NSevere" 

0.95 to 1.00 1.00 * 0.00160 0.000717 a 1.00 0.00995 0.0216 0.0581 

0.90 to 0.95 1.00 - 0.00296 0.00183 Z 1.00 0.0159 0.0347 0.0932 

0.85 to 0.90 1.00 - 0.0044? 0.00453 2 1.00 0.0242 0.052T 0.142 

0.80 to 0.85 1.00. - 0.0101 0.0114 a 1.00 0.0355 0.0772 0.207 

0.75 to 0.80 1.00 - 0.0187 0.0256 1 1.00 0.0454 0.105 0.283 

0.70 to 0.75 1.00 - 0.0345 0.0718 a 1.00 0.0619 0.135 0.362 

0.65 to 0.70 1.00 0.0638 0.180 • 1.00 0.0735 0.160 0.429 

0.60 to 0.65 1.00 0.118 0.453 • 1.00 0.0799 0.174 0.467 

0.55 to 0.60 1.00 0.218 1.139 a 1.00 0.0784 0.170 0.458 

0.50 to 0.55 1.00 0.403 2.861 Z 1.00 0.0682 0.148 0.398 

0.45 to 0.50 1.00 0.745 7.188 a 1.00 0.0517 0.112 0.302 

0.40 to 0.45 1.00 1.377 6.06 a 1.00 0.0325 0.071 0.190 

0.35 to 0.40 1.00 1.734 5.24 Z 1.00 0.0165 0.0360 0.0967 

0.30 to 0.35 1.00 1.734 25.24 Z 1.00 0.00639 0.0139 0.0373 

0.25 to 0.30 1.00 - 1.734 25.24 Z 1.00 0.00172 0.00373 0.0100 

0.20 to 0.25 1.00 - 1.734 25.24 Z 1.00 0.00028 0.00061 0.0016 

0.95 to 1.00 0.50 - 0.0451 0.0695 0.25 to 1.00 0.0431 0.0937 0.252 

0.90 to 0.95 0.50 - 0.0740 0.138 0.25 to 1.00 0.0691 0.150 0.404 

0.85 to 0.90 0.50 0.122 0.275 0.25 to 1.00 0.105 0.228 0,614 

0.80 to 0.85 0.50 0.200 0.547 0.25 to 1.00 0.154 0.335 0.899 

0.75 to 0.80 0.50 - 0.328 1.088 0.25 to 1.00 0.210 0.456 1.226 

0.70 to 0.75 0.50 - 0.538 2.165 0.25 to 1.00 0.268 0.584 1.569 

0.65 to 0.70 0.50 0.884 4.308 0.25 to 1.00 0.318 0.692 1.861 

0.60 to 0.65 0.50 1.452 8.571 0.25 to 1.00 0.346 0.753 2.022 

0.55 to 0.60 0.50 - 2.384 17.05 0.25 to 1.00 0.340 0.738 1.985 

0.50 to 0.55 0.50 3.915 33.93 0.25 to 1.00 0.295 0.642 1.727 

0.45 to 0.50 0.50 6.430 67.5 0.25 to 1.00 0.224 0.487 1.310 

0.40 to 0.45 0.50 10.56 134.3 0.25 to 1.00 0.141 0.306 0.823 

0.35 to 0.40 0.50 12.75 173.5 0.25 to 1.00 0.0717 0.156 0.419 

0.30 to 0.35 0.50 12.75 173.5 0.25 to 1.00 0.0277 0.0602 0.162 

0.25 to 0.30 0.50 12.75 173.5 0.25 to 1.00 0.00743 0.0162 0.0435 

0.20 to 0.25 0.50 12.75 173.5 0.25 to 1.00 0.00122 0.00264 0.00710 

For a specific distribution and thermal-hydraulic case. the flaws in each bin were first 

considered to be subject to normal operational temperatures and pressure differentials.  

Those that would have ruptured or leaked in service were removed from consideration during
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accident sequences. since they could be assumed to have been repaired. The response of the 
remaining flaws was then considered when they were exposed to an increased pressure 
difference (still at normal operating temperatures) that is appropriate to the thermal
hydraulic sequence, and the probability of rupture is estimated on the basis of limit-load 
analysis.  

Next. the staff combined the results for each flaw bin to produce the probability that one 
or more flaws will rupture as a result of the increased differential pressure that occurs 
early in the sequence. This result is used in the event tree evaluation. Flaws that would 
rupture under these conditions were removed from the distribution, and the remaining flaws 
were considered to be exposed to the higher-temperature conditions at the appropriate 
differential pressure for the thermal-hydraulic sequence. Again, the staff combined the 
results from each bin to produce the probability that one or more flaws will rupture during 
the core oxidation phase of the sequence. This result was also used in the event tree 
evaluation.  

The limit-load analyses for the two normal-temperature conditions depend upon the same 
parameters (materials, tube dimensions, and flaw dimensions) selected for each Monte Carlo 
trial of the creep rupture calculations. Thus, it would be most appropriate for the Monte 
Carlo analysis to include calculations for which tubes would fail in normal operation or 
upon initial increase of the pressure differential. However. to expedite the analysis, the 
staff estimated the normal-temperature rupture probabilities on an average basis before 
performing the Monte Carlo analyses for creep rupture probability.  

For the flaw bins with lengths of 2.54 cm (U inch) and longer, flaws more than 89 percent 
through-wall were assumed to fall in normal service and. therefore, were not present during 
an accident sequence initiated by some other event. Flaws in those same length bins that 
were between 76 and 89 percent through-wall were assumed to rupture when subjected to 
elevated pressure differentials at normal operating temperatures.  

Flaws in the bins with lengths shorter than 2.54 cm (U inch) were considered to leak in 
normal service and were removed if they were 100 percent through-wall. This may not be 
conservative, because some of those flaws may not leak sufficiently to require shutdown and 
plugging. However. partially offsetting this effect is the assumption that the shorter 
flaws that were nearly 100 percent through- wall would not propagate through-wall and leak 
significantly during normal service. Although these flaws might propagate through-wall at 
the beginning of the thermal-hydraulic sequences associated with accidents, the two length 
bins were intended to represent flaws that would and would not rupture (i .e.. exceed 
critical length) at normal temperatures. Therefore. flaws in the short bin were not 
considered to rupture until exposed to elevated temperatures.  

The two approaches to estimating flaw size distributions provided two different 
representations of flaw length. The NRR distribution used two distinct crack lengths.  
2.54 cm (U inch) and 1.27 an (0.5 inch). while the RES distribution provided a continuous 
gamma distribution of length.  

Limit-load analysis indicated that the critical length at normal operational temperatures 
could range from about 2.03 cm (0.8 inch) to more than 3.05 cm (1.2 inches). depending on 
variations in tube dimensions and material properties (i.e., flow stress). The dividing 
line between the two length bins for the RES flaw distribution was chosen as 2.54 an 
(1 inch), because that is near the middle of the range and must be consistent with the 
analyses conducted for the NRR flaw distributions. The cutoff for the lower end of the
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short flaw length bin for the RES distribution was set at 0.64 cm (0.25 inch). Critical 

lengths for flaws at the elevated temperatures are very sensitive to the temperatures and 

pressures of the Individual sequences. Estimates range from about 1.02 cm (0.4 inch) to 

1.52 cm (0.6 inch) for most of the thermal-hydraulic cases considered. However, flaws that 

exceeded 0.64 cm (0.25 inch) and propagated through-wall at high temperature may be subject 

to rapid enlargement by erosion, and could represent a threat to adjacent tubes as a result 

of impingement by very hot, high-velocity gas jets. Therefore, failure of flaws measuring 

0.64 cm (0.25 inch) or longer at high temperatures was treated as being equivalent to burst.  

The results of the calculations for the probability of SG tube failures were examined for 

indications that the simplifying assumptions described above were important to the outcome
of the analyses. The results do not appear to be very sensitive to any of the 
simplifications except for the selection of the lower boundary of the short length bin for 

the RES distribution. It is important to note that use-of 0.64 an (0.25 inch) as the lower 
boundary of the shorter flaw length bin excludes from the analysis 84 percent of the flaws 
in the RES distributions: If the boundary were placed at 1.02 cm (0.4 inch). the population 
in the short bin would be reduced to 60 percent of the value used In this analysis. If the 

boundary were placed at 0.25 cm (0.1 inch). the population in the bin would be increased by 
80 percent compared to the value used.  

The complete evaluation of the accident progression event tree for a single flaw 
distribution requires the analysis described above to be conducted for each thermal
hydraulic sequence that is associated with a path through the event tree. The event tree is 
separately evaluated for several flaw population size distributions as a sensitivity study 
on that input.  

Implicit in these analyses are assumptions about the progression of the thermal-hydraulic 
sequence once the RCPB has been breached. If the fi rst breach of the RCPB is a rupture of 
the surge line or hot leg. it is assumed that the RCS is depressurized rapidly enough to 
preclude subsequent rupture of SG tubes. The results of thermal -hydraulic analyses.  
including the effects of RCS depressurization (e.g.. Cases 2R and 4R). showed this. If the 
first failure of the RCPB is a SG tube, this is assumed to result in a containment bypass
type release.  

It was not considered feasible to extend the thermal-hydraulic analysis to determine whether 
enough tubes would rupture to sufficiently depressurize the RCS precluding a subsequent 
failure of the surge line or hot leg. If the surge line or hot leg did fall after only one 
or two SG tubes failed, it would greatly diminish the force driving the emission of 
radioactive materials into the atmosphere outside the containment, substantially reducing 
the threat to the public. However, the ability to model the effects of a single tube 

rupture on the adjacent tubes was not considered sufficiently accurate to predict the number 
of tubes that would ultimately rupture in a sequence. Therefore, all tube ruptures were 
considered to result In substantial bypass of the containment. This assumption creates an 
unknown degree of conservatism in the estimates for the frequency of bypass-type releases.  

5.2.2 Results of TI-SGTR Probability Analysis 

As described in Section 4.2. the staff used two methods were used to estimate the number and 

size distribution of flaws in the SGs. Each method produced three estimates corresponding 
to plants that were lightly, moderately, or severely affected by tube degradation processes.  
The analyses described in this section focused primarily on the flaw distributions provided 

by RES. with the distribution provided by NRR serving to illustrate the sensitivity of the
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results to the accuracy of the flaw size distribution. It is important to note that this 
analysis considered only axial cracks that are not confined by tube sheets or tube support 
plates. An appropriate failure model for circumferential cracks at elevated temperatures 
was not available, so they were not addressed by this analysis.  

Table 5.6 shows the results for each of the five thermal-hydraulic cases used for the event 
tree analyses for the estimated RES and NRR flaw distributions. Table 5.2 provides the 
outputs from the CRPROB code that support these results for the RES average flaw 
distribution.  

The CRPROB code uses two parameters that are uncertain. Specifically. these parameters are 
the tube temperature and the magnification factor used to represent the effect of a crack on 
the stress used in the Larson-Miller creep damage model. Because confidence intervals were 
not established for the uncertainty in the tube temperatures, it was not possible to perform 
a parametric uncertainty analysis with these two parameters. Therefore. the staff performed 
sensitivity studies on each.  

Figure 5.4 illustrates the sensitivity of selected thermal-hydraulic case results to 
variations in tube temperature. The RES flaw distribution for a moderately affected plant 
was the basis for three of the curves shown. Tube temperatures in each case were increased 
in a manner intended to represent the uncertainty in the relationship of the tube 
temperatures to the temperature of the component (surge line or hot leg) that might fail 
before the tubes. In each case. tube temperatures were assumed to be accurately known at 
560K (548 OF) but to deviate as a linear function of temperature above that value. The 
linear temperature deviation, as a function of tube temperature, was separately established 
*for each case by setting it to the specified offset value at the temperature that the tubes 
achieved in the SCDAP/RELAP5 calculations at the time that those calculations predicted the 
first RCS pressure. boundary failure.  

Also shown for comparison in Figure 5.4 are the results for a similar calculation with the 
NRR flaw distribution. The sensitivity curves cross at a temperature offset of 
approximately 70K (126 *F) because the RES flaw distribution is higher than the NRR 
distribution for deep cracks, but lower for the shallow cracks that fail only at the higher 
temperatures.  

The staff also evaluated the event tree for the tube failure probability results using a 
temperature offset of +70K (126 OF) on all five thermal-hydraulic cases. The offset value.  
chosen to ensure conservatism before the completion of thermal-hydraulic sensitivity 
studies, envelops the stated tube temperature variability of *20K (36 °F). and all of the 
variabilities seen in the sensitivity studies (Section 3.3). The analysis using the 
temperature offset was intended to provide a measure of the sensitivity of the bypass 
frequency to the uncertainty in tube temperature calculations. Table 5.6 gives the tube 
failure probabilities for each thermal-hydraulic sequence used for that sensitivity 
calculation.  

Figure 5.5 illustrates the sensitivity of the RES flaw distribution and RES thermal
hydraulic Case 3R to the uncertainty in the flaw stress factor (mp). The value of m, was 
estimated from the results of 93 burst tests of tubes with EDM notches. The results were 
assumed to have a normal distribution, and the uncertainty of the mean was used for the 
uncertainty in the value bf mP. Comparison of the figures reveals that the 95 percent 
confidence value of mp is equivalent to a temperature offset of approximately 10K (18 "F) for 
both flaw distributions.
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Table 5.6 Probabilities for Pl. and TI-SGTR During Severe Accident Sequnc

Pressure-Induced Teelewtui'Induced 

T-H M w/ 70K M 1 t70K Sequence 

Sequence NRR 01st. RES Dist. Teop Offset TM Dst. RES Dist. Tep Offset Description 

Average Plant Values In parentheses are per SG 

1R 0.0 0.0 0.0 0.0092 (0.0031) 0.0174 (0.00M8) 0.0243 (0.0MOW) No SG's depressurized 

9R 0.0059 0.0549 0.0549 0.2009 0.3125 0.5433 Seal 1OCM/depress. SG 

0.0059 0.0549 0.0549 [1.0) (10 (1.03 depress. SG: cleared loop seal 

0.0 0.0 0.0 0.0080 0.00D 8 0.0088 - intact SG: loop seal intact 

0.0 0.0 0.0 0.0360 0.1212 0.4013 - intact SG: cleared loop seal 

3R 0.0059 0.0649 0.0649 0.0390 0.0791 0.2441 1 5 depressurized 

6N 0.0059 0.0549 0.0649 0.0054 0.0184 0.03M8 1 SG depressurized: Pzr PORV open 

7R 0.017S 0.1646 0.1646 O.0547 (0.0186) 0.1149 (0.0399) 0.3419 (0.1302) All S6s depressurized 

Severe Plant I Values in parentheses are per $6 

1R 0.0 0.0 0.0 0.0142 (0.0048) 0.0471 (0.0157) No SG's depressurized 

9R 0.0064 0.1474 0.1474 0.6450 0.6421 Seal LOCAsldepress. 56 

0.0064 0.1474 0.1474 [1.0] [1.0] - depress.. S6: cleared loop seal 

0.0 0.0 0.0 0.0189 0.0235 . intact 56: loop seal intact 

0.0 0.0 0.0 0.0664 0.2983 intact 56: cleared loop seal 

3R 0.0064 0.1474 0.1474 0.0839 0.2003 1 SS depressurized 

6N 0.0064 0.1474 0.1474 0.0086 0.0490 1 SO depressurized: Pzr PORV open 

7R 0.0190 0.4423 0.4423 o.1n28 (0.0354) 0.2814 (0.1043) Al5 dmressurizd

Flaws In the 1V length bin we assumed to be removed from the distribution by spontaneous rupture at depths 1 89 percent through-wall.  

Flows in the 1" length bin were assumed to rupture when a steam generator was depressurized at depths i 79 percent through-wall, provided that the primary-side pressure remained at 

the pressurizer PORV or SV setpoilnt.  
Flaws in the %" bin a 100 percent through-wall -ere assumed to be removed from the distribution by forced shutdown due to leakage.

r

U,
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The staff also checked the pressure sensitivity of the calculations. All of the thermal
hydraulic calculations performed with SCDAP/RELAPS assumed that the pressurizer PORVs were 
functioning. If they were not. available (as would be the case for SBO sequences that lasted 
through station battery depletion) the pressurizer safety valves would control RCS pressure 
during the core damage phase of the sequence. Because the SV set point is 0.7 MPa (100 psi) 
greater than the PORV set point. RCS pressures could be higher by that amount during core 
oxidation for Cases 1R. 3R. and 7R. Case 3R was evaluated with a 0.7-HPa (100-psi) increase 
in differential pressure across the SG tubes, but the effect on the surge line failure time 
was not considered. The result was an increase In tube failure probability from 0.0791 to 
0.0892. That effect is equivalent to the effect from an increase In tube temperature of 
about 15K (27 OF).  

The staff then evaluated the sensitivity to uncertainty in the failure time of the surge 
line and hot legs. This evaluation was similar to the sensitivity evaluation performed for 
the tube temperatures, because relative temperature differences lead to differences in 
relative failure times. However, the modeling of the surge line and hot leg creep damage 
was relatively crude (I.e.. a thin-walled, long, straight-tube approximation) which may lead 
to error in the-applied failure time probability density function. As a sensitivity study.  
the surge line failure time probability density function for thermal-hydraulic Case 3R was 
shifted in time by as much as 10 minutes. Figure 5.6 shows the results for both the RES and 
WR flaw distributions.  

For this thermal-hydraulic case. it can be seen that the earlier failure times have a minor 
effect on the probability of TI-SGTR. However, delaying the surge line failure time by more 
than 3 minutes substantially increases the probability of TI-SGTR. This effect is most 
conspicuous for the NRR flaw distribution. The RES flaw distribution is not considered 
realistic in the later time shifts because it has an unrealistically low population of flaws 
with shallow cracks. Caution should be used in extending this result to other thermal
hydraulic sequences. In particular. Case 9R has a much more rapid increase in the 
probability of reactor coolant pressure boundary failure than the other cases, because of 
rapid temperature and pressure Increases caused by accumulator injection. Therefore, that 
case may exhibit much greater sensitivity to arbitrary shifts In the pressure boundary 
failure time. However, the failure time in that case may be less uncertain because of the 
same phenomena.  

The staff also conducted a limited evaluation of thermal-hydraulic Case 6R. in order to 
consider the sensitivity of TI-SGTR results to the number of tubes assumed to carry flow out 
of the SG inlet plenum. This is similar to Case 3R. but it assumes that 53 percent of the 
tubes carry flow out of the inlet plenum. compared to 35 percent for Case 3R. The resulting 
TI-SGTR probability for the depressurized SO is 0.0659 for Case 6R. compared to 0.0835 for 
Case 3R. using the RES flaw distribution for an average plant. This is not a substantial 
difference.  

Finally. the staff evaluated the TI-SGTR probability associated with thermal-hydraulic 
Case ANOl. which is similar to Surry thermal-hydraulic Case 3R, to investigate the effect of 
design-specific variations in plant thermal-hydraulic response to severe accidents. The 
average plant RES flaw distribution that was used for the Surry plant was applied to ANO-2 
for comparison purposes. The resulting TI-SGTR probability for ANO-2 was 0.4017. compared 
to 0.0835 for Surry.
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Because PNO-2 has two SGs instead of three, the flaw distribution used for the Surry plant 

would produce a PI-SGTR probability per SG that is 50 percent greater than the value that 

same distribution creates for Surry. In order to make the assumed ANO-2 PI-SGTR probability 

match the value used for Surry (i.e.. approximately 0.05). it was necessary to decrease the 

overall flaw population for ANO-2 by one-third. This reduction decreased the TI-SGTR value 

for ANO-2 to about 0.27. still more than three times the value calculated for the Surry 

plant. Consequently. the staff does not believe that it is prudent to consider the Surry 

results representative of all other plants.  

5.2,3 Conclusions Regarding Probability of Tube Failure 

The staff has developed a suitable method to treat SG tube failure probabilistically. This 

methodology accounts for the presence of a population of flaws in the SG tubes.  

The results of this method are shown to be most sensitive to the following uncertainties: 

* the size distribution of the flaws 
* the relationship between the temperatures of the SG tubes and the other parts of the 

RCS pressure boundary that might fail first 

Sensitivity of the results to uncertainties in the flaw burst correlation and the RCS 

pressure are much less significant.  

Because there Is insufficient information available to specify probability density functions 

for the two most sensitive parameters in these calculations, it was not possible to provide 

a meaningful parametric uncertainty study of the results. However. a series of sensitivity 

studies was provided that illustrated the sensitivity of this calculation and allowed the 

sensitivity to be propagated through the bypass frequency calculations. In addition, the 

TI-SGTR results were found to be very sensitive to plant design-specific variations in 

thermal-hydraulic response to severe accidents. Therefore. these results for the Surry 

plant should not be considered directly applicable to plants with other designs.  

5.3 Estimate of Containment Bypass Frequencv 

The following sections address the estimated frequency of containment bypass resulting from 

pressure- and temperature-induced SGTR. The frequency of containment bypass under base case.  

assumptions is presented in Section 5.3.1. The potential impact of plant-specific features 

or. operator actions that could influence primary and secondary system 
integrity/depressurization is addressed in Section 5.3.2 through parametric variation 

(sensitivity analyses) of split fractions for relevant APET top events. The sensitivity of 

base case results to variations in SG flaw distributions is addressed in Section 5.3.3.  

5.3.1 Base Case 

The APET for the base case is illustrated in Figures 2.3 through 2.3d and described in 

Section 2.3. The initiating event frequency and the APET split fractions for all but two 

top events (dealing with the conditional probability of a pressure- or temperature-induced 

SGTR) were derived from the results of the NUREG-1150 analysis for Surry. as described in 

Section 2.3. Base case values are summarized as follows: 

* initiating event frequency of 1.6x1OS/RY (top event A)
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* 14 and 18 percent probabilities that the event involves a stuck-open PORV/SV or RCP 
seal LOCA. respectively (top events B and C) 

• 36 and 38 percent probabilities that the event involves depressurization of all SGs 
or one SG. respectively (top events D and E) 

* a 50 percent probability that the RCS pressure is maintained to time of maximum tube 
temperature, given that it is intact at the time of core uncovery (top event F) 

0 a 50 percent probability that the secondary side pressure is maintained to time of 
maximum tube temperature, given that It is intact at the time of S6 dryout. with the 
balance of the probability partitioned among events with leakdown of one, two. or 
three SGs (top events G. H. and I) 

Collectively. within the framework of the APET. these values establish the frequency of 
pressure and temperature challenges to the SG tubes.  

Split fractions for top events dealing with the probability of a pressure- or temperature
induced SGTR (top events J. K. and L) are quantified on the basis of thermal-hydraulic 
analyses, creep-rupture experiments and models, and expert judgements regarding flaw 
distributions that were developed as part of the present study (as discussed previously).  
The resulting probability values are summarized in Section 5.1.  

Table 5.7 APET Sensitivity Cases 

Sensitivity Case Situation Represented by Sensitivity Case 

No. Description 

No tate SG depressurization as Impact if high confidence in secondary side integrity can be 
1 a result of NSIV leakage demanstrated (e.g., through MSIV leak testing and assessment 

of relevant operating event data) 

Lower early SG Plants with highly reliable ADV/NSSVs, and no tendency toward 

2 depressurization probability manually depressurized SGs in severe accidents 
(0.05 based on Sequoyah, 

NUREG 1150) 

3 Cases 1 and 2 combined Optimal secondary side performance 

Probability of late primary Impact of providing AC-independent depressurization 
4 depressurization - 1.0 capability. High probability of pressurizer valve failure 

resulting from Liquid cycles (as claimed by EPRI) or severe 
accident temperature 

5 Probability of late primary Plants with highly reliable PORV/SVs, and no 
depressurization a 0 tendency/capabitity to manually depressurize RCS using PORVs 

No RCP seat LOCAs Reduced contribution of RCP seal LOCAs at plants with AC
6 independent RCP seat cooling systems. Lower probability of 

RCP seal LOCA at plants with Byron Jackson pumps 

Increase temperature histories Impact if S• temperatures are substantially under-estimated In 
7 by 70K (RES "moderate" flaw SCMAPIRELAP5 calculations 

distribution) 

9 Pristine SG tubes Impact if all SG flaws are eliminated or ill SGs are replaced 

9 No loop seal clearing in RCP Impact if further technical assessment or pLant-specific 
seat LOCA sequences analyses show loop seal clearing will not occur
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Table 5.8 Containment Bypass Frequencies per Reactor Year for APET Base Case and Sens"viy Cases 

Case Number 
Contribution Contribution Base 1 2 3 4 5 6 7 8 9 

TI-SGTR 2.4x10" 2.1x10"I 1.3x10" 2.3x10" 2.2xl0" 2 .7x1 10 " 8.OxiO"? 3.4x10 1.7p10"4 1.8x10 

From Seal LOCA 1.8x10 4  1.5x,10 4  9.5X10 7  1.0K10"7  1.8X10 1.8x10 0 1.Ax106 1.7x10 1.1x10"e 

PI-SGTR 1.5x104 1.1Xi0" 5.4x10- 7.OX1O 1.4x10 1.4C10" 1.4x10" 1.1100a 0 1.5x1O0 

Total Bypass Freq 3.9x10 4  3.2x104 1.9x10A 3.0xlO' 3.GxlK 4.1x104  2.2x10 4  4"5x100 1.7x10 4  3.3x108 

Cond Cont .25 .20 .12 .019 .22 .26 .14 .28 .11 .20 
Bypass Prob 

Base - RES Ftaw Distribution for "Moderate" plant, PTI-SGT on the bases of RES Cases 1, 3, 7, 9, and NRR Case 6 
1 - No late SG depressurizatlon resulting from MRSV Leakage 
2 - Lower early SG depressurization probabitity (0.15 on the basis of Sequoyah NUREG-1150) 
3 - Cases 1 and 2 combilned 
4 - Probabitity of Late primary system depressurization a 1.0 
5 - Probabitity of late primary system depressurization a 0 
6 - No RCP seat LOCAs 
7 - Increase temperature histories by 70K 
8 - Pristine $6 tubes (no ftlws) 
9 - No loop seat clearing In RCP seat LOCA sequences

C= 

cm -.n 
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The results for the base case quantification are summarized in the second column of 
Table 5.8. The frequency of containment bypass is approximately 3.9x1O4 /RY. Thus. about 
25 percent of the initiating events (events involving core damage at high RCS pressure with 
a dry secondary side) result in containment bypass. About 60 percent of the bypass 
frequency is attributable to TI-SGTR (2.4x10'IRY), with PI-SGTR accounting for the balance 
(1.5x40-6/RY).  

The major contribution to TI-SGTR (75 percent) is from RCP seal LOCA sequences. Although 
RCP seal LOCA sequences represent only about 18 percent of the initiating event frequency.  
they account for nearly half of the containment bypass frequency because of the high 
probability of TI-SGTR for these sequences. These higher probabilities stem from severe SG 
tube temperature excursions associated with accumulator injections that occur during rapid 
cladding oxidation and enhance transport of hot gases within the RCS. The temperature 
challenge is further aggravated by clearing an SG loop seal (as predicted In SCDAP/RELAP5 
calculations for Surry).  

It is interesting to note that the temperature excursion in a loop with coincident SG 
depressurization and loop seal clearing is expected to fail even unflawed tubes. A smaller 
contribution to bypass frequency comes from the failure of flawed tubes in loops with loop 
seal maintained but with depressurized SGs. and from the failure of flawed tubes in loops 
with loop seals cleared but where the SGs remain pressurized. The contribution to 
containment bypass frequency from flawed and unflawed tubes is provided in Table 5.9. The 
impact of eliminating loop seal clearing on the respective contribution is also shown and is 
further discussed In Section 5.3.2.9 as Sensitivity Case 9.  

5.3.2 APET Sensitivity Analyses 

The potential impact of plant features or operator actions that influence the likelihood of 
primary and secondary system integrity/depressurization or the thermal-hydraulic challenge 
to SG tubes isillustrated through a series of.sensitivity analyses. In these analyses, the 
impact of various plant-specific features or operator actions on containment bypass 
frequency was assessed by changing the split fractions for relevant APET top events and 
determining the change in bypass frequency (i.e.. the frequency of APET endstates assigned 
to release categories RC-1 or RC-2). Two additional sensitivity analyses were performed to 
address the sensitivity of results to an arbitrary offset in the SG temperature profile and 
the complete elimination of all SG flaws.  

A total of nine sensitivity cases were considered. These cases and their corresponding 
results are summarized in Tables 5.7 and 5.8 and are briefly discussed below.  

5.3.2.1 Eliminate Potential for'Late SG Depressurization 

The first case illustrates the impact on results if the potential for late SG 
depressurization is eliminated. In this case, the probability of late SG depressurization 
resulting from MSIV leakage (top event G) was set to zero. Such a result might be 
applicable if a licensee could demonstrate, through periodic type C leak testing of MSIVs 
and an assessment of relevant operating event data regarding MSSV leakage following repeated 
cycling, that there is a high probability that the secondary side will remain substantially 
pressurized within the time period between SG dryout and first RCS structural failure.  

Eliminating the potential for late SG depressurization reduces the bypass frequency by about 
20 percent (to 3.2x10"1RY). Thus. 20 percent of the initiating events result in containment
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bypass in this case. The impact of late SG depressurization is small because. in the 

majority of events (74 percent of the initiating event frequency), one or more SGs are 

already depressurized at the time the late depressurization question is asked. The relative 

contribution to bypass frequency from temperature- and pressure-induced SGTR. and RCP seal 

LOCA sequences is not substantially different from the base case.  

5.3.2.2 Reduced Probability of Early SG Depressurizatlon 

The second case illustrates the impact on results if the probability of early SG 

depressurization is substantially lower than determined from the NILREG-1150 analysis for 

Surry. In this. case. the split fractions for top events D and E were set to values 
determined from the NUREG-1150 analysis for Sequoyah. which exhibited a high probability of 

secondary side integrity. i .e. (about a 95 percent probability that all SGs are pressurized 

at the time of core uncovery. and 3 and 2 percent probabilities that one or all SGs are 
depressurized. respectively. Such a result might be applicable if a licensee can 
demonstrate that ADV/MSSV integrity will be maintained after repeated cycling, and that 
operator actions to depressurize SGs early in an event will not result in the SGs being dry 

and depressurized at the time of core damage.  

The reduction in the probability of early SG depressurization (to 5 percent) results in a 
50 percent reduction in bypass frequency (to 1.9gxO6/RY). and a reduction in the conditional 
contaimnent bypass frequency (to about 12 percent). The significant impact on results 
largely results from the magnitude of the change from the base case (t .e.. 74 percent of the 

events depressurized early in the base case, compared to 5 percent in the sensitivity case).  
Even though the potential for late depressurization is subsequently considered for those 
events that are not depressurized early, the net frequency of maintaining secondary side 
pressure Is much higher. By maintaining secondary side pressure in these events, the 
likelihood of PI-SGTR is substantially reduced, and the likelihood of TI-SGTR is evaluated 
for intermediate rather than full differential pressures and is significantly reduced.  
About 70 percent of the bypass frequency is a result of TI-SGTR (1.3x10 4 /RY). with PI-SGTR 
accounting for the balance (5.4x40'7RY). The much smaller contribution from PI-SGTR is 
commensurate with the reduction in the frequency of early SG depressurization. As in the 
base case. RCP seal LOCA sequences represent the major contributor to TI-SGTR. and account 
for about half of the containment bypass frequency.  

5.3.2.3 Reduced Probability of Early and Late SG Depressurization 

The third sensitivity case shows the combined effect if the probability of early SG 
depressurization is substantially lower than in the base case, and the potential for late SG 
depressurization is eliminated. In this sensitivity case. the probability of early SG 
depressurization (top events D and E) was set to values determined for Sequoyah as in 
Sensitivity Case 2. and the probability of late SG depressurization resulting from MSIV 
leakage (top event G) was set to zero as in Sensitivity Case 1.  

Reducing the probability of early SG depressurization to 5 percent and eliminating the 
potential for late SG depressurization reduces the bypass frequency by about a factor of 10 

(to 3.0x10'1/RY). and reduces the conditional containment bypass frequency to about 
2 percent. Although this case represents a combination of sensitivity Cases 1 and 2. the 

reduction in bypass frequency achieved is far greater than the sum or product of the 

reduction achieved for either case individually. This is because the SG tubes are exposed 

to full differential pressure in only 5 percent of events, considering both early and late 
secondary side depressurization combined. About 76 percent of the bypass frequency is
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attributable to TI-SGTR (2.3xIO"'/RY). with PI-SGTR accounting for the balance (7.0xlO'/RY).  
The much smaller contribution from PI-SGTR is commensurate with the reduction in the 
frequency of early and late SG depressurization. RCP seal LOCA sequences account for about 
40 percent of the frequency of TI-SGTR. and about 30 percent of the containment bypass 
frequency.  

5.3.2.4 Assure Late Primary System Depressurizatlon 

The fourth sensitivity case shows the potential impact if the pressurizer SV/PORV fails open 
or is manually opened late in all sequences. In this sensitivity case, the probability of 
late primary system depressurization (top event F) is set to I.0. This case would reflect 
the following probabilities: 

* a much higher probability of valve failure resulting from hydrodynamic effects early 
in the event 

* a much higher probability of valve failure resulting from thermal loads on the valve 
late in the event 

* the potential benefits of providing AC-independent primary system depressurizatlon 
capability (i.e.. a "perfect" depressurization system) 

This case is consistent with claims by EPRI that the probability of pressurizer safety valve 
failure is extremely high (0.98 for a pressurizer safety valve with a 5 percent dead band) 
because of the large number of valve cycles in which liquid is discharged (Fuller.  
July 1996). Because no thermal-hydraulic case was available to illustrate the effect of 
opening a pressurizer PORV after a seal LOCA has occurred, this action was assumed to have 
no effect on the seal LOCA sequences for this sensitivity case.  

As modeled, late primary system depressurization reduces the bypass frequency by only about 
10 percent (to 3.6x10'/RY). Thus. 22 percent of the initiating events result in containment 
bypass In this case. The impact of late primary system depressurization Is small because of 
the following factors: 

* Late depressurization is assumed not to affect the dominant contributors to bypass 
frequency (i.e..PI-SGTR and TI-SGTR in RCP seal LOCA sequences)..  

* Where it is effective, late depressurization reduces (but does not completely 
eliminate) the probability of TI-SGTR.  

The relative contribution to bypass frequency from RCP seal LOCA sequences and temperature
and pressure-induced SGTR. is not substantially different from the base case. When a 
thermal-hydraulic analysis becomes available for late opening of a pressurizer PORV 
concurrent with a seal LOCA. this sensitivity case will be re-evaluated.  

5.3.2.5 Preclude Late Primary System Depressurization 

The fifth sensitivity case is the opposite of Sensitivity Case 4. and shows the impact if 
the pressurizer SVIPORVs always reclose and actions are not taken to manually depressurize 
the RCS. In this sensitivity case. the probability of late primary system depressurization 
(top event F) is set to zero. This case is optimistic from the point of view of valve 
performance, and would reflect essentially flawless valve performance under all accident 
loads, including repeated valve cycling with liquid discharge, and continued operation at 
elevated temperatures associated with the core damage portion of the event.
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Precluding late primary system depressurization increases the bypass frequency by only about 

5 percent (to 4.Ix1061RY). Thus, in this case. 26 percent of the initiating events result 

in containment bypass. The impact of late primary system depressurization is small for the 

same reasons cited for Sensitivity Case 4. That is. late depressurization does not affect 

the dominant contributors to bypass frequency (i.e., PI-SGTR and TI-SGTR in RCP seal LOCA 

sequences) and. where modeled within the APET. precluding late depressurization does not 

substantially increase the probability of TI-SGTR. The relative contribution to bypass 

frequency from RCP seal LOCA sequences and temperature- and pressure-induced SGTR. is not 

substantially different from the base case.  

5.3.2.6 Eliminate RCP Seal LOCA Sequences 

The sixth case illustrates the effect if RCP seal LOCA events are completely eliminated from 

the risk profile. In this sensitivity case, the fraction of high/dry events that involve 

RCP seal LOCA (top event C) is set to 0. This case represents the risk reduction achievable 
if RCP seal LOCA sequences are eliminated through some type of system modification, for 

example. the addition of AC-independent seal cooling systems. It is also consistent with 

industry claims that RCP seal LOCA sequences have a negligible contribution to COF in CE 
plants because the Byron-Jackson RCPs used at CE plants may not be as susceptible to seal 
LOCAs.  

Eliminating RCP seal LOCA sequences results In a 40 percent reduction in bypass frequency 
(to 2.2xlO'/RY). and reduces the conditional containment bypass frequency to about 
14 percent. Bypass frequency is substantially reduced since RCP seal LOCA sequences account 
for approximately half of the bypass frequency in the base case. The frequency 
contributions from TI-SGTR in non-seal LOCA cases and from PI-SGTR is essentially unchanged 
from the base case and accounts for about 40 and 60 percent of the bypass frequency.  
respecti vely.  

5.3.2.7 Increase SG Temperature Histories 

The seventh case shows the impact If the temperature histories of the SG tubes are 
systematically increased by 70K (126 OF). In this sensitivity case. the split fractions 
associated with the probability of TI-SGTR (top event I) are replaced with values on the 

basis of probabilistic creep-rupture calculations in which the SG tube temperature histories 
from SCWAPIRELAP5 were offset by 70K (126 OF). These calculations and resulting 
probabilities are described in Section 5.2.2 and Table 5.6. This sensitivity case 
conservatively bounds the uncertainties in temperature predictions, on the basis of the 
range of thermal-hydraulic analysis results discussed In Section 3. An under-prediction of 
this degree is extremely unlikely, on the basis of the results of the sensitivity analyses 
discussed in Section 3 and the results of corresponding severe accident analyses using the 

KMP 4.0 code (Fuller. January 1996). which suggest that SG temperature histories may be 

somewhat over-predicted in the underlying SCDAP/RELAP5 analyses on which the base case is 
predicated.  

Increasing the SG temperature histories increases the bypass frequency by nearly 40 percent 
(to 4.5x101/RY). Thus. in this case. 28 percent of the initiating events result in 
containment bypass. Essentially all of this change results from the increased frequency of 

TI-SGTR in non-seal LOCA sequences. Seal LOCA sequences are not impacted since the 
likelihood of TI-SGTR is already very high in these sequences because of SG temperature 

excursions in conjunction with RCS loop seal clearing. The contribution of PI-SGTR is not 
affected by SG temperature increases (since the likelihood of PI-SGTR is evaluated before SG
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heatup) and is also unchanged from the base case. About 76 percent of the bypass frequency 
results from TI-SGTR (3.4x0104RY). with PI-SGTR accounting for the balance (1.tx10/RY).  
RCP seal LOCA sequences account for nearly half of the TI-SGTR frequency.  

5.3.2.8 Eliminate All Flaws in SG Tubing 

The eighth sensitivity case illustrates the impact If the SG tubes contain no flaws.  
Probabilistic creep-rupture calculations indicate that the probability of temperature
induced creep failure of pristine SG tubes before creep failure elsewhere in the RCS 
(e.g.. in the hot leg or surge line) is essentially zero for all evaluated severe accident 
sequences, with the exception of RCP seal LOCA sequences. The probability of TI-SGTR 
remains significant in seal LOCA sequences because of the high probability of tube failure 
(essentially 1.0) in those instances where the loop seal clearing and secondary side 
depressurization occur within the same SG loop, even for pristine SG tubes. In this 
sensitivity case. the probability of PI-SGTR (top event J) was set to zero for all APET 
branches, and the probability of TI-SGTR (top event 1) was set to zero for all APET branches 
except those involving concurrent loop seal clearing and secondary side depressurization.  
(See note 2 on Table 5.1a for a description of which branches involve this condition.) 

Eliminating all flaws in the SG tubes results in a 55 percent reduction in bypass frequency 
(to 1.7x4O'6/RY). and reduces the conditional containment bypass frequency to 11 percent.  
The impact on the results is attributable to the complete elimination of PI-SGTR In all 
sequences, and elimination of TI-SGTR in all non-seal LOCA sequences and many seal LOCA 
sequences. TI-SGTRs continue to occur in those RCP seal LOCA sequences with concurrent loop 
seal clearing and secondary side depressurization. since the pressure/temperature challenge 
in these sequences is large enough to threaten unflawed tubes and account for all remaining 
bypass frequency.  

5.3.2.9 No Loop Seal Clearing in RCP Seal LOCA Sequences 

The probability of TI-SGTR is significant in RCP seal LOCA sequences, in part because of the 
high probability of tube failure (essentially 1.0) in those instances where the loop seal 
clearing and secondary side depressurizatlon occur within the same SG loop. The ninth 
sensitivity case illustrates the impact If clearing of the SG loop seal is precluded in RCP 
seal LOCA sequences. In this sensitivity case. the probability of loop seal clearing (top 
event K) was set to zero for all APET branches, and the probability of TI-SGTR (top event L) 
was determined from values calculated for SG loops In which the loop seal is maintained 
(i.e.. the unbracketed values shown in the second and third columns of Table 5.2 for 
Case 9R). Accordingly. failure probabilities of 0.313. 0.528. and 0.676 were assigned to 
APET branches involving one. two. or three depressurized SGs. respectively.  

Eliminating loop seal clearing yields only a 15 percent reduction in bypass frequency (to 
3.3x106/RY). and reduces the conditional containment bypass frequency to 20 percent. The 
impact on results is not significant because the probability of TI-SGTR remains relatively 
high because of the high failure probability per depressurized SG and the preponderance of 
events (slightly more than 50 percent) involving depressurization of more than one SG. In 
addition, the significance is small because the probability of PI-SGTR is unaffected by 
changes in the loop seal clearing probability.  

It is interesting to note that the contribution from TI-SGTR in this case is entirely 
attributable to flawed tubes and, as shown in Table 5.9. is about twice the contribution 
from unflawed tubes in the base case. and roughly equivalent to the contribution from PI-
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SGTR. The contribution from flawed tubes increases because event frequency, which was 

previously associated with guaranteed TI-SGTR (as a result of coincident loop seal clearing 

and SG depressurization). is redirected to the TI branch (top event L) where a large 
fraction of the events result in TI-SGTR for the reasons discussed above.  

TabLe 5.9 Contribution to Containment Bypass Frequency from FLawed and UnfLowed IG Tubes 

Containment Bypass Frequency CIRT) 
Contributor Base Case No Loop Seal ClearingI 

P1 FaiLure (of Flawed Tubes) 1.Sx1O-6  1-5x10, 6 

TI FraLure (of Unflawed Tubes) 1.Sxl0"6 0 

TI FaiLure (of Flawed Tubes) 9.0x10"7 I-6 

Total 3.9x1O" 6  3.3x10 6 

1 - See Sensitivity Case 9 

5.3.3 Impact of Different Flaw Distributions 

As discussed in Section 4. the staff considered two generalized flaw distributions during 
this study. In addition to the sensitivity studies previously described, the staff 
estimated containment bypass frequency for the base case using the NRR flaw distribution 
rather than the RES distribution. This does not necessarily represent a limiting case 
(which could exist at a facility). Instead. the difference in the tube failure frequencies 
between the cases using different flaw distributions, as evidenced in Table 5.6. shows that 
the containment bypass potential would be reduced using the NRR distribution.  

Applying the temperature- and pressure-induced tube failure probabilities associated with 
the NRR flaw distribution from Table 5.6 for the 'average plant.' yields a containment 
bypass frequency of 1.95x10"/RY. This represents a 39 percent reduction over the base case 
containment bypass value. This large reduction is not unexpected. since the pressure
induced tube failure probabilities using the NRR distribution are an order of magnitude 
lower than those on the basis of the RES distribution. The temperature-induced failure 
probabilities are also significantly reduced, although not as much as the pressure-induced 
values.  

A notable impact on the results is that the portion of containment bypass frequency 
attributable to RCP seal LOCA sequences is greater using the NRR distribution. Not unlike 
the results for Sensitivity Case 8. reducing the failure frequency for flawed tubes does not 
significantly affect the potential for tube failure in the RCP seal LOCA situations. Using 
the NRR distribution, the RCP seal LOCA sequences account for approximately 75 percent of 
the containment bypass frequency of 1.95x404 /RY. In this case. the alternative flaw 
distribution yielded a result close to the assumption of unflawed tubes (Sensitivity 
Case 8). Thus, using a flaw distribution on the basis of different assumptions and inputs 
can significantly impact the estimated containment bypass frequency.
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6 CONCLUSIONS

The staff has conducted a representative analysis to gain Insight into the potential for 
containment bypass resulting from TI-SGTR during core damage sequences. The analysis used 
Surry as the example plant and was based on information and estimated SG tube conditions 
considered representative for similar facilities.  

This section summarizes the results from the staff's representative analysis, and highlights 
the plant- and design-specific considerations that appear to Influence the results of the 
assessment. This section concludes by discussing the general findings that arose from this 
study.  

6.1 Surry Results 

The staff's representative analysis yielded a containment bypass frequency (associated with 
severe accident-Induced tube failure) of approximately 3.9x0O6/RY for Surry. indicating a 
reduction of approximately 1-ln-4 from the Initiating frequency for core damage associated 
with high RCS pressure/dry secondary. Considering the possible range for initiating 
frequencies among PWRs (see Figure 2.4). plant-specific results could range from 10"7 to near 
10.- per reactor-year.  

An important characteristic of the results for Surry is that 60 percent of the bypass 
frequency (2.4x106/RY) is attributable to TI-SGTR. with PI-SGTR accounting for the balance 
(1.5X1O 4/RY). Also. the major contribution to TI-SGTR (75 percent) is from RCP seal LOCA 
sequences. Although such sequences represent only about 18 percent of the initiating event 
frequency, they account for nearly half of the containment bypass frequency because of the 
higher probability of TI-SGTR for these sequences. These higher probabilities stem from 
severe SG tube temperature excursions associated with the clearing of an RCS loop seal in 
the sequence analyzed, combined with accumulator injection effects that could be associated 
with these events.  

The staff also drew significant conclusions from the results of sensitivity studies 
conducted on the basis of the representative analysis (see Section 5.3.2). First, the 
impact of RCP seal LOCA on tube failure was evident in the results of Sensitivity Case 6.  
Despite the RCS depressurization benefit that could be assumed from an RCP seal leak. the 
Surry analysis showed that the associated potential to clear an RCS loop seal greatly 
contributed to the tube failure potential for the sequences studied. Further examination of 
the conditions, probability, and factors contributing to RCP seal failure and loop seal 
clearing during severe accident sequences may improve the staff's confidence in the estimate 
of induced tube failure probability.  

Next. the significance of secondary system pressure integrity appears to be at least as 
important to tube survivability as is the ability to depressurize the reactor coolant 
system. This is apparent from comparison of the results of Sensitivity Cases 3 and 4 listed 
in Table 5.8. Although plant-specific differences could yield somewhat different values for 
these estimates at other facilities, the large impact of secondary system pressure integrity 
would probably be evident in the other plant-specific analyses. The sensitivity cases also 
demonstrated that the assumed flaw distribution can have a major impact on the results.  

An insight underlying the representative analysis is that the range of uncertainties 
encountered, along with their plant- and design-specific nature, limits the generic
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applicability of the results. While the staff could not demonstrate the associated risk at 
all facilities through a generic analysis, plant-specific analysis could demonstrate the 
containment bypass vulnerability at a particular plant. In estimating containment bypass 
probability, uncertainties should be addressed in such areas as those listed below. The 
effects of a range of plant-specific factors should also be considered. Plant 
configurations could affect thermal-hydraulic conditions and event progressions, and tube 
degradation states could vary among facilities, but these could be specified for plant
specific analyses.  

6.2 Plant- and Design-Specific Factors 

A more detailed analysis should address uncertainties and variabilities in the following 
areas: 

* Event Tree Quantification: Additional operational or component failure data could be 
developed as a basis for failure frequencies associated with important pressure
relief components In the RCS and secondary systems. Also. the failure frequency of 
reactor coolant pump seals and the magnitude of the resulting leak might be design
specific, and the differences should be considered. Plant-specific configurations 
and procedures should explicitly be accounted for to determine the extent to which 
they would affect the structure and split fractions composing the event tree.  

0 Thermal-Hydraulic Modeling: Plant- and design-specific factors that could influence 
thermal-hydraulic performance should explicitly be accounted for In plant-specific 
analyses.  

• Tube Performance Model: The analysis described here is founded on the effects of 
axial cracks on high-temperature tube performance. A similar characterization should 
account for the particular degradation experienced at a facility. Other failure 
modes should also be considered, such as the potential for propagation to gross tube 
failure associated with tube leakage under high-pressure core damage conditions.  

• Reactor Coolant Pressure Boundary Weak Points: The analysis estimated times to 
thermal failure for the surge line and hot leg relative to the SG tubes. Other 
locations in the RCS may also be threatened with thermal failure, thus altering the 
potential for thermal failure of the tubes.  

* Flaw Distribution: The estimated SG flaw distribution used in estimating tube 
failure frequency can vary significantly depending on plant tube degradation 
experience. A plant-specific, flaw-size-based distribution should be obtained, but 
there are recognized difficulties given the current state-of-the-art in tube 
inspection capability. This is a significant drawback in the practical application 
of the methods described in this report.  

Crack Opening Area: A key area currently receiving staff attention centers on 
uncertainties existing in the prediction of a crack opening area. and the overall 
nature of tube leaks under severe accident conditions. The estimates made in EPRI 
report TR-106194 (Fuller. January 1996) appear reasonable, although the leakage rates 
may be somewhat underestimated. The staff will revisit the representative analysis 
presented in this report to ensure that it appropriately considers all findings 
concerning severe accident tube leakage.
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The staff is pursuing analyses to address these areas and other details of the analyses 
presented in this study.  

6.3 General Findings 

The staff reached some key conclusions in this study through analysis of the Surry plant.  
Consideration of the results in terms of containment bypass frequency indicates that some 
pWRs may be subject to a containment bypass risk attributable to tube failure during severe 
accidents. However, the staff found that if tube conditions do not degrade beyond those 
associated with current tube repair criteria defined in plant technical specifications.  
undue public risk from such occurrences should be avoided.  

The staff also found that reactor coolant pump seal leakage model assumptions are important 
factors requiring further consideration. RCP seal LOCAs were found to be a key factor in 
exposing tubes to more severe thermal challenges by contributing to conditions resulting in 
full loop circulation. The more severe thermal conditions may challenge unflawed tube 
integrity.  

To assess the impact of plant features or operator actions, as well as analytical 
assumptions on the containment bypass frequency estimate, the staff conducted several 
sensitivity analyses. as discussed in Section 5. The results show that although some risk 
reduction benefits can be gained by focused changes in factors (such as the ability to 
depressurize the RCS during an S80). only modest gains could be realized. Examination of 
Table 5.8 shows that secondary system pressure integrity appears to be as important to tube 
survivability as is the ability to depressurize the reactor coolant system. The risk 
benefits that could be gained from ensuring 4SIV integrity (late secondary system 
depressurization) are not as significant as those achieved by preventing early secondary 
system depressurization (e.g.. from failed ADVs). However, it is clear that for the 
representative plant analyzed, either of these changes provides a greater benefit than 
improving the ability to depressurize the RCS during core damage events.
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APPENDIX A

FREQUENCY OF HIGH PRIMARY/DRY SECONDARY CHALLENGE FROM NUREG-1150 

The staff evaluated the frequency of core damage sequences that result in high pressure in 

the RCS and empty SGs at time of core damage. As the basis for this evaluation, the staff 

relied on point estimate values for sequences and plant damage states tabulated in 

NUREG/CR-4550. Vol. 3. Rev. 1, Part 1. "Analysis of Core Damage Frequency: Surry Unit 1 

Internal Events" (Wheeler. 1989).  

The point estimate of the total core damage frequency is 3.3x1Os/RY. Of this total.  

2.2x4-0/RY (68 percent) begins the core damage phase with the RCS at relatively high 

pressure and the steam generators dry. Of these high RCS pressure/dry steam generator 

sequences. 2.2x1-0/RY (6.6 percent of the total CDF) have pressurizer PORZs or SVs stuck 

open at the onset of core damage. Also. steam generators have depressurized through stuck

open valves In sequences having a frequency of at least 1.8x0s/1RY (82 percent of the high 

RCS pressure/dry steam generator sequences). The joint frequency of stuck relief valves on 

the primary and secondary sides is 5.1xlO-/RY (about 2.3 percent of the high RCS 

pressure/dry steam generator sequences).  

This report uses 1.6xl04 /RY as the high-dry frequency. This value results from certain 

corrections in the NUREG-1150 RCP seal LOCA cases, as described in Section 2.3.1 of this 

report.  

The initiating events for the high RCS pressure/dry steam generator sequences are mostly 

single- and double-unit losses of offslte power (92 percent). with the rest being transients 

involving a loss of main feedwater (6.7 percent). loss of a DC bus (1.3 percent). and 

spontaneous SGTR (0.4 percent): 

0 Of the sequences initiated by loss of offsite power, all exhibit failure of emergency 

AC power (i .e., station blackout), with core damage occurring as a result of battery 

depletion (7.7x0'6/RY). RCP seal LOCA (6.4x0'6/RY). stuck-open PORV (2.240"6 /RY). or 

failure of turbine-driven AN (4.2x40'6RY).  

• Of the sequences initiated by loss of main feedwater or loss of a DC bus. core damage 

occurs as a result of the loss of AFW and failure of feed-and-bleed attributable to 

pressurizer PORV failures (1.1x40"5IRY) or high-pressure injection (HPI) failures 
(7.2xIO7/RY).  

The high RCS pressure/dry steam generator sequence initiated by spontaneous SGTR leads to 

core damage associated with the failure of AFW (1.0x40 7/RY).
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APPENDIX B

OTHER SGTR CONTRIBUTIONS TO CORE DAMAGE FREQUENCY AND CONTAINMENT BYPASS 
FREQUENCY 

The body of this report addressed containment bypass frequency attributable to core damage 
sequences that create a potential for thermally induced rupture of degraded steam generator 
tubes. (Pressure-induced tube ruptures during the portions of those sequences that occur at 
near-normal operating temperatures were also included.) 

In order to comprehensively address the risk associated with degradation of steam generator 
tubes, it is necessary to consider two additional classes of SGTR sequences that result in 
core damage with containment bypass. One class comprises the sequences beginning with 
spontaneous rupture of a steam generator tube during normal operation. The other class 
comprises the sequences beginning with transients during normal operation that create 
abnormally high pressure differences across the steam generator tubes, leading to pressure
induced tube ruptures under normal temperature conditions. This second class of events can 
be further divided into sequences with abnormally high primary system pressure (created by 
ATWS). and sequences with abnormally low secondary system pressures (created by stuck-open 
steam relief valves or ruptured steam system piping).  

The purpose of this appendix is to summarize the results of studies concerning normal 
temperature SGTR sequences as a context for the results from this study of thermally induced 
rupture. as described in the body of this report.  

0. 1 Spontaneous Tube Rupture Sequences 

host PRAs include core damage sequences beginning with spontaneous rupture of a steam 
generator tube during normal operation. In such instances, the frequency of spontaneous 
tube rupture is taken from operational data, and it averages about 740x3/RY. The failure to 
mitigate this initiating event is usually dominated by operator errors, with failures of the 
HPI system sometimes contributing significantly, as well. The resulting core damage.  
frequency in NRC-sponsored PRAs is typically in the low-10-0/RY range. Core damage 
frequencies attributable to spontaneous tube ruptures reported in licensees' IPEs vary from 
the high-106 range to the low-I0/RY range. This large variability apparently results, in 
part. from differences in modeling assumptions and techniques, as well as plant-specific 
differences in design and operation.  

The NRC-sponsored PRA performed for the Surry plant and reported in NUREG-1150 estimated a 
core damage frequency of 1.8xlO-6/RY. based on an initiating event frequency of Ix4O'/RY.  
All sequences result in containment bypass-type releases with the magnitude depending on the 
RCS pressure and secondary safety valve condition during the accident progression.  

One approach would be to projedt the spontaneous tube rupture probability to the end of each 
fuel cycle, with a limiting value of 5x1O3/RY. Substituting this initiating event frequency 
in the NUREG-1150 model for the Surry plant, the estimated core damage frequency with 
containment bypass attributable to spontaneous tube rupture becomes 6xO-7/RY.  

B.2 Pressure-Induced Tube Rupture Sequences 

Section 2.1.3 of this report discusses the sequences involving ATlS events that could
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rupture tubes by substantially increasing the RCS pressure. In addition, sequences that 
involve depressurization of the secondary side of the steam generators can induce steam 
generator tube ruptures by increasing the pressure difference across the tubes. These 
sequences are not addressed by most current PRAs. However, they were addressed by 
NUREG-0844 and NUREG-1477, and most recently in draft INEL report 95/0641 (Ellison. 1996).  
All of these documents concluded that depressurization events associated with steam line 
safety valve malfunction were more important initiators than pipe break events. In 
addition, all of those documents concluded that human error dominated the probability of 
failure to mitigate the events.  

One difference between NUREG-0844 and more recent work is the interpretation of the 
frequency of and risk associated with events involving ruptures of multiple tubes. This is 
now considered to be less likely for ruptures caused by depressurizatlon of the secondary 
side of the steam generators. The logical basis for that change arises from critical 
appraisal of the mechanisms that could lead to multiple ruptures.  

First, there is the pressure difference across the tubes. During secondary depressurization 
sequences. the differential pressure substantially increases only after the secondary-side 
water inventory has boiled away and the primary system pressure begins increasing as a 
result of water Injection by ECCS systems. The cooling effect of the boil-off depressurizes 
the RCS, and automatically actuates the ECCS system. As ECCS injection to the RCS increases 
pressure back toward normal operational levels, the differential pressure across the tubes 
rises because the steam side Is now depressurized. However, if a tube ruptures. reactor 
coolant begins to escape the RCS. and the net flow into the RCS is reduced, thereby causing 
the pressure to rise more slowly. Only a few tubes could rupture before the resulting loss 
of reactor coolant would balance the inflow from the ECCS system, terminating the pressure 
increase and preventing the rupture of more tubes. The number of tubes that can be ruptured 
by this effect is therefore limited by the capacity of the ECOS pumps. Review of a sample 
of ECCS designs indicates that they could cause double-ended ruptures of about three tubes.  
or a larger number of axial ruptures with an equivalent flow rate.  

The staff also considered other mechanisms that could create multiple tube ruptures that 
would not be self-limiting. For example. the blowdown forces associated with large pipe 
breaks in the steam system would put the steam generator tubes Into tension along their 
axes. If the tensile force is large enough, it could lead to tube ruptures along 
circumferential flaws in the tubes. However, evaluation of the forces on the tubes that are 
associated with extreme blowdown events indicates that they are relatively small, compared 
to the axial forces created by the internal pressure. In addition, the frequency of extreme 
blowdown events is estimated to be very low. Therefore, this type of event is not expected 
to contribute significantly to the total risk.  

Another mechanism that has been suggested as a possible path to multiple tube ruptures is 
the effect of a ruptured tube on adjacent tubes. Tubes that have ruptured at 
circumferential cracks have exhibited a whipping motion of their unconstrained ends which 
has caused them to hit and damage the surface of adjacent tubes. However, in the few such 
events that have occurred, no adjacent tubes were ruptured. Review of the degree of damage 
caused by this effect indicates that rupture of adjacent tubes is unlikely.  

Therefore, steam-side depressurization sequences are not expected to involve rupture of more 
than three steam generator tubes, with smaller numbers being more probable. INEL-95/0641 
provides a method for estimating the core damage frequency attributable to PI-SGTRs 
resulting from steam-side depressurization. For sequences involving no more than three
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tubes. operator action is required to depressurize the RCS. initiate residual heat removal 

(RHR). and cool the RCS to less than 1000C (2120F) before the RWST inventory is depleted.  

The human error probability for these actions is estimated as 10-2 for the sequence, Which 
dominates the probability of failure to mitigate the event. The RHR hardware failure 

probability is multiplied by a nonrecovery probability derived from actual data. which makes 
it much less important than the human error.  

Other factors in the dominant sequence Inclvde the initiating steam line depressurizatlon at 

7.6x103-/RY and the probability of inducing one or more tube ruptures. Thus. the frequency 
of core damage attributable to PI-SGTRs caused by steam-side depressurization is estimated 
at 3.xBIC6/RY. All of these events are expected to lead to substantial bypass of the 
contairnent because the secondary side of the steam generator is open to the environment 
through the same breach that caused the depressurization event.
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APPENDIX C

COMPARISONS TO OTHER NPP DESIGNS USING THE IPE DATABASE 

During the course of this study. the staff the IPE database (as of May 1996) to determine 
whether the information from the Surry NUREG-1150 analysis regarding the frequency of 
challenge was reasonably consistent, with available information from the IPEs. In addition.  
the staff interviewed several IPE reviewers to glean their qualitative insights. This 
appendix summarizes the results of this assessment.  

C.I IPE Database Search 

In searching the IPE Database. the staff focused on core damage events with the primary 
system at high pressure and the secondary system dry. The IPE Database can automatically 
query for high-pressure core damage events, but secondary system water level is not an 
explicit field in the database records. Thus. a direct aUto0ated search for the sequences 
of interest is not possible. Instead, the staff searched the database for sequences of high 
primary pressure and loss of all feedwater.  

The search yielded a set of 1351 sequences from 41 PWR IPEs. (Some of these IPEs represent 
two plants. For example. North Anna. Surry. and Zion each have one IPE that applies to both 
units at the given facility.) To make analysis of the large number of sequences more 
tractable, the staff formatted the results of the database search in a manner compatible 
with a spreadsheet program. and conducted the remainder of the analysis with the aid of that 
spreadsheet.  

All 41 IPEs had some sequences that were 'hits" in the database search. The sum of CDFs for 
each plant ranged from a low of 4.9x10"7IRY (McGuire 1&2) to a high of 7.9xlO4s/RY (Indian 
Point 2). A plot of these CDFs appears as Figure 2-4. Most plants fell in the range of 
2x10-6/RY to 4x10'/RY.  

To identify initiating events and design biases, the staff used two approaches. First. the 
staff examined the sequences from the three IPEs with the greatest "hi&dry" CDFs. Second.  
the staff examined the top five sequences in all of the IPEs. This was a qualitative 
analysis, but it was directed by the CDFs and should have found most (if not all) of the 
sequences that have not previously been considered in induced SGTR analyses.  

The three highest CDFs belonged to Indian Point 2. North Anna 1&2, and Surry 1&2. (Since 
the existing work revolved around Surry. this analysis was stopped at the Surry IPE. All 
other IPEs had "high & dry" CDFs lower than Surry). Station blackout and battery depletion 
frequently appeared in these sequences, as expected. The specific initiators included loss 
of offslte power, reactor scram, turbine trip. loss of main feedwater, loss of DC power.  
loss of emergency service water, and ATWS. These are to be expected. since they can all 
lead to secondary dryout. although not all involve station blackout.  

In addition, some principal contributor sequences were initiated by loss of HVAC or internal 
flooding. Neither of these were explicitly considered before this study. Internal flooding 
is quite plant-specific, and is not surprising in retrospect. By contrast, loss of HVAC is 
not intuitively obvious. The loss of HVAC (at Indian Point 2) can cause loss of required 
ventilation cooling to the AFW pumps and the emergency generators, as well as some other 
equipment. If the operators fail to open some roll-up doors to provide passive ventilation.
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an accident may result. (The utility is considering some plant modifications to address 
this vulnerability.) 

Finally, it is possible to get into a high primary pressure. dry secondary situation by 
initiating the sequence with an SGTR. This sequence is moot for the purposes of the current 
study. however. since bypass would occur regardless of whether the core melt causes tube 
failure.  

The staff also examined the top five sequences of all PWR IPEs. Essentially all of the 
above sequences appear in these plants as well (including the HVAC initiator). In addition.  
loss of component cooling water, loss of instrument air, loss of onsite AC power (some 
plants have onsite sources in addition to the diesels), steam line break inside containment.  
and loss of ultimate heat sink appear in the list. some with frequencies as high as 1O'6/RY.  

C.2 Qualitative Insights 

In addition to the IPE Database search, the staff interviewed several IPE reviewers to 
gather their qualitative insights. Several items of interest arose in these discussions 
concerning induced SGTR: 

* Some CE plants have no PORVs on the pressurizer. One would assume that this would 
imply a greater probability that a core damage accident would occur at high primary 
pressure. However. these plants have generally put procedures in place to 
depressurize the primary by means of valves installed for low-temperature 
overpressure protection.  

* Some Westinghouse plants have procedures that direct the operator to turn the reactor 
coolant pumps back on during the scenario of interest. There would be little water 
to pump in this scenario, of course, but turning on the pumps would likely clear the 
loop seal In the cold leg piping. In addition, the pumps would probably last long 
enough to act as blowers to circulate hot gases around the primary system.  

C.3 Conclusion 

On the basis of the RE Database search and qualitative insights from the IPE reviewers, the 
staff reached the following conclusion: 

It is clear that there are other sequences of interest in addition to station 
blackout. However, choosing the definition of the initiating event for the tree as 
all sequences with a high primary pressure and a dry secondary should cover all of 
these sequences. Moreover. there is nothing in these sequences that would alter the 
remainder of the event tree.
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APPENDIX D

EFFECT OF FISSION PRODUCT TRANSPORT AND DEPOSITION ON STEAM GENERATOR TUBE 
INTEGRITY 

During the course of this study, the staff performed SCDAP/RELAP5 analyses to determine the 

thermal-hydraulic boundary conditions for estimating the probability of a steam generator 
tube failure. While SCDAP/RELAP5 models the decrease in decay heat generation resulting 
from the release of fission products from the fuel. SCDAP/RELAP5 does not model transport 
and deposition of fission products and other core materials within the reactor coolant 
system (RCS). Therefore. the staff also used VICTORIA (Bixler. 1996) to evaluate the 
release. transport. and deposition of these materials In an effort to determine whether the 
thermal-hydraulic boundary conditions may be affected by consideration of these phenomena.  

VICTORIA is a mechanistic computer code for analyzing fission-product behavior within the 
RCS during a severe accident. The code provides detailed predictions of the release of 
fission products and other materials from the core and the transport of these materials In 
the RCS during core degradation. The major models in VICTORIA are vaporization of core 
materials; aerosol formation, growth, and deposition; and chemical reactions and phase 
changes. On the basis of a review of SCDAP/RELAP5 thermal -hydraulic results, the staff 
developed a VICTORIA nodal izatlon scheme and determined representative temperatures.  
pressures. and steam flow rates for input to.VICTORIA. A schematic of the VICTORIA 
nodallzation Is shown in Figure 0.1. Building on the similarity of conditions between 
loops, the staff used one loop with the total flow and surface areas of all three loops.  
The nodalization of the core is more coarse than that of SCAPI/RELAPS. because the thermal
hydraulic conditions in many of the SCDAPIRELAP5 nodes are essentially the same (as far as 
release of core materials is concerned). The nodalization of the steam generator tubes is 
the same as in SCOAP/RELAP5 to provide a detailed estimate of the deposition pattern in the 
tubes and to allow direct comparison of tube heating rates resulting from convected steam 
and from deposited and suspended fission products in the tubes.  

D.1 VICTORIA Results 

The results of Case 3 in the SCDAP/RELAP5 analysis were used as boundary conditions for the 
VICTORIA analysis. The significant features of Case 3 are that the primary system is at 
high pressure with no pump seal leakage, 35 percent of the tubes have forward flow and 
65 percent have reverse flow. and the secondary side is at low pressure because of a stuck
open ADV.  

At the time of tube failure predicted by SCDAP/RELAP5 (15.560 sec). VICTORIA predicted a 
fission product release of primarily noble gases, iodine, and cesium, containing about 
5 percent of the core decay heat. Thus. 95 percent of the decay heat remained in the core 
at this time.  

Table D.1 summarizes the VICTORIA results for decay power in the upper plenum and the loop 
with the pressurizer. The decay power is from both suspended and deposited fission 
products. Most of the decay power is from the iodine, and most of the iodine is deposited 
in the steam generator tubes because of the large surface area. In the tube segments where 
there are upward facing surfaces (i.e.. the top of the tube bundle), the dominant deposition 
mechanism is gravitational settling. In the remainder of the tube segments, the dominant 
deposition mechanism is turbulent deposition, with Reynolds numbers on the order of 10.000.
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Table D.1 Decay Power from Deposited and Suspended Fission Products

Reactor Outlet to SG 

mode 9 .1 6 7 8 9 10 11 12 13 14 I5 16 17.  

Decay Power (kw) 19 3 5 Is 13 12 28 19 5 5 5 11I 

SG to Reactor Inlet 
Mode NO. 2x3 24 25 26 '27 28 29 '30 31 32 33 34 

Decay Power (kw) 7 3 2 2 2 2 9 20 3 3 3 3 

I Note 1: Rode numbers refer to those depicted in Figure 0.1 

As Table 0.1 illustrates. the decay heating is spread throughout the tubes, with the top of 

the tubes receiving additional heat because of settling onto the upward facing surfaces In 
that area.  

The first segment of tubes in the forward direction is predicted by SCOAP/RELAP5 to have the 

highest temperature and therefore to be the most likely location of temperature-Induced tube 

failure. Figure D.2 compares the heating rate of this segment of tubes by steam with the 

heating rate from decay heat of deposited and suspended fission products. As shown In 

Figure D.2. the magnitude of the decay heat in the tubes is insufficient to noticeably 
affect the tube temperature. Also, the total decay heat in the tubes is about 0.15 IM/steam 

generator. which is minimal when compared with the total decay heat in the core of (about 

20 WA) and the additional heat generated in the core from oxidation of zircaloy cladding.  

The staff also used VICTORIA results to address the issue of whether fission product 
deposition in the steam generator tubes was significant enough to affect the flow or heat

transfer conditions in the steam generator tubes. VICTORIA predicted a core release of 

about 350 kg (772 lbs) of condensible material. At the time of predicted tube failure, the 

maximum deposited thickness of condensible material in the steam generator tubes is about 
10 microns (about 4x104 in.). which is small when compared with the tube thickness of 

1270 microns (0.05 in.) and the tube diameter of 20.000 microns (0.8 in.). An additional 

10 microns (4x104 in.) of deposited material in the steam generator tubes is not expected to 

have a significant effect on the thermal -hydraulic conditions in the reactor coolant system.  

Finally, the staff performed additional calculations with VICTORIA to investigate the 

sensitivity of the results to the following conditions: 

* Upper plenum surface area - To account for uncertainties in the retention of fission 

products in the upper plenum, the surface area In the upper plenum was reduced by one 
third.  

Upper plenum temperatures - Because higher temperatures of upper plenum gas and 
structures will result in less fission product retention in the upper plenum. gas and 

structure temperatures in the upper plenum were increased.  

* Entrances of the tubes - Since tube entrance effects may cause additional deposition.  
a vena-contracta model was used for the entrances of the tubes.
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* Deposition pattern in the tube bundle - To account for uncertainties In the amount of 
material that will be preferentially deposited by settling in the top segments 
instead of by turbulent flow in the first segment. no floor area was used In the top 
segments of the steam generator tube bundle.  

Overall, the sensitivities studied did not yield results that were significantly different 
from the base case and, therefore, did not affect the conclusions of this analysis. (The 
difference in decay power in the first segment of tubes was on the order of a few kW.) 

D.2 Conclusions 

Fission product transport and deposition in the reactor coolant system have a negligible 
effect on the thermal-hydraulic conditions used to evaluate steam generator tube integrity.  
This is because the fission product release is relatively small and occurs late in the 
transient. The heating rate from decay heat of deposited and suspended fission products in 
the hottest segment of tubes is a small fraction of the heating rate by steam. Also. the 
thickness of deposits in the tube is a small fraction of the thickness of the tube wall and 
an even smaller fraction of the tube cross-sectional flow area. Thus. the staff concluded 
that flow characteristics would not be materially altered.
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Schematic of the VICTORIA nodalization of the core, upper 
plenum, and three primary circuits.
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Heating of Tube Wall 

First node In tube, forward direction 
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Risk Characterization

* Risk for each accident estimated based on frequency of fuel 

uncovery and SFP consequence estimates 

* Fuel uncovery assumed to result In SFP fire (large release) 

• Consequences assigned based on either early or late evacuation 

cases, depending on factors affecting EP 
- effectiveness of offslte notification 
- fission product release times relative to evacuation times 

* Evacuation modeled as follows: 

Event Full EP Relaxed EP 

Seismic Late Late 

Cask Drop Early (for t > 4-5 h) Early (for t > 10 h) 

Boildown Late Late
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"Rationale for Evacuation Modeling

* Seismic 
for ground motion corresponding to SFP failure, there 
would be extensive collateral damage within the 
emergency planning zone (electric power, structures, 
roads, bridges) 
radiological pre-planning would have marginal impact 
because of Impairment by offsite damage 

* Cask Drop 
- unambiguous Indication of event; Intact Infrastructure for 

emergency response 
- Full EP: evacuation credited when > 4-5 hours 

delay time (1 year after shutdown and 
beyond) 

- Relaxed EP: evacuation credited when > 10 hours delay 
time (5 years after shutdown and beyond) 

* Boildown 
- failure paths involve failure to acquire offsite resources to 

provide SFP makeup 
- failure to contact offslte authorities or Implement effective 

response also expected for the same reasons
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Sensitivity of Early Fatality Risk to Emergency Planning 
- Cask Drop Event 
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Risk Conclusions

* For the first I to 2 years, the early fatality risk for a SFP fire Is 

low, but comparable to that for a severe accident In an operating 

reactor. At 5 years following shutdown, the early fatality risk for 

SFP accidents Is approximately two orders of magnitude lower 

than at shutdown 

* Societal risk for a SFP fire Is also comparable to that for a 

severe accident In an operating reactor, but does not exhibit a 

substantial reduction with time due to the slower.decay of 

fission products and the Interdiction modeling assumptions that 
drive long term doses 

* Changes to EP requirements affect only the cask drop accident, 

and do not substantially Impact the total risk due to the low 

frequency of cask drop" accidents
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Risk Conclusions (continued)

* Use of the low ruthenium source term reduces early fatality risk 

by about a factor of 100 (relative to the high ruthenium source 

term) within the first I to 2 years, and by about a factor of 10 at 5 

years and beyond 

* With the low ruthenium source term, the early fatality risk for 

SFP accidents is about an order of magnitude lower than the 

corresponding values for a reactor.accident shortly following 

shutdown, and about two orders of magnitude lower at 2 years 

following shutdown 

* With the low ruthenium source term, the societal risk for SFP 

accidents Is also about an order of magnitude lower than the 

corresponding values for a reactor accident shortly following 

shutdown, but does not exhibit a substantial reduction with time 

due to the slower decay of fission products and the Interdiction 

modeling assumptions 

* The above observations are valid regardless of whether seismic 

event frequencies are based on the LLNL or the EPRI seismic 

hazard study.
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Comparisons to the Safety Goals 

* Both the Individual Early Fatality Risk and the Individual Latent 

Cancer Fatality Risk for a SFP accident are about one to two 

orders of magnitude lower than the Commission's Safety Goal, 

depending on assumptions regarding the SFP accident source 

term and seismic hazard 
- At upper end (LLNL seismic hazard estimates and high 

ruthenium source term) the risks are somewhat lower than 

the corresponding risks for reactor accidents, and about a 

decade lower than the Safety Goal 
- At lower end (EPRI seismic hazard estimates and low 

ruthenium source term) the risks are lower than those for 

reactor accidents, and about 2 decades lower than the 

Safety Goal 

• The Individual Early Fatality Risk for a SFP accident decreases 

with time, and is about a factor of 5 lower at 5 years following 

shutdown (relative to the value at 30 days) 

* The Individual Latent Cancer Fatality Risk is not substantially 

reduced with time due to the slower decay of fission products 

and the Interdiction modeling assumptions that drive long term 

doses 

* Changes to EP requirements, as modeled, do not substantially 

impact the margin between SFP risk and the Safety Goals due to 

the low frequency of events for which EP would be effective
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Comparison to RG 1.174 Principles 
1. Small Increases In Risk 

* A SFP facility that conforms with IDCs and SDAs would meet the 

OHOs by one to two orders of magnitude shortly after 

shutdown, and with greater margins at later times 

* Risk Increases associated with EP relaxations are small, even 

under optimistic assumptions regarding the value of EP in 

seismic events, and the QHOs continue to be met with margin 

* Continued conformance with IDCs and SDAs provides 

reasonable assurance that the SFP risk and risk Increases 

associated with regulatory changes would remain small
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Comparison to RG 1.174 Principles 
2. Defense-In-Depth 

0 Defense-in-depth for accident prevention is provided by robust 

design of SFP, simple nature of pool support systems, and long 

times available for corrective actions In response to system 

failures 

* Remaining onsite EP requirements assumed in study, together 

with the substantial amount of time available for ad hoc offsite 

emergency response should provide a sufficient level of 
defense-in-depth for consequence mitigation In SFP accidents 

* In the large seismic events that dominate SFP risk, pre-planning 

for radiological accidents would have marginal benefit due to 

extensive collateral damage offsite. Accordingly, relaxations in 

EP requirements are not expected to substantially alter the 

outcome from such a large seismic event 

0 In those sequences in which current EP would be effective, such 

as cask drop accidents, a comparable level of protection should 

continue to be provided though remaining requirements for on

site EP and the capability to Implement offsite protective actions 

on an ad hoc basis.
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Comparison to RG 1.174 Principles 
3. Safety Margins 

0 A SFP facility that conforms with IDCs and SDAs would meet the 

QHOs by one to two orders of magnitude shortly after 
shutdown, and with greater margins at later times 

0 A SFP facility maintained at or below the recommended PPG 

would continue to meet the QHOs for even the most severe 
source term.  

0 The estimated risk Increases associated with the EP relaxations 

are well below the values developed from the RG 1.174 LERF 

criteria (by about a factor of 10) 

• Even under optimistic assumptions regarding the value of EP in 

seismic events, the change In risk associated with EP 
relaxations Is relatively small 
- Increases In early fatalities and Individual early fatality risk 

remain below the maximum allowable for each risk 
measure 
population dose and Individual latent cancer fatality risk 
are about a factor of two higher than the allowable value 
Inferred from RG 1.174, however, the Increase in individual 
latent cancer risk represents less than 10 percent.of the 
OHO

8



Comparison to RG 1.174 Principles 
4. Monitoring Program 

* The following monitoring should continue following 

decommissioning in order to assure SFP risk remains low: 

Performance and reliability monitoring of the SFP systems, 

heat removal, AC power and Inventory should be carried 

out similar to the provisions of the maintenance rule (10 

CFR 50.65) 

- The current monitoring programs Identified in licensee's 

responses to Generic Letter 96-04 with respect to 

monitoring of the Boraflex absorber material should be 

maintained by decommissioning plants until all fuel Is 

removed from the SFP (SDA #7) 

- Heavy load activities and load paths should be monitored 

and controlled by the licensee (IDC # 1) 

- Licensees should continue to provide a level of onsite 

capabilities to assure prompt notification of offslte 

authorities, characterization of potential releases, 
development of protective action recommendations and 

communication with the public. These capabilities should 

be monitored by holding periodic onsite exercises and 

drills 

* Continued compliance with the maintenance rule, the IDCs, and 

the SDAs, together with remaining requirements related to 

onsite EP provides a reasonable level of monitoring of SFP 

safety

9
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Discussions

D*- 99 exp[-2864 0:1: 900] cm21s 

That is, the available data are sufficiently 
scattered and sparse that the dependence of the 
diff-sion coefficient on stoichiometry really can't 
be detected. In fac the relationship between DO 
and D* partially compensates for the strong 
depeuxence of D° on composition.  

D. Releases of Other Radionuclides 
During Fuel Oxidation " 

Matzie-[90] has discussed some of the.  
co-plexities of fission product migration in 
uranium dioxide. Further, details are to be found 
in Reference 91 and references therein. The 
essential point is that fission product release is not 
determined by diffusion alone. To the extent that 
diffusion does contribute to the release, oxidation 
of U02+x ought to increase the diffusion rates.  
Presumably [90], most fission products diffuse by 
moving into vacancies on the uranium lattice.  
The concentration of metal lattice vacancies in 
UOdZ+ varies with x2 . Miekeley and Felix [92] 
find, however, that the diffusion coefficient of Xe 
in UO2+,, while much larger than the diffusion 
coefficient in stoichiometric uranium dioxide, is, 
within scatter of the data, independent of x: 

D(Xe) = 

2.6x10"6 exp[-(19727 * 4642)111 cm21s 

for 0.021 < x < 0.240 whereas in stoichio

metric U02.0 the diffusion coefficient is: 

D(Xe) = 1.06 exp[-(45256 ± 4642)/Ti cm2/s 

Several authors have reported on the enhanced 
release of fission product during the low 
temperature oxidation of uranium dioxide 
which can cause decrepitation of the fuel grains 
during formation of U30 [27,30,31,93]. The

decrepitation is important, but, also, it appears 
that diffusion coefficients are higher in U30 8 than 
hyperstoichiometric UO2 +x [94].  

The effects of oxidation on diffusion coefficients 
may be most important for releases of noble 
gases, iodine and cesium. Of more interest are 
phenomena arising during air reactions with fuel 
that cause more fundamental changes in the 
volatility. Some possible examples are described 
below.  

1. Release of Tellurimn During Fuel Oxidation 

Parker et al. [271 reported data on the releases of 
fission products other than uthenium during air 
oxidation of irradiated fuel. Some of these data 
are shown in Table 8. Notable in these data is 
the peculiar behavior of tellurium. Whereas 
releases of the noble gases, cesiun and iodine 
vary mnoothly with increasing temperature, there 
appears to be a temperature threshold for release 
of tellurium at about 1173 K. This threshold 
cannot be explained easily in terms of oxidation 
of Uo% to U308 , which would be extensive in 
lower temperature tests as well, or the vapor 
pressure of pure tellurium which is significant at 
all test temperatures.  

T1m release of tellurium has been diffcult to 
understand even in steam and hydrogen 
atmospheres. Though pure tellurium is quite 
volatile, it is often observed to escape clad fuel 
much more slowly than the other volatile fission 
products. Empirical evidence, mostly from out
of-pile tests, has been used to argue that tellurium 
is released from the fuel, but chemically binds to 
the zircaloy cladding [95,961. It is not observed 
to be released until the clad has been extensively 
oxidized and, then, the release is in the form of 
SnTe(g). Allen et al. [97] report evidence that 
seems to contradict this empirical interpretation.  
They observed little release of tellurium from the 
fuel at elevated temperatures under strongly 
reducing conditions. Apparently, tellurium was 
chemically bound in the fuel rather than the clad 
in some, as yet, unidentified way. Data obtained
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Table e. -'ison proJu release hrm Irradiated &J (4000 MWd/) heated In air [27)

0I

Time(s) at temp.  
in Percnt releas 

Temp.  
(K) Helium Air Xe, Kr I Te Cs Sr Ba 

773 960 1380 1.5 3.6 <0.007 <0.0004 < 0.0004 
1080 5400 2.9 3.2 <0.01 <0.0007 <0.0004 <0.0008 

873 840 1080 4.4 10 <0.006 0.002 <0.001 
900 5400 4.5 8 8.4 <0.001 <0.001 <0.004 

973 840 720 9.3 9.6 0.01 0.001 <0.0002 <0.0004 
810 900 7.0 10 0.004 <0.001 <0.0003 <0.0006 
840 5400 6.8 6.5 <0.05 <0.0005 <0.0004 <0.002 

1073 780 900 14 7.1 0.007 0.015 <0.0004 <0.0007 
840 5400 14 16 <0.06 <0.01 <0.0004 <0.001 

1173 840 1140 21 49 0.4 0.009 <0.001 0.01 
900 5400 22 47 6.0 0.015 <0.0008 <0.004 

1273 960 900 40 84 12 0.09 <0.0003 <0.02.  
810 5400 44 75 32 0.37 0.1 0.08 

1373 840 840 66 79 16 <0.02 <0.005 <0.003 
840 5400 73 84 39 0.2 0.006 0.01 

1473 840 990 71 82 37 0.8 <0.01 <0.001 
780 5400 80 95 66 6.4 0.007 0.7



Discussions

by Parker et al. suggest that oxidation of the fuel 
can rupture this chemical bond.  

2. Effects of Oxidation on Alkaline Earth 
Release 

Release data shown in Table 8 were obtained 
at temperatures too low to draw conclusion 
concerning the effects of oxidation on release of 
the alkaline earths barium and strontium. Parker 
et al. [98] reported data on the release of alkaline 
earths during melting of U0 2 in helium, air and 
carbon dioxide. These data, shown in Table 9, 
suggest an oxidizing atmosphere inhibits releases 
of bariun and strontium. The largest releases are 
observed when fuel is melted in helium. The 
smallest releases occurred during melting in air.  
Melting in a carbon dioxide atmosphere, which 
has an oxygen potential intermediate between the 
air and the helium atmospheres, yielded inter
mediate releases of strontium and barium.  

High oxygen potentials would be expected to 
inhibit releases of strontium and barium for at

least two reasons. First, to the extent release is 
dominated by reactions of the type: 

BaO(s) H2 Ba(g) + H20 

3 BaO (s) + j H2 -- BaH(g) +1H20 

an oxidizing atmosphere would be expected to 
shift these equilibria to the left and reduce the 
partial pressures of the alkaline-earth vapor 
species. Second, the well known stability of solid 
phase compounds of allklne earths with 
hexavalent uranium, BaUO4 and SrUO4 , should 
also inhubit vaporization. On the other hand, 
other vapor species such as BaMoO4 (g) [99] may 
become important and lead to release of alkaline 
earths under oxidizing conditions. There appear 
to be a variety of complex, gaseous species such 
as EUMoo 3(g) [100], EuNbO2 [101], and 
CsAsO2(g) [102] that are stable at high oxygen 
partial pressure and can contribute to fission 
product release.

Table 9. Releases of alkaline earths during melting of Irradiated fuel 
In various atmospheres [98]

Irradiation Sr release Ba release 
Atmosphere (MWdlt) percent percent 

Helium Trace 2.1 4.6 
2800 2.1 4.6 
11000 1.7 6.5 

Air Trace 0.2 0.5 
2800 0.4 1.8 
11000 0.4 1.8 

Carbon Dioxide Trace 0.3 1.1 
2800 0.5 2.5 
11000 0.6 2.9
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3. Effect of Oxidation on Release of Noble 
Mftals 

Ruthenium is just one of the noble metal 
radiomclides present in fuel that can be 
volatilized in an oxidizing atmosphere.  
Molybdenum, of course, is also volatile at high 
oxygea partial pressures because of the reaction: 

3 
Mo + 1 02 -. Mo02(g) 

At hig concentrations, MoO3(g) forms polymeric 
gaseous species [103], and when water vapor is 
presemt the very stable species H2MoO4(g) can 
form md contribute to vaporization.  

Other noble metals, Pd, Rh, and, perhaps, Tc, 
are also known to vaporize as oxide species at 
elevated temperatures and oxygen partial 
pressures [104].  

4. Release of Antimony 

A preliminary report on an out-of-pile test of air 
oxidation of irradiated fuel suggests antimony 
release and transport is enhanced relative to 
expecttions based on results of tests in steam 
[1051. Whether the observations are the result of 
forming more volatile antimony species or 
inhibition of antimony "gettering- by metallic 
zirconium in air is not known at this time.  

E. Effect of an Oxidizing 
Atmosphere on Transport 
Deposition and Revaporization of 
Fission Products 

Clearly, air ingression into the reactor coolant 
system can lead to the release of fission products 
not usually considered important in the severe 
reactor accident source term. There is, then, 
rather limited experience with the transport, 
deposition and revaporization of species such as 
MOO 3, RuO3 and RuO4 . This, of course,

presents an obvious issue in itself. Here, 
however, some examples of the effects of an air 
atmosphere on transport, deposition, and 
revaporization of the more familiar radionuclides 
are examined.  

1. Stability of CsI 

Much of the recent analysis of severe reactor 
accidents has been predicated on the assumption 
that the predominant chemical form of iodine in 
both the gas phase and the condensed phase will 
be Csl. In air at elevated temperatures, however, 
CsI is not stable. It will be oxidized to the 
elemental state, I or 12. If water vapor Is present, 
HI may form. More novel species such as 10 
and HIO may form. This instability of CsI has 
been confirmed by Hunt et al. [30] in their 
exambiations of tansport through thermal 
gradient tubes dmuing oxidation of irradiated fuel.  
Presumably, cesium iodide released before air 
ingression during an accident and deposited in the 
reactor coolant system could be oxidized to 
elemental iodine once air ingression occurred.  
That is, thCe onset of air ingression might well 
initiate a sudden release of gaseous iodine from 
the reactor coolant system. This sudden release 
of iodine would have no major, immediate 
consequences if the reactor containment were still 
intact. It might be a most important event if it 
depleted the inventory of cesium iodide on 
surfaces in the reactor coolant system available 
for revaporization late in a severe accident.  

A similar instability leading to vaporization may 
occur for tellurium deposited in the reactor 
coolant system. It is generally thought that any 
tellurium released from degrading reactor fuel 
prior to air ingression will rapidly react with 
structural metals or metallic aerosols to form 
metal tellurides such as SnTe, Ni2 .86Te2 or 
Fe2. 5 Te2 on surfaces in the reactor coolant 
system [106-108]. Strong oxidants, such as air, 
may react with these tellurides to form volatile 
TeO (or TeO2) and metal oxides.
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Te,•hmcal BRi; 

3 ARCON96 Technical Basis 

Sfirst pal of this docunwnt is a User's Guide to = t.RCCN96 code. It provides basic 

tformagoc llatd to installation and opertion of the ARCON96 ccde. This part of die 

documenation covers the technical basis for the code. k Ir idies the information needed to 

understaxd and apply the results of the ARCON96 eslcldationt. The Ia•a pain of the document 

deals with the details of the computer code. It is intend for thoie who ne-d to Imow about the 

org=zulion of the code and the izidividusl rmde moduleI.  

3.1 Conceptual Model 

The basic diffusion , odsl iatplementad in the ARCON96 code is a straigh-line Gaussian model 

that assumes the release rate is cons•nt for the entire period of release. This assumption is 

madc to permit evaluation of potential effects of accidental Msleases without having to specify a 

complete release sequence.  

ARCON96 permits evalualion of Sround-evel, vent, and ele•ated relcases. Building wake 

effects ame considered in the evaluation of relative coacnatraeioas from pround-level rmleases.  

Vent releases art treated as a nuxed ground-level and el•evat reale. "Ihe proportions of the 

mixture is determined by the ratio between the effluent vertical velocity and the releae-height 

wind speed using the procedure included in fh KRC XCQDDQ code (Sagendorf et &I. 1g•2).  

Elevated relcases ame treated in the usual maner with correction for downwash ard differences 

tn terram elevation between the stack and the control r.oom intake.  

Diffusion coefficients used im ARCON96 have three compoents. The firs: component is the 

ddfusion coefficient used ,n other NRC models, for example XOQDOQ (Sagendorf, et al. 1982) 

and PAVAN (Bander 1982). The other two ComponeI ts are correctionS to account forSOhauced 

dispersion under low wind speed conditions and in buildin; •aes. ."neiv'ations of the low w-.nd 

"speed and building wake corrections are described by Oamsdiell and Fostuire (1995).  

Parame•er values for the correction factors arm based On analysis of diffusion data collected in 

vanous building wake diffusion experiments. The experiments were conaucted under a wide 

ra.gc of meteorological condit;ons. However, a large number of experinmets were conducted 

dunng low wind speeds, when wake effects are nir•ml,. The wake corre'tion wr~odcl Larluded 

i ARCON96 treats dfflu.on under these cooditions much better than previous models. Thus.  

the diffusion coefficients in ARCON96 account for both low-wine speed • mander and wake 

cffmLs.  

ARCON96 calculates relative coOcentratiotns usi•g hourly :nteorological data. It then combine& 

the hourly avenrges to estimate concentrations for pernods ringing in duratiou from 2 hours t, 

30 days. Wind direction is considered as the averages are f0'n.. As a result, the averages 

account for persistence in both diffusion conditions and wind direction. Cumulative frequency 

distnbutions, am prepared from the averane relative concentratiuos. Relative concentrations that 

are excecded no more than five percent of the time. (95th .m-rcentile relative colicen;rations) are 

dctermined from the cumulative frequency distribulhcns for each averag,•ig penod. Fiually. the 

relative concentrations for five standard averaging ,penods ued to cobirol room habitability 

Lssessment. amre calculated from the 95th pcrcenztile a•latsvec4onceunurmhions.
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Ihe results from Ref. 18 indicate that iodine entering 
the contairment is at least 95% Csl with the remaining 
5% as I plusHI, with not less than 1% of each as I and 
EM! Once the iodine enters contaimnent, however, 
additional reactions are likely to occur. In an aqueous 
env3r eant, as expected for LWRs, iodine is expted 
to disyve in water pools or plate out on wet surfaces 
bn/ionic form as I-. Subsequently, iodine behavior 
within containment depends on the time and pH of the 
water solutions. Because of the presence of other 
dissolved fission products, radiolysis is expected to 
occur and lower the pH of the water pools. Without any 
pH control, the results indicate that large fractions of 
t4 dhsolved iodine will be converted to elemental 
hkze and be released to the containment atmosphere.  
However, if the pH is controlled and maintained at a 
value of 7 orprater, very little (less than 1%) of the 
dissolved iodiae will be converted to elemental iodine.  
Some considerations in achieving pH control are 
discussed in NUJREGICR-5950, "Iodine Evolution and 
PH Control, (Re 22).  

Organic compounds of iodinc, such as methyl iodide.  
CH31, can ala) be produced over time largely as a 
result of elemental iodine reactions with organic 
mate•als. Opnic iodide formation as a result of 
reactor acddmts has been surveye in WASH-1233, 
""evie of Organic Iodide Formation Under Accident 
Conditions in Water-Cooled Reactorsý (ReL 23) and 
more recently m NUREGCR-4327, -Organic Iodide 
Formation FMllowing Nudcar Reactor Accidents," 
(EeLZ4). From an aplysis of a number of containment 
expemens, WASH-1233 conduded that, considering 
both non-radiolytic as well as radiolytic means, no more 
than 32 pecmt of the aiborne iodine would be 
converted to organic iodides durmi the first two hours 
following a fission product release. "The value of 32 
percent was toted as a conservative upper limit and was 
Wge to be cnsiderably less, since it did not account, 

amnon other thVngs, for decreased radiolytic formation 
of organic Iodde due to iodine removal mechanisms 
within contaiment. Reference 24 also included results 
involving iudiated fuel elements, and concluded that 
the organic iodide conentation within containment 
would be about 1 percent of the Iodine release 
concentration over a wide range of iodine 
concentrations.  

A onversion of 4 percent of the elemental iodine to 
organic has been implicitly assumed by the NRC staff in 
Regulatory Guides 1.3 and L4, based upon an upper 
bound evaluation of the results in WASH-1233.  
However, in view of the results of Ref. 23 that a 
conversion of 3.2 percent is unduly conservativ, a 
value of 3 penent is considered more realistic and will 
be used In this report. Where the pH is controlled at

values of 7 or greater within. the containment, 
elemental iodine can be taken as comprising no more 
than 5 percent of the total iodine released, and iodine 
in organic form may be taken as comprising no greater 
than 0.15 percent (3 percent of 5 percent) of the total 
iodine released.  

Organic iodide formation in BWRs versus PWRs is not 
notably different. Reference 18 examined not only 
iodine entering containment as M but also considered 
other reactions that might lead to volatile forms of 
iodine within containment, such as reactions of CsOH 
with surfaces and revaporzation of CsI from RCS 
surfaces. Reference 18 indicates (Ibble 2.4) that for the 
Peach Bottom W2 sequence, the estimated percentage 
of iodine as HI was 32 percent, not notably less than 
the PWR sequences examinedL While organic iodide is 
formed largely from reactions of eleinental Iodine, Ref.  
22 clearly notes that reactions with HI may be 
Important.  

Although organic Wine is not readily removed by 
containment aprays or filter systems, it is unduly 
conservative to assume that organic iodine Is not 
removed at all from the containment atmosphere, once 
generated, since such an assumption can result in an 
overestimate of long-trm doses to the thyroid.  
References 23 and 24 discuss the radiolytic destruction 
of organic iodide, and Standard Review Plan Section 
(S.RP.) 6.52 notes the above reference and indicates 
that removal of organic iodide may be considered on a 
case4-y-case basis. A rational model for organic iodine 
behavior within containment would consider both Its 
fmatio• as well as destruction In a time-deendent 
fashion. Development of such a model, however, is 
beyond the scope of the present report.  

Clearly, where the pH is not controlled to values of 7 
or greater, sigificantly larger fractions of elemental 
iodine, as well as organic iodine may be expected within 
containment.  

All-other fission products, except for the noble gases 
and iodine, discussed above, are expected to be in 
particulate fora.  

3.6 Proposed Accident Source Terms 
"ITe proposed accident sourc terms, including their 
timing as well as duration, are listed in lM es 3.12 for 
BWRs and 3.13 for PWRs. The information for these 
tables was derived from the simplification of the 
NEREG-1150 (Ref. 7) source terms documented in 
NUREOG/CR-5747 (Ref. 17). It should also be noted 
that the rate of release of fission products into the 
containment is assumed to be constant during the 
duration time shown.
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Table 3.12 BWR Releases Into Containment* 

Gap Release*** Early In.Vessel Ex.Vessel Late In-Vessel 

Duration (Hours) 0.5 1.5 3.0 10.0 
Noble Gases" 0.05 0.95 0 0 
Halogens 0.O5 02.5 0.30 0l01 
Alkali Metals 0AS 0.20 0.35 0.01 
"UIlurium group 0 0.05 0.25 0.O05 
Barium, Strontium 0 0.02 0.1 0 
Noble Metals 0 0.0025 0.0025 0 
Ccrium group 0 .0.0005 0.005 0 
Lanthanides 0 0A002 0.005 0 

•Vhlues shown are fractions of core inventory.  
*See lbble 3.8 for a listing of the elements id each tpou • Gap release is 3 percent if long-term fuel cooling s maintained.  

"Table 3.13 PWR Releases Into Containment' 

Gap Release*** Early In.Vessel Ex.Vessel Late In-Vessel 

Duration (Hours) 0.5 1.3 2.0 10.O 
Noble Gases" 0.05 0.95 0, 0 
Halogens 0.05 0.35 0.25 0.1 
Alkali Metals 0.05 0.25 0.35 0.1 
Malurtum group 0 0.05 0.25 0.O05 
Barium, Strontium 0 0.02 0.I 0 
Noble Metals 0 0.0025 0.0025 0 
Cerium group 0 O.OO5 O.O05 0 
Lnthanides 0 0.0002 0.OO5 0 

* Values shown are fractions of core invcntory.  
00 Seelble 38 for a listing of the elements in each group 

•*0 Gap release is 3 percent if long-term fuel cooling 9 maintained.

It is emphasized that the release fractions for the 
source terms presented in this report are intended to 
be representative or typical, rather than conservative or 
bounding values, of those associated with a low 
pressure core-melt accident, except for the initial 
appearance of fission products from failed fuel, which 
was chosen conservatively. The release fractions are not 
intended to envelope all potential severe accident 
sequences, nor to represent any single sequence.  

TIbles 3.12 and 3.13 in this, the final report, were 
modified from the tables in the draft report which were 
taken from "ible 3.9 and Tlble 3.10, for BWRs and

PWRs, respectively. The changes and the reasons for 
these was as followso 

1. BWR in-vessel release fractions for the volatile 
nuclides (I and Cs) increased slightly while 
er-vessel release fractions for the same nuclides 
was reduced as a result of comments received and 
additional MELCOR calculations available after 
issuance of the draft report. The total I and Cs 
released into containment over all phases of the 
accident remained the same.  

2. Release fractions for T?, Ba and Sr were reduced 
somewhat, both for in-vessel as well as ex-vessel 
releases, in response to comments.

NUREG-1465
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3. Release fractions for the non-volatile nuclides, 
particularly during the early in-vessel phase were 
reduced significantly based on additional research 
retsults (Ref. 25) since issuance of NUREG-I1O 
which indicate that releases of low volatile 
nudides, both in-vessel as well as ex-vessel, have 
been overestimated. A re-examination in response 
to comments received showed that the supposed 
"•neans! of the uncertainty distribution were in 
excess of other measures of the distribution, such 
as the 75th percentile. In this case, the 75t1 
percentile was selected as an appropriate measure 
of the release fraction. For additional discussion 
on this topic, see Section 4.4.  

°4. Gap activity release fractions were reduced from 5 

percent to 3 percent for accidents not involving 
degraded or molten core conditions, and where 
long-term fuel cooling is maintained. See 
additional discussion bIlow.  

Based on WASH-1400 (Rd. 51 the inventory of fission 
products residing in the gap between the fuel and the 
cladding is no greater than 3 percent except for cesium, 
which was estimated to be about 5 percent.  
NUREO/CR-4881 (Ref.15) reported a comparison of 
more recently available estimations and observations 
indicating that releases of the dominant fission product 
groups wer generally below the values reported in 
Reference I. However, the magnitude of fission 
products released during the gap release phase can 
vary, depending upon the type of accident. Accidet 
where fuel failures occur may be grouped as follows: 

L Accidents where long-term fuel cooling is 
maintained despite fuel faflure. Examples include 
the design basis LOCA where ECCS functions, 
and a postulated spent fuel handling accident. For 
this category, fuel failure is taken to result in an 
immediate release, based upon References 5 and 
16, of 3 percent of the volatile fission products 
(noble gases, iodine, and cesium) which are in the 
gap between the fuel pellet and the cladding. No 
subsequent appreciable release from the fuel 
pellet occurs, since the fuel does not experience 
prolonged high temperatures 

2. Accidents where long-term fuel cooing or core 
geometry are not maintained. Examples include 
degraded core or core-melt accidents, including 
the postulated limiting design basis fission product 
release into containment used to show compliance 
with 10 CFR Part 100. For this category, the gap 
release phase may overlap to some degree with 
the early in-vessel release phase. The release 
magnitude has been taken as an initial release of 3 
percent of the volatiles (as for category 1), plus an

additional release of 2 percent over the duration 
of the gap release phase.  

3. Accidents where fuel failure results from reactivity 
insertion accidents (RIA)P such as the postulated 
rod ejection (PWR) or rod drop (BWR) accidents.  
The accidents examined in this report do not 
contain information on reactivity induced 
accidents to permit a quantitative discussion of 
fission product releases from them. Hence, the 
gap release magnitude presented in "][ibles 3.12 
and 3.13 may not be applicable to fission product 
releases resulting from reactivity insertion 
accidents.  

Recent information has indicated that high burnup fuel, 
that is, fuel irradiated at levels in excess of about 40 
GWD/MTLJ, may be more prone to failure during 
designbasis reactivity insertion accidents than 
previously thought. Preliminary Indications are that 
high burnup fuel also may be in a highly fragmented or 
powdered form, so that failure of the cladding could 
result in a significant fraction of the fuel itself being 
released. In contrast, the source term contained in this 
report is based upon fuel behavior results obtained at 
lower burnup levels where the fuel pellet remains 
intact upon cladding failure, resulting in a release only 
of those fission product gases residing in the gap 
between the fuel pellet and the cladding. Because of 
this recent information regarding high burnup fuels, the 
NRC staff cautions that, until further information 
indicates otherwise, the source term in Ihbles 3.12 and 
3.13 (particularly gap activity) may not be applicable for 
fuel irradiated to high burnup levels (in excess of about 
40 GWD/M¶U'.  

With regard to the ex-vessel releases associated with 
core-concrete interactions, according to Reference 17, 
there were only slight differences in the fission 
products released into containment between limestone 
vs. basaltic concrete. Hence, the table shows the 
releases only for a limestone concrete. Further, the 
releases shown for the er-vessel phase are assumed to 
be for a dry reactor cavity having no water overlying any 
core debris. Where water covers the core debris, 
aerosol scrubbing will take place and reduce the 
quantity of aerosols entering the containment 
atmosphere. See Section SA for further information.  

3.7 Nonradioactive Aerosols 
In addition to the fission product releases into 
containment shown in J7hbles 3.12 and 3.13, quantities 
of nonradioactive or relatively low activity aerosols will 
also be released into containment. These aerosols arise 
from core structural and control rod materials released 
during the in-vessel phase and from concrete decompo
sition products during the ex-vessel phase. A detailed
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analysis of the quantity of ionfission product aerosols 
released into containment was not undertaken. Precise 
estimates of the masses of non-radioactive aerosols 
released into containment are difficult to determine.  

•Reference 26 evaluated one PWR sequence (Sequoyah) 
and one BWR (Peach Bottom) sequence and calculated 
in-vessel non-radioactive aerosol masses of 350 and 780 
kilograms, respectively, for the PWR and BWR 
sequences. Ihe same reference calculated that 
ex-vessel aerosol masses (assuming a dry cavity) would 
"be higher, 3800 and 5600 k•iograms, respectively, for 
-the PWR and BWR sequences investigated. However, 
these values, particularly for the ex-vessel release 
phase, may be excessive. NUREG/CR-4624 (ReL 27) 
examined several sequences for both PWRs and BWR 
and calculated cx-vessel releases to containment of 
about 1000 and 4000 kilograms, respectively, for PWRs 
and BWRs. NUREG/CR-5942 (Ref.19), making use of 
the MELCOR code, calculated s-igificantly lower 
releases during the er-vessel phase of about 1000 
kilograms for the Peach Bottom plant.  

In view of the wide diversity of calculated results, the 
NRC staff concludes that precise estimates of the 
release of mon-radioactive aerosols are not available at 
this time. Because nonradioactive aerosol masses could 
have an effect upon the operation of certain plant 
equipment, such as filter loadings or sump perfor
mance, during and following an accident, however, the 
NRC staff concludes that the release of non-radioactive 
aerosols should be considered by the designer using 
methods considered applicable for his design, and the 
potential impact upon the plant evaluated.  

4 MARGINS AND UNCERTAINTIES 

"This section discusses some of the more significant 
conservatisms and margins in the proposed accident 
source term given in Section 3. Briefly, the proposed 
release fractions have been developed from a complete 
core-melt accident, that is, assuming core melt with 
reactor pressure vessel failure.and with the assumption 
of cote-concrete interactions. The timing aspects were 
selected to be typical of a low pressure core-melt 
scenario, except that the onset of the release of gap 
activity was based upon the earliest calculated time of 
fuel rod failure under accident conditions. The 
magnitude of the fission products released into 
containment was intended to be representative and, 
except for the low volatile nuclides, as discussed in 
section 4.4, was estimated from the mean values for a 
typical low-pressure core-melt scenario.

.4.1 Accident Severity and 1ýpe 
As noted earlier in Section 2.2, this rept discusses 
mean or average release fractions for all the release 
phases associated with a complete core-melt accident, 
including reactor pressure vessel failure. The accident 
selected Is one in which core melt occurs at low 
pressure conditions. A low pressure core melt scenario 
results in a relatively low level of fission product 
retention within the reactor coolant system, and a consequently high level of release of fission products 
from the core into containment during the early 
in-vessel release phase. Since the bulk of the fission 
products entering containment do so during the early 
in-vessel release phase, selection of a low pressure core 
melt scenario provides a high estimate of the total 
quantity of fission products released into containment, 
as well as that during the early in-vessel release phase.  

4.2 Onset of Fission Product Release 
The onset, or earliest time of appearance of fission 
products within containment, has been selected on the 
basis of the earliest time to faiffure of a fuel rod, given a 
design basis LOCA. This is estimated to be from about 
13 to 25 seconds for plants that dou not have leak
befo-br approval for their reactor coolant system 
piping and it is expected to vary depending on the 
reactor as well as the fuel rod design. This value, while 
representing some r•axation from the assumption of 
instantaneous appearance, is nevertheless conservative.  
As noted in Reference 15, these estimates are valid for 
a double-ended rupture of the largest pipe, assume that 
the fuel rod is being operated at the maximum peaking 
factor permitted by the plant Tehnical Specifications 
and at the highest bumup levels anticipated, and 
assume that the emergency core cooling system (ECCS) 
is not operating. Use of +ore realistic assumptions for 
any of these parameters *ould increase estimated times 
to fuel rod failure by factors of two or more. Neverthe
less, the use of conservative assumptions in estimating 
fuel rod failure times is considered appropriate since 
such failure times are lely to be used primarily in 
consideration of the necessary closure time for certain 
containment isolation valves. Since it is Important that 
closure of such valves be ensured before the release of 
significant radioactivity to the environment, a conserva
tin dtmate of fuel failure time and consequent onset 
of fission product appearance is deemed appropriate.  
For plants with leak-before-break approval for their 
reactor coolant system piping, a longer duration before 
fuel dad failure is cqpected. However, other costraints 
may become the limiting factor on containment .  
isolation valve closure time.  

4.3 Release Phase Durations 
The durations of the various release phases have been 
selected primarily by examination of the values
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Air Ingression and 
Temperature Criteria For Analysis 

of Spent Fuel Pool Accidents 

* Past evaluations of spent fuel pool accidents have used temperature 

criteria of 800-900 °C, identified as a temperature criterion for self

sustaining reaction of Zr cladding In air (autoignition/ignition).  

* More appropriately, temperature criterion may be thought of as threshold 

for temperature escalation leading to significant fuel damage.  

Criterion dependent on system conditions, physical configuration, 

heat generation and losses.



Air Ingression and 
Temperature Criteria For Analysis 

of Spent Fuel Pool Accidents (continued) 

Practically, the temperature criteria was used in draft generic study: 

1) Signal onset of significant fuel pool release for evaluating time for 
ad hoc evtuation.  

I C 

2) For determination of decay heat level and corresponding time 
("critical decay time") at which equilibrium temperature could be 
maintained, precluding-large release (- 5 years).  

* NRC has reevaluated appropriateness of temperature criteria considering: 
- Zr reaction kinetics 
- Hydriding/autoignition 
- Fuel damage testing 
- Fission product release data (ruthenium) 
- Materials interactions



Zr Oxidation Kinetics 

"* Review of steam and air oxidation data 

CORA, QUENCH, PHEBUS, and CODEX data on temperature 
escalation.  

Determination of temperatures for equivalent heat generation 
between air and steam.  

"* Temperature of 1200 °C, representative of temperature escalation in 
steam core damage tests corresponds to an equivalent heat generation 
in air at - 925 *C using ISPRA's best fit to CODEX data, 

"* Above approach produces a threshold for temperature escalation quite 
close to CODEX observation.
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Zr Oxidation Kinetics (continued) 

* Autoignition of clean metal or hydride.  

Normally oxidized but exposed on ballooninglburst small surface 
area.  

Hydrides dissolution prior to reaching conditions for Ignition.  

* Breakaway oxidation, ._r 

Reported in Isothermal tests (Leistikow, Evans).  

- Instability of nitride layer.  

- Deviation from parabolic rate kinetics.  

- Incubation time of 4-10 hours at 800 OC.  

Not limiting for transient heatup but would be limiting for long
term equilibrium criterion.  

AA• ": '



Temperature Criteria and Fission Product Releases 

* Fission product releases 

Initial release of fission products upon cladding failure.  

High-temperature release of volatiles 

Release of Ru after oxidation of fuel. (Under what low temperature 

conditions might fuel oxidize leading to large ruthenium releases?) 

To avoid rapid releases of Ru, in draindown scenarios temp should 

be maintained less than 600 OC



Summary

Adequacy of 10 hrs Precluding Large Precluding Large 
for Evacuation Release Release 

Fuel < 5yrs Fuel > 5yrs 

Dominant Air 
Environment 900 °C 600 TC 800 N C 

Dominant Steam 
Environment 1200 TC N/A N/A 

* Use of temperature criteria must be supported by analysis of all 
significant heat generation and loss mechanisms.  

* Determination of an acceptable long term condition requires confirmation 
of equilibrium temperature condition.  

* Integrated modeling of thermal hydraulics, cladding reactions and fuel 
heatup and fission product release would provide consistent 
consideration of conditions for sequence specific analysis. Would 
provide means for more realistic estimates.


